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PREFACE

Long before introduction of the subduction paradigm, it 
was recognized that there was a “Pacific Ring of Fire” charac-
terized by explosive eruptions, devastating earthquakes, and 
far-reaching tsunamis. This belt of closely coupled tectonism 
and volcanism girdles a hemispheric ocean. We chose a seg-
ment of this ring as the subject of this volume, a choice that 
deserves some explanation. An astronaut arriving here, had 
Earth’s oceans gone the way of Mars’ oceans, would certainly 
be drawn to this deep kinked furrow in the planet’s skin, but 
there are more reasons than topography.

One reason is the high level of activity. Five of Earth’s ten 
largest earthquakes of the 20th century occurred in this seg-
ment, and over a span of only 12 years. Volcanism is likewise 
robust. Exceptional volcanic events include the great Katmai/
Novarupta eruption of 1912, by far the largest on Earth in 
the last hundred years; the Bezymianny and Shiveluch col-
lapse/Plinian events of 1956 and 1964, respectively; and the 
Great Tolbachik Fissure Eruption of 1975 with a vent span of 
30 km. At this writing, 5 volcanoes of the Kurile-Kamchatka 
system and 3 of Aleutian-Alaska are in continuous to frequent 
intermittent low-level eruption. Tsunamis of the past century 
have obliterated whole villages, Severo-Kurilsk in 1952 and 
Valdez, Alaska in 1964. Here is a place where Earth’s interior 
dynamics are illuminated dramatically and sometimes tragi-
cally by earthquakes, deformation, and melting.

Obviously the activity does not end at the geographic limits 
of this volume. Vigorous subduction continues uninterrupted 
south of the Kuriles into Japan. At the other end, volcanism 
but not seismicity diminishes in southeastern Alaska where 
the plate boundary becomes the Queen Charlotte transform 
fault of western Canada. The chosen segment does, however, 
coincide with relative lack of visibility within the global 
geoscience community. This is somewhat ironic, because 
the Aleutian arc is a place where important aspects of the 
subduction paradigm were first introduced.

One impediment to science in this region is the harsh envi-
ronment. The weather is often cold and stormy, and supply 
points are few and far. In most cases, a helicopter or ship or 
both are required. The high cost of transportation and sup-
port are exacerbated by the need for budgeting weather days. 
Scientists stuck in bad weather and unaccustomed to this fact 
of northern life have been known to contact their embassies for 
help in improving flying conditions. Field seasons are gener-
ally limited to mid June to mid September, and maintaining 

operation of geophysical instruments through the long winter is 
difficult. A team or expedition approach to field work is often 
needed, though happily this has benefits in encouraging cross-
discipline collaboration and cross-culture understanding. 

The new driving force toward scientific understanding of 
this part of the world is the concern shared by all governments 
about natural hazards. Significant local populations are at risk 
to earthquakes and eruptions, and the entire northern Pacific 
basin is at risk to tsunamis generated here. For volcanology, 
the risk for jet aircraft encountering ash clouds from explosive 
eruptions has motivated rapid growth of volcano observato-
ries in Alaska, Kamchatka, and in Sakhalin for the Kuriles. 
Some 25,000 passengers and equally impressive amounts 
of cargo are carried by roughly 200 large aircraft per day 
along the Kurile-Kamchatka-Aleutian volcanic line en route 
between eastern Asia and North America. Approximately one 
hundred volcanoes in this subduction segment are capable of 
erupting ash clouds to flight levels. 

Before the growth in volcano monitoring, for which a trig-
gering event was the near-disastrous encounter of a wide-
body passenger jet with an ash cloud from Redoubt volcano 
over southcentral Alaska in 1989, only the Soviet Union main-
tained volcano observatories in the region. Alaska Volcano 
Observatory (AVO) now employs dense seismic networks on 
30 volcanoes, as well as continuously recording, telemetered 
GPS networks on four of them. The Kamchatka Volcanic 
Eruption Response Team (KVERT) monitors 10 Kamchatka 
and northern Kurile volcanoes seismically in real time. Both 
in Kamchatka and Alaska, a great deal of work has gone into 
developing stand-alone telemetered geophysical stations that 
can withstand the rigors of the environment for long periods 
without expensive helicopter visits. 

An important parallel development was the use of satel-
lite-based remote sensing observations to detect and warn of 
volcano unrest and eruption. Nowhere in the world is satel-
lite data used so intensively for volcano hazard mitigation as 
at the observatories of Alaska, Kamchatka, and Sakhalin. 
Rapidly advancing technology has changed not just the reso-
lution of satellite systems but also the kinds of data that can 
be acquired, including volcano deformation, eruption cloud 
composition, and estimation of effusion rate. Although seis-
mic data from dense proximal networks remains the preferred 
means of detecting activity precursory to eruptions, satellite 
remote sensing makes possible monitoring of volcanoes for 
which ground installations are prohibitively expensive and 
provides essential confirmation of explosive ash production 
where ground stations are present.

Another societal imperative motivating geoscience investi-
gations of active processes is the need for economical, clean, 
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reliable energy for isolated communities. Important use of 
geothermal energy has been a reality in Kamchatka and the 
Kurile Islands for some time, and is under serious consider-
ation in Alaska. With concern about oil spills in rich fisher-
ies and rising oil prices, geothermal will likely grow so that 
northern coastal communities can remain viable.

In order to view the geophysics of this region as a whole 
and to encourage development of international and interdis-
ciplinary investigations, workers from Hokkaido, Kamchatka 
and Alaska formed the Japan-Kamchatka-Alaska Subduction 
Processes Consortium (JKASP). Five biennial meetings, each 
attracting 100 to 200 scientists and students, have taken place 
to date: 1998 in Petropavlovsk-Kamchatsky, 2000 in Sapporo, 
2002 in Fairbanks, 2004 in Petropavlovsk-Kamchatsky, and 
2006 in Sapporo. The present volume is an outgrowth of the 
birth of this geoscience community.

The contents of the volume span a broad range of disciplines 
within the general theme of subduction processes. Students will 
rapidly appreciate that this classic subduction zone lacks the 
classic simplicity of textbook cartoons, wonder at the relation-
ship of present-day topography to tectonic history, and find that 

the crowning volcano at Earth’s sharpest subduction corner is 
not andesite but basalt. For scientists of more southern experi-
ence, we hope that the book will serve as a stimulating and 
useful introduction to the research and the researchers of the far 
north Pacific. For those who have worked here, we hope that the 
papers herein will point the way to new connections, collabora-
tions, and directions. Most of all, we hope that through these 
and other efforts the window of opportunity for collaboration 
that has opened among Japan, Russia, and the US will remain 
open; that the Kurile-Kamchatka-Aleutian-Alaska subduction 
system will be a shared natural geodynamic laboratory of our 
countries, and indeed of the world.

The editors thank the US National Science Foundation, the 
Russian Academy of Sciences, and the US Geological Survey 
for support that has made this volume possible.

John Eichelberger
Evgenii Gordeev

Pavel Izbekov
Minoru Kasahara

Jonathan Lees
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Introduction: Subduction’s Sharpest Arrow

John C. Eichelberger�

Alaska Volcano Observatory, Geophysical Institute, University of Alaska Fairbanks,  
Fairbanks, Alaska, USA

In the center of the 6000-km reach of Kurile-Kamchatka-
Aleutian-Alaska subduction is arguably Earth’s most remark-
able subduction cusp. The Kamchatka-Aleutian junction 
is a sharp arrowhead mounted on the shaft of the Emperor 
Seamount Chain. This collection of papers provides con-
text, definition, and suggestions for the origin of the junc-
tion, but a comprehensive understanding remains elusive, in 
part because of the newness of international collaborations. 
Necessary cross-border syntheses have been impeded by the 
adversarial international relations that characterized the 20th 
century. For much of this period, Kamchatka and the Kurile 
Islands were part of the Soviet Union, a mostly closed coun-
try. The entire region was swept by World War II, abundant 
remnants of which are wrecked ships and planes, unexploded 
ordnance, and Rommel stakes. 

Of the three countries with a direct interest in this region, 
Russia has the longest presence. Russia established settle-
ments in Kamchatka beginning in the early �8th century, then 
colonized the Aleutians, Kodiak, and southeast Alaska fol-
lowing A. Chirikov’s and V. Bering’s discovery voyage from 
Petropavlovsk-Kamchatsky in �74�. Hokkaido was the last 
territory area added permanently to Japan, during the latter 
half of the �9th century. Similarly, the United States purchased 
the Aleutians and Alaska from Russia in �867 in the interest 
of territorial expansion, whaling, and harvesting of fur.

The strategic importance of the region to the US and Russia 
increased dramatically with World War II, when Japan began 
launching military operations from the northern Kuriles and 
occupied the American Near Islands (so named because they 
are close to Kamchatka) of the Aleutians. At the same time, 
Alaska and Kamchatka airfields were needed to ferry mate-
riel in support of the Soviet Union’s war effort against Nazi 
Germany. An immediate American response to these events 

was to build a road through Canada to Fairbanks, providing 
what is still Alaska’s only land link to the rest of the United 
States. In contrast to Alaska, Kamchatka is geographically 
continuous with Russia but still lacks a land transportation 
connection. During the war, American soldiers wrote of the 
Aleutian Islands as a sort of cold, damp hell, while American 
school teachers more often described them as a flower garden 
with an advanced native culture. In any case, they were a 
remote and exotic place to those Americans who even knew 
they existed. This is still the largely true, and few Americans 
are aware of the hardships the Aleuts endured during the war, 
nor of the rich legacy of Russian culture that persists in Alaska 
among Native people. 

Hardly better for science than World War II was the Cold 
War. The situation changed from the US and Soviet Union 
allied against Japan to the US and Japan allied against 
the Soviet Union. Kamchatka and Alaska became armed 
camps, with the US testing its largest nuclear weapons on 
Kamchatka’s doorstep in the western Aleutians and with 
Kamchatka off-limits even to most Russians. The Soviet 
Union did, however, maintain a robust geoscience effort in 
Kamchatka. Likewise, the United States, in part in support 
of defense activities, conducted extensive geological and 
geophysical work in the Aleutians.

The end of the Cold War brought an end to most travel prohi-
bitions. A lingering border dispute over the southern Kuriles is 
now being addressed in a positive way by Russia and Japan in 
terms of access for hazard monitoring and science. But easing 
of tensions did not make travel easy, only possible. Issues of 
expense, language, culture, and cumbersome visa procedures 
remain. Air routes are inconvenient and expensive. 

For Russians, the Kurile-Kamchatka-Aleutian-Alaska region 
is a fabled part of their history, and Kamchatka is the one place 
in their vast country where spectacular volcanism and the 
greatest earthquakes can be studied firsthand. It is perhaps not 
surprising, then, that only recently did the state of knowledge of 
Aleutian/Alaska volcanoes reach the level of knowledge about 
Kamchatka volcanoes. The record of eruption from historical 
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documents and careful tephrochronology in Kamchatka, some 
of which is presented here in the overview paper on volcanism 
by V. Ponomereva and coauthors, still surpasses that of Aleutia/
Alaska. The Kurile Islands, posing transportation and telemetry 
difficulties in their central portion and lingering international 
tension in the south, remain the least known.

The positioning of the Emperor seamount chain as the shaft 
at the Kamchatka-Aleutian arrowhead may or may not be a 
coincidence, but what seems not a coincidence is the prodigious 
rate of magma production inboard of this junction, represented 
by the largely mafic Kliuchevskaya group and its more silicic 
northern neighbor, Shiveluch. In this volume, M. Portyangin 
and coauthors suggest an answer in large-scale slab melting, 
as the Pacific slab, torn open under the western Aleutians, 
dives into hot mantle under Kamchatka. In tectonic overview 
papers, G. Avdieko and coauthors and D. Scholl wrestle with 
the meaning of the cusp from vantage points from the west 
and east of it, respectively. A. Lander and M. Shapiro focus on 
constraining the onset of the modern volcanic and subduction 
regime of Kamchatka with seismic data. Intriguing related 
problems are the welding of arc fragments to Kamchatka 
as the eastern capes, the origin and behavior of neighboring 
microplates, and the apparent double arcs of Kamchatka, one 
young and robust and the other old and dying.

On either side of the arrow’s point are two almost matching 
arc pairs: continental Kamchatka Peninsula with oceanic Kurile 
Islands, and continental Alaska Peninsula with oceanic Aleutian 
Islands. We use the term “arc” for the volcanic expression of 
subduction in deference to history and to economy of letters, but 
the volcanoes more properly comprise “supra-subduction zone 
volcanism”. Much of the segment of interest is not an island arc 
because, except for the Aleutians, the arrangement is not arcu-
ate and, except for the Aleutians and Kuriles, the volcanoes 
are not islands. The arcuate shape seems irrelevant and to call 
continent-sited volcanoes “islands” is even worse. Continental 
margin subduction faithfully follows the shape of the unsub-
ductable continental margin, as is clear along Kamchatka and 
Alaska. Kurile subduction is a straight line pinned to continental 
margins at both ends, Hokkaido and Kamchatka. D. Scholl sug-
gests that the Aleutians, a true arc and perhaps an inspiration 
for the term, “budded” off continental margin subduction of 
the Alaska Peninsula and progressed westward, turning to the 
right as it went until it was parallel to Pacific Plate motion and 
became a transform fault. We should perhaps view the western 
end as “free”, unconstrained by a continental margin because 
it is perpendicular to it, and hence able to migrate in either 
direction. Confusingly, arguments can be made for migration 
in either direction: southward because older “supra-subduc-
tion zone volcanism” extends north of the current junction and 
northward if the east coast capes of the Kamchatka Peninsula 
represent prior positions of the junction. Indeed, the current 

plate boundary, the “corner” representing the northern limit 
of the subducting Pacific plate, is not where the Aleutian arc/
trench pair meets Kamchatka but north of this at a back-arc 
shear zone. Bering Island seems destined to become another 
cape on the east coast of Kamchatka.

Scholl argues that the Aleutians, and Avdeiko and coauthors 
and Lander and Shapiro argue that the eastern volcanic front of 
Kamchatka, record a large forward jump in volcanism due to 
jamming of subduction by arc fragments. For the Aleutians, this 
resulted in capture by North America of the Bering microplate. 
But now the western Aleutians are being fritted and torn from 
the North American/Bering plate. For Kamchatka, the postulated 
jump caused the death of Sredinny Range volcanoes and rise of 
the prolific and caldera-rich volcanism of the eastern Kamchatka 
Peninsula. It would seem then that the only steady state subduc-
tion regimes are the Kuriles and the Alaska Peninsula, though the 
latter has a relative dearth of older volcanic rocks on its Mesozoic 
basement, giving the impression of a very recent start to volcanic 
growth. These interpretations remain speculative. For example, 
Scholl observes that the age of Bering microplate crust is poorly 
known and Ponomareva and coauthors show that the Sredinny 
Range can be viewed as back-arc volcanism arising from the 
modern subduction configuration.

The volume is divided into three themes: tectonics, earth-
quakes, and volcanism. Each section begins with one or more 
overview papers that not only provide background and context, 
but also new ideas. They are followed by topical studies focus-
ing on specific features or processes. Of course, the ultimate 
goal should be a holistic view that encompasses all these mani-
festations of subduction. It is clear that we are far from that. But 
although the discussions of tectonics are highly speculative, 
they pose hypotheses that are clearly testable with more data on 
age and origin of terranes and on current rates of deformation. 
Perhaps the greatest progress is evident in seismology, with an 
understanding of earthquake distribution in time and space 
based on slab age, convergence rate, stress distribution, and 
formation of asperities. The diversity of volcanic expression 
of subduction, in contrast to all other tectonic domains, seems 
most resistive to solution, though increasingly under attack by 
new sophisticated geochemical techniques and synthesis with 
geophysical results. An accompanying DVD provides a view of 
eruptions in Kamchatka and of the style of field work conducted 
there not previously available outside Russia.

If there is one place where tectonic, seismic, and volcanic 
interpretations seem to be converging, it is the arrow itself. 
The subduction of the torn Pacific plate corner, the seismically 
inferred rounding of its leading edge, and geochemical infer-
ence of a large slab component in resultant eruption products 
are internally consistent. It is towards such a synthesis of 
geological, geophysical, and geochemical techniques at the 
micro and macro scales that this volume strives. 
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The Kamchatka and Aleutian (KAT) arc-trench systems meet orthogonally at 
Cape Kamchatka Peninsula. The KAT connection is the intersection of the NE-
striking Kamchatka subduction zone and the NW-striking, transform setting of the 
western, Komandorsky sector of the Aleutian Ridge. Deciphering the origin and 
evolution of the KAT connection is challenging because of the paucity of constrain-
ing information about the age and latitude of formation of major crustal blocks of 
the deep water Bering Sea Basin. 

It is proposed that in the late early Eocene (~50 Ma) the combined tectonic 
machinery of subduction zone obstruction and continental margin extrusion cre-
ated the tectonic and rock architecture of the Aleutian-Bering Sea region. Accretion 
of the Olyutorsky arc to the north Kamchatka-Koryak subduction zone forced 
the offshore formation of the Aleutian subduction zone (SZ), added a sector of 
Pacific crust—Aleutia—to the North America plate, and established the KAT 
connection. Subsequently, but also in the middle Eocene, extrusion of Alaska crust 
southwestward across the Beringian margin connecting Alaska and NE Russia 
buckled Aleutia and forced the offshore formation of the Shirshov and Bowers 
SZs. Extrusion was driven by northward oblique underthrusting beneath British 
Columbia and SE Alaska. 

In the early Tertiary the Aleutian and Kamchatka SZs, linked at the KAT con-
nection, thus consumed northwest moving crust of the Pacific Basin and within the 
Bering Sea the Beringian, Shirshov, and Bowers SZs accommodated SW extrud-
ing Alaska and captured Aleutia crust. Since the early Miocene extrusion space 
has been provided by the Aleutian SZ. Arc-arc collisions at the KAT connection 
have been guided by the right-lateral Bering-Kresta shear zone, which lies at the 
Bering Sea base of the Komandorsky section and terminates at Cape Kamchatka 
Peninsula. In the past the tectonic connection with Kamchatka may have been 
farther to the north. 

1. INTRODUCTION 

The northwestern corner of the Pacific basin, as widely 
recognized, is an unusual right-angle confluence of two 
lengthy arc-trench systems, those of the Kamchatka and 
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Aleutian subduction zones. Their tectonic contact is, for 
the convenience of this paper, dubbed the KAT connection 
(fig. 1A).  The KAT connection is widely believed to be an 
intermittent collision zone between the arc massifs of the 
two subduction zones. Collision began in the late Neogene 
or earlier in the Tertiary as terranes or blocks of arc crust 
of the far western or Komandorsky sector of the Aleutian 
Ridge entered the Kamchatka subduction zone (SZ) from 
the east. The eastward projecting promontory of the Cape 
Kamchatka Peninsula physiographically marks the collision 
zone (fig. 1B; Watson and fujita, 1985; Zinkevich et al., 
1985; Zoneshain et al., 1990; Baranov et al., 1991; Geist and 
Scholl, 199�; Seliverstov, 1998; Gaedicke et al., 2000; freitag 
et al., 2001; Mcleish et al. 2002). In the past, the collision 
zone may have been farther to the north. 

Collision at the KAT connection is the kinematic con-
sequence of the circumstance that the Cape Kamchatka 
Peninsula is the intersection of the NE-striking Kamchatka 
SZ and the right-lateral transform plate boundary striking 
NW along the Komandorsky sector of the Aleutian Ridge 
(fig 1B). The transform boundary along the far western 
Aleutian Ridge is a complex, distributed shear zone that 
embraces the width of the arc massif from trench floor to the 
backarc (Cormier, 1975; Geist and Scholl, 199�; Gaedicke et 
al., 2000, freitag, 2001; Kozhurin, this volume). 

So how did the KAT connection come to be? This paper 
explores an hypothesis that Pacific rim tectonism created, in 
the Aleutian-Bering Sea region, the geometry of the offshore 
subduction zones of the Aleutian-Shirshov-Bowers system 
that led to arc-arc collision at the KAT connection (fig. 1A).
The scenario outlined in this paper is based on the published 
ideas and data of many colleagues as cited. The tectonic 
sketch advance is speculative because constraining informa-
tion is lacking to test assumptions that must be made about 
the ages and origins of key crustal blocks and terranes that 
construct the Aleutian-Bering Sea region. Compounding 
matters, the paucity of regional paleomagnetic data east of 
Kamchatka means that assumptions have also to be made 
about the paleogeographic origins of the crustal blocks of 
the Bering Sea Basin and the Cenozoic style(s) of north 
Pacific rim tectonism that brought the key pieces of the 
KAT junction together. A spotty but improving GPS data 
set for the Aleutian Ridge, however, apparently reveals the 
fundamental nature of westward block transport toward col-
lision with Kamchatka (Oldow et al. 1999; Avé’ lallemant 
and Oldow, 2000); Gordeev et al., 2001; Steblov et al., 2003, 
Cross and freymueller, 2007). Nonetheless, the troubling 
circumstances of insufficient regional information to con-
strain models apply equally to all evolutionary schemes that 
have been suggested for the origin of the Aleutian-Bering 
Sea region and thus the KAT connection.

Three tectonic models for the early Tertiary genesis of the 
Aleutian SZ have been posited. The most accepted of these 
is the clogging or occlusion model describing the tectonic 
jamming of the north Kamchatka-Koryak SZ then occupy-
ing the northwestern-most or Cape Navarin corner of the 
Pacific Basin (fig 1A). Southwest of the corner, subduction 
was obstructed by docking or accretion of the northward 
migrating Olyutorsky arc complex (fig. 2A; Zonenshain 
et al., 1990, Garver et al., 2000). Suturing of the exotic arc 
complex to the north Kamchatka-Koryak margin forced for-
mation of a new offshore subduction zone—the Aleutian SZ. 
The driving force was continuing slab pulls beneath Alaska 
and Kamchatka, west and east, respectively, of the obstructed 
north Kamchatka-Koryak SZ.

The colliding arc complex is also referred to as the 
Achaivayam-Valagin or Olyutor-Valaginskii arc complex 
(see discussion in Park et al., 2002; Sukhov et al., 200�; 
Chekhovich et al., 2006, Chekhovich and Sukhov, 2006). 
This late Cretaceous–early Tertiary arc complex is com-
monly viewed as having formed well south of it present loca-
tion either proximal to the NW margin of the Pacific Basin 
or far offshore. The arc complex would thus be exotic to the 
Aleutian-Bering Sea Region. This arc complex is usually 
shown as including the Shirshov and Bowers Ridges of the 
Bering Sea Basin (fig. 1A). 

In various forms, models for the formation of the Aleutian-
Bering Sea region as a consequence of terrane(s) accre-
tion and subduction zone occlusion have been explored and 
thought through by many authors, for example Ben- Avraham 
and Cooper (1981), Cooper et al. (1987), Zonenshain et al. 
(1990), Stavsky et al. (1988; 1990), Seliverstov (1998), 
Worrall (1991), Scholl et al., (1992), Zinkevich and Tsukanov, 
(1992), Baranov et al. (1991), Park et al. (2002), Sukhov et 
al. (200�) and Garver et al. (2000, 200�).

A contrasting model ascribes the origin of the Aleutian-
Bering Sea region to the plate-boundary-driven deformation 
of the north Pacific margin (Scholl et al., 1989). formation in 
place of the offshore Aleutian-Shirshov-Bowers subduction 
zone systems is linked to the SW extrusion of the Beringian 
margin that trends southeastward from the Koryak margin 
at Cape Navarin, NE Russia, to the western tip of the Alaska 
Peninsula (fig. 1A). Before the formation of the offshore sub-
duction zone system, probably in the late early Eocene about 
50 Ma (Jicha et al., 2006), the Beringian margin is inferred 
to have been the northernmost sector of the dominantly 
transform boundary separating the North America plate 
and that of either the Kula or Pacific plate (Moore, 1972; 
Scholl et al., 1975, 1986; Cooper et al., 1987a; haeussler 
et al., 2003; Nokelberg et al., 2005). figure 2 suggests that 
the Beringian margin was highly obliquely underthrust by 
Pacific Basin crust.

Fig. 1AFig. 1A
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Seaward displacement and deformation of the Beringian 
margin is conjectured to have been effected by the extrusion 
of western Alaska toward the Bering Sea region. Tectonic 
push-out or extrusion of Beringian crust toward and along 
the Beringian margin is hypothesized to have buckled the 
oceanic crust then residing in the area of the modern Bering 
Sea Basin leading to establishment of the Shirshov, Bowers, 
and Aleutian SZs (fig. 2B). The extrusion or escape model 
for the genesis of the Aleutian-Bering Sea region has been 
outlined by Scholl and Stevenson (1989,1991), Scholl et al. 
(1992, 199�), Scholl, (1999), and lizarralde et al. (2002) and 
most completely by Redfield et al. (in press). Southwestward 
extrusion of western Alaska and Bering Sea crust is on-going 
today as the Bering block identified with regional seismic 

and geologic data assembled and interpreted by Mackey et 
al. (1997) and fujita et al. (2002). Enhanced movement of 
the Bering block southward toward the Aleutian SZ and 
westward toward the Kamchatka-Koryak margin is presently 
driven by the late Neogene collision of the Yakutat block with 
the eastern end of the Alaska SZ (fig. 1B; see also Mazzotti 
and hyndman, 2002; Eberhart-Phillips et al. 2006). 

A third model merges or couples the tectonic machinery 
of the first two scenarios as forcing the formation of the 
Aleutian-Bering Sea region and its three offshore SZs (see 
fig. 10; Scholl et al., 1992; Cooper et al., 1992; Scholl 199�). 
The occlusion-extrusion or coupled model is explored in this 
paper as the working hypothesis principally because it is 
evident that the late Cretaceous-early Tertiary Olyutorsky 

Fig. 1BFig. 1B

Figure 1A. Physiographic and bathymetric index maps of northeastern Russia, Alaska, and the north Pacific-Aleutian-
Bering Sea region. Mercator-projection map derived from This Dynamic Planet (http://www.minerals.si.edu/tdpmap/
index.htm). Major tectonic elements are identified on companion figure 1B.
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arc complex was accreted to the Kamchatka margin of the 
western Bering Sea at the same time as, or just before, the arc 
volcanic construction of the Aleutian Ridge began to form in 
the middle Eocene (levoshova et al., 1997, 2000; Zonenshain 

et al., 1990; Seliverstov, 1998; Garver et al., 2000; Garver et 
al., 200�, Jicha et al., 2006, Chekhovich and Sukhov, 2006). 
Paleomagnetic data also document that the Aleutian Ridge, 
which is not known to include pre-Tertiary rock, is not an 

Figure 1B. Major tectonic elements of the north Pacific rim and offshore Aleutian-Bering Sea region and north Pacific 
Basin. Active and inactive strike-slip faults (f) and shear zones (SZ), and major Beringian shelf basins (B). 
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exotic terrane but formed effectively in place (harbert, 
1987) as a western addition to the much older continental 
crust of the Alaska Peninsula (Burk, 1965). Similarly, the 
Aleutian SZ is viewed as a westward continuation of the 
Alaska SZ (Scholl et al., 1975; 1986; 1987). farther west, 
the newly formed Aleutian SZ was presumably connected 

by a NW-trending, right-lateral shear zone or transform 
system to the older Kamchatka SZ (lonsdale, 1988). In this 
way the KAT connection was first established that ultima        
tely led to the collisions of blocks of the far western sectors 
of the Aleutian arc massif with the landward slope of the 
Kamchatka Trench (fig. 2). 

Fig. 2Fig. 2

Figure 2. Two general models, (A) subduction zone (SZ) occlusion of the Kamchatka-Koryak margin, and (B) plate 
boundary extrusion of the Beringian margin, have been proposed for the origin of the offshore Aleutian SZ, accretion 
of a sector of Pacific lithosphere (Aleutia) to the North America plate, and consequent formation of the Aleutian-Ber-
ing Sea region. (A) Accretion of a Pacific-basin born, and thus exotic to the Bering Sea, Olyutorsky-Shirshov-Bowers 
arc complex to the Kamchatka-Koryak margin occludes (jams) the SZs of the Pacific’s northwestern rim and forces 
offshore formation of the Aleutian SZ. (B) Plate-boundary driven lateral crustal streaming and extrusion of the Pacific’s 
northeastern rim forces the in-place formation of the offshore Aleutian-Shirshov-Bowers SZ system.

This paper presents a model that merges both plate-boundary modifying forces to create the Aleutian Bering Sea 
region and the Kamchatka-Aleutian or KAT tectonic connection.
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In the coupled model, the Bowers and Shirshov Ridges would 
have formed in-situ as a consequence of extrusion of western 
Alaska and Bering shelf crust toward the Beringian plate mar-
gin. Woven into the working hypothesis are the recent findings 
in the north Pacific concerning the age, origin, and tectonic 
implications of the prominent change in trend or bend in the 
hawaiian-Emperor seamount chain (figs. 1A and B; Tarduno 
et al., 2003, Pare ś and Moore, 2005; Sharp and Clague, 2006; 
Steinberger and Gaina, 2007). The beginning age of the sweep-
ing bend, which required about 8 Myr to complete, is ~50 Ma 
(Sharp and Clague, 2006). This age matches the final dock-
ing time of the late Cretaceous-early Tertiary massif of the 
Olyutorsky arc complex (Garver et al., 2000; Garver et al., 
200�; Chekhovich and Sukhov, 2006) and the best estimate of 
the origin of the Aleutian SZ (Jicha et al., 2006). 

The coupled model considers that the Bering block of 
Mackey et al. (1997) and fujita et al., 2002) is the western-
most part of a laterally moving crustal track that extends 
northwestward from NW British Columbia in a broad coun-
terclockwise curving arc through central Alaska to the KAT 
connection (fig. 2). The northward and westward moving 
track of British Columbia, Alaska, and Bering crust is collec-
tively referred to (see discussion below) as the North Pacific 
Rim orogenic stream or NPRS (Redfield et al. in press). The 
plate boundary forces and suprasubduction zone setting 
described by Mazzotti et al (in press) that have long mobi-
lized a Pacific rim orogenic float (Oldow et al., 1990) are 
those involved in laterally moving the NPRS. The expanse 
of Bird’s (1996) computer simulations of north Pacific rim 
tectonism is effectively that of the NPRS.

2. MAJOR CRUSTAl BlOCK

2.1 The Bering Block 

2.1.1 Observations. Seismic and geological observations 
of Mackey et al. (1997) and fujita et al. (2002) define the 
Bering block as the largest tectonostratigraphic element of 
the KAT connection. The Bering block includes much of 
western Alaska and the whole of the Aleutian Ridge includ-
ing the KAT connection (fig. 3). The Bering block rotates 
clockwise and deforms the Koryak and northern Kamchatka 
margins of the Bering Sea.

The Okhotsk microplate exists west of the Bering block 
and, as documented by Bourgeois et al. (2006) and Pedoja 
et al. (2006), the westward extrusion of the Okhotsk litho-
spheric slab (Riegel et al., 1993) toward the Kuril-Kamchatka 
SZ is importantly involved in the KAT collisional processes. 
Extrusion of the Okhotsk microplate forces Kamchatka to 
overrun the Komandorsky Basin that forms the western side 
of the deep water Bering Sea Basin (figs. 1A and 3). 

2.1.2 Interpretations. Kinematically, the Bering block can 
be viewed as the westward or leading edge of the NPRS as 
described by Redfield et al. (in press) and that embraces the 
regional tectonic concepts of the orogenic float of Oldow et al. 
(1990), Mazzotti and hyndman (2002), and Mazzotti et al. (in 
press) (fig. 3). The Bering block can be tectonically added, as 
the leading edge, to the laterally moving crust included within 
the great family of strike-slip faults that strike northwestward 
along the British Columbia margin and coastal region (e.g., 
Tintina, Denali, fairweather, Queen Charlotte, etc fault sys-
tems) and curve through the so-called Alaska oroclinal bend 
to fan out southwestward toward the Bering Sea (e.g., the 
Kobuk, Kaltag, Iditarod-Nixon fork, Denali, farwell, Castle 
Mountain, Bruin Bay and Border Ranges, etc fault systems; 
fig. 3B; Redfield et al., in press). This view is based on the 

Fig. 3Fig. 3

Figure 3. Upper diagram (A) sketches outline of the Bering Block 
of Mackey et al. (1997) and fujita et al. (2002). lower diagram 
(B) sketches outline of the CCW flowing north Pacific orogenic 
stream the leading front of which is the Bering Block (Redfield et 
al., in press). Abbreviations of strike-slip faults match full names 
shown on figure 1B. 
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observation that the major shear systems of the NPRS are or 
have been active in the late Cenozoic (Mackey et al. 1977; 
Page et al., 1991; fujita et al., 2002); haeussler et al., 200�). 
In western Alaska the southwestward expanding pattern of 
strike-slip faults implies the faults are slip lines bordering dif-
ferentially extruding gores of Alaskan and Bering shelf crust. 
The pattern is similar to that of the differentially extruding 
and rotating crustal slices of SE Asia (Tapponnier et al., 1982, 
1986) and Anatolia (Nyst and Thatcher, 200�).

2.1.3 Issues. The notion that the northward and westward 
moving North Pacific Rim orogenic stream existed in the 
early Tertiary is based on the absence of significant interior 
Alaska mountain building yet the recording of hundreds 
of kilometers of offsets across, and localized deformation 
along, the curving pattern of regional strike-slip faults that 
tectonically connect western Alaska and British Columbia 
(Redfield et al., in press). The concept of a currently extrud-
ing western crustal track is based on the seismically defined 
Bering block, deformation along its western or NE Russian 
edge, and a limited but growing inventory of epicentral and 
fault mechanism data stretching eastward back into central 
Alaska (Page et al., 1991, 1995; Eberhart-Phillipps, 2006). 
To test this idea an extensive network of GPS stations is 
needed in western Alaska and on the Bering shelf. Extru-
sion or tectonic escape can be identified if crustal blocks 
are detected moving westward and southwestward toward 
the Aleutian SZ at a rate exceeding a component of motion 
in these directions generated by convergence between the 
North America and Pacific plates. The complex movement 
of blocks of crust documented by Nyst and Thatcher (200�) 
for the extruding Anatolian microplate implies that similar 
patterns of crustal shearing, extension, and both large and 
small scale rotations will be true for the hypothesized NPRS 
(Mackey et al. 1997; fujita et al. (2002). 

2.2 Komandorsky Basin 

2.2.1 Observations. The broad expanse of the Komandor-
sky Basin, the far western part of deep water Bering Sea 
Basin, lies north of the KAT connection (fig. 1B). The Ber-
ing-Kresta shear zone trending along the southern edge of 
the basin most likely separates its oceanic crustal framework 
from that of the arc massif of the Komandorsky sector of 
the Aleutian Ridge (Seliverstov, 198�; Baranov et al, 1991; 
Geist and Scholl, 199�). To the east, the arc crustal mass 
of Shirshov Ridge separates the oceanic basement of the 
Komandorsky Basin from that of the Aleutian and Bowers 
Basins (figs. 1A and 1B). 

Muzurov et al. (1989), Baranov et al. (1991) and Valyasho 
et al. (1993), established that the Komandorsky basin was 

formed by a style of rear or backarc spreading in a direction 
parallel to the axis of the arc. Baranov et al. (1991) note that 
opening of the Komandorsky Basin in a NW-SE direction 
took place parallel to the active Pacific-North America (PAC/
NAM) transform boundary of the Bering-Kresta shear zone. 
Opening was thus parallel to relative plate motion (Plate 1 
and fig. �).  The opening of the Miocene Komandorsky 
Basin is similar to the opening of the backarc Andaman 
Sea subparallel to the relative motion between the India-
Australia plate and that of the Sumatra sector of the Eurasian 
plate (Subarya et al., 2006). Although concentrated at the 
Bering-Kresta shear zone, transform shearing is distributed 
southward across the width of the Komandorsky sector of 
the Aleutian Ridge to the Stellar shear zone in the Aleutian 
Trench (fig. 1B and Plate 1, see also fig. 7; Cormier, 1975; 
Seliverstov, 198�; Baranov, 1991; Geist and Scholl, 199�; 
Gaedicke et al., 2000; freitag et al., 2001; Kozhurin, this 
volume).

Magnetic anomalies constrain the emplacement of rear-arc 
crust between about 20 and 10 Ma and document that the 
speed of opening increased southward toward the Bering-
Kresta shear zone (fig. �; Valyasho et al., 1993). The young 
age is consistent with the relatively thin sedimentary sequence 
(1–2 km) filling the basin, the late Cenozoic age of its basal 
sediment at DSDP Site 191, and ~9 Ma age (K-Ar) of the 
underlying basement (Creager, Scholl, et al., 1973; Baranov 
et al., 1991; Cooper 1987a, b). The thickest (3+ km) sedi-
mentary sequences occur in trench-shaped depressions at the 
base of the basin’s northern Kamchatka margin (Baranov et 
al., 1991). The basin’s high heat flow (typically > 100 mW/m2 
and as high as 230 mW/m2) is also consistent with its young 
crust (fig. 1B, Plate 1, and fig. 7); Cormier, 1975; Cooper et 
al., 1987b, Baranov et al., 1991). In the northwestern Pacific, 
emplacement of crust in the Komandorsky basin took place 
after the earlier Tertiary opening of the Kuril Basin of the Sea 
of Okhotsk and, farther south, the Sea of Japan (Baranov, et 
al., 2002). 

2.2.2 Interpretations. The Aleutian SZ is at least older 
than the oldest known arc igneous rock at ~�6 Ma (Jicha 
et al., 2006), and the crust of the Komandorsky Basin was 
emplaced 25–35 Myr later (between ~20–10 Ma; Valyasho 
et al., 1993). The direction of spreading was parallel to 
the Bering-Kresta shear zone (figs. 1A and Plate 1). So 
it seems evident that the direction of spreading was con-
trolled by the pre-existing strike of the Aleutian Ridge’s 
transform or Komandorsky sector and that its NW trend 
may not have significantly changed since at least the early 
Miocene. 

Yogodzinski et al. (1993) recognized that the Komandorsky 
Basin resides in a transform-boundary setting similar to that 

Plate 1 &  
Fig. 4

Plate 1 &  
Fig. 4
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Plate 1. Index map of gravity (lows are in blue tones and highs in orange and red) and magnetic anomalies (white lines) 
adapted from Norton (in press) for the northwestern most or Meiji corner of the Pacific Basin. Mid Cretaceous oceanic crust, 
which lacks a pattern of magnetic anomalies, underlies the Meiji corner. Older early Mesozoic or M-series anomalies are 
recorded to the south on the western side of the ridge of the Emperor Seamounts. East of the ridge are late Cretaceous and 
early Tertiary magnetic anomalies (Chrons 33 to 20 in black numbers). fracture zones are traced with thin red lines. See also 
Miller et al. (2006).
      Pink line with 0, 5, 10, and 20 Myr ticks (white numbers) tracks the WNW movement of the Pacific plate toward the Kam-
chatka subduction zone during the past 20 Myr. The high bathymetric relief lying east of the Emperor Seamounts and including 
Stalemate fracture Zone, Emperor Trough, and an unnamed cluster of seamounts between them, began to obliquely enter 
the western sectors of the Aleutian subduction zone ~20 Myr ago. Tectonism of the Aleutian Ridge was a likely consequence 
(Vallier et al., 1992, 1996), causing or contributing importantly to the fragmentation of the arc massif and rapid transport of 
block toward the Kamchatka Trench and the tear in the Pacific plate underlying the Near and Komandorsky Islands sector 
of the ridge (Yogodzinski et al., 2001). Potentially, entrance of high relief into the western sector of the subduction zone also 
stimulated rear-arc spreading in the Komandorsky Basin from ~20 to ~10 Ma (Baranov et al., 1991; Valyashko et al., 1993).



SChOll    11

of the Andaman Sea. They also conjecture that Miocene 
spreading involved the westward transport of blocks of arc 
crust along the Bering-Kresta shear zone. Their collision 
with Kamchatka significantly changed arc-volcanic pro-
cesses operating along the far western Aleutian Ridge.

formation of the mostly early Miocene crust in the 
Komandorsky basin requires that either room was tectoni-
cally opened for its emplacement or that older, pre-existing 
crust was assimilated or buried in place, an hypothesis con-
sidered by Scholl and Creager (1973) and Cormier (1975). 
But the mapping of fossil spreading centers and compan-
ion magnetic anomalies and fractures zones document that 
crustal replacement was by backarc spreading (Baranov et al. 
1991). Evidence is unknown to the author that Komandorsky 
spreading was accompanied by displacement of Kamchatka 
to the NW (by a minimum of several hundred kilometers), 
or Shirshov Ridge to the east over the older crust of the 
Aleutian Basin, or the subduction of this crust beneath the 
basin’s Beringian margin (Scholl et al., 1986; Cooper et al., 
1987a, b; 1992). hence older crust existing in the area of 
the Komandorsky Basin—a part of the Aleutia terrane of 
Marlow and Cooper (1983)—was evidently removed to the 
west in the early and middle Miocene by basin-edge subduc-
tion below northern Kamchatka (see fig. 10). 

hochstaedter et al., 1991 cites the eruption and geochemi-
cal characteristics of the Vyvenka igneous bodies (15–6 
Ma.) in northern Kamchatka as recording the westward 
subduction of Komandorsky crust beneath Kamchatka. The 
existence of a sediment-filled trench at the base of the eastern 
Kamchatka margin is arguable evidence for west-directed 
subduction of the pre-existing crust occupying the basin 
prior to the early Miocene (Baranov et al., 1991; Avdeiko et 
al., this volume). 

Tectonic circumstances that reinitiated subduction beneath 
the northern margin of Kamchatka and the emplacement of 
early Neogene crust in the Komandorsky Basin are unknown. 
But the southern crust of the Komandorsky Basin resides 
above a probable regional tear in the subducting Pacific plate 
that passes deeply beneath the basin (Creager and Boyd, 
1991). The tear, the southern edge of which lies parallel to 
and below the Bering-Kresta shear zone (fig. 1B), begins 
near Buldir Island (176 deg E; fig. 1A and Plate 1), the west-
ernmost subaerial volcanic edifice of the Aleutian Ridge, and 
extends northwestward ~1000 km to dive westward below 
Kamchatka (Yogodzinski et al., 199�, 1995, 2001; Peyton et 
al., 2001; levin et al., 2002; Park et al., 2002, Kelemen et 
al., 2003; levin et al., 2005). 

It is tempting to link crustal emplacement in the 
Komandorsky Basin to early Miocene tearing of the Pacific 
slab highly obliquely underthrusting the western and far 
western sectors of the Aleutian Ridge. Tearing may have ini-

tiated asthenospheric upwelling in the Komandorsky Basin, a 
general concept explored by Cormier (1975). Although back-
arc basins are characterized by high heat flow (hyndman et 
al. 2005), ascent of the asthenosphere is consistent with the 
basin’s exceptionally high heat flow that increases toward 
the southern end of the basin where the massive and sub-
merged Piip volcano erupts in a graben just north of the 
Bering-Kresta shear zone (fig. 1B and Plate 1; Cormier, 
1975; Cooper et al. 1987b; Baranov et al., 1991). As noticed 
by Yogodzinski et al. (1993, 2001), the slab tear posit is sup-
ported by the Neogene and younger eruption of calc-alkaline 
magma and high magnesium andesite (“adakite”) along the 
western sectors of the Aleutian Ridge and including at Piip 
volcano. 

An alternative model is to recognize that slab tearing may 
have been a consequence of the re-initiation of subduction 
westward beneath northern Kamchatka. Subduction start-up 
would have led to rifting of the Shirshov forearc, the end of 
subduction beneath it, and the beginning of asthenospheric 
ascent or upwelling to nourish within-basin spreading behind 
the east or trailing edge of the westward subducting sector 
of Aleutia (Yogodzinski et al., 1993). Upwelling beneath the 
basin could have promoted the tearing away of the Pacific 
slab then residing deep beneath it, but connected across the 
Komandorsky sector’s transform fault system to the Pacific 
Basin south of the Aleutian Ridge. Tearing and falling away 
of the Pacific lithosphere north of the ridge was evidently 

Figure 4. Drawing of magnetic anomaly patterns, showing Chron 
numbers, for north Pacific and Bering Sea Basin region. Aleutian 
Basin pattern from Cooper et al. (1992); Komandorsky Basin 
pattern and age estimates from Valyasho et al. (1993)—see also 
Baranov et al., (1991); north Pacific pattern from various sources 
(see figure � and Atwater, 1989; Atwater and Severinghaus, 1989; 
and Norton, in press).
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focused below the Being-Kresta shear zone. Melting of the 
heated edge of the Pacific plate would have favored the 
ascent of adakitic magma along the western sectors of the 
Aleutian Ridge and including at Piip volcano (fig. 1B and 
Plate 1; Yogodzinski et al., 199�, 1995).

2.2.3 Issues. Capture of the basement of the Aleutian 
Basin on the east side of Shirshov Ridge—Aleutia—was 
apparently in the late early Eocene (~50 Ma) and thus most 
likely involved accretion of a sector of Pacific or Kula plate 
because the only other candidate plate, the Resurrection plate 
(haeussler et al., 2003; farris et al., 2006), had by 50 Ma 
disappeared beneath Alaska and the Pacific margin of British 
Columbia (fig; 2, also see fig. 10A). Prior to its replacement 
between ~20 and ~10 Ma, the westward expanse of Aleutia 
would have included the existing area of the Komandorsky 
Basin (See figs. 10A and B). 

Allowing that in some form the Aleutia replacement sce-
nario and accompanying slab tearing is correct, it is not obvi-
ous why westward subduction beneath northern Kamchatka 
to accommodate basinal crust generated by spreading did 
not happen until at least 25 Myr after the formation of the 
Aleutian-Bering Sea region. Possibly, the removal mecha-
nism was driven by the heating and eclogite densification of 
the fossil slab of Aleutia dipping westward beneath northern 
Kamchatka. Vallier et al. (1987, 199�, 1996) also speculate 
that early Miocene entrance of high bathymetric relief into 
the western sectors of the early Miocene Aleutian SZ may 
have led to significant tectonism of the Aleutian Ridge west 
of about Amchitka Island (Plate 1) and the consequent rapid 
movement of crustal blocks toward the Kamchatka subduc-
tion zone. These concepts are explored further below. 

2.3 Far Northwest Pacific and Coastal Kamchatka.

2.3.1 Observations. Oceanic crust of the Pacific plate 
forms the south side of the KAT connection. The age of 
this crust is not accurately known because it was created 
at a north Pacific spreading center during the Cretaceous 
long Normal Polarity Chron (~83–119 Ma) and thus lacks 
a reversal fabric of magnetic anomalies, (Plate 1 and fig. �; 
Mammerickx and Sharman, 1988, lonsdale, 1988; Sukhov 
et al., 200�; Sager, 2005; Norton, in press; Miller and Ken-
nett, 2006). however, paleomagnetic and age dating studies 
establish that the oceanic crust south of the Aleutian Trench 
and flanking the northern base of Detroit Seamount formed 
at ~81 Ma at a paleolatitude of ~36 degs N (fig. 1A; Tarduno 
and Cottrell, 1997; Cottrell and Tarduno, 2003; Tarduno et 
al., 2005). The volcanic edifice of Detroit Seamount rises 
above the northern end of the NNW-trending ridge of the 
Emperor Seamounts. Detroit was eruptively emplaced at 

about 76 Ma, at a paleolatitude near 3� deg N (Duncan and 
Keller, 200�, Tarduno et al., 2005), and proximal to a spread-
ing center most like trending NW-SE parallel to Obruchev 
Rise (Keller et al., 200�; Norton, in press). The rise is the 
deeply sediment-buried ridge that connects Detroit and Meiji 
Seamounts (fig. 1A; Scholl et al., 1977; Scholl et al., 2003; 
Kerr et al., 2005). Meiji, bathymetrically and by continuity, 
is presumably the northernmost of the Emperor Seamounts, 
was probably emplaced toward 80 Ma, a paleontologically 
based age assessment because rock alteration of recovered 
basalt core has significantly reset the K-Ar clock (Creager, 
Scholl, et al., 1973; Duncan and Keller, 200�). The Meiji 
edifice is poised to orthogonally enter the Kamchatka SZ 
at the Kronotsky Peninsula (~55 deg N; figs. 1A, 1B and 
Plate 1). 

A significant tectonic and physiographic companion to 
the KAT connection is Obruchev Rise, which is carried on 
the Pacific plate and trends parallel to the Komandorsky 
transform sector and enters the Kamchatka Trench at Cape 
Kronotsky (Plate 1). Both the Komandorsky sector of the 
Aleutian Ridge and the Obruchev sector of the Emperor 
Seamounts thus terminate at paired, effectively non-migrat-
ing collision zones. Orthogonal collisions at these capes have 
probably been ongoing since at least the mid Tertiary. Based 
on GPS data, the Komandorsky sector of the Aleutian Ridge 
enters the Kamchatka SZ at close to the speed of the rise (~80 
km/Myr; Avé lallemant and Oldow, 2000; Gordeev et al., 
2001; Steblov, et al., 2003). Effectively, the Komandorsky 
sector is, like the Obruchev Rise, part of the Pacific plate.

2.3.2 Interpretations. When the formation of the Aleutian 
SZ created the KAT connection (fig. 2), the late Cretaceous 
ocean crust and cresting Obruchev Rise and Emperor Sea-
mounts resided at least 2500 km to the SE. Detroit Seamount, 
for example, was positioned in the general vicinity of 35 
deg N and perhaps as far east as 150 deg W (Engebretson 
et al., 198�; Tarduno et al., 2003; Norton, 1995; in press). 
Thus much of the length of the Pacific plate along which 
the original transform connection between the Aleutian 
and Kamchatka SZs was established has been subducted 
(Plate 1). 

Most authors agree that the Cape Kamchatka Peninsula 
records late Cenozoic collision of the Aleutian Ridge’s 
Komandorsky sector with eastern Kamchatka (Watson and 
fujita, 1985; Zinkevich et al., 1985; Zoneshain et al., 1990; 
Baranov et al., 1991; Geist and Scholl, 199�; Seliverstov, 
1998; Gaedicke et al., 2000; freitag et al., 2001; McElflesh 
et al., 2002). Views differ about what tectonic and struc-
tural processes formed the other two eastern peninsulas, 
Kronotsky and Shipunsky, south of the Cape Kamchatka 
Peninsula (fig. 1A and Plate 1). The accretion of sectors of 
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Pacific-basin born arc massifs is commonly suggested (see 
for example Seliverstov, 1998; Alexeiev et al., 2006, Avdeiko 
et al., this volume). Alternatively, from Shipunsky to at least 
the Cape Kamchatka Peninsula, Park et al. (2002) envision a 
northward migrating collisional scheme sequentially adding 
sectors of the Aleutian Ridge to eastern Kamchatka. 

however, as noted by Park et al. (2002), the existing base of 
data does not clearly define when the eastern capes formed, 
how they were created, or if their formations are tectonically 
kindred. It is equally plausible to suppose that the prominent 
capes of eastern Kamchatka record the orthogonal subduc-
tion of bathymetric relief, Kruzenstern fracture Zone at 
Shipunsky (Plate 1; Bürgmann et. al, 2005), Obruchev Rise 
at Kronotsky, and the Komandorsky sector of the Aleutian 
Ridge at Cape Kamchatka Peninsula (fig. 1A and Plate 1). 
Crustal elevation to form the capes could be effected by col-
lisional underthrusting and consequent upper plate shorten-
ing or underplating. The underthrusting oceanic or arc relief 
need not be coastally exposed. 

It is not known how much of the length of the Obruchev 
Rise has entered the Kamchatka SZ to potentially build 
the elevated structure of the Kronotsky Peninsula, but the 
deformed slab dipping beneath it suggest a period of at least 
several million years (Gorbatov et al., 1997). The rise’s thick 
sediment cover provided by the deposition of the Meiji drift 
body implies a subducted length of at least 1000 km (Scholl 
and Rea, 2002; Scholl et al., 2003). At the present convergent 
speed of ~80 km/Myr, the Pacific crust immediately south 
of the KAT connection approached the Aleutian Trench in 
the vicinity of Near Pass approximately 10 Myr ago (fig. 1B 
and Plate 1; Norton, in press; Miller et al., 2006), or about 
the time when spreading ceased in the Komandorsky Basin 
(Baranov et al., 1991; Valyasho et al., 1993). The Obruchev 
Rise has thus probably been underthrusting and building 
the Kronotsky Peninsula since the middle Miocene if not 
before. 

2.3.3 Issues. That collisional processes are the cause for 
the seaward-projecting peninsulas of eastern Kamchatka 
might be tested with submarine sampling. Where bathy-
metric ridges underun a convergent margin sedimentary 
and igneous material from the summit area of the ridge 
can be detached and accreted to the landward trench slope. 
Accretion of ridge material has been described from the col-
lision zone of the Nazca Ridge and the Peru Trench (Kulm 
et al., 197�) and where the louisville Ridge—the south 
Pacific’s tectonic “twin” of the hawaiian-Emperor sea-
mount chain—collides with the Tonga Ridge (Ballance et 
al., 1989). Potentially, oceanic material accreted from the 
underthrusting Obruchev Rise can be recovered from the 
landward trench slope east of Kronotsky Peninsula (Plate 

1; Gorbatov et al., 1997; Bürgmann et al., 2005). If oceanic 
debris exists on Kamchatka’s landward trench slope, then 
invaluable information about the history of underthrusting, 
much as described by Ballance et al., (1989) for the Tonga 
Ridge, can be obtained.

2.4 Aleutian and Bowers Basins 

2.4.1 Observations. The Aleutian and Bowers Basins 
occupy the eastern side of the deep water Bering Sea Basin 
(fig. 1A). The larger Aleutian Basin is flanked to the north-
west and northeast, respectively, by the NE-striking Koryak 
and the NW-striking Beringian continental margins. Arc 
massifs border the other sides of the basin: Shirshov Ridge 
to the west and Bowers and Aleutian Ridges to the south. 
Prominent N-S striking magnetic anomalies are recorded 
in both the Aleutian and Bowers Basins, and the velocity 
structure of their basement rock is typical of oceanic crust 
(fig. �; Shor, 196�, Cooper et al., 1987a, b, 1992; Stone, 
1988). The age of the magnetic anomalies that stripe the 
Aleutian Basin has been tentatively identified as Chrons 
M1 through M 13, younging to the east, of early Cretaceous 
age (Cooper et al., 1976a, b, 1977). The age of the magnetic 
pattern in Bowers Basin is poorly constrained. Both basins 
are characterized by heat flow averaging near 60 mW/m2, 
which is higher than that expected of Cretaceous crust but 
not atypical of suprasubduction zone or backarc settings 
(hyndman et al., 2005).

The sedimentary sequence underlying the abyssal floor of 
the Aleutian Basin is typically 2–3 km thick, but the section 
is as thick as 10–12 km in fossil trenches at the base of the 
Beringian margin, along the length of the Koryak margin, 
and below the outward curving, northern side of Bowers 
Ridge (fig. 5; Cooper et al., 1987b, 1992). Shirshov Ridge 
is not flanked by a sediment-filled trench along either its 
Kamchatka or Alaska-facing sides (figs. � and 5: Rabinowitz 
and Cooper, 1977; Baranov et al., 1991).

The Beringian continental margin bordering the Aleutian 
Basin along its Alaska side is underlain by a subsided and 
erosionally decapitated fold belt—the Beringian fold belt 
(fig. 6)—of broadly deformed shallow marine and non-
marine beds of late Jurassic, late Cretaceous, and early 
Tertiary age. These units are collectively referred to by 
Worrall (1991) as the Carapace Sequence. Units of the 
Beringian fold belt accumulated in a forearc setting. No 
deep water or accretionary complex facies have been recov-
ered along the Beringian margin by dredging or drilling (see 
summarizing map and descriptions of Grantz et al., 2002). 
The Mesozoic rocks are unconformably overlain by little-
deformed Eocene and younger generally marine shelf facies 
beds that accumulated to thicknesses as much as 10–12 km 

Fig. 5Fig. 5
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in margin-paralleling basins (e.g., Navarin and St. George; 
fig. 6) (Marlow et al. 1987; Worrall, 1991; Grantz et al., 
2002). The prominent unconformity is referred to as the “top 
of Cretaceous” unconformity by Marlow et al. (1987) and the 
“Red Event” surface by Worrall (1991) (fig. 6).

The NW margin of the Aleutian Basin, the southern 
Koryak margin of NE Russia, exposes at and southwest 
of Cape Navarin shallow marine and non-marine units of 
middle and late Cenozoic age unconformably overlying 
deformed early Tertiary and older Cretaceous and Jurassic 
sequences (Marlow et al. 1987; Worrall, 1991; Grantz et 
al., 2002). The Mesozoic sequences are recognized as 
accretionary complexes generally similar to those exposed 
along the northern margin of the Gulf of Alaska (Plafker 
et al., 199�). Southwest along the Koryak margin, the late 
Cretaceous Olyutosky arc massif that many authors project 
offshore to include Shirshov Ridge is thrust over the early 
and middle Eocene margin and basinal flysch sequences 
(Garver et al., 200�, Chekhovich et al, 2006; Chekhovich 
and Sukhov, 2006). 

The Alaska border of the Aleutian Basin is thus con-
structed of a framework of broadly deformed miogeoclinal 
rocks of a Jurassic, Cretaceous, and early Tertiary forearc 
setting topped unconformably by little deformed basinal 
sequences of submerged Eocene and younger shelf and upper 
slope beds (fig. 6). In contrast, the complementary Koryak 
margin of NE Russia is an assembly of deformed accretion-
ary eugeosynclinal sequences of Jurassic, Cretaceous, and 
earliest Tertiary age and accreted arc complexes unconform-

ably overlain by younger, less deformed and subaerially 
exposed miogeosynclinal deposits (Stavsky et al., 1988, 
1990; Zonenshain et al., 1990; see regional maps of Worrall, 
1981 and Grantz et al., 2002). 

A sediment-filled trench section overlying the oceanic 
crust of the Aleutian Basin is conspicuous beneath the base 

Fig. 6Fig. 6

Figure 6. Seismic sections imaging the wave-eroded and depo-
sitionally buried antiformal and fault structures of the Beringian 
margin fold belt of late Cretaceous and early Tertiary beds. The 
“Red” unconformity of Worrall (1991) formed until the late middle 
Eocene (~�5-�2 Ma). The Beringian margin fold belt is the base-
ment for large, margin paralleling shelf basins largely filled with 
shelfal deposits of late Eocene and younger age. The history of 
these basins (e.g., Anadyr, Navarin, St. George) extends back into 
the Cretaceous when the Beringian margin was largely a transform 
plate boundary between the North America and Kula or Izanagi 
plates of the north Pacific Basin (see Norton, in press). Index map 
and seismic sections are adapted from Worrall (1991). Offshore 
continuations of onshore, western Alaska strike-slip faults are 
hypothetical and guided seaward by major shelf structures, vol-
canic centers, and offsets in the NW-SE trend of the Beringian 
margin. It is posited that Anadyr and Navarin basins were origi-
nally aligned but relative Cenozoic motion across the right-lateral 
Kobuk and Kaltag fault systems and extrusion of the north Pacific 
rim orogenic stream (NPRS) offset the basins by more than 200 
km (see figures 1B and 3). Extrusion also juxtaposed the Meso-
zoic accretionary complexes of the Koryak margin and the similar 
age but shallow marine and continental deposits of the Beringian 
Carapace sequence.

Figure 5. Isopach map of sediment thickness in Bering Sea Basin. 
Thick (6–10 km) trench-filling sequences, presumably identifying 
abandoned subduction zones of early Tertiary age, rest at the base 
of sectors of the Beringian margin, the Koryak margin, and north 
of Bowers Ridge.
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of the Koryak margin and also along sectors of the modern 
Beringian margin (fig 5; Cooper et al. 1987a, b; Marlow et 
al., 1987; Worrall, 1981; Klemperer et al., 2002; Grantz et 
al., 2002). The oldest sampled sedimentary sequence that 
drapes the margins of the Aleutian and Bowers Basin and 
extends over the basin floor is Oligocene. Over the basin 
the oldest sediment recovered by DSDP drilling (at Site 190, 
fig. 1A) is middle Miocene (Creager, Scholl et al., 1973; 
Scholl et al., 1987; Marlow et al., 1987). Drilling at Site 190 
was targeted to reach basement but failed to do so. Thus no 
direct information exists about the age of the oceanic crust 
of the Aleutian Basin or the much smaller Bowers Basin 
inside the arc of Bowers Ridge (fig. 1A). In contrast, the 
largely early Miocene age of the igneous crust f looring 
the Komandorsky Basin is known (Muzurov et al., 1989, 
Baranov et al., 1991). 

2.4.2 Interpretations. It has long been supposed that the 
basement of the Aleutian Basin is a sector of Pacific oceanic 
crust (Shor, 196�; Ewing et al.1965) generated at a north 
Pacific spreading center but captured by the North America 
plate with the formation of the Aleutian-Bering Sea region. 
(Scholl et al., 1975; Cooper et al., 1976a, b; 1977). This exotic 
terrane was given the name “Aleutia” by Marlow and Cooper 
(1983). The principal reason for the capture concept is the 
prominent basement magnetic anomalies and their N-S, arc-
normal trend (figs. 2 and �), characteristics not typical of a 
basin formed by backarc spreading (Stone, 1988). 

The time of entrapment of the oceanic crust of Aleutian 
is constrained by the middle Eocene age (~�6 Ma) of the 
Aleutian Ridge (Jicha et al., 2006). If the trapped crust is 
indeed early Cretaceous in age, it could be a sector of the 
Izanagi plate that was incorporated into the Kula plate 
at its apparent formation at ~83 Ma (Engebretson et al., 
198�, 1985; Cooper et al., 1976a, b; Scholl et al., 1986; 
Norton, in press). If the anomaly pattern is younger than 
about 83 Ma and older than early to middle Eocene, then 
the captured sector is not of the Izanagi plate. In the late 
Cretaceous and early Tertiary an eastward-migrating 
spreading ridge separated the Kula plate to the west from 
the Resurrection plate subducting eastward beneath British 
Columbia (fig. 2; haeussler et al., 2003). Potentially, the 
N-S pattern of Aleutia’s magnetic fabric may be a sector 
of Kula plate generated west of the eastward migrating 
Kula-Resurrection spreading ridge (haeussler et al., 2003; 
also see fig. 10A). 

Probably during or soon after crustal capture, rifting in the 
backarc east of Shirshov Ridge formed the now sediment-
buried and seamount-populated NE-trending Vitus ridge, a 
short-lived spreading ridge trending roughly parallel to those 
that in the early Miocene opened the adjacent Komandorsky 

Basin (Cooper et al., 1992; fig. 1B, also see figs. 10A and 
B). A phase of post-capture backarc spreading may also 
have formed Bowers Basin behind a northeastward migrat-
ing Bowers Ridge. Three views have been stated about this 
possibility, (1) basin formation as part of the early Miocene 
opening of the Komandorsky Basin (Yogodzinski et al., 
1993), (2) basin formation tied to regional scale deforma-
tion of western Alaska and the Aleutian Bering Sea region 
(Cooper et al. 1992), and (3) basin formation linked to 
extrusion-driven formation of the Bowers and Shirshov SZs 
(Scholl and Stevenson, 1989; Scholl et al., 1992).

2.4.3 Issues. Knowing the age and latitude of formation 
of the crust of the Aleutian Basin—Aleutia—is central to 
reconstructing the configuration of plates and the pattern 
of crustal ages occupying the high north Pacific when the 
Aleutian-Bering Sea region formed in the middle Eocene. 
Although it seems likely the Aleutian Basin is floored by 
lower Cretaceous crust, this inference has not been con-
firmed by drilling nor has a wealth of newly collected mag-
netic data been integrated into the age analysis (Bering Sea 
EEZ-SCAN Staff, 1991). The age of the probably younger 
Vitus ridge is also not directly known, nor is that of Bowers 
Basin (fig. 1. The age of oceanic crust underlying the Aleu-
tian and the Bowers Basins remains equally uncertain.

Placing N-S magnetically patterned crust of early 
Cretaceous age in the Bering Sea region at the time of the 
middle Eocene entrapment of Aleutia, remains problematic 
for several reasons: (1) confirmation is lacking of their M13–
M1 age assignment, (2) the discovery of the Resurrection 
plate implies that the N-S pattern could have been gener-
ated in the late Cretaceous and early Tertiary west of the 
eastward migrating Kula/Resurrection spreading center 
(haeussler et al. 2003), and (3) the unresolved problem 
of whether a significant change in motion of the Pacific 
plate is signaled by the prominent, middle Eocene bend 
in the hawaiian-Emperor Seamount chain (Tarduno et al., 
2003; Steinberger et al., 200�; Koppers and Staudigel, 2005; 
Andrews et al. 2006; Sharp and Claque, 2006; Stock, 2006; 
Steinberger and Gaina, 2007). 

Until age and formative latitude data are in hand, for 
example as are now available for the Detroit sector of the NW 
Pacific Basin (Tarduno and Cottrell, 1997; Tarduno et al., 
2003), the reasons for, and setting of, the Eocene formation 
of the Aleutian-Bering Sea region and its KAT connection 
will remain unresolved. 

2.5 Shirshov and Bowers Ridges 

2.5.1 Observations. Based on geophysical data and 
dredge sampling, Shirshov and Bowers Ridges, which, 
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respectively, flank the western edge and part of the south-
ern edge of the Aleutian Basin (fig. 1A), are recognized as 
the massifs of volcanic arcs. The northern end of Shirshov 
Ridge is connected to NE Russia at Cape Olyutorsky (fig. 
1A). Rock assemblages of the accreted late Cretaceous-
early Tertiary Olyutorsky arc are exposed at the cape and 
also extend farther to the north along the Koryak margin 
(levoshova et al., 1997, 2000, Seliverstov, 1998; Garver 
et al., 2000); Garver et al., 200�; Chekhovich et al., 2006; 
Chekhovich and Sukhov, 2006). Shortening structures sug-
gestive of a collisional contact between the cape and the 
ridge are not mapped at Cape Olyutorsky, for example as 
they are farther to the south at the KAT connection ((Sha-
piro et al., 198�; Tsukanov and Zinkevich, 1987; Geist and 
Scholl, 199�).

Basement rock of Shirshov Ridge is extensionally 
faulted normal to its longitudinal, N-S length, as doc-
umented by prominent ridge-paralleling half-grabens 
(Baranov et al. 1991) mapped prominently by gravity 
anomalies (Plate 1). Basement highs at depths of 1000–
2000 m cresting the northern and central sectors of the 
ridge are truncated by wave-based erosional platforms 
(Scholl et al., 1975; Baranov et al., 1991). Neither side 
of the N-S-trending ridge is f lanked by sediment-filled 
trench structures revealed by satellite gravity (Plate 1) and 
seismic-reflection-based sediment thickness maps (fig. 5; 
Scholl et al., 1975; Rabinowitz and Cooper, 1977; Cooper 
et al., 1987b; Baranov et al., 1991). 

Mafic ocean crust and chert deposits of late Cretaceous 
and Triassic age have been reported from dredge samples 
recovered from the ridge (Bogdanov et al., 1983; Savotsin 
et al., 1996; Gladenkov, 1990). Dating of Cretaceous beds 
is based on the radiolaria taxa included within the chert, 
an assemblage that is also found in similar chert deposits 
exposed in the nearby Koryak mountains, which are fjord-
scarred (fig. 1A). hence, ice-rafting of Koryak-derived 
Mesozoic material to the surface of the offshore Shirshov 
Ridge is a troubling concern. 

Arc volcanic material collected from the southern end 
of Shirshov Ridge includes feldspar of late Oligocene age 
(K-Ar date of 27.8 Ma +/- 1.1) that has to be view as minimal 
(Scholl et al., 1975; Cooper, 1987a, b). The sampled sector of 
the ridge trends NW-SE, thus striking parallel to the major 
fracture zones of the Komandorsky Basin and the Aleutian 
Ridge (figs. 1B and �) and very different from the ridge’s 
prominent N-S alignment and strike of it graben system 
(Plate 1: Baranov et al., 1991). As a consequence it possible 
that the dated late Oligocene arc material from the southern 
extremity of Shirshov Ridge is actually a fragment of the 
Aleutian Ridge rifted away during the Miocene formation of 
the Komandorsky Basin or, earlier, the Bowers Basins (Scholl 

et al., 1989; Cooper et al., 1992 and Yogodzinski et al., 1993). 
Arc material dredged farther to the north by Russian col-
leagues has not been radiometrically dated (Baranov, written 
communication, 2006) but N-MORB amphibolite recovered 
from the ridge is reported at ~�7 Ma (Sukhov et al., 1987). 
Well preserved diatom and silicoflagellates assemblages 
have been recovered from overlying stratified deposits of 
Miocene and Oligocene age (Gladenkov, 1990). 

Bowers Ridge appears to be structurally connected to 
the southern end of Shirshov Ridge (Rabinowitz, 197�). 
late Cenozoic deposits of the Aleutian Basin that bury the 
connection are deformed above it. Submerged sectors of the 
summit of Bowers Ridge as deep as 1000 m are, similar to 
Shirshov Ridge, wave-truncated platforms of former islands. 
The summit platform of the eastern end of Bowers Ridge 
abuts and merges with the wave-flattened summit platform 
of the Aleutian Ridge (fig. 1A). 

The northern side of Bowers Ridge is flanked by a promi-
nent trench structure filled with a sequence of Aleutian Basin 
sediment as thick as 10 km (fig. 5). The infilling Bowers 
Ridge trench sequence exhibits only slight post-depositional 
deformation, suggestive of minor late Cenozoic shortening 
between Alaska and the ridge (Marlow et al., 1990). Older, 
underlying sedimentary material at the base of the ridge’s 
northern slope are more deformed, but not greatly so, and 
a frontal accretionary prism wider than 10–15 km is not 
evident (Cooper et al., 1987a, b). 

Basement of calk-alkaline arc breccia was recovered in 
1970 by the Scripps Institution of Oceanography from the 
north side of Bowers Ridge (http://walrus.wr.usgs.gov/info-
bank/m/m170bs/html/m-1-70-bs.meta.html; Creager, Scholl 
et al., 1973). The breccia was too altered to date by K-Ar 
methodology (Scholl et al., 1975). Drilling on the southern 
slope of Bowers Ridge (DSDP leg 19) did not reach base-
ment or sediment older than late Miocene (Creager, Scholl et 
al., 1973). Decades earlier, G. Dallas hanna (1929) described 
diatom-bearing sediment of late Miocene age recovered by 
dredging the submerged flank of Bowers Ridge. This study 
was probably the first attempt to decipher the geologic his-
tory of the Bering Sea Basin.

2.5.2 Interpretations. Geophysical and sample data docu-
ment that the Shirshov and Bowers Ridges were, like the 
Aleutian Ridge, largely constructed by arc volcanism. It is 
also evident that both Shirshov and Bowers Ridges were 
formerly emergent arc massifs that sometime in the mid 
Cenozoic subsided below wave-base erosion to depths of 
>1500 m. On Shirshov Ridge, Oligocene sediment recovered 
at depths of 1�00–1500 m contain neritic and sublittoral dia-
toms, documenting subsidence, and possibly recording that 
arc-extinction occurred after the late Oligocene (Gladenkov, 
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1990). The present Aleutian Ridge, although still volcani-
cally active, exhibits a similar history of wave-base trunca-
tion and subsidence of its crestal summit platform to depth 
of several hundred meters and as deep as ~1500 m along the 
flanks of the ridge (Scholl et al., 1987).

Deformation studies by Marlow et al. (1990) of the sedimen-
tary sequence filling the Bowers Ridge trench and seismicity 
and GPS data from the Aleutian Ridge (Oldow et al., 1999; 
Avé’ lallemant and Oldow, 2000: Cross and freymueller, 
2007) imply that Bowers Ridge is tectonically disconnected 
from the clockwise rotation and westward transport of blocks 
of Aleutian arc crust moving along the Pacific-North America 
plate boundary toward the Kamchatka subduction zone (Geist 
et al., 1988: Geist and Scholl, 1992). Evidently, an active 
right-lateral shear zone separates the Aleutian and Bowers 
Ridges (Ryan and Scholl, 1989, 1993). Also, only modest 
late Cenozoic basement deformation or possibly magmatism 
has occurred in the subsurface structural septum connecting 
the western end of Bowers Ridge and the southern end of the 
physiographic relief of Shirshov Ridge (Rabinowitz, 197�). 
Apparent vertical deformation in late Cenozoic sediment 
overlying the septum is not understood.

Evidence of collisional impact between the Aleutian and 
Bowers Ridges has not been recognized, and both appear 
to be arc massifs of similar age, possibly built upon thrust-
thickened oceanic crust (Savotsin et al., 1986). Thus Bowers 
is viewed as having formed effectively in place as a north-
ward projecting, westward curving growth added construc-
tionally to the larger Aleutian Ridge. 

Shirshov Ridge is physiographically the submarine exten-
sion of the promontory of the Olyutosky Peninsula (fig. 1A), 
which is underlain by a framework of late Cretaceous arc 
rocks accreted to the margin most likely in early and middle 
Eocene time (Stavsky et. al, 1988; 1990; levashova et al., 
2000, Garver et al. 2000; Garver et al., 200�; Chekhovich 
and Sukhov, 2006; Chekhovich et al., 2006). The submerged 
extension is in itself not confirming evidence that the ridge is 
the seaward continuation of the late Cretaceous arc massif 
that forms the peninsula. for example, the Cenozoic Aleutian 
Ridge is not the seaward extension of the continental frame-
work of the Permo-Triassic, Jurassic, and Cretaceous rocks 
that underlie the Alaska Peninsula (Burk, 1965, Nokleberg et 
al., 199�). So it can be entertained that Shirshov Ridge was 
similarly constructed in the Tertiary seaward of an existing 
framework of Cretaceous and older rocks of the Koryak-
Kamchatka margin. 

Unlike Bowers Ridge, Shirshov Ridge is not flanked by 
a preserved structural trough of a sediment-filled trench 
(fig. 5). Most likely, as surmised by Baranov et al., (1991), 
a trench and eastward-dipping subduction zone formerly 
lay at the base of the ridge’s western or Kamchatka-facing 

side. Destruction of the structural trench was likely a conse-
quence of ridge extension and fracturing during the creation 
of the early and middle Miocene crust of the Komandorsky 
Basin. Older, probably Cretaceous, Pacific oceanic crust of 
Aleutia and western fragments of the Shirshov Ridge were 
presumably swept into a north Kamchatka-south Koryak SZ 
bordering the western side of the Basin (Baranov et al., 1991; 
hochstaedter et al., 199�; Park et al., 2002)

The relations noted above are drawn upon to conjecture 
that Bowers and Shirshov arc systems are not exotic to the 
Bering Sea Basin region but rather formed there in the early 
Tertiary in response to plate-boundary-driven tectonism 
of the far north Pacific rim and offshore areas. Although 
subduction continues beneath much of the length of the 
Aleutian Ridge, subduction beneath Bowers and Shirshov 
ridges waned and ended in the Oligocene or early Neogene. 
This inference is based on the 1000–2000 m depth of ridge 
crest subsidence (Dietrick et al., 1977), the Oligocene age 
of recovered shallow water taxa from the crest of Shirshov 
Ridge (Gladenkov, 1990), the radiometric age (minimum) of 
late Oligocene of arc fragmental material recovered from the 
southern end of Shirshov Ridge (Cooper et al. 1987a), and 
the early Miocene inception of spreading in Komandorsky 
Basin (Muzurov et al., 1989; Baranov et al., 1991).

2.5.3 Issues. As discussed earlier, lacking definitive age 
and paleolatitude controls, the formative place and age of 
initial arc activity for Shirshov and Bowers Ridges cannot 
be established. If the ridges are mostly Mesozoic igneous 
accumulations overlain by Cenozoic deposits, then these arc 
massifs could have formed in the north Pacific Basin well 
south of the Bering Sea Basin and thus would be exotic to 
it. If the igneous basement of these ridges is Cretaceous in 
age and exhibit OIB geochemical characteristics, then their 
formation as part of the NW extension of the north Pacific’s 
hawaii-Emperor seamount chain can also be hypothesized 
(Steinberger and Gaina, 2007). 

If they formed in the Eocene, then they did so within 
the setting of the Bering Sea Basin because outboard of 
them construction of Aleutian Ridge appears to have gotten 
underway in the middle Eocene or a little earlier (Jicha et al., 
2006). Reconstructing the tectonic setting and deciphering 
the cause for the formation of the Aleutian Bering Sea region 
and its subsequent evolution thus requires at the least accu-
rate information about when Bowers and Shirshov began to 
formed and when arc volcanism ceased along them. 

2.6 The Aleutian Ridge and the KAT Connection 

2.6.1 Observations. The critical tectonic element of the 
KAT connection is the westward extension of the Aleutian 
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sector of the PAC/NAM boundary to the Kamchatka SZ, 
which is either the eastern edge of the Okhotsk microplate 
(block) or a tectonically simpler southward striking con-
tinuation of the PAC/NAM plate boundary (fig. 3; Riegel 
et al., 1993; Bourgeois et al., 2006; Pedoja et al., 2006). In 
its curving path across the north rim of the Pacific Basin, 
the ~2200-km-long Aleutian Ridge extends to within ~100 
km of Kamchatka (figs. 7 and 8). The width of the ridge 
ranges from ~250 to 75 km, narrowing west of about 180 
deg. longitude and markedly so west of Near Pass (172 
E) across the Komandorsky sector of the Aleutian Ridge 
(fig. 8). 

In relief, the ridge rises ~7 km above the generally smooth, 
flat, and thickly (1–2 km) sedimented floor of the Aleutian 

Trench to the south and 3–� km above the abyssal plain of the 
Bering Sea Basin to the north. The lateral continuity of the 
ridge’s arc massif is disrupted in the forearc by large NNE-
SSW-trending submarine canyons, and along the crest of the 
ridge by tectonically controlled between-island passes and 
ridge-axis elongated summit basins (figs. 7 and 8).  

The Aleutian Ridge is an arc construct of Cenozoic 
age f lanked to the south, and presumably to the north, 
by older oceanic crust. Although not known to include 
pre-Eocene crust, the ridge buds westward from the tip of 
the Alaska Peninsula underlain by continental basement 
of late Paleozoic and Mesozoic age (fig. 1A: Burk, 1965; 
Nokleberg et al., 199�; Vallier et al., 199�). Beneath its 
structural summit the arc massif is 30–35 km thick, an 

Fig. 7 & 8Fig. 7 & 8

Figure 7. Geographic and tectonic setting maps for Aleutian Ridge. Top panel (A) is diagrammatic model of clockwise 
rotation and westward translation of blocks of the arc massif moving toward the Kamchatka subduction zone. Rotating 
blocks leave trail-edge basins along their northern sides (e. g. Amlia-Amukta Basin, Sunday Basin, Buldir Depression) 
and large, left-lateral tear canyons along their eastern flanks (e. g., Adak, Murray, and heck Canyons). The far western 
or Komandorsky block is effectively moving to the NW with the Pacific plate. Bottom panel (B) shows that via the 
right-lateral Bering-Kresta shear zone, which runs along the base of the Bering Sea side of the Komandorsky block, 
westward moving blocks of the Aleutian massif are guided toward collision with Kamchatka at the Kamchatka-Aleutian 
or KAT tectonic connection, which is presently located at the Cape Kamchatka Peninsula. 
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unusual thickness for an intra-oceanic arc (fig. 9; Shor, 
196�; Grow, 1973; fliedner and Klemperer, 1999; holbrook 
et al., 1999, lizarralde, et al., 2002; Shillington, et al., 
200�; Takahashi et al., 2007; Calvert et al., in press). Arc 
crust thins seaward beneath the submerged forearc and 
landward below the backarc slope descending toward the 
Bering Sea Basin (fig. 9).  

The oldest radiometrically-documented age for arc vol-
canic material is middle and late Eocene (Vallier et al., 
199�; Jicha et al., 2006). late to middle Eocene fossilif-
erous sequences are widely exposed in the Aleutian and 
Komandorsky Islands (Scholl et al., 1987; Vallier et al., 

199�). The report of early Eocene or late Paleocene beds 
from the Komandorsky Islands (Shmidt, 1978; Rostovtseva 
and Shapiro, 1998) is based on a poorly identified planktonic 
foraminifera fauna (K. McDougall, written communication, 
2006). The linked paleomagnetic stratigraphy is permissive 
of the older Tertiary ages (Minyuk and Gladenkov, 2007). 
however, the basalt and andesite flows underlying the basal 
sedimentary units have middle and late Eocene K-Ar ages 
(�5–37 Ma; Tsvetkov, 1991). If these dates are correct, and 
the “flows” are not sills or lie beneath a thrust, basement 
cannot be overlain by the fossiliferous beds of older early 
Eocene or late Paleocene age. Fig. 9Fig. 9

Figure 8. (A) Index map showing locations of longitudinal (W-E along-ridge) and transverse (S-N across ridge) bathy-
metric profiles of the Aleutian Ridge. longitudinal profile (B) shows, in the westward direction of increasing obliquity 
of convergence, increasing deepening of between-island passes separating the major CW and westward translating 
blocks of the arc massif (see figure 7). Transverse profiles (C) display the westward narrowing of the width of the arc 
massif, in particular west of Amchitka Pass (profile I-J). Both physiographic measurements are consistent with the GPS-
documented determination that westward blocks of the arc massif move with increasing speed toward the Kamchatka 
subduction zone.
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The 39Ar-�0Ar determination of Jicha et al (2006) dates 
the Aleutian Ridge’s oldest securely known volcanogenic 
material at ~�6 Ma, or middle Eocene. The sample was 
dredged immediately west of Kiska Island from the sub-
merged eastern wall of Murray Canyon (fig. 7). This age 
closely matches the oldest K-Ar dated lava reported by 
Tsvetkov (1991) from the Komandorsky Islands farther to 
the west. Initiation of the Aleutian SZ that produced these 
middle Eocene magmatic rocks must necessarily have 
been earlier. Because the start-out phase of arc growth is 
a voluminous outpouring across a broad front (see discus-
sion in Jicha et al., 2006), it can be surmised that middle 
Eocene basement rock recovered from the crestal region of 
the Aleutian Ridge is not going to be significantly younger 
than the massif deeply buried beneath the ridge’s forearc 
and backarc slopes, or the missing seaward sector, probably 
on the order of 60 km, of the arc massif removed by subduc-
tion erosion (von huene and Scholl, 1991; Jicha et al., 2006; 
Scholl and von huene, 2007). Thus the initiation of the new 
offshore Aleutian SZ is earlier than �6 Ma but most likely, 
unless the paleontologically-based Komandorsky early 
Eocene or late Paleocene ages are confirmed, not before 
~50 Ma, in the late early Eocene. 

Structurally, except for its far western or Komandorsky 
sector, from south to north the ridge in cross section is con-
structed of a frontal prism of accreted trench material of late 
Miocene and younger age bordering a submerged forearc 
of arc crust of Eocene age. The submerged forearc base-
ment is overlain by dredge-recovered samples of Oligocene 
and younger slope-conforming sediment and, beneath the 
deep water (3500–�500 m) Aleutian Terrace, basin-filling 
sequences of late Miocene and younger beds (figs. 8 and 9; 

Scholl et al., 1987). At the summit of the ridge, island expo-
sures of the middle Eocene igneous massif are intruded by 
late Eocene, Neogene, and younger bodies and unconform-
ably overlain by lava and sediment. The greater width of the 
summit of the ridge is truncated by a wave-beveled surface, 
the summit platform, cut across Miocene and older rocks 
(fig. 8). During the past ~5 Myr, the arcuate alignment of 
dormant and active centers of the Aleutian volcanic arc has 
been constructed generally along the northern edge of sum-
mit platform. North of the ridge crest the sediment-covered 
surface of the Eocene basement descends toward the abyssal 
floor of the Bering Sea (fig. 9; Scholl et al., 1987). 

The Komandorsky section, above which Bering and Medny 
Islands rise, is narrower (~75 km), presumably lacks a frontal 
prism of accreted debris, and lacks active or dormant sum-
mit volcanoes (fig. 7). however, just beyond the northern or 
Bering Sea base of the sector, Piip Volcano has built nearly 
to sea level from a graben-like depression. The depression 
borders to the north the principal trace of the Bering-Kresta 
shear zone that separates crust of the Komandorsky Basin 
from that of the Aleutian Ridge (fig. 1B, Plate 1, and fig. 7; 
Baranov et., 1991; Yogodzinski et al., 1993, 199�, 1995, 2001; 
Geist and Scholl, 199�). Piip appears to be a “bleeding” 
transform construct. 

Tectonically, the Aleutian arc massif is arranged along 
the far northern sector of the PAC/NAM boundary (fig. 
1B). With respect to the trend or strike of the ridge, from 
east to west plate convergence is NW and orthogonal near 
the Alaska Peninsula and increasingly oblique westward (to 
the left or west of NW). West of the Near Islands, relative 
motion is highly oblique to virtually strike slip along the 
Komandorsky sector (Vallier et al., 199�; fig. 7). Based on 
regional studies of bathymetric, seismic, paleomagnetic, 
and geologic data, the width of the ridge involved in ridge-
parallel or longitudinal shearing broadens to the west, in 
particular west of Amchitka Pass and then more so west of 
Near Pass where the right-lateral Bering-Kresta shear zone 
passes along the northern base of the Komandorsky sector 
(figs. 1B and 7; Cormier, 1975; Geist et al., 1988; Ryan and 
Scholl, 1989; Geist and Scholl, 199�). 

GPS and seismic motion studies appear to document that 
the major plate boundary is now the Bering-Kresta shear 
zone (Avé’ lallemant and Oldow, 2000; Gordeev et al., 2001; 
Steblov, et al., 2003). however, differential right-lateral 
shearing occurs across the width of the Komandorsky sector 
defining the Komandorsky shear zone of freitag et al. (2001). 
The impact of the collisional process at the KAT connection 
is exhibited by a horizontal gradient of vertical tectonism at 
Cape Kamchatka Peninsula that increases southward away 
from the Bering Kresta shear zone and toward that of the 
western most reach of the Aleutian Trench and the Steller SZ 

Figure 9. Idealized cross-section through the Aleutian Ridge 
showing major structural and tectonic units. frontal accretionary 
prism is late Cenozoic in age and consists principally of turbiditic 
sediment transported westward along the trench axis from Alaskan 
drainages. The basins of the deep-water Aleutian Terrace and the 
ridge’s summit area are late Cenozoic in age. Since at least the 
late Eocene the axis of arc volcanism has shifted progressively 
northward toward the Bering Sea Basin or backarc. Information 
is from various source but in particular from Shor (196�), Grow, 
1973, Scholl et al. (1987), Ryan and Scholl, (1989, 1993), Vallier et 
al. (199�), fliedner and Klemperer (1999), holbrook at al. (1999), 
and lizarralde et al., 2002.



SChOll    21

(fig. 1B, Plate 1 and fig. 7; Gaedicke et al., 2000; freitag et 
al., 2000). Gaedicke et al. (2000), McElflesh et al. (2002), 
and Kozhurin (this volume) document that the kinematics 
of arc-arc collision across the north-south width of the KAT 
connection is as expected, complicated. 

2.6.2 Interpretations. Abandonment of the Beringian-
Koryak margin plate boundary circuit required that a new 
one be established between the Alaska Peninsula and northern 
end of the Kamchatka Trench—i.e. the KAT connection. It 
has also been hypothesized that the Eocene Aleutian Ridge 
and underlying subduction zone only extended westward to 
roughly the position of Shirshov Ridge, which, it is explor-
atively argued below, evolved coevally with or soon after 
arc magmatism began to construct the new Aleutian Ridge 
(Scholl et al., 1989, 1992; Yogodzinski et al., 1995; lizarralde 
et al., 2000; fig. 10). Tectonic connectivity to the Kamchatka 
SZ was evidently establish by a long, NW-striking transform 
boundary (lonsdale, 1988), probably one slightly underthrust 
orthogonally similar to the modern Queen Charlotte transform 
shear system of British Columbia (Yorath, 1987; Gabrieles et 
al., 2006) and the Andaman sector of the northern Sumatra 
transform system (Subarya et al., 2006). 

Oblique convergence has fragmented the arc massif into 
clockwise rotating blocks and narrower, arc-subparallel 
crustal slivers (Geist et al., 1988; Geist and Scholl, 1992). 
Oblique convergence has also acted to progressively trans-
port the blocks northwestward toward the Kamchatka SZ. 
The Komandorsky Islands of Bering and Medny, for exam-
ple, have on geologic grounds (Rostovtseva and Shapiro, 
1998), the narrow width of the Komandorsky arc massif, 
and the Bering Sea location of the Bering-Kresta shear zone, 
been identified as the former Pacific forearc of the Near 
Islands sector displaced ~500 km westward (Plate 1, figs. 
7 and 9). Allowing that westward transport of Aleutian 
terranes has been underway since the Eocene, then arc-arc 
collision at the KAT connection was inevitable (e.g., Watson 
and fujita, 1985; Zinkevich et al., 1985; Geist and Scholl, 
199�; Seliverstov, 1998; Gaedicke et al., 2000; freitag et 
al., 2001). 

Expanding on the speculative lead of Vallier et al. (1987, 
1992, 199�, 1996), it is tempting to suppose that a rapid 
phase of breakup and fragmentation of the western sector of 
the Aleutian arc massif and movement of blocks toward the 
Kamchatka SZ was initiated by the early Miocene oblique 
entrance of high bathymetric relief into the western sec-
tors of the Aleutian Trench (fig. 1A, Plate 1, and fig. 10B). 
Some of the tectonizing relief remains in the northwestern 
corner of the Pacific basin, for example, the unsubducted 
section of Stalemate Ridge, the long-deceased Kula/Pacific 
spreading center north of the ridge, groups of adjacent sea-

mounts between them (Plate 1), and possibly a more north-
erly trending line of older and either subducted edifices of 
the Emperor Seamounts or at the formation of the Aleutian 
subduction zone trapped and abandoned in the Bering Sea 
Basin (Steinberger and Gaina, 2007). 

Other tectonic consequences of obliquely underthrusting 
relief would have been shearing and faulting of the oceanic 
crust seaward of the trench and rapid tectonic erosion of the 
submerged forearc (Vallier et al., 1996; Mortera-Gutiérrez 
et al., 2003). Crustal fracturing of the underthrusting plate 
and strong coupling with the base of the arc massif may 
have contributed importantly to moving the principal trans-
form boundary from the Aleutian Trench and forearc to the 
backarc setting of the Bering-Kresta shear zone (Vallier et 
al., 199�). Such a circumstance could also have led to tear-
ing away the Pacific plate of the north Pacific Basin from 
it’s subducted extension residing beneath the Komandorsky 
Basin. Tearing would have promoted asthenospheric upwell-
ing and spreading in the basin that got underway in the early 
Miocene (Baranov et al., 1991).

Because the relative plate motion between the Pacific and 
North America plates appears to have changed little since 
the late Eocene (Engebretson et al., 198�, 1985; lonsdale, 
1988; Cande et al., 1995; Norton, 1995), it is presumed that 
the strike of the connecting Komandorsky transform has 
remained much the same during the past ~�5 Myr. Modern 
GPS and teleseismic data document that transport of Aleutian 
terranes toward the KAT connection is presently underway 
(Avé’ lallemant and Oldow, 2000; Gordeev et al. 2001; 
Steblov, et al., 2003; Cross and freymueller, 2007).

As shown on figure 10B, the southward extrusion of 
Alaska and Bering shelf crust as the tectonic forward sector 
the NPRS may have, with respect to Kamchatka, moved the 
KAT connection progressively southward with time, possi-
bly from Karaginsky Island via Ozernoy Peninsula to reach 
Cape Kamchatka Peninsula (fig. 1A and Plate 1).

2.6.3 Issues. A geologic connection between the present 
trench-separated onshore Cape Kamchatka Peninsula and 
the offshore Komandorsky Islands has long been postu-
lated (Markov et al., 1969; Zinkevich et al., 1985; 1987; 
Watson and fujita, 1985, Scholl et al., 1989; Zonenshain 
et al., 1990; Baranov et al., 1991; Alexeiev et al., 2006). 
Although Eocene and younger Tertiary sedimentary units 
are comparable, igneous basement of late Cretaceous age is 
widely exposed on the Kamchatka Peninsula (Zinkovich et., 
1985; fedorchuk et al. 1991; Zinkovich and Tuskanov, 1992; 
Chekhovich et al, 2006, Chekhovich and Sukhov, 2006) 
but unreported from the Komandorsky Islands. The old-
est reported igneous basement rock on Bering and Medny 
Islands (Plate 1 and fig. 8) is middle Eocene or perhaps 
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somewhat older (Shmidt, 1978; Tsvetkov,1991; Rostovt-
seva and Shapiro, 1998; Minyuk and Gladenkov, 2007). If 
the similarity of stratigraphic sections is to be interpreted 
as documenting arc-arc collision at the KAT connection, 
then either the existence of Cretaceous basement must be 
demonstrated for the Komandorsky sector of the Aleutian 
Ridge or the thrust offloading of its stratigraphic sequence 
onto older Kamchatka basement.

Although no igneous rocks older than middle Eocene 
have been identified anywhere along the Aleutian Ridge 
(Tsvetkov, 1991; Vallier et al., 199�; Jicha et al., 2006), per-
haps the most profitable exposure to search for Cretaceous 
basement is the exceptionally precipitous trench slope 
south of Bering Island (Plate 1 and fig. 8). finding rocks of 
Cretaceous age here would falsify most perceptions of the 
evolution of the Aleutian Ridge and the KAT connection (in 
particular the author’s), but not the Kronotsky arc collision 
concept of Alexeiev et al. (2006) that generically links the 
Komandorsky sector of the Aleutian Ridge with the crust 
exposed at Cape Kamchatka Peninsula. 

Alternatively, the seaward projection of the Cape 
Kamchatka Peninsula can be viewed as physiographically 
recording past collisional events that involved the sub-
duction of incoming Komandorsky basement crust and 
much of its sedimentary carapace. Subduction of arc crust 
beneath Kamchatka could have formed the cape via crustal 
thrusting or underplating of the Cretaceous Olyutorsky 
arc massif by younger Aleutian crust (Zonenshain et al., 
1990; Seliverstov 1998; Stavsky et al. 1990, Worrall, 
1991; Zinkevich and Tsukanov, 1992; Baranov et al., 1991; 
Sukhov et al., 200�, and Garver et al., 2000; Garver et al. 
200�; Chekhovitch and Sukhov, 2006). Arc subduction, 
however, also caused crustal shortening inboard of the pen-
insula demonstrated by the Kumroch thrust belt (Shapiro et 
al., 198�; Tsukanov and Zinkevich, 1987; Geist and Scholl, 
199�). An example of the collisional style of tectonism 
exhibited at the KAT connection is expressed where the 
Cocos Ridge orthogonally enters the Middle America SZ 
at Costa Rica. Underthrusting is manifested by the coastal 
uplift of late Cretaceous igneous basement and farther 
inboard the fila Costeña, a growing fold belt of Eocene 
and younger marine and non-marine continental margin 
deposits (fisher et al., 200�). 

3. ESTABlIShING ThE KAT CONNECTION

3.1. Review of Basic Concepts 

The most commonly described plate-tectonic scenarios 
for the origin of the Aleutian SZ and thus the KAT connec-
tion are: 

(1)  Terrane accretion along the northwestern most or north 
Kamchatka-Koryak margin of the Pacific Basin tec-
tonically occluded this subduction zone and forced the 
offshore formation of the Aleutian SZ and the captured 
of the Pacific-born Shirshov and Bowers Ridges in the 
newly formed Bering Sea Basin 

(2)  Plate-boundary coupling and drive in the northeastern or 
British Columbia and Alaska sector of the north Pacific 
margin caused extrusion of Alaska and Bering shelf 
continental crust westward toward the plate boundary of 
the Beringian margin and forced the in-place formation 
of the offshore Aleutian-Bowers-Shirshov subduction 
zone system, and 

(3)  A combination or coupling of the plate-boundary forces 
arising from occlusion and extrusion buckling of the 
sector of Pacific plate then occupying the northwestern 
Pacific to form the Aleutian SZ directly seaward and 
on strike with the Alaska SZ. The Shirshov and Bowers 
SZs formed at the same time or shortly after within the 
setting of the newly created Bering Sea Basin.

Primarily because verifying age and formative paleolatitude 
information is lacking for the arc massifs of Shirshov and 
Bowers Ridges and the igneous oceanic crust of the Aleutian 
Basin, is it not possible to select the model that best explains 
what is unavailable as critically constraining observations. 
Nonetheless, known and emerging information identifies the 
early and middle Eocene as a time of enhanced tectonism in 
the north Pacific Basin and along the periphery of its rim. 

for onshore and subshelf areas, the older and emerging 
evidence record: 
1)  the early to middle Eocene age of accretion or suturing 

of the late Cretaceous-early Tertiary Olyutorsky arc 
to the northern Kamchatka-southern Koryak margin of 
NE Russia (Zonenshain et al., 1990; Garver et al., 2000; 
Garver et al., 200�; Chekhovich and Sukhov, 2006),

2)  the early to middle Eocene wave-beveling and sub-
sidence along the length of the Beringian margin of a 
former coastal mountain system, the Beringian margin 
fold belt, constructed of shallow marine and nonmarine 
Jurassic, Cretaceous, and earliest Tertiary sequences 
(fig. 6; Marlow et al., 1987, Worrall, 1991).

3)   the middle Eocene recording of significant counter-
clockwise rotation of crustal blocks in western Alaska 
(hillhouse and Coe, 199�), and

�)  early to late Eocene prominent movement along the 
family of major, right-lateral strike-slip faults of west-
ern Alaska and their curving connections to those of 
SE Alaska and northern British Columbia (figs. 1B, 2, 
3, 10A and 10B); hickman et al., 1990; Plafker et al., 
199�; Ridgway et al., 1997; Cole et al., 1999; Miller et 
al., 2002; Gabrieles et al., 2006).

Fig. 10BFig. 10B
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for the offshore north Pacific, emerging and older obser-
vations record:
1)  the early middle Eocene age of the birthing of the 

Aleutian SZ (Jicha et al. 2006), 
2)  in the northeastern Pacific, the early to middle Eocene 

subduction of the Resurrection plate beneath the rim of the 
Gulf of Alaska and associated continental magmatism and 
structuring (haeussler et al., 2003; farris et al., 2006),

3)  the early to middle Eocene record of a prominent reori-
entation of north Pacific spreading centers (Chrons 
2�–23; Engebretson et al. 198�, 1985; lonsdale, 1988; 
Atwater 1989; Atwater and Severinghaus, 1989), 
and 

�)  the early to middle Eocene age of the bend in the 
hawaiian-Emperor Seamount chain that presumably 
records mantle dynamics and/or possibly a change in 
motion of the Pacific plate with respect to North America 
(Tarduno et al., 2003; Steinberger et al., 200�; Andrews et 
al. 2006; Koppers and Staudigel, 2005; Sharp and Claque, 
2006; Stock, 2006; Steinberger and Gaina, 2007). 

The thematic spectrum and geographic sweep of onshore 
and offshore observations draw attention to the likelihood 
that the Aleutian SZ, and also those of the Bowers and 
Shirshov Ridges, came into existence as a consequence of 
the offshore focusing of convergent stresses directed extru-
sively seaward from the circum-north Pacific rim rather than 
landward by a prominent change in the northward motion of 
the Pacific plate. This inference prompts consideration of the 
possibility that the Aleutian SZ was forced into being as the 
collective consequence of middle Eocene subduction zone 
blockage along the northern Kamchatka-southern Koryak 
margin and coeval extrusion of Bering shelf crust outward 
and across the Beringian margin. 

3.2. Exploring the Coupled Scenario

3.2.1 Phase 1, Subduction Zone Occlusion and Capture 
of Aleutia. The author favors the high-latitude origin and 
near-continent migration of the Olyutorsky arc complex 
described by Sukhov et al. (200�), and Chekhovich and Suk-
hov (2006). But with respect to the coupled model explored 
here, the distance and azimuth of arc migration are, in fact, 
not significant issues unless an early or middle Eocene accre-
tion time is made impossible (fig. 10A). Garver et al. (2000, 
200�) established that suturing along Kamchatka began 
in the early Eocene and was completed by about ~52 Ma. 
further to the north within the domain of the Bering Sea 
Basin, collisional occlusion occurred between ~�5 and 50 
Ma (Chekhovich and Sukhov, 2006). The jammed NE-SW-
striking north Kamchatka-Koryak margin lies in proximity 
to the right-angle change in the strike of the Pacific margin 

at the Cape Navarin corner of the Pacific basin (fig. 1A and 
2). The structural buttress of this corner may have limited 
the northward travel of the Olyutorsky arc complex.

As envisioned by many authors, clogging of this sector of 
subduction zone forced the northwest moving Pacific plate 
to establish a replacement subduction zone —the Aleutian 
SZ—seaward of the blocked one and to also establish a new 
plate boundary connecting the Alaska and Kamchatka SZs 
(fig. 2; see overviewing discussions of Scholl et al., 1992 
and Garver et al., 2000). The driving force creating the 
Aleutian SZ at ~50 Ma and its connection to Kamchatka 
arose from continuing slab pull beneath the Alaska and the 
Kuril-Kamchatka margins. These forces applied a hori-
zontal, NW-SE oriented most-compressive axis (S1) to the 
sector of oceanic crust lying offshore (SE) of the tectoni-
cally encumbered north Kamchatka-Koryak SZ. Seaward 
step-out of the plate boundary to the Aleutian SZ relaxed 
the stress field and captured the oceanic crustal area of 
Aleutia, probably a sector of the Kula plate, and attached 
it to the North America plate (Marlow and Cooper, 1983; 
Scholl et al., 1986). It is presumed that trench occlusion and 
subduction stoppage was not geologic “instantaneous” but 
occurred over a period of several million years. Capture 
was likely attended by slab detachment and crustal heating 
inboard of the stopped north Kamchatka-Koryak SZ and 
possibly also along the Beringia margin. The Beringian 
margin was effectively abandoned as the principal trace 
of the PAC/NAM boundary but continue to accommodate 
continued outflow of the NPRS.

It is significant that the Aleutian SZ formed off the Alaska 
Peninsula on-strike with the SW-trending Alaska SZ (figs. 
2 and 10A). formation of the new subduction zone just here 
may have been conditioned by a focusing of buckling forces 
at the prominent change in trend of the margin from the 
SW strike of the Alaska Peninsula to the NW strike of the 
Beringian margin. focusing would have been augmented by 
extrusion (see below) of Alaskan and Beringian crust toward 
this margin. Possibly crucial to the seaward positioning of 
the Aleutian SZ was the existence off the Alaska Peninsula 
of a west-trending fracture zone offsetting the N-S magnetic 
fabric of the oceanic crust of Aleutia then occupying the 
northwestern most corner of the Pacific Basin (see discus-
sions in Scholl et al., 1992, 199�). 

An equally important matter concerns identifying the north 
Pacific spreading system that generated the N-S magnetic 
fabric of the captured Aleutia. If the anomaly pattern is early 
Cretaceous in age it was likely created along a sector of the 
Izanagi-farallon spreading center later captured by the Kula 
plate at the time of its formation in the late Cretaceous at ~83 
Ma (Cooper et al., 1976a, b; Engebretson et al, 198�; Scholl et 
al., 1986) If the crustal fabric of Aleutia is latest Cretaceous Fig. 10AFig. 10A
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and earliest Tertiary in age, then it may have been generated in 
the wake of the eastward migrating Kula-Resurrection spread-
ing system (fig. 10A; haeussler et al., 2003). 

3.2.2 Phase 2, Extrusion of the North Pacific Rim Oro-
genic Stream (NPRS). The coupled model posits that in the 

middle Eocene somewhat after ~50 Ma an episode of force-
ful expulsion of the leading Alaska and Beringian crust of 
the NPRS occurred toward the Beringian margin (Redfield 
et al., in press). The Tectonic outflow forced the offshore 
creation of the west-facing Shirshov and northeast-facing 
Bowers SZs within the Aleutia terrane captured in the Bering 

Figure 10A. Diagrammatic drawings of the coupled or merged scenario for the origin of the Aleutian-Bering Sea 
region and the establishment of the KAT tectonic connection between the Kamchatka and Aleutian subduction zones. 
Top cartoon (A) sketches the early Eocene setting of the high north Pacific mapping in the northeastern Pacific the 
CCW flow of the north Pacific rim orogenic stream (NPRS) that extrudes across the Beringian plate margin, the east-
ward and northward subduction of the Resurrection plate and its trailing Kula/Resurrection spreading ridge, and in 
the northwestern Pacific the accretion of the Olyutorsky arc complex to Kamchatka-Koryak margin. A pattern of N-S 
magnetic anomalies, possibly generated at the Kula/Resurrection ridge in the late Cretaceous/Early Tertiary, lies in the 
northwestern most region—the Cape Navarin Corner—of the Pacific Basin. (B) Accretion of the Olyutorsky arc jams 
the Koryak subduction zone and forces the offshore formation of the Aleutian subduction zone as a seaward continua-
tion of the older Alaska subduction zone. (C) Continued extrusion of the NPRS toward the Beringian margin forces the 
in-place formation of the offshore subduction zones of Shirshov and Bower Ridges. formation of the Aleutian-Bering 
Sea region is thus exploratively linked to the consequence of the accretion of an exotic arc terrane, the Olyutorsky arc, 
to the NW corner of the Pacific Basin and, from its NE corner, the virtually simultaneous plate boundary driven, SW 
push out of the NPRS toward the Bering Sea region. 
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Sea. This conjecture means that the two ridges are neither 
exotic terranes nor part of the Olyutorsky arc complex that 
jammed the north Kamchatka-Koryak SZ hypothesized to 
have nucleated the Aleutian SZ. 

The principal, most compressive, NW-SE oriented stress 
direction (S1) that forged the Aleutian subduction was cou-
pled to a SW-NE oriented intermediate axis (S2) of horizon-
tal stress generated by extrusive crustal push-out along the 
Beringian margin. Establishment of the Aleutian SZ rotated 
the principal horizontal stress axis to face the Beringian 
margin, thus favoring the formation of the Shirshov and 
Bowers SZs. Although critical age information is lacking to 
confirm the initial Eocene creation of their arc massifs, it is 
assumed they formed tectonically immediately after that of 
the Aleutian SZ if not virtually co-tectonically. 

The N-S strike of Shirshov Ridge sub-parallels the mag-
netic fabric of Aleutia, a circumstance that may have condi-
tioned the trend of the ridge’s subduction zone. Alternatively, 
the subduction zone may have nucleated along the north-
ern section of Stalemate Ridge (fracture zone) or the older 
Pacific-Kula plate boundary of the Emperor Trough (fig. 1A 
and Plate 1; Grow and Atwater, 1970; Mammerickx and 
Sharman, 1988; lonsdale, 1988; Norton, 1995, in press) 
or possibly the NW extension of the ridge of the Emperor 
Seamounts (Steinberger and Gaina, 2007). In the middle 
Eocene one or more of these north-trending crustal fault 
zones likely projected into the area of the present Aleutian 

Basin (Scholl et al., 1986, 1992). No remnant remains of the 
Shirshov Trench, which was presumably subducted westward 
beneath the northern Kamchatka margin when in the early 
Miocene rifting of Shirshov Ridge accompanied spreading 
and the opening of Komandorsky Basin (Baranov et al., 
1991).

Thus, in the middle Eocene, the role of the Aleutian SZ 
is envisioned as mostly absorbing the northwestward mov-
ing oceanic plate (Kula or Pacific) whereas the tectonically 
kindred Shirshov and Bowers SZs provided, within the 
tectonic framework of the North America plate, most of 
the crustal take up for its southwestwardly extruding at the 
leading edge of the laterally moving NPRS (figs. 2, 3, and 
10A). Also consumed at these subduction zones were areas 
of the accreted Aleutia terrane equivalent spatially to the SW 
advance of the orogenic stream. 

Figure 10B. for unknown reasons, probably in the late Oligocene 
or early Miocene arc volcanism ended at the Shirshov and Bowers 
subduction zones and the arc massifs of both ridges subsided below 
wave-base erosion to depths of 1500-2000 m. Cessation of subduc-
tion at these ridges transferred the SW boundary of the north Pacific 
rim orogenic stream to the Aleutian subduction zone and thus to 
include the whole of the Bering Block of Mackey et al. (1997) and 
fujita et al. (2002) (fig. 3). This transfer would have allowed col-
lisional tectonism at the KAT connection to move southward with 
respect to eastern Kamchatka, perhaps from Karaginsky Island to 
Ozernoy Peninsula to reach Cape Kamchatka Peninsula.
The top diagrammatic drawing (A) shows that beginning ~20 Ma 
backarc spreading in a direction parallel to the Bering-Kresta 
shear zone commenced in the Komandorsky Basin and presumably 
replaced older crust of Aleutia, which was subducted westward 
beneath northern Kamchatka (Baranov et al., 1991; hochstaedter et 
al., 199�). Spreading is shown initiating along the Shirshov forearc 
and linked to the ridge’s longitudinal extension and fracturing 
(Baranov et al., 1991). Spreading may have been initiated by the 
sinking of warmed and eclogized Pacific crust hanging below the 
occluded and Eocene abandoned SZ of the Kamchatka-Koryak 
margin (fig 10A). Adopting the views of Vallier et al. (1992, 1996), 
diagrams (A) and (B) conjecture that the oblique entrance of high 
bathymetric relief (Plate 1) into the western sector of the Aleutian 
subduction zone disrupted the arc massif and began the westward 
transport of CW rotating blocks toward the Kamchatka subduction 
zone, a process that may have contributed to the opening of the slab 
window beneath the Bering-Kresta shear zone that remains a resid-
ual manifestation of Miocene spreading and crustal replacement in 
Komandorsky Basin (Yogodzinski et al. 1995). Along the opposite 
or NE margin of the Pacific Basin the Yakutat block moving north-
ward with the orogenic stream enters the eastern end of the Alaska 
subduction zone and contributes significantly to tightening the 
bend of the so-called Alaska “orocline” and enhance extrusion of 
western Alaska and Bering crust toward the Aleutian subduction 
zone (Eberhart-Phillips, 2006; Redfield et al., in press). 
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3.2.2.1 Mechanics and Kinematics of Extrusion. A kine-
matic requirement for the outf low of crust toward the 
Shirshov and Bowers SZs is that the regional strike-slip 
faults of western Alaska extended seaward and to the south-
west to the edges of the Beringian shelf and across it and the 
oceanic crust of Aleutia to reach the northern and eastern 
ends of Shirshov and Bowers SZs, respectively (fig. 10A). 
Trench rollback along the Aleutian and Shirshov SZs would 
have assisted, perhaps significantly so, crustal expulsion 
toward them. Presumably, rollback of the Bowers SZ opened 
Bowers Basin (Cooper et al., 1992). 

The extrusion model also requires that any track or trian-
gular-shaped gore of extruding crust radiating outward from 
central Alaska toward the Bering Sea is bordered by strike 
slip faults exhibiting conjugate or opposed directions of rela-
tive offset (i.e., right vs. left lateral). The sense of displace-
ment across the conjugates can reverse if the expulsion rate 
of a crustal gore is retarded or increased over a neighboring 
one (Tapponnier et al., 1982; 1986). 

The newly formed Shirshov Ridge, as diagrammatically 
shown on Figures 2 and 10A, probably connected to the south 
with the western end of the northwestward curving Aleutian 
SZ (Scholl et al., 1989; 1992; Cooper et al., 1992). During 
the past 45 Myr the western or Komandorsky terminus of the 
arc massif has been transported westward at least 1000–1500 
km from its Eocene position (Scholl et al., 200�). Restoring 
the transport blocks to the east roughly relocates the ridge’s 
western end and connection to Shirshov Ridge between 
longitude 175 deg E and 180 deg, i.e., near present Kiska 
Island (Plate 1, Figs. 7, and 8). As diagrammed by Cooper 
et al. (1992), the conjectured confluence of the Aleutian and 
Shirshov SZs would have been tectonically unstable. So it is 
supposed the northeast or Alaska-facing Bowers SZ in part 
formed to resolve instabilities. Once initiated, the offshore 
Aleutian-Bowers-Shirshov system of subduction zones was 
completed. 

The opposite facing Shirshov and Bowers SZs presum-
ably also evolved to handle differentially outflowing tracks 
of Alaska and Beringian crust. The track of extruding crust 
accommodated by the Shirshov SZ evidently extended south-
ward from the right-lateral Kobuk fault at the southern base 
of the Brooks Range southward to included the Kaltag, 
Iditarod, and Denali-farwell fault systems of central Alaska 
(figs. 1B, 2, 10A and 10B). Bowers SZ perhaps served 
mainly to accommodate seaward crustal push-out south of 
the Denali-farwell system to at least the Bruin Bay fault of 
the Alaska Peninsula. In the early Tertiary this fault was 
an active left-lateral shear that offset older material at least 
65 km prior to the early Miocene (fig. 10A; Dettermen and 
Reed, 1980). The Bruin Bay fault remains closely linked to 
an active, full-crustal left-lateral shear zone striking north-

east along the axis of southern Cook Inlet (fig. 1A; fisher 
et al., 2006). 

As diagrammed on figs. 10A and 10B, a southern, NE-SW 
striking transform fault connected Shirshov and Bower SZs. 
The separation between them would have increased as extru-
sion continued and also as backarc spreading formed Bowers 
Basin to the south and the subsurface Vitus ridge to the north 
(Cooper et al., 1992). Alternatively, or in combination with 
backarc spreading, separation could have been aided by dif-
ferential outflow of Alaska crust, much like that envisioned 
and modeled by Tapponnier et al. (1982, 1986) for southeast 
Asia. for example, if the Iditarod and Denali-farwell fault 
systems extended seaward to the posited Shirshov-Bowers 
transform, a faster relative rate of extruding crust north of 
them would have then favored a growing left-lateral offset 
(figs. 2 and 10A; Scholl et al., 1992; Redfield et al., in press). 
The mechanics of this notion requires that after its capture, 
the crust of Aleutia was sheared in place by differentially 
extruding gores of Alaskan crust bordered by crust penetrat-
ing, regional-scale strike-slip faults. 

3.2.2.2 Tectonic Significance of the Beringian Fold Belt. 
The deeply eroded and subsided Beringian margin fold belt 
running the length of the seaward edge of the Beringian shelf 
apparently documents that in the late Cretaceous and early 
Tertiary the Beringian margin was the Pacific Basin-North 
America plate boundary linking the subduction zones of 
southern Alaska and the Koryak-Kamchatka margin (figs. 
6 and 10A). Before its demise, the Beringian margin fold 
belt records that the margin was shortened across its width. 
A coastal mountain system was likely created (Worrell, 
1991). The orientation of the Beringian margin, if not greatly 
different from now, was subparallel to the azimuth of trans-
form motion between the Pacific or Kula and the North 
America plates. As a consequence the margin was longitudi-
nally sheared along its length by a wide zone of right-lateral 
wrench faults (Worrell, 1991; figs. 1B and 6). Building of the 
Beringian fold belt may in part reflect the consequences of 
margin-parallel shearing (Worrell, 1991), but it is thought to 
principally record the impact of SW-directed crustal extru-
sion against the dominantly transform, probably highly 
obliquely underthrust margin (Scholl et al. 1992). 

Onshore, seaward extrusion of the NPRS was attended by 
rapid motion along the family of strike slip faults tracking 
through western Alaska, in particular the Kobuk, Kaltag, 
Iditarod, Denali, farwell, Castle Mountain and Bruin Bay 
fault systems (Patton and hoare, 1968; Tolson, 1987; Worrell 
1991; Parry et al., 2001; Miller et al., 2002; Plafker et al., 
199�). Eastward this ensemble of faults curve south to tec-
tonically connect with the margin-parallel Tintina-Rocky 
Mountain Trench, Coastal shear zone, and Queen Charlotte 
shear systems of the Canadian Pacific margin. In the early 
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and middle Eocene, the most inboard of these shear zones, 
the Tintina-Rock Mountain Trench fault system, was in rapid 
motion (figs. 1B, 10A; Gabrieles et al., 2006). In effect, dur-
ing the formation of the Beringian margin fold belt the lateral 
motion of the NPRS was accommodated by crustal extrusion 
across the dominantly transform Beringian margin, some of 
the motion of which was stored as shortening strain in the 
fold belt (figs. 6 and 10A).

A modern-day example of an extrusion-forged Beringian-
style fold belt is that of the Alaska Peninsula, which is the 
present thrust-elevated southeastern edge of the Beringian 
shelf (fig. 1A; Burke, 1965; Nokleberg et al., 199�; Gladenkov, 
2006). late Cenozoic thrusting and mountain building that 
constructed the peninsula may reflect a pulse of extruding 
Alaska-Beringian crust of the NPRS arising from the late 
Miocene movement of the Yakutat block through the eastern 
end of the Alaska SZ (Mackey et al., 1997). 

A prominent example of a PAC-NAM transform bound-
ary where the principal shortening stress is oriented normal 
to it is the San Andreas margin of northern and central 
California. folding normal to the San Andreas fault zone 
built the California Coast Ranges during the past 5–6 Myr. 
Shortening is linked to the seaward push-out of the elevated 
crust of the Basin and Range of Nevada against a small 
component of convergence of the Pacific plate (Page et al., 
1998; Thompson, 1999). The deformational workings of the 
California setting is similar to that proposed for the early 
Tertiary Beringian margin where extrusional outflow of 
the NPRS is envisioned as creating the Beringian margin 
fold belt even as the margin was the PAC-NAM boundary. 
The Queen Charlotte sector of the British Columbia is an 
additional example of a modern PAC-NAM transform mar-
gin exhibiting evidence that the principal horizontal stress 
is oriented normal to its trend, evidently caused here by a 
small measure of orthogonal convergence and underthrust-
ing (Yorath, 1987; Gabrieles et al., 2006).

The demise and subsidence of the Beringian margin fold 
belt is viewed as signaling the shift of the leading edge of the 
NPRS from the Beringian margin to the offshore Aleutian-
Bowers-Shirshov system. The middle Eocene shift times the 
transformation of Beringian margin to effectively a passive 
one characterized by many kilometers of subsidence. Trench 
rollback at Shirshov and the Aleutian Ridge probably sig-
nificantly contributed to the rapid late Eocene and sustained 
formation of the large outer shelf basins of Anadyr, Navarin, 
and St George (fig. 6). 

3.2.2.3  Cause of Rapid Extrusion. An important question 
concerns what tectonic circumstance in the middle Eocene 
drove the Beringian margin seaward with sufficient force 
to buckle the offshore oceanic crust and create the subduc-
tion zones of Shirshov and Bowers Ridges? Rapid lateral 

mobilization of the NPRS westward around the Pacific’s 
northern periphery may have been in response to subduction 
of the Kula-Resurrection spreading ridge eastward below 
the British Columbia margin (figs. 2 and 10A; haeussler 
et al., 2003). Ridge subduction opened a latitudinally wide 
slab window beneath this margin that swept inland and 
exerted an extra-regional heating, magmatic, and deforma-
tion impact over the western Canadian and U. S. Cordillera 
(Bradley et al., 1993, 2000; haeussler et al., 2003; farris et 
al., 2006; Gabrieles, et. al., 2006). In the early Tertiary, the 
northern reach of the Kula-Resurrection spreading ridge 
had earlier passed eastward beneath the width of southern 
Alaska (fig. 10A). The consequent slab-window heated the 
Alaska interior across which the family of strike-slip faults 
radiates outward toward the Beringian margin (figs. 1B and 
2; Cole et al., 2006). Still earlier, in the earliest Tertiary, the 
eastward migrating ridge may have swept obliquely beneath 
this margin, possibly explaining the eruption there of early 
Eocene basaltic centers (5�–�9 Ma) (Davis et al., 1989). 

Subduction of the Resurrection plate and its trailing Kula/
Resurrection spreading center heated and magmatically 
intruded the crust across much of the width and length of the 
NPRS. Drawing on the suprasubduction zone deformational 
processes and mechanisms described for the north Pacific 
rim by hyndman et al. (2005), Mazzotti and hyndman 
(2005), and Mazzotti et al. (in press), a thermally weakened 
lower crust fostered a pulse of early and middle Eocene 
extrusion of coastal and interior crust toward the Beringian 
margin. The driving force was supplied by the NNE oblique 
underthrusting motion of the Resurrection plate beneath the 
British Columbia margin and, after its subduction at ~50 Ma, 
the NNW convergence of the Kula plate or its Pacific plate 
capturer beneath southern Alaska (haeussler et al., 2003). 

�. CONClUDING STATEMENT 

As lamented, the absence of constraining age and paleolat-
itude information for the major crustal bodies of the Aleutian 
Basin (i.e., Shirshov and Bowers Ridges and Aleutia), reign-
ing uncertainties that a significant Eocene change in motion 
of the Pacific plate is signaled by the hawaiian-Emperor 
bend, and the paucity of Beringian and western Alaska GPS 
data, combine to vex assessing the soundness of the Pacific 
rim, extrusion part of the coupled model. The extrusion 
component of the coupled model was nonetheless adopted 
to explore its ramifications for the evolution of the Aleutian-
Bering Sea region and also to draw attention to investigations 
needed to both challenge and confirm leading but contrasting 
ideas about the origin and evolution of the KAT connection. 
Testing is in particular needed to evaluate the reality of 
the hypothesized NPRS (Redfield et al., in press), which is 
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linked to the guiding concept of the orogenic crustal float 
(Oldow et al., 1990; Mazzotti and hyndman, 2002; Mazzotti 
et al., in press), to effect lateral mobilization and extrusion of 
Pacific-rim crust at the extra-regional scale required. 
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The Cenozoic tectonic evolution of the Kurile-Kamchatkan arc system has been 
reconstructed based on the spatial-tectonic setting of the volcanic-rock forma-
tions and their petrologic-geochemical characteristics, using gravity and seismic 
data. Three volcanic arc trench systems of different ages that become successively 
younger toward the Pacific have been recognized in the region: the West Kamchatka 
(Eocene), Mid-Kamchatka-Kurile (Late Oligocene–Quaternary), and Recent 
Kurile-Kamchatka systems. The Kamchatka volcanic belts are viewed as the prod-
ucts of these systems, which originated above the subduction zones. The geometry of 
the present-day Kurile-Kamchatka subduction zone and dynamics of contemporary 
volcanism can be defined from seismic data. The contemporary Kurile-Kamchatka 
arc can be subdivided into individual segments in accord with its tectonic evolution 
and geodynamics. The East Kamchatka segment represents the initial subduction 
stage (7–10 Ma ago) of the Pacific Plate. The Petropavlovsk segment (the Malka-
Petropavlovsk zone of transverse faults) is a zone of discordant superposition of the 
contemporary Kurile-Kamchatka arc over the older Mid-Kamchatka arc. Within the 
South Kamchatka segment subduction remained practically unchanged since the 
Late Oligocene, i.e., since the origin of the Mid-Kamchatka-Kurile arc system, as 
well as within the three Kurile segments. Geodynamics controlled magma genera-
tion and is imprinted in the petrochemical properties of the volcanic rocks. Typical 
arc magmas are generated at the steady-state geodynamic regime of subduction. 
Lavas of an intraplate geochemical type are generated at initial and final stages of 
subduction, and also at the Kamchatka-Aleutian junction.

1. INTRODUCTION

The Kurile-Kamchatkan subduction system is a very 
appropriate region for the reconstruction of volcanic arc 
(VA) evolution and of the geodynamic conditions of VA 
volcanism and magma generation for a number of reasons. 
First, the Kurile segment of this system is a typical island arc 

with a steady-state regime of subduction, but Kamchatka is 
an active continental margin with three VA of different ages. 
Second, within Kamchatka there are VA temporally posi-
tioned at the initial stage of subduction (Eastern Kamchatka) 
and at the final stage of subduction (the Sredinny Range). 
Third, typical VA rocks are distributed on the Kuriles and in 
South Kamchatka, whereas some volcanic rocks with intra-
plate geochemical characteristics coexist with predominant 
VA rocks in East Kamchatka and in the Sredinny Range 
[Volynets, 1994]. And finally, a transition from arc to oce-
anic volcanic rocks takes place at the Kamchatka-Aleutian 
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junction [Portnyagin et al., 2005]. Additionally, high mag-
nesian basalts and adakites occur in this region [Volynets et 
al., 1999; Yogodzinsky et al., 2002].

This paper is an attempt to synthesize modern spatial-
structural, petrological and geochemical data in relation 
to the tectonic evolution and volcanism of the Kurile-
Kamchatkan VA system, with the aim of reconstruction of 
geodynamic conditions of different types of VA volcanism 
and establishing criteria for paleotectonic reconstructions of 
volcanism of ancient subduction zones.

2. GEOLOGICAL AND GEOPhySICAL DATA

2.1 Geology Framework of Kamchatka

The Kamchatka peninsula has been developing as an ocean-
continent transition zone for a long time. Allochthonous and 
autochthonous geological formations comprise its structure 
(Plate 1). Autochthonous terrigenous and volcanogenic com-
plexes were formed during island arc stages of development 
beginning from the Paleogene. Allochthonous complexes 
were formed in different geological and geodynamic condi-
tions and were accreted to Kamchatka in the Late Mesozoic- 
Early Cenozoic time. Now the majority of them, excluding 
geological complexes of the eastern peninsulas, form a base-
ment for the Kamchatka volcanic arcs (Plate 1). The most 
ancient rocks of the basement obviously are metamorphic 
complexes of the Sredinny and Ganalsky Ranges, but their 
age has been a subject of debate for almost a half century. 
At first geologists assumed that the metamorphic rocks were 
Precambrian. Later, it was determined that allochthonous-
folded structure of Sredinny and Ganalsky massifs and meta-
morphism of separate allochthonous units were related to 
collision processes in Mesozoic and Cenozoic time [Rikhter, 
1991, 1995; Konstantinovskaya, 2001].

Sredinny metamorphic massif (Plate 1) is composed of 
several main units that differ in structure and degree of meta-
morphism. The lower unit (Kamchatskaya Unit) contains a 
high-grade metamorphic core composed of granulite facies 
rocks [Rikhter, 1995]. Amphibolite-facies rocks (Malkinskaya 
Unit) are thrust over the rocks of Kamchatskaya Unit in peri-
clinal zones, and along the eastern margin of the metamor-
phic core. Terrigenous, volcanic-siliceous and volcaniclastic 
rocks were protoliths for the rocks of Kamchatskaya and 
Malkinskaya Units. Originally these rocks were formed as 
a result of transportation of terrigenous material to a back-
arc basin and volcanic arc. During collision, the continental 
margin and arc rocks were metamorphosed and intruded by 
plagiogranites, Rb/Sr dated as 127 Ma [Vinogradov et al., 
1991]. Along the eastern margin, the Sredinny metamorphic 
massif is tectonically covered by Upper Cretaceous terrig-

enous and volcanic-siliceous deposits of Khosgonskaya and 
Iruneyskaya Units.

The Ganalsky metamorphic massif (Plate 1) consists of 
three allochthonous units. The uppermost contains phyllite 
and chlorite-biotite facies rocks, the middle one includes 
greenshists and epidote amphibolites, and the lower unit is 
made of garnet amphibolites [Rikhter, 1991]. In contrast to 
the Sredinny massif, the protoliths for these metamorphic 
rocks were oceanic basalts, pelagic siliceous rocks, lime-
stones and also VA rocks. Tectonic slices are often separated 
by metamorphized ultramafics and serpentinite melange. The 
metamorphism is related to arc-continent collision. 39Ar/40Ar 
age from garnet amphibolites (50.6–47 Ma) indicate that the 
amphibole-grade metamorphism occurred before the end of 
Early Eocene [Konstantinovskaya, 2001].

Metamorphic rocks also occur in the st ructure 
Khavyvenskaya Rise (Plate 1) and comprise blocks in ser-
pentinite melanges on the Ozernoy Peninsula, Kamchatsky 
Mys Peninsula and northern part of Kumroch Range. These 
units consist of amphibolites, green slates, and rare quartz-
ites. The metamorphism is related with subduction of an 
oceanic plate, fragments of which were thrust to the surface 
in the process of the tectonic reorganization [Osipenko et 
al., 2005].

Besides metamorphic rocks, the basement of Cenozoic 
volcanic arcs includes Late Cretaceous – Paleocene units, 
the composition of which varies for different tectonic zones 
(Plate 1). The basement of West Kamchatka and of the Mid-
Kamchatka arcs (Sredinny Range) is Upper Cretaceous ter-
rigenous deposits (Khosgonskaya and Lesnovskaya Units), 
volcanic-siliceous rocks of Iruneyskaya Unit, and volcanic 
formations of VA-type of the Upper-Cretaceous-Paleocene 
Kirganikskaya Unit. Terrigenous deposits were formed by 
transportation of material from a continental margin to a 
back-arc basin, often as turbidites. Volcanic-siliceous depos-
its of the Iruneyskaya Unit were clearly formed in back-arc 
spreading conditions. 

Within Eastern Kamchatka (in the Valaginsky and 
Kumroch Ranges, on the Ozernoy Peninsula), the basement is 
represent by Upper Cretaceous volcanic, volcano-terrigenous 
and siliceous rocks (Khapitskaya and Kitilginskaya Units), 
which were formed in the conditions of an ensimatic island 
arc. Paleocene-Lower Eocene complexes consist of conti-
nental-derived turbidites. Deposits of different arc facies 
were tectonically combined and formed the accretion struc-
ture of basement of the modern volcanic arc of Eastern 
Kamchatka. The east part of Kumroch Ridge and southern 
part of Valaginsky Ridge are characterized by series of 
tectonic slices, which comprise the accretionary complex of 
Paleocene-Early Eocene age (Vetlovka Unit). This unit con-
tains volcaniclastic rocks, pelagic radiolarites, limestones, 

Plate 1Plate 1
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Plate 1. Generalized tectonic map and geologic formation complexes of Kamchatka.
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MORB-like basalts, and diabases formed in the Vetlovka 
oceanic basin [Konstantinovskaya, 2001].

Terranes of eastern peninsulas (Kamchatsky Mys, 
Kronotsky and Shipunsky) form a frontal (tectonic) arc in 
the modern structure of Kamchatka (Plate 1). They are parts 
of the Kronotskaya paleoarc formed in the central part of 
Pacific and accreted to the Kamchatka [Khubunaya, 1987; 
Levashova et al., 2000]. Upper Cretaceous-Eocene marine 
volcanogenic-sedimentary rocks are characteristic for this 
arc. The peninsulas are separated from the rest of Kamchatka 
by a long trough, the Tyushevskiy paleobasin, filled with 
Upper Eocene-Miocene terrigenous sediments. The western 
border of the Tyushevskiy trough is a large zone of east-
trending thrust (Grechishkin Suture) formed as a result of 
accretion of the Kronotskaya paleoarc. There are two points 
of view on the time of collision of the Kronotskaya paleoarc 
with Kamchatka. According to one of them [Tsukanov, 1991], 
it took place in the Middle Eocene phase of compression 
simultaneously with the main structural reorganization of 
the entire region. According to other authors [Avdeiko et 
al., 1999; Konstantinovskaya, 2001], tectonic accretion of 
the Kronotskaya paleoarc took place in the Late Miocene 
(7–10 Ma ago), and resulted in closing of the Tyushevskoy 
basin and jump of the subduction zone to the present-day 
position.

Much interest is focused on the structure of Kamchatsky 
Mys Peninsula where there are ophiolites and volcanic rocks 
of the OIB and IAB types. This terrane occupies a key posi-
tion at the Kamchatka-Aleutian junction. The geological 
structure of this area consists of intrusive, volcanic and sedi-
mentary complexes from the Cretaceous to Quaternary that 
were formed in a variety of geodynamic conditions (Plate 1). 
Data on rock composition and age allow us to reconstruct the 
history of development of this area.

The southern part of the Kamchatsky Mys Peninsula is 
composed of components of an ophiolite assotiation – ultra-
basic rocks, gabbro, dikes and lavas of the basalts, as well 
as Cretaceous silicic-volcanic and terrigenous sedimentary 
rocks. Some amphibolites occur as blocks in a serpentinite 
melange. Volcanoclastic tuff and chert deposits with pillow-
basalt, jasper and limestone are melded with in the Smagin 
Unit. The age of this sequence was estimated to be Albian-
Cenomanian by the radiolarian assemblage from jasper in 
the limestones. This complex contains a suite of MORB-like 
tholeiites and high-K2O alkali basalts [Fedorchuk, 1992; 
Savelyev, 2003; Portnyagin et al., 2005b]. Alkali basalts 
constitute about 5–7% of the volcanic rocks in the Smagin 
Unit and their geochemical characteristics correspond to 
those of ocean island basalts (OIB). The high content of K, 
P, Nb and LREE in these rocks is similar to alkali basalts of 
the Emperor Seamount Chain. Thus, composition and age 

connects the formation of Kamchatsky Mys alkali basalts 
to activity of the hawaiian mantle plume [Avdeiko and 
Savelyev, 2005]. Deposits of the Smagin Unit are overlain by 
Turonian-Campanian sandstones and siltstones of the Pikezh 
Unit. The northern part of Kamchatsky Mys Peninsula is 
composed of Cretaceous – Middle Eocenian terrigenous-vol-
canogenic deposits of the Stolbovskaya Unit similar to those 
of Kronotsky and Shipunsky Peninsulas of the same age. 
Primitive tholeiites and high-Al basalts, typical for ensimatic 
island arcs, predominate in it [Khubunaya, 1987; Tsukanov, 
1991]. During the Early Eocene, ophiolite complexes were 
eroded from this arc, as evidenced by abundant serpentinite 
fragments in sandstones of the Stolbovskaya Unit.

A model of geological development was constructed con-
sistent with these data. Early Cretaceous: oceanic crust was 
formed in the axial zone of a mid-oceanic ridge (ultrabasic 
rocks, gabbro, basalts MORB-type). Albian-Cenomanian: an 
intra-oceanic rise was formed on the flanks of an anomalous 
segment of this mid-oceanic ridge, affected by the adja-
cent hawaiian mantle plume (i.e., the Smagin Seamount 
composed of tuffaceous sediments, tuffs, limestones with 
jasper, MORB-like tholeiites, and high-K2O alkali basalts). 
Turonian-Campanian: the Smagin Seamount migrated into 
a continental margin into a zone of terrigenous sedimenta-
tion (sandstones and siltstones of Pikezh Unit). Campanian-
Maastrichtian: Kronotskaya arc began to form on oceanic 
crust. Active volcanism in this arc continued up to Eocene 
and volcanogenic-sedimentary deposits accumulated. Middle 
Eocene: a large tectonic reconstruction occurred as the 
Pacific plate changed its direction. Collision of Achaivayam-
Valaginskaya arc with Kamchatka [Konstantinovskaya, 
2000]: This is a stage of folding and metamorphism. 
Possibly at the same time, the Smagin Seamount collided 
with the Kronotskaya arc. Late Eocene: Volcanism stopped 
in the Kronotskaya arc. Oligocene and Early Miocene: the 
Kronotskaya arc continued its passive motion on the Pacific 
oceanic plate. The Tyushevskiy basin (with accumulated 
terrigenous deposits) was situated between Kamchatka and 
the inactive Kronotskaya arc . Kamchatka collided with the 
Kronotskaya inactive arc and Smagin Seamount in Late 
Miocene (7–10 Ma ago). This collision caused the latest 
tectonic reconstruction of East Kamchatka and a jump of the 
subduction zone to their present-day position. The Smagin 
Seamount was separated from the rest of the Emperor 
Seamount Chain. 

2.2. Distribution of VA Formations

Three VA complexes of different age were formed within 
the Kurile-Kamchatka VA system (Fig. 1). The Eocene 
volcanic and subvolcanic rock complexes from basalts to 

Fig. 1Fig. 1
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rhyolites (Kinkil unit) stretch out along the western coast and 
depression of the Parapolsky Dol [Filatova, 1988; Bogdanov, 
Khain, 2000].

The associations of Neogene-Quaternary volcanic and 
intrusive rocks from basalts to dacites and liparites are 
widespread within the Sredinny ridge of Kamchatka and 
Southern Kamchatka. Rocks of both normal and alkalic series, 
i.e. trachybasalts, trachyandesites, etc., occur among them. 
Some data indicate that the oldest are of Late Oligocene age 
[Litvinov, Patoka, 1999], but other data indicate that they are 
Miocene [Sheimovich, Patoka, 2000]. Detailed geological and 
petrographic descriptions of these rocks are reported in a num-
ber of publications [Ogorodov et al., 1972; Volynets, 1994]. 
Sheimovitch and Patoka [2000] distinguish six volcanoplu-
tonic formations in Southern Kamchatka and the Sredinny 
Range: Miocene andesite, Miocene-Pliocene liparite-dacite, 

Pliocene basic andesites, Early Pleistocene basalt, Pleistocene-
holocene basaltic andesites (to which all active volcanoes 
belong), and holocene basalts (distributed, monogenic vol-
canism). It should be noted that the name of the formations 
is the predominant rock type. Two basic features distinguish 
VA formation complexes of the Sredinny Range from ones 
of Southern Kamchatka: (1) only typical VA volcanic forma-
tions are distributed on Southern Kamchatka, whereas some 
volcanic rocks of the intraplate non-VA geochemical type 
occur in the Sredinny Range among the predominant typical 
VA lavas [Volynets, 1994], (2) only two potentially active 
volcanoes, Ichinsky and Khangar, are in the Sredinny Range 
[Melekestsev et al., 2001], whereas active volcanism is well-
spread within South Kamchatka.

VA volcanic rocks of the Great Kurile Islands have a simi-
lar composition. “Green tuff”, volcanogenic-siliceous–diato-
mite, andesite–basaltic andesite, and andesite formation 
complexes have been described there [Sergeev, Krasny, 1987; 
Piscunov, 1987]. The oldest of these is the Oligocene–Middle 
Miocene green-tuff complex, whose volcanic rocks are rep-
resented by basalt, basaltic andesite, andesite, and dacite 
lavas along with volcanic breccias of the same compositions. 
Quartz diorite is the only representative of intrusive rocks. 
The Middle Miocene–Pliocene volcanogenic-siliceous–diat-
omite complex contains large amounts of andesite and dacite 
pumice and may be comparable to the rhyolite–dacite rock 
association of Southern Kamchatka. The andesite–basaltic 
andesite complex of the Kurile Islands is close both in age 
and composition to the basaltic andesite rock association of 
South Kamchatka. Pillow lavas, detrital–pillow breccias, and 
aquagene tuff are characteristic of this complex. All three 
pre-Quaternary volcanic-rock complexes occur only at the 
flanks of the Greater Kurile Islands: on the Shumshu and 
Paramushir islands (North Kuriles) and on the Urup, Iturup 
and Kunashir (South Kuriles). Volcanic rocks of the Kurile 
Islands display evident features of submarine eruption, in 
contrast to those of the South Kamchatka and Sredinny 
Range of Kamchatka. The andesite complex of the Kurile 
Islands is represented by basalt, basaltic andesites, andes-
ites, and dacites of Quaternary volcanoes, many of which 
are active. The Quaternary submarine volcanoes located on 
the back-arc part of the Great Kurile Islands were studied 
in detail during 9 cruises of R/V “Vulkanolog”. They also 
are represented by basalts, basaltic andesites and andesites 
[Avdeiko et al., 1991].

In East Kamchatka, including the Central Kamchatka 
Depression, Oligocene–Miocene volcanic rocks of the VA 
type are absent, in contrast to the Kamchatka Sredinny 
Range, Southern Kamchatka, and the Kurile Islands. here, 
a large group of Pliocene and Pliocene–Early Pleistocene 
volcanic complexes composed of basalt, andesite, and dacite 

Figure 1. Spatial distribution of Cenozoic subduction-related 
volcanic formations in the Kurile-Kamchatka island-arc system. 
I-I location of model cross-section on Fig. 4. On the incut: EA 
– Eurasian, NA – North American, P – Pacific plates, K – Kom-
andorskaya microplate.
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lavas in variable proportions and of subvolcanic facies of the 
same rocks have been recognized [Litvinov, Patoka, 1999]. 
There are also modern volcanoes (Fig. 1). In addition, there 
are some small volcanic bodies of alkaline and subalkaline 
basalts with intraplate geochemical characteristics [Volynets 
et al., 1990; Volynets, 1994]. These are Late Miocene rocks 
and are the oldest volcanic products within the Eastern 
Kamchatka VA belt.

On the whole, Pliocene–Quaternary VA rocks are most 
common within the Kurile-Kamchatka system. Their com-
positions range from basalts to dacites and rhyolites and vary 
across different regions. Basaltic andesites and andesites are 
predominant rocks on the Kurile Islands, while basalts and 
basic basaltic andesite are predominant in Kamchatka.

2.3. Chemical Characteristics of VA Formations

The chemical composition of lavas is most completely 
studied for the Pliocene-Quaternary association of volcanic 
rocks [Avdeiko et al., 1991; 1992; Volynets, 1994)] Within 
the Kuriles and Kamchatka lavas there can be distinguished 
low-K, moderate-K, high-K, and shoshonite-latite series 
and normal and subalkalic series. Following the criteria of 
Miyashiro [1974], tholeiitic and calc-alkaline differences are 
distinguished within every series. Calc-alkali, moderate-K 
series predominate in both Kamchatka and Kuriles and are 
usually found within frontal zones of the volcanic arcs: on 
the Kuriles and on east Kamchatka, where they are wide 
spread, on the Central Kamchatka Depression and on the 
Sredinny Range, where they appear only sporadically along 
the eastern margins of these structures [Volynets, 1994]. 
Lavas of high-K series are localized within the rear zones 
of the Kuriles, south and east Kamchatka and the Sredinny 
Range. Lavas of shoshonite-latite series occur in the rear 
zones of the northern Kuriles (and only among basalts), 
south Kamchatka and Central Kamchatka Depression, but 
are more common in the Sredinny Range where they are 
found in the central and rear zones of the volcanic belt.

The distribution of rocks of different series is interrupted 
by large transverse fault structures, where lavas of the high-
K series are found even in the frontal zones of volcanic 
belts, for example, at the bend of the Kurile arc in the area 
of Bussole strait [Avdeiko et al., 1992], and in the area of 
the Malko-Petropavlovsk zone of transverse dislocations in 
Kamchatka [Baluev et al., 1979].

Among the VA associations of the Kuriles, south and 
east Kamchatka, a transverse mineralogical and geochemi-
cal zonation is well manifested while a longitudinal zona-
tion is less distinct [Avdeiko et al., 1991; Volynets, 1994]. 
Lavas of the frontal volcanic zones are characterized mainly 
by two-pyroxene phenocrysts, whereas in basalts of the 

rear zones phenocrysts of orthopyroxene are seldom seen. 
Phenocrysts of amphibole and biotite are wide spread in 
andesites and acid rocks and sometimes even in basalts of 
rear zones while they are absent in analogous rocks of the 
frontal zone. Similar minerals from different zones also vary 
in chemical composition [Volynets et al., 1990 b; Volynets, 
1994; Osipenko, 2000].

Transverse geochemical zoning is expressed in increasing 
concentrations of many incompatible trace elements (K, Rb, 
Li, Be, Ba, Sr, U, Th, La, Ce, Nb, Ta, Zr, W, Mo) in lavas 
from front to rear. K/Na, Rb/Sr, La/yb, Sr/Ca, Th/U, and 
Mg/(Mg+Fe) (Mg#) ratios, as well as contents of volatile 
components (h2O, F, Cl, S), also increase in the same direc-
tion. In contrast, contents of Fe, V, and Fe2+/Fe3+ decrease 
in lavas in the same direction. A well pronounced isotope 
zonation has been defined in the Kurile lavas: 87Sr/86Sr and 
143Nd/144Nd values decrease notably from the front to the rear 
[Volynets et al., 1988; Avdeiko et al., 1991].

Similar transverse zoning is manifested in the Quaternary 
VA-type volcanic products of the Sredinny Range, with 
higher general alkalinity and higher level of the incompatible 
trace elements concentrations [Volynets et al., 1987; 1990].

Two volcanic zones, front and rear, parallel to the deep-
sea trench with a zone of weak volcanic activity between 
them, are distinctly displayed in the Kuriles and in southern 
Kamchatka [Avdeiko et al., 1991; 1992]. The volcanic belt of 
the Central Kamchatka Depression can also be interpreted as 
a rear zone relative to the frontal one of Eastern Kamchatka 
(Fig. 1). In any event, the same regularities of geochemical 
zoning as in the Kuriles and south Kamchatka are character-
istic of these zones [Volynets et al., 1990; Volynets, 1994].

In addition, lavas of an intraplate geochemical type were 
discovered and described by Volynets [1994] among the Late 
Cenozoic volcanic rocks of Kamchatka. In contrast to typical 
VA lavas, these are characterized by high concentrations of 
Ta, Nb, and Ti, with a Ta-Nb minimum in the rock/primi-
tive mantle spider-diagram that is small or absent [Volynets, 
1994; Avdeiko and Savelyev, 2005]. In addition, they are also 
characterized by modestly high concentrations of incompat-
ible elements like volcanic rocks of the rear zones (Fig. 2). 
“Intraplate” lavas of Kamchatka include the following vol-
canic series: K–Na alkaline basalts (of Late Miocene age in 
eastern Kamchatka); K–Na alkaline olivine basalts (Pliocene 
in eastern Kamchatka and Late Pliocene–holocene in the 
Sredinny Range, where they comprise a zone of flood-basalt 
volcanism); K–Na basalt–comendite (of Pliocene–Early 
Pleistocene age in the Sredinny Range); and K-basalt and 
associated shoshonite–latite series (Late Miocene–Pliocene 
in between the Western Kamchatka and Sredinny Range). 
No systematic transverse geochemical zonation was found 
among lavas of the intraplate geochemical type.

Fig. 2Fig. 2
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There are some unusual characteristics of subduction-
related volcanic rocks in the Kamchatka-Aleutian junction 
area. One is the wide distribution here of high-magnesian 
basalts, basaltic andesites and andesites, including adakites 
[Volynets et al., 1998; 1999 a]. The volume of magnesian 
rocks of this area is approximately 10 times more than in all 
other areas of Kamchatka. Within the magnesian rocks there 
are certain regularities. Magnesian basalts (Mg# 80–88) of 
the northern volcanoes (Shiveluch, Kharchinsky, Zarechny) 
have lower Ca, higher Sc, y, yb concentrations and higher 
K/Ti, La/yb, Ni/Sc, and La/Ta ratios compared to the similar 
ones from the Kluchevskaya group of volcanoes. Most of the 
volcanic rocks of this region are characterized by high alka-
linity and high LILE and LREE concentrations. Volcanoes 
of the Kluchevskaya group are characterized by a very high 
productivity, supplying about 1/3 of volume of the volcanic 
material erupted by all Kamchatka volcanoes and two times 
more than east Kamchatka volcanoes during holocene time 
[Volynets et al., 1998; Kozhemyaka, 2000]. These unusual 
features of volcanism reflect the unique geodynamic condi-
tions of the Kamchatka-Aleutian junction.

The data on the distribution, age and chemical com-
position of VA rocks testify that the volcanic belt of the 
Sredinny Range is different from the Eastern Kamchatka 
belt. The origin of the Late Oligocene–Quaternary volcanic 
belt in the Sredinny Range is still a matter of debate. Some 
authors interpret it as an independent volcanic arc located 

above a separate subduction zone under the Sredinny 
Range. This belt has now completed its development as the 
result of a blockade of its subduction zone by accretion of 
the eastern peninsulas to Kamchatka [Legler, 1977; Avdeiko 
et al., 1999; Trubizin et al., 1998]. Other authors believe 
that the volcanic belt of the Sredinny Range is related 
to the present-day Kurile–Kamchatka subduction zone, 
being a third volcanic zone, a back-arc one relative to the 
Eastern volcanic zone and the volcanic zone of the Central 
Kamchatka depression [Tatsumi et al., 1994; Seliverstov, 
1998]. The origin of the Sredinny Range volcanic belt will 
be discussed below.

2.4. Gravity Data

The gravity field of the present-day Kurile–Kamchatka 
arc-trench system has principal gravity features character-
istic of such systems, i.e., the presence of conjugate positive 
and negative free-air gravity anomalies [Watts et al., 1975; 
1978]. The positive anomaly extends along the tectonic 
(frontal) arc, which encompasses the Lesser Kurile Islands 
and their submarine extension in the Kuriles, as well as the 
eastern peninsulas in Kamchatka. The positive anomaly is 
complicated by transverse lower-intensity gravity anomalies 
along large transverse fault zones in the areas of the Gulf of 
Avacha in Kamchatka and of the Bussol Strait in the Kuriles 
[Watts et al., 1978].

Figure 2. Primitive mantle-normalized trace element for intraplate-type volcanic rocks of Kamchatka. OIB and primitive 
mantle composition after Sun and McDonough (1989), typical arc lavas of Central Kamchatka Depression (35 samples) 
after Churikova et al. (2001)



44     ThE KURILE-KAMChATKAN VOLCANIC ARCS AND DyNAMICS OF ThE KAMChATKA-ALEUTIAN JUNCTION

The volcanic belts of East Kamchatka, the Central 
Kamchatka Depression, and the Sredinny Range show 
a mosaic of alternating Bouguer gravity fields (Plate 2) 
[Popruzenko et al., 1987]. The character of the anomalies 
in the areas of volcanic cones is controlled by the structure 
and composition of the basement rocks, the genetic type and 
maturity of volcanic centers, the state of isostatic equilib-
rium, and other factors. For example, local gravity maxima, 
complicated by gravity ring minima at their margins, mark 
basalt and some andesite volcanoes. Volcanic calderas pro-
duce, depending on their origin, gravity lows (explosive 
calderas) or highs (collapse calderas).

A characteristic feature of the gravity field in Kamchatka, 
as compared to other VA systems is the presence of two addi-
tional, although less intense, zones of positive gravity anoma-
lies in the area between the Malka–Petropavlovsk zone of 
transverse faults and the Kamchatka-Aleutian junction. These 
additional zones are roughly parallel to the principal zone of 
positive gravity anomalies confined to the eastern peninsulas 
(Plate 2). One of them, located in the Central Kamchatka 
Depression, has been delineated rather reliably, while the posi-
tive anomaly zone in western Kamchatka is less distinct. The 
positive anomaly zone in the Central Kamchatka Depression 
occupies the same position relative to the volcanic belt of the 
Sredinny Range as does the zone of the eastern peninsulas 
relative to the volcanic belt of eastern Kamchatka. It coincides 
nearly completely with the buried part of Khavyvenskaya 
Rise. The maximum gravity values within this uplift occur 
on the Khavyvenskaya Rise, which is composed of crystal-
line schists, serpentinized ultrabasic rock, Late Cretaceous–
Paleocene pillow basalt, and tuff, and intruded by a gabbro 
body with a density of 3.05 g/cm3. Elsewhere, the anomalous 
zone of the Khavyvenka highland is covered by a mantle of 
Cenozoic volcanoclastic rocks, which lowers the value of the 
positive gravity anomaly. however, the high gravity effect 
cannot be explained only by the presence of the high-den-
sity rocks [Aprelkov et al., 1985]. In our opinion, the buried 
Khavyvenskaya Rise was the frontal (tectonic) arc of the 
subduction zone beneath the Sredinny Range. In this case, the 
positive gravity anomaly is partly a residual anomaly produced 
by disturbance of isostasy during subduction. We note too that 
ophiolite complexes are often distributed in frontal arcs.

The presence of a buried paleotrench, indicated by a nega-
tive free-air gravity anomaly along the continental rise east 
of Karaginsky Is. (Watts et al., 1975), suggests the separate 
nature of the subduction zone under the Sredinny Range. The 
Tyushevskiy trough and the Grechishkin overthrust zone in 
the Kamchatka correspond to this subduction zone, the latter 
to the western slope of the paleotrench (Fig. 1). 

A model vertical gravity section, showing two subduction 
zones, is presented in Fig. 3. Our gravity modeling across 

Kamchatka (profile A – B in Plate 2) indicated that the shape 
and intensity of the calculated gravity anomaly is close to 
the measured one if two higher gravity subducting layers 
with an effective density of +0.08 to +0.1 g/cm3 and two 
lower density zones (–0.08 to –0.1 g/cm3), corresponding 
to the inferred sites of magma generation, are used into the 
model.

A third zone of positive gravity anomalies in western 
Kamchatka seems to mark a Paleogene arc (Plate 2).

2.5. Seismological Data

The spatial distribution of earthquake epicenters recorded 
during 1962–2005 are shown in Plate 3. A belt of shallow-
focus earthquakes (less than 50 km deep) extends along on 
the continental slope of the deep-sea trench. It is character-
istic that all large earthquakes with magnitude more than 
7.5 are located within the tectonic arc, above and within 
the sharp downward bend of the Pacific plate, where the 
angle of subduction changes from 10–12° to about 50° (Plate 
3B). North of the Kamchatka-Aleutian junction, the seismic 
belt is offset westward, occupying a position relative to the 

Plate 2Plate 2

Fig. 3Fig. 3

Plate 3Plate 3

Figure 3. Density model for the mantle at the cross-section along 
line A – B (Plate 2). Earth’s crust density heterogeneities were 
included into calculations.
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Plate 2. Bouguer gravity anomalies on Kamchatka. A – B – location of model cross-section show in Fig. 3.
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paleotrench as the seismic belt southward the Kamchatka-
Aleutian junction relative to the Kurile-Kamchatka trench. 
This provides additional evidence in favor of a jump of the 
subduction zone south of the Kamchatka-Aleutian junction to 
the present day position. In addition, a great number of shal-
low-focus earthquakes are recorded in eastern Kamchatka 
between the Malka-Petropavlovsk zone of transverse faults 
and a prolongation of the Kamchatka-Aleutian junction on 
Kamchatka, the segment where we assume the subduction 
jump took place, whereas few isolated weak earthquakes 
were recorded in South Kamchatka. This indicates that weak 
motion still continues along the previous subduction zone, 
although no longer recorded at greater depths.

2.6. Geodynamic Characteristics of Volcanic Activity

Earlier, Avdeiko [1994] discussed the principal geody-
namic parameters of volcanism in the Kurile segment of the 
Kurile-Kamchatka island-arc system based on a subduction 
model. Benioff seismic zone parameters are known to control 
aspects of volcanic activity. They exert an effect upon the 
temperature, pressure, and composition of the melting sub-
stratum, the quantity and composition of volatile components 
participating in the melting process, and the conditions of 
magma ascent and eruption. Principal parameters include 
the depth of the subduction zone (to the Benioff zone’s upper 
surface) under the frontal and back-arc volcanoes, the dis-
tance between the deep-sea trench axis and the volcanic 
front, the subduction zone inclination angle, etc.

Recently, in cooperation with V.A. Shirokov, we refined 
the geometry of the Benioff zone using the data available 
for the earthquakes in the Kurile–Kamchatka region dur-
ing the whole period of detailed instrumental observations 
(1962–2005). The isodepths to the upper surface of the 
Benioff zone, based on these data, are shown in Fig. 1, and 
the refined parameters of the structure as it occurs in various 
portions of the East Kamchatka and Kurile segments of the 
island-arc system are summarized in Table 1.

The depth of the Benioff focal plane below the volca-
nic front is nearly constant, at about 110 ± 5 km, and the 
maximum depth below the back-arc volcanoes farthest from 
the volcanic front does not exceed 220 km. Avdeiko [1994] 
argued that melting conditions in the mantle wedge are 
confined to this depth interval of the Benioff plane because 
of release of volatiles, in general water, from the subducted 
Pacific plate.

The rate of the Pacific Plate subduction varies from 7.5 
cm/year under the Kronotsky Peninsula to 8.3 cm/year at 
the latitude of Kunashir Is. [Gorbatov, Kostoglodov, 1997]. 
This rate and the distance between the deep-sea trench axis 
and the volcanic-arc front were used to calculate the time 

for subduction to 110 km depth where melting of the mantle 
wedge begins as a result of volatile flux. This time varies 
from 2.8 m.y. in eastern Kamchatka to 3.2–3.5 m.y. in the 
southern Kurile Islands.

It should be emphasized that the geodynamic parameters 
of magma generation and volcanic activity are approximately 
the same in all VA systems throughout the Circum-Pacific 
Belt. The principal parameters are as follows: the Benioff-
zone depth below the volcanic arc varies from 110±10 km 
beneath a volcanic front up to 220 km beneath the most 
distant from volcanic front volcanoes; the volcanic-arc width 
usually is not more then 100 km; and the distance between 
the deep-sea trench axis, i.e., the subduction starting line and 
the volcanic front line is not more that 250 km. The position 
of the volcanic belt in the Kamchatka Sredinny Range does 
not agree with these parameters. The depth to the present-
day Benioff zone in the south of the belt varies from 300 
km below the frontal volcanoes to 450 km under the rear-
arc volcanoes. As for the area north of Ichinsky volcano, 
subduction, if present, does not reveal itself in the form of 
a seismic zone. The width of the Sredinny Range volcanic 
belt exceeds 100 km, which is comparable with the width 
of a large volcanic arc. If the volcanic belt of the Sredinny 
Range is considered as a third volcanic belt connected with 
present-day subduction zone, then the volcanic arc is as wide 
as 400 km within this segment of the Kurile–Kamchatka 
island-arc system.

Table 1Table 1

Table 1. Geodynamic parameters of the Quaternary of Kurile–
Kamchatka VA system

Geodynamic 
parameter

Easthern 
Kamchatka

Avachinsky 
Bay

Southern 
Kamchatka

Lmin, km 190–200 205 200–205
Ldir, km 190–200 205 200–205
Lb, km 130–140 145 140–145
V, cm/y 7.6 7.6 7.7–7.8
a° 80–90 90 85–90
b° 35–51 51 50–51
hf, km 105–115 115 110
hmax, km 195 180 205
t, m.y. 2.8–2.9 3 2.9–3.0
d, km 50–70 70 40–60
T, km ~40 42–47 40–45
Notes: Lmin and Ldir – the distance between the trench axes and 
volcanic front: minimal (Lmin) and along the direction of the Pacific 
plate motion (Ldir). Lb – the distance between the trench axis and 
the bend in the Pacific plate (a change of subduction angle from 
10–12º to about 50º, V – the convergence rate [Gorbatov et al., 
1097], α - angle between a direction of the Pacific plate motion 
and the arc strike, β - a subduction angle between 40 – 500 km, the 
depth beneath the volcanic front (hf) and the rear volcanoes (hmax), 
t – the time of the Pacific plate to pass from the trench axis down 
to hf, d –width of the volcanic arc, T –crustal thickness.
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3. DISCUSSION

3.1. Nature of the Volcanic Belt of the Sredinny Range, 
Kamchatka

The above geological and geophysical data enable assess-
ment of the conditions of formation of the volcanic belt of 
the Sredinny Range in Kamchatka. On the one hand, this 
question is key to reconstructing the history of tectonic 
development of the Kurile-Kamchatka VA system. On the 
other hand, it is important for understanding the processes 
of magma generation related to the subduction.

Connecting the formation of this belt with the present day 
Kurile-Kamchatka subduction zone is well-described in by 
Tatsumi et al. [1994; 1995]. In their opinion, the unusual 
position of this belt and the atypical composition of the volca-
nic rocks are accounted for by melting of K-amphibole-bear-
ing peridotite at the base of the mantle wedge at anomalously 
high temperatures. Such high temperature is explained by the 
unusual tectonic setting of the belt at the edge of the Pacific 
plate having a transform-type boundary with the North 
American plate. Calculations made by these authors predict a 
temperature rise of 200–300°C in the boundary of the mantle 
wedge in comparison with the usual situation.

This explanation could be plausible if the aerial distribution 
of volcanoes in the Sredinny Range were restricted to the zone 
of the Kamchatka-Aleutian junction. however, the volcanic 
belt of the Sredinny Range represented by subduction-related 
Late Oligocene-Quaternary volcanic formations extends more 
than 700 km from latitude 54.8°N at Khangar volcano in the 
south to latitude 60.3° in the north. It should be emphasized, 
however, that a zone of anomalously increased temperature 
does exist, and, in our view, causes formation of high-mag-
nesian basalts and lavas of the intraplate geochemical type 
along with the typical VA lavas [Volynets, 1994; Volynets et al., 
1999; Portnyagin et al., 2005; Avdeiko and Savelyev, 2005].

Seliverstov [1998] believes also that the Sredinny Range 
volcanic belt formation is connected with the modern Kurile-
Kamchatka subduction zone. In his opinion, inclination of 
the subduction zone in Miocene was more gentle due to 
subduction of hotter lithosphere. In Pliocene time, the angle 
of the subducted plate increased and VA belt shifted from 
the Sredinny Range to the present-day position. This view is 
unlikely to be the true for the following reasons:
1.   It is not clear why subducting Pacific lithosphere should 

have been hotter in the Miocene. A single cause may be 
intraplate volcanism, but the age of the nearest volcanoes 
of the Obruchev rise (Detroit and Meiji Seamounts) is 
more than 85 m.y. [Regelous et al., 2003]. 

2.   The dip angle of subduction of the young Nasca plate exceeds 
23°, whereas the subduction angle zone at the distance of 

320–350 km between the Kurile-Kamchatka trench axis and 
the Sredinny Range volcanic belt must be less than 20°. 

3.   According to Seliverstov [1998], a change of the sub-
duction angle is a continuous process resulting from an 
increase in the sinking rate due to subduction of a heavier 
lithosphere. Therefore, the question arises as to why the 
volcanic zone was offset east ward over a distance of 150 
km (distance between paleovolcanic front of the Sredinny 
Range and volcanic front of eastern Kamchatka), during a 
continuous process without leaving any trace in the form 
of volcanoes.

The data discussed in the previous sections suggest that 
the volcanic belt of the Sredinny Range was an indepen-
dent volcanic arc, which was formed above its subduction 
zone, which jumped to its present-day position in the end of 
Miocene, as incoming positive-buoyancy lithospheric blocks 
locked subduction. According to Trubitsyn et al. [1998], 
these blocks are represented now by the eastern Kamchatka 
peninsulas. The location of the volcanic arcs and the axes 
of the deep-sea trenches that mark the subduction zones, 
are shown in Fig. 1. The principal lines of evidence for this 
interpretation are summarized below.
1.   Spatial distribution and tectonic setting of the volcanic 

belts and the absence of Miocene island-arc volcanic 
rocks in eastern Kamchatka, except Late Miocene intra-
plate lavas (Fig. 1), indicate that the volcanic belts of the 
Sredinny Range and eastern Kamchatka (along with the 
belts of the Central Kamchatka Depression) are indepen-
dent volcanic arcs. Moreover, frontal and rear-arc volcanic 
zones separated by a zone of weaker volcanic activity 
have been recognized within the Sredinny Range volcanic 
arc, as well as in Southern Kamchatka and in the Kurile 
Islands.

2.   The transverse petrochemical zoning of the Sredinny 
Range volcanic belt is similar to that of other volcanic 
arcs, though with higher contents of alkali and incompat-
ible trace elements.

3.   Gravity data indicate the doubling, and possibly trebling, 
of crustal thickness of the Sredinny frontal (tectonic) arc 
(delineated by a belt of positive anomalies)–volcanic arc 
systems (Plate 2 and Fig. 3).

4.   The seismological data (Plate 3) suggest that some resid-
ual movements still occur in the subduction zone of the 
Sredinny Range. It is also possible that these movements 
continue in the segment between the Malka–Petropavlovsk 
and Kamchatka-Aleutian junction of transverse faults. 
These are transform faults that limit the region (segment) 
of the subduction zone jump (Fig. 1).

5.   A paleotrench corresponding to the Sredinny Range sub-
duction zone has been outlined by gravity and seismic 
reflection and refraction data east of Karaginsky Island.



AVDEIKO ET AL.    49

The idea of the jump of tectonic zones in Kamchatka, 
which are regarded as the paleoanalogues of modern VA–
trench systems, was put forward by one of the present writers 
independent of the subduction model [Avdeiko, 1971]. Later, 
Legler [1977] elaborated the concept as a subduction-zone 
offset. however, the mechanism of subduction north of the 
Kamchatka Peninsula, i.e., to the north of the junction with 
the Aleutian arc, remained unclear. Based on computer mod-
eling, Trubitsyn et al. (1998) showed that subduction and, 
consequently, volcanism in the northern segment of the 
Sredinny Range arc had been caused by mantle convection 
under the Komandorskaya Basin induced by the Pacific Plate 
motion. A system of back-arc spreading rifts, which corre-
sponds to this interpretation, had previously been discovered 
within the Komandorskaya Basin [Baranov et al., 1991].

3.2. Tectonic History

The data presented above allow us to interpret Cenozoic tec-
tonic history of the Kurile–Kamchatka region as the develop-
ment of VA subduction systems of different ages, which were 
offset discretely and consecutively grew younger toward the 
Pacific Ocean (Fig. 1 and 4). Obviously, a system of volcanic 
complexes existed in western Kamchatka in the Paleogene 
(Fig. 1), of which only isolated outcrops of volcanic sheets and 
subvolcanic bodies remain [Bogdanov, Khain, 2000]. A belt of 
positive gravity anomalies seems to mark a frontal (tectonic) 
arc (Plate 2). The intensity of the anomalies has been reduced 
by partial recovery of isostatic equilibrium.

Beginning from the end of the Oligocene (Fig 4, cross-sec-
tion 1), a system of two arcs existed within Kamchatka and 
the Kurile Islands, i.e., the Mid Kamchatka and the South 
Kamchatka–Kurile arcs. The formation of this system south 
of the Kamchatka-Aleutian junction was caused by the sub-
duction of the Pacific Plate, while to the north, it was caused 
by subduction of a young small plate of the Komandorskaya 
basin. These arcs are marked in the present-day structure by 
their own volcanic-rock associations (Fig. 1). A frontal (tec-
tonic) arc of this subduction system shown (Fig. 4) now is bur-
ied beneath sediments of the Central Kamchatka Depression 
excluding havyvenskaya Rise. A positive gravity anomaly 
marks its position. A paleotrench of this system shown on 
Fig. 1 is reconstructed as a prolongation of buried trench of 
Komandorskaya basin and on the basis of geodynamic param-
eters of modern Kurile-Kamchatka subduction system (Table 
1). A portion of sediments deposited on this trench continental 
slope was eroded, a portion is shown on the generalized map 
as Oligocene-Miocene deposits of Eastern Kamchatka, and a 
portion was covered by volcanic rocks of East Kamchatka VA. 
Fragments of these deposits were carried upward as xenolites 
during Large Tolbachik eruption (Fedotov et al., 1984).

In the end of the Miocene, the subduction zone of the Pacific 
Plate within the segment from the Shipunsky Peninsula to the 
Kamchatka-Aleutian junction was blocked by the accretion of 
the eastern Kamchatka peninsulas and, probably, some other 
structural elements of eastern Kamchatka. As a result, the 
subduction zone jumped to its present-day position, and the 
Kurile–Kamchatka island-arc system acquired its present-day 
shape (Fig. 1). Geodynamic conditions changed. The area of 
the Miocene trench, where a negative isostatic anomaly was 
present, began to elevate as isostatic equilibrium was restored. 
In contrast, the Miocene frontal arc began to subside, forming 
the Central Kamchatka Depression. Opposite movements led 
to formation of a fault zone probably with a thrust component 
due to compression.

We postulate the forming of a plate gap, and conse-
quently opening of mantle windows, after cessation of 
subduction (Fig. 4, cross-section 2). This breakage is pos-
sible as a result of increase of plate sinking after eclogi-
tization. P-wave seismic tomography appears to show a 
gap in the slab at a depth of 450–600 km [Gorbatov et 
al., 2000, Fig. 7, cross-section E–E’]. This cross-section 
is located in the central part of Kamchatka, where the 
jump of subduction zone took place. We suggest that the 
high velocity body in this cross-section at the depth about 
600–1000 km was torn away from the Pacific plate after 
subduction stopped beneath the Sredinny Range. There 
is no such gap in the cross-section D–D’ located beneath 
southern Kamchatka, where no jump of the subduction 
zone occurred, i.e. in the segment of the steady-state 
regime of subduction.

An inter-arc trough formed between frontal and volcanic 
arcs. It is suture zone, were sediments of the lower slope 
of the Miocene trench were accumulated. They are shown 
as Oligocene-Miocene inter-arc deposits including terrig-
enous mélange on Plate 1. Later some of them were covered 
Quaternary unconsolidated deposits.

3.3. Volcanic–Tectonic Zonation

Our interpretation of volcanic–tectonic zonation is based 
on the principle of classifying volcanic arcs by the ages of 
the subduction zones and the episodes of volcanic activity. 
The present-day Kurile–Kamchatka VA system can be sub-
divided into segments based upon variations in geodynamic 
parameters of the subduction zone, which are also reflected 
in the spatial distribution and tectonic setting of the volca-
noes and by the composition of the volcanic rocks. Since we 
did not find any effects of the age or the composition of the 
basement rocks upon the composition of the volcanics in the 
Kurile–Kamchatka VA system, we do not use this parameter 
in defining the volcanic–tectonic zonation.

Fig. 4Fig. 4
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Figure 4. Model cross-sections of evolution of the Kurile-Kamchatka island arc system (after Avdeiko et al., 2001 with 
correction). See Fig. 1 for location of cross-sections.
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Three volcanic arc–deep-sea trench systems of differ-
ent ages that become successively younger toward the 
Pacific Ocean have been recognized in the region: the 
West Kamchatka (Eocene), Mid Kamchatka–Kurile (Late 
Oligocene-Miocene), and Recent Kurile–Kamchatka sys-
tems. These volcanic arcs form the rigid framework of the 
present-day tectonic structure of the Kurile–Kamchatka 
island-arc system. Sedimentary troughs separating these arcs 
are either forearc or back-arc basins. 

We recognize the following segments within the Kurile–
Kamchatka VA system based on the tectonic evolution and 
geodynamics of the present-day volcanic activities above the 
zone of the Pacific Plate subduction under the Eurasian Plate.

The East Kamchatka segment represents the initial stage 
(7–10 Ma) of an orthogonal subduction process. The sub-
sidence of the Pacific Plate margin to a depth of approxi-
mately 110 km, where the separation of initial magmatic 
melts becomes possible and over which the volcanic front 
is located, lasted 2.8–2.9 m.y. This implies that subduction 
must have commenced before the extrusion of the associ-
ated oldest volcanic rocks, i.e., in the latest Miocene. This 
segment consists of various components, with an area where 
the lithospheric plate carrying normal oceanic crust is under-
thrust at an angle of 50°, and an area where the oceanic crust, 
thickened owing to the presence of the Obruchev Rise, is 
subducted at an angle of about 30°–35°. This segment also 
includes the Kamchatka-Aleutian junction.

The Petropavlovsk segment (the Malka–Petropavlovsk 
transverse-fault zone) is a zone of discordant superposition of 
the present-day Kurile–Kamchatka arc of NE trend upon the 
Malka–Petropavlovsk segment of the Middle Kamchatka–
Kurile VA system, having a NW trend there. In the south 
Kamchatka segment, as well as in the three Kurile segments, 
subduction began at the end of the Oligocene. A virtually 
stationary subduction zone persisted there for about 25-m.y. 
We postulate that westward shift of the volcanic front was 
caused by the cooling effect of the subducted Pacific Plate 
and a consequent shift of the magma-generation zone in the 
mantle wedge in the same direction as slab motion. We have 
subdivided the Kurile segment of the Kurile–Kamchatka 
arc into the North, Middle and South Kurile segments, with 
different geodynamic characteristics of the subduction zone 
and subduction-related volcanism (Table 1). Both the fron-
tal and back volcanic zones, separated by a zone of weaker 
volcanic activity, are distinctly displayed in each segment 
of the volcanic arcs.

3.4. Geodynamics of the Kamchatka-Aleutian Junction

Geodynamical conditions of this area have evolved over 
the last 40 Myr due to interaction of the Pacific, North 

American, Eurasian and Kula plates and Komandorskaya 
microplate. The junction assumed its present shape during 
the last 7–10 Myr, after blockage of the Pacific plate subduc-
tion under the Sredinny Range of Kamchatka and its jump 
to the present-day position (Fig. 1 and 4). Both the jump and 
the arrow-like shape of the Kamchatka-Aleutian junction are 
in large measure caused by the hawaiian-Emperor volcanic 
chain. The proposed geodynamic model of the Kamchatka-
Aleutian junction (Fig. 5) assumes gradual westward transfer 
of motion from oblique subduction of the Aleutian arc to 
the transform fault near Kamchatka. The braking effect of 
the motionless North American plate upon the moving and 
subducting Pacific plate results in a tension and sometimes 
rupture of the latter (slab-windows) and intrusion of hotter 
below-slab material into the mantle wedge. One such slab-
window probably occurs under the Kluchevskaya group of 
volcanoes and is the reason for their high productivity and 
the magnesian composition of their rocks. Additionally, 
separation of the Pacific slab-edge blocks, their sinking 
into the mantle, and subsequent heating can lead to gen-
eration of small mantle plumes (Fig. 5). One such plume 
is confirmed by seismic tomography data [Gorbatov et al., 
2000; Levin et al., 2002] and by the presence of the OIB-like 
rocks [Portnyagin et al., 2005]. The large variety of volcanic 
rocks from usual VA-type up to the intraplate type is caused 
by varying contributions of mantle materials from the hot 
below-slab zone, mantle wedge and also by the fluid and/or 
melt separated from the slab. The role of fluids in magma 
generation decreases, while the role of slab melt increases in 
the direction from the Kluchevskaya group of volcanoes to 
the northern volcanoes hailula and Nachikinsky [Portnyagin 
et al., 2005a].

The braking effect also was a cause of forming 
Komandorskaya microplate, which separated from North 
American plate. Northwestward motion of this microplate at 
3.7 cm/y was determined from GPS data (Fig. 1 and 5) after 
the Kronotsky 1997 earthquake (Levin et al., 2002).

3.5. Geodynamic Conditions of Magma Generation

Magma generation is one of the most important problems 
in volcanology and petrology. The Kurile VA system is 
an appropriate object to solve this problem, because geo-
dynamics conditions varied in space and time during its 
evolution. Geodynamics controlled the magma generation 
and geochemical characteristics of volcanic rocks. Magma 
generation beneath the Kurile Island Arc [Avdeiko, 1999] 
corresponding to a steady-state regime of subduction takes 
place in the mantle wedge under the influence of f luids 
derived from the subducted slab. Frontal and rear volcanic 
zones are formed above two zones of magma generation, 

Fig. 5Fig. 5
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controlled by two levels of dehydration of water-bearing 
minerals in the slab. Varying composition of the fluids result 
from differences in compositions of the dehydrating of water-
bearing minerals. Amphiboles (including tremolite) and 
chlorites from the layers 1 and 2 of the oceanic crust are 
dehydrated beneath the frontal arc zone, and serpentine and 
talc from the 3B layer are dehydrated beneath the rear one. 
Additionally, aqueous fluid separating beneath the frontal 
zone passes upward to the zone of magma generation only 
through the wedge base, whereas fluid separating beneath 
the rear zone rises successively through layers 3A, 2 and 1 
of oceanic crust as well as a longer way through the mantle 
wedge to the zone of magma generation. The fluid separating 
from the slab beneath the rear zone has a higher temperature 
in comparison with the frontal one. Typical VA magmas are 
generated beneath the frontal and the rear zones under the 
steady-state regime of subduction.

What are conditions of the occurrence in Kamchatka of vol-
canic rocks of an intraplate geochemical type along with the 
considerably more abundant typical VA rocks? In contrast to 
the typical VA lavas characterized by the low concentrations of 
Ta, Nb, and Ti, the intraplate lavas show higher abundances of 
these elements (Fig. 2) [Volynets, 1994; Avdeiko and Savelyev, 
2005]. The low Ta, Nb, and Ti concentrations in typical VA 

magmas are due to the fact that these elements, that reside 
principally in rutile, are poorly soluble in fluids [Tatsumi et 
al., 1986]. however, partial melting of oceanic-crust basalt 
under water-saturated conditions is possible at temperatures 
exceeding 750°C [Peacock et al., 1994], and these melts con-
tain, according to experimental data, higher Ti, Nb, and Ta 
concentrations especially at depths below 150 km where rutile 
is unstable [Ringwood, 1990]. Thus, appearance of intraplate-
type lavas may be due to partial melting of oceanic crust 
because of higher temperatures that prevail within the slab 
in the steady-state regime of subduction. Where can there be 
such higher slab temperatures? It should be noted, first of all, 
that intraplate-type volcanic rocks are present only within 
the segment between the zone of the Malka–Petropavlovsk 
transverse faults and the Kamchatka-Aleutian junction (Fig. 
1), i.e. in the segment of the subduction zone that jumped 
in the Late Miocene. Melting of the frontal edge of the sub-
ducting plate was possible at the contact with the hot mantle 
during the initial stage of the subduction, as, for instance, in 
eastern Kamchatka during the end of Miocene—beginning 
the Pliocene (Fig. 4).

Similar conditions for partial melting of the subducting 
plate seem to have existed at the Kamchatka-Aleutian junc-
tion, at the northern edge of the Pacific plate, where the 

Figure 5. 3D-model of the geodynamics of the Kamchatka-Aleutian junction as a view from North West. Black stars-
active volcanoes, white stars – Nachikinsky (N) and Khailula (K) extinct volcanoes located off the edge of Pacific plate, 
K – Komandorskaya microplate, which separated from North American plate. Some lithosphere blocks are torn off 
the Pacific plate edge as a result of interaction (breaking) with North American plate. These blocks, having a negative 
buoyancy, sink into a mantle, are heated, and can form a small mantle plume.
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upper mantle has high temperatures [Tatsumi et al., 1994]. 
Such conditions can occur beneath fracture zones forming 
slab windows at some distance south the plate edge, where 
intrusion of hot asthenospheric material through the slab 
window takes place (Fig. 5).

The formation of the Sredinny Range intraplate-type rocks 
coincided in time with the subduction zone jump and also 
connected with a mantle window as we discussed in section 
3.2 (Fig. 4). Oceanic crust can melt in a contact with hot 
under-slab mantle material intruded into slab window. 

The termination of subduction under the Sredinny Range 
might have caused the detachment of the heavier lower por-
tion of the oceanic crust (with underlying lithosphere), its 
sinking below the eclogitization zone depth (deeper than 150 
km), and the intrusion of a hot mantle material from under 
the slab into the resulting gap (Fig. 4). This might have been 
accompanied by the melting of layers 1 and 2 of oceanic 
crust upon the contact with this material.

Thus, we explain the occurrence of intraplate-type rocks 
in all three instances by the melting the upper portion of the 
subducted plate (oceanic crust) at its contact with the hotter 
mantle. We must qualify that this hypothesis is advanced 
here in the most general form and requires a more thor-
ough evaluation by computing temperature distributions in 
anomalous areas, seismic tomography, and more detailed 
petrochemical and geochemical data. Studies aimed at test-
ing this hypothesis have already been initiated within the 
framework of the Russian–German KALMAR Project. 
Another scenario for such lavas is low-percentage melting of 
mantle with little slab input (e.g. Abratis and Wörner, 2001). 
Such scenario is possible for the Sredinny Range and west 
Kamchatka. A hot mantle material rises in plate gap (Fig. 4. 
cross-section 2) and higher may give small portion melt as a 
result of decompression.

4. CONCLUSIONS

We have distinguished the following segments in the pres-
ent-day Kurile–Kamchatka island-arc system based on the 
distinctive features of their geological structure and geo-
dynamic parameters: the East Kamchatka, Petropavlovsk, 
South Kamchatka, North Kurile, Central Kurile, and South 
Kurile segments. The East Kamchatka segment exemplifies 
an early subduction stage, the Petropavlovsk segment is 
complicated by a transverse fracture zone, while the South 
Kamchatka and Kurile segments have been steady-state for 
a long time. In contrast, the Mid Kamchatka volcanic arc 
represented by the Sredinny Range is in a waning stage, 
because subduction jumped eastward when formation of east 
Kamchatka capes blocked subduction. Mid Kamchatka arc 
volcanism extended north of the Kamchatka-Aleutian junc-

tion because of subduction of western Komandorsky Basin 
crust, driven by back-arc spreading. Intraplate-type magmas 
enriched in Ta, Nb, and Ti are generated by the systems at 
the onset and cessation of subduction and over slab windows, 
apparently by melting of slab oceanic basalt.

Other scenarios for appearance of intraplate-type lavas are 
possible, but all must be consistent with their restriction to 
the area of the Kurile-Kamchatka system where a jump in 
subduction took place.
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Within the Kuril-Kamchatka arc, its northern segment has a few conspicuous 
features lacking to the south of it: the second Quaternary volcanic belt, which 
ceased its activity only in the Holocene; three peninsulas (Shipunski, Kronotski 
and Kamchatski Mys) on the Pacific side of Kamchatka composed of the Paleocene-
Eocene volcanic-sedimentary formation lacking elsewhere in Kamchatka; the sig-
nificant decrease of the seismic zone depth from 650 km in the southern segment 
of the arc to 150–450 km beneath Kamchatka. All these features can be explained 
by a recent collision of the “Kronotski Arc terrain” with Kamchatka that caused 
the extinction of the northern part of the older subduction zone and the formation of 
the modern subduction zone about 150 km eastward. As the result of that, the older 
Central-Kamchatka volcanic belt gradually ceased its activity and a new Eastern 
volcanic belt formed at the same distance from the old one. A set of independent 
lines of evidence supports this model and gives several estimates for the age of 
the collision. Based on the ages of deformed deposits and the overlying volcanic 
rocks the time of the collision for the southern part of the Kronotski arc is 5–10 
Ma. Calculations based on plate kinematics suggest the time interval of 0–10 Ma, 
which is in good agreement with the paleomagnetic data. A more accurate estimate 
was made by using the along-dip extension of the present-day slab to calculate 
the amount of time since the beginning of subduction: 7 Ma, 5 Ma, and 2 Ma for 
Shipunski, Kronotski and Kamchatski Mys segments, respectively.

PECuLiAr fEAturES of tHE PLioCENE-
QuAtErNAry tECtoNiC StruCturE of 

KAMCHAtKA

Most present-day subduction zones exist tens or hundreds 
of million years and the data on their origin are scarce. 
Kamchatka is one of the exceptions from this rule. Here, 

the age of the present-day subduction zone is measured by 
a few million years, and the evidence for its origin can be 
observed today.

recent Kamchatka is a part of the entire Kuril-Kamchatka 
arc with a continuous trench, a volcanic belt, and an inclined 
seismic zone extending from South Kurils up to Aleutian-
Kamchatka juncture. However, in contrast to the southern Kuril 
part of the arc which has existed since oligocene, the modern 
Kamchatka structure was formed only during the last few mil-
lion years. Still in Pleistocene and even in the beginning of the 
Holocene (less than 0.1 Ma) there were substantial distinctions 
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in the development of northern and southern segments of the 
Kuril-Kamchatka zone. the boundary of the two segments with 
different geological histories doesn’t coincide with the ocean-
continental crust transition but goes along Avacha (also named 
Malki-Petropavlovsk) transverse fracture zone in the southern 
Kamchatka (figure 1). Below we shall mean by the Kamchatka 
segment only the part of the arc located between this fracture 
zone and the Aleutian juncture.

three significant features of the Kamchatka segment 
directly related to the recent geological history make it dif-
ferent from the southern part of the arc.

Two Volcanic Belts 

in contrast to the single volcanic belt of southern 
Kamchatka (a direct continuation of the Kuril belt), one can 
see two parallel belts of Quaternary volcanic rocks to the 
north from the transverse Avacha fracture zone (figures 
1) [Avdeiko et al., 2002]. the first, Eastern belt, (a further 
northward extension of the present-day of the Kuril belt) goes 
along the Vostochny mountain ridge, somewhat deviating 
to the west in the northern part of the segment. the second, 
Central-Kamchatka volcanic belt, (which is absent in the 
southern segment) goes along the Sredinny mountain ridge, 
which is located 80–150 km inland and parallel to Eastern 
belt (figure 2a).

Now eruptions occur only in the Eastern belt, and the 
Central-Kamchatka belt has almost lost all activity. However 
less than a half of a million years ago numerous stratovolca-
nos were active there and the areal basaltic volcanic activity 
continued even in the Holocene. the Eastern belt terminates 
in the area of Shiveluch volcano, which coincides with the 
northern edge of the Kuril-Kamchatka deep seismic zone. 
the Central-Kamchatka belt stretches further north to the 
Kamchatka isthmus, where it extends by discontinuous 
exposures of the Neogene and Quaternary volcanic rocks 
of the olutor zone. the geochemical characteristics of both 
volcanic belts are typical for suprasubductional conditions. 
[Avdeiko et al., 2002].

Although the present-day Eastern belt is a direct con-
tinuation of the Kuril volcanic segment, it is much younger. 
Cenozoic volcanic rocks older than 5 Ma are not known in 
the Vostochny ridge, to the north from the Avacha fracture 
zone, whereas in the Southern Kamchatka volcanic series 
were produced since oligocene. the oldest floristic com-
plexes among volcanic series of the Central-Kamchatka 
belt belong to the Middle Miocene [Shantser, 1987], but the 
metamorphic or Cretaceous basement of the belt contains a 
lot of shallow granitoid intrusions with the age 25–38 Ma. 
this suggests the age of the Central-Kamchatka belt as the 
oligocene or even Late Eocene. 

thus in Pliocene and Quaternary time two parallel volca-
nic belts stretched for more than 600 km along Kamchatka. 
on a larger scale these belts were part of echelon structure 
formed by two great volcanic belts: Kuril-Kamchatka and 
Kamchatka-olutor. Such structure, apparently reflected a 
process of the gradual extinction of the Kamchatka-olutor 
belt and prolongation of Kuril-Kamchatka belt to the north. 

Kronotski Terrain 

the eastern coast of the Kamchatka segment is com-
plicated by three small peninsulas: Shipunski, Kronotski 
and Kamchatski Mys. they are composed of a geological 
formation, which extends to the Komandorski block, but 
is lacking in other parts of Kamchatka (figure 1). this 
formation (named Kronotski) includes Paleocene-Eocene 
volcanic and sedimentary series, which consist mostly of 

Fig. 1Fig. 1

Fig. 2Fig. 2

Figure 1. Characteristics of the present-day Kamchatka structure 
[modified after Avdeiko et al., 2002]. 1) Active volcanoes; 2) Plio-
cene-Quaternary volcanic series; 3) oligocene-Miocene volcanic 
series; 4) Area of local exposures of post-Eocene intrusions and 
Miocene volcanic series; 5) Paleocene-Eocene “Kronotski Arc” 
formation (sedimentary / volcanic); 6) grechishkin suture.
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high-aluminous suprasubductional basalts, tuffites, and 
volcanic greywackes. As a result, three peninsulas and the 
Komandorski block are considered to be fragments of an 
ancient island arc, which is also referred to as Kronotski arc 
[Khubunaya, 1987]. Paleomagnetic studies indicate that in 
Middle Eocene time the active Kronotski arc was located at 
latitudes of about 40–50° [Bazhenov et al., 1991; Pecherski, 
Shapiro, 1996; Levashova et al., 2000]. However, if at that 
time the peninsulas were at the same position relative to 
Kamchatka as now, the corresponding paleolatitudes would 
be not less than 56°. Hence, in Eocene the Kronotski arc was 
located at least 500 km further south relative to Kamchatka 
and moved toward it later. 

the zone of Kronotski formation is separated from the 
rest of Kamchatka by a large suture “grechishkin thrust”. 
in present-day structure this is a thrust fault or a system 
of faults extending 120–180 km westward parallel to the 
Kamchatka trench and plunging to the west. Please note, 
that the shift of the grechishkin thrust relative to the modern 

trench is nearly the same as the distance between axes of 
two parallel Quaternary volcanic belts. the autochthonous 
western flank of the thrust is composed of folded Paleocene-
Miocene subrasubductional series of the Kronotski forma-
tion, which folding rapidly decreases eastward from the main 
fault. on the other hand, the allochthon of the grechishkin 
suture consists mostly of Early Paleogene tuffaceous cherts 
and terrigenous series including olistoliths and tectonic lens 
composed of jaspers and oceanic tholeiites. All these series 
are usually grouped together and commonly referred to as 
Vetlovski formation. it is characterized by the imbricated 
structure with the eastern vergency and could be interpreted 
as the ancient accretionary prism. the grechishkin thrust, 
as well as Vetlovski and Kronotski formations, are exposed 
intermittently along the entire length of the Kamchatka seg-
ment of the arc but are absent to the south from the Avacha 
zone and to the north from the Kamchatski Mys peninsula, 
where the last exposures of the Vetlovski formation are cut 
by shoreline about 30 km to the north from it. 

Figure 2. Cross-sections of the Kamchatka seismic zone. a) topography of Kamchatka region. dashed lines are par-
allel to the vector of the relative Pacific—Eurasia plate motion, as well as the arrow in left-bottom part of the figure. 
b) Projection of all Kamchatka earthquakes to the vertical plane orthogonal to the relative plate motion; c) Projection of 
the earthquakes to the vertical plane parallel to the relative plate motion. only earthquakes to the north of the Avacha 
fracture zone are represented in this figure; the topography on the cross-section C´-C´́  (with the factor 20) is shown by 
a solid line. the position of Avacha transverse fracture zone is indicated in fig. a, b by a grey rectangle and a double-
arrow respectively.
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Relatively Shallow Seismic Zone

the maximum depth of the seismicity steeply decreases 
on the vertical plane parallel to the vector of the Pacific—
Eurasia plate motion and corresponding to the Avacha trans-
verse fracture zone on the surface [Fedotov et al., 1985; 
Gorbatov et al.; 1997, Lander, 2000]. the belt of deep earth-
quakes with the depths 350–680 km continuously extends 
for more than 800 km along the Kuril and South Kamchatka 
arc until the Avacha transverse structure (figure 2b). further 
to the north, only three earthquakes were located in the 
depth interval of 400–450 km, all in the southern part of 
the Kamchatka segment within less than 100 km from its 
Avacha boundary. the depths of all other earthquakes of the 
Kamchatka segment do not exceed 350 km. Northward from 
the Avacha zone step, the maximum depth of the earthquakes 
continues to decrease, reaching about 120 km near the north-
ern edge of the slab in the area of Shiveluch Volcano. this 
suggests that the depth of the slab in the modern Kamchatka 
subduction zone is at least 300 km less as compared to the 
depth of the Kuril slab.

the depth of the earthquakes under the Eastern volcanic 
belt lies in the range of 90–160 km, which is typical of 
most active island arcs. But the relation of the oligocene-
Quaternary Central-Kamchatka volcanic belt to a well 
defined modern or to a hypothetical ancient seismic (sub-
duction) zone is less clear. it cannot be related to the mod-
ern Kamchatka seismic zone in its present-day geometry 
(figure 2c), because a small number (about 20) of the sub-
duction earthquakes projected vertically onto the area of 
the Central-Kamchatka belt are too deep (300–450 km) for 
the typical island arc volcanic region and occur only in a 
small south-eastern part of the belt. And vice versa, only 
small, rare shallow earthquakes occur in the main area of 
the Central-Kamchatka volcanic belt. the same type of 
shallow seismicity extends westward to the much broader 
areas of the okhotski Sea region and has no direct relation 
to subduction processes.

HyPotHESES

there are a number of approaches for the interpretation 
of each of the three features discussed above. According to 
Tatsumi et al., [1994], the origin of the second volcanic belt 
in the Kamchatka segment of the arc is related to abnor-
mally high temperatures of the suprasubduction mantle 
wedge in the vicinity of the edge of the sinking Pacific plate. 
Presumably it leads to the existence of two different levels of 
dehydration of the sinking slab and the melting of the mantle 
wedge, and as a result, to the appearance of two synchronous 
volcanic belts. Levin et al., [2001] are also suggesting the 

proximity of the edge of the slab, but it is based on another 
fact – the decreasing maximum depth of the earthquakes. 
using the data on the regional seismic anisotropy they argue 
the existence of a mantle flow passing around the northern 
edge of the Kamchatka which causes heating and erosion of 
the slab. [Gorbatov et al., 1997] give another interpretation 
of the small depth of the slab as a result of sinking of abnor-
mally warm Hawaiian trace into the Kamchatka subduction 
zone. 

All the above models are focusing on the description of 
one of peculiar features of the Kamchatka segment, but do 
not give a simple explanation for the entire data set. these 
models explain neither the very large difference (10–20 mil-
lion years) in the origin times of the two volcanic belts, nor 
the present-day cessation of the activity within the Central-
Kamchatka belt. the attempt to explain all the data was 
made by [Seliverstov, 1998]. By this model the oligocene-
Miocene Kamchatka subduction zone originated from the 
same trench but was at a significantly lower angle as com-
pared to the modern one. the smaller angle of subduction 
provided the larger distance from the trench to the related 
Central-Kamchatka volcanic belt. the model suggests that 
in the Pliocene the angle of subduction abruptly increased 
resulting in an eastward displacement of the volcanic activ-
ity. the sinking of a relatively cold and heavy section of the 
Pacific plate was suggested as a reason for a quick rotation 
of the slab. However, there is no independent evidence for 
the Pliocene rotation of the Kamchatka slab.

An essentially different explanation for the aforemen-
tioned features of the Kamchatka segment was suggested 
many years ago in [Legler, 1977; Avdeiko, 1971] and further 
developed in [Avdeiko et al., 2002]. this hypothesis argues 
for the existence of an ancient subduction zone about 150 km 
west of the modern one and plunging beneath Kamchatka as 
well. it suggests that the subduction within the ancient zone 
has decreased since Pliocene time as the result of collision 
with some terrains (present-day peninsulas) and formation 
of the modern subduction zone at the same time east of the 
colliding blocks. in this case two parallel volcanic belts can 
be products of two individual subduction zones with separate 
locations and times of activity, i.e. the Central-Kamchatka 
belt is the remnant of the ancient zone and the Eastern belt 
obviously corresponds to the modern one. 

When the 1970s papers were written, much data on the 
grechishkin suture, the Kronotski arc, and the geometry 
of the seismic zone were either unknown or not interpreted 
yet. So, this model can be expanded further to include an 
explanation of all the peculiar features of the Kamchatka 
segment described above. the use of new data allows model 
testing and more accurate estimation of the age of origin of 
the modern subduction zone.
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All data suggest that the collision of Kamchatka with 
the passive Kronotski arc moving along with the Pacific 
plate caused the Late Miocene—Pliocene jump of the sub-
duction zone. the Avacha transverse fracture zone is a 
southern boundary of the area of collision. further south 
the Kuril subduction zone has been stable at least since 
oligocene time. therefore the depths of the earthquakes 
there are close to the deepest for the entire Earth. in con-
trast, the Kamchatka segment of the subduction zone is a 
relatively new postcollisional Pliocene-Quaternary struc-
ture. the depth of the new zone is increasing with the 
sinking of the slab, but it is still far from a maximum. that 
is the reason for the absence of the deepest earthquakes 
in the Kamchatka segment. this provides an opportunity 
to estimate the time when the new subduction began and, 
therefore, the age of the collision. At present the ancient 
Kamchatska segment of the subduction zone is practically 
inactive. But its location can be reconstructed by the posi-
tions of the Central-Kamchatka volcanic belt, the line of 
crossing the surface (grechishkin thrust), and the parallel 
ancient accretionary prism (Vetlovski formation). As all 
these structures have nearly the same westward displace-
ment of 100–150 km relative to their present-day analogs, 
then the old subduction zone likely had a dip angle similar 
to the modern one.

tHE AgE of tHE ModErN KAMCHAtKA 
SuBduCtioN ZoNE

in the framework of the last hypothesis we have three 
independent groups of data for estimating the ages of the 
collision of the Kronotski arc with Kamchatka or for the 
onset of subduction of the new slab which are likely the same. 
furthermore, the consistency between independent estimates 
can be a good test on the reliability of the model.

Geological Estimates

the age of the youngest Low-Middle Eocene sediments, 
which are involved in the deformations related to the 
grechishkin thrust, provides the limit for the time of the 
beginning of collision. the other limit is defined by the age 
of Pliocene volcanic series of the Eastern belt horizontally 
overlying the grechishkin thrust in the Kronotski isthmus. 
the maximum age of this series was estimated to be about 
5 Ma [gladenkov, 1998]. that means that the age of the end 
of motion in the grechishkin thrust, and therefore of the 
Kronotski arc collision, is within an interval of 5–10 Ma. As 
the volcanic series overlie the thrust only in a local area, the 
upper limit strictly speaking can be used only for the nearest 
part of the arc, i.e. Kronotski peninsula.

Paleomagnetic Estimates

data on the Eocene Kronotski formation volcanic series 
show a big latitude difference of the arc relative to Kamchatka. 
using certain models for the plate motions in the northwestern 
Pacific we can try to choose a trajectory of the Kronotski arc 
fitting both the present-day position and the Eocene paleolati-
tudes of the arc, thus finding the time of collision.

Based on geological data the Kronotski arc was active 
between the Late Cretaceous and Paleogene and ceased its 
activity at the end of the Middle Eocene, approximately 38 
Ma. the age interval of Late Eocene—Middle Miocene 
is represented in the Kronotski Arc formation by the arc 
slope and shallow marine sedimentary series. the Pliocene-
Quaternary shallow marine and continental sedimentary 
series complete the cross-section of the formation, while the 
volcanic series of the Eastern belt are at the top in the west-
ern part of the Kronotski peninsula. thus the geological his-
tory of the Kronotski formation could be divided into three 
periods: active arc, passive arc, and “a part of Kamchatka”. 

for calculations the Kronotski arc is considered as part of 
one of the great plates with known kinematics (“reference 
plate”) for every of the three periods. the following reference 
plates have been analyzed in different combinations: North 
America or Pacific for the “active arc” period, the Pacific for 
the “passive arc” period, Eurasia or North America for the 
last period. Motion parameters after [Kraus, Scotese, 1993] 
for continental plates and [Engebretson et al., 1985] for the 
Pacific were used in the calculations. it is necessary to note 
that for the last 50 million years the Pacific was the only 
known plate that could ensure a quick north-west motion of 
the Kronotski arc. the time boundary between active and 
passive periods is fixed at 38 Ma from geological data (actu-
ally ±2 Ma). the last and the most significant free parameter 
for the model is the age of collision of the Kronotski arc with 
Kamchatka, i.e. the boundary between the second and third 
time periods. for every combination of reference plates we 
tried this parameter from the interval 0 to 45 Ma to choose 
the best fit for the data. A set of calculated models is shown 
in figure 3 as the trajectories in terms of latitude displace-
ment versus time. Any point of the trajectory shows the trial 
difference of the latitude of the Kronotski arc for the given 
age with respect to its present-day position.

the measured paleolatitudes of the Kronotski arc are known 
only for the first “active arc” interval of its history. to decrease 
the uncertainty of the model we selected the data for the latest 
series: Lutetian of the Kamchatski Mys peninsula (paleolati-
tude 47.0±6.4°) and Bartonian series of the Kronotski penin-
sula (paleolatitude 45.1±4.7°) [Levashova et al., 2000]. these 
measurements are shown in figure 3 by filled circles, and two 
rectangles of the 95% confidence regions. only the model 

Fig. 3Fig. 3
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parameters corresponding to the trajectories that are crossing 
both rectangles fit the data. the best fitting estimate for the 
time of the Kronotski Arc—Kamchatka collision is 4 Ma with 
a confidence interval of 0–12 Ma. there is no evidence for the 
delay of the collision for different parts of the arc based on 
paleomagnetic data from different sites.

Seismological Estimates 

the most accurate results could be obtained based on the 
relatively shallow depth of the Kamchatka seismic zone, which 
is accepted as the modern depth of the slab. We used the along-
dip extension of the slab for estimating the amount of time 
since the beginning of subduction. relative Neogene Pacific—
Eurasia plate motion parameters after [Kraus, Scotese, 1993; 
Engebretson et al., 1985] were used to calculate the time neces-
sary the slab to sink to its modern position. this time was taken 
as an estimate of the age of subduction zone as well as the age 
of the end of Kronotski Arc—Kamchatka collision. Attributing 

Kamchatka to the North-American plate instead of Eurasian 
doesn’t change the results.

the depth of the seismic zone is not constant along the 
Kamchatka segment of the arc. it decreases in the north direc-
tion. We accept that this segment could be divided in three 
smaller ones (approximately corresponding to three Kamchatka 
peninsulas) (figure 2b). the maximum depths of the slab for 
these subsegments and the corresponding along-dip extensions 
(numbers in brackets) were estimated as 450 (650) km for 
Shipunski segment, 350 (500) km for Kronotski segment, 150 
(250) km for Kamchatski Mys segment.

According to our model, the estimates of the age of the modern 
Kamchatka subduction zone are: 7 Ma for Shipunski segment, 5 
Ma for Kronotski segment, 2 Ma for Kamchatski Mys segment 
. this means that the process of collision could be stretched in 
time. different parts of the arc were joining Kamchatka at sig-
nificantly different times. only the Komandorski block is still 
moving towards it [Gordeev et al., 2001].

CoNCLuSioNS ANd gEodyNAMiC 
rECoNStruCtioNS

 three types of estimates—geological, paleomagnetic and 
seismological—have different accuracy and resolution, but 
are in a good mutual agreement. We may conclude that the 
collision of the Kronotski arc with Kamchatka began in the 
southern part of the Kamchatka segment in the time interval 
approximately 10–7 Ma. A new subduction zone was formed 
about 7 Ma and gradually expanded to the north during at 
least 5 million years. in the area of the Aleutian-Kamchatka 
juncture the new subduction seems to have started not earlier 
than 2 Ma. it is possible that the expansion of the zone is not 
completed yet. Both old and new shifted in space trenches 
existed during that time forming an echelon structure along 
the Kamchatka segment. it is likely that series of short trans-
form faults connected two trenches at different moments of 
that time interval (figures 4b and 4c), however no remnants 
of such faults remain in the modern structure. 

figure 4 shows the main stages of the interaction between 
Kronotski arc and Kamchatka, as well as the main epi-
sodes of transformation of the northern part of the Kuril-
Kamchatka arc in Late Miocene – Quaternary. the locations 
of Kamchatka and Kronotski arc are based on the plate 
motion parameters from [Kraus, Scotese, 1993; Engebretson 
et al., 1985]. these stages are summarized below.

(38–10 Ma): Since the oligocene, the Kuril-Kamchatka vol-
canic arc and the corresponding subduction zone extended to 
the north continuously from Kuril islands to Sredinny ridge 
of Kamchatka. “Vetlovski” accretionary prism was formed at 
the place of the present-day Vostochny ridge of Kamchatka. 
the trench was located at the line of the present-day peninsu-

Fig. 4Fig. 4

Figure 3. Age of the collision between Kronotski Arc and Kam-
chatka: paleomagnetic test. A set of the calculated models repre-
sented as trajectories in (time, Latitude displacement) coordinates. 
Parameters of every trajectory: the sequence of three “reference 
plates” and the age of collision (marked at the trajectory). Any point 
of the trajectory shows the latitude difference of the Kronotski 
arc for a given age with respect to its present-day position. Every 
trajectory consists of three segments (three intervals of the arc his-
tory): right—trajectory of active arc moving with North American 
(solid line) or Pacific (dashed line) plates; central—trajectory of 
passive arc (part of Pacific plate), left—motion of the arc as a part 
of Kamchatka (part of Eurasia or North America—no significant 
difference). the time of collision corresponds to the bend between 
central and left segments of the trajectory and marked by broken 
arrow. the paleomagnetic data for both sites of the Kronotski for-
mation are shown by filled circles, and two rectangles – represent 
the 95% confidence regions. Model parameters corresponding to 
the trajectories that are crossing both rectangles fit the data.
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las. the northern end of the arc is questionable, but most likely 
it extended to the present-day South Koryakia. 

38 Ma ago the Kronotski volcanic arc located nearly 2500 
km to the south-east from Kamchatka stopped its activity, 
became a passive part of the Pacific plate and began to move 
along with it to the north-west. the passive Kronotski arc 
consisted of the blocks which later became Kamchatka pen-
insulas and Komandorski islands.

(10–7 Ma): the western end of the Kronotski terrain, i.e. 
Shipunski block collided with Kamchatka. the correspond-
ing segment of the old trench closed and the southern part of 
the grechishkin thrust formed at its place. A new trench and 
subduction zone formed to the east of the Shipunski block as 
a continuation of the Kuril—South Kamchatka arc. 

(5 Ma): Collision of the Kronotski block with Kamchatka 
occured. A new trench and subduction zone are extended to 
the north-east as well as the greshishkin thrust. Volcanism 
began in the southern part of the Eastern Volcanic Belt of 
Kamchatka. 

(2–0.5 Ma): Kamchatski Mys block joined Kamchatka 
and the modern structure of the arc shaped. the old trench 
completely disappeared being replaced by the grechishkin 
suture. the Central-Kamchatka volcanic belt is gradually 
ceased its activity. All sections of the modern Eastern vol-
canic belt became active.
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Three Dimensional Images of the 
Kamchatka-Pacific Plate Cusp

Jonathan M. Lees1, John VanDecar2, Evgenii Gordeev3, Alexei Ozerov3, 
Mark Brandon4, Jeff Park4, Vadim Levin5

First arrivals of seismic waves were recorded along the Kamchatka arc using 
broadband seismic stations deployed for one year in 1998–1999. Cross correlation 
methods were used from a high resolution data set for tomographic inversion of 
body waves. The P‑wave teleseismic tomography shows evidence of slab shoaling 
along the northern terminus of the Kamchatka subduction zone. Tomographic 
anomalies corroborate trends in seismicity, geochemistry, heat flow, shear wave 
splitting, and surface wave inversions. Thermal ablation via contact with asthe‑
nosphere, under the proper conditions, is offered as a possible explanation of the 
observed shoaling of the Kamchatka slab edge.

InTrODuCTIOn

The Aleutian‑Kamchatka corner is a trench‑transform 
junction that forms a cusp on the boundary between the 
Pacific and north American plates. unique to this junction 
is Earth’s most extreme example of exposure of an arc cusp 
where the side‑edge of a subducting plate is heated by man‑
tle flow. In this paper we present results from a tomographic 
study using teleseismic arrivals at an array of seismic sta‑
tions deployed temporarily in Kamchatka during 1998–1999. 
Evidence for this fact is manifest: seismicity shallows to the 
north [Gorbatov et al., 1997], teleseismic tomography shows 
a deepening of high velocity dipping to the southwest [Lees, 
2000], high heat flow in the Komandorsky Basin [Baranov 

et al., 1991], and shear wave splitting indicates trench‑paral‑
lel sub‑slab orientations along the Kamchatka Arc changing 
to nW trending orientation north of the Aleutian‑Kamchatka 
Junction [Peyton et al., 2001]. Yogodzinski et al. (2001) used 
the idea of a torn slab and exposed oceanic lithosphere 
to further explain the presence of calc‑alkaline volcanics 
[Defant and Drummond, 1990; Defant and Kepzhinskas, 
2001; Hochstaedter et al., 1994] just north of the junction, 
providing a new model for the presence of Adakites found 
in the central and western Aleutians. Detailed descriptions 
of Kamchatka tectonics can be found in numerous publica‑
tions and will not be repeated here [Gaedicke et al., 2000; 
Geist and Scholl, 1994; Nokleberg et al., 2001; Park et al., 
2002; Seliverstov, 1998].

The question of how the exposed edge of a torn slab inter‑
acts with the surrounding mantle has profound worldwide 
implications for geochemistry of mantle asthenosphere and 
eruptive magmas and geodynamics of flow in the upper 
mantle. There is evidence that tears of the kind observed in 
Kamchatka are ubiquitous in the Pacific rim. Kirby et al. 
[1996] noted pointedly in their seminal paper on subduction 
zone seismicity and thermal models that arc cusps around 
the western Pacific all have shoaling seismic zones towards 
the cusps. If exposed slab is constantly ablating and being 
absorbed in the upper mantle we will have to reevaluate 
our notions on the chemical makeup of the upper mantle 
[Lees, 2000; Yogodzinski et al., 2001]. Fluid flow models of 
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the upper mantle and models of corner flow will have to be 
adjusted significantly if stresses associated with tear model 
flow are correct.

At nearly every cusp around the Pacific rim there is an 
observed shoaling of seismicity cusp‑ward from the deep 
subducted plates [Kirby et al., 1996]. Shoaling seismicity is 
especially pronounced at the Kamchatka‑Aleutian junction 
where the Kamchatka arc terminates against the Bering 
Fault of the western Aleutians. While in some localities the 
shoaling seismicity may be attributed to the youth of the 
subducting lithosphere, in Kamchatka the Cretaceous age 
of the lithosphere precludes this interpretation. rather, the 
old subducting lithosphere requires a completely different 
interpretation to explain the absence of seismicity in the 
Kamchatka‑Aleutian cusp. 

THE EDGE OF A PLATE

The main point of this paper is to present results of three 
dimensional imaging of the Kamchatka plate as it subducts 
in the western Pacific. The images were derived via tomo‑
graphic inversion of P‑wave arrivals from teleseismic body 
waves and show a clear edge of the northern extent of the 
subducting Pacific plate, confirming earlier results which 
included analysis of slab events and global surface wave 
inversion. The P‑wave arrivals recorded at 15 broadband sta‑
tions deployed in 1998–1999, however, offer the best chance 
so far of imaging the deep part of the slab with clarity and 
fidelity. 

Earthquakes in the subducting Kamchatka slab extend 
from the surface where the Pacific plate collides with Eurasia 
down to 600 km depth. Events form a clear Wadati‑Benioff 
zone that dips consistently at about 50 degrees to the west. 
By plotting events in cross section one can determine a 
general trend and contour the top of seismicity to be used 
as a proxy for the extent of the slab in the mantle. Contours 
of seismicity appear to shoal towards the north where the 
Aleutian arc terminates at the Kamchatka Peninsula. At the 
apex of the seismicity the gradient of dip shallows in the 
vicinity of the Kliuchevskoi group of volcanoes. The lack 
of deep seismicity in the northern part of the subduction 
zone is a strong indication that subduction is absent in this 
region. The overall shape of the slab in Kamchatka, based on 
seismicity alone, appears to be tongue‑like, with the deepest 
events occurring near the center of the Kamchatka‑Kurile arc 
and shoaling north and south towards the ends.

Tomography

Earlier tomographic inversions of structure in Kamchatka 
consist of P‑wave tomography using the large world wide 

catalogues suggest that there is no slab extending north 
of the northern terminus of seismicity as discussed above 
[Gorbatov et al., 1999; Gorbatov et al., 2000]. These inver‑
sions use a combined data set of arrival times extracted from 
regional arrays of the Geophysical Survey of russia and 
travel time arrivals from global (ISC, nEIC) data bases. The 
presence of considerable noise in these data can be problem‑
atic for tomographic inversion. The inversion presented in 
our analysis is obtained independently from the global data‑
set, and provides much needed waveform information from 
the isthmus region of Kamchatka north of the Kamchatka‑
Aleutian Cusp (KAC). Our results solidify and extend the 
earlier tomography results and provide details. A study using 
surface waves (S‑wave velocities) [Levin et al., 2002] shows 
a termination of the slab in KAC region, in agreement with 
the P‑wave analysis presented here. Furthermore, Levin et 
al. [2002] speculate that the absence of high velocity S‑wave 
anomalies north of KAC is evidence for catastrophic slab loss 
in the subduction zone. The P‑wave results presented below 
also show no evidence of remnant slab fragments north of 
the subduction zone.

Heat Flow

Oceanic heat flow in the Kamchatka region is governed 
primarily by the thickness of the Pacific Plate and local 
extension in the Komandorsky basin [Smirnov and Sugrobov, 
1982]. The Komandorsky basin, north of the Bering Islands, 
is the locus of relatively recent spreading (~5M years) which 
points to an upper mantle heat source north of the Bering 
fault. Anomalous heat flow is also observed above the Meiji 
Sea Mounts, east of Kamchatka and south of the Bering 
Islands.

Modeling of the thermal regime of the slab, based solely on 
conduction, as it thrusts into the mantle shows that internal 
geotherms follow seismicity contours in the upper most part 
(<100 km) of the slab where the slab appears to bend to the 
northwest [Davaille and Lees, 2004]. Below 100 km depth 
thermal conduction alone cannot account for the reduction 
of observed seismicity and additional ablation, perhaps from 
small scale convection associated with the remnant Meiji 
Seamounts may account for the drastic reduction of seis‑
micity and the curve of apparent termination of hypocenter 
trends to the south. 

Shear Wave Splitting

Shear wave splitting using SKS seismic waves arriving 
in Kamchatka revealed evidence for trench parallel orienta‑
tion of fast directions. This was interpreted as evidence for 
preferred orientation of olivine crystals deformed to align 
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along the direction of mantle flow as material deforms dur‑
ing slab roll back. Laboratory modeling [Buttles and Olson, 
1998], aimed at simulating the effect of slab roll back on 
shear wave splitting in the mantle, confirms observations of 
trench parallel polarizations in numerous subduction zones 
around the Pacific rim [Russo and Silver, 1994], including 
Kamchatka [Peyton et al., 2001]. recent new observations 
of source side anisotropy supports this view and provides 
definitive evidence for placing the locus of the shear wave 
splitting below the slab 100–400 km depth [Russo and Lees, 
2005]. Evidence for flow beyond the northern terminus of 
slab as imaged here is much more sparse but the few points 
imaged by Peyton et al. [2001] seem to agree, more or less, 
with the idea that there is a component of flow around the 
edge of the slab in the north. Local S‑wave splitting in the 
mantle wedge indicated that the fast polarization rotates 
around near the cusp, suggesting mantle f low distortion 
above the slab near its edge [Levin et al., 2004]. While the 
P‑wave velocity perturbation images presented in this paper 
do not show specific evidence of this around the edge flow, 
the lack of significant high velocity anomalies in the north 
corroborates the notion that warm material is flowing around 
the Kamchatka slab to the north. 

Geochemistry

The geochemistry of the volcanic rocks in the northern 
region of the Kamchatka Arc exhibits a unique pattern that 
supports the termination model of the Pacific plate in the 
vicinity of the Kliuchevskoi group of volcanoes [Portnyagin 
et al., 2005; Yogodzinski et al., 2001]. Strong, lateral zonation 
of older, oceanic‑type, volcanic centers in the north versus 
younger, arc‑type, active volcanoes in the south indicates an 
abrupt change in tectonics bounding the KAC [Portnyagin 
et al., 2005]. A more detailed, fine line demarcation is sug‑
gested by models of Yogodzinski et al. [2001] where the 
presence of adakitic volcanics are found north of the junction 
of Kliuchevskoi‑Sheveluch axis, but not to the south. The 
model suggests that slab melts are derived from ablated slab 
as the Pacific plate plunges into the mantle: the exposed edge 
provides a source for slab to contaminate rising melts and 
significantly modify the erupted magmas. 

InSTruMEnTATIOn AnD ArrAY DESCrIPTIOn

The seismic experiment was designed to span the extent 
of Kamchatka targeting the intersection of the Aleutian‑
Kamchatka junction. The installation included 15 broadband 
PASSCAL instruments equipped with Guralp CMG3T sen‑
sors (120 s period) deployed for a period of one year. The 
full complement of seismic stations was active and recording 

reliably for a period of about 9 months. Details of the instal‑
lation can be found in earlier publications [Lees et al., 2000; 
Peyton et al., 2001]. A map of the seismic station locations 
is provided in Figure 1 where the names of stations are 
indicated for reference. 107 teleseismic and regional events 
with more than 10 stations recording were recorded during 
the time period of the deployment and the source locations 
for events at angular distances less than 100 degrees are 
presented in Figure 2 (one event with core‑phase arrivals was 
also used in the analysis). There is reasonably good coverage 
of events except for gaps in the south east.

An example of a particularly good seismic record is illus‑
trated in Figure 3. This M6.5 event was recorded on April 
8, 13:10 GMT and registered a focal depth of 565 km. The 
waveforms have been re‑aligned so that the predicted first 
arrival is the same for all. The predicted first arrivals are 

Fig. 1Fig. 1

Fig. 2Fig. 2

Fig. 3Fig. 3

Figure 1. Map of the Kamchatka‑Aleutian region. Showing station 
locations of the SEKS (Side Edge of Kamchatka Slab) array (red) 
and permanent GSn stations (MA2, PET) in the region. Stations 
KGB, KrO, ZuP, PET and PZT are located along the volcanic arc. 
Station BnG was located on Bering Island. The central Kamchatka 
depression is located between the Sredeny range and coastal volca‑
nic arc. The Kliuchevskoi volcanic complex is situated in the cen‑
tral Kamchatka depression offset to the northwest from the line of 
arc volcanoes to the south. The plate boundary between the Pacific 
and Eurasian Plates is presented as a thick reddish line. Contours 
along topographic highs in the ocean southeast of station KrO 
are the oceanic Meiji Seamounts. Magnetic anomaly lineations in 
the Komandorsky Basin are shown where seafloor spreading has 
occurred in the last 5 My [Moore et al., 1992].



68     KAMCHATKA CuSP TOMOGrAPHY, 2006

calculated from a one‑dimensional spherically symmetric 
layered model. The fact that some arrivals come in late and 
others early indicated that the 1‑D model does not adequately 
explain the travel times and a three‑dimensional model 
is required to account for the discrepancy. The difference 
between the predicted and observed arrival at each station is 
called the residual and is used in the tomographic inversions 
presented in this paper. One especially intriguing observa‑
tion from this seismic record is the later arrival of the high 
frequency signals at stations KrO and KGB. 

While the analysis of dispersive waves is beyond the scope 
of this paper, the delay of high frequency waves from this 
event may be caused by internal structure in the slab that 
causes waveguide dispersion [Abers, 2000]. We note that 
in the example shown in Figure 3 stations PET and ZuP do 
not show appreciable evidence of this observation. We have 

searched for further evidence of waveguides propagating 
up the slab, in numerous events recorded on the broadband 
array, but we have not been able to identify this phenom‑
enon independently. It may be that the waveguide modes 
are excited only in specific circumstances when the slab 
geometry, source radiation and receiver array are oriented 
appropriately. Path effects and shallow heterogeneity in 
the vicinity of the KAC may also play a roll in producing a 
dispersive wave.

TOMOGrAPHIC MODELInG

To derive a three dimensional model of the deep structure 
below Kamchatka we extracted teleseismic events from the 
continuous recording and determined P‑wave arrival times 
at first by manual picking and later these were refined by 

Figure 2. Equal‑area projection of the world with Kamchatka at the center. SEKS array is represented as small triangles 
on the Kamchatka Peninsula. Small circles are earthquake hypocenters for events recorded in 1998–1999 by the SEKS 
array in Kamchatka. Of 107 events identified, 102 were used in the tomographic inversion. Events with distance less 
than 30° were excluded except for the notable event marked CHInA64 which occurred on April 8, 1999 at 1:10 GMT. 
This event was located at 565 km depth.
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cross correlation [VanDecar and Crosson, 1990]. The cross 
correlation method reduces biases associated with human 
picking and provides very precise estimates of arrival times 
used in the inversion. The final data set included 102 events 
with at least 6 well recorded first arrivals (with most events 
recorded by 12 or more stations), providing 1161 total ray‑
paths. relative arrival times were derived using cross‑cor‑
relation and residual travel times were then inverted for 
P‑wave velocity variations in the subduction zone. A plot 
of the distribution of events from the global catalogue is 
presented in Figure 2. The azimuthal coverage is reasonable 
although notable gaps exist. 

At each station residuals are determined by estimating the 
predicted versus observed arrival times. These are presented 
graphically via residual spheres, Figure 4. Arrivals coming 
up the slab from the south‑west at stations KGB, KrO, and 
ZuP, show a clear negative trend, indicating the presence of 
the strong, high velocity of the subducting slab. note that at 
station KGB several arrivals from the north east show the 
opposite trend. By contrast, arrivals in the northern stations 

(TKI, OSO, PAn, TIG, and uKH) are either mixed or tend to 
have positive anomalies. This pattern strongly suggests that 
structure in the northern part of Kamchatka is significantly 
different from that in the south. The first cut interpretation of 
the residual plots, prior to tomographic analysis, shows that 
P‑wave arrivals recorded during this experiment strongly 
suggest that the edge of the slab resides near the boundary 
between station KGB and TuM. These travel time residuals 
comprise the basic data that are used in the tomographic 
inversion, described next.

Our tomographic models are derived by inverting the 
relative arrival times for smooth 3D perturbations in the 
seismic velocity beneath the array. The Earth’s interior 
was parameterized (Figure 5) at 90576 nodes: 37 in the 
radial direction, 48 in latitude and 51 in longitude, with the 
velocity (in practice, slowness or 1/velocity) between nodes 
constrained by splines under tension. raypaths were deter‑
mined via a shooting method that traces rays from distant 
events that arrive teleseismically in Kamchatka. Within the 
region near Kamchatka where the model is perturbed, rays 

Fig. 4Fig. 4
Fig. 5Fig. 5

Figure 3. Seismic record of the M6.4 China Event, April 8, 1999 at 1:10 GMT. Signals are arranged from first arrival 
(PZT, south, top) to north (TKI). The traces have been shifted so the predicted arrival times at each station are aligned. 
note that station BnG exhibits a late arrival. 
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bend according to the 3D models; outside this region, the 
rays follow a radially symmetric 1D Earth model (IASP91 
[Kennett and Engdahl, 1991]). Once raypaths and residu‑
als are determined, a matrix is inverted and perturbations 
from the 1D model are plotted showing the 3D variations in 
velocity required to explain the residual travel times. Apriori 
smoothness constraints are invoked by requiring first and 
second spatial derivatives to be small, which reduces large 
fluctuations when noise is present. Each inversion involves 
thousands of iterations and >95% residual reduction is typi‑
cally achieved. Linear and non‑linear inversions are explored 
as well as resolution tests using synthetic models. We con‑
fidence in our model results and details of our inversion 
procedure can be found in VanDecar et al. [2003]. 

The tomographic inversion (Plates 1–3) is presented as a 
series of horizontal, vertical and rendered representations of 
the full three‑dimensional perturbation model. The first order 
interpretation shows a clear signature of the subducting slab as 

a high velocity anomaly inclined at approximately 50 degrees 
plunging to the north‑west in agreement with the seismicity. 
noteworthy is the apparent slab shoaling towards the north‑
ern terminus of the subduction zone in Kamchatka where the 
Aleutian Islands intersect with the Kamchatka Arc. This is 
seen as varying anomalies trending from north to south in the 
descending horizontal slices (Plate 1), as well as in differences 
in the presence of high velocities (blue) in vertical slices X ver‑
sus Z (Plate 2). Since the tomographic model is derived from 
teleseismic arrivals it is not biased by local data (seismicity) in 
the subducting slab. The fact that the seismicity shallows in the 
same way that the tomographic model shoals corroborates the 
assertion that the slab varies considerably as it approaches its 
northern terminus. Either the slab has heated up to the extent 
that it can no longer sustain the stresses required for seismic‑
ity, or it simply does not exist. These results corroborate and 
are independent of surface wave studies that image S‑wave 
propagation in Kamchatka [Levin et al., 2002].

Plates 1-3Plates 1-3

Figure 4. residual spheres for the data arriving at SEKS stations in 1998–1999. Each sphere represents an equal area pro‑
jection of incoming rays at each station. Points are plotted at the back azimuth and incident angle of each datum. Darker 
X‑marks and lighter +‑marks are positive and negative residuals respectively. Marks are scaled by size in seconds.
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Plate 1. Horizontal slices through the tomographic model. Slices are taken 
at depths 150–750 showing perturbations of the velocity to the background, 
one-dimensional velocity model. Color scales range from blue (fast) to red 
(slow) marking perturbations in the velocity inversion. All colored regions 
are darkened to black where ray coverage get sparse. Loci for vertical cross 
sections presented in Plate 2 (X,Y,Z) are shown for reference. Points of inter-
est discussed in the text are marked with letters (I-M).
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Plate 2. Vertical cross sectional slices through the tomographic 
model. Map orientation of the cross sections is shown in Plate 1.

Plate 3. Tomographic image of the Kamchatka Subduction zone 
rendered in three-dimensions. The cut-off perturbation level is 3% 
with blue regions being high velocity and red lower velocity pertur-
bations. The slab is a clear high velocity zone approximately 100 
km thick plunging into the upper mantle at an angle of ~50°. The 
green plane represents the top of the subduction zone seismicity, 
contoured and rendered along with the tomographic images. Gold 
cones are active volcanoes along the Kamchatka arc and white 
squares are stations included for reference to the map in Figure 1. 
The bars represent length scales of 100 km. Points of interest dis-
cussed in the text are marked with letters (I–M).
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We describe the inversion results by high‑lighting impor‑
tant anomalies from the deepest parts of the model to the 
surface (Plates 1–3). (Please see the “Animated view of the 
tomographic inversion of Kamchatka subduction zone” on 
the CDrOM accompanying this volume.) At 750 km depth 
the slab is not evident, but a broadened high velocity can be 
seen (labeled I) northwest of Kamchatka on the western side 
of the Sea of Okhotsk. This anomaly merges with the slab 
at around 600 km depth beneath the sea of Okhotsk. Low 
velocity perturbations can be seen below station KrO at this 
depth (labeled J). At 450 km depth the slab is perceived as a 
high velocity perturbation and a low velocity lineation can be 
seen in a triangle formed by stations BEr, KrO and KGB 
(labeled L). Another low velocity anomaly is observed north of 
stations PAn and OSO in the northern section of Kamchatka 
(labeled K). The subducting slab is best observed at depths 
300–150 km. At these depths (especially 300 km depth) there 
is a noticeable signature of low velocity between BEr and 
KGB (labeled M) where we anticipate mantle flow around the 
northern terminus of the slab as suggested by analyses of shear 
wave splitting based on teleseismic S‑wave studies. 

resolution analyses of this inversion show that the hori‑
zontal resolving power is greater than vertical resolution 
for teleseismic tomography. In the Kamchatka inversion we 
suggest that the resolution is on the order of 100 km near the 
center of the model (300 km depth) where the interpretations 
are most important. near the edges of the model, data cover‑
age is poor and smearing and instability prevents us from 
providing a detailed interpretation. 

The shoaling and diminishment of the Kamchatka slab 
northward appears to corroborate the hypothesis put forward 
by Yogodzinski et al. [2001], namely, that there exists a sig‑
nificant tear in the slab between the western Aleutians and 
northern extent of the Kamchatka Arc. Further elaboration 
of this model is presented via imaging by Levin et al. [2005] 
along the Aleutians. It may be that all slabs exhibit some 
form of ablation at their edges where cusps are formed on 
oceanic plates. Kirby et al. [1996] show seismicity around the 
Pacific rim in cross section and notes that at each cusp there 
is pronounced shoaling towards the point where arcs change 
direction. As a second, detailed example of this phenomenon, 
a cross section of seismicity at the Kurile‑Japan Trench 
below Hokkaido shows a similar trend (see illustration in this 
monograph on seismicity along the Japan‑Kurile‑Kamchatka 
subduction zones). There the shoaling does not trend towards 
the surface as in northern Kamchatka but rather stops much 
deeper in the subduction zone. We interpret this as a breach 
in the slab, although in this case the breach terminates at 
depth and slab ablation may not have a geochemical signa‑
ture as observed in Kamchatka. A simple search around the 
Pacific rim at other cusps (Central American Cocos plate, 

Taiwan Pacific plate) confirms the observation that slabs 
shoal near cusps as suggested in a rough way by Kirby et 
al. [1996]

The absence of high velocity slab in the northern corner of 
the Kamchatka subduction zone suggests that the slab is either 
heated to the extent that seismic anomalies are considerably 
reduced in this region or that the slab simply does not extend 
into this part of the upper mantle (does not exist). If the slab does 
not extend into the mantle below the KAC, then a large portion 
of the slab must have been ablated (or foundered?) during the 
subduction process. Considering the large number of slab edges 
across the globe, this implies that the mantle is contaminated 
with slab material, at least near the edges where subduction 
shoals and volcanism terminates. Furthermore, the slab window 
provides a conduit for upper mantle material to flow through 
the breach, which explains the patterns of shear wave splitting 
observed in Kamchatka. This may also provide an explanation 
for the westward shift of the Kliuchevskoi group of volcanoes 
in the northern terminus: flow around the edge deforms the 
slab at the northern edge, ablates it and produces the westward 
warp and uplift. Other mechanisms have been proposed by 
Park et al. [2002].

The subduction of the aseismic Meiji seamounts represents 
a slight twist in this simple model of slab ablation and mantle 

Figure 5. 3‑D perspective showing the model parameterization. 
At the crossing point of each line, the perturbations from the 1‑D 
background model are constrained by splines under tension, with 
the velocity model calculated to reduce the travel time residuals 
and fit the data to observations. There are 37 spline knots in the 
radial direction, 48 in latitude and 51 in longitude. There are a total 
number of 90576 nodes in the model.
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flow. Davaille and Lees [2004] suggested that side ablation 
via conduction alone could not completely explain the shape 
of the seismicity shoaling trends in northern Kamchatka. 
They suggested that the presence of the Meiji seamounts, 
remnants of the Hawaiian plume deformation of the Pacific 
plate, provides accelerated ablation that can account for the 
missing slab in the north. The model is based on small scale 
convection cells forming at the base of the lithosphere and 
carried into the subduction where they are more prone to 
erosion. This model, of course, cannot explain the pervasive 
observation around the Pacific rim on shoaling of seismicity 
towards cusps in general. It is useful to keep in mind that the 
subduction of the Meiji seamounts may contribute to the ero‑
sion of the plate and provides an acceleration of the process 
of terminating the plate to the north. 

While subduction was apparently active in the isthmus 
region of the Kamchatka Peninsula in the last 10 My we see 
no convincing evidence of high velocity P‑wave anomalies 
associated with remnant slabs in this region. This observation 
has been used to suggest that catastrophic failure occurred 
where slab remnants broke away and descended into the 
deep mantle [Levin et al., 2002]. Slab foundering provides a 
possible mechanism [Davies and von Blanckenburg, 1995] to 
explain upwelling thermal plumes below the Komandorsky 
Basin which create associated heat flow anomalies [Smirnov 
and Sugrobov, 1982] and volcanic geochemistry variations 
[Portnyagin et al., 2005]. An alternative is that a slab win‑
dow opened and evolved as the Kamchatka‑Aleutian junction 
migrated northward over time allowing thermal intrusions 
in the isthmus and Komandorsky regions [Dickinson and 
Snyder, 1979]. We suggest that observations related in this 
paper, especially the shoaling geometry of the slab, is com‑
mon to other cusps along the Pacific rim and general expla‑
nations will have to be found that apply to all these localities 
to explain the phenomena. Kamchatka Peninsula is one 
place where a large, land based, regional array can be used 
to examine the subduction zone seismically. In the future, 
ocean bottom seismic arrays may be used to image the region 
between the Kamchatka subduction zone and Aleutian sub‑
duction [Levin et al., 2005]. These studies might then settle 
the question of how the Kamchatka‑Aleutian slab window 
formed and evolved to its present state.

COnCLuSIOnS

We conclude that teleseismic P‑wave tomography clearly 
shows the presence of cold subducting Pacific plate slab in 
southern Kamchatka and an equally discernible absence of 
slab material subducting north of the termination of volcanism 
along the Kamchatka Arc. The termination of the slab to the 
north implies that the slab edge is exposed to the north and 

mantle material can flow around the edge freely. The motion 
of slab material around the edge of the slab causes further abla‑
tion of the slab that contaminates volcanics at the most north‑
ern active volcanoes in Kamchatka (Sheveluch) and provides 
an explanation for the characteristic shoaling of seismicity to 
the north. A low velocity anomaly beneath the region where 
Bering Island resides may be evidence for flow around the 
northern terminus of the Kamchatka subduction zone.

rEFErEnCES

Abers, G.A., Hydrated subducted crust at 100–250 km depth, Earth 
Planetary Science Letters, 176, 323–330, 2000.

Baranov, B.V., n.I. Seliverstov, A.V. Murav’ev, and E.L. uzurov, 
Commander Basin: back‑transform spreading, Tectonophysics, 
199, 237–269, 1991.

Buttles, J., and P. Olson, A laboratory model of subduction zone 
anisotropy, Earth Planet. Sci. Lett., 164, 245–262, 1998.

Davaille, A., and J.M. Lees, Thermal modeling of subducted plates: 
tear and hot spot at the Kamchatka corner, Earth Planet. Sci. 
Letts., 226 (3–4), 293‑304DOI:10.1016/j.epsl.2004.07.024, 2004.

Davies, J.H., and F. von Blanckenburg, Slab breakoff; a model 
of lithosphere detachment and its test in the magmatism and 
deformation of collisional orogens, Earth Planet. Sci. Letts., 129 
(1‑4), 85–102, 1995.

Defant, M.J., and M.S. Drummond, Derivation of some modern 
arc magmas by melting of young subducted lithosphere, Nature, 
347, 662–665, 1990.

Defant, M.J., and P. Kepzhinskas, Evidence suggests slab melting 
in arc magmas, Eos (Trans. AGU), 82 (6), 65–69, 2001.

Dickinson, W.r., and W.S. Snyder, Geometry of triple junctions related 
to San Andreas transform, J. Geophys. Res., 84, 561–572, 1979.

Gaedicke, C., B. Baranov, n. Seliverstov, A. Alexeiev, n. Tsukanov, 
and r. Freitag, Structure of an active arc‑continent collision 
area: The Aleutian‑Kamchatka junction, Tectonophys., 325, 
63–85, 2000.

Geist, E.L., and D.W. Scholl, Large‑scale deformation related to 
the collision of the Aleutian arc with Kamchatka, Tectonics, 13 
(2), 538–560, 1994.

Gorbatov, A., J. Dominguez, G. Suarez, V. Kostaglodov, D. Zhao, 
and E. Gordeev, Tomographic imaging of P wave velocity 
structure beneath Kamchatka Peninsula, Geophys. J. Int., 137, 
269–279, 1999.

Gorbatov, A., V. Kostoglodov, S. Gerardo, and E. Gordeev, Seis‑
micity and structure of the Kamchatka subduction zone, J. 
Geophys. Res., 102, 17883–17898, 1997.

Gorbatov, A., A. Widiyantoro, Y. Fukao, and E. Gordeev, Signature 
of remnant slabs in the north Pacific from P‑wave tomography, 
Geophys. J. Int., 142, 27–36, 2000.

Hochstaedter, A.G., P.K. Kepezhinskas, M.J. Defant, M.S. Drum‑
mond, and H. Bellon, On the tectonic significance of arc volca‑
nism in northern Kamchatka, J. Geol., 102, 639–654, 1994.

Kennett, B.L.n., and E.r. Engdahl, Travel times for global earth‑
quake location and phase identification, Geophys. J. Int., 105, 
429–465, 1991.



LEES ET AL.    75

Kirby, S.H., E.r. Engdahl, and r.P. Denlinger, Intermediate‑depth 
intraslab earthquakes and arc volcanism as physical expressions 
of crustal and uppermost mantle metamorphism in subducting 
slabs, in Subduction top to bottom, edited by G.E. Bebout, D.W. 
Scholl, S.H. Kirby, and J.P. Platt, pp. 195–214, 1996.

Lees, J.M., Implications of slab tear on geodynamics, seismol‑
ogy and volcano geochemistry, in Eos (Trans. AGU), pp. 1080, 
2000.

Lees, J.M., M. Brandon, J. Park, V. Levin, A. Ozerov, and E. Gor‑
deev, Kamchatka: Edge of the Plate, Iris News Letter, 2000 (1), 
17–19, 2000.

Levin, V., D. Droznin, J. Park, and E. Gordeev, Mantle wedge 
anisotropy beneath southeastern Kamchatka from local‑S bire‑
fringence, Geophys J. Int., 158, 1009–1023, 2004.

Levin, V., n. Shapiro, J. Park, and M. ritzwoller, Seismic evidence 
for catastrophic slab loss beneath Kamchatka, Nature, 418, 
763–767, 2002.

Levin, V., n. Shapiro, J. Park, and M. ritzwoller, Slab Portal beneath 
the western Aleutians, Geology, 33 (4), 253–256, 2005.

Moore, G.W., n.A. Bogdanov, K.J. Drummond, X. Golovchenko, 
r.L. Larson, W.C. Pitman, III, W.A. rinehart, L. Siebert, T. 
Simkin, S.M. Tilman, and S. uyeda, Plate‑tectonic map of the 
Circum‑Pacific region, Arctic Sheet, in Circum-Pacific Map 
Series, pp. 20, united States Geological Survey, 1992.

nokleberg, W.J., L.M. Parfenov, J.W.H. Monger, I.O. norton, A.I. 
Khanchuk, D.B. Stone, C.r. Scotese, D.W. Scholl, and K. Fujita, 
Phanerozoic Tectonic Evolution of the Circum-North Pacific, 
122 pp., 2001.

Park, J., V. Levin, M.T. Brandon, J.M. Lees, V. Peyton, E. Gordeev, 
and A. Ozerov, A dangling slab, amplified arc volcanism, mantle 
flow and seismic anisotropy near the Kamchatka plate corner, 
in Plate Boundary Zones, edited by S. Stein and J. Freymueller, 
pp. 295–324, AGu, Washington DC, 2002.

Peyton, V., V. Levin, J. Park, M. Brandon, J. Lees, E. Gordeev, and 
A. Ozerov, Mantle Flow at a Slab Edge: Seismic Anisotropy in the 
Kamchatka region, Geophys. Res. Lett., 28 (2), 379–382, 2001.

Portnyagin, M., K. Hoernle, G. Avdeiko, F. Hauff, r. Werner, I. 
Bindeman, V. uspensky, and D. Garbe‑Schönberg, Transition 
from arc to oceanic magmatism at the Kamchatka‑Aleutian junc‑
tion, Geology, 33 (1), 25‑28DOI:10.1130/G20853.1, 2005.

russo, r.M., and J.M. Lees, Seismic Anisotropy beneath Pacific 
Ocean Lithosphere Subducted at Kamchatka, submitted to Jour‑
nal of Geophysical research‑Solid Earth, 2005.

russo, r.M., and P.G. Silver, Trench‑parallel f low beneath the 
nazca Plate from seismic anisotropy, Science, 263, 1105–1111, 
1994.

Seliverstov, n.I., Structure of Kamchatkian Water Area Bottom and 
Geodynamic of a Junction Zone between the Kuril-Kamchatka 
and Aleutian Island Arcs (in Russian), 164 pp., nauchnyi Mir, 
Moscow, 1998.

Smirnov, Y.B., and Y.M. Sugrobov, Terrestrial heat flow in the 
northwestern Pacific, Tectonophysics, 83, 109–122, 1982.

VanDecar, J.C., and r.S. Crosson, Determination of teleseismic 
relative phase arrival times using multi‑channel cross correlation 
and least squares, Bull. Seis. Soc. Am., 80 (1), 150–169, 1990.

VanDecar, J.C., r.M. russo, D.E. James, W.B. Ambeh, and M. 
Franke, Aseismic continuation of the Lesser Antilles slab 
beneath continental South America, J. Geophys. Res., 108, 
2043DOI:10.1029/2001JB000884, 2003.

Yogodzinski, G.M., J.M. Lees, T.G. Churikova, F. Dorendorf, G. 
Woerner, and O.n. Volynets, Geochemical evidence for the 
melting of subducting oceanic lithosphere at plate edges, Nature, 
409, 500–504, 2001.

Jonathan M. Lees, university of north Carolina, Chapel Hill, 
Department of Geological Sciences, CB#3315, Mitchell Hall, 
Chapel Hill, nC 27599‑3315

John VanDecar, Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 5241 Broad Branch rd., nW, 
Washington, DC 20015

Evgenii Gordeev and Alexei Ozerov, Institute of Volcanology 
and Seismology (IVS), Petropavlovsk‑Kamchatsky, Piip Boulevard 
9, 683006, russia

Mark Brandon, Yale university, P.O. Box 208109, 210 Whitney 
Avenue, new Haven, CT 06520‑8109

Jeff Park, Yale university, P.O. Box 208109, 210 Whitney 
Avenue, new Haven, CT 06520‑8109

Vadim Levin, Department of Geological Sciences, rutgers 
university, 610 Taylor road, Piscataway, new Jersey 08854‑
8066



77

Thermal Models Beneath Kamchatka and the Pacific Plate 
Rejuvenation From a Mantle Plume Impact

V. C. Manea and M. Manea

Seismological Laboratory 252-21, CalTech, Pasadena, California, USA

The Northwest Pacific area, comprising the Kamchatka peninsula, is a distinctive 
area where a series of on going geodynamical processes like: plate rejuvenation 
from a mantle plume impact, slab detachment, slab edge melting and exotic vol-
canism, take place. With the help of finite element modeling we infer the thermal 
structure across Kamchatka in a series of 2D profiles normal to the trench. We 
chose the location at these profiles based on seismicity, geochemical variation and 
offshore heat flow measurements.

Assuming that the transition from brittle to ductile behavior inside the subduct-
ing slab corresponds to the 650°C isotherm, our thermal models predict a good 
fit with maximum depth of seismicity (~500 km) for southern Kamchatka only 
if the exothermic olivine-spinel phase transition is introduced. In the central part 
of Kamchatka, a good fit is obtained if the hot mantle plume, located just beneath 
Meiji Guyot seamount, thermally rejuvenates the subducting Pacific plate. Further 
to the north, the seismicity shallows more (200–100 km) and slab rejuvenation 
alone cannot provide a thermal structure with a good fit with seismically active 
subducting slab. A good explanation for such shallow seismicity might be the slab 
detachment due to cessation of subduction just north of Kamchatka-Aleutians junc-
tion. The thermal structure beneath the northernmost active volcano in Kamchatka, 
Scheveluch, which exhibits a strong adakitic signature, shows that slab edge expo-
sure to the hotter asthenosphere creates the favorable conditions for oceanic crust 
melting at ~70 km depth, just beneath Scheveluch. 

Our numerical models show that plate rejuvenation from a mantle plume, slab 
edge exposure to hot upper mantle and probably slab detachment play an essential 
role in subduction slabs thermal structure, seismicity down-dip extension and 
geochemical variations of lavas in Kamchatka. 

INTRODUCTION

One of the consequences of the motion of Earth’s tectonic 
plates is the onset of suduction zones where one plate plunges 
beneath another. Intense dehydration of the subducted plate 

can induce partial melting in the mantle wedge, generating 
thermo-chemical instabilities or plumes, which finally end 
up in an intense arc volcanism (Gerya et al., 2003, 2003a). 
Other mantle plumes, which are frequently assumed to come 
from the transition zone or from the core-mantle boundary 
(Hansen and Yuen, 1988; Helmberger et al., 1998; Foulger 
et al., 2000; Nataf, 2000; Shen et al., 2002; Tan et al., 2002; 
Zhao, 2003; Montelli et al., 2004), can affect the plate ther-
mal structure through a process called thermal rejuvenation 

Volcanism and Subduction: The Kamchatka Region
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(Crough, 1978; Nagihara et al., 1996; Moore et al., 1998), 
where an old plate behaves actually like a young plate. Such 
thermal discontinuities in a plate thermal structure, some-
times coupled with important variations in the subduction 
rates can produce an interesting phenomenon, called slab 
detachment, where parts of the subduction slab separate and 
sink into the mantle (Von Blanckenburg and Davis, 1995; 
Davis and Von Blanckenburg, 1995; Wortel and Spakman, 
2000; Xu et al., 2000; Levin et al., 2002; Rogers et al., 2002; 
Gerya et al., 2004). The Northwest Pacific area, comprising 
the Kamchatka peninsula, reassembles all of the above geo-
dynamical processes. The old Pacific plate (PAC) subducts 
beneath Kamchatka at a fast convergence rate of ~7.5 cm/yr 
(DeMets, 1992), producing one of the most active volcanic 
arcs in the world. A large positive bathymetric feature located 
at the northern end of the Emperor seamount chain, the Meiji 
Guyot seamount, is characterized by anomalously high heat 
flow (> 80 mW/m2) (Smirnov & Sugrobov 1979, 1980a,b) 
for the old (~90 Ma) Pacific plate. In this area, a non-linear 
iterative P-wave traveltime tomography of Gorbatov et al. 
(2001) has revealed a mantle plume rising across the 660 km 
discontinuity, and deflecting subhorizontally in the upper-
most mantle.

levin et al. (2002) imaged the upper mantle seismic struc-
ture beneath Kamchatka, and proposed two Quaternary 
episodes of slab detachment just north of the Aleutian-
Kamchatka junction. Whereas extensive slab dehydration 
of the subducting Pacific slab beneath southern part of the 
eastern Kamchatka volcanic front (SEVF) is responsible for 
mantle wedge melting, the slab detachment, upwelling and 
southward flow of hot and fertile mantle are the main reason 
for the recent magmatism in southern Kamchatka central 
depression (SCKD) (Portnyagin et al., 2005). Although the 
convergence rate and the age of the Pacific plate show very 
little variation along the Kamchatka trench, the intraslab 
seismicity varies from ~500 km beneath SEVF to ~300 km 
in the central part of the peninsula (NEVF), and decreases 
to ~100–200 km further to the north (Gorbatov et. al, 1997). 
The main goal of this paper is to infer the thermal struc-
ture beneath Kamchatka which satisfy simultaneously the 
seismic observations, type of volcanism and geodynamic 
background. We show that plate rejuvenation from a mantle 
plume and slab detachment plays an essential role in subduc-
tion slabs thermal structure, seismicity down-dip extension 
and geochemical variations of lavas along EVF and SCKD. 

TECTONIC AND GEOlOGIC SETTINGS

Subduction is active only in the southern half of the 
Kamchatka peninsula, whereas past subduction in the north 
is indicated by an inactive volcanic arc (Kepezhinskas et al., 

1997). The PAC subducts near-normal along the Kamchatka 
subduction zone (KSZ) with a highly variable dip angle, 
from ~55º in the south to ~35º in the north (Gorbatov et al, 
1997). The Pacific plate age varies from 104 Ma to 87 Ma 
(Renkin and Sclater, 1988), and the converge rate from 7.8 
cm/yr to 7.5 cm/yr (Gorbatov et al., 1997) (Fig. 1). The 
seismicity and structure of the KZS was studied in detail by 
Gorbatov et al. (1997). The subducting Pacific slab is seismi-
cally active down to ~450–500 km in southern Kamchatka. 
Further north, the seismicity shallows in steps, from ~300 
km beneath NEVF to ~200 km beneath the Klyuchevskoy 
group and ~100 km under the Scheveluch group, respectively 
(Fig. 2). The maximum depth of seismicity in subduction 
zones is controlled mainly by pressure and temperature. Goto 
et al. (1983), Spencer (1994) and Gorbatov and Kostoglodov 
(1997) proposed a cut-off temperature of 650°C for the maxi-
mum extent of intraslab seismicity. It is assumed that beyond 
this critical temperature the slab loses its brittle behavior, 
instead acting like a ductile material. Recent studies suggest 
that intermediate-depth intraslab earthquakes likely results 
from mineralogical changes within the subducting slab 
(Hacker et al., 2003). A recent study of Abers et al. (2006), 
advocates that a mineral reaction front controls the position 
of the earthquakes in the subducting slab. The linearity of the 
slab seismicity in the (p,T) space seen for the Alaska subduc-
tion zone (Abers et al., 2006), implies that the breakdown 
of lawsonite is responsible for the occurrence of seismicity 
located in the subducted oceanic crust. Beneath Kamchatka, 
the seismicity is too scatter within the subducting slab and 
consequently in the (p,T) space too. Therefore, we use in this 
study only the cut-off temperature (Tcr=650°C) to constrain 
the thermal structure inside the subducting slab. 

Offshore central Kamchatka heat flow data (Smirnov and 
Sugrobov, 1979; 1989a,b) show unusual high values higher 
than 80 mW/m2 just above Meiji Guyot seamount, suggesting 
that the thermal thickness of the Pacific plate is much smaller 
in this area. Thus the effective age (thermally defined) is less 
than the geological age (Renkin and Sclater, 1988) (Fig. 3). 
In contrast, the Pacific plate offshore southern Kamchatka 
shows normal heat flow values (~40–60 mW/m2) for a ~100 
Ma oceanic plate (Stein, 1995). Interestingly, Gorbatov et 
al. (2001) revealed a wide cylindrical shaped mantle plume 
(-2% δvp anomaly) rising from ~900 km depth and being 
deflected by the Pacific plate motion toward the Kamchatka 
trench (Fig. 4). The superficial thermal effect of this plume 
seems to be reflected in the anomalously heat flow values 
recorded in the Meiji Guyot seamount area. In the northwest-
ernmost Pacific the Aleutian and Kamchatka arcs collide at 
an angle of ~90º. At this junction, Levin et al., (2002) show 
that a large portal exists, exposing the slab edge to the hotter 
mantle and facilitating the production of high Mg andesites, 

Fig. 1Fig. 1

Fig. 2Fig. 2

Fig. 3Fig. 3

Fig. 4Fig. 4
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called adakites, through subducting oceanic crust melting. 
Also, Yogodzinski et al. (2002) provide strong geochemical 
evidence for the melting of subducting crust beneath north-
ern Kamchatka and Aleutians. Levin et al. (2002) showed 
that two episodes of slab detachment occurred beneath 
northern Kamchatka in the last 10 Ma. The Klyuchevskoy 
volcanic group lies just above the slab edge itself, and its 
extraordinary volcanic productivity and high temperature 
of equilibrium of magmas (Ozerov, 2000) are attributed to 
slab-edge lofting (Park et al., 2002). Portnyagin et al. (2005) 
show a strong and opposite variation of Nb/Y, Ba/Nb and 
Dy/Yb ratios along the southern Central Kamchatka depres-
sion (SCKD) in the vicinity of the Kamchatka-Aleutian 
junction. For example, low NB/Y and Dy/Yb ratios and high 
Ba/Nb ratio for the SCKD suggest abundant slab dehydra-
tion which can contribute to extensive, high-degree mantle 

wedge melting. Also, the strong adakitic signature (i.e. high 
Sr contents and high Sr/Y ratios) of Sheveluch group is pro-
posed to be the effect of thermal erosion of the subducting 
slab edge exposed to hot asthenosphere. In contrast, NCKD 
is characterized by high NB/Y and Dy/Yb ratios and low 
Ba/Nb ratio, advocate for a highly diminished fluid influx 
and therefore explaining the low degree melting beneath the 
northern volcanoes. 

On the other hand, southern Kamchatka (SEVF and NEVF) 
is the place of a normal calk-alkaline arc volcanism, where 
the magmatism is proposed to be the result of the lowering of 
the melting point of peridotite through an influx of volatiles 
from the dehydration of subducting slab (Perfit et al., 1980). 
An important dissimilarity of southern Kamchatka is that 
no adakites were found, suggesting that in this region the 
subducting basaltic crust does not undergo melting. 

Figure 1. Tectonic setting and position of the four study areas labeled A, B, C and D (black dashed lines). The offshore 
white contour lines represent the heat flow data from Smirnov & Sugrobov (1979, 1980a,b). The red area just beneath 
the highest heat flow values (>80 mW/m2) delimitates the Meiji Guyot seamount (hatched area). The transparent A-A’ 
cross-section is used in Fig. 2 to project the seismicity beneath Kamchatka. The arrows pointed toward the trench show 
the Pacific plate convergence rate from Gorbatov et al. (1997). Also the plate age in shown in Ma above these arrows 
from Renkin and Sclater (1988). Other notations are: SEVF—south eastern volcanic arc; NEVF—north eastern volcanic 
front; SCKD – south central Kamchatka depression. Some principal active volcanoes are: I - Ilinsky; M - Mutnovsky; 
A - Avachinscy; Ka - Karymsky; U - Uzon; Ki - Kizimen; T - Tolbachik; K – Kluchevskoy; Sh – Shiveluch. Z - Zhupanova 
area within EVF where an adakitic signature was found (Maxim Portnyagin—personal communication, 2005).
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In this study we divided the study area into four sub 
regions based on seismicity, geochemical variation and off-
shore heat flow measurements (Fig. 1). We assume a cut-off 
temperature of Tcr=650°C for the maximum depth of seis-
micity. For each sub region, we build a series of 2D thermal 
models following the numerical scheme proposed by Manea 
et al. (2005). Then, we use MORB phase diagrams (Schmidt 
and Poli, 1998; Kerrick and Connolly, 2001; Hacker et al., 
2003) and (p,T) paths along the slab surface to investigate 
the dehydration variations along the oceanic crust beneath 
the volcanic arc. We also explore the circumstances for 
the oceanic basaltic crust and mantle wedge peridotite to 
undergo melting. 

MODElING PROCEDURE

The numerical scheme of Manea et al. (2005) consists of 
a system of 2D Navier-Stokes equations and 2D steady state 
heat transfer equation. Strong temperature-dependence of 
viscosity is used in the present modeling

 , 

where the activation energy Ea corresponds to diffusion creep 
of olivine (Karato and Wu, 1993). Other parameters used are: 
η- mantle wedge viscosity (Pa s), η0- mantle wedge viscosity 
at the potential temperature T0 (1020 Pa s), T0- mantle wedge 
potential temperature (1,450ºC), R- universal gas constant 
(8.31451 j/mol ºK) and T-temperature (ºC).

A finite-element grid extends from 25 km seaward of the 
Kamchatka trench up to 600 km landward of it, and consists 
of 15,000 triangular elements with an average resolution of 4 
km. The model consists of five thermo-stratigraphic units as 
follows: upper continental crust, lower continental crust, oce-
anic lithosphere, oceanic sediments, and mantle wedge. The 
thermal parameters used for each layer are from: Peacock 
and Wang, 1999; Smith et al., 1979; Vacquier et al., 1967. The 
continental crust in Kamchatka is divided into two layers: 
the upper crust (0–15 km depth) and lower crust (15–35 km 
depth). These depths are consistent with values inferred by 
Gorbatov et al. (2000) and Levin et al. (2002). The shape and 
dip of the subducting plate beneath the active volcanic arc are 
constrained by earthquake hypocenter distribution. 

The upper and lower boundaries are maintained at constant 
temperatures of 0ºC at surface and of 1,450ºC in the asthe-
nosphere, respectively. The left, landward vertical bound-
ary condition is defined by a 22.5ºC/km thermal gradient 
for the continental crust. Below the 35 km depth, the left 
boundary condition is represented by a low thermal gradi-

Figure 2. Projection of the seismicity along A-A’ cross-section in 
Fig.1. The seismicity shallows continuously with four important 
discontinuities from ~500 km in southern Kamchatka (A) to ~100 
km at the Kamchatka-Aleutians junction (D). On top, the bathyme-
try profile show the Meiji Guyot seamount that corresponds to high 
heat flow values > 80 mW/m2. Other symbols are from Fig.1.

Figure 3. Oceanic isotherms used as boundary condition in the 
numerical models (using GDh1 model from Stein and Stein (1992).) 
The insets show the plate age and the modeled surface heat flow. 
The dashed black curve at 35 Ma (86 mW/m2) was used to fit our 
models with the maximum depth of seismicity.
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ent of 10ºC/km down to the depth of 100 km. Beneath 100 
km depth no horizontal conductive heat flow is specified. 
Underneath the Moho (35 km), for the left boundary, cor-
responding to the mantle wedge, zero traction is assumed. 
At the intersection between the subducted slab and the left 
boundary, the velocity of the subducting slab is assumed. 
The right, seaward boundary condition is a one-dimensional 
geotherm calculated for the oceanic plate using the GDh1 
model of Stein and Stein (1992). We use plate age data and 
heat flow observation to obtain the oceanic geotherm using 
GDh1 (Fig. 3). In terms of displacement, the velocity of the 
oceanic plate is taken with respect to the continental plate. 
Thus the convergence rate of 7.4–7.8 cm/year between the 
PAC and Kamchatka is used (Renkin and Sclater, 1988). A 
long-term continuous sliding between the subducting and 
continental plates along the thrust fault should produce fric-
tional heating. We introduce shear heating along the thrust 
fault from the trench down to the contact between the slab 
and continental Moho (35 km). Below Moho and above the 
slab we assume the presence of serpentine, which exhibits 
rate-strengthening, stable-sliding and aseismic behavior 
(Reinen, 2000) and therefore decouples the subducting and 
overriding plates (Manea et al., 2004). We introduced in 

our models a small degree of volumetric frictional heating 
(Qsh=τv/w) where τ represents the shear stress (τ=15 MPa 
on average, using Byerlee, 1978), v is the convergence rate 
and w is the thickness of the oceanic crust involved in fric-
tion (200 m). 

Due to the deep seismicity (>500 km) for the southern-
most profile we include the spinel – olivine exotermic phase 
transition at 410 km depth. The heat of exotermic reaction 
is l=90 kj/kg. For cp=1 kj/Kg K, the heat released by this 
phase change increases the temperature inside la subducting 
slab by 90 K (∆T=l/cp) (Turcotte and Schubert, 2001). We 
use the simplified phase diagram of olivine-spinel transition 
from Schmeling et al. (1999) (~0.3 °C/MPa for T > 600 °C) 
with a sharp transition from olivine to spinel.

For the northernmost profile, located just beneath the 
Schveliuch group, we simulate the slab edge exposure to the 
hot mantle by constructing a series of 2D thermal models 
parallel with the Kamchatka trench at distances of 50, 100, 
150, 200 and 250 km, and normal to the main thermal model. 
The boundary conditions for these models are: 0°C and 
1450°C for the top and bottom, oceanic upper mantle geo-
therm for the northern boundary and the temperature profile 
through the main thermal model as southern boundary. 

Figure 4. Cross-section of the tomographic model (Gorbatov et al. 2001). Noticed the low velocity mantle plume 
which rises from ~900 km depth and is deflected at the surface toward the Kamchatka trench. On top, the Meiji Guyot 
seamount is assumed to be the bathymetric response of this upwelling. The lower left inset show the position of the 
B-B’-B” cross-section.
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MODElING RESUlTS

Thermal Models

The thermal models that correspond to the four sub-
regions are presented in Fig. 5 through Fig. 8. Using as 
main constraints the geological age (~104 Ma), convergence 
rate (~7.8 cm/yr) and slab geometry (~55° slab dip), the first 
thermal model located beneath SEVF shows that the Tcr is 
not consistent with the maxim extent of intraslab seismicity 
(450–500 km) (Fig. 5A). Alternatively, just introducing the 
exotermic olivine-spinel phase transition, a good agree-
ment between the seismicity and the cut-off temperature is 
obtained (Fig. 5B).

The second area, where the seismicity shallows to 300–350 
km beneath NEVF, shows little variation in age, convergence 
rate and slab geometry (91 Ma; 7.6 cm/yr; ~53° slab dip) 
compared with the neighbor region to the south. The thermal 
structure, and correspondingly the 650°C cut-off tempera-

ture, calculated with the above parameters, is not consistent 
with the maximum depth of seismicity (Fig. 6A). The mantle 
plume located just in front of this area seems to be the source 
for the anomalous heat flow above 80 mW/m2. We argue 
that this high value of heat f low reflects a plate thermal 
rejuvenation, therefore the old 91 Ma Pacific plate behaves 
like a 35 Ma young oceanic plate (Fig. 3). Introducing this 
rejuvenation effect in our thermal models, we obtain a good 
fit between the seismicity and cut-off temperature of 650°C 
(Fig. 6B).

The third region corresponds to the inland jump of the 
volcanic front and an abrupt change of the seismicity from 
300–350 km to ~200 km. The little variation in plate age and 
convergence rate compared with the previous area is not suf-
ficient to explain such shallow seismicity. Even the oceanic 
plate rejuvenation cannot explain the maximum depth extent 
of ~200 km of the intraslab seismicity (Fig. 7). We dis-
cuss later an alternative mechanism which can explain this 
unusual shallow seismicity, inland shift of the volcanic front 

Fig. 5Fig. 5

Fig. 6Fig. 6

Fig. 7Fig. 7

Figure 5. Thermal models for the southernmost study area located beneath SEVF (area A in Fig. 1). Notice the reson-
able fit (Tcr=650°C) with the maximum depth of seismicity when we introduced the olivine-spinel phase transition (B) 
compared with the model without this phase transition (A). The dashed line represent the 650°C isotherm, assumed 
here to be the transition from brittle to ductile behavior, and therefore a good indicator of the maximum depth of intra-
slab seismicity. The thick black line shows the surface of the subducting slab. Also, the thick dashed horizontal line 
represents the Moho (35 km depth).
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and the extraordinary lava production of the Klyuchevskoy 
volcanic cluster. 

The last section is located above the Aleutian - Kamchatka 
junction, where actually the edge of the Pacific slab comes 
in direct contact with the hot upper mantle material. here, 
the seismicity shallows even more (~100 km) than in the 
previous area, despite the little variation in the slab age and 
convergence rate. Also the subducting slab dips at only ~33° 
beneath Schveluch volcano, compared with ~52° just to the 
south below the neighbor Kluchevskoy volcanic cluster. 
The modeled thermal structure (Tcr=650°C) shows no cor-
relation with the shallow seismicity (Fig. 8). Nevertheless, 
despite this disagreement, the models which include the slab 
edge heating due to exposure to hot upper mantle, predict 
temperature above 750°C at ~70 km depth, enough to melt 
the oceanic basaltic crust (Fig. 9).

Slab Dehydration and Melting 

The estimated variation of wt% h2O content with depth 
along the subducting Pacific slab is presented in Fig. 10. 
We use both, computed (Kerrick and Connolly, 2001) and 
experimentally determined phase diagrams (Schmidt and 
Poli, 1998; Hacker et al., 2003). Using the computed phase 
diagram and weight percentages of h2O in metabasalt of 
Kerrick and Connolly, 2001 (Fig. 10A), we see that complete 

and intense (~2.5 wt%) dehydration occur at depths of ~70–80 
km just beneath Kluchevskoy group (KCKD) and NEVF when 
the slab reheating in taking into account. Experimentally 
phase relationships for basalt at water-saturated conditions 
of Schmidt and Poli (1998) (Fig.10B) show also intense dehy-
dration (>3 wt%) beneath Kluchevskoy group (KCKD) and 
NEVF at depths of 70–90 km. On the other hand, the cold slab 
beneath SEVF retains ~0.5–1.0 wt% at greater depths (>100 
km). Completely and progressively metamorphic devolatiliza-
tion occurs beneath SCKD, where the subducted oceanic crust 
loses all its hydrous phases at shallower depths of ~60 km 
(Fig. 10A, B). Using the phase diagram of Schmidt and Poli 
(1998), the sequence of hydrous phases in the basaltic crust 
beneath SEVF, NEVF and KCKD might be as follows. At 
blueschist conditions, assemblages are composed of lawson-
ite-glaucophane-chlorite-garnet-clinopyroxene-quartz (field 
G in Fig. 10B). Increasing the temperature lawsonite reacts to 
zoizite (field F). At depths greater than ~70 km, amphiboles 
decompose forming chloritoid at T<650°C (field D). Then, 
blueschist transforms to lawsonite-eclogite (fields A and B) 
and amphibole-eclogite to zoisite-eclogite (fields C and D). At 
90–100 km depth, zoisite breakdown produces an almost dry 
eclogite for T>700°C (field O). Beneath SCKD, the mineral 
assemblages are composed by lawsonite-amphibole-chlorite-
albite-quartz at low (p,T) (field K in Fig. 10B). With increas-
ing temperature lawsonite reacts with epidote (fields I and 

Fig. 8Fig. 8

Fig. 9Fig. 9

Fig. 10Fig. 10

Figure 6. Thermal models beneath NEVF (area B in Fig. 1). Observe the good fit (Tcr=650°C) with the maximum depth 
of seismicity when we introduced the plate rejuvenation from the mantle plume (B) compared with the model without 
such rejuvenation (A). Other symbols are like in Fig. 5.
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j) and chlorite decomposes forming garnet (fields E and h). 
Other minor hydrous phase in the basaltic crust is represented 
by paragonite which forms at 20–30 km (at 500–650°C) and 
decomposes at ~70 km (500–700°C< fields E and F). At 

greater depths (>60–70 km), the oceanic crust beneath SCKD 
might undergo melting.

We also use the phase diagram for basalt of Hacker et al. 
(2003) (Fig. 10C) to reveal the metamorphic sequences in 
the subducted oceanic crust. here the metamorphic struc-
ture is as follows: from jadeite-lawsonite-blueschist-amphi-
bole-talc facies, the oceanic crust enters at a depth of ~65 
km into the stability field of zoisite-amphibole-eclogite with 
strong dehydration (2.7–3 % h2O released). Another pulse 
of strong dehydration (0.3–2.3 % h2O released) occurs at 
90–100 km depth, when the oceanic crust dehydrates com-
pletely and transforms into eclogite. Rigorous dehydration 
occurs through these phase changes, in total more than 5 
wt% h2O being released into the overlying mantle up to a 
depth of ~100 km. This process would hydrate and lower 
the melting point of the mantle wedge peridotite. In fact, 
using wet peridotite solidus from Wyllie (1979) (~1050°C 
at 100 km depth), the thermal models predict melting of 
mantle peridotite beneath the volcanic front only if the 
mantle wedge is subject to fluid hydration from the oceanic 
crust. Interestingly, the cold slab surface geotherm beneath 
SEVF does not intersect solidus, predicting no oceanic 
crust melting (Fig. 10C). On the other hand, the oceanic 
crust beneath NEVF and KCKD seems to approach the 

Figure 7. Thermal models beneath the Kluchevskoy volcanic cluster (area C in Fig. 1). high heat flow measurements 
just in front of this area suggest the Pacific slab is still rejuvenated by the mantle plume (see Fig. 1). however, the 
shallow seismicity (~200 km) cannot be explained by our model (A) even when we introduced slab rejuvenation (B). 
We argue that in this area slab detachment or necking might be the cause for such unusual shallow seismicity. Other 
symbols are like in Fig. 5.

Figure 8. Thermal model beneath the northernmost active volcano, 
Shieveluch (area D in Fig. 1). The same as in the previous model, the 
shallow seismicity (~100 km) cannot be explained by our models, even 
if the subducting slab has a shallower dip angle of only ~33° compared 
with ~55° further to the south. Probably slab detachment suggested by 
Levin et al. (2002) might be a reasonable explanation. 
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melting conditions at depth of 90–110 km (Fig. 10 B,C). 
Also, the model which incorporates the slab edge exposure 
to hotter mantle, clearly predicts oceanic crust melting (at 
~70 km depth) just beneath Sheveluch, the northernmost 
active volcano in Kamchatka with a strong adakitic sig-
nature. here, the oceanic crust shows a more complicated 
metamorphic structure: zeolite-prehnit-pumpellyite-actino-
lite-greenschist up to ~25 km depth, epidote-amphibolite 
up to ~35 km depth, then from zoisite-amphibole-eclogite 
the oceanic crust crosses the solidus at ~70 km depth and 
finally transforms into the anhydrous eclogite. 

Figure 10.  A. Simplified computed phase diagram from Ker-
rick and Connolly (2001): 1 – Cpx-Mgs-Grt-lws-Rt-Coe, 2 – 
Grt-Cpx-Mgs-F-lws-Rt-Coe, 3 – Cpx-Dol-Grt-Mgs-F-Rt-Coe, 4 
– Cpx-Dol-Grt-F-Rt-Coe, 5 – F-Cpx-Dol-Grt-Mgs-lws-Rt-Coe, 
6 – Cpx-Gt-F-Rt-Coe, 7 – Cpx-Mgs-Gln-lws-Rt-Coe, 8 – Cpx-
Grt-Dol-F-Rt-Qtz-Ky, 9 – Cpx-Gln-Grt-Dol-F-Rt-Qtz-Ky, 10 
– Gln-Cpx-Grt-Dol-lws-Rt-Coe, 11 – Gln-Dol-Chl-Qtz-Spn-
Czo-Arg, 12 – Cpx-Gln-Grt-Dol-F-Czo-Rt-Qtz-Ky, 13 - Cpx-
Gln-Grt-Dol-F-Czo-Rt-Qtz, 14 - Chl-Pg-Gln-Dol-F-Spn-Czo-Cc, 
15 - Gln-F-Cpx-Dol-Grt-lws-Rt-Qtz. Phase abbreviations are: 
Chl=chlorite, Coe=coesite, Cpx=clinopyroxene, Czo=clinozoisite, 
Dol=dolomite, F=fuid, Gln=glaucophane, Grt=garnet, Ky=kyanite, 
lws=lawsonite, Mgs =magnesite, Pg=paragonite, Qtz=quartz, 
Rt=rutile, Spn=sphene. Dashed thin lines represent the wight per-
centages of h2O in metabasalt. Thick curves represent the slab geo-
therms from thermal models presented in Fig. 5, 6,7, 8 and 9 (see 
insets for details). B. Experimentally determined mineral assem-
blages and maximum h2O contents bound in hydrous phases in 
h2O saturated MORB (Schmidt and Poli, 1998): O-gar–cpx–coes/
stish, A-law–gar–cpx–coes/stish, B- law–cld–gar–cpx–qz/coes, 
C- zo–gar–cpx–qz/coes, D- zo–cld–gar–cpx–qz/coes, E- amph–
zo/epi–para–gar–cpx–qz, F- amph–zo–chl–± para–gar–cpx–qz, 
G- law–chl–glauc–gar–cpx–qz, h- amph–epi–plag–gar–qz, I-
amph–epi–chl–plag–gar–qz, j- amph–epi–chl–ab=plag–qz, K- 
law–amph–chl–ab–qz, l- epi–amph–plag–qz, M- amph–plag–qz. 
Thick curves represent the slab geotherms from thermal models 
presented in Fig. 5,6,7,8 and 9 (see insets for details). C. Simpli-
fied phase diagram for the hydrous MORB (Hacker et al., 2003). 
Metamorphic facies: 1 – jadeite-lawsonite-blueschist-amphibole-
talc (3.0-5.4 wt.% h2O), 2 – lawsonite-epidote-blueschist-jadeite 
(3.1–5.4 wt.% h2O), 3 – zeolite-prehnit-pumpellyite-actinolite-
greenschist (3.3–4.6 wt.% h2O), 4 – epidote-amphibolite (1.3–2.1 
wt.% h2O), 5 – garnet-amphibolite-granulite (0.0-1.2 wt.% h2O), 
6 – zoisite-amphibole-eclogite (0.3–2.4 wt.% h2O), 7 – eclogite-
coesite-diamond (0.0-0.1 wt.% h2O). The slab geotherms for 
most of the volcanic active Kamchatka (EVF and SCKD beneath 
Kluchevskoy) show strong slab dehydration (~2.5–5 wt.%) from 60 
km down to ~100 km. The model which includes slab edge effect 
at the Aleutian-Kamchatka junction shows appropriate conditions 
for the oceanic crust to undergo melting (at 60–70 km depth) and 
producing adakitic magmas recorded at Shieveluch.
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DISCUSSION AND CONClUSIONS

The slab and mantle wedge thermal structure beneath 
Kamchatka is studied using numerical models of tempera-
ture developed using the numerical scheme of Manea et al. 
(2005). The thermal models are constrained by slab age, 
convergence rate, slab geometry, maximum depth of intra-
slab seismicity and offshore heat flow measurements. Four 
different areas are considered along Kamchatka, based on 
their difference in seismicity, volcanic front geometry and 
geochemical spatial variation (Fig. 1). Although the con-
vergence rate and slab age varies slightly along the trench, 
the maximum depth of seismicity shows some considerable 
discontinuities. The seismicity shallows continuously from 
south (~500 km) to the north (~100 km) with a series of four 
main discontinuities (Fig. 2). The thermal structure beneath 
SEVF (section A in Fig. 1) which includes the exothermic 
olivine-spinel phase transformation shows a good correlation 
of maximal depth of slab seismicity with the cutoff tem-
perature inside the subducting slab of 650°C. Pacific plate 
rejuvenation from ~91 Ma to ~35 Ma due to the mantle plume 
impact, provides a hotter thermal structure beneath NEVF 
(section B in Fig. 1) and a good fit of seismicity (300–350 
km) with the position of the cutoff isotherm. Also, these 
models show strong slab dehydration (~5% wt h2O) down 
to depth of ~100 km. Such influx of fluids lowers the mantle 
peridotite melting point. Our models predict temperature in 
the mantle wedge beneath the entire EVF well above 1100°C, 
sufficient to melt hydrated peridotite, and therefore explain-
ing the calcalkaline arc magmatism in this area.

The last two sections (C and D in Fig. 1) show a much shal-
lower slab seismicity, from ~200 km beneath the Kluchevskoy 
volcanic cluster to ~100 km under the Sheveluch area. The 
slab thermal rejuvenation is not enough to explain such 
shallow seismicity. A recent study of Levin et al. (2002) 
revealed the seismic structure beneath northern Kamchatka, 
revealing that significant portions of the subducting slab 
detached and sank into the mantle. The active volcanism 
in the Kluchevskoy area lies just above the slab edge itself 
located at ~200 km depth, therefore explaining probably the 
lack of seismicity at greater depths. The ~200 km width of 
the Meiji Guyot seamount covers both the NEVF and SCKD, 
but only the Kluchevskoy group shows an unusual high 
magma output. The slab edge lofting proposed by Levin et 
al. (2002) seems to explain better the extreme volcanic activ-
ity at the Kluchevskoy cluster than an increased hydrous-
fluid input from Meiji Guyot seamount proposed by Davies 
(2002). The northernmost active volcano in Kamchatka, the 
Sheveluch volcano, stands also above the slab edge where 
the Pacific plate ends and come in contact with the hotter 
upper mantle. The thermal models which integrate the lat-

eral edge heating show that at a depth of ~70 km, just below 
Sheveluch, the temperature inside the oceanic crust exceeds 
750°C (Fig. 9) and therefore the solidus for basalt (Fig. 10). 
This result is in good agreement with the strong adakitic 
signature recorded in magmas erupted from Sheveluch. This 
is not the only area across Kamchatka where adakites were 
identified. Recently, Maxim Portnyagin (personal communi-
cation 2005) identified adakitic signatures in late Neogene 
dikes in central Kamchatka (Zhupanova area, see Fig.1). 
Such adakitic signatures are in good agreement with the 
thermal structure beneath NEVF which takes into account 
the oceanic plate reheating due to Meiji plume impact, where 
the slab surface geotherm approaches the solidus at a depth 
of ~100 km (Fig.10 B). 

Recent numerical studies show that two types of plumes 
might form in the mantle wedge (Gerya et al., 2006). Such 
dual-type plumes can explain the presence of different mag-
mas in volcanic arcs: magmas with adakitic signatures and 
magmas from peridotitic source. Rates of plumes or buoy-
ant diapirs propagation vary from 0.1 to 3 My (Gerya et al., 
2006; Manea et al., 2005), rates which are consistent with 
transfer times for fluids and slab melts from U-Th isotope 
measurements (Hawkesworth et al., 1997). Also, in these 
numerical models, intense melting of the mixed plumes 
(sediments and oceanic crust) occurs at low temperatures, 
therefore reconciling the cold slab geotherms beneath volca-
nic arc and the crust melting.

The shallow seismicity (~100 km) beneath Sheveluch can-
not be explained by the edge effect alone, and probably the 
slab detachment revealed by Levin et al. (2002) seems to 
be the reasonable explanation. We did not incorporate the 
slab detachment into our thermal models, and future studies 
will focus on the effect of such strong discontinuity in the 
slab thermal structure and mantle flow around the slab edge. 
Recent numerical studies of thermomechanical modeling 
of slab detachment (Gerya et al., 2004) show that the rapid 
detachment process takes place over a few million years, and 
the detachment occurs at depths of ~100–400 km (Gerya et 
al., 2004; Buiter et al., 2002; Houseman and Gubbins, 1997). 
The detached fragments of the slab are 300–500°C colder than 
the surrounding asthenosphere, therefore they might be seen 
in tomographic images (Levin et al., 2002). On the surface, 
the expression of slab breakoff might be represented by rapid 
topographic changes (i.e. uplift) and increasing volcanic activi-
ties due to melting of subducted oceanic crust. The vigorous 
volcanic activity at Sheveluch fits well in such scenario. 

We conclude that the main effect of the slab rejuvenation 
from a mantle plume impact is the reducing of maximum 
depth extent of intraslab seismicity. The slab edge exposure 
to the upper mantle produces the favorable P-T conditions 
for oceanic crust melting at shallow depths. 



88     ThERMAl MODElS BENEATh KAMChATKA AND ThE PACIFIC PlATE REjUVENATION

Acknowledgments. Very helpful comments and suggestions 
by Evgenii Gordeev, Yury Perepechko, Victor Sharapov, Maxim 
Portnyagin, and an anonymous reviewer were very important to 
improving this manuscript. This is contribution 9152 of the Divi-
sion of Geological and Planetary Sciences, California Institute of 
Technology.

REFERENCES

Abers, G. A., van Keken, P. E., Kneller, E. A., Ferris, A., and 
Stachnik, j. C., 2006. The thermal structure of subduction zones 
constrained by seismic imaging: Implications for slab dehydra-
tion and wedge flow. Earth Planet. Sci. Lett., 241, 387–397.

Buiter, S. j. h., Govers, R., and Wortel, M. j. R., 2002. Two-
dimensional simulations of surface deformation caused by slab 
detachment. Tectonophysics, 354, 195–210.

Byerlee, j. D., 1978. Friction of rocks. Pure Applied Geophysics, 
v. 116, p. 615–626.

Crough, S. T., 1978. Thermal origin of mid-plate hot-spot swells. 
Geophys. J. R. Astronom. Soc., v.68, p. 133. 

Davies, j. h., 2002. Breaking plates. Nature, v. 418, p. 736–737.
Davies, j. h. and von Blanckenburg, 1995. Slab breakoff: a model 

of lithospheric detachment and its test in the magmatism and 
deformation of collisional orogens. Earth Planet. Sci. Lett., 
129, 85–102. 

DeMets, C., 1992. A test of present-day plate geometries for north-
east Asia and japan. Journal of Geophysical Research, v.97, p. 
17,627–17,635.

Foulger, G. R., M. j. Pritchard, B. R. julian, j. R. Evans, R. M. 
Allen, G. Nolet, W. j. Morgan, B. h. Bergsson, P. Erlendsson, 
S. jakobsdottir, S. Ragnarsson, R. Stefansson and K. Vogfjord, 
2001. Seismic tomography shows that upwelling beneath Iceland 
is confined to the upper mantle, Geophys. J. Int, 146, 504–530.

Gerya, T. V., Uken, R., Reinhardt, j., Watkeys, M. K., Maresch, 
W.V., and Clarke, B.M., 2003. Cold fingers in a hot magma: 
numerical modeling of diapers in the Bushveld Complex, South 
Africa. Geology, 31, 753–756.

Gerya, T. V. and Yuen, D. A., 2003a. Rayleigh-Taylor instabilities 
from hydration and melting propel ‘cold plumes’ at subduction 
zones. Earth and Planetary Science Letters, v. 212, p. 47–62.

Gerya, T. V., Yuen, D. A., and Maresch, W. V., 2004. Thermome-
chanical modeling of slab detachment. Earth Planet. Sci. Lett., 
226, 101–116.

Gerya, T.V., Connolly, j. A. D., Yuen, D. A., Gorczyk, W., and 
Capel, A. M., 2006. Seismic implications of mantle wedge 
plumes. Phys. Earth Planet. Int. 16 pg.

Gorbatov, A., and Kostoglodov, V., 1997. Maximum depth of seis-
micity and thermal parameter of the subducting slab: general 
empirical relation and its application. Tectonophysics, v. 277, 
p. 165–187.

Gorbatov, A., Kostoglodov, V., Suárez, G., and Gordeev, E., 1997. 
Seismicity and structure of the Kamchatka subduction zone. 
Journal of Geophysical Research, v. 102, no. B8, p, 17,883–
17,898.

Gorbatov, A., Widiyantoro, A., Fukao, Y., and Gordeev, E., 2000. Sig-
nature of remnant slabs in the North Pacific from P-wave tomog-
raphy. Geophysical Journal International, v. 142, p. 27–36.

Gorbatov, A., Fukao, Y., Widiyantoro, A., and Gordeev, E., 2001. 
Seismic evidence for a mantle plume oceanwards of the Kam-
chatka-Aleutian trench junction. Geophysical Journal Interna-
tional, v. 146, p. 282–288.

Goto, K., hamaguchi, h., and Suzuchi, Z., 1985. Earthquake gen-
erating stresses in the descending slab. In: Kobayashi, K., Sacks, 
I.S. (Eds.), Structures and Processes in the Subduction Zones. 
Tectonophysics, 112, 111–128.

hacker, B. R., Abers, G. A., and Peacock, S. M., 2003. Subduc-
tion Factory 1. Theoretical mineralogy, densities, seismic wave 
speeds, and h2O contents. Journal of Geophysical Research, v. 
108, 10.1029/2001JB001127. 

hansen, U. and Yuen, D. A., 2000. Extended- Boussinesq thermal-
chemical convection with moving heat sources and variable 
viscosity. Earth and Planetary Science Letters 176, 401–411.

hawkesworth, C. j., Turner, S. P., McDermott, F., Peate, D. W., and 
van Calsteren, P, 1997. U-Th isotopes in arc magmas: Implica-
tions for element transfer from the subducted crust. Science, 
276, 551–555. 

helmberger, D. V., Wen, l., Ding, X., 1998. Seismic evidence that 
the source of the Iceland hotspot lies at the core mantle boundary. 
Nature 396 (6708), 251 255.

houseman, G. A. and Gubbins, D., 1997. Deformation of subducted 
oceanic lithosphere. Geophys. J. Int., 131, 535–551. 

Karato, S., and Wu, P., 1993. Rheology of the upper mantle: a 
synthesis. Science, v. 260, p. 771–778.

Kepezhinskas, P., McDermott, F., Defant, M. j., et al., 1997. Trace 
element and Sr-Nd-Pb isotopic constraints on a three-component 
model of Kamchatka arc petrogenesis. Geochim. Cosmochim. 
Acta, 61, 577–600.

Kerrick, D. M. and Connolly, j. A. D., 2001. Metamorphic devola-
tilization of subducted oceanic metabasalts: implications for 
seismicity, arc magmatism and volatile recycling. Earth Planet. 
Sci. Lett., 189, 19–29.

levin, V., Park, j., Brandon, M., lees, j., Peyton, V., Gordeev, E., 
and Ozerov, A., 2002. Crust and upper mantle of Kamchatka 
from teleseismic receiver functions. Tectonophysics, v. 358, p. 
233–265.

Manea, V. C., Manea, M., Kostoglodov, Currie, C. A., and Sewell, 
G., 2004. Thermal Structure, Coupling and Metamorphism in 
the Mexican Subduction Zone beneath Guerrero. Geophysical 
Journal International, v.158, p. 775–784 doi: 10.1111/j.1365 
- 246X.2004.02325.x.

Manea, V.C., Manea, M., Kostoglodov, V., Sewell, G., 2005. 
Thermo-mechanical model of the mantle wedge in Central 
Mexican subduction zone and a blob tracing approach for the 
magma transport. Physics of the Earth and Planetary Interiors, 
v.149, p. 165–186. doi: 10.1016/JPEPI2004.08.024

Montelli, R., Nolet, G., Dahlen, F., Masters, G., Engdahl, E., and 
hung, S., 2004. Finite-frequency tomography reveals a variety 
of mantle plumes. Science, 303, 338–343.



MANEA AND MANEA    89

Moore, W. B., Schubert, G., and Tackley, P., 1998. Three-dimen-
sional simulations of plume-lithosphere interaction at hawaiian 
Swell. Science, 279, 1008.

Nagihara, S., lister, C. R. B., Sclater, j. G., 1996. Reheating of old 
oceanic lithosphere: Deductions from observations. Earth Planet. 
Sci. Lett., 139, 91.

Nataf, h. C., Vandecar, j., 1993. Seismological detection of a mantle 
plume. Nature 364 (6433), 115 120.

Ozerov, A. Y., 2000. The evolution of high-alumina basalts of the 
Klyuchevskoy volcano, Kamchatka, Russia, based on microprobe 
analysis of mineral inclusions. J. Volcanol. Geotherm. Res., 95.

Park, j., V. levin, M. T. Brandon, j. M. lees, V. Peyton, E. Gordeev, 
and A. Ozerov, 2002. A dangling slab, amplified arc volcanism, 
mantle flow and seismic anisotropy near the Kamchatka plate 
corner. in Plate Boundary Zones, Stein, S., and Freymueller, j. 
(eds.), AGU Geodynamics Series No. 30, AGU, Washington DC, 
p. 295–324.

Peacock, S. M., and Wang, K., 1999. Sesimic consequences of warm 
versus cool subduction metamorphism: Examples from southwest 
and northeast japan. Science, v. 286, p. 937–939.

Perfit, M. R., Gust, D. A., Bence, A. E., Arculus, R. j., and Taylor, S. 
R., 1980. Chemical characteristics of island-arc basalts: implica-
tions from mantle sources. Chem. Geol., v.30, p. 227–256.

Portnyagin, M., hoernle, K., Avdeiko, G., hauff, F., Werner, R., 
Bindeman, I., Uspensky, V., Garbe-Schönberg, D., 2005. Transi-
tion from arc to oceanic magmatism at the Kamchatka –Aleutians 
junction. Geology, v.33, no. 1, p. 25–28.

Reinen, l. A., 2000. Slip styles in a spring-slider model with a labo-
ratory-derived constitutive law for serpentinite. Geophys. Res. 
Lett., 27, 2037–2040.

Renkin, M. l., and Sclater, j. G., 1988. Depth and age in the North 
Pacific. Journal of Geophysical Research, v. 93, B4, p. 2919–
2935.

Rogers, R. D., Karason, h., and van der hilst, R.D., 2002. Epeiro-
genic uplift above a detached slab in northern Central America. 
Geology, 30, 1031–1034.

Schmeling, h., Monz, R., and Rubie, D. C., 1999. The influence of 
olivine metastability on the dynamics of subduction. Earth Planet. 
Sci. Lett., 165, 55–66.

Schmidt, M. and Poli, S., 1998. Experimentally based water budgets 
for dehydrating slabs and consequences for arc magma generation. 
Earth Planet. Sci. Lett.,, v. 163, p. 361–379.

Shen, Y., Solomon , S., Bjarnason, I., and Nolet, G., 2002. Seismic 
evidence for a tilted mantle plume and north-south mantle flow 
beneath Iceland. Earth Planet. Sci. Lett., 197, 261–272.

Smirnov, Ya. B., and Sugrobov, V. M., 1979. Terrestrial heat flow in the 
Kurile-Kamchatka and Aleutian provinces. I. heat flow and tecton-
ics (in Russian). Volcanology and Seismology, v. 1, p. 59–73.

Smirnov, Ya. B., and Sugrobov, V. M., 1980a. Terrestrial heat flow 
in the Kurile-Kamchatka and Aleutian provinces. II. The map of 
measured and background heat flow (in Russian). Volcanology 
and Seismology, v. 1, p. 16–31.

Smirnov, Ya. B., and Sugrobov, V. M., 1980b. Terrestrial heat flow 
in the Kurile-Kamchatka and Aleutian provinces. III. Assess-
ments of temperature at depth and thickness of the lithosphere 
(in Russian). Volcanology and Seismology, v. 1, p. 16–31.

Smith, D. l., Nuckels, C. E., jones, R. l. and Cook, G. A., 1979. 
Distribution of heat f low and radioactive heat generation in 
northern México. Journal of Geophysical Research, v. 84, p. 
2371–2379.

Spencer, j. E., 1994. A numerical assessment of slab strength 
during high- and low-angle subduction and implications for 
laramide orogenesis. J. Geophys. Res. 99, 9227–9236.

Stein, C. A and Stein, S., 1992. A model for the global variations 
in oceanic depth and heat flow with lithospheric age. Nature, 
359, 123–129.

Stein, C. A., 1995. heat flow of the Earth. Global Earth Physics, A 
Handbook of Physical Constants, AGU Reference Shelf 1.

Tan, E., Gurnis, M., and han, l., 2002. Slabs in the lower mantle 
and their modulation of plume formation. Geochem. Geophys. 
Geosys., 3, 1067, doi:10.1029/2001GC000238.

Turcotte, D. l., and Schubert, G., 2002. Geodynamics, 2nd edition, 
Cambridge University Press, New York.

Vacquier, V., Sclater, j. G., and Corry, C. E., 1967. Studies of the 
thermal state of Earth: The 21st paper: heat-flow, eastern Pacific. 
Bulletin of Earthquake Research Institute, v. 45, p. 375–393.

Von Blanckenburg, F. and Davies, j. h., 1995. Slab breakoff: a 
model for syncollisional magmatism and tectonics in the Alps. 
Tectonics, 14,120–131.

Wortel, M. j. R. and Spakman, W., 2000. Subduction and slab 
detachment in the Mediterranean-Carpathian region. Science, 
290, 1910–1917.

Wyllie, P. j., 1979. Magmas and volatile components. American 
Mineralogy, v. 654, p. 469–500.

Xu, P. F., Sun, R. M., liu, F. T., Wang, Q., Cong, B., 2000. Seis-
mic tomography showing subduction and slab breakoff of the 
Yangtze block beneath the Dabie-Sulu orogenic belt. Chin. Sci. 
Bull. 45, 70–74.

Yogodzinski, G. M., lees, j. M., Churikova, T. G., Dorendorf, F., 
Wöerner, G., and Volynets, O. N., 2002. Geochemical evindence 
for the melting of subducting oceanic lithosphere at plate edges. 
Nature, 409, 500–504. 

Zhao, D., 2004. Global tomographic images of mantle plumes and 
subducting slabs: insight into deep Earth dynamics. Phys. Earth 
Planet. Int., 146, 3–34. 



91

Magnetic and Seismic Constraints on the Crustal Thermal 
Structure Beneath the Kamchatka Peninsula

Akiko Tanaka

Planning Headquarters, AIST, On temporary leave from Geological Survey of Japan, AIST

Spectral analysis of aeromagnetic anomalies is applied to estimate the centroid 
depths of crustal magnetic sources, Zo, beneath the Kamchatka Peninsula, to 
constrain on crustal thermal regime. One of another potential proxies to assess the 
crustal thermal structure is the deeper depth limit of seismogenic zone, D90, the 
depth above that 90 % of earthquakes occur. Estimated Zo agree generally with D90 
and are consistent with tectonic regime. This indicates that Zo is closely relating to 
the isotherm and assessing reasonable average thermal regime. 

InTrODucTIOn

Kamchatka Peninsula lies along an area called the Pacific 
“ring of Fire”, a zone of frequent earthquakes and volcanic 
eruptions that stretches in a series of arcs from new Zealand, 
through Indonesia, Philippines, Japan, Kuril Islands and 
Kamchatka Peninsula, across the Pacific Ocean via the 
Aleutian Islands, and down the west coast of the Americas 
(Plate 1 (a)). Tectonics regime of Kamchatka peninsula 
is dominated by the subduction zone where Pacific and 
north Pacific plates converge at a rate of about 80 mm yr‑1 
[DeMets et al., 1990]. The volcanic front is trench‑parallel 
and corresponds to a depth of the slab of about 120 to 140 
km (Plate 1 (b)). 

Better constraints on the thermal structure of lithosphere 
are required to understand continental evolution and to 
monitor these active crustal deformations and activities of 
earthquakes and volcanoes. Heat flow data provides criti‑
cal information to help constrain crustal thermal structure. 
However, these data distributions remain restricted unfortu‑
nately, and there is a few heat flow data especially on‑land 
area beneath the Kamthatka Peninsula (Plate 1 (b)). To com‑
pensate the shortage of data, the determination of the depth 
of magnetic sources based on spectrum analysis of magnetic 
anomaly data [e.g., Bhattacharyya and Leu, 1975a; Spector 

and Grant, 1970] can be used to estimate regional thermal 
structures. The obtained basal depth of the magnetic sources 
is assumed to be the curie point depth, i.e. the depth at which 
magnetite passes from a ferromagnetic to paramagnetic state 
under the effect of increasing temperature, which for most 
geophysical purposes means they changes from magnetic to 
non‑magnetic state. This analysis is still controversial and 
the curie point depth does not necessarily represent an iso‑
therm, 580ºc for pure magnetite. However, the curie point 
depths may reflect the broad average temperature and they 
have been used to estimate the thermal structure in various 
regions [e.g., Bhattacharyya and Leu, 1975b; Shuey et al., 
1977; connard et al., 1983; Blakely, 1988; Okubo et al., 
1989; Tanaka et al., 1999]. Previous studies suggested that 
there was an inverse correlation between estimated curie 
depths and heat‑flow measurements as expected [in east and 
southeast Asia [Tanaka et al., 1999]; in southern california 
[ross et al., 2006]]. 

Another proxy of the crustal thermal structure is the depth 
distribution of earthquakes. The maximum depth of seismo‑
genic zone is interpreted either as the brittle‑ductile transi‑
tion, the transition from brittle faulting to plastic flow in the 
continental crust, or as the transition in the frictional slid‑
ing process from unstable to stable sliding. This transition 
depth depends on many factors, such as rock composition, 
temperature, strain rate, and fluid pressure. Previous studies 
[e.g., Sibson, 1982, 1984] suggested that this transition is 
strongly temperature‑dependent and the onset of dislocation 
creep in quartz which is assumed to control this transition 

Plate 1Plate 1
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Plate 1. (a) Index map of a part of the Pacific “ring of Fire”. The study area is outlined by the solid line. (b) Heat flow 
distribution [Yamano, 2004] beneath the Kamchatka peninsula superimposed on the topographic relief map. Size of 
the circle denotes magnitude of heat flow. red triangles denote volcanoes with known or inferred Holocene eruptions 
[Smithsonian Institution, Global Volcanism Program, http://www.volcano.si.edu/]. Solid line shows the location of 
trench. Dashed and dotted limes are at 50 km intervals in depth of subducting slabs [Gudmundsson and Sambridge, 1998]. 
(c) Magnetic anomaly map [nGDc, 1997]. (d) Hypocentral distributions for the period from 1962 to 2004 [EMSD]. 
The diameter of each circle is proportional to the energy class. 
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is about 300°c. Spatial variations in the maximum depth of 
seismicity have been correlated with crustal temperature for 
regions with abundant heat flow data and reliable seismicity 
[e.g., in southern california [Williams et al., 2001]; in Japan 
[Tanaka, 2004]]. 

In this paper, two kinds of proxies to constrain the crustal 
thermal structure, the centroid of magnetic sources and the 
lower depth limit of seismogenic zone, are estimated. The 
correlation between two and its correspondence with tectonic 
regime indicates that these values are useful to delineate 
regional crustal thermal structure. 

ESTIMATES OF THE cEnTrOID DEPTH OF 
MAGnETIc SOurcES

Most previous methods to estimate the basal depth of the 
magnetic sources are based on calculations of the top bound 
and the centroid of magnetic sources [connard et al., 1973; 
Blakely, 1988, Okubo et al., 1988; Tanaka et al., 1999]. We 
used the same method to estimate the depth of magnetic 
sources as described by Tanaka et al. [1999]. The method is 
based on that of Spector and Grant [1970], which assumes 
a uniform distribution of parameters for an ensemble of 
magnetized blocks. We could estimate the top bound and 
the centroid of magnetic source, Zt and Zo respectively, by 
fitting a straight line through the high‑wavenumber and low‑
 wavenumber parts of the radially averaged spectrum of ln 
(ΦDT (| k |)1/2) and ln ((ΦDT (| k |)1/2) / | k |), where ΦDT is the 
power‑density spectra of the total‑field anomaly and k is the 
wavenumber. The basal depth of the magnetic sources, Zb, 
is calculated from 2 Zo − Zt. note that only the centroid of 
magnetic source is estimated because of the data quality as 
mentioned after this section. 

The size of each sub‑region was decided considering the 
complexity of tectonic province, which cause the changes in 
thermal structure. The region with deep Zo might affect the 
neighbouring region with shallow Zo, and vice verse. For 
example, deeper magnetic sources cause magnetic anomalies 
with longer wavelengths and lower amplitudes, which makes 
them difficult to distinguish from anomalies caused by shal‑
lower sources. To avoid controversies that would interfere 
between different tectonic provinces, it is required to choose 
the size and area of each region. On the other hand, the size 
and spatial resolution of Zo are in a trade‑off relationship. 
We used here the uniform grids of overlapping subregions 
because this method is reconnaissance technique for estimat‑
ing the regional crustal thermal structure. 

Spector and Grant [1970] concluded that the theoretical 
possibility of determining Zo and Zt from total magnetic 
field intensity data, provided that the data of each sub‑region 
cover an area of at least 200 × 200 km, with a maximum grid 

spacing of 1 km. We estimated the depth of magnetic sources 
using the magnetic anomaly data in the Former Soviet union, 
provided by the national Geophysical Data center (nGDc) 
[http://www.ngdc.noaa.gov/seg/fliers/se‑0102.shtml] (Plate 
1 (c)). These data are based on a mosaic series of 18 sheets at 
1:2.5 million scale showing the residual magnetic intensity 
over the land mass of the u.S.S.r published by the Ministry 
of Geology of the u.S.S.r. in 1974. The original one‑arc‑
 minute digital data contains errors, which were removed 
by reprocessing of the digitized contour data by nGDc. 
This map reveals several magnetic features including clus‑
ters of high amplitude magnetic anomalies coincide with 
Quaternary volcanic regions. In this paper, we used this 
gridded magnetic anomaly datasets in square windows of 
2.1° × 2.1°. The two grids overlap each other by about half 
to increase resolution. 

We carefully select the frequency range using the follow‑
ing criteria. For Zo, the spectrum peak shifts towards smaller 
wavenumbers with increasing the average thickness of mag‑
netic sources. This spectrum peak is specified as the lower 
limit of wavenumber. The upper limit of wavenumber is 
specified by both the average thickness of magnetic sources 
and the truncation error associated with neglecting higher 
order terms. Tanaka and Ishikawa [2005] suggested that the 
upper limit of wavenumber for Zo is specified as 0.055 km‑1, 
provided that the average thickness of magnetic sources 
is about 20 km and the error in the approximation is less 
than 5 %. This assumption is under possible and reasonable 
condition. considering this upper limit, wavenumber range 
was selected using the correlation coefficient of the least‑
 square linear fit and the change in the trend of the spectrum 
with increasing wavenumbers. We calculated Zo within this 
frequency limits as shown in Figure 1. For Zt, the situation 
is rather complicated, because the power spectrum involves 
in more noises at shorter wavelengths. By considering the 
criteria of Spector and Grant [1970], the correct straight‑line 
portion of the spectrum is so ambiguous with noises using 
grid‑spacing of 3 minute as used here. Therefore, only Zo 
is estimated. 

The bottom depth of magnetic sources, Zb, determined 
from the spectral analysis of residual magnetic anomalies is 
generally interpreted as the level of the curie point isotherm, 
and is useful to estimate the regional thermal structure. 
However, in this study Zo is estimated and used instead of 
Zb. Although we cannot prove the justification of it, on the 
basis of previous results we believe that Zo reflect regional 
crustal thermal structure to a certain extent. This presump‑
tive evidence is that Zt have almost the same values of 5 
km and Zo vary widely with different tectonics settings, so 
that the basal depths of magnetic sources show wide ranges, 
all over in East and Southeast Asia [Tanaka et al., 1999]. 

Fig. 1Fig. 1
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As mentioned before Zb = 2 Zo − Zt and Zb is assumed to 
correspond to 580°c isotherm. This leads to that Zo may 
correspond to about 350°c isotherm using one‑dimensional 
heat conductive transport model.

Zo VErSuS DEPTH LIMIT OF THE 
SEISMOGEnIc ZOnE

The deeper depth limit of seismogenic zone provides an 
additional constraint on crustal thermal regime. The catalogue 
of seismicity compiled by the Kamchatkan Experimental‑
 Methodical Seismological Department (EMSD) was used 
for the hypocentral distribution (Plate 1 (d)). The data were 
obtained thorough the website http://www.emsd.iks.ru/seis‑
micity‑e.html. We selected crustal earthquakes with depth 
shallower than 40km, and used events larger than energy 
class (as defined by EMSD) 9.0 in a time interval from 1962 
to 2004. The earthquake energy class, K, corresponds to the 
energy scale for classification using S‑wave records of local 
earthquakes obtained at stations with short‑period seismom‑
eters, where K = log E (energy in joules). Plate 1 (d) shows 
that the distribution of seismicity is not ubiquitous, but are 
concentrated in some restricted areas. Offshore high seismic 
activity along the eastern coast of the peninsula is related 
to seismic activity at trench. Poor seismic station coverage 
limits accuracy of depth estimates of this offshore seismicity. 
They may contain several outliers due to inaccurate locations 
or isolated seismic events generated by local anomalies. In 
order to avoid bias due to few outliers, the deeper depth limit 

of the seismogenic zone is defined as the depth above which 
90 percent of the earthquakes occur, D90. Plates 2 (a) and (b) 
show contour maps of Zo and D90, which ranges from about 
11 to 22 km and about 12 to 33 km, respectively. note that 
each square window indicated in Plate 2 by solid line, has 
yields only one value of Zo or D90. Both patterns are similar 
to one another, except for moderate values of Zo with deep 
D90 around the point of (54°n, 160°E) and southern part of 
the peninsula. Shallower Zo and D90 lie beneath volcanic 
areas. The southern part of the peninsula is characterized 
by higher heat flow (more than 300 mW/m2) with scatters as 
shown in Plate 1 (b), suggesting that lithospheric tempera‑
tures at depth are higher than those of surrounding areas. 
Also, deep earthquakes within the slab may contaminate the 
crustal seismicity due to the poor coverage of land stations 
for off‑shore events. These indicate that Zo may be reliable 
than D90 to delineate regional crustal thermal structure. 

Figure 2 shows the deeper depth limit of the seismogenic 
zone, D90, plotted against calculated centroids of magnetic 
sources, Zo. Good relationship between D90 and Zo, which 
gives us insight that Zo ref lect average crustal thermal 
regime. circles and crosses in Figure 2 show the distribution 
of Kamchatka and Japan [Tanaka and Ishikawa, 2005] respec‑
tively. The average values of Zo and D90 are about 16 and 25 
km of Kamchatka, which are deeper than that of in and around 
Japan. Thermal structure under arcs may be mainly controlled 
by subduction processes, which are the cooling effect of sub‑
ducting cold slab and heating effect of the induced flow in 
the mantle wedge. These effects depend on some subduction 
parameters, such as the depth of subducting slab beneath the 
volcanic front. This depth is about 120 to 140 km and 70 to 

Plate 2Plate 2

Fig. 2Fig. 2

Figure 1. Examples of spectra for the estimation of the centroid 
(Zo) of magnetic sources using the two‑dimensional magnetic 
anomaly data in a region of extending from 157°E, 52°n to 159.1°E, 
54.1°n. Value of 16 km were obtained as Zo using the gradient of 
spectra defined as ln ( (ΦDT ( | k | )1/2) / | k | ), where | k | is the wave‑
number and ΦDT ( | k | ) is the spectrum of the magnetic anomaly. 

Figure 2. Plot of the depth to the centroid depth of magnetic 
sources (Zo) against the seismogenic layer thickness (D90). circles 
and crosses denote data from Kamchatka peninsula [this study] and 
Japan [Tanaka and Ishikawa, 2005], respectively.
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Plate 2. contour maps of the depth to the centroid depth of magnetized source, Zo (a) and D90 (b). Each square represents 
the area, which uses to calculate Zo and D90.
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80 km, for Kamchatka and Japan respectively [Gudmundsson 
and Sambridge, 1998]. The difference in slab depths at target 
areas between Kamchatka and Japan may cause the deeper 
average values of Zo and D90. There is a correlation between 
Zo and D90, however there are variations of several exceptions 
around this correlation. One of the reasons to this discrepancy 
is that the uniform sub‑regions we used in this paper might be 
insufficient large to capture longer wavelengths of magnetic 
anomalies associated with deeper Zo. The discrepancy might 
also be caused by data involves errors. 

cOncLuSIOnS

The complex and dynamical tectonics in the circum‑Pacific 
plate boundaries gives some of the world’s most active crustal 
deformations. Each region is quite diverse, and application of 
the “comparative subductoology” approach is required to bet‑
ter understand the processes and structures. The Kamchatka 
peninsula has one of the most active volcanic chains in the 
world and is a dynamic convergent margin. There are several 
observations and proxies to assess the crustal thermal struc‑
ture, although heat flow measurements beneath the Kamthcka 
Peninsula are not widely distributed. We estimated thermal 
state within the crust from two different sources, the centroid 
depth of magnetic sources from magnetic anomaly data and 
the deeper depth limit of seisogenic layer from seismicity. 
Both show good correlations, which permits us to image the 
thermal structure beneath the Kamchatka peninsula, although 
they may contain some scatters and bias due to the different 
characteristics and errors. These values combined with mul‑
tidisciplinary data provide a useful indicator of the crustal 
thermal structure in these regions. 
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Correlation of Kamchatka Lithosphere Velocity Anomalies 
With Subduction Processes

Irina Nizkous1, Edi Kissling2, Irina Sanina1,  
Larissa Gontovaya3 and Valeria Levina3

Using arrival times of local earthquakes pressure and shear waves 3D P- and 
S-velocity model was calculated for the Kamchatka part of Kurile-Kamchtka arc. 
Maximum depth of the model is 200 km. For calculation 38 seismic stations and 
6702 local earthquakes were used. Results of velocity reconstruction show depth 
and lateral heterogeneity of lithosphere of Kamchatka within mantle wedge and sub-
duction zone, in particular there is pronounce low velocity layer at about 70–130 km 
depth beneath Eastern-Kamchatkan volcanic belt. Calculated 3D velocity structure 
is presented by horizontal and vertical cross-sections that illustrate clear correla-
tion between main tectonic elements of the region with deep velocity anomalies. 
In this paper we show dependence between earthquake epicenter distribution and 
P- and S-wave velocity change in focal layer. In addition we present local study of 
velocity structure beneath Klyuchevskoy volcano group and correlation of velocity 
anomalies with some other geophysical measurements in this area.

INTRODUCTION 

Kamchatka peninsula is located in the northern-western 
side of Pacific Ocean and it is the part of Kurile-Kamchatkan 
arc that comes across with Aleutian arc further to the north. 
This geographical position determines deep tectonic struc-
ture of the region. Main tectonic elements of Kamchatka are 
Sredinny Mountain Chain, Central Kamchatkan Depression, 
Eastern Kamchatkan Mountain Chain, hills of Kamchatka 
eastern peninsulas—Shipunsky, Kronotsky, Kamchatsky 
Mys, Kurile-Kamchatkan deep Trench and Central- and 
Eastern-Kamchatkan volcanic belts (Figure 1). It is assumed 
that the most part of the seismic activity in the region caused 
by the seismic focal zone (SFZ) processes [Fedotov, Gusev 
et al, 1985]. That is why it is very important to investi-

gate deep structure of subduction zone and answer to the 
number of questions, for example, what part of SFZ cause 
volcanic activity and how processes of focal zone relate 
to deep tectonic activity of the region. Recently to answer 
these questions and reconstruct deep velocity structure 
many authors use seismic tomography method [Kuzin, 1974, 
Slavina et al, 1974, Pivovarova et al, 1983, Gorbatov et al, 
1999, Gontovaya et al, 2003 and others]. But the results of 
studies are ambiguous and need additional analysis using 
various methods of calculations. 

In this work we present results of 3D P-wave velocity 
model reconstruction of crust and upper mantle of the 
Eastern Kamchatka area using high-resolution tomography 
technique that gives new insight into subduction processes 
in this area. In addition we would like to show seismic 
tomography image of the P-wave velocity structure of the 
crust beneath famous Klyuchevskoy volcanic group, that 
located in the northern part of Kamchatka.

DATA

All computations based on the EMSD GS RAS catalogue 
including 32 years of data registering (1971–2003 years). 

Fig. 1Fig. 1
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Figure 1. The map of Kamchatka peninsula. Legend: 1 – Pacific plate position according to [Fedotov, Gusev, at al, 
1985]; 2 – seismic stations, 3 – volcanoes.
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Catalogue includes arrival times of P- and S-waves from 
local earthquakes with magnitudes M³4 (or energy class Ks³8 
in local earthquake classification). For data processing only 
IP, IS, EP and ES phases with corresponding arrival time 
errors (0.1 s for IP, 0.2 s for EP and IS, 0.3 s for ES) were 
used. In addition the following data selection criterion was 
applied: for each event there should be not less then 8 high 
quality P wave station records, azimuth gap should be less 
then 180 degrees and the arrival time error less then ±0.2 s. 
Finally for further computation we created 6702 events data 
set included 63515 P-phases and 32954 S-phases recorded 
by 38 seismic stations of Kamchatka regional network 
(Figure 1). According to a priori arrival time error estima-
tion for selected data, the uncertainty is about 0.25 s.

COMPUTATION

1D minimum velocity model. Before 3D velocity model 
reconstruction we calculate new 1D velocity model for the 
region of study and perform several sensitivity and accuracy 
tests for given events and seismic stations position. With 
the help of VELEST software 1D minimum P- and S-wave 
velocity models [Kissling, 1988, Kissling et al, 1994] were 
computed based on the 600 earthquakes that in the best way 
meet the criterion of data selection mentioned above. As 
initial preliminary 1D velocity model we chose one that is 
currently used for Kamchatka routine hypocenter location 
[Kuzin, 1974]. Station delays were calculated relative to 
Petropavlovsk (PET) seismic station, which is the station of 
international seismic network (Figure 2).

Comparing initial Kuzin’s and computed 1D minimum P- 
and S-wave velocity models we may conclude that minimum 

velocity model is characterized by higher velocities (Figure 3),
 fine layering, so there is no abrupt crust-mantle velocity 
change. Moho boundary corresponds to approximately 30 
km depth and Vp is about 7.5 km/s. Station delays for P- and 
S-wave arrivals are consistent and reflect geological differ-
ence between Central Kamchatka depression (positive station 
delays) and eastern peninsulas of Kamchatka (negative station 
delays). Thus for further calculations and all hypocenters relo-
cation we use new minimum 1D velocity model. Final position 
of the earthquakes was changed: epicenters moved by about 
±10 km in the northern and northern-eastern direction and the 
events depth shift was about ±6 km.

3D velocity model. It is well known that accuracy and reli-
ability of modeling result depend on parameterization of the 
medium, applied damping coefficients and overall resolution 
of the model. In our case damping coefficients were assessed 
with the help of synthetic data set. Parameterization of the 
medium were chosen in the way that model blocks should 
be relatively small and the distances corresponded to the 
arrival time error (having certain velocity value) should be 
about several percents of linear size of the cell. Based on this 
assumption and taking into account distribution of earth-
quakes and seismic stations for further calculations we use 
30 km x 30 km x 20 km blocks. Resolution of the model were 
computed using real data set and quantitatively estimated by 
diagonal element of resolution matrix

 R=[MTM+ L]-1MTM (1)

M – model parameters matrix (velocities), L – damping 
parameters matrix. Such resolution assessment takes into 

Fig. 2Fig. 2

Fig. 3Fig. 3

Figure 2. 1D minimum model station delays for P and S waves, calculated relative to Petropavlovsk (PET) seismic station. 
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account ray trajectories and doesn’t overestimate size of 
resolved areas.

Model resolution is shown in Figure 4 and demonstrates 
that starting from 20 km depth area of good and fair resolu-
tion is uniform and has maximum square. Deeper then 120 
km good resolution region becomes smaller and shifts to the 
west toward Central Kamchatka Depression. Thus we expect 
to have the most reliable model results in 20–100 km depth 
interval. To increase model depth to 200–250 km over 700 
deep earthquakes (with hypocenters located deeper then 150 
km) were included in computations. 

To model spatial P-wave velocity distribution for area 
of study we use SIMULPS14 software [Evans et al., 1994, 
Haslinger, Kissling, 2001]. After velocity structure calcu-
lation and earthquake relocation root mean square error 
decreased from 0.502 s to 0.472 s whereas event hypocenters 
shift was negligible - 0.3 km and 0.2 km in horizontal and 
vertical directions. This means that 1D minimum velocity 
model is correct because otherwise hypocenter drift would 
be essential. 

Final 3D velocity distribution is presented in the form of 
vertical and horizontal cross sections that show percentage 
velocity change relative to 1D velocity model (Plates 1, 2).

RESULTS AND DISCUSSION

The first profile (Plate 1) crosses Eastern-Kamchatkan vol-
canic belt and further to the north Eastern Mountain Chain 
and Kamchatsky bay. At the latitude of Kronotsky penin-
sula SFZ turns to the north and at the same time Eastern-
Kamchatka volcanic belt is shifted to the west [Fedotov et 
al, 1985]. Analyzing profile velocity structure we define the 
following layers Kamchatka lithosphere: low velocity crust 
beneath volcanic belt with –6% up to –10% P-wave velocity 
variation; high velocity layer in 30–70 km depth interval with 
low velocity zones located beneath central parts of eastern 
peninsulas of Kamchatka; low velocity and seismic activity 
layer – asthenosphere wedge – in 70–130 km depth interval, 
where Vp variation is about 2–3% that is most likely due to 
material decompression and high fluid concentration, that is 

Fig. 4Fig. 4

Plates 1, 2Plates 1, 2

Figure 3. Comparison of 1D minimum velocity models for pressure (P) and shear (S) waves with Kuzin’s [Kuzin, 1974] 
velocity model. 
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proved by electroconductivity data [Moroz et al. 2004], so 
we assume that this zone is a magma source for active volca-
noes of the Eastern Kamchatka volcanic belt; high velocity 
layer – Pacific plate – where Vp is about 8.0–8.5 km/s, the 

top of this layer is at 110–120 km depth where maximum 
representative earthquakes hypocenters located (with energy 
class Ks³10). It should be noted that the position of Pacific 
lithosphere is changed in the area of Kurile-Kamchatkan and 

Figure 4. Assessment of spatial resolution for given location of stations and seismic events. Sections made at depths 10 
km, 20 km, 40 km, 60 km, 80 km, 100 km, 140 km, 160 km and 200 km.
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Plate 3. Seismic tomography modeling results for Klyuchevskoy volcanic group, profiles show relative percentage 
variation of P wave velocity. Green circles denote earthquakes (Ks>5).



NIZKOUS ET AL.    105

Aleutian arc junction (around 500 km mark on the profile) 
the top of the plate rises up to 50–70 km depth therefore in 
the northern part of the cross section there are no low veloc-
ity crust and asthenosphere wedge.

Vertical profiles perpendicular to Kurile-Kamchatkan arc 
and SFZ are shown in Plate 2. There are several general char-
acteristics that could be applied to each cross section. First of 
all P-wave velocity within Pacific plate area increases from 
southern to northern profiles and the maximum Vp variation 
(4%) as well as the highest seismicity level are beneath the 
Kronotsky peninsula area, where as was mentioned above 
volcanic belt turns to the west. Such high P- wave velocity of 
Pacific lithosphere most likely not due to material composi-
tion of the plate, but refers to increased stress corresponded 
to tectonic structure turn. Low velocity layer at 70–130 km 
depth spreads into SFZ area and causes inclination of the 
focal zone and visible displacement of lithosphere layers 
along this weakened region. At the same time on all the 
profiles one can see large deep (at 100–220 km depth) low 
velocity area with low seismic activity that located in the 
western part of Kamchatka and projected on the surface 
to the Central Kamchatka Depression region and possibly 
related to this tectonic element of Kamchatka. 

Whereas the first three profiles characterized by similar 
velocity structure the last one has several essential differ-
ences. Profile characterized by increasing crust thickness 
and disappearing asthenosphere wedge and moreover it 
seems that Pacific lithosphere has gaps or so-called “slab 
windows” [Levin et al., 2002]. All these differences could 
be explained by specific position of the profile: it crosses 
Kamchatka bay fault zone where revealed low velocity 
area evidently indicates the dependency between decom-
pressed upper mantle of the bay and Klyuchevskoy volcanic 
group. The latter is related to deep processes in the Kurile-
Kamchatkan and Aleutian arcs junction area. The mecha-
nism of this relation could be explained in different ways, 
based on various concepts of tectonic evolution of the region 
[Avdeiko et al, 2002; Seliverstov, 1998; Lees, Davaille, 1998; 
Levin et al., 2002]. In our study we assume material move-
ment through “slab window” and Kamchatsky bay fault 
zone toward Klyuchevskoy volcanic group. In addition to 
regional tomography results we would like to present local 
high-resolution tomography image of crust velocity structure 
beneath Klyuchevskoy volcanic group (Plate 3). Revealed 
low velocity area in 25–35 km depth interval correlates with 
some other geophysical parameters variation, in particular 
with electroconductivity anomalies, and with petrology data 
that allows supposing that this area is crust magma chamber 
of active volcanoes in the Klyuchevskoy volcanic group. This 
local study together with regional tomography image could 
help in further geodynamic study of this volcanic area.

CONCLUSIONS

With the help of high-resolution seismic tomography we 
calculated detailed 3D model of velocity structure beneath 
Eastern Kamchatka that gives a new insight into subduc-
tion processes in the western Pacific area. Based on seismic 
velocity structure analysis we may derive the following main 
conclusions. 

Computed seismic velocity changes correspond to main 
tectonic elements of Kamchatka. Pacific lithosphere is not 
homogeneous; the maximum seismic velocity variation 
within the slab is likely caused by increased stress due to 
plate turn at the latitude of Kronotsky peninsula. Velocity 
structure of the Kamchatsky bay area is influenced by the 
western part of Aleutian arc.

In the upper mantle beneath Eastern-Kamchatkan volcanic 
belt at depths of about 70–120 km asthenosphere wedge is 
revealed. It extends up to the latitude of Kronotsky peninsula 
and probably is the magma source of active volcanoes. 

Focal zone mainly corresponds to high velocity gradi-
ent areas that separate Pacific lithosphere and continental 
block. SFZ is not uniform and this is verified by velocity 
structure and correlation of earthquake hypocenters with 
Vp variation. 

Revealed by seismic tomography study low velocity zone 
in the crust beneath Klyuchevskoy volcanic group correlates 
with geophysical and petrophysics data and likely represents 
crust magma chamber of Klyuchevskoy volcanic group.

Calculated 3D velocity model allows to assume consider-
able difference in evolution of upper (about 100 km depth) 
and deeper parts of Kamchatka lithosphere. Obtained result 
might be useful for further geophysical investigations and 
construction of global geodynamic model of subduction 
processes in the area.
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Active Faulting in the Kamchatsky Peninsula, 
Kamchatka-Aleutian Junction
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Active faults of the Kamchatsky Peninsula mark where the peninsula block is 
deforming. The most prominent fault of the peninsula, striking ENE-WSW in its 
southeast corner, exhibits dominant right-lateral movement at Holocene slip rate of 
about 4 mm y-1. Shorter faults striking NW-SE to WNW-ESE southeast of it have 
dominantly normal displacements. Based on these observations, it is concluded that 
none of active faults of the peninsula can represent an onshore extension of any of 
large NW-trending underwater faults of the western Aleutians. It is suggested that 
movement along active faults accommodate a part of the peninsula block clock-wise 
rotation caused by northwest-directed differential movements of the fault-bounded 
longitudinal blocks of the westernmost Aleutians. 

INTRODUCTION

With the Kronotsky and the Shipunsky peninsulas to 
the south, the Kamchatsky Peninsula make a common set 
of promontories along eastern Kamchatka (see Fig. 1 and 
Fig. 2), but in terms of present geodynamics the latter is 
distinctive. While the southern two peninsulas are now part 
of the leading edge of an overriding plate, the Kamchatsky 
Peninsula lies west of the Komandorsky segment of the 
Aleutian arc, north of the northern tip of the Kamchatka 
subduction zone (Fig. 1). The elevated east portion of the 
Kamchatsky Peninsula elongates SE-NW, that is, obliquely 
to the main structural trend of the Kamchatka mainland (Fig. 
2). Based on this fact and on evident differences between 
Cretaceous-Paleogene evolution of northern Kamchatka 
mainland and the Kamchatsky Peninsula, Markov et al. 
(1969) interpreted the Kamchatsky Peninsula to likely rep-
resent an extreme NW element of the Komandorsky segment 
of the Aleutian island chain.

Either a part of Kamchatka or that of the Aleutians, the 
Kamchatsky Peninsula centers the area where the two island 

arcs meet at nearly a right angle. Their interaction is com-
monly interpreted in terms of active arc-arc collision that 
has been occurring since the Kamchatsky Peninsula block 
docked against the Kamchatka ocean margin some time after 
the mid Cenozoic (Pechersky et al., 1997; Park et al., 2002). 
Markov et al. (1969) inferred that the Kamchatka mainland 
and the Kamchatsky Peninsula meet across a regional fault 
that runs NNE-SSW directly west of the Nerpichie Lake (see 
Fig. 3), and that the tighter compressed structure of the north-
ern Kumroch Range of central Kamchatka is a manifestation 
of the Kamchatka-Aleutians interaction. Geist and Scholl 
(1994) outlined a zone of intensive thrusting in the portion of 
east central Kamchatka NW of the peninsula and interpreted 
it as having resulted from the Kamchatka-Aleutian colli-
sion. Based on the seismicity pattern, they suggested also 
that at present the Kamchatka-Aleutian interaction might 
be occurring somewhere between the Komandorsky chain 
and the Kamchatsky Peninsula block. Gaedicke et al. (2000) 
examined possible relationships between Late Quaternary 
faults of the peninsula and a system of arc-parallel right-
lateral underwater faults of the western Aleutians detected 
from seismic profiling data (Seliverstov, 1983; Baranov et 
al., 1991; Seliverstov et al, 1995). 

Contributing much to understanding the active pro-
cesses of the Kamchatka-Aleutian interaction, all the 

Fig 1Fig 1

Fig 2Fig 2

Fig 3Fig 3
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works mentioned above incorporated, however, few data on 
onshore active faulting. The aim of the present paper is to 
describe geomorphic manifestation of active faulting in the 
Kamchatsky Peninsula to provide additional insight in the 
Late Quaternary development of the Kamchatka-Aleutian 
junction area. 

GEOLOGIC AND NEOTECTONIC SETTING

Physiographically, the Kamchatsky Peninsula combines 
several isolated mountainous massifs surrounding the low-
land of the central part of the peninsula with the large lakes 
Nerpichie and Kultuchnoe (Fig. 3). The massifs are rimmed 
with successions of marine terraces, development of the 
oldest of them probably dating back to the beginning of 
the Middle Quaternary time (Melekestsev, Erlikh, 1974). 
The massifs are composed of Cretaceous and Paleogene 
complexes while the lows between them are filled with the 
Ol’khovskaya suite of late Pliocene to early Quaternary age 
(Geological, 2002). However, patches of sediments of the 

Ol’khovskaya suite are present at high altitudes as well in 
northern and southern regions of the peninsula (Geological, 
2002). This presence suggests that modern topography of 
the peninsula has resulted from mainly Middle and Late 
Quaternary tectonic vertical movements, slower (~1.6 mm 
y-1) in the northeast and faster (up to 4.7 mm y-1) in the south 
(Melekestsev, Erlich, 1974). judging simply by the massif 
morphology, block tilting, mostly towards the central part 
of the peninsula, has been occurring. At the same time, in 
the southern peninsula, general steepening of marine ter-
races from younger to older suggests south-directed tilting 
of the block between the First and Second Pereval’naya 
rivers (Kozhurin, 1985). Along the southern margin of the 
peninsula, the inclined form of an unconformity between the 
Ol’khovskaya suite and underlying rocks (Fig. 2 in Basilyan, 
Bylinskaya, 1997) may also be evidence of post-Late Pliocene 
tilting or folding.

Active faults in the region of the Kamchatsky Peninsula, 
known and inferred from interpretation of aerial images, 
make up two groups (Fig. 2 and 3). The faults close and 
parallel to the eastern foothills of the Kumroch Range, west 
of the Nerpichie Lake, represent the northernmost extension 

Figure 1. Plate boundaries configuration in NW Pacific. Dashed 
lines are boundaries of minor plates within major plates. NA = 
North American Plate, EU = Eurasian Plate, PA = Pacific Plate 
(DeMets et al., 1990). AM = Amurian Plate, OK = Okhotsk Plate 
(Zonenshain, Savostin, 1979), BE = Bering Sea Plate (Lander et al., 
1994). Open arrow shows direction of NA-PA relative motion. 1 to 
3 are for promontories along the Kamchatka east margin: 1 – Shi-
punsky Peninsula, 2 – Kronotsky Peninsula, 3 – Kamchatsky 
Peninsula (see also Fig. 2). 

Figure 2. Regional neotectonic setting of the study area. Thick 
black lines are active faults, dashed where inferred, ticks on down-
thrown side. Thinner black dashed lines are major underwater 
faults (Baranov et al., 1991; Seliverstov, 1995, simplified). Dotted 
black lines are the Kurile-Kamchatka trench and the Aleutian 
trench. White dashed line ovals are approximate outlines of NW-SE 
trending elongated uplifted area in the Kamchatsky peninsula and, 
for comparison, of NNE-SSW-trending (margin-parallel) uplifts in 
the Kronitsky Peninsula. CKD = Central Kamchatka Depression, 
KR = Kumroch Range, EKFZ = East Kamchatka fault Zone, ShV 
= Shiveluch Volcano. See Fig. 1 for location. 
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of the east branch of the East Kamchatka Fault Zone, the 
major fault system of the Kamchatka mainland. These faults 
are mostly normal, with the west sides relatively elevated, 
and some right-lateral component of movements (Kozhurin, 
1990, 2004; Kozhurin et al., 2006). East of these faults, there 
is a separate net of NW-trending and NE- to ENE-trend-
ing faults. These faults do not connect to those of the first 
group and may therefore relate to internal deformation of the 
Kamchatsky Peninsula.

ACTIVE FAULTING IN THE KAMCHATSKy 
PENINSULA

Here I describe a group of active faults concentrated in 
the southeast corner of the peninsula (see Fig. 3). The faults 
cut Holocene landforms providing good evidences for their 
kinematics. This group includes a fault that extends ENE 
from upstream portion of First Pereval’naya River to the 
mouth of Second Pereval’naya River (Fig. 4 box on Fig. 3). 
It is likely that this fault continues farther east, beneath the 
waters of the Kamchatsky Straight, along one of the canyons 
on the peninsula continental slope. South of this fault, there 
are two short NW to WNW-striking faults, one in the First 
Pereval’naya River valley (Fig. 7 box on Fig. 3), and another 

in the Pikezh River valley (Fig. 8 box on Fig. 3). Both faults 
also extend up to the shoreline and may continue some dis-
tance into the sea.

ENE-WSW-Trending Fault

The fault stretches as a generally continuous, slightly 
northward-convex line, probably with a short left-hand 
step near the middle where its downthrown (northern) side 
becomes mountainous (Fig. 4). The fault is the northern limit 
of an uplifted block, which bears well-developed marine 
terraces on its top and gentler southern slope, the oldest of 
them reported to be Middle Quaternary in age (Melekestsev, 
Erlich, 1974). From younger to older, the terrace surfaces 
become notably steeper suggesting southeast-directed tilting 
of the uplifted block (Kozhurin, 1985).

All along its length, the fault exhibits evidences for right-
lateral offset of Holocene landforms - side-crests, gullies and 
terrace risers, with offset values ranging from about 2 m to 
70–75 m (Table 1). Characteristic features are abandoned chan-
nels and curved active channels, as well as shutter ridges (Fig. 
5). The vertical component of offset is subdued. The average 
rate of Holocene right-lateral fault movement may be estimated 
based on offset of two terraces along one of the left tributaries 

Fig 4Fig 4

Table 1Table 1

Fig 5Fig 5

Figure 4. Top. Fragment of aerial photograph. White arrows point at the fault line. Bottom. Black lines are active faults, ticks 
on downthrown side. Arrows mark strike-slip faults. Dotted lines are rivers and streams courses. For location see Fig. 3.
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of the First Pereval’naya River, close to the fault’s west end (Fig. 
6). Both terraces are mantled with soil-pyroclastic deposits 
with lowermost tephra identified as ash falls from Shiveluch 
Volcano (Vera Ponomareva, personal communication). The 
oldest tephra on the lower (younger) terrace (terrace 1 in Fig.6) 
is SH2800 with an age of 2800 14C yr BP (2900 calibrated years) 
(Pevzner et al., 1998). On the next higher terrace (terrace 2 in 
Fig. 6), the oldest tephra is SH4800 with and age of 4800 14C yr 
BP (5500–5600 calibrated years) (Pevzner et al., 1998). Terrace 
2 was traced down to the First Pereval’naya River mouth where 
14C dating of its sediments gave an age of 6000 ± 50 14C yr BP 
or ~6800 calibrated years BP (Kozhurin, 1990), in reasonable 
compliance with the tephrochronological dating. Terrace one 
is displaced right-laterally 13–14 m and Terrace two 23–24 
m (Fig. 6). Based on these figures, maximum slip rates can 
be estimated to be 4.5 to 4.8 mm y-1, for the lower terrace 1, 
and 4.1 to 4.3 mm y-1, for the higher terrace 2. On each terrace 
there is about 10–12 cm of loamy soil between the lowermost 
identified ash and coarser alluvial deposits. Earlier, the rate of 
accumulation of similar sediments at the base of the west slope 
of the Kumroch Range was estimated to be 0.1 to 0.4 mm y-1 

(Kozhurin et al., 2006). This suggests that both terraces can 
be roughly 500 years older than overlying lowermost tephras, 
therefore I estimate the terrace ages to be roughly 3.4 ka and 
6 ka. Average lateral slip rates based on these observations 
and reasoning are about 4 mm a-1. Based on this value and the 
amount of minimal right-lateral offset measured in the fault (2 
m, see Table 1), recurrence interval between fault movements 
can be tentatively estimated as about 0.5 ka. 

Fig 6Fig 6

Table 1. Amplitudes of Right-Lateral Offsets along the ENE-WSW 
Fault, SE Kamchatsky Peninsula

Fault strike at 
observation 

site

Right-lateral 
displacement, 

m
Vertical 

separation, m
Corresponding 

figure
70° 5.5 1
70° 32 Fig. 5B
70° 65–70 ~ 5 Fig. 5A

7
30 Fig. 5A

70° 70 ~5
70° 8–10

19–20
70–75 ~5

70° 72–75 ~5
37–40

35
15

70° 57–58 4–5
43–45
14–15

2
20–22

70° 30—32
25

70° 65 ~5
80° 10–12 0.8–0.9 Fig. 5C
70° 13–14 1.1–1.2 Fig. 6

23–24 1.2–1.3 Fig. 6

Figure 5. Right-lateral displacements of geomorphic elements 
along the ENE-WSW fault of the Kamchatsky Peninsula. White 
arrows point at the fault scarp. For location of photos see Fig. 4. 
Insets are plan-view sketches of displacements (field drawings). A. 
AB = 65–70 m, CD = 30 m. View to S. B. AB = 32 m. View towards 
WNW. C. AB = 10–12 m, VS (vertical separation) = 0.8–0.9 m 
View to N. (see Table 1).
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NW-SE-Trending Faults

Fault in the First Pereval’naya River valley. This fault 
produces a SW-facing scarp on the west (right-hand) slope 
of the First Pereval’naya River valley (Fig. 7). In the north, 
where the valley turns northwest, the fault also turns north-
west while keeping its southern side uplifted. This relation-
ship indicates a south to southeast dip of the fault plane and 
a normal sense of fault movement. 

The amplitude of vertical separation of topography 
varies along the fault, being larger, up to 15–20 m, where 
the fault strikes E-W (in the north) and decreasing to 5–7 
m where the fault strikes NW-SE. At places, right-hand 
stepping of the fault trace is noticeable. Lateral component 
of motion is very small and apparently left-lateral. Such 
motion is obviously missing on the E-W-striking portion 
of the fault and may be present where the fault strikes NW. 
So, within a stream valley, NW of the Nepropuskovy Creek 
(see Fig. 7), the fault displaces by ~1 m vertically and 2 m 
left-laterally a low water divide between two active, shal-
low channels. On aerial photographs, the courses of two 
gullies farther NW seem to bend a little along the fault 

line, probably reflecting left-lateral displacement of up to 
20–25 m. However, it should be emphasized that evidence 
for lateral movement on the fault is scarce and uncertain, 
so the fault should be considered mostly normal.

Southeast of the First Pereval’naya R. mouth, there is a 
well-developed underwater canyon that extends, widen-
ing seaward, down to the base of the continental slope 
(see Fig. 3). Since the location and direction of the First 
Pereval’naya R. valley were obviously predetermined by 
the fault movements, the canyon may mark the underwater 
continuation of the fault.  

Fault in the Pikezh River valley. In the area of the lower 
Pikezh River, several short faults combine in a system that 
borders a triangular-shaped depression filled with well-
developed, low marine terraces (Fig. 8). All the faults 
produce steep, south-facing scarps and, by appearance, 
look very similar to the fault in the First Pereval’naya 
River valley. Total vertical separation of the ground sur-
face across segments amounts to 10–12 m. Typically, 
fault scarps are accompanied by shallow depressions 
at their foot (see profile inset, Fig. 8), suggesting nor-
mal movement along the faults. As in case with the First 
Pereval’naya River fault, no reliable evidence for lateral 
fault movement is apparent. 

Fig 7Fig 7

Fig 8Fig 8

Figure 6. Top. Photo of terraces in the First Pereval’naya River 
valley displaced right-laterally in the west part of the fault. Bottom. 
Interpretation (field drawing). Numbers enumerate terraces (see 
text). MT = marine terrace. Nearly equal length of arrows indicat-
ing offset amounts is due to oblique view distortion. View towards 
E. For location see Fig. 4.

Figure 7. Top. Fragment of aerial photograph. Bottom. Black lines 
are active faults, dashed where inferred, ticks on downthrown side. 
Arrows mark strike-slip faults. Dotted lines are rivers and streams 
courses. For location see Fig. 3.
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Other faults. Other probable active faults on the peninsula, 
based solely on interpretation of aerial images, include the 
following (see Fig. 3). 

A fault with undoubtedly Late Quaternary movement extends 
NW by a set of short, NE-facing scarps from the NE corner of 
Nerpichie Lake (Fig. 3). Markov et al. (1969) inferred left-lat-
eral movement along the fault but reported no supporting data. 
Based on interpretation of aerial photographs, Late Quaternary 
activity can be also expected for the NNW-striking fault start-
ing at the northern margin of the Soldatskaya Bay, where marine 
terraces appear to be vertically displaced. Finally, we suppose 
that young vertical movement may have been occurring on 
about N-S faults south of Nerpichie Lake (Fig. 3). 

DISCUSSION

The most conspicuous fault of the peninsula is that extend-
ing roughly E-W between the First and Second Pereval’naya 
rivers. Kinematics of the fault is mainly right-lateral. The 
vertical component of fault movement is much smaller and 
is likely normal. Based on 14C and tephrochronological age 
determinations, the Holocene average lateral slip rate is ~4 
mm y-1. In the east, the fault reaches the peninsula shoreline 
and is likely extending underwater along one of the canyons 
of the peninsula continental slope.

The NW-striking faults in the First Pereval’naya River 
valley and the Pikezh River valley exhibit mostly normal 
movement in recent times. Lateral component is negligibly 
small and left-lateral. This result evidently contradicts the 
conclusion of Gadeicke et al. (2000) that the fault along the 
First Pereval’naya River exhibits up to 250 m of cumulative 
dextral offset imprinted in topography. I maintain, there is 
no appreciable evidence of right-lateral movement along any 
of the right-side tributaries, of size and geomorphic position 
similar to Nepropuskovy Creek. The Nepropuskovy valley 
has no terraces and in its downstream portion incises the 
Holocene terrace of the First Pereval’naya River. Thus, attrib-
uting 250 m of plan-view bend of the stream to Holocene 
cumulative displacement yields a six-times faster lateral slip 
rate (~2.5 cm y-1), than that estimated by tephrochronology 
and radiocarbon dating for the ENE-WSW-striking right-
lateral fault of the peninsula. 

Gaedicke et al. (2000) were apparently the f irst 
who attempted to connect the large dextral faults of the 
Komandorsky segment of the Aleutians with active faults 
on land on the Kamchatsky peninsula. In their model, the 
onshore ENE-WSW-striking fault is shown as a continua-
tion of one of the NE-SW-striking splays of the Bering fault 
zone. (Fig. 9). Since the splay strikes obliquely to the main 
trace of the Bering F.Z., the sense of movement along it must 
be mainly reverse (as indicated in Fig.3 in Gaedicke et al., 
2000). However, field data indicate that the onshore fault 
moves laterally and that the vertical component constitutes 
just a very small portion of the overall fault movement. It 
seems that the only possible model that incorporates the 
onshore strike-slip fault as a direct extension of the Bering 
Fault zone could be that of the counter clockwise rotation of 
a single block of the westernmost segment of the Aleutian 
island rise and the southwest portion of the Kamchatsky 
Peninsula. However, the two faults differ too much in their 
radius of curvature so that the motion on one of them can not 
be simply accommodated by the motion on the other. 

As for the faults in the First Pereval’naya and Pikezh river 
valleys, their dominantly normal kinematics and lack of any 
reliable evidence for dextral movement do not allow them to 
be linked to the dextral Pikezh fault zone (see Fig. 9). 

We must conclude therefore that at present any correlation 
between onshore faults of the Kamchatsky Peninsula and 
offshore faults of the western Aleutians must remain provi-
sional, if only by reason of differences in resolution of terres-
trial and underwater data. Moreover, I suggest there may be 
another way of examining the problem. I suggest that active 
faults in the peninsula do not extend beyond the limits of the 
peninsula block (roughly, landward of the 1000-m bathymet-
ric contour) and reflect therefore just internal deformation 
of this block. Large right-lateral faults of the Komandorsky 

Fig 9Fig 9

Figure 8. Top. Fragment of aerial photograph. Bottom. Black lines 
are active faults, dashed where inferred, ticks on downthrown side. 
Dotted lines are rivers and streams courses. Numbers are measured 
vertical separation, meters. On scarp profile, 10–12 m is amount 
of vertical separation of ground surface, 5 m is the width of fault-
related depression, dashed lines mark inferred position of major 
and antithetic fault planes. For location see Fig. 3.
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chain, including the Bering F.Z. and the Pikezh F.Z., which 
accommodate a portion of the transform movement along the 
Pacific-Aleutian boundary, may be interpreted either to ter-
minate before the eastern limit of the Kamchatsky Peninsula 
block or to plunge beneath it. 

An important consequence of the uniform kinematics of 
the NW-SE faults of the Komandorsky islands is the decrease 
in rate of dextral movement from one fault to another with 
distance from the Aleutian-Pacific interface. This, in turn, 
implies a gradual northward decrease in the rate of conver-
gence between the Kamchatsky Peninsula block and the 
longitudinal, fault-bounded blocks of the Komandorsky 
Island chain. The expected result of this specific multi-
block interaction may be some clockwise rotation of the 
Kamchatsky Peninsula block, some part of this rotation 
being accommodated by movements along the peninsula 
faults (Fig. 10).

Supporting evidence for this model include the following: 
1)  NW-directed movement of longitudinal, fault-bounded 

slivers of the Komandorsky segment comply with slip 
vectors and orientation of compression axes obtained 
from focal plane solutions of strong earthquakes imme-
diately east of the Kamchatsky Peninsula (Cormier, 1975; 
Zobin et al., 1988) (Fig. 11).

2)  Along-arc translation and clock-wise rotation of blocks 
may be occurring in the central Aleutian Island arc (Geist 

Fig 10Fig 10

Fig 11Fig 11

Figure 9. Major fault zones of the westernmost Aleutians. Thick gray lines and kinematic symbols are faults as in 
Gaedicke et al., 2000. Dotted lines are faults from Seliverstov et al., 1995. Thinner black lines are active faults (this 
paper). See text for details. 

Figure 10. Idealized representation of the Kamchatsky Peninsula 
– Aleutians interaction. Thick black lines are active faults both 
known and potential (see Fig. 3) with their inferred underwater 
extensions. Hatched area is underwater slope of the Kamchatsky 
Peninsula block. Open arrows indicate direction of movements 
relative to Kamchatka, longer arrows for faster movements. PA is 
the Pacific Plate.
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et al., 1988), probably in association with arc-parallel 
extension (Lallemant and Oldow, 2000). 

3)  Similar to the Komandorsky islands (Bering and Medny 
islands), the elongated Kamchatsky Peninsula block is 
oriented oblique to the trend of the west Aleutians but at 
larger angle (see Fig. 11). It may be speculated that the 
extra obliquity accumulated due to rotation of the pen-
insula block caused in turn by differential NW-directed 
movement of the Komandorsky segment. 

It follows from above, that the Kamchatka-Aleutian interac-
tion may be occurring somewhere between the Komandorsky 
chain and the Kamchatsky Peninsula block as suggested by 
Geist and Scholl (1994) based on seismicity pattern, rather 
than directly within the peninsula, as later suggested by 
Gaedicke et al. (2000). 

CONCLUSIONS

1.   Active faults in the Kamchatsky Peninsula form a spe-
cific group independent of active faults in the rest of 
Kamchatka. The main fault of the peninsula is the about 
E-W-striking fault moving right-laterally at the rate of ~ 4 
mm y-1. Shorter NW-SW faults breaking its southern side 
are mostly normal. 

2.   By strike and sense of movement, the faults of the pen-
insula can not represent direct extensions of the large 
underwater longitudinal faults of the Komandorsky seg-
ment of the Aleutian Islands rise or subordinate elements 

of their system, and reflect therefore internal deformation 
of the peninsula block. 

3.   The probable mechanism of active faulting in the area 
may be active rotation of the peninsula block caused by 
lateral pressure applied by the fault-bounded longitudinal 
blocks of the westernmost Aleutians moving at different 
rates to the northwest.
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Intrinsic seismic attenuation gives additional constraints on the physical prop-
erties of the deep medium. However, in many cases attenuation is masked by 
scattering loss. In this work, the high-frequency Q-value, i.e. parameter of seis-
mic attenuation, is studied in the Kii Peninsula segment of the Philippine Sea 
subduction zone of Japan. The geometrical spreading factor, which is necessary to 
exclude before inversion of the Q-value, is calculated numerically using a realistic 
3-D velocity model and ray approximation. Generally, estimated “total” Q-values 
agree well with results of other studies and with common expectations based on 
tectonic structure, except for one striking result: Q-values for the lower crust and 
the subducting oceanic crust become extremely low, Qtotal ~ 20–30f . In order to 
interpret this result we compiled attenuation-related phenomena that were observed 
in the studied region: (1) the seismogenic upper crust; (2) aseismic lower crust; 
(3) reflective lower crust (RLC); (4) belt-like zone of the deep low-frequency tremor 
generation (LFT), that is parallel to the slab; (5) low-frequency earthquakes (LFE); 
and (6) reflective subducting oceanic crust (SOC). Analysis of ray coverage reveals 
that anomalously low Q-value in RLC and SOC can be explained mostly by high 
scattering attenuation (i.e., low Qsc value) in the reflective layers.

INTRODUCTION

Studies on seismic attenuation are helpful to constrain 
tectonic models. S-wave attenuation in some cases is more 
sensitive to cracks and fluids than seismic velocity. In a high-
frequency range ( f > 1Hz), it is possible to resolve detailed 
attenuation structures using simple ray approach and linear 
tomography inversion. The problem is that due to the scat-
tering of waves, random variations of amplitudes become 
large and inversion becomes unstable. Using wide frequency 
range and assuming that Q-value (i.e. parameter for seismic 
attenuation) is frequency independent, inversion can be stabi-
lized. This approach is used in many attenuation tomography 
studies and gives reasonable correlations between observed 

attenuation structures and tectonic features [e.g., Wu and 
Lees, 1996; Roth et al., 1999; Stachnik et al., 2004].

Studies on a frequency dependent Q-value can help to 
resolve the source of attenuation in the subduction zone: Is 
it mostly intrinsic attenuation, caused by the presence of flu-
ids and/or melts? Alternatively, is it scattering attenuation, 
caused by the heterogeneous velocity structure? Q-value is 
expected to approach frequency independence in the first 
case, and will develop strong frequency dependence in the 
second case [Sato and Fehler, 1998; Chapters 5.2 and 5.3].

To increase the accuracy of the estimation of the fre-
quency dependent Q-value, a method based on realistic 
physical models needs to be developed. At local and regional 
distances, first of all, calculations of realistic geometrical 
spreading need to be considered. Using such a method, a 
non-uniform Q-structure can be estimated.

In this study, we used our original method of attenuation 
tomography inversion [Petukhin et al., 2003] and estimated 
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the structure of Q-value. In order to estimate the Q-value, 
the effect of elastic attenuation (i.e. mainly geometrical 
spreading) needs to be first eliminated. The result of this 
Q-value depends on the exclusion method used. In this study, 
for high-frequency range, we employed ray approximation 
and calculated elastic attenuation using ray-theory. For this 
purpose, we used the Complete Ray Tracing (CRT) method 
[Červený et al., 1988], both for calculating elastic attenuation 
and for ray tracing. Another feature of this developed method 
is the use of the double-spectral ratio method in tomographic 
inversion, to reduce trade-offs between the source and/or site 
effect and Q-value.

The studied region was the Kii Peninsula segment of 
the Philippine Sea subduction zone. Many low-frequency 
earthquakes, which indicate the presence of fluids in the 
Earth’s crust, were observed here. Most of low-frequency 
earthquakes are located in the junction of the slab and crust 
[Obara, 2002], with some in the central part of studied area, 
far from volcanic centers [Ohmi, 2001].

The Philippine slab is thin (around 30 km) and sub-
jected to an inclined subduction process in a Northwest 

direction in Western Japan. Due to this complex process, 
the slab crumples into several folds, one of which is the 
Kii Peninsula segment. Due to this crumpling effect, the 
velocity structure in the studied region is essentially three-
dimensional. The studied area and slab location are shown 
in Figure 1.

The 3-D velocity model in the studied area for this work 
was compiled from seismicity data, travel-time tomography 
results, seismic exploration results, gravity data and borehole 
measurements. The data used in the inversion are high-
 frequency (1–10Hz) high-quality data of CEORKA [Toki et 
al., 1995] and Hi-net networks [Obara et al., 2000].

Generally, these estimated “total” Q-values agree well with 
results from other studies and with common expectations 
based on the tectonic structure, except for one remarkable 
result when the Q-values for the lower crust and the subduct-
ing oceanic crust become extremely low: Qtotal ~ 20–30f. 
In order to interpret this result, we compared the estimated 
Q-structure with other phenomena related to attenuation that 
were observed in the studied region. Good correlations with 
the reflective layers [Ito et al., 2005] were found.

Figure 1.Figure 1.

Figure 1. Map of the studied region. Location of the Shingu-Maizuru reflection profile, crossing studied region in 
NNW-SSE direction, which will be intensively referenced throughout the paper, is also shown. 
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METHOD OF Q-STRUCTURE INVERSION

Estimation of Q-value by Elimination of Ray-Theory 
Geometrical Spreading

Spectral inversion. In order to study S-wave attenuation in 
high-frequency range, it was assumed that observed ampli-
tude Fourier spectrum is a product of four terms [e.g., Iwata 
and Irikura, 1988]: (1) source (S), (2) elastic path attenuation 
(g), (3) described by the Q-value inelastic path attenuation 
and (4) site (G) effects.

 .  (1)

Such a simplified formulation leads to a simple linear 
tomography inversion methodology. Assignment of initial 
Q-values in blocks is unnecessary and a dependency of the 
results on the initial model in this case is not present.

In contrast to many other methodologies (e.g., pulse width 
method, [Wu and Lees, 1996], phase pair method, [Roth et al., 
1999]), this inversion method does not assume that Q-value 
is frequency independent, and estimates, separately in many 
frequency bands, the frequency dependence from inversion. 
However, from a negative standpoint, because this method 
uses narrow frequency bands, either data scattering becomes 
higher, thereby requiring more data for a more stable inver-
sion, or inversion resolution becomes lower.

Frequently, to estimate the path attenuation effect, the 
Q-value is inverted under the assumption that geometrical 
spreading is spherical (This is true for a uniform velocity 
model). Actually, elastic attenuation g is a complex effect 
that includes: (1) geometrical spreading in a non-uniform 
velocity model, (2) reflection and conversion on major veloc-
ity discontinuities and (3) free-surface effect.

In this study, elastic path attenuation was calculated using com-
plete ray theory [Červený et al., 1988] in a 3-D velocity model. 
Travel time inside block k was calculated by 3-D ray tracing:

 .  (2)

Double spectral ratio method. The source and site effects 
were eliminated using the double spectral ratio scheme 
[Chun et al., 1987]. The Q-values in blocked media were 
subsequently inverted from the observed double spectral 
ratios DSR using a tomography approach:

  (3)

Or converted in a linear form, after the removal of the 
elastic attenuation term and adopting the logarithm:

 .  (4)

Here, i and j - indexes of the source pair, m and n - indexes 
of the station pair, k - index of medium block with uniform 
Q (see also Figure 2).

The usefulness of the double spectral ratio method in stabi-
lizing inversion was shown by a simple numerical simulation 
in a previous research [Petukhin et al., 2004], because the 
method reduces bias due to the trade-offs of the Q-value and 
source/site effect.

Additional measures to stabilize inversion were: (1) selec-
tion of data having a uniform coverage; (2) construction of a 
tomography block model adjusted to an expected Q-structure 
(see below); and (3) layer stripping. Referring to [Petukhin 
et al., 2003], in order to reduce a possible trade-off between 
the Q-values in seismogenic layer and other blocks, we used 
a two-step layer-stripping algorithm.

In the first step, only the data of shallow events, whose 
rays pass within the upper crust, were used to estimate the 
Q-structure in the upper crust. The results of [Petukhin et 
al., 2004] were used for this step.

In the second step, the data of events from the subduction 
zone, deeper than 20 km, were used. In this case, the rays 
pass both through the upper crust and through the deeper 
part (lower crust/mantle wedge/subducting oceanic crust/
slab). In order to determine the Q-structure in the deeper 
part, we fixed the Q-structure in the shallow part using the 
results from the first step of the inversion.

Velocity Model and Tomography Block Model

Following to [Petukhin et al., 2004], for this study we 
developed a 3-D velocity model for the Kii Peninsula seg-
ment (see Figure 3). This model includes: (1) the surface 

Figure 2.Figure 2.

Figure 2. Scheme illustrating the double-spectral ratio tomography 
inversion procedure, see equation (4). Dashed lines – blocks, solid 
lines – rays, bold paths are the paths having constant Q = Qk.
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low-velocity layer, (2) seismogenic layer (or upper crust), 
(3) lower crust, (4) Philippine Sea slab, (5) subducting oce-
anic crust above the slab, (6) mantle wedge (between the con-
tinental crust and subducting oceanic crust), and (7) upper 
mantle (i.e. below the slab). Based on the case study in 
[Petukhin et al., 2004], it was assumed that velocities inside 
each layer have gradient, thus, velocity discontinuities on the 
layer boundaries are absent. Moreover, in high-frequency 
range, at the crossing point with velocity interface, the effect 
of reflection/conversion for upward rays is negligible.

In order to check the compiled 3-D velocity model, we 
calculated the P-wave travel times and compared them with 
the observed travel times. Analysis of the results reveals that 
differences between observed and calculated P-arrivals are 
small (maximum value is around +/- 1 sec; standard devia-
tion is around 0.35 sec; the average difference is smaller than 
the standard deviation and have no distance trend). Hence, 
the compiled model has no large systematic errors; and can 
therefore be used for analysis. For more details about the 
velocity model, refer to [Petukhin et al., 2004].

The whole media of ray propagation was divided into blocks 
with a constant Q-value according to the tectonic structure 
(see Figure 4): The upper crust (UC), lower crust (LC), mantle 
wedge (MW) subducting oceanic crust (SOC) and slab (SLB). 
The UC block was subdivided into 3 smaller blocks with the 
boundaries along the major fault systems in the studied area. 
The surface low-velocity layer above the seismogenic layer 
was considered as an additional block (LV).

The structure of the tomography blocks was constructed 
based on the following assumptions:
1.  The blocks must be large enough. There are two reasons 

for this. First, in order to solve the ill-conditioned attenu-
ation tomography inversion problem, the ray coverage for 

each block (i.e., the number of rays crossing this block) 
should be large (of the order 100–200 rays). Second, the 
size of the block should be several times larger then the 
width of the scattered, physical rays. For details, see dis-
cussion in [Petukhin et al., 2003].

2.  For large blocks, better results are expected if the structure 
of the blocks themselves will coincide with the tectonic 
structure in the studied region, which is also an expected 
Q-structure.

3.  For the upper crust blocks, natural boundaries between 
blocks are the major active faults in the studied area. 
These boundaries also surround the tectonically uniform 
sub-regions.

Figure 3.Figure 3.

Figure 4.Figure 4.

Figure 3. Cross-section of the 3-D velocity model, perpendicular 
to the subduction zone and passing through the central part of the 
studied region.

Figure 4. Assumed structure of the tomography blocks and ray 
coverage. The upper figure: Block structure for the upper crust. 
The lower figure: Block structure for the lower part of the medium. 
Blocks and rays on the lower figure are projected to the cross-sec-
tion that coincides with the Shingu-Maizuru profile (see Figure 1). 
In the upper figure, locations of the observation sites used in the 
analysis are also shown.
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Data Processing

Processing of data, namely selection of direct S-wave 
window, calculation of amplitude Fourier spectra, removing 
noise and so on, is an important step of analysis. Accurate 
(although complicated) data processing reduces scattering of 
the data, stabilizes inversion and finally improves resolution 
of inversion.

In this study, we followed our original method of data 
selection and processing described in [Petukhin et al., 2003], 
with one exception: we used a constant time-window of 3 
sec from the S-arrival, instead of the time-window used in 
[Petukhin et al., 2003] that was estimated from polarization 
analysis and was only around 1sec in average. The main 
advantage of the current method is that a longer window 
reduces scattering of data points. The disadvantage is that 
the constant window shifts the Q-value estimates to a smaller 
value.

Frequency range used for the amplitude spectrum calcu-
lation is 4–10Hz. The total number of sources used for the 
second step of inversion is 39, number of sites is 43, number 
of records is 704 and number of DSR values is 23718. The 
distribution of ray paths is shown in Figure 4.

RESULTS

In [Petukhin et al., 2004], for strong ground motion predic-
tion purposes, we combined some blocks into larger blocks to 
stabilize the results: MW was combined with LC, and SLB 
with SOC. In this work, limiting frequency range to higher 
frequencies, we inverted the Q-value separately in LC, MW, 
SOC and SLB blocks. The results are shown in Figure 5 
(plot), Figure 6 (cross-section cartoon) and Table 1. Figure 
5 also shows error ranges for the Q-value estimates at each 
frequency. The error ranges demonstrate satisfactory resolu-
tion of inversion results (in frequency range 8–10Hz), in suf-
ficient quality to formulate conclusions both on the absolute 
value differences and on the frequency dependence.

Analysis of the results of inversion indicates that surpris-
ingly low Q-values are present in the LC and SOC layers. 
These Q-values cannot be explained by inversion insta-
bility alone. In order to confirm the validity of the elastic 

attenuation model constrained in this inversion, we analyzed 
residues between the observed and simulated values of the 
amplitude Fourier spectrum. The results show that the resi-
dues have no trend and their absolute value is smaller than 
that of residues of a similar study of [Petukhin et al., 2003], 
employing a simplified 1-D velocity model.

In order to interpret the results of inversion, in Figure 7 
we compiled phenomena, related to attenuation, that were 
observed in the studied region: (1) seismogenic upper crust; 
(2) aseismic lower crust; (3) reflective lower crust (RLC) 
[Ito, 1999] in depth range 17–35km and reflective layers 
(RL) in the SOC, and both are revealed by the deep seis-
mic exploration studies in the region [e.g., Ito et al., 2005]; 
(4) belt-like zone of the deep, low-frequency tremor genera-
tion (LFT) parallel to the slab, which was observed using 
high-sensitivity borehole Hi-net stations [Obara, 2002]; 
(5) few deep, low-frequency earthquakes, (LFE) near the 

Table 1Table 1

Figure 5.
Figure 6.
Figure 5.
Figure 6.

Table 1. Results of Q-value inversion

Lower 
Crust

Mantle 
Wedge

Oceanic Low-
Velocity Layer

Philippine 
slab

Q-value 15f 1.0 ~1000 
( f>6)

∝( f<5) a

~30f 0.6 ~200f 0.7 
( f>6)

∝ ( f<5) a

aUnstable at lower frequencies f<5Hz.

Figure 5. Results of the Q-value inversion. Line style of the error 
bars corresponds to the line style of the results. Due to the inversion 
instability, indicated by large estimation errors, Q-values for the 
MW and SLB blocks have tendency to rise up at f<5Hz. Q-values 
above the 5Hz have trends comparable with other studies. Q-values 
in the LC and SOC blocks are much smaller than in the MW and 
SLB blocks.

Figure 6. Cross-section cartoon of the results of the Q-value inver-
sion. Numbers are estimated Q-values at f = 10Hz. Dashed line 
indicates area covered by rays.
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Moho boundary were observed in the central part of the 
studied area, far from volcanic centers [Ohmi, 2001]; (6) the 
dehydration and/or partial melting in depths ranging from 
30–50km, which can explain the presence of the liquid phase 
in the crust near/above the Moho boundary, which in turn 
was used [Katsumata and Kamaya, 2003] to explain the 
generation of the LFT and LFE.

The analysis of Figure 7 shows, that anomalously low 
Q-value in LC and SOC can be explained by two processes: 
(1) the high intrinsic attenuation (low Qin value) due to the 
presence of fluids in the LC and SOC, which are indicated 
by the LFE and LFT phenomena; and (2) the high scattering 
attenuation (low Qsc value) due to scattering on the crust 
heterogeneities, indicated by the RLC and RL reflectors. We 
should mention that the Qin and Qsc values can be combined 
to the total Q-value, observed in this study, according to the 
formula:

 . (5)

Although both phenomena have approximately the same 
depth, they are spatially separated. The main belt of LFT/
LFE is moved forward to the slab, while RLC is located in 
a backward inland area, and RLs in SOC are shifted down. 
In order to estimate the effects of both phenomena on the 
inverted Q-value, the ray coverage of used data needs to be 
analyzed.

ANALYSIS OF RAY COVERAGE EFFECTIVE ZONE 
AND COMPARISONS WITH OTHER PHENOMENA 

RELATED TO ATTENUATION

Because of a complex three-dimensional tectonic structure 
of the studied region, simple projection of rays, earthquakes 

and other phenomena into a single cross-section does not 
provide a clear picture to analyze. In order to avoid this 
problem we applied a curvilinear projection that is “paral-
lel” to the slab. In fact, all subduction related phenomena 
are approximately slab-parallel, due to the constancy of the 
pressure-temperature conditions along the parallel lines.

In order to generate such projection, first, we generated 
a set of tubes running in "parallel" above the depth isolines 
of the upper boundary of the slab. The height of the tubes 
is 3km and width is 3–5 km, depending on the dip angle of 
the slab under the tube (smaller dip angles produce wider 
tubes). Subsequently, studied objects, like ray path length 
or number of earthquake hypocenters, were summarized 
inside each tube. Finally, we plotted the results along the 
vertical cross-section in a NNW-SSE direction starting at a 
point 33.6N, 136.0E that approximately coincides with the 
Shingu-Maizuru reflection profile in Figure 1. This cross-
section was used in many other studies in the Kii Peninsula 
segment, and our results can be directly compared with 
those results.

The results of our study and comparisons with results 
from other studies are shown in Plates 1–3 and Figure 8. The 
boundaries of the block model are superimposed on each 
figure, so as to easily compare the locations of the different 
phenomena.

Plate 1 shows the results for earthquake locations (see 
Plates 1a and 1b) and ray coverage (in Plate 1c). We can see 
that these rays effectively cover the UC, LC and SOC blocks, 
and less effectively the SLB and MW blocks. Although, for 
some tubes, the coverage in MW seems desirable, the total 
length of the rays is too short to resolve the Q-value of the tip 
of mantle wedge. Tectonic earthquakes are located mostly in 
the UC and SLB blocks. The earthquakes indicate a spread 
of the brittle crust that should also have high Q-values. This 
expectation agrees well with our results. The main LFE/

Figure 7.Figure 7.

Plate 1
Plate 2
Plate 3
Figure 8.

Plate 1
Plate 2
Plate 3
Figure 8.

Figure 7. Cartoon of the observed or supposed phenomena, related 
to attenuation.

Figure 8. Resistivity model [from Kasaya et al., 2003]. Thick lines 
present the block boundaries in this study.
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Plate 1. Curvilinear projection of the 3-D distribution of the tectonic earthquakes (a), LFE (b) and the ray coverage 
(c), on a SSE-NNW profile, which approximately coincides with the Shingu-Maizuru reflection profile, see Figure 1. 
Tomography blocks used in the inversion are superimposed as reference.



Plate 2. Results of the DD tomography inversion [from Nakajima and Hasegawa, 2004]. The block boundaries of our 
model are superimposed onto the figure (red lines); white dashed line shows area covered by rays in the DD tomography 
inversion. Note a low VS and high VP/VS zone that coincide with the SOC block in our model.

Plate 3. Reflection cross-section of the Singu-Maizuru profile, [from Ito et al., 2005]. Dark blue color indicates the 
reflective layers (note intensive reflections in the LC and SOC blocks). Dashed lines and arrows schematically indicate 
rays and reflection losses.
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LFT zone covers the SOC block at the Moho depth, and 
the second LFE zone is in the LC block under Osaka bay. 
However, both these zones are located mostly outside of the 
zone covered by the rays. Therefore, although the LFE and 
LFT being strong phenomena that definitely should have an 
effect on attenuation, in our study, they cannot be used to 
explain low Q-values in the LC and SOC blocks.

In Plates 2 and 3 and in Figure 8 we compiled other phe-
nomena related to attenuation. Plate 2 shows the results from 
[Nakajima and Hasegawa, 2004] of the double-difference 
velocity tomography inversion (DD tomography, see [Zhang 
and Thurber, 2003]). The results of DD tomography show a 
high VP/VS  and low VS zone that coincides with the LFT zone 
and even closer coincides with the SOC block in our model. 
High VP/VS value usually serves as an indicator for the pres-
ence of fluids, which also results in a low Q-value.

The LFT zone is a strong determinant that can reduce the 
Q-value. Although the LFT zone is located quite separate 
from the effective zone covered by the rays, its effect is not 
100% negligible. In order to verify its influence on attenu-
ation, we compared the residues for rays crossing the LFT 
zone and those passing out of the LFT zone. We found the 
differences to be small but stable in the different distance 
ranges and frequencies. The differences vary on average 
from -0.1 to -0.3 log values, with an average standard devia-
tion of 0.45. In future work, it will be necessary to isolate the 
LFT zone into a separate block.

Figure 8 shows the resistivity model [from Kasaya et al., 
2003]. The observed data can be explained as follows: The 
model has low resistivity in the SOC, MW and in that part of 
the LC covered by the rays, which also affected by the RLC 
phenomenon. The SLB and UC have high resistivity. Low 
resistivity is related to the cracked medium and/or presence 
of fluids. In both cases, this also results in a low Q-value. 
Except for the MW block, the proposed resistivity model 
agrees well with our Q-model.

Plate 3 shows a ref lection cross-section of the Singu-
Maizuru profile [Ito et al., 2005]. This cross-section clearly 
indicates reflective layers in the SOC and RLC. The upper 
boundary of the SOC layer in our block model coincides with 
the upper boundary of the reflective layers. This boundary 
can be traced down to a depth of 40–45 km, which is slightly 
above the lower limit of the rays crossing the SOC block. A 
thin-layered quasi-parallel structure of the alternating low 
and high-velocity layers, rather than a single discontinuity, 
could generate such intensive reflections. Obviously, such a 
structure should also reflect energy away from these upcom-
ing rays that start from sources located in the slab, below 
the SOC and RLC layers [e.g., Nielsen and Thybo, 2003]. 
As a consequence of this process, a high loss of energy 
is expected: The amplitudes of reflected waves, in some 

cases, are several times larger than the amplitude of direct 
waves (K.Ito, personal communication). In [Nielsen and 
Thybo, 2003] such reflections of upcoming waves were used 
to explain the “whispering gallery” phenomena by direct 
numerical simulations.

DISCUSSION

The large intensity of the reflective layers indicates that 
loss of energy due to reflections is the most probable can-
didate to explain low Q-values. However, the reflections on 
Plate 3 should be assigned to a frequency range of 1–5 Hz 
and it is expected be smaller at a higher frequency range.

On one side, these reflection losses are an elastic effect, but 
on another side, the source of the losses is the total volume of 
the SOC and RLC layer; and the longer the ray path inside the 
layer, the larger these losses. For these reasons, the losses are 
described by the scattering Q-value, Qsc. Unlike the regular 
scattering Q-value, the Qsc of the reflective layer depends on 
the direction of incidence: Qsc becomes larger, if both the source 
and the receiver are located on the same side of the reflective 
layer, so that the reflected energy is additive to the energy of the 
direct waves; it becomes smaller, if they are on opposite sides, 
so that the reflected energy represents lost energy.

Further evidence that the low total Q-values in LC and 
SOC are mostly scattering Q is the fact that Q-values have 
strong frequency dependence (i.e., Q ~ f for LC and Q ~ f0.6 
for SOC) that is easier to explain by scattering loss [e.g. Sato 
and Fehler, 1998; Chapter 5.3] than by intrinsic loss [e.g., 
Jackson, 2000; Sato and Fehler, 1998, Chapter 5.2]. For the 
LC, the scattering loss is the only possible explanation for 
low Q-value. For SOC there are other models and observa-
tions that support the possibility for intrinsic loss, due to 
the presence of fluids that exist because of dehydration of 
materials near the upper boundary of the slab [Hacker et 
al., 2003; Katsumata and Kamaya, 2003]. The frequency 
dependence of the Q-value is also an important observation 
to support the scattering model of loss in SOC.

The presence of the fluids in SOC is explained by dehy-
dration of minerals in the oceanic crust, such as chlorite 
in altered basalts and serpentin in altered dunites [Hacker, 
2003]. The source of fluids in LC, in the second zone of LFE, 
is less obvious. This zone is located just above the deepest tip 
of the slab, and the melt’s upwelling was used to explain the 
LFE phenomenon [Katsumata and Kamaya, 2003]. Another 
source of this liquid phase could be dehydration of mantle 
wedge materials drawn down by the subducted plate to a 
depth of 60–70km.

Another quandary is that this model [Hacker et al., 2003] 
also predicts dehydration in the tip of the mantle wedge that 
could imply low Qin. However, the inversion results show that 
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Qtotal in the MW is higher than in the SOC. This could be 
due to strong additional scattering loss in SOC (Of course, 
the effect of inversion instability could imply a smaller real 
difference between Q-values in MW and SOC). Another 
explanation for the high Q in MW is the observation that 
the presence of water in the supercritical state increases the 
Q-value, where normally its presents decrease the Q-value 
[Sanders et al., 1995]. Water can enter this supercritical 
state during its upward movement from the oceanic crust 
into the mantle wedge. Interestingly, in the Alaska subduc-
tion zone, the Q-value in the cold tip of the mantle wedge 
is high in contrast to the low Q-value in the hot body of the 
wedge [Stachnik et al., 2004]. This observation agrees with 
our results.

Based on the assumption that intrinsic Qin is frequency 
independent in the analyzed frequency range [see review 
in Sato and Fehler, 1998, Chapter 5.2], but that scattering 
Qsc is proportional to frequency f, from the total Q = 30f  0.6, 
we can estimate that: Qin ~ 160 and Qsc ~ 33f in the SOC. 
A more accurate separation could be made by an analysis 
of the envelopes: The stronger the scattering, the longer 
the envelope duration. However, in the case of strongly 
non-uniform distribution of the scattering parameters, such 
as in the subduction zone, this kind of analysis is possible 
only on a direct numerical simulation, [Nielsen and Thybo, 
2003; Furumura and Kennet, 2005], that is an impractical 
computational problem.

CONCLUSIONS

In this study, Q-structure of the Kii Peninsula segment of 
the Philippine Sea subduction zone is estimated using the 
double spectral ratio method of attenuation tomography. The 
main conclusions are:
1.  The Q-values for the lower crust and subducting oceanic 

crust become extremely low: Qtotal ~ 20–30f.
2.  Comparison of the estimated Q-structure with other phe-

nomena related to attenuation, namely the spread of a 
brittle crust indicated by seismicity, reflective lower crust, 
reflective layers in the subducting oceanic crust, resistiv-
ity, low-frequency tremors and low-frequency earthquakes 
(the last two phenomena are indicative for the presence of 
fluids) shows high correlation of the low-Q zones with the 
zones of spreading of the reflective layers.

3.  Low Q-values observed in the lower crust block can be 
explained by the reflective lower crust phenomenon. In 
this case, there are several mechanisms for the high attenu-
ation: (1) The scattering loss on the velocity inhomoge-
neities; (2) the reflection loss in the reflective layers; and 
(3) the intrinsic loss in the cracked medium as indicated 
by low resistivity.

4.  Low Q-values in the subducting oceanic crust can be 
explained by similar mechanisms, with the following 
exceptions: The scattering loss has a smaller effect; and 
the intrinsic loss has a larger effect due to the presence 
of fluids.
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We present a review of great earthquakes and seismicity patterns along the Alaska

Aleutian and Kamchatka-Kurile arcs as an overview of one of the longest subduction 
zone complexes on the planet. Seismicity patterns, double seismic zones and focal 

mechanism solutions are described and used to illustrate the distribution of stress in 

the Pacific plate as it collides with North America and Eurasia. Seismicity along the 
Alaska-Aleutian arc is relatively shallow as compared to the Kamchatka-Kurile arc 
where the plate is considerably older and thicker prior to entering the subduction zone. 

Tomographic inversions of the slab generally show high velocity anomalies where 
seismicity is high, presumably tracking the cold subducting lithosphere. 

INTRODUCTION 

The Kamchatka-Kurile and Alaska-Aleutian arcs mark 
one of the most active tectonic margins in the world. 

Together, they span a length of nearly 6,000 km (Plate 1). 

The Alaska- Aleutian arc stretches 3,800 km from the Gulf 

of Alaska westward to Kamchatka, where the two global 

structures intersect. The Kamchatka-Kurile subduction 

zone further extends for -2,000 km from the Bering Sea in 

the north to Hokkaido Island in the south. This subduction 

complex extends farther south along the Japan, Izu-Bonin 

and Mariana trenches. 
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Due to the curvature of the arc, relative plate motions 

along the Aleutian trench change from trench-normal in 

the east to transform in the west. Along the Kamchatka

Kurile arc, the plate motion is almost purely convergent. 

Convergence rates between the overriding and subduct

ing plates vary from -6.2 cm/yr in southern Alaska to 

-7.2 cm/yr in the central Aleutians [DeMets et al., 1994]. 

In the Kuriles and Kamchatka, relative plate motions are 
-8-9 cm/yr [DeMets, 1992]. The age of oceanic lithosphere 

as it enters the Aleutian trench, varies from 63Ma in the 
east to -43Ma in the western Aleutians. Farther west, the 

age of the subducting lithosphere appears to increase rap

idly westward [Lonsdale, 1988]. Unlike the Kuriles and 

Kamchatka, in the Aleutians the oceanic lithosphere ages 

oceanward of the trench. Kamchatka slab is one of the old

est in the world (> 100Ma). 
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Plate reconstructions indicate that in the Aleutians the 
rate and relative direction of con vergence of the Pacific plate 
have been fairly constant over the past 43 m.y. [Wallace and 
Enge breston, 1984]. Furthermore, the absolute plate motion 
of the Pacific plate has not varied significantly during the 
last 47 m.y. as can be seen by the consistency of the Hawaiian 
seamount chain [Dalrymple et al., 1977]. Therefore, the 
geometry of the subduction zone in the Northern Pacific has 
remained relatively constant over many millennia.

Tectonic processes along the North Pacific margin produce 
one of the world’s most prom inent earthquake belts. Shallow 
earthquakes accommodate slip between the overriding and 
sub ducting plates. Earthquakes at intermediate depths, on the 
other hand, represent deformation within the descending slab. 
The subduction processes are also made manifest by active 
arc volca nism, with the exception of the northernmost part 
of the Alaska subduction zone and the western Aleutians. In 
the north, the last active volcano is located at ~61oN, while 
the subducting slab ter minates at ~64oN. The westernmost 
presently active subaerial volcano along the Aleutian arc is 
located 80 km west of Buldir Island (176oE), it is one of the 
smallest volcanic centers along the arc. Diminishment of 
volcanism in the western Aleutians is related to the oblique 
subduction verging to strike slip motion and perhaps the 
absence of subduction altogether prior to the colli sion with 
the Kamchatka arc [Yogodzinski et al., 2001].

REGIONAL SEISMIC NETWORKS AND 
EARTHQUAKE CATALOGS

Systemic observations and written records about strong 
earthquakes, tsunamis, and volca nic eruptions in the region 
date back to the 18th century when the first Russian explor-
ers arrived in Kamchatka and later moved along the Aleutian 
arc and into Alaska. Separate accounts and records exist 
for the southern Kuriles from observations in Japan. Local 
instrumental observations were initiated in the Russian Far 
East in the late 1940’s and early 1950’s with six regional 
stations. In the late 1950’s more seismograph stations were 
installed, fueled by the creation of the Far East Tsunami 
Survey. At its peak at the end of the 1980’s, there were over 
30 regional seismograph sta tions operating in the Russian 
Far East. The first digital stations of GSN (Global Seismic 
Net work) were installed in Yuzhno-Sakhalinsk in 1992 with 
the second station installed in Petropavlovsk-Kamchatsky 
in 1993. Currently, about 30 real-time seismic stations are 
located in Kamchatka, jointly operated by the Kamchatka 
Branch of Russian Geophysical Survey (RGS) and the 
Institute for Volcanology and Seismology. A permanent 
network in Kurile Islands includes three stations, operated 
by the Sakhalin Branch of RGS. A number of temporary 

seismic deployments have been carried out in addition to the 
permanent seismic installations. In the late 1990’s, Lees et 
al. [2000] deployed a 15-station broadband seismic array in 
Kamchatka to investi gate the subduction zone structure.

In Alaska, initiation of the regional seismic network com-
menced in the late 1960’s-early 1970’s in the wake of the 
great M9.2 1964 earthquake. This network improved greatly 
starting in the 1990’s due to an expansion of volcano moni-
toring efforts in the Aleutians and equipment upgrades. 
Currently, there are ~350 real-time seismic stations operating 
in Alaska and the Aleu tians. This network is managed jointly 
by the Alaska Earthquake Information Center (AEIC), the 
Alaska Volcano Observatory (AVO), and the West Coast/
Alaska Tsunami Warning Center (WC/ ATWC). The AEIC 
serves as the regional data center, collecting, processing and 
archiving seis mic event data.

Kamchatka-Kurile earthquake catalogs were published 
in the yearly issues of “Earth quakes in the USSR” collec-
tion and ISC bulletins (International Seismological Centre). 
A regional earthquake catalog for Kamchatka dating back 
to 1962 is complete at a MW magnitude threshold of 3.8 
[Gorbatov et al., 1997]. Earthquake location errors vary 
from ~40 km in depth and ~20 km in epicenter for events 
near the trench to ~5 km within a depth range of 45–200 km 
located landward. For the most recent data, the magnitude 
of completeness of Kamchatka regional earthquake catalog 
is close to ML 2.5. 

Systemic publications of earthquake catalogs in Alaska 
began with installation of the regional seismic network and 
continue through present at the AEIC (“Earthquakes in 
Alaska”, http://www.aeic.alaska.edu/html_docs/monthly_
reports.html). Earthquake detection capabilities in Alaska 
and the Aleutians vary in space and time and improved 
with the recent expansion of the regional seismic network. 
Detailed analysis of the Alaska earthquake catalog complete-
ness is given by Wiemer and Wyss [2000]. In the Aleutians, 
the magnitude of completeness of the regional earthquake 
catalog is currently about 2.5, with a higher magnitude 
threshold in the Near Islands and Komandorsky Islands 
region. The magnitude threshold for south-central Alaska is 
approximately 1.5. The AEIC Earthquake catalog is avail-
able on the World Wide Web at http:// www.aeic.alaska.
edu/db2catalog.html.

GREAT EARTHQUAKES

Convergent plate boundaries are the regions where the 
world’s largest earthquakes origi nate. Therefore, it is not 
surprising that five out of the ten largest earthquakes ever 
recorded in the world were located within the Kamchatka-
Kurile and Alaska-Aleutian subduction zones: the M9.2 1964 
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Great Alaskan, M9.0 1952 Kamchatka, M8.7 1965 Rat Islands, 
M8.6 1957 Andreanof Islands, and M8.5 1963 Kurile Islands 
earthquakes (Table 1, Plate 2). The remarkable thing about 
these earthquakes is that they occurred within a span of 12 
years. The earlier events occurred before deployment of the 
World Wide Standardized Seismograph Network (WWSSN) 
while later events, such as 1963 and 1964, were recorded by 
WWSSN stations allowing for a more detailed analysis. Still, 
few seismic records are available for these events and details 
of the rupture processes are difficult to unravel. The hazards 
from such mega-earthquakes include not only violent ground 
shaking that causes wide-spread destruction of buildings and 
infrastructure, but also devastating tsunamis. It is important, 
therefore, to understand the mechanics of these events in order 
to mitigate future seismic and tsunami hazards.

The first event in the sequence, the M9.0 Kamchatka 
earthquake, occurred on 4 Novem ber, 1952 [Savarensky et 
al., 1958; Kanamori, 1976; Johnson and Satake, 1999]. It 
caused a cata strophic tsunami with run-up wave heights up 
to 12 m that severely damaged the city of Severo- Kurilsk 
[Fedotov, 1965]. The rupture started in the north and 
propagated southwest for 600–700 km with a velocity of 
3–3.5 km/s [Ben-Menahem and Toksoz, 1963]. According 

to regional seis mological studies, aftershocks were concen-
trated in the northern and southern parts of the rupture zone 
[Tarakanov, 1961]. Average slip based on tsunami wave 
modeling is estimated at 3.2 m with the maximum slip of up 
to 11 m [Johnson and Satake, 1999]. The slip may represent 
two asperi ties, both in the down-dip portion of the ruptured 
fault: a smaller asperity near the initiation of the rupture and 
another, larger one, within the second half of the rupture. 

Historical written records from Russian explorers contain 
a detailed account of a major earthquake and subsequent 
tsunamis that occurred on October 17, 1737 [Krasheninnikov, 
1949]. From the Holocene tsunami deposits in Kronotsky 
Bay, Kamchatka, the 1737 and 1952 tsunami deposits have 
the largest inland propagation [Pinegina et al., 2003]. This 
may be an indication that the 1737 event was of a similar 
magnitude and ruptured the same area as the 1952 event. 

Other important events in Kamchatka include the 1904 
and 1923 earthquakes; both gener ated destructive tsunamis 
in Kamchatka. The 1923 event is estimated at ~M8.3–8.5. 
Russian seis mologists concluded that the 1923 earthquake 
ruptured north of, but not into the 1952 rupture area. The 
rupture zone of the 1904 event is estimated to be located 
downdip of the central part of the 1952 event rupture [Fedotov, 

Table 1. Great earthquakes in Kamchatka-Kurile and Alaska-Aleutian subduction zones.

Date Region Lat.(a) Lon.(a) Depth, km(a) M(b) MS
(a) MW

(c)

06/25/1904 Kamchatka 52.00 159.00 25 8.3
05/01/1915 Kuriles 48.40 155.50 30 8.3
01/30/1917 Kamchatka 55.20 164.50 40 8.1
09/07/1918 Kuriles 45.50 151.50 25 8.3
02/03/1923 Kamchatka 53.00 161.00 40 8.5 8.5
11/10/1938 Alaska 55.50 -158.00 25 8.2 8.7
04/01/1946 Unimak Island 52.80 -162.50 50 8.1 7.4
11/04/1952 Kamchatka 52.30 161.00 40 9.0 8.5
03/04/1952 Hokkaido 42.50 143.00 25 8.6
03/09/1957 Andreanof Islands 51.30 -175.80 33 8.6
11/06/1958 Kuriles 44.30 148.50 32 8.3 8.7
05/04/1959 Kamchatka 53.10 160.30 20 8.0
10/13/1963 Kuriles 44.80 149.50 47 8.5 8.3
03/28/1964 Alaska 61.10 -147.60 23 9.2 8.5
02/04/1965 Rat Islands 51.30 178.60 36 8.7 8.2
08/11/1969 Kuriles 43.50 147.40  28 8.2
05/07/1986 Andreanof Islands 51.50 -174.80 19 7.9
10/04/1994 Kuriles 43.80 147.30 14 8.3
06/10/1996 Adak Island 51.56 -177.63 33 7.9
12/05/1997 Kamchatka 54.84 162.04 33 7.8
09/25/2003 Hokkaido 41.81 143.91 27 8.3
11/17/2003 Rat Islands 51.15 178.65 33 7.8
11/15/2006 Kuriles 46.59 153.27 10 8.3
01/13/2007 Kuriles 46.27 154.45 10 8.1

(a) NEIC Significant Worldwide Earthquakes and PDE catalogs http://neic.usgs.gov/neis/epic/epic_rect.html
(b) NEIC Significant Earthuqkes list - http://earthquake.usgs.gov/regional/world/historical.php
(c) Harvard CMT catalog - http://www.globalcmt.org/CMTsearch.html
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Plate 1. Seismicity distribution in the Alaska-Aleutian and Kamchatka-Kurile subduction zones (PDE catalog 1974–pres-
ent, M>=4.0). Arrows show relative motion of the Pacific plate.

Plate 2. Rupture zones of great earthquakes along the Alaska-Aleutian [Haeussler and Plafker, 1995] and Kamchatka-
Kurile [Kuzin et al., 2001] subduction zones (red solid lines) and locations of instrumentally recorded magnitude 7+ 
earthquakes (white circles - M=7.0–7.9, yellow circles - M>=8.0). Event locations and magnitudes are from NEIC catalog 
of Significant Worldwide Earthquakes. See Table 1 for event details.
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1965]. Multiple events in the 7–8 magnitude range have been 
reported within the Kamchatka subduction zone from both 
instrumental and historic records [Fedotov, 1965]. The most 
recent and largest of such events was a M7.8 Cape Kronotsky 
earth quake on December 5, 1997 [Zobin and Levina, 2001]. 

Along the Kurile trench, the subduction zone has recur-
rently generated earthquakes with magnitudes in the high 7 
to mid-8 range over the past two centuries [Fedotov, 1965; 
Schwartz and Ruff, 1987]. The central Kurile segment differs 
from the northern and southern part. This area has a thin, 
suboceanic crust (<~20km thick), while the crust in the NE 
and SW is of a subcontinental type with thickness reach-
ing 30 km [Kuzin et al., 2001]. The largest instrumentally 
recorded event in the Kurile Islands arc was the M8.5 Urup 
earthquake that occurred on October 13, 1963 [Beck and 
Ruff, 1987; Balakina, 1990]. It generated tsunami waves 
with maximum run-up heights of 4–5 m along a 200-km-
long stretch of the Kurile arc [Solovjov, 1965]. The rupture 
started in the south and propagated mainly to the northeast. 
Beck and Ruff [1987] used long-period P-waves to obtain 
details of the rupture process. They concluded that the earth-
quakes ruptured two well- resolved and one poorly-resolved 
asperity with a scale length of ~60km, estimating a total 
rupture length of ~250 km. The aftershock locations, how-
ever, occupy a region 150–200 km wide and up to 500 km 
long [Balakina, 1990]. There is also a discrepancy between 
the moment release esti mate from the long-period P-waves 
and the surface waves [Kanamori, 1970a]. Beck and Ruff 
[1987] concluded that in order to match the full moment 
release determined from surface waves, a long-period com-
ponent of moment release is necessary to reconcile this dif-
ference, indicating that areas of the fault plane surrounding 
the asperities slipped coseismically. 

The latest significant event in the Kuriles (M8.3) occurred 
on November 15, 2006 in the central arc. Prior to this event, 
the 250-km-long segment of the arc between the 1918 rupture 
in the southwest and the 1915 rupture in the northeast has 
been recognized as a seismic gap [Fedotov, 1968]. Its seismic 
potential was estimated at 8.2–8.5 [Fedotov, 1965; Fedotov, 
1968]. The 2006 Kurile earthquake was followed by an outer 
rise event (M8.1) on January 13, 2007.

Nanayama et al. [2003] used deposits of prehistoric tsu-
namis to infer occurrence of larger events generated from 
longer ruptures in the Kurile margin. They concluded that 
unusually large tsunamis with deposits extending kilometers 
inland occurred about every 500 years, on average, over 
the past 2,000–7,000 years, with the most recent one ~350 
years ago. It is possible that such multi-segment earthquakes 
persistently recur among a larger number of single-segment 
events. It is very likely that we have not seen the largest event 
of which the Kurile arc is capable of.

The Alaska-Aleutian arc has a history of repeatedly rup-
turing in great earthquakes [Tobin and Sykes, 1968; Keller, 
1970; Sykes, 1971; McCann et al., 1979]. The most recent 
sequence that ruptured almost the entire arc from south-
ern Alaska to the western Aleutians began in 1938 with a 
M8.3 earthquake southwest of Kodiak Island (Plate 2). The 
only segment of the arc that did not rupture is the so called 
Shumagin seismic gap [Davies et al., 1981]. Based on GPS 
observations, however, it has been observed that very little 
strain is being accumulated in that region [Lisowski et al., 
1988; Larson and Lisowski, 1994]. The recurrence times of 
major and great earthquakes alone the Aleutian trench are 
not very well constrained due to the lack of systemic paleo-
seismic and paleo-tsunami observations. It is summarized 
by Nishenko and Jacob [1990]. 

The largest earthquake along the Alaska-Aleutian sub-
duction zone (M9.2) occurred on March 28, 1964. It is cur-
rently the second largest recorded earthquake in the world. 
It is character ized by a unilateral rupture started in the 
Prince William Sound region and propagated southwest 
for ~800 km. Strong ground motion following this event 
triggered many avalanches and land slides—some being 
tsunamigenic. Ground deformation was extensive, with 
some areas east of Kodiak Islands elevated by as much as 
10 meters and areas near Anchorage subsided by nearly 3 
meters [Plafker, 1964]. The maximum reported intensity 
was XI on the modified Mercalli Inten sity scale, indicating 
major structural damage, including ground fissures and fail-
ures. This earth quake generated a damaging, Pacific-wide 
tsunami wave. Details of the rupture process were estimated 
from a variety of available seismic records [Wyss and Brune, 
1967; Kanamori, 1970b; Ruff and Kanamori, 1980; Kikuchi 
and Fukao, 1987; Christensen and Beck, 1994] and from tsu-
nami records [Johnson et al., 1996]. The studies indicate two 
major moment release areas, or asperities. The larger asperity 
was located near the epicenter, and a second, smaller one 
was within the second half of the rupture zone near Kodiak 
Island. The rupture area estimated from the aftershock loca-
tions, however, is larger than that from the waveform inver-
sions. Recurrence inter val of this event has been estimated 
at 400–1000 years based on dating the uplifted terraces and 
subsidence events [Plafker, 1986; Combellick and Reger, 
1988; Hamilton et al., 2005].

The next largest event along the Alaska-Aleutian margin 
(M8.7) occurred on February 4, 1965 in the Rat Islands 
region. The length of the rupture is estimated at 600 km. 
Three major pulses of moment release were identified from 
the analysis of teleseismic P-waves which correlate with Rat, 
Buldir, and Near tectonic blocks [Geist et al., 1988; Beck and 
Christensen, 1991]. This event is characterized by a unilat-
eral rupture propagating from southeast to northwest.
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The 9 March 1957 Andreanof Islands event (M8.6) has 
the longest aftershock zone of the above mentioned events, 
stretching for ~1200 km along the Aleutian arc [Johnson et 
al., 1994]. This event is also the least studied and understood 
of the three great Alaska-Aleutian earthquakes. Since it 
occurred before the introduction of the WWSSN stations, 
practically no seismic data are available. This event caused 
severe damage on Adak and Unimak Islands where local 
tsunamis reached heights of 13 meters. From surface wave 
analysis, it was determined that significant moment release 
occurred only in the western half of the aftershock zone, 
where the largest slip was estimated from tsunami inversion 
(up to 7 m). The tsunami source area, however, is smaller, 
extending ~850 km in length from 180oE to 168oW, and does 
not include the eastern end of the aftershock zone. This event 
is also unusual because it is characterized by a bi-lateral 
rupture prop agation.

The last significant events in the Aleutians were the M7.9 
7 May 1986 Andreanof and the 10 June 1996 Adak earth-
quakes. Both events reruptured parts of the western end 
of the 1957 rup ture zone [Johnson et al., 1994; Tanioka 
and Gonzalez, 1998]. The M7.8 Rat Islands earthquake in 
November 2003 was located near the eastern end of the 1965 
rupture zone.

Studies of great earthquakes have revealed a large varia-
tion in seismicity among subduc tion zones often explained in 
terms of differing degrees of mechanical coupling between 
the sub ducting and overriding plates [Kanamori, 1977; Ruff 
and Kanamori, 1980; Lay et al., 1982; Peterson and Seno, 
1984]. The asperity model, proposed to explain earthquake 
occurrence [Kan amori, 1981], is based on a notion of fault 
plane heterogeneity. The strongest regions are referred to as 
asperities, and the occurrence of the largest earthquakes is 
attributed to the failure of the larg est asperities. Weak por-
tions of a fault may slip along with large events although with 
smaller dis placements. Overall, in the Kuriles, Kamchatka 
and Aleutians we see major earthquakes (M=7.0–8.0) 
occurring within the rupture zones of the mega earthquakes 
(M>~8.5). These major events do not represent complete 
re-rupturing of asperities and the associated completion of 
the seismic cycle, but probably represent minor stress adjust-
ments to continued plate motion and increasing deformation 
of the locked zone. Careful monitoring of large earthquakes 
could lead to better fore casts of great earthquakes, as well 
as potential high-slip areas.

SEISMICITY AND GEOMETRY OF 
SUBDUCTING PLATE

Early discussions of earthquake distributions were based 
on regional seismic recordings both in Kamchatka-Kurile 

margin [Fedotov, 1965; Fedotov, 1968; Fedotov and Tokarev, 
1974; Fedotov et al., 1985] and in Alaska [Van Wormer 
et al., 1974; Lahr, 1975]. Later seismicity stud ies with 
improved earthquake locations provided better seismologi-
cal constraints on regional tec tonics based on data recorded 
by extensive regional and global networks. Temporary 
PASSCAL deployments in Kamchatka [Lees et al., 2000] 
and in Alaska [Meyers et al., 2000; Ferris et al., 2003; 
Stachnik et al., 2004] provided high quality datasets that 
utilized both regional and teleseis mic earthquake records 
to delineate crustal thickness and study detailed properties 
of the sub ducted plate and mantle. The main target of the 
Kamchatka deployment was the cusp where the Pacific plate 
terminates at 55oN. Investigations of shear wave splitting 
using SKS arrivals, S-wave velocity using surface waves, 
and P-wave velocity using body waves showed that the edge 
of the Pacific plate terminates in the north at the junction of 
the Aleutians and Kamchatka [Peyton et al., 2001; Levin et 
al., 2002a; Park et al., 2002; Russo and Lees, 2005; Davaille 
and Lees, 2004; Lees et al., this volume].

Kamchatka-Kurile WBZ Seismicity

The Pacific plate is old (>100My) by the time it plunges 
into the mantle along the Kam chatka Arc. The consequence 
of this is that the subducting lithosphere is relatively cold and 
thick and the Wadati-Benioff zone is clearly defined by hypo-
centers plunging to depths of 600 km south of the southern 
tip of Kamchatka. Using cross sectional slices perpendicular 
to the Kamchatka trench, Gorbatov et al. [1997] delineated 
the surface of hypocentral distribution in Kamchatka and 
found that the earthquakes dip approximately 49o in the 
direction WNW towards the Eurasian plate. This trend is 
fairly consistent along the Kamchatka arc except where the 
Aleutian arc col lides with Kamchatka. There, the hypocen-
ters shoal considerably and shift to the northwest below the 
Central Kamchatka Depression. The shoaling seismicity 
towards the north has been the inspi ration of several studies 
of the Kamchatka-Aleutian cusp and most likely represents 
the northern terminus of the Pacific plate where the plate 
apparently hangs down, exposed in the mantle [Davaille and 
Lees, 2004; Lees et al., this volume]. 

To illustrate the structure of seismicity along the 
Kamchatka-Kurile arc we present plots of the seismicity 
projected and rotated (Figure 1). The events were extracted 
from the E. Engdahl database of relocated hypocenters (7504 
events from 1964 to 1995) and from the NEIC (National 
Earthquake Information Center) database (5873 events from 
1995 to 2006). Events that had 33 km for depth (a default 
value) and shallow events that were clearly not in the sub-
duction zone, were removed. We first perform an oblique 



RUPPERT ET AL.    135

F
ig

u
re

 1
. S

ei
sm

ic
it

y 
fr

om
 1

96
4–

20
06

 r
ot

at
ed

 4
9o  

ab
ou

t t
he

 0
 li

ne
 x

-a
xi

s.
 T

hi
s 

pr
oj

ec
ti

on
 s

ho
w

s 
th

e 
se

is
m

ic
it

y 
lo

ok
in

g 
fa

ce
 o

n 
at

 th
e 

su
bd

uc
ti

on
 z

on
e.

 
E

ve
nt

s 
of

f 
th

e 
sl

ab
 b

y 
m

or
e 

th
an

 2
50

 k
m

 a
re

 r
em

ov
ed

. M
ap

s 
an

d 
re

ct
an

gu
la

r 
m

ar
ke

rs
 o

f 
th

e 
cu

sp
s 

ar
e 

al
so

 r
ot

at
ed

 a
nd

 p
lo

tt
ed

 i
n 

th
is

 p
ro

je
c t

io
n.

 A
 

da
sh

ed
 li

ne
 o

ut
li

ne
s 

th
e 

lo
w

er
 e

xt
en

t o
f 

se
is

m
ic

it
y 

in
 t

he
 K

am
ch

at
ka

-K
ur

il
e 

su
bd

uc
ti

on
 z

on
e.

 S
ym

bo
ls

 r
ep

re
se

nt
 t

he
 d

ep
th

s 
of

 e
ve

nt
s.



136     ALASKA-ALEUTIAN AND KAMCHATKA-KURILE SUBDUCTION ZONES

Mercator projection rotating the Kamchatka-Kurile arc so 
that the X-axis represents distance along the arc and the 
vertical axis is perpendicular to the arc in its center. Next 
we rotate the hypocenters by 49o to view the slab head on, 
as if standing in Magadan and looking into the earth at the 
subduction zone (Figure 1). In this view the pattern of seis-
micity shoaling towards the Kamchatka-Aleutian Cusp and 
the Kurile-Japan cusp is clear. It is remarkable how similar 
the edges of the plates appear in this view. Several explana-
tions for the shape of the convex hull of Kamchatka hypo-
centers have been given [Peyton et al., 2001; Yogodz inski et 
al., 2001; Levin et al., 2002b; Park et al., 2002; Lees et al., 
this volume] which relate to slab ablation or slab founder-
ing as the Pacific plate thrusts into the mantle. Davaille and 
Lees [2004] modeled the contour of seismicity by invoking 
conduction and small scale convection and they suggested 
that the presence of the Meiji Seamounts have a considerable 
influence on the thickness of the slab in Kamchatka [Lees et 
al., this volume]. Since there is no subducting sea mounts in 
the Hokkaido cusp, however, it would be difficult to invoke 
this explanation for the southern shoaling of seismicity at the 
other end of the Kamchatka-Kurile slab. Indeed, shoaling of 
seismicity at cusps appears to be a common feature around 
the Pacific Rim [Kirby et al., 1996]. 

There is a gap in seismicity that occurs between 200–300 
km within the Kamchatka slab. This is a common observa-
tion in deep slabs around the world [Kirby et al., 1996]. 
It is assumed that at around 300 km of depth dehydration 
embrittlement is diminished considerably and so seis micity 
decreases. Later, deeper earthquakes increase in numbers 
due to transformational faulting related to phase transitions 
in the deep part of the upper mantle. In Kamchatka, resump-
tion of seismic activity starts at 400–500 km.

Alaska-Aleutian WBZ Seismicity

Due to the curvature of the arc, relative plate motions 
along the Aleutian trench vary from normal in the east to 
transform in the west. Coincident with this change, the maxi-
mum depth of seismicity changes from 250 km to 50 km 
from east to west, where the active volcanism dimin ishes 
(Plate 1, Figure 2). The along-strike variation in the maxi-
mum depth of seismicity can be explained thermally. It has 
been suggested that the slab extends at least a few hundred 
kilometers beneath the seismicity cut-off along the entire arc, 
including the western Aleutians. Most likely, the slab mate-
rial exists, but no intermediate focus earthquakes are present 
because of initiation of high-temperature, steady-state creep 
[Creager and Boyd, 1991]. The alternative explanation is that 
the slab has been eroded and is simply no longer present in 
the western Aleutians [Levin et al., 2005].

In the Aleutian arc, the slab seismicity below 100 km 
is characterized by dips that vary smoothly from shallow 
(45o) in the eastern Aleutians to steep (60o) in the central 
Aleutians and slightly shallower and less well resolved dip 
(~50o) in the far western Aleutians [Davies and House, 1979; 
Boyd and Creager, 1991]. 

The plate boundary in southern Alaska transitions from a 
transform boundary along the Fairweather-Queen Charlotte 
strike-slip fault to a convergent boundary along the Aleutian 
trench. However, the ongoing collision of the Yakutat block 
between these two regions complicates the interaction 
between the Pacific and North American plates. Stresses 
from the collision are trans ferred deep into the interior region 
of Alaska, resulting in an abundance of the crustal seismic-
ity and active mountain building. In contrast, the transition 
from transform motion in the Komandor sky Islands to the 
convergent boundary in Kamchatka is relatively simple and 
crustal seismicity in Kamchatka is modest [Gorbatov et al., 
1997]. Analysis of the stress partitioning at this corner is 
discussed in detail by Geist and Scholl [1994].

FOCAL MECHANISMS AND STRESS STATE

The first systematic studies of earthquake focal mech-
anisms in Kamchatka were carried out in 1950–1960 
[Averianova, 1969; Stauder and Mualchin, 1976]. In gen-
eral, slabs act as stress guides with the dominant stress 
oriented in the down-dip direction. At depths shallower 
than 50 km, focal mechanisms of earthquakes along the 
convergent boundaries show predominately thrust fault-
ing. It was observed in the Kurile arc that earthquakes 
with lower angle thrust mechanisms (<30o) span a short 
interval of only 30 km, or less, in depth. For deeper events, 
nodal planes steepen by ~10–15o [Kao and Chen, 1995]. 
The authors interpreted the steepening as a transition zone 
connecting interplate thrust with intermediate depth seis-
micity within the slab.

Christova [2001] investigated the depth distribution of 
stress in the Kamchatka slab by examining inversions of 
focal mechanisms [Gephart and Forsyth, 1984]. Christova 
found that in the shallow parts of the subduction zone 
(0–60 km) the stress was mostly uniform and conformed to 
the state expected for a convergent margin: the maximum 
stress nearly horizontal and normal to the strike of the 
slab, and the minimum stress in the downdip direction of 
the slab. In the deeper part of the subduction zone, how-
ever, there was considerable heterogeneity and downdip 
exten sion-compression was observed. The deepest part 
of the slab was found to be under down-dip compression, 
indicating that the slab encounters resistance as it descends 
into the lower mantle. 
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Gorbatov et al. [1997] used 21 Harvard CMT solutions 
to describe the stress state of the Kamchatka slab. He esti-
mated the “thermal parameter” [Kirby et al., 1996] in the 
Kamchatka seis mic zone and found that the maximum depth 
of seismicity agrees with that predicted from global studies, 
except north of 55oN where significant deviations occur near 
the northern terminus of the slab.

In the Aleutians, normal faulting events occur beneath the 
trench and in the outer rise, while shallow-angle underthrust-
ing between the trench and the arc is observed, as expected 
(Plate 3).Thrusting events show steeper dip of inferred fault 
planes nearer to the arc. Events located near the trenchward 
edge of the main thrust zone have fault planes averaging ~15o 
[House and Jacob, 1983]. In the eastern Aleutians, Reyners 
and Coles [1982] found underthrusting for shal low seismicity 
(<50km). For intermediate depth, aside from the double zone 
complications, they identified down-dip extension, while the 
deepest events (200–250 km) showed down-dip compres sion. 
In Alaska, the stress regime within the slab is dominated by 
down-dip extension and along- strike compression [Li et al., 
1995; Lu et al., 1997]. 

Lu and Wyss [1996] examined along-strike variations 
of the stress directions in the Alaska-Aleutian subduction 
zone determined through inversion of focal mechanisms of 
the earth quakes from the main thrust zone. They identified 
several boundaries across which the stress directions change. 
The identified boundaries correlate with ends of the after-
shock zones of great ruptures and fracture zones. 

In summary, for shallow WBZ (above 60 km) we observe 
thrust-type faulting with mini mum stress (extension) oriented 
down-dip and maximum stress (compression) oriented in the 
direction of the plate convergence. This is consistent with the 
slab pull/ridge push dynamics. Stress patterns for the deepest 
earthquakes (below 200 km) indicate down-dip compression 
which can be explained by mantle resistance to slab descent. 
Stress dynamics within the intermediate depth range, how-
ever, vary along the arcs indicating that additional forces 
contribute to the slab dynamics, such as possible unbending 
forces (Kuriles and Kamchatka), specifics of the subduc tion 
zone geometry (Aleutians and Alaska), or material properties 
of the slab. For example, based on three-dimensional kine-
matic flow modeling, Creager and Boyd [1991] suggested that 
gravita tional pull is equally strong throughout the Aleutians, 
producing a component of down-dip exten sion along the entire 
arc. However, in the central Aleutians the along-arc exten-
sion forced by the geometry of the arc dominates, resulting 
in along-arc extension and down-dip contraction. In southern 
Alaska, along-strike orientation of compressional stresses 
within the intermediate depth range was attributed to the 
curvature and bend of the slab [Creager and Chiao, 1992; Lu 
et al., 1997]. These details are discussed in the next section.

DOUBLE SEISMIC ZONES

Since the discovery of a double seismic zone beneath 
the north-eastern Japan arc [Umino and Hasegawa, 1975], 
the search for a similar feature among other convergent 
zones became a target of many studies. Subsequently, double 
seismic zones identified on the basis of hypocenter distri-
bution and spatial separation of different orientations of 
in-plane stresses in a given segment of the underthrust plate 
were reported for a number of subduction zones [Fujita and 
Kanamori, 1981]. In addition to the north-eastern Japan arc, 
for example, double seismic zones with down- dip compres-
sion in the upper zone and down-dip extension in the lower 
zone were found in Kam chatka [Fedotov, 1968; Gorbatov et 
al., 1994], the Kuriles [Veith, 1977], and the central Aleutians 
[Engdahl and Scholz, 1977]. However, due to the complexity 
of the subduction process the above stress pattern is not com-
mon to all convergent zones. Several mechanisms—phase 
changes, bend ing-unbending of the slabs, sagging of the 
plate, and differential thermal stresses have been pro posed to 
explain the formation of double seismic zones [Lay, 1994].

The first reports of double seismic zones in Kamchatka 
are attributed to Fedotov [1968]. Detailed further analyses 
supported the initial findings [Fedotov et al., 1985; Zobin, 
1990]. Kao and Chen [1995] used teleseismic earthquake 
data recorded between 1963 and 1991 to demon strate that in 
central and northern Kuriles, the lower seismic zone starts at 
depths of ~70–80 km and extends down to 120–150 km. The 
separation between the zones is up to 40 km in the shal lower 
part and down to 20 km at greater depths. The upper layer 
is under downdip compression and a lower layer is under 
downdip extension.

In Kamchatka, Gorbatov et al. [1994] analyzed regionally 
recorded earthquake data and demonstrated the existence 
of a double seismic zone with a stress regime identical to 
the Kurile case, i.e. upper sheet of compressional events and 
lower sheet of tensional events. The two planes of seismicity 
are separated by 40 km at a depth of 50 km, and by 10–15 km 
at 180 km depth below which the two seismic zones merge 
together. The Kamchatka double seismic zones are con-
fined to between approximately 46–54oN, and possibly 
extending to 56oN.

In the central Aleutians beneath Adak, a double seis-
mic zone has been observed using locally recorded earth-
quakes. There the lower plane begins at ~100 km, where 
the two planes are ~25 km apart, and merges into the upper 
plane at ~175 km depth. As in the double seismic zones in 
Kamchatka and the Kuriles, focal mechanisms in the upper 
plane are consistently down-dip compressional, while those 
in the lower plane are down-dip tensional [Engdahl and 
Scholz, 1977].
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Plate 3. Focal mechanisms plotted as simple arcs and slip vector points. Groups of spatially related events are gathered 
and plotted on ternary plots [Lees, 2000] to show variations of focal mechanisms and stress along the arc moving from 
the Aleutians to Kamchatka. Note the predom inantly strike-slip events in as the Aleutian arc approaches Kamchatka 
along the Bering fault.
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Considerable attention has been paid to the Shumagin Islands 
region due to an identified seismic gap [Sykes, 1971; McCann 
et al., 1979; Davies et al., 1981]. A local seismic network was 
established there in 1973 and was operated by the Lamont-
Doherty Observatory for 20 years. Based on data recorded by 
this network, a double seismic zone was also identified [Reyners 
and Coles, 1982; House and Jacob, 1983; Hauksson et al., 1984; 
Abers, 1992]. The lower plane begins at ~65 km, where it is 
separated from the upper plane by ~25 km, and further down 
con verges with the lower plane at ~120 km depth. The upper 
plane was found to be under down-dip tension. Results for the 
lower plane are inconclusive although they differ from the upper 
plane and appear to be consistent with the down-dip tension.

Ratchkovsky et al. [1997] identified a double seismic zone 
beneath central Cook Inlet in southern Alaska. The lower zone 
is separated from the upper one by 5–10 km and extends from a 
depth of 50 km to 90 km, where it merges into the upper zone. In 
the upper zone, the minimum principal stress is oriented down-
dip. In the lower zone, both maximum and minimum principal 
stresses are rotated 40–60o from the down-dip direction. Below 
80 km, the stresses are down-dip extensional. This is similar to 
the double zone observed in Shumagin Islands.

The double seismic zones identified in Kuriles, Kamchatka 
and the central Aleutians have similar stress patterns: the 
upper layer of compressional events and the lower layer of 
extensional events. This is the most common feature observed 
elsewhere in the world (e.g., Japan, Mariana Arc, Tonga 
Arc). This pattern is more easily explained by unbending 
forces acting within the slab. The double zones in Shumagin 
Islands and southern Alaska, however, are different. In these 
regions, both the upper and lower zones are under down-dip 
extension, with the lower layer still having distinctly dif-
ferent characteristics than the upper layer. Various forces 
and processes con tribute to the slab dynamics. Depending 
on the geometry and material properties of the slab, some 
forces may overprint others. In the eastern Aleutians and 
southern Alaska the slab attains a higher degree of curvature 
than in central Aleutians and undergoes two distinct bends, 
a counterclock wise bend at around 59oN and a clockwise 
bend farther north at 63oN. This geometry apparently gener-
ates along-strike compressive stresses [Creager and Chiao, 
1992]. It may be that this situa tion arises when along-strike 
compression overprints the compression within the upper 
layer of the double zone from unbending of the slab.

SEISMIC STRUCTURE AND TOMOGRAPHIC STUDIES

Kamchatka 

Early tomographic analyses (three dimensional inversions) 
of seismic data in Kamchatka were examined mainly via 

global tomographic efforts [van der Hilst et al., 1993]. Later 
in the 1990’s Gorbatov et al. [1999] used extensive regional 
catalogues and global ISC data for inver sions of P-wave anom-
alies. The authors later extended their inversion analyses over 
a wider range of the Western Pacific and interpreted high 
velocity anomalies as remnant slabs abandoned in the mantle 
[Gorbatov et al., 2000]. In 1998–1999 a US-Russian team of 
investigators installed a tem porary array of 15 stations [Lees 
et al., 2000] extending from the southern tip of Kamchatka to 
as far north as Korf. The target of this study was to image the 
edge of the northern terminus of the Kamchatka slab, mainly 
north of 56oN. These data were used to investigate SKS shear 
wave split ting [Peyton et al., 2001], dispersion of S-waves 
[Levin et al., 2002b], receiver functions [Levin et al., 2002a] 
and propagation of P-waves in the subduction zone [Lees et al., 
this volume]. Shear wave splitting studies show strong support 
for mantle flow around the northern edge of the Kam chatka 
plate, confined to depths below the slab [Peyton et al., 2001; 
Russo and Lees, 2005]. Waves that travel above the slab in 
the mantle wedge also show evidence of shear wave splitting 
[Levin et al., 2004a] but not clear patterns of trench parallel 
mantle flow. In the Kamchatka-Aleutians cor ner, however, 
fast polarizations are distorted indicating significant tectonic 
deformation [Levin et al., 2004b]. 

Alaska and the Aleutians

A number of tomographic studies used regional seismic 
data to constrain extent and prop erties of the subducting plate 
beneath Alaska [Kissling and Lahr, 1991; Zhao et al., 1995; 
Searcy, 1996; Eberhart-Phillips et al., 2006]. These studies 
were primarily based on data from regional seismic arrays, 
and inferred the subducting Pacific plate to be 45–55 km 
thick with a P-wave velocity 3–6% higher than that of the sur-
rounding mantle. The BEAAR deployment in south-cen tral 
Alaska provided a high quality dataset that included use of 
both regional and teleseismic earthquake records to delineate 
crustal thickness and study detailed properties of the sub-
ducted plate and mantle beneath the Alaska Range [Meyers et 
al., 2000; Ferris et al., 2003; Stachnik et al., 2004]. 

In the Aleutians, shallow slab structure (<60 km) has been 
investigated via active source seismic soundings [Abers, 1994; 
Fliedner and Klemperer, 1999; Shillington et al., 2004; Van 
Avendonk et al., 2004]. As the Aleutian Islands are remote 
and isolated, it is difficult to establish a spatially distributed 
seismic array without significant ocean bottom seismometry. 
Therefore the regional tomographic inversion approach used 
on Kamchatka and Alaska are not available for intermediate 
to deep imaging in the Aleutians. Deep imaging of seismic 
velocity in the north Pacific was investigated using global 
earthquake catalogues [Gorbatov et al., 2000], although this 
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study may suffer from significant errors in the general earth-
quake catalogues. Gorbatov et al. [2000] found high velocity 
perturbations associated with the Pacific slab extending to 400 
km depth although significantly differentiated from deeper 
high velocity anomalies at 600 km depth where a high veloc-
ity is observed to flatten. This was interpreted as a possible 
remnant slab. In the western Aleutians the Wadati-Benioff 
zone does not show a significant high velocity slab signa ture 
at intermediate depths, although the 600 km perturbation 
appears to be evident. A study of shear wave speeds using 
surface wave dispersion [Levin et al., 2005] suggests there is 
a slab portal in the western Aleutians separating the end of 
the Wadati-Benioff zones of the Aleutians with Kamchatka. 
This model agrees with earlier models describing such a slab 
window [Peyton et al., 2001; Yogodzinski et al., 2001; Levin 
et al., 2002b; Lees et al., this volume].

CONCLUSIONS

The Alaska-Aleutian and Kamchatka-Kurile arcs com-
prise one of the longest subduction complexes in the world. 
Seismicity extends from the trench to 200–300 km deep in 
the Aleutians. From the central Aleutians earthquakes shoal 
moderately towards Buldir Island in the western Aleutians 
where shallow strike slip faulting extends along the Bering 
fault system to the west. At the collision zone where the 
Aleutians intersect with Kamchatka, seismicity becomes 
complicated by collision tectonics. In the Kamchatka-
Kurile region earthquakes extend to at least 600 km depth, 
although a gap in earthquake density is observed between 
200–300 km depth. Shoaling of seismicity at both the north-
ern and southern ends of the Kamchatka-Kurile subduction 
zone has been interpreted as slab erosion. The stress regime 
within the downgoing slabs varies along the arcs and is 
controlled by geometry, material properties and thermal 
structure of the respective slabs. In Kamchatka–Kurile the 
subducting oceanic plate is much older than in the Aleutians 
and is therefore colder and thicker. This contrast accounts for 
the relative differences in seismic den sity and depth between 
the two subduction zones. 

Five out of the ten largest earthquakes recorded in the 
world occurred in the North Pacific region. These events 
not only caused wide-spread damage in nearby population 
centers, but also generated devastating Pacific-wide tsuna-
mis. In the Kuriles, Kamchatka and Aleutians we also see 
major earthquakes (M=7–8) occurring within the rupture 
zones of the mega-earthquakes (M>~8.5). These events may 
represent minor stress adjustments to continued plate motion 
and increasing deformation of the locked zone, but do not 
represent complete rupture of the main asperities. It is impor-
tant, therefore, to understand the mechanics of these events 

in order to miti gate future seismic and tsunami hazards. The 
history, geometry, hypocenter distribution and stress release 
of the subducting Pacific plate all play a significant role in 
the evolution of the plate boundary and seismic potential of 
the Northern Pacific. 
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Recurrent large earthquakes in the southernmost part of the Kurile-Kamchatka 
subduction zone were studied. Previous studies have indicated that the 1994 
Sanriku-oki earthquake (Mw 7.8) ruptured only the southern part of the rupture 
area of the 1968 Tokachi-oki earthquake (Mw 8.2), and left the main rupture 
interface of the 1968 earthquake intact. Also, the 2003 Tokachi-oki earthquake 
(Mw 8.1) did not rupture the eastern part of the rupture area of the 1952 Tokachi-
oki earthquake (Mw 8.2).

The rupture processes of the 1973 and 1894 Nemuro-oki earthquakes were 
studied through tsunami waveform analyses. The rupture of the 1973 Nemuro-oki 
earthquake was concentrated on the plate interface off Nemuro, Hokkaido, and the 
seismic moment was estimated to be 6.5 x 1020 Nm (Mw 7.8). The 1894 Nemuro-oki 
earthquake ruptured much larger area than that of the 1973 Nemuro-oki earthquake. 
The fault length of the 1894 earthquake was about 200 km, and the seismic moment 
was 28.8 x 1020 Nm (Mw 8.3). In this subduction zone, none of three sets of recent 
recurrent large earthquakes, the 1968 Tokachi and 1994 Sanriku-oki earthquakes, 
the 1952 and 2003 Tokachi-oki earthquakes, and the 1894 and 1973 Nemuro-oki 
earthquakes, have the same rupture processes. Variable rupture patterns of large 
recurrent earthquakes make it difficult to estimate the source processes of future 
large earthquakes in this subduction zone. These non-regular recurrences also 
suggest that, in addition to invariant geometric and material heterogeneities, the 
dynamic stress heterogeneities are seen to be important for understanding large 
earthquake complexity in this subduction zone.
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1. INTRodUCTIoN

Many large earthquakes have occurred in the Kurile-
Kamchatka region due to subduction of the Pacific plate 
along the Kurile trench. In this paper, we concentrate on the 
southernmost part of the Kurile-Kamchatka subduction zone. 
Figure 1 shows two recent sequences of large underthrusting 
earthquakes that have ruptured the plate interface along the 
southern part of the Kurile subduction zone. The southern 
end of the plate interface was ruptured by the 1968 Tokachi-
oki earthquake, and then the 1994 Snariku-oki earthquakes 
occurred in the same area 26 years later. The plate interface 
off Tokachi in Hokkaido was ruptured by the 1952 Tokachi-
oki earthquake, and the 2003 Tokachi-oki earthquake 
ruptured the same interface 51 years later. The plate interface 
off Nemuro, northeast of Tokachi, was ruptured by the 1894 
and 1973 Nemuro-oki earthquakes. 

In March 2003, the Japanese government made long-
term forecast for large earthquakes along the Kurile trench 
(earthquake Research Committee, 2004). The estimated 
probability to have a large earthquake off Tokachi and 
Nemuro in next 30 years (starting from March 2003) was 
60% and 20–30%, respectively. Then the 2003 Tokachi-oki 
earthquake occurred in September. There is now concern 
about a future Nemuro-oki earthquake.

In this paper, we first review the previous studies for the 
1968 Tokachi-oki and 1994 Sanriku-oki earthquakes as 
one of the recurrent earthquake sequences. We also review 
the previous studies for the 1952 and 2003 Tokachi-oki 
earthquakes as another example of recurrent events in the 
Kurile subduction zone. Then, the slip distribution of the 
1973 Nemuro-oki earthquake is estimated using tsunami 
waveform inversion. Also, the source process of the 1894 
Nemuro-oki earthquake is studied using tsunami waveform 
data. Finally, the variability of the recurrent earthquakes 
in the southern end of the Kurile subduction zone is 
discussed.

2. PReVIoUS STUdIeS

2.1 The 1968 Tokachi-oki and 1994 Sanriku-oki 
Earthquakes

The source process of the 1968 Tokachi-oki earthquake 
(Mw 8.2) was extensively studied using teleseismic body 
waves [Kikuchi and Fukao, 1985; Schwartz and Ruff, 
1985], teleseismic surface waves [Mori and Shimazaki, 
1985] and tsunami waveforms [Satake, 1989]. In general, 
their results are consistent and show that large moment 
release occurred in the northern part of the aftershock 
area (Figure 1). Recently, Nagai et al. [2001] studied the 
slip distribution of the 1968 Tokachi-oki earthquake in 
detail using strong-motion data recorded at a regional 
network and the teleseismic body waves recorded at global 
networks. They estimated two large slip areas. one is the 
largest slip area in the northern part of the aftershock area, 
the same as the previous studies. Another large slip area is 
in the southern part of the aftershock area. 

The source process of the 1994 Sanriku-oki earthquake 
(Mw 7.8) was also extensively studied using strong motion 
data [Nakayama and Takeo, 1997], GPS displacement 
data and tsunami waveform data [Tanioka et al., 1996]. 
Recently, Nagai et al. [2001] studied the detailed slip 
distribution using both strong motion and teleseismic body 
wave data. In general, all of them show that the northern 
part of the 1968 Tokachi-oki aftershock area, where the 
largest moment was released by the 1968 event, was not 
ruptured by the 1994 Sanriku-oki earthquake. The large 

Fig. 1Fig. 1

Figure 1. Recent sequences of large underthrusting earthquakes 
to rupture the plate interface along the southern part of the Kurile 
subduction zone. Light shaded regions show the rupture areas of 
the 1994 Sanriku-oki, 2003 Tokachi-oki and 1973 Nemuro-oki 
earthquakes. open stars are the epicenter of those earthquakes. 
open ellipsoids show the rupture areas of the 1968 Tokachi-oki 
and 1952 Tokachi-oki earthquakes. A dashed ellipsoid shows the 
rupture area of the 1894 Nemuro-oki earthquake which is not 
well determined previously. Solid stars are the epicenters of those 
three old earthquakes. The dark shaded region shows the main 
slip region of the 1968 Tokachi-oki earthquake. Note that the 1968 
Tokachi-oki earthquake is located off northern Honshu rather than 
off Tokachi.
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slip of the 1994 event was concentrated on the southern 
part of the aftershock area of the 1968 event. Nagai et al. 
[2001] suggested that the 1994 event re-ruptured the large 
slip area of the 1968 event estimated in the southern part 
of the 1968 aftershock area. 

These studies indicate that the 1994 Sanriku-oki earth-
quake was a recurrent earthquake of the 1968 Tokachi-oki 
earthquake because the rupture area of the 1994 event was 
within the rupture are of the 1968 event, but the largest 
slip area of the 1968 event was not ruptured by the 1994 
event. 

2.2 The 1952 and 2003 Tokachi-oki Earthquakes

The source process of the 1952 Tokachi-oki earthquake 
(Mw 8.1) was studied using tsunami waveforms [Hirata et 
al., 2003] and strong motion data [Yamanaka and Kikuchi, 
2003]. Hirata et al. [2003] suggested that the largest moment 
was released at the down-dip edge in the western part of 
the aftershock area off Kushiro although large moment was 
also broadly distributed in the eastern part of the aftershock 
area off Akkeshi (Figure 1). Yamanaka and Kukuchi, [2003] 
studied the initial part of the moment release of the 1952 
event using the nearby strong-motion seismograms. The 
later part of the moment release was not estimated because 
waveforms of the strong motion seismograms went off-scale 
soon after the S-wave arrivals. They show that the initial 
part of the moment was released at the western part of the 
aftershock area. 

The source process of the 2003 Tokachi-oki earthquake 
(Mw8.1) was studied extensively using strong motion data 
[Honda et al., 2004], teleseismic body wave and strong 
motion data [Yamanaka and Kikuchi, 2003; Yagi, 2004], 
geodetic and strong motion data [Koketsu et al., 2004] and 
tsunami waveforms [Tanioka et al., 2004]. In general, all the 
results from various studies consistently show that the large 
moment was released by the 2003 event in the western part 
of the 1952 Tokachi-oki source region estimated by Hirata 
et al. [2003]. 

In order to compare the slip areas of the 2003 and 1952 
Tokachi-oki earthquakes more accurately, Satake et al. 
[2006] re-estimated the slip distribution of the 1952 Tokachi-
oki earthquake using more accurate tsunami simulation. 
They show that the source area of the 1952 Tokachi-oki 
earthquake was indeed larger than that of the 2003 Tokachi-
oki earthquake. Although the largest moment for both 2003 
and 1952 Tokachi-oki earthquakes were released at the 
western part of the 1952 aftershock area off Kushiro, the 
plate interface at the eastern part of the 1952 aftershock 
area off Akkeshi was only ruptured by the 1952 Tokachi-oki 
earthquake (Figure 1). 

3 THe 1973 NeMURo-oKI eARTHqUAKe

The fault parameters of the 1973 Nemuro-oki earthquake 
were first estimated by Shimazaki [1974] using surface 
waves and geodetic data. The location of the fault model 
estimated by Shimazaki [1974] is shown in Figure 2. Tada 
[1974] also estimated the fault model using the geodetic data 
including the vertical deformation observed at tide gauges. 
Kikuchi and Fukao [1987] estimated the distribution of the 
moment release using the teleseismic body waves, and their 
result was generally similar to that of Shimazaki [1974].

In this paper, the slip distribution of the 1973 Nemuro-
oki earthquake was estimated from tsunami waveform 
inversion. The tsunami waveform data recorded at 6 tide 
gauge stations, Kushiro, Hachinihe, ofunato, Ayukawa, 
Sendai, and onahama, were used for this analysis (Figure 
3). The source area of the Nemuro-oki earthquake was 
divided into 6 subfaults (Figure 2 and 3). The size of the 
subfaults was 40 km x 40 km. The strike of the fault was 
assumed to be 240°, as estimated by Tada [1974]. The 
dip angle of the fault was assumed to be 14°, calculated 
from the depth contours of the plate interface suggested by 
earthquake Research Committee [2004] shown in Figure 
2. The rake angle of the fault was assumed to be 100°, 
similar to that estimated by Kikuchi and Fukao [1987]. 
The depths of the top edge of shallower subfaults (A, b, C) 
and deeper subfaults (d, e, F) were 15.0 km and 24.5 km, 
respectively. 

Fig. 2Fig. 2

Fig. 3Fig. 3

Figure 2. The location of six subfaults to estimate the slip dis-
tribution of the 1973 Nemuro-oki earthquake using the tsunami 
waveform inversion. Thick dashed contours show the depth of the 
plate interface in this region suggested by earthquake Research 
Committee [2004]. A thick rectangle shows the location of the fault 
model of the 1973 Nemuro-oki earthquake by Shimazaki [1974].
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To calculate the tsunami Green’s functions, finite different 
approximation of the linear long-wave equations [see Jonshon 
1998] was computed in the area shown in Figure 3. The grid 
size was 20 sec of arc (about 600 m) in deep water; a finer 
grid (4 sec) was used around the tide gauge stations. The 
time step for the computation was 1 s to satisfy a stability 
condition. The initial ocean bottom vertical deformation 
due to the fault motion was computed using the equations 
of okada [1985]. Then, the ocean surface deformation, the 
initial condition for the tsunami propagation, was calculated 
from the ocean bottom deformation [see Tanioka and Seno, 
2001]. The rise time of the tsunami initial wave was assumed 
to be 30 s. Green’s functions for the 6 stations were computed 
for each subfault with a unit amount of slip. The method of 
tsunami inversion is the same as that used by Tanioka and 
Satake [2001]. For error analysis, the jackknife technique 
[Tichelaar and Ruff, 1989] was applied.

First, the tsunami waveform inversion was carried out for 
5 observed tsunami waveforms, Kushiro, ofunato, Ayukawa, 
Sendai, and onahama because the absolute timing at the tide 
gauge in Hachinohe did not have enough accuracy to use in 
the inversion. Table 1 shows the result of the inversion. The 
comparison between observed and computed tsunami wave-
forms as a result of the inversion is shown in Figure 4. The 
timing of the first observed tsunami wave at Hachinohe was 
corrected to coincide with the arrival time of the computed 
tsunami wave using the slip distribution estimated by the 
inversion. Then, we carried out the tsunami waveform 
inversion again using all six observed tsunami waveforms 
including the tsunami waveforms at Hachinohe. 

The results are shown in Figure 5 and Table 1. The result 
using all six tsunami waveforms is similar to the result using 
five waveforms. The observed tsunami waveforms are well 
explained by the computed waveforms as shown in Figure 
6. The largest slip of 2.9 m was estimated at subfault A 
and d. The small slip of 0.9 m was estimated at subfault b. 
essentially, no slip was estimated at subfaults, C, e, and F. 
This suggests that the slip of the 1973 Nemuro-oki earthquake 
was concentrated on the plate interface off Nemuro and did 
not extend into the plate interface off Akkeshi. These results 
are consistent with the fault model estimated by Shimazaki 
[1974] (Figure 5). The total seismic moment was 6.5 x 1020 

Nm (Mw 7.8) by assuming the rigidity of 6 x 1010 N/m2.

4 THe 1894 NeMURo-oKI eARTHqUAKe

Previously, the source of the 1894 Nemuro-oki earthquake 
was studied from seismic intensity or tsunami heights 
distributions [Hatori, 1974; Satake et al., 2005]. The 
tsunami heights of the 1894 Nemuro-oki earthquake were 
estimated by Hatori [1974] on the basis of the damage 
report by omori [1985]. Satake et al. [2005] indicate that 
the eastward increase of tsunami heights from Kushiro along 
the Pacific coast of Hokkaido was a characteristic feature of 
Nemuro-oki earthquake. Although the seismic intensity of 
the 1894 Nemuro-oki earthquake was slightly larger than 
that of the 1973 Nemuro-oki earthquake, the pattern of the 
seismic intensity distributions with the largest intensities 

Table 1Table 1

Fig. 4Fig. 4

Fig. 5Fig. 5

Fig. 6Fig. 6

Figure 3. Tsunami computation area. Triangles show the loca-
tion of the tide gauge stations where the tsunami waveforms were 
observed. Frames show the location of six subfaults.

Table 1. Slip distributions using five and six stations

subfault
The results using 5 

stations slip, m
The result using all 6 

stations slip, m

A
b
C
d
e
F

2.4±0.3
1.2±0.2
0.1±0.2
3.2±0.4
0.0±0.0
0.0±0.0

2.9±0.4
0.9±0.2
0.1±0.1
2.9±0.4
0.0±0.0
0.0±0.0
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at the eastern edge of Hokkaido was similar to each other 
[Satake et al., 2005]. Hatori [1974] showed the observed 
tsunami waveform of the 1894 event recorded at the tide 

gauge at Ayukawa and he compared that tsunami waveform 
with the observed tsunami waveform of 1973 Nemuro-oki 
earthquake at the same tide gauge (Figure 7). He suggested 
that the differences between the two observed tsunami 
waveforms at Ayukawa should be related to the differences 
of the tsunami sources between the 1894 and 1973 Nemuro-
oki earthquakes.

In this paper, we try to find a fault model of the 1894 
Nemuro-oki earthquake using the observed tsunami wave-
form at Ayukawa. Considering the poor accuracy of clocks 
in those days, we decided to use the waveform only without 
an absolute timing. The tsunami numerical computation 
was carried out using the finite different approximation 
of the linear long-wave equations [see Jonshon 1998]. The 
details of the computation are the same as those for the 1973 
Nemuro-oki earthquake. No focal mechanism solution has 
yet been estimated for the 1894 event. Therefore, the strike 
and dip of the fault were assumed to be the same as those of 
the 1973 Nemuro-oki earthquake, 240° and 14°, respectively. 
The rake of the fault is assumed to be 90°. The width of the 
fault was fixed to be 100 km (Figure 8). We varied fault 

Fig. 7Fig. 7

Fig. 8Fig. 8
Figure 4. Comparison of the observed (solid) and computed 
(dashed) tsunami waveforms for the result of the tsunami waveform 
inversion using five tide gauge stations without Hachinohe. The 
numbers below the station name indicate the time range of the 
waveforms (in minutes after the origin time).

Figure 5. The slip distribution of the 1973 Nemuro-oki earthquake 
estimated by the tsunami waveform inversion using all six tide 
gauge records. A thick rectangle shows the location of the fault 
model of the 1973 Nemuro-oki earthquake by Shimazaki [1974].

Figure 6. Comparison of the observed (solid) and computed 
(dashed) tsunami waveforms for the result of the tsunami waveform 
inversion using all six tide gauge stations. The numbers below the 
station name indicate the time range of the waveforms (in minutes 
after the origin time).
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length as 100 km, 150 km, and 200 km. The slip amount for 
each fault model is determined by comparison of observed 
and computed tsunami waveforms.

The observed and computed tsunami waveforms from 
thee fault models with diferent lengths are compared in 
Figure 9. The computed tsunami waveform from the 200 
km-long fault best explains the first phases of the observed 
tsunami. The computed tsunami waveforms from other 
fault models cannot explain the first wave of the observed 
tsunami waveform, in particular the period of the first lead-
ing wave. We therefore conclude that the fault length of the 
1894 Nemuro-oki earthquake was approximately 200 km, 
much larger than that of the 1973 Nemuro-oki earthquake, 
40–80 km. The slip amount was estimated to be 2.4 m by 
comparison of observed and computed amplitudes between 
the largest peak and the first trough. The total seismic 
moment of the 1894 Nemuro-oki earthquake was 28.8 x 
1020 Nm (Mw8.3) by assuming the rigidity of 6 x 1010 N/m2. 
This estimate was much larger than the estimated seismic 
moment of the 1973 Nemuro-oki earthquake.

5. dISCUSSIoN

The previous studies indicate that the 1994 Sanriku-oki 
earthquake (Mw 7.8) ruptured only the southern part of the 
rupture area of the 1968 Tokachi-oki earthquake (Mw 8.2), 
and did not rupture the main part of the rupture interface 
of the 1968 Tokachi-oki earthquake. Also, the previous 
studies show that the 2003 Tokachi-oki earthquake (Mw 
8.1) did not rupture the eastern part of the rupture area of 

the 1952 Tokachi-oki earthquake (Mw 8.2). The tsunami 
waveform analyses of the 1973 Nemuro-oki and 1894 
Nemuro-oki earthquakes indicate that the rupture area of 
the 1894 Nemuro-oki earthquake was much larger than the 
1973 Nemuro-oki earthquake. In the southernmost part of 
the Kurile-Kamchatka subduction zone, none of three sets 
of recurrent large underthrust earthquakes had the same 
rupture area. Variable rupture patterns of large underthrust 
earthquakes make it difficult to estimate the source processes 
of future large earthquakes in this subduction zone. In addi-
tion to these recent earthquakes, tsunami deposit studies 
indicate that unusual large tsunami have occurred in this 
subduction zone with long (about 500 yrs) recurrence interval 
[Nanayama et al., 2003]. It makes the rupture history of large 
earthquakes in this subduction zone more complicated. 

The same type of non-characteristic behavior and complex 
recurrence of large subduction zone earthquakes is suggested 
for the 1957 (Mw=8.6), 1986(Mw=8.0), and 1996(Mw=7.9) 
Aleutian Islands earthquakes and the 1963 (Mw=8.5) and 
1995(Mw=8.0) Kurile Islands earthquakes by Schwartz [1999]. 
These non-regular recurrence behaviors are not consistent with 
physical models of earthquake rupture where slip complexity 
is exclusively controlled by invariant geometric and material 
heterogeneities but suggested that dynamic stress heteroge-
neities are also important. Recent theoretical study by Shaw 
[2004] concludes that irregularities of recurrences created 
by dynamic stress heterogeneities arising through frictional 
instabilities are seen to remain substantial even for large fixed 
geometric and material heterogeneities. The results in this 
paper are also consistent with their theoretical study.

Fig. 9Fig. 9

Figure 7. Comparison of observed tsunami waveforms at Ayukawa 
for the 1973 Nemuro-oki and 1894 Nemuro-oki earthquakes. both 
waveforms are displayed to align the origin time of the earth-
quakes.

Figure 8. The location of three fault models for the tsunami com-
putations of the 1894 Nemuro-oki earthquake. Three fault models 
with different fault lengths, 100 km, 150 km, and 200 km, were 
used for the tsunami computations.
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6. CoNCLUSIoN

The 1973 Nemuro-oki earthquake ruptured the plate 
interface off Nemuro with the seismic moment of 6.5 x 
1020 Nm (Mw 7.8). The rupture area was consistent with 
the result of Shimazaki [1974]. The 1894 Nemuro-oki 
earthquake ruptured much larger area than that of the 
1973 Nemuro-oki earthquake. The estimated fault length 
for the 1894 earthquake is approximately 200 km, and the 
estimated seismic moment is 28.8 x 1020 Nm (Mw 8.3). In 
the southernmost part of the Kurile-Kamchatka subduction 
zone, three sets of recent recurrent large earthquakes, the 
1968 Tokachi and 1994 Sanriku-oki earthquakes, the 1952 
and 2003 Tokachi-oki earthquakes, and the 1894 and 1973 
Nemuro-oki earthquakes, did not exhibit the same rupture 
processes. Variable rupture patterns of the large recurrent 
earthquakes make it difficult to estimate the source processes 
of future large earthquakes in this subduction zone.

These non-regular recurrences also suggest that, in addition 
to invariant geometric and material heterogeneities, the dynamic 
stress heterogeneities are seen to be important for understanding 
large earthquake complexity in the southernmost part of the 
Kurile-Kamchatka subduction zone.
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We investigate the spatiotemporal relationship between background seismic 
activity, coseismic asperities and aftershock activity in the southwestern Kuril 
Islands using high precision earthquake catalogue produced by Hokkaido 
University since 1976. Seismicity maps clearly indicate that coseismic asperity 
patches correspond to low seismic activity regions surrounded by high activity 
areas. This seismicity pattern in and around the asperity does not vary with time, 
which may suggest invariant stable frictional conditions in the temporal domain. 
We infer that these observations reflect the frictional nature of the asperity and 
its surrounding area. This spatial variation of seismic activity may be due to 
the variations of the yielding threshold point to the shear stress for earthquake 
faulting, which is due to the spatial variation of frictional parameters on the 
plate interface. It is feasible to recognize unknown asperities from epicenter 
distributions during the interseismic period. A similar relationship between 
asperity distribution and aftershock activity might also be due to the frictional 
variations on the plate interface.

1. InTRodUCTIon

In the southwestern Kuril Islands where the Pacific plate 
is subducting beneath the okhotsk plate, large earthquakes 
have frequently occurred. Predominant focal mechanisms 
are shallow dipping thrusts on the plate interface (Fig. 1). 
Intraslab events have also occurred but are rare. Utsu (1972) 
found that the rupture areas of large interplate earthquakes 
do not overlap each other during one seismic cycle. He 
divided the southern Kuril trench into several segments and 
pointed out a seismic gap off nemuro. The 1973 nemuro-
oki earthquake (MJMA7.4) filled this gap. This was a 
primary example which supports the ideas of characteristic 
earthquakes, earthquake cycles and seismic gaps proposed 

by several researchers such as Utsu (1972) and Fedotov et al. 
(1970). These have been fundamental ideas for earthquake 
forecasting in this region.

Recently, slip distributions of large earthquakes have been 
obtained using several methods. For example, slip distribution 
models of the 2003 Tokachi-oki earthquake (M8.0), off south-
eastern Hokkaido, have been analyzed by teleseismic body 
waves (e.g. Yamanaka and Kikuchi, 2003), strong motion data 
(e.g. Honda et al., 2004), and geodetic data (e.g. Miura et al., 
2004). Many of those studies clearly indicate that coseismic 
slip distribution in a focal region is inhomogeneous. Lay and 
Kanamori (1980) define an asperity as a area of a fault where a 
large seismic moment is released by a large earthquake. This is 
practically equivalent to a patch with relatively large coseismic 
slip during an earthquake. We believe that coseismic inho-
mogeneous slip distribution is due to the irregularities on the 
plate interface. It is proposed that this property might induce a 
variety of background seismicity behavior.

Fig. 1Fig. 1
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Yamanaka and Kikuchi (2004) examined the slip dis-
tributions of large interplate earthquakes occurring along 
the northern Japan Trench using JMA’s strong motion and 
teleseismic data, and produced an ‘asperity map’. Yamanaka 
and Kikuchi (2001) also examined asperities off southeastern 
Hokkaido. They clearly mapped the locations, dimensions 
and slip distributions of asperities of major subduction 
earthquakes occurring since 1952 along the southwestern 
Kuril and northern Japan Trenches.

Yamanaka and Kikuchi (2004) and Nagai et al. (2001) came 
to the conclusion that recurrent large interplate earthquakes 
in the northern Japan Trench have been the result of repeat 
faulting of the same asperities. They also pointed out that 
M8 class earthquakes sometimes resulted in simultaneous 
faulting of several neighboring M7 class asperities. This 
invariant asperity model is one of the predominant theories 
used to understand the seismic cycle along the subduction 
system.

These hypothesesis associated with asperities might be 
adaptable to the southwestern Kuril Trench, which is the 
northeastern neighbor of the Japan Trench. As mentioned 
above, Yamanaka and Kikuchi (2001) already produced an 
asperity map in this region. In 2003, a recurrent event, the 
2003 Tokachi-oki earthquake (M8.0), occurred in the same 

region as the previous 1952 event (M8.2). Yamanaka and 
Kikuchi (2003) compared the asperity distribution of the 
former 1952 (M8.2) and the 2003 (M8.0) events, and came 
to the conclusion that these earthquakes occurred by faulting 
of a same asperity. This implies that the invariant asperity 
hypothesis might be applicable to this region as we expect.

We have observed seismicity in the region and been aware 
of the inhomogeneous hypocenter distribution in the spatial 
domain. After the occurrence of the 2003 Tokachi-oki 
earthquake, we observed the similarity of the location of 
the 2003 coseismic asperity and consecutively low seismicty 
area off erimo cape. This might imply a relationship between 
the spatial variation of background seismicity and coseismic 
asperity distribution. In this paper we investigate seismic 
activity during interseismic and aftershock periods, in and 
around asperities and examine their spatial and temporal 
depending characteristics.

2. SeISMoloGICAl oBSeRVATIon In HoKKAIdo

In the Hokkaido Islands, which are located in the 
southwestern edge of the Kuril Islands, the Japan 
Meteorological Agency (JMA) started earthquake observa-
tions by sensory intensity and seismometers in 1872 and 
1881, respectively, and the observation network has been 
continuously improved since then. But detailed discussion 
of the spatiotemporal change of seismicity including M<5 
earthquakes has been difficult because JMA observed the 
earthquakes mainly by a strong motion seismometer network 
(e.g. Mochizuki et al., 1978).

Hokkaido University started microseismic observations 
in 1966 at Kamikineusu station. We began the hypocenter 
determination in 1976 with seven stations and have made 
efforts to improve the seismological network. Fig. 2 shows 
the epicenter distribution and magnitude-frequency diagram 
of Hokkaido University and JMA catalogues during the same 
period. Hokkaido University located nearly 1000 events 
but only 100 were located by JMA. This clearly shows 
higher event detectability by Hokkaido University than 
JMA. In 1996, Hokkaido University and Sapporo district 
Meteorological observatory of JMA started to exchange 
their digital seismic waveform data in real time. At this time 
the mean event detection ability of these institutes became 
the same. The Japan Agency for Marine-earth Science and 
Technology’s three cabled permanent ocean bottom seismo-
graphs, off southeastern Hokkaido (e.g. Hirata et al., 2002) 
have also been sent to JMA and Hokkaido University in 
real time since 2000. Vast waveform data from the Hi-net 
(High Sensitivity Seismograph network of Japan) operated 
by the national Institute for earth Science and disaster 
Prevention (nIed) have been transmitted to JMA and 

Fig. 2Fig. 2

Figure 1. Seismicity map in southwestern Kuril trench. Major 
interplate earthquakes with focal mechanisms and their rupture 
segments (Fukao and Furumoto, 1975, for 1969 event; Shimazaki, 
1974, for 1973 event; Yamanaka and Kikuchi, 2003, for 1952 
and 2003 events; Yamanaka, 2004b, for 1961 and 2004 events) 
are shown. The epicenter and mechanism of the 1994 intraslab 
earthquake is also indicated (Kikuchi and Kanamori, 1995). 
Contours are the asperities of the 1952, 1973 and 2003 earthquakes 
(Yamanaka and Kikuchi, 2001, Yamanaka and Kikuchi, 2003). 
Contour intervals are 1m.
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Hokkaido University in real time since 2001. Currently, the 
total number of non-strong motion seismological stations in 
Hokkaido is 191 (Hokkaido University: 51; JMA: 30; Hi-net: 
110), and all waveform data are open for general use.

In this study we investigated the properties of background 
seismicity in the spatiotemporal domains along the 
southwestern Kuril Trench. As mentioned above, the 
Hokkaido University earthquake catalogue had kept higher 
hypocenter detection ability than JMA. Therefore, we 
hereafter refer mainly to the Hokkaido University earthquake 
catalogue for seismicity investigations.

3. ASPeRITIeS, InTeRSeISMIC SeISMICITY And 
AFTeRSHoCK ACTIVITY In THe SoUTHWeSTeRn 

KURIl ISlAndS

As shown in Fig. 1, there have been several large interplate 
earthquakes since 1952, these are the 1952 Tokachi-oki 

(M8.2), the 1969 Hokkaido-Toho-oki (M7.8) and the 1973 
nemuro-oki (M7.4) earthquakes. We consider this series as 
the latest earthquake cycle in this region. The 2003 Tokachi-
oki earthquake (M8.0) may be the opening event to the next 
earthquake cycle, similar to the 1952–1973 series.

Here we try to investigate characteristics of seismic 
act ivity based on Hokkaido University and JMA 
earthquake catalogues in and around the asperities of 
the large interplate events mentioned above examined by 
Yamanaka and Kikuchi (2001) and Yamanaka and Kikuchi 
(2003). The 1969 event (M7.8) was excluded because it 
is far outside of observation network. In this study we 
used earthquakes shallower than 80km in depth, which 
show seismic activity in the seismogenic layer of this 
subduction zone, with location errors less than 10km. We 
also confirmed that seismicity in and around the subducting 
plate is not contaminated the seismicity in the overriding 
plate in this region.

Figure 2. (a) epicenter map based on Hokkaido University catalogue. (b) Magnitude-frequency and total earthquake 
number diagrams in the rectangle shown in (a). (c) epicenter map based on JMA catalogue. (d) Magnitude-frequency 
and total earthquake number diagrams in the rectangle shown in (c).
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3-1. The 1952 Tokachi-oki Earthquake (MJMA8.2) and 
the 2003 Reccurent Tokachi-oki Earthquake (MJMA8.0) 
Segment

The Tokachi-oki area is one of the notable focal regions 
where M8 class earthquakes have recurred. The former 
event occurred in 1952 (M8.2). This event ruptured the 
entire segment shown in Fig. 1 (Satake et al., 2006). The 
recent earthquake in 2003 (M8.0) filled in eastern half of the 
1952 rupture area (Satake et al., 2006, Tanioka et al., 2004, 
Takahashi and Kasahara, 2004).

Asperities of these two recent earthquakes were estimated 
by Yamanaka and Kikuchi (2003). Though strong motion 
waveforms of the 1952 event recorded only the first half of 
the full duration because of instrumental problems, their 
efforts succeeded to partially determine the asperity of this 
event. They concluded that the ‘seismic’ asperities of these 
two Tokachi-oki earthquakes were the same.

Fig. 3 shows the epicenter distribution from 1976 to just 
before the 2003 mainshock from the Hokkaido University’s 
catalogue. It is apparent in this figure that there are low 
seismicity patches surrounded by high seismicity regions. To 
clarify this property, a contour map of cumulative earthquake 
number bound by 0.08 degrees in latitude and longitude is 
shown in Fig. 4a. This clearly shows the inhomogeneous 
density of seismic activity. Fortunately, we already know the 
location of the asperity of the 2003 earthquake as mentioned 
above (Yamanaka and Kikuchi, 2003). Superimposing the 
maps of the earthquake density and the asperity location 
by Yamanaka and Kikuchi (2003) point out the fact that 
the locations and dimensions of the low seismicity patches 
labeled A and B agree fairly well with that of the 2003 
asperity location (Fig. 4b).

Relatively large aftershocks of the 2003 event mainly 
occurred in patch-C as shown in Fig. 4 and Fig. 5. Maximum 
slip of these aftershocks by Yamanaka (2005) was only 

Fig. 3Fig. 3

Fig. 4Fig. 4

Fig. 5Fig. 5

Figure 3. Background seismic activity in the Tokachi-oki segments where the 1952 (M8.2) and the 2003 (M8.0) recurrent 
earthquake occurred by Hokkaido University catalogue. dashed lines indicate low seismic activities patches.
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0.3m, which is only 5% of the mainshock maximum slip. 
These relatively small moment releases in patch-C are almost 
the same as estimated by geodetic data including afterslip 
(Miyazaki et al., 2004; Ozawa et al., 2004). Miyazaki et al. 
(2004) suggest that steady-state velocity strengthening friction 
means steady slip during the interseismic period. on the 
other hand, Satake et al. (2006) show the large coseismic slip 
(~3.48m) in the patch-C at the 1952 Tokachi-oki earthquake 
from tsunami data. This implied stress accumulation during 
interseismic phase. Therefore, we infer the possibility that 
most of the accumulated stress in patch-C still remains.

3-2. The 1973 Nemuro-oki Earthquake (MJMA7.4) Segment

The neromo-oki segment is located adjacent and to the east 
of the Tokachi-oki segment. The former nemuro-Hanto-oki 
earthquake (M7.4) occurred in 1973. The largest aftershock 
(M7.1) occurred at a detached location from the mainshock 
epicenter. Yamanaka and Kikuchi (2001) also pointed out 
that the locations of the asperities of the 1973 mainshock 
and largest aftershock were clearly different. Therefore, we 
propose two asperities in this segment.

Fig. 6a displays the background seismicity since 1976, and 
Fig. 6b shows the density contour of cumulative earthquake 
number along with the 1973 mainshock and largest 
aftershock asperities by Yamanaka and Kikuchi (2001). 

Fig. 6Fig. 6

Figure 4. (a) Contouring of the cumulative earthquake number by the Hokkaido University catalogue and low seismicity 
patches indicated in Fig. 3. Contour interval is every 10 events. (b) Same as Fig. 4(a) with the 2003 Tokachi-oki 
earthquake asperity by Yamanaka and Kikuchi (2003).

Figure 5. Asperities of mainshock and major aftershocks of the 
2003 Tokachi-oki earthquake (Yamanaka, 2005) with contouring 
of cumulative earthquake number as in Fig. 4. Mainshock 
asperity is shown by dashed line. Contour intervals are 1m for 
mainshock, 0.2m for largest aftershock (M7.1), and 0.05m for 
others, respectively.



158     THe SoUTHWeSTeRn KURIl ISlAndS

These figures clearly indicate that background seismicity 
has been extremely low in the whole nemuro-oki segment 
since 1976. There were no M>5 earthquakes in the asperity 
region during this period. This seismic gap fully covers the 
1973 mainshock asperity, extends trenchward and into the 
southwestern regions. The size of this gap is about 150km 
long by 100km wide. on the other hand, there has been 
a high seismicity rate at the onshore region of the 1973 
asperity. This region is situated downdip of the extension of 
the 1973 asperity.

The high seismicity rate in the region eastward of the 1973 
asperity was due to the aftershocks of the 1994 Hokkaido-
Toho-oki intraslab event (M8.2) (e.g. Kikuchi and Kanamori, 
1995). Therefore, it is difficult to extract the properties of 
the background seismicity in the area of the largest 1973 
aftershock asperity.

3-3. The off Hamanaka Earthquake Sequence in 2004–
2005 (M7.1 and M6.9) and 1961(M7.2 and M6.9)

An earthquake with M7.1 occurred on 29 november 2004 
inshore Hamanaka (Fig.1), which corresponds to the coastal 
portion of the nemuro-oki segment discussed above. The 
largest aftershock M6.9 occurred to the southeast of the 

mainshock on 6 december 2004. These focal mechanisms 
show typical thrust faulting mechanisms on the plate 
interface (Fig.1) (NIED, 2005).

In this area there was an earthquake sequence in 1961 
with M7.2 and M6.9. Yamanaka and Kikuchi (2001) 
located these asperities. It is noteworthy that the epicenter 
locations of the mainshock and aftershock were nearly 
the same as the 2004 events. In addition, strong motion 
waveforms of these two events at the several JMA 
stations were very similar (Yoshida et al., 2005). These 
facts strongly imply that the 2004 earthquakes were 
the recurrent events of the 1961 sequence. Asperities of 
the 1961 and 2004 events were examined by Yamanaka 
(2004a, 2004b, 2004c). Yamanaka (2004a) concluded by 
comparing the location and slip distribution of asperities 
of these events that the 2004 M7.1 event was the recurrent 
earthquake of the 1961 (M7.2).

The spatial distribution of background seismicity, 
aftershocks, and asperities in the focal region shows 
interesting patterns. Fig. 7a and 7b display the background 
seismicity for the 7 years prior to the occurrence of the 
2004 sequence by the JMA catalogue and its earthquake 
density map, respectively. There are remarkable seismic 
gaps among the seismic clusters. The asperities of the 2004 

Fig. 7Fig. 7

Figure 6. (a) Background seismic activity in the nemuro-oki segment where the 1973 (M7.4) earthquake occurred using 
the Hokkaido University catalogue. (b) Contouring of cumulative earthquake number and the 1973 mainshock (M7.4) 
and largest aftershock (M7.1) asperities by Yamanaka and Kikuchi (2001).
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mainshock (M7.1) and largest aftershock (M6.9) determined 
by Yamanaka (2004a, 2004b, 2004c) were also superimposed 
on the background seismicity (Fig. 7c). These asperities are 
located in the seismic gap without overlapping the seismicity 
clusters. This suggests that the seismic gap is the seismic 
asperity. location of the mainshock and largest aftershock 
asperities were segregated. This indicated that these events 
occurred by faulting on neighboring independent asperities 
as mentioned by Yamanaka (2004c).

Fig. 8 shows the locations of the asperities of the 2004 
mainshock and largest aftershock and their aftershocks. 
This demonstrated that aftershocks of these earthquakes 
mainly occur in the areas surrounding of the mainshock 
asperity, and very few in the asperities. This aftershock 
distribution is analogous with that of the background 
seismicity as shown in Fig. 7. In other words, background 
seismic activity and aftershocks mostly occur around the 
edge of the asperity.

Fig. 8Fig. 8

Figure 7. (a) Background seismic activity off Hamanaka region by JMA catalogue. (b) Contouring of cumulative 
earthquake number. Contour interval is every 10 events. (c) Background seismicity and asperities of the 2004 mainshock 
(M7.1) and largest aftershock (M6.9) inferred by Yamanaka (2004a, 2004c).
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4. 

dISCUSSIon

4-1. Asperities and Interseismic Seismicity

Backgound seismicity in the southwestern Kuril Islands 
clearly shows the existence of low seismicity patches during 
interseismic periods. locations of these patches correspond 
to the asperities of the largest earthquakes. In other words, 
seismic activity in asperities is generally low compared 
with the surrounding area during the interseismic phase. 

earthquake density maps shown in Fig. 4, 6 and 7 are the 
integral expression of earthquake numbers in the time 
domain, and these suggest that low seismic activity in the 
asperity is a non-time dependent property.

This characteristic low seismic activity in the asperity 
has been observed in different size earthquakes that range 
from M6.9 to M8.0. This fact implies this phenomenon 
is not dependent on the dimensions of the asperity, and 
might indicate fractal characteristic as proposed by Seno 
(2003).

Figure 8. (a) Asperity (Yamanaka, 2004a) and aftershock activity of the 29 november 2004 event (M7.1). (b) Asperity 
(Yamanaka, 2004c) and aftershock activity of the 6 december 2004 event. (c) Total aftershock distribution of the 2004 
earthquake sequence off Hamanaka. Aftershocks surrounds asperities.
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Plate interface depth data (Iwasaki et al., 1989; Katsumata 
et al., 2003, Nakanishi et al., 2004) indicate that low 
seismicity patches and active regions coexist at the same 
depth. This implies that this property is not due to changes 
of the vertical loading stress and/or thermal conditions 
on the plate interface (e.g. Scholz, 1990; Nakatani, 2003). 
Therefore, spatial variations of frictional properties on the 
plate interface by its nature may induce this heterogeneous 
seismicity pattern. Miyazaki et al. (2004) also indicates a 
possible along strike spatial variation of frictional properties 
at the same depth from postseismic deformation data 
observed by GPS associated with the 2003 Tokachi-oki 
earthquake.

Moment release at the asperity of the 1952 and 2003 
Tokachi-oki earthquakes show that the seismic coupling 
coefficient was close to 100% (Yamanaka and Kikuchi, 
2004). This indicates that the Tokachi-oki asperity could 
store up elastic strain without releasing stress during the 
interseismic period. In brief, coupling strength on the asperity 
has been consistently strong since 1952. on the other hand, 
it is a reasonable idea that high seismic activity in the area 
surrounding the asperity is due to a lower yielding point than 
the inner asperity at the same shear stress conditions.

There are several candidates to generate this frictional 
variation on the plate interface which induce heterogeneous 
seismicity, e.g. geometrical shape, changes in materials, 
water interactions on the plate interface. Scholz and Small 
(1997) suggest that subducting seamounts induce strong 
coupling and act as barriers to suppress the rupturing of 
the megathrust. This hypothesis was supported by several 
researchers who revealed the spatial distribution of seamounts 
and coseismic asperities in the nankai Trough and Kuril 
Islands (e.g. Kodaira et al. 2000; Hirata et al. 2003). effects 
of materials and water on the plate interface are also one of 
the possible parameters controlling properties of the plate 
interactions (e.g. Kasahara, 2003, Kasahara et al., 2003). 
However, structural and physical data on the plate inter-
face in this region are difficult to come by. We hope future 
surveys of the deep structure along these asperities and high 
seismicity regions will reveal more information as in the 
northern Japan Trench (e.g. Fujie et al., 2002).

The observed relationship between background seismic 
activity and asperities suggest that asperities which are not 
yet mapped could be extracted from epicenter mapping as 
shown in this study. determining the location of unknown 
asperities will help to focus detailed geophysical surveys 
which can reveal the status of the asperity and provide input 
to numerical strong ground motion predictions of destructive 
earthquakes. of course, the ability to locate asperities 
depends on the precision of epicenter locations, observation 
period and event detectability of the seismographic network. 

We hope that the high accurate continuous observations made 
by Hokkaido University will enable further studies of the 
phenomena associated with subducting seismic activity.

4-2. Aftershock Period

The observation of low seismicity rate in the asperity and 
relatively high seismicity rate in the surrounding area might 
be applied to aftershock activity. Fig. 9 shows the one month 
of aftershocks for the 1973 and the 2003 earthquakes. Most 
of aftershocks occurred outside coseismic asperities. This 
relation is rather clear in the case of the 2004 off Hamanaka 
sequence (Fig. 7).

This spatial compartmentalization of asperities and 
aftershocks has already been observed in several earthquakes 
(Mendoza and Hartzell, 1988, Houston and Engdahl, 1989, 
Nagai et al., 2001, Yamanaka and Kikuchi, 2004). detailed 
examination in the 1968 (M7.9) and 1994 (M7.6) recurrent 
earthquakes in the northern Japan Trench by Nagai et 
al.(2001) and Yamanaka and Kikuchi (2004) determined 
that the aftershock distribution of both earthquakes was 
quite similar. These indicate that the invariant asperity model 
is applicable not only to the mainshock asperity but also 
relatively small asperities which generate aftershocks. Stress 
changes in the surrounding area by mainshock faulting may 
induce seismicity if both the asperity and the surrounding 
area have velocity weakening frictional properties but 
different threshold points of faulting, higher for asperity 
and lower for the surrounding area. This hypothesis can be 

Fig. 9Fig. 9

Figure 9. one month aftershock distribution of the 1973 nemuro-
Hanto-oki earthquake (M7.4) and the 2003 Tokachi-oki earthquake 
(M8.0) with their asperities examined by Yamanaka and Kikuchi 
(2001, 2003) based on JMA catalogue.
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directly applicable to observed spatial variations of seismic 
activity during the interseismic phase.

4-3. The Largest Low Seismicity Region

Finally, we check a wide-area of seismicity southeastern 
off Hokkaido (Fig. 10). It clearly indicates the low seismicity 
area near the trench axis astride the numuro-oki and Tokachi-
oki segments, which is shown by a polygon. This feature is 
not apparent because a cumulative event number diagram in 
this polygon shows M ≥ 3  event detectability (Fig. 10).

Plate interface depth there is very shallow (10–15km 
depth from sea level) (Iwasaki et al., 1989, Nakanishi et 
al., 2004). This implies possible relatively weak coupling, 
frictionally stable, and stable sliding on the plate interface 
(e.g. Yabe, 2004), which is characterized by steady-state 
velocity strengthening (Scholz, 1990). These conditions 
suggest possible aseismic faulting on the plate interface.

on the other hand, there is a high seismicity region along 
the trench axis off Sanriku, southern adjacent region of 
the Tokachi-oki segment. Umino et al. (1995) confirmed 

that earthquakes occurring there are situated on the plate 
interface using sP depth phases. Furthermore, a large 
tsunami earthquake (M8.0) occurred there in 1896 (Tanioka 
and Satake, 1996). These facts indicate the possible ability 
to generate earthquakes near the trench axis region. Recent 
seafloor deformation data in the Peru-Chile trench reveal 
full coupling from 2km to 40km depth on the plate interface 
(Gagnon et al., 2005). These facts suggest possible seismic 
faulting near the trench axis.

Tsunami sediment analysis reveals that paleo-
megatsunamis have recurrently struck southeastern Hokkaido 
coast (Hirakawa et al, 2000; Nanayama et al., 2003). These 
unusual tsunami events might be induced by multi-segment 
rupture of both the Tokachi-oki and numueo-oki regions. We 
propose a hypothesis that faulting of these mega-earthquakes 
extends to the trench axis including the seismic gap shown 
in Fig. 10.

Recent seismic activity along the trench axis has been 
obviously low. From the point of view of tsunami hazard 
assessment, it is desirable to clarify the earthquake genesis 
ability there by geophysical methods.

Fig. 10Fig. 10

Figure 10. A largest seismic gap near trench axis by Hokkaido University catalogue. Inset indicates a cumulative 
earthquake number diagram in the polygon during a first decade of the observation period.
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5. SUMMARY

Microseismicity catalogues produced by Hokkaido 
University clearly indicate that seismicity in the coseismic 
asperities have been low through the interseismic phase. 
These low seismicity patches are surrounded by high 
seismicity areas at the same depth. This relation between 
asperity and background seismicity is a commonly observed 
feature of the spatial distribution of mainshock asperity 
and aftershock activity as already pointed out by several 
studies. 

low seismicity rates in asperities do not vary with time, 
which suggest stable frictional properties in the temporal 
domain. This indicates spatial variations of the frictional 
coefficient on the plate interface causing this heterogeneous 
seismic activity. In other words, the spatial variation of 
seismic activity directly reflects the frictional variations on 
the plate interface. observed interseismic and aftershock 
activity suggest that both asperities and their surroundings 
have steady-state velocity weakening, but different yielding 
threshold points to the shear stress. Asperities might define 
a patch where the yielding point to the shear stress is higher 
than the surrounding area. High steady seismicity around 
the asperities are caused by faulting of small asperities with 
low yielding points. Unknown asperities are detectable if 
high precision earthquake catalogues are available, which 
will provide important data to estimate the strong ground 
motion induced by destructive earthquakes.
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Late Pleistocene-Holocene volcanism in Kamchatka results from the subduction of the 
Pacific Plate under the peninsula and forms three volcanic belts arranged in en echelon manner 
from southeast to northwest. The cross-arc extent of recent volcanism exceeds 250 km and 
is one of the widest worldwide. All the belts are dominated by mafic rocks. Eruptives with 
SiO2>57% constitute ~25% of the most productive Central Kamchatka Depression belt and 
~30% of the Eastern volcanic front, but <10% of the least productive Sredinny Range belt. 

All the Kamchatka volcanic rocks exhibit typical arc-type signatures and are represented 
by basalt-rhyolite series differing in alkalis. Typical Kamchatka arc basalts display a strong 
increase in LILE, LREE and HFSE from the front to the back-arc. La/Yb and Nb/Zr increase 
from the arc front to the back arc while B/Li and As, Sb, B, Cl and S concentrations decrease. 
The initial mantle source below Kamchatka ranges from N-MORB-like in the volcanic front 
and Central Kamchatka Depression to more enriched in the back arc. Rocks from the Central 
Kamchatka Depression range in 87Sr/86Sr ratios from 0.70334 to 0.70366, but have almost 
constant Nd isotopic ratios (143Nd/144Nd 0.51307–0.51312). This correlates with the highest 
U/Th ratios in these rocks and suggest the highest fluid-flux in the source region. 

Holocene large eruptions and eruptive histories of individual Holocene volcanoes have been 
studied with the help of tephrochronology and 14C dating that permits analysis of time-space 
patterns of volcanic activity, evolution of the erupted products, and volcanic hazards.

INTRODUCTION

Models of active volcanism along subduction zones pre-
sume that lithospheric plates have been moving uniformly 

over thousands of years and that magma in subduction 
zones is generated continuously and at a constant rate. 
However, eruptions of magma at the surface are episodic 
or clustered, rather than constant or periodic in time [e.g. 
Cambray and Cadet, 1996; Sigurdsson, 2000; Gusev et al., 
2003]. Furthermore, the volcanic belt may consist of vents, 
scattered out over a much wider zone and erupting more 
variable magmas than anticipated by a simple model of sub-
duction-generated magma flow. In Kamchatka, subduction 
is responsible for most of recent volcanism [e.g. Volynets, 

Volcanism and Subduction: The Kamchatka Region
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1994; Churikova et al., 2001, 2007; Avdeiko et al., 2006; 
Portnyagin et al., 2007a, b]. However, its spatial distribu-
tion and time patterns are rather complicated. In this paper, 
we present data on the latest period of volcanic activity in 
Kamchatka, which started 50–60 ka BP [Erlich et al., 1979]. 
It was during this period when dominantly pyroclastic clas-
sical conic stratovolcanoes started to form, which now com-
prise a typical volcanic landscape of Kamchatka (Fig. 1). 

The Kamchatka Peninsula overlies the northwestern 
margin of the Pacific plate subducting under Kamchatka 
at ~8 cm/yr [DeMets, 1992]. In the north, the Kamchatka 
subduction zone terminates at the transform fault zone of 
the Western Aleutians (Figs. 2A, B). Close to the northern 
terminus of the subduction zone, slab dip is believed to 
shallow from 55° to 35°, with probable loss of a slab frag-
ment [Levin et al., 2002; Park et al., 2002]. Plate geom-
etry in this northwest “corner” is currently under debate 
[e.g. Riegel et al., 1993; Mackey et al., 1997; McElfresh 
et al., 2002; Bourgeois et al., 2006]. Some authors treat 
Kamchatka as a part of the North American plate [e.g. Park 
et al., 2002], while others locate it on a smaller Okhotsk 
block (or microplate) [e.g. Zonenshain and Savostin, 1979; 
Riegel et al., 1993] and add a Bering block east of it [e.g. 
Lander et al., 1994; Mackey et al., 1997]. Whatever the 
plates’ evolution may have been, it is likely recorded in the 
time-space patterns of Kamchatka volcanism and in geo-

chemical affinities of the volcanic rocks. The best example 
of this connection are findings of adakite-like rocks in 
northern Kamchatka, probably reflecting the edge of the 
subducting Pacific plate being warmed or ablated by mantle 
f low [Volynets et al., 1997b, 1999b, 2000; Peyton, 2001; 
Yogodzinski et al., 2001a]. Research aimed at understanding 
of the nature of various volcanic zones in Kamchatka and 
their relation to the changing tectonic environment is cur-
rently going on in many areas of Kamchatka [e.g., Avdeiko 
et al., 2006; Churikova et al., 2001, 2007; Duggen et al., 
2007; Perepelov, 2004; Perepelov et al., 2005; Portnyagin 
et al., 2005, 2007a, b; Volynets et al., 2005] and hopefully 
will result in the understanding of this dynamic region.

SPATIAL DISTRIBUTION

Traditionally, recent Kamchatka volcanoes are assigned to 
two volcanic belts: Eastern volcanic belt and Sredinny Range 
(SR). The Eastern belt may be further subdivided into the 
Eastern volcanic front (EVF) and the Central Kamchatka 
Depression (CKD) volcanic zone (Fig. 2A). In fact, all the 
belts are not exactly linear and have a complicated structure 
(Fig. 2B). This might reflect subduction of sea mounts [e.g. 
Churikova et al., 2001] and peculiarities of the tectonic 
situation near a triple junction of lithospheric plates [e.g. 
Yogodzinski et al., 2001a; Park et al., 2002; Portnyagin et al., 

Fig. 1Fig. 1

Fig. 2Fig. 2

Figure 1. Eastern volcanic front, view to the south. Active Komarov volcano at the foreground, two late Pleistocene cones 
of Gamchen massif farther south, and Kronotsky volcano at the background. Classic cones of dominantly pyroclastic 
stratovolcanoes started to form only in late Pleistocene [Braitseva et al., 1974]. Photo courtesy Philippe Bourseiller.



PONOMAREVA ET AL.    167

F
ig

u
re

 2
. 

A
. 

S
ha

de
d 

S
R

T
M

 e
le

va
ti

on
 m

od
el

 o
f 

K
am

ch
at

ka
 s

ho
w

in
g 

m
ai

n 
to

po
gr

ap
hi

c 
fe

at
ur

es
. 

Im
ag

e 
re

le
as

ed
 b

y 
N

A
SA

/J
PL

/N
IM

A
. 

D
as

he
d 

w
hi

te
 li

ne
s 

sh
em

at
ic

al
ly

 s
ho

w
 E

V
F

 a
nd

 S
R

 v
ol

ca
ni

c 
be

lt
s.

 F
or

 S
R

 v
ol

ca
ni

c 
be

lt
, a

 li
ne

 a
lo

ng
 it

s 
ax

ia
l p

ar
t i

s 
sh

ow
n:

 f
ro

m
 th

e 
so

ut
he

rn
m

os
t K

ha
ng

ar
 

vo
lc

an
o 

to
 t

he
 n

or
th

er
n 

te
rm

in
us

 o
f 

th
e 

la
te

 P
le

is
to

ce
ne

 v
ol

ca
ni

sm
. B

. S
ke

tc
h 

m
ap

 o
f 

la
te

 P
li

oc
en

e-
H

ol
oc

en
e 

K
am

ch
at

ka
 v

ol
ca

ni
c 

fi
el

ds
 b

as
ed

 o
n 

th
e 

1:
10

0 
00

0 
an

d 
1:

30
0 

00
0 

un
pu

bl
is

he
d 

ge
ol

og
ic

al
 m

ap
s 

by
 I

va
n 

M
el

ek
es

ts
ev

, a
nd

 M
ap

 o
f 

M
in

er
al

 R
es

ou
rc

es
 o

f 
K

am
ch

at
ka

 r
eg

io
n 

(1
:5

00
 0

00
) 

[1
99

9]
. V

ol
ca

ni
c 

fi
el

ds
 in

cl
ud

e 
de

br
is

 a
va

la
nc

he
 a

nd
 la

ha
r 

de
po

si
ts

 a
t t

he
 v

ol
ca

no
es

 fo
ot

. G
ra

y 
da

sh
ed

 li
ne

 s
ho

w
s 

a 
pr

es
um

ed
 b

ou
nd

ar
y 

of
 th

e 
B

er
in

g 
pl

at
e 

[L
an

de
r 

et
 a

l.,
 1

99
4]

. L
at

e 
Pl

ei
st

oc
en

e-
H

ol
oc

en
e 

ca
ld

er
as

 a
nd

 s
el

ec
te

d 
vo

lc
an

oe
s 

ar
e 

la
be

le
d.



168     LATE PLEISTOCENE-HOLOCENE VOLCANISM ON THE KAMCHATKA PENINSULA

2005; 2007b]. Distribution of the late Pleistocene-Holocene 
volcanic vents follows in general that of the preceding late 
Pliocene - mid-Pleistocene volcanic fields (Fig. 2B). The lat-
ter, however, cover far larger areas and comprise extensive 
mafic lava plateaus and huge shield volcanoes, still preserved 
in the topography [Braitseva et al., 1974]. 

There is no evident spatial correlation between late 
Pleistocene-Holocene volcanic centers and major active 
fault systems that bound main neotectonic structures of 
the peninsula (Fig. 3A). The only regional fault system that 
may be spatially linked to volcanism is found along the 
axis of the EVF and is different, both geometrically and 
kinematically,  from other, “amagmatic”, fault systems. 
The faults comprising this system exhibit dominantly 
normal displacement, probably with a small left-lateral 
component, and form a graben-in-graben structure ~130 
km long and 10–18 km-wide [Florensky and Trifonov, 
1985; Kozhurin, 2004].  

Historically active volcanoes are located only in the 
Eastern volcanic belt (both in the EVF and CKD) (Table 1). 
This is likely the reason for a widely accepted opinion that 
Sredinny Range volcanism either is dying [e.g. Avdeiko et 
al., 2002, 2006] or is already dead [e.g. Park et al., 2002]. 
“Historical” time in Kamchatka, however, is very short—
200–300 years—and tephrochronological studies and 14C 
dating show that some Sredinny Range volcanoes have been 
active as recently as few hundreds of years ago [Pevzner, 
2004, 2006]. Late Pleistocene-Holocene volcanic fields 
cover large areas in the Sredinny Range not lesser than in 
the eastern Kamchatka (Fig. 3A), [Ogorodov et al., 1972].

Three late Pleistocene-Holocene volcanic belts (those of 
EVF, CKD and SR) in plan view are arranged in en echelon 
manner from southeast to northwest (Fig. 2B). Within the 
belts, most of the eruptive centers are concentrated in 15–10 
km wide axial areas. Best expressed is the EVF, which lies 
200–250 km west of the Kurile-Kamchatka trench. It trends 
for ~550 km from SW to NE, from Kambalny volcano at the 
south to a relatively small group of late Pleistocene cinder 
cones dotting the eastern slope of the Kumroch Range 
almost as far north as the mouth of the Kamchatka River 
(Fig. 2A). These cones (including Kovrizhka and Krasny 
(Fig. 4B)) are commonly disregarded, in which case the 
EVF is considered to stretch only up to the Gamchen volca-
nic group and then step westward to the CKD via Kizimen 
volcano (Fig. 3A) [e.g. Churikova et al., 2001; Park et al., 
2002]. EVF per se has a more or less linear plan view with 
westward offshoots to Opala volcano in the south and to 
Bakening volcano (against Shipunsky Peninsula) (Fig. 
3A). The volcanic front consists of rather tightly spaced 
stratovolcanoes only 15–30 to 60 km apart from each other. 
Maly Semiachik and Krasheninnikov volcanoes consist 

of 2–3 overlapping cones stretching along the axial fault 
zone (Figs. 3A and 5), while Zhupanovsky, Kozelsky-
Avachinsky-Koriaksky, Gorely and Koshelev volcanoes 
form prominent across-front ranges [Holocene volcanoes in 
Kamchatka, http://www.kscnet.ru/ivs/volcanoes/holocene]. 
Most of 5–18 km wide collapse calderas and associated 
ignimbrite fields are located in the EVF, forming chains 
between Kronotsky and Karymsky lakes and then from 
Ksudach to Kurile Lake (Fig. 2B) and (Table 2). 

The next volcanic belt to the northwest is the CKD one, 
hosting the most vigorous volcanoes of Kamchatka (Figs. 2, 
3 and 4). Most of the volcanic centers, including large vol-
canoes and clusters of monogenetic vents, are concentrated 
in a 150-km-long belt from Tolbachik lava field in the south 
to Shiveluch volcano in the north. A few smaller mono-
genetic vents are scattered over old Nikolka volcano ~30 
km south of this zone, and near old Nachikinsky volcano 
~150 km NE of Shiveluch. Some authors trace this zone 
farther south via monogenetic vents at old Ipelka volcano 
(west of Opala) and then to a back-arc western volcanic 
zone of the Kurile arc (Fig. 3A) [Melekestsev et al., 1974; 
Laverov, 2005]. A number of monogenetic vents scattered 
on the eastern slope of the Sredinny Range in the Elovka 
River basin (sometimes called “Shisheisky Complex”) 
60–80 km NNW of Shiveluch (Fig. 2B) likely also should 
be attributed to the CKD rather than to SR volcanic zone 
based on their geochemical features [Portnyagin et al., 
2007b]. Geographically, however, many of those belong 
to Sredinny Range, so in (Table 1) we enlist the Holocene 
vents from this group (Bliznetsy, Kinenin and Shisheika, 
(Fig. 4B) under “Sredinny Range”. No ignimbrite-related 
calderas are known to date in CKD; 3–5 km wide sum-
mit calderas on Plosky Dalny (Ushkovsky) and Plosky 
Tolbachik volcanoes resulted from the collapse due to lava 
drainage [Melekestsev et al., 1974]. 

The next late Pleistocene-Holocene volcanic belt to the 
northwest, that of SR, starts from the isolated Khangar intra-
caldera volcano in the south, then widens for 100 km farther 
north and finally merges into a single narrow belt following 
the axis of the Sredinny Range (Figs. 2A and B). Unlike EVF 
and CKD with their conic stratovolcanoes, SR hosts mostly 
lava fields and a few shield-like volcanoes (with the excep-
tion of Khangar and Ichinsky intra-caldera edifices). 

The widest possible cross-arc extent of recent volcanism 
(and one of the widest worldwide) forms a ~250x250 km2 

zone stretching from the Pacific coast inland along the 
projection of the Aleutian trend (Fig. 3B). This unusually 
wide range of recent volcanism coincides with slab shal-
lowing [Gorbatov et al., 1997] and likely results from the 
subduction of the Emperor Seamount chain [Churikova et 
al., 2001]. 

Fig. 3Fig. 3

Table 1Table 1

Fig. 4Fig. 4

Table 2Table 2
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Table 1. Kamchatka volcanoes active in Holocene 

Name

Location of 
an active 
crater,
Lat. N
Long.E Description

Last dated 
eruption, AD or 
14C yr BP Dominating Holocene rocks

Eastern volcanic front 

Central Kamchatka Depression

Shiveluch 56° 38'
161° 19'
(Young 
Shiveluch)

Late Pleistocene stratovolcano with 
a collapse crater hosting Holocene 
Young Shiveluch eruptive center 

AD 2007 Medium-K, high-Mg 
and Cr basaltic andesite 
-andesite series 

Plosky Dalny (Ushkovsky) 56° 04'
160° 28'

Late Pleistocene stratovolcano with 
two summit calderas and Holocene 
flank vents (e.g., Lavovy Shish)

≤8600 Medium- and high-K 
basalt - basaltic andesite

Kliuchevskoi 56° 03'
160° 39'

Holocene stratovolcano with 
numerous flank vents

AD 2007 Medium-K basalt-
basaltic andesite

Bezymianny 55° 58'
160° 36'

Holocene stratovolcano with 
growing lava dome

AD 2007 Medium-K basaltic 
andesite-andesite series 

Plosky Tolbachik 55° 49'
160° 23'

Late Pleistocene stratovolcano with 
two summit calderas, active in 
Holocene 

AD 1975–76 High-K basalt

Tolbachik lava field 
(south and northeast 
of Plosky Tolbachik)

Numerous Holocene cinder cones 
and associated lava field

AD 1975–76 High-K, high-Al basalt 
and medium-K, high Mg 
basalt 

Kizimen 55° 08'
160° 20'

Holocene volcano made of lava 
domes and flows 

AD 1927–28 Medium-K basaltic 
andesite - dacite series

Eastern volcanic front

Vysoky 55° 04'
160° 46'

Holocene stratovolcano ~2500 Transitional from low- 
to medium-K basaltic 
andesite-andesite series

Komarov 55° 02'
160° 44'

Holocene stratovolcano, likely 
successor to Vysoky

<1000 Transitional from low- to 
medium-K calc-alkaline 
andesite 

Gamchen (Baranii Cone) 54° 58'
160° 43'

Holocene dominantly pyroclastic 
volcano with flank lava domes

~2500 Low-K basaltic andesite-
andesite

Kronotsky 54° 45'
160° 32'

Late Pleistocene stratovolcano with 
Holocene flank cinder cones

AD 1923 Low-K basalt-basaltic 
andesite; andesite?

Cinder cones between Kronotsky 
Lake and Krasheninnikov caldera

Numerous cinder cones with lava 
flows, maar 

~3400 
(Zametny 
Cone)

Medium-K tholeiitic 
basaltic andesite

Krasheninnikov 54° 38'
161° 19'
(Northern 
Cone)

Two coalesced Holocene 
stratovolcanoes with flank vents 
inside a late Pleistocene caldera

400–500 Medium-K tholeiitic 
basalt-dacite series

Cinder cones south of 
Krasheninnikov caldera

A number of cinder cones 3200–3300 
(Duga Cone)

Medium-K tholeiitic 
basaltic andesite-andesite
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Name

Location of 
an active 
crater,
Lat. N
Long.E Description

Last dated 
eruption, AD or 
14C yr BP Dominating Holocene rocks

Kikhpinych 54° 29'
160° 16' 
(Savich 
Cone)

Two coalesced Holocene 
stratovolcanoes and a lava dome

~500 Low-K basalt-basaltic 
andesite

Taunshits 54° 32'
159° 48'
(young 
dome)

Late Pleistocene stratovolcano with 
Holocene collapse crater and lava 
dome

~2400 Medium-K calc-alkaline 
basaltic andesite-andesite

Monogenetic craters inside Uzon 
caldera 

Dalnee Lake tuff ring and a number 
of maars

Small phreatic 
eruption in AD 
1989; Dalnee 
Lake 7600-7700 

Dalnee Lake -medium-
K tholeiitic basaltic 
andesite

Monogenetic lava domes in Bolshoi 
Semiachik caldera 

Lava domes, some with lava flows Ezh and Korona 
domes ~ 5600 

Low-K andesite

Maly Semiachik 54° 07'
159° 39'
(Troitsky 
Crater)

Three coalesced stratovolcanoes 
inside a late Pleistocene caldera

AD 1952 Medium-K tholeiitic 
basalt-andesite series and 
low-K basalt (?)

Karymsky 54° 03'
159° 27'

Holocene caldera enclosing a 
stratovolcano

AD 2007 Medium-K calc-alkaline 
basaltic-andesite-rhyolite 
series 

Tuff rings near the northern shore of 
the Karymsky Lake

At least two Holocene tuff rings AD 1996 Medium-K calc-alkaline 
basaltic andesite 

Cinder cones in Levaia Avacha 
River valley (east of Bakening): 
Zavaritsky, Veer, etc.

Scattered cinder cones with lava 
flows, maar

1600-1700 
(Veer Cone)

Medium-K basalt-
basaltic andesite

Novo-Bakening 53° 57'
158° 06'

Large monogenetic center with lava 
flows

Early Holocene Medium-K andesite -
dacite

Bakening 53° 55'
158° 05'

Late Pleistocene stratovolcano Early Holocene Medium-K andesite

Cinder cones south of Bakening Scattered cinder cones with lava 
flows, maars

~600 
(Kostakan)

Medium-K basalt-
basaltic andesite

Zhupanovsky 53° 35'
159° 08'

Late Pleistocene-Holocene volcanic 
range made of stratovolcanoes and 
lava domes

AD 1956-57 Transitional from low- 
to medium-K basalt-
andesite series

Lava cones and flows west of 
Zhupanovsky

Lava cones with extensive and thick 
lava flows 

~1600 Medium-K andesite

Koriaksky 53° 19'
158° 43'

Late Pleistocene-Holocene 
stratovolcano

AD 1956-57 Medium-K basalt-
andesite series

Avachinsky 53° 15'
158° 50'

Late Pleistocene stratovolcano with 
a collapse crater hosting Young 
Cone Holocene stratovolcano

AD 2001 Low-K basaltic andesite-
andesite series

Kozelsky 53° 14'
158° 53'

Late Pleistocene stratovolcano
with a collapse crater

Early Holocene Low-K basaltic andesite-
andesite series

Table 1. Cont.



PONOMAREVA ET AL.    171

Name

Location of 
an active 
crater,
Lat. N
Long.E Description

Last dated 
eruption, AD or 
14C yr BP Dominating Holocene rocks

Cinder cones south of Nachikinsky 
Lake (north of Tolmachev lava field)

A number of cinder cones ? ?

Cinder cones north of Viliuchinsky Scattered cinder cones with lava 
flows

Middle 
Holocene 

Medium-K basaltic 
andesite

Viliuchinsky 52° 42'
158° 17'

Late Pleistocene stratovolcano Early Holocene Medium-K basaltic 
andesite

Tolmachev lava field Late Pleistocene-Holocene cinder 
cones and associated lava field

1600-1700 Medium-K basaltic 
andesite 

Chasha Crater
(Tolmachev lava field)

52° 38'
157° 33'

A large monogenetic crater ~4600 Transitional from 
medium to high-K 
rhyolite

Opala 52° 33'
157° 20'

Late Pleistocene-Holocene volcano 
on the rim of the late Pleistocene 
caldera with flank vents including 
a large crater Baranii Amphitheater 
with lava domes inside

AD 1776 Transitional from 
medium to high-K 
basaltic andesite-rhyolite 
series

Cinder cones and maar SSW of 
Opala caldera

Two cinder cones and maar Early 
Holocene?

?

Gorely 52° 33'
158° 02'
(Active 
Crater)

Late Pleistocene-Holocene volcanic 
ridge inside the late Pleistocene 
caldera

AD 1986 Medium- and high-K 
basaltic andesite - 
andesite

Mutnovsky 52° 28'
158° 10'
(Active 
Crater)

Late Pleistocene volcanic massif 
with a Holocene stratovolcano

AD 2000 Low- and medium-K 
basalt-basaltic andesite

Asacha 52° 21'
157° 50'

Large volcanic center with 
Holocene cinder cones at the 
western flank

? ?

Khodutkinsky Crater
(NW of Khodutka)

52° 05'
157° 38'

Large monogenetic crater with a 
lava dome

~2500 Medium-K rhyolite

Khodutka 52° 04'
157° 43'

Late Pleistocene-Holocene 
stratovolcano

~2000? Low-K basalt-andesite 
series

Cinder cones W-SW of Khodutka Cinder cones with lava flows Holocene ?

Ksudach 51° 49'
157° 32'
(Stübel 
Cone)

Large caldera complex with 3 
Holocene calderas and Stübel 
stratovolcano

AD 1907 Low-K basaltic andesite-
rhyolite series

Zheltovsky 51° 35'
157° 20'

Late Pleistocene stratovolcano with 
Holocene lava domes

AD 1923 Low-K basalt-andesite 
series

Iliinsky 51° 30'
157° 12'

Holocene stratovolcano with flank 
vents inside a Holocene collapse 
crater on the pre-Iliinsky volcano

AD 1901 Transitional from low- 
to medium-K tholeiitic 
basalt to dacite series

Table 1. Cont.
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Name

Location of 
an active 
crater,
Lat. N
Long.E Description

Last dated 
eruption, AD or 
14C yr BP Dominating Holocene rocks

Kurile Lake caldera Holocene caldera enclosing lava 
domes

~7600 Transitional from low- 
to medium-K basaltic 
andesite to rhyolite series

Ukho and Gorely cinder cones
(NW of Koshelev)

Cinder cones with lava flows ~6000 Medium-K basalt

Dikii Greben' 51° 27'
156° 59'

Holocene extrusive massif ~1600 Medium-K dacite -
rhyolite

Koshelev 51° 21'
156° 45'
(Eastern 
Cone)

Pleistocene volcanic ridge with 
Holocene cinder cone and lava 
flows

AD 1741 ? Medium-K basaltic 
andesite to dacite series

Kambalny 51° 18'
156° 53'

Holocene stratovolcano AD 1767 Low-K basalt-basaltic 
andesite

Sredinny Range

Tobeltsen 58° 15'
160° 44'

Cinder cone with lava flows ~3500 Medium-K basalt

X Cone 58° 10' 
160° 48' 

Lava cone with a lava flow ~4000 Medium-K basalt

Spokoiny (Kutina1) 58° 08' 
160° 49' 

Late Pleistocene-Holocene 
stratovolcano

~5400 Transitional from 
medium to high-K 
dacite-rhyolite 

Nylgimelkin (Atlasov1) 57° 58' 
160° 39' 

Small shield-like volcano topped 
with two cinder cones 
(likely one eruption)

~5500 Medium-K basalt

Ozernovsky 57° 35' 
160° 38' 

Cinder cone with lava field 9000–10,000 Medium-K basalt

Titila 57° 24'
160° 07' 

Shield-like volcano 2500–3000 Transitional from 
medium to high-K basalt

Sedanka lava field Cinder cones and associated lava 
flows

2500–3000 Transitional from 
medium to high-K basalt

Kinenin Maar 57° 21' 
160° 58'

Maar with some juvenile tephra ~1100 Medium-K basaltic 
andesite 

Bliznetsy (“Twins”) 57° 21' 
161° 22'

Lava domes and flows ~3000 Medium-K andesite

Gorny Institute 57° 20' 
160° 11' 

Late Pleistocene-Holocene 
stratovolcano

<700 Transitional from 
medium to high-K 
basaltic andesite-dacite

Shisheika 57° 09'
161° 05' 

Lava dome and flow 4200 Medium-K andesite-
dacite

Alney 56° 41' 
159° 38' 

Pleistocene volcanic massif with a 
Holocene eruptive center

<350 Medium-K andesite

Table 1. Cont.
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AGE ESTIMATES

Very few radiometric age determinations exist for late 
Pliocene - mid-Pleistocene volcanic rocks, underlying the 
late Pleistocene - Holocene volcanoes. A few 40Ar/39Ar 
determinations on lava plateaus in different parts of 
Kamchatka demonstrate that they span from 6 to 1 Ma 
[Volynets et al., 2006]. K/Ar dates obtained on various 
volcanic rocks in the area from Bakening to Mutnovsky 
volcanoes cover 0.5 to 5 Ma range, with two groups of 
welded tuffs dated at around 1.5 and 4 Ma [Sheimovich and 
Karpenko, 1997; Sheimovich and Golovin, 2003]. Lava pla-
teaus underlying Kliuchevskoi volcanic group were dated at 
~260–270 ka [40Ar/39Ar, Calkins, 2004]. Mid-Pleistocene 
age was also attributed to the oldest preserved stratovolca-
noes (e.g. Gorny Zub, the oldest stratovolcano within the 
Kliuchevskoi volcanic group) based on their relationship 
with glacial deposits [Melekestsev et al., 1971; Braitseva 
et al., 1995]. 

In late Pleistocene, both volcanic and non-volcanic moun-
tains of Kamchatka hosted extensive alpine glaciers, which 
deposited moraines at the surrounding lowlands. Glacial 
deposits identified on the air- and space images, indicate 
two stages of the late Pleistocene glaciation with maxima 
assigned to ~79–65 and 24–18 ka BP based on North America 
analogues (Early and Late Wisconsinian) [Braitseva et al., 
1995]. Recently obtained 14C ages related to the last glacial 
maximum (LGM) deposits yield ~21 ka BP and fit well into 
the latter interval [Braitseva et al., 2005]. 

Since very few radiometric ages are available for the late 
Pleistocene volcanoes, age estimates for them are based mostly 
on their morphology and on the stratigraphic relationship of their 
products with the LGM deposits. Volcanoes, which started to 
form ~50–60 ka BP, between the two glacial maxima, are only 
moderately reshaped by erosion and surrounded by moraines. 
Preliminary data indicates that this period of volcanic activity 
was preceded by rather a long repose [Melekestsev et al., 1974; 
Calkins, 2004], however, this needs to be confirmed by further 

Name

Location of 
an active 
crater,
Lat. N
Long.E Description

Last dated 
eruption, AD or 
14C yr BP Dominating Holocene rocks

Kireunsky 
(east of Alney)

56° 41' 
159° 44' 

Cinder cone and lava flow ~2600 Medium-K andesite

Lava flow in Levaia Belaia River 
(east of Alney)

56° 38' 
159° 43' 

Cinder cone and lava flow ~2600 Medium-K basaltic 
andesite-andesite

Kekuk Crater 56° 34' 
158° 02'

Tuff ring? 7200–7300 Medium-K dacite

Ichinsky 55° 41'
157° 44'

Late Pleistocene-Holocene 
stratovolcano

AD 740 Transitional from 
medium to high-K 
andesite-dacite 

North Cherpuk 55° 36' 
157° 38' 

Cinder cone and lava flow ~6500 Medium-K basaltic 
andesite-andesite

South Cherpuk 55° 33'
157° 28' 

Cinder cones and lava field ~6500 Medium-K basalt-
basaltic andesite 

Khangar 54° 45'
157° 23'

Late Pleistocene-Holocene 
stratovolcano inside a late 
Pleistocene caldera

~400 Medium-K dacite-
rhyodacite

1 Volcano names as in Ogorodov et al., 1972. Other names in parentheses in column 1 are other names used for this volcano in the literature. 
Volcano names in parentheses in column 2 indicate a summit in the volcanic massif whose coordinates are provided. Classification of the 
Holocene erupted products is based on SiO2-K2O classification by LeMaitre [1989]. The rock series, which are close to the classification lines 
or cross it, but form individual trends, are marked as transitional. Volcano data from the following sources: Central Kamchatka Depression 
and Eastern volcanic front [Bindeman and Bailey, 1994; Braitseva and Melekestsev, 1990; Braitseva et al., 1991, 1998; Churikova et al., 
2001; Dirksen et al., 2002; Dorendorf et al., 2000b; Fedotov and Masurenkov, 1991; Melekestsev et al., 1992, 1995, 1996a, 2003b; Ozerov, 
2000; Ponomareva, 1990; Ponomareva et al., 2004, 2006b; Selyangin and Ponomareva, 1999; Vlodavets, 1957; Volynets et al., 1989, 1999a]; 
Sredinny Range [Bazanova and Pevzner, 2001; Churikova et al., 2001; Dirksen et al., 2003; Pevzner, 2004, 2006; Pevzner et al., 2000; 
Volynets, 2006]. Question mark indicates that the data are lacking. 
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dating efforts. Younger volcanoes preserve most of their original 
topography and many of them continued their activity into the 
Holocene [Braitseva et al., 1995]. 

 Better age estimates are available within the range of 
the 14C method, the last 40–45 ka. Braitseva et al. [1993] 
described a special technique for estimating age of volcanic 
deposits by dating associated paleosol horizons. A number 
of 14C-dated ignimbrites related to the large calderas fall 
within a period of 30–40 ka BP (a warm interstadial) (Table 
2) and serve as markers for dating other volcanic deposits 
[Braitseva et al., 1995, 2005]. In CKD, late Pleistocene eolian 

sandy loams preserve tephra layers deposited during the 
last 40 ka. The stratigraphic position of these tephras also 
suggests that explosive volcanic activity peaked at 35–40 
ka BP [Braitseva et al, 2005]. It may be glacial unloading, 
that caused an upsurge of explosive activity at this time. On 
the other hand, this cluster of dates may be explained by the 
fact that only these ignimbrites are associated with datable 
paleosols, which did not form during earlier or later colder 
climates. The best 14C-dated volcanic deposits and landforms 
(>3000 dates) are the Holocene ones, and we discuss them 
in a special section below.

Table 2. Late Pleistocene and Holocene calderas associated with ignimbrites

Caldera Name Age (Method)

Caldera 
dimension 

(km) References

Ichinsky III Late Pleistocene (Stratigraphy) 5x3 Erlich, 1986; Volynets et al., 1991

Khangar II 38–40 ka (14C) 8 Braitseva et al., 1995, 2005 

Krasheninnikov 35–38 ka (14C) 12x10 Florensky, 1984; Erlich, 1986 

Uzon-Geizerny 
twinned caldera

39 ka (14C) 18x9 Florensky, 1984; Erlich, 1986; Leonov and Grib, 2004

Bolshoi Semiachik II Late Pleistocene (Stratigraphy) 10 Erlich, 1986; Leonov and Grib, 2004

Maly Semiachik ~20 ka (Stratigraphy) 7 Selyangin et al., 1979; Erlich, 1986; Leonov and Grib, 
2004

Karymsky 7.9 ka (14C) 5 Braitseva et al., 1995; Erlich, 1986

Akademii Nauk 
(Karymsky Lake)

28–48 ka (Fission-track) 5 Ananiev et al., 1980; Erlich, 1986; Leonov and Grib, 
2004

Gorely II 33–34 ka (14C) 12x9 Erlich, 1986; Braitseva et al., 1995

Opala 39–40 ka (14C) 15 Erlich, 1986; Braitseva et al., 1995

Ksudach I Late Pleistocene (Morphology) 9 Erlich, 1986; Melekestsev et al., 1996b

Ksudach II Late Pleistocene (Morphology) 8 Melekestsev et al., 1996b

Ksudach III 8.8 ka (14C) ? Braitseva et al., 1995; Melekestsev et al., 1996b; 
Volynets et al., 1999a

Ksudach IV 6 ka (14C) ? '' ''

Ksudach V 1.8 ka (14C) 6x3 Braitseva et al., 1995, 1996; Volynets et al., 1999a

Prizrak I Late Pleistocene (Morphology) 6 Melekestsev et al., 1974; Erlich, 1986

Prizrak II Late Pleistocene (Morphology) ?

Kurile Lake (-Iliinsky) 7.6 ka (14C) 7 Ponomareva et al., 2004

Note: Calderas are enlisted from north to south. Roman numbers indicate a number of this caldera in a sequence of Quaternary calderas in the 
volcanic center. 
Most of the calderas are superimposed not on individual volcanic cones but on volcanic complexes, which combine edifices of different ages. 
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HOLOCENE VOLCANISM

Post-glacial volcanic deposits, both tephra and lava, are 
well preserved in Kamchatka This permits detailed recon-
structions of eruptive activity over the last 10–11.5 ka. One 
of the main tools in the Holocene studies is a so-called soil-

pyroclastic cover, which is a continuously accumulating 
sequence of tephra and soil layers (Fig. 6). In Kamchatka, 
such cover is Holocene in age: 14C dates obtained for its 
lowermost parts commonly are as old as ~9.5–10 ka, and in 
rare cases, go back almost to 12 ka [Braitseva et al., 2005; 
Pevzner et al., 2006]. The Holocene soil-pyroclastic cover 
blankets most of Kamchatka, while older sequences of this 
kind have been mostly removed during glaciation and occur 
only in isolated outcrops. We ascribe a Holocene age to an 
eruption based on relationship of its products with the LGM 
deposits and presence of its tephra in the soil-pyroclas-
tic cover. In the literature some volcanoes are ascribed to 
Holocene time based on “freshness” of their lava flows [e.g. 
Vlodavets, 1957; Ogorodov et al., 1972]. In fact, “freshness” 
of the lava flows depends not only on their age but also on 
thickness of the overlying soil-pyroclastic cover, which is 
accumulating faster near active volcanoes. This means that, 
for example, in many parts of Sredinny Range, far from most 
active volcanoes, a lava flow will retain its primary topog-
raphy longer than, say, in Kliuchevskoi volcanic group (Fig. 
7). Thus, “freshness” of volcanic landforms alone is not a 
sufficient criterion for determining Holocene eruptions. In 
addition, several cases have been reported of fresh-looking 
lava flows that, in fact, had been deposited over a glacier 
and then were “projected” onto the underlying surface when 
the glacier melted [Leonov et al., 1990; Ponomareva, 1990]. 
World catalogues of the Holocene volcanoes [e.g., Simkin 
and Siebert, 1994] include a lot of “fresh” volcanoes in their 
Kamchatka listing, especially for SR, based on old Russian 
publications. Re-examination of SR volcanic centers has 
allowed us confrim Holocene status only for some of them 
(Fig. 3A), [Pevzner, 2006].

Distribution and Types of the Holocene Volcanic Edifices 

In Kamchatka, 37 large volcanic centers have been 
active during the Holocene. In addition, a few hundred 
monogenetic vents (cinder cones, maars, isolated cra-
ters, lava domes, etc.) were formed. Holocene eruptions 
took place in most of the late Pleistocene volcanic fields, 
excluding only few in SR (Fig. 3A). 

In Kamchatka, most of the stratovolcanoes, which were 
active throughout Holocene, started to form either in 
the end of late Pleistocene or in Holocene [Braitseva 
et al., 1995]. Shield-like volcanoes are not typical for 
Holocene and likely only Titila in SR and Gorely in South 
Kamchatka may be termed in this way. A few Holocene 
volcanic edifices are composed of andesitic-rhyodacitic 
lava domes. Examples include Young Shiveluch, Kizimen, 
and Dikii Greben’ volcanoes [Melekestsev et al., 1991, 
1995; Ponomareva et al., 2006]. 

Fig. 6Fig. 6

Fig. 7Fig. 7

Figure 4. A. Highest volcanoes of the Kliuchevskoi group: Kli-
uchevskoi, 4835 m a.s.l.; Kamen’, 4585 m; Plosky massif with 
higher Plosky Blizhny, 4057 m (on the right), and f lat Plosky 
Dalny (or Ushkovsky), 3903 m; Bezymianny, 2869 m a.s.l. View 
from the south. B. Shaded SRTM elevation model showing the 
volcanoes of the Central Kamchatka Depression and northern 
parts of EVF and Sredinny Range. A part of the image released by 
NASA/JPL/NIMA.
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Some stratovolcanoes (e.g., Krasheninnikov, Fig 4, Maly 
Semiachik, and Bezymianny), are built of 2–4 overlapping 
cones. It is presumed that when the volcano reaches some 
elevation limit, not allowing magma to erupt through its 
summit crater, the magma conduit shifts and a new cone 
starts to form at the flanks of the earlier one. In case this 
shift is impossible due to limited permeability of the upper 
crust, a lowering of the edifice by explosion or collapse may 
happen, and then the activity will continue [Braitseva at al., 
1980; Ponomareva, 1990]. 

Of 37 recently active large Kamchatka volcanoes, at least 
18 have been modified by major sector collapses, some of 
them repetitively [Ponomareva et al., 2006]. The largest sec-
tor collapses identified so far on Kamchatka volcanoes, with 
volumes of 20–30 km3 of resulting debris-avalanche deposits, 
occurred at Shiveluch and Avachinsky volcanoes in the late 
Pleistocene. During the Holocene the most voluminous sec-
tor collapses have occurred on extinct Kamen’ (4–6 km3) and 
active Kambalny (5–10 km3) volcanoes. The largest number 
of repetitive debris avalanches (>10 during just the Holocene) 
occurred at Shiveluch volcano. Large failures occurred on 
both mafic and silicic volcanoes and were mostly related to 
volcanic activity. 

In the Holocene, five collapse calderas associated with 
explosive eruptions were formed, all within the EVF: 
Karymsky, three calderas on Ksudach volcanic massif, and 
Kurile Lake caldera (Fig. 2B), (Table 2). Karymsky and 
Kurile Lake caldera-forming eruptions were separated by 
only a couple of centuries [Braitseva et al., 1997a]. Holocene 
ignimbrites commonly are not welded. 

There are several lava fields in Kamchatka, the larg-
est of them are the Sedanka, Tolbachik, and Tolmachev 
fields (Fig. 3A). Sedanka and Tolmachev cinder cones 
are scattered over a large territory. Mid- to late Holocene 
vents in the Tolbachik field form a 3–5 km wide belt, that 
stretches for 40 km in a SSW-NNE direction, then crosses 
late Pleistocene Plosky Tolbachik volcano (where it is 
responsible for Plosky Tolbachik’s Holocene activity) and 
then goes for another 14 km to the northeast (Fig. 5B).
 This alignment may suggest that the position of the vents 
is determined by a system of faults [Piip, 1956]. Some 
volcanoes host many f lank cinder cones, Kliuchevskoi 
definitely being a leader (>50 cones) (Fig. 4B). Some cinder 
cones occur as isolated vents not associated with any large 
volcanoes or cone clusters (Fig. 3A). 

Another type of monogenetic eruptive center in Kamchatka 
is large craters that have produced voluminous rhyolitic 
tephra falls. Three such Holocene craters are located in South 
Kamchatka: Chasha Crater, situated among the mafic cinder 
cones of the Tolmachev lava field [Dirksen et al., 2002]; 
Baranii Amphitheater on the ESE slope of Opala volcano; 

and Khodutkinsky Crater northwest of Khodutka volcano 
(Tables 1 and 3) [Melekestsev et al., 1996a; http://www.ksc-
net.ru/ivs/volcanoes/holocene]. Chasha and Khodutkinsky 
craters have magmas different from those of the adjacent 
volcanoes, while Baranii Amphitheater rhyolite fits into the 
overall geochemical trend for Opala volcano [Fedotov and 
Masurenkov, 1991]. The closest historical example of such 
a volcanic vent is Novarupta near Katmai volcano, Alaska 
[Hildreth, 1983]. Unlike Katmai, no caldera collapse was 
associated with these Kamchatka craters, that allowed I.V. 
Melekestsev [1996a] to call them “craters of sub-caldera 
eruptions”.

Ages of Volcanic Cones and How They Grow 

Reconstruction of the eruptive histories of the Holocene 
volcanoes based on geological mapping, tephrochronology 
and radiocarbon dating have allowed us to 1) determine the 
ages and growth rates of volcanic edifices; 2) identify tempo-
ral patterns of the eruptive activity; 3) document and date the 
largest explosive eruptions (Table 3); and 4) correlate their 
tephras over Kamchatka in order to obtain a tephrochrono-
logical framework for dating various deposits [Braitseva and 
Melekestsev, 1990; Braitseva et al., 1980, 1984, 1989, 1991, 
1997a, b, 1998; Melekestsev et al., 1995, 1996b; Ponomareva, 
1990; Ponomareva et al., 1998, 2004, 2007; Selyangin and 
Ponomareva, 1999; Volynets et al., 1989, 1999a].

Ages of some stratovolcanoes were determined based 
on the assumption that initial construction of such edifices 
was by continuous explosive activity. At the foot of all the 
Holocene stratovolcanoes we have identified tephra packages 
that meet the following criteria: 1) they underlie the oldest 
lava flows from the volcano; 2) are widely dispersed and 
easily identified around the volcano; 3) consist of a number 
of individual layers sometimes separated by thin sandy loam 
horizons; and 4) overlie thick paleosol layers suggesting that 
no activity from the volcano took place earlier. Radiocarbon 
dates on such paleosols or other associated organic matter 
have allowed us to date these tephra packages and thus 
constrain when cone-building eruptions started on vari-
ous eruptive centers (Table 4). Ages of Kizimen and Dikii 
Greben extrusive volcanoes have been estimated based on 
the stratigraphic position of their initial tephra relative to the 
LGM deposits and the 7.6 ka Kurile Lake caldera ignimbrite, 
respectively.

Growth rates have been estimated for some stratovol-
canoes [Braitseva et al., 1995]. The largest Holocene 
volcano, Kliuchevskoi (~4800 m a.s.l.) started to form at 
1700 m on the slope of Kamen’ volcano at ~5.9 ka (14C) (or 
~6.8 calibrated ka) and likely reached its modern height 
within about 3000 years, after which its first f lank vents 

Fig. 5Fig. 5

Table 3Table 3

Table 4Table 4
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started to form. This is about the duration of the main 
cone-building phase for other large volcanoes (Young 
Cone of Avachinsky, North Cone of Krasheninnikov, 
Karymsky, etc.). Small edifices with volumes of ~2 km3, 
e.g. each of the two cones composing Kikhpinych volcano 
or Stübel Cone in Ksudach massif, formed in the main 
during a few hundred years. 

Eruptive activity of all the studied volcanoes was orga-
nized in spurts, with alternating active and repose peri-
ods. Repose periods as long as 1000–3000 years were 
rather common. Longer repose periods with the durations 
of >3000 years occurred at Bezymianny, Kikhpinych, 
Zheltovsky, Dikii Greben’, and Kambalny volcanoes 
[Melekestsev et al., 2001]. The longest known period of 
quiescence (~3500 years), after which the volcano was 
able to resume its activity, was at Dikii Greben’ volcano 
[Ponomareva et al., 2006]. Even volcanoes notable for 

their frequent historic eruptions and intense magma sup-
ply like Shiveluch or Avachinsky appeared to have had 
~900 years-long repose periods (or at least periods of low 
activity) [Braitseva et al., 1998; Ponomareva et al., 2007]. 
Zones of cinder cones behaved much as the large volca-
noes: their eruptions tended to cluster into active periods 
separated by quiescence not exceeding 3000–4000 years 
[Braitseva et al., 1984; Dirksen and Melekestsev, 1999]. 
In certain cases, we can identify long periods of volcanic 
rest shared by several neighboring volcanoes. For exam-
ple, three such periods recorded by thick paleosols have 
been documented for the southernmost part of Kamchatka, 
which hosts five active volcanoes (Zheltovsky, Iliinsky, 
Dikii Greben’, Koshelev and Kambalny). The earlier two 
periods of quiescence lasted for a minimum of 1400 to 1500 
years, and the latest one—for 750 years [Ponomareva et al., 
2001]. Long (up to 3500 years) repose periods do not seem 

Figure 5. A. Krasheninnikov volcano, view to the south. This Holocene volcano is nested in a ~35–38 ka old caldera 
and consists of two large coalesced cones. The northern cone is crowned with a caldera enclosing a smaller cone with a 
lava cone inside. Large cones as well as numerous monogenetic vents north and south of the late Pleistocene caldera are 
aligned along the regional fault zone parallel to the general strike of the volcanic belt [Florensky and Trifonov, 1985]. 
B. Cinder cones north of Krasheninnikov caldera. The cones are aligned along the regional fault zone. Krasheninnikov 
volcano is in the background. Photos courtesy Vasilii Podtabachny.
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to exhibit any specific chemical or spatial association. Data 
on the Holocene eruptive histories of Kamchatka volcanoes 
show that long repose periods can occur both at dominantly 
basaltic (e.g. Kikhpinych) and rhyodacitic (Dikii Greben’) 

volcanoes, dominantly explosive (e.g. Ksudach) and effu-
sive (Dikii Greben’) volcanoes, and those located closer 
to the Kamchatka trench (Kikhpinych) and farther west 
(Kizimen) [Melekestsev et al., 2001].

Table 3. The largest explosive eruptions in Kamchatka during the last 10,000 years

Source volcano Tephra code

Average 14C age,
yr BP (or calendar 
age for historical 

eruptions)
Volume of 

tephra, km3 Composition of tephra

Shiveluch SH1964  AD 1964 0.6-0.8 Andesite
SH1854  AD 1854 ~1 '' ''

SH1 250 ≥2 '' ''
SH2 950 ≥2 '' ''
SH3 1400 ≥2 '' ''

SH1450 1450 ≥2 '' ''
SH5 2550 ~1 '' ''

SH2800 2800 ≥1 '' ''
SHsp 3600 ~1 Basalt
SH 3750 ≥1 Andesite

SHdv 4100 ≥2 '' ''
SH4700 4700 ≥2 '' ''
SH4800 4800 ≥2 '' ''
SH5600 5600 ≥1 '' ''
SH6850 6850 1.2 '' ''

SH 7900 ≥1 '' ''
SH 8100 ≥2 '' ''
SH 8200 ≥1 '' ''
SH 8300 ≥2 '' ''

Bezymianny B1956 AD 1956 1.8-2 '' ''
Kizimen KZ 7550 4-5 Dacite
Khangar KHG 6850 14-16 Dacite-rhyodacite
Karymsky caldera KRM 7900 13-16 Rhyodacite
Avachinsky II AV3 3300 >1.2 Basaltic andesite

II AV1 (AV1) 3500 ≥3.6 '' ''
IAv24 (AV2) 4000 ≥0.6 Andesite-basaltic andesite
IAv20 (AV3) 4500 ≥1.1 Andesite
IAv12 (AV4) 5500 ≥1.3 '' ''

IAv2 7150 ≥8–10 '' ''
Chasha Crater OPtr 4600 0.9–1 Rhyolite
Opala, Baranii 
Amphitheater Crater OP 1500 9–10 '' ''
Khodutkinsky Crater KHD 2500 1–1.5 Rhyodacite
Ksudach, Stübel cone KSht3  AD 1907 1.5–2 Basaltic andesite-dacite

KSht1 950 0.8–1 '' ''
Ksudach calderas KS1 1800 18–19 Rhyolite

KS2 6000 7–8 Andesite
KS3 6350 0.5–1 Rhyodacite-andesite
KS4 8850 1.5–2 Andesite

Iliinsky ZLT 4850 1.2–1.4 '' ''
Kurile Lake caldera KO 7600 140–170 Rhyolite-basaltic andesite

Note: Volcanoes are enlisted from north to south. Radiocarbon ages are averaged to nearest 50 yrs. Original ages are from Bazanova 
and Pevzner, 2001; Bazanova et al., 2004; Braitseva et al., 1997a,b, 1998; Dirksen et al., 2002; Pevzner et al., 1998; Ponomareva et al., 
2004, 2007, and Zaretskaya et al., 2007. For Avachinsky eruptions new tephra codes are from Bazanova et al., 2004, and old codes (in 
parentheses) are from Braitseva et al., 1997a,b; 1998.
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Largest Explosive Eruptions 

Table 3 lists major Holocene explosive eruptions in 
Kamchatka. Large eruptions took place in various parts 
of Kamchatka (Table 3), (Fig. 3A). The largest eruption 
was associated with formation of Kurile Lake caldera and 
yielded a tephra volume of 140–170 km3, making it the larg-
est Holocene eruption in the Kurile–Kamchatka volcanic 
arc and ranking it among Earth’s largest Holocene explosive 
eruptions. Tephra from the Kurile Lake caldera-forming 
eruption was dispersed mostly to the northwest at a distance 
of ~1700 km [Ponomareva et al., 2004]. The second largest 
explosive Holocene eruption was associated with a caldera 
at Ksudach (KS1) (Table 3). Its tephra was dispersed to NNE 
and covered most of Kamchatka providing a wonderful 
marker for Holocene studies [Braitseva et al., 1996, 1997b]. 
Tephras associated with other caldera-forming and larger 
sub-caldera eruptions reached volumes of 9–19 km3. Most 
large tephras ranged from andesite to rhyolite in composition. 
The only large mafic (basaltic andesite) tephra erupted from 
Avachinsky volcano and yielded a volume of ≥3.6 km3. 

Dated tephra layers are widely used for dating and corre-
lating various volcanic and non-volcanic deposits [Braitseva 
et al., 1997b] as well as archaeological sites [Braitseva 
et al., 1987] and serve as a main tool in reconstructing 
eruptive histories of the Holocene volcanoes [Braitseva 
and Melekestsev, 1990; Braitseva et al., 1980, 1984, 1989, 
1991, 1998; Melekestsev et al., 1995; Ponomareva, 1990; 
Ponomareva et al., 1998, 2004, 2007; Selyangin and 
Ponomareva, 1999; Volynets et al., 1989, 1999a], paleo-
seismic events (tsunami and faulting) [Pinegina et al., 
2003; Bourgeois et al., 2006; Kozhurin et al., 2006], and 
environmental change [e.g. Dirksen, 2004]. As of now, 
no Kamchatka tephra has been positively identified in the 
Greenland ice cap, but some peaks in the GISP-2 core have 
been tentatively correlated with the largest Kamchatka 
eruptions based on age estimates [Braitseva et al., 1997a]. 
Finding the Aniakchak tephra from Alaska in Greenland 
ice [Pearce et al., 2004] suggests the possibility of finding 
Kamchatka tephras there as well.

In Figure 8, there are two peaks of magma output in explo-
sive eruptions at AD 200–700 and BC 6650–4900, with Fig. 8Fig. 8

Figure 6. Holocene soil-pyroclastic cover in Kamchatka. A. EVF, Maly Semiachik volcano region. Local tephra: MS 
- cinder of the initial cone-building eruptions from Kaino-Semiachik, the youngest cone of Maly Semiachik volcano 
(7300–7400 14C yr BP); Maly Semiachik - stratified cinders from Kaino-Semiachik (~4000 14C yr BP). Regional marker 
tephras: KRM - a package of the Karymsky caldera deposits (7900 14C yr BP); KO - a thin ash layer from the Kurile 
Lake caldera (7600 14C yr BP). A person is ~155 cm tall. Photo courtesy Oleg Seliangin. B. Northern part of Sredinny 
Range, Sedanka lava field. Regional marker tephras: KHG - Khangar volcano (6850 14C yr BP). KS1- Ksudach (1800 
14C yr BP). A knife is ~25 cm long.
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especially high production between BC 6600 and 6400 (“a 
century of catastrophes” [Melekestsev et al., 1998]). During 
these peaks, larger eruptions are relatively more frequent, 
whereas the frequency of all eruptions (above some certain 
size level, say, 1 km3) remains near average [Gusev et al., 
2003]. Considering the general temporal structure of the 
event sequence, one can say that in the discussed time-
ordered list of eruptive volumes, large-size explosive erup-
tions happen in tight clusters “too often” (as compared to a 
randomly-shuffled list of the same events). The reality of this 
tendency was successfully checked by statistical analysis and 
is called “order clustering” of the largest explosive eruptions 
[Gusev et al., 2003]. 

In addition, we analyzed magma output rate averaged over 
small time intervals. We found that this rate, as a function of 
time (at time scales 300–10,000 yrs), has a well-expressed 

episodic character. This fact contradicts commonly assumed 
random or periodic temporal distribution of eruptions [e.g. 
Wickman, 1966; Ho et al., 1991; Jones et al., 1999] and 
supports qualitative conclusions about non-uniform or epi-
sodic character of volcanism derived from the distribution 
of tephra layers in deep-sea boreholes [Kennet et al. 1977; 
Cambray and Cadet, 1996; Cao et al., 1995; Prueher and 
Rea, 2001] or from the on-land tephrostratigraphy [Braitseva 
et al., 1995].

Mafic intrusion into a silicic magma chamber has been 
proved to be a common trigger for an explosive eruption 
[Sparks and Sigurdsson, 1977]. In Kamchatka, cases of such 
triggering have been demonstrated for most of the large 
explosive eruptions [e.g., Volynets, 1979; Melekestsev et 
al., 1995; Volynets et al., 1999a; Eichelberger and Izbekov, 
2000; Ponomareva et al., 2004]. So the observed clusters 
of larger explosive eruptions over a large territory might 
have been caused by large-scale changes in the crustal 
stress field that have allowed an ascent of deeper mafic 
melts over most of the Kamchatka volcanic region. A typi-
cal explanation of such a phenomenon is glacial unload-
ing [Wallman et al., 1988], but it hardly can be applied to 
the younger of the two Kamchatka volcanic peaks (AD 
200–700). We hope that further detailed studies of spatial-
temporal patterns of the well-dated Holocene Kamchatka 
volcanism combined with the records of the largest crustal 
and subduction-related earthquakes will allow us to explain 
its episodic character. 

Volcanic Hazard Assessment 

Volcanic hazard assessment has been implemented for 
many Holocene volcanoes based on their reconstructed erup-
tive histories [e.g. Melekestsev et al., 1989; Ponomareva 
and Braitseva, 1991; Bazanova et al., 2001]. About 80% of 
the ~350,000 people inhabiting Kamchatka concentrate in 
three cities: Petropavlovsk-Kamchatsky and Elizovo, located 
~30 km south of Koriaksky and Avachinsky volcanoes, 
and Kliuchi, located 30 km north of Kliuchevskoi and 45 
km south of Shiveluch volcanoes. For the historical period 
(~300 years), these sites have experienced volcanic influence 
only by minor ashfalls and flooding in outermost suburbs. 
During the Holocene, the main hazard for these territories 
was also associated with tephra falls and lahars. Recurrence 
of large tephra falls (with thickness of buried tephra ≥1 cm) 
in Petropavlovsk-Kamchatsky during the last 8000 yrs was 
~1 fall per 420 yrs [Bazanova et al., 2005]. In Kliuchi (Fig. 
2A), an average recurrence of large tephra falls in Holocene 
was ~1 fall per 700 years; however, it reached a value of 
1 per 300 years during the last 1000 years [Pevzner et al., 
2006]. Such remote towns as Ust’-Bolsheretsk received only 

Figure 7. A. Late Pleistocene cinder cone and lava flow in the 
central part of Sredinny Range. Both cinder cone and lava flow 
look very fresh; however, tephra of this eruption is not present in 
the soil-pyroclastic cover. Lava is bare in many places, but soil-
pyroclastic cover can be found in the depressions on its surface and 
is as old as that overlying the LGM deposits. B. Flat surface on the 
foreground is a ~2 ka old lava flow overlain by more than a 3 m 
thick soil-pyroclastic cover (Kliuchevskoi volcano foot). Original 
topography of the lava flow is smoothed and lava crops out mostly 
in the river valleys. A young lava flow likely formed in late 1800-
ies is at the far left. A ~3.5 ka old cinder cone is at the right.
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two large tephra falls during the last 8500 years [Bazanova 
et al., 2005]. A long-term prediction of sector collapses 
on Kliuchevskoi, Avachinsky and Koriaksky volcanoes 
[Melekestsev and Braitseva, 1984; Melekestsev et al., 1992] 
highlights the importance of closer studies of their structure 
and stability. 

AMOUNT OF ERUPTED MATERIAL

Estimates of the eruptive volumes and mass were done 
based on the detailed maps of the late Pleistocene-Holocene 
volcanoes compiled by I.V.Melekestsev. The total mass of 
rocks erupted during the late Pleistocene-Holocene is esti-
mated at 18 to 19 x 1012 tonnes [Melekestsev, 1980]. CKD 
volcanic belt was the most productive (~40% of all the 
eruptives) (Fig. 9A). The EVF production was less at 35%. 
SR (25%) was subordinate to both other belts. Mafic rocks 
dominated in all the belts. Andesite-rhyolite constituted 
25–30% of the total volume erupted in CKD and EVF and 
only ~6% of that erupted in Sredinny Range. Within EVF, 
most of silicic rocks were erupted in South Kamchatka. In 
Holocene, CKD and EVF belts produced almost similar 
amount of eruptives, while SR belt productivity dropped 
(Fig. 9A).

The highest magma production rate both during the last 
60 and 11.5 ka was in CKD (Fig. 9B). In late Pleistocene, 

production rate in CKD and EVF was almost twice higher 
than that in Holocene. Late Pleistocene magma production 
rate in SR was smaller than that in CKD and EVF, but not 
that dramatically smaller than in Holocene. It is unclear 
whether this Holocene drop in SR production rate means 
the end of volcanic activity in SR or just reflects a relatively 
quiet period.

The largest late Pleistocene-Holocene stratovolcanoes 
yielded volumes up to 320 km3 or mass of ~0.74 x 1012 
tonnes (including tephra) [Melekestsev, 1980]. Examples 
include Kronotsky, Kamen’, and Old Avachinsky (before 
the sector collapse). The largest Holocene edifice is that of 
Kliuchevskoi (270 km3 or 0.6 x 1012 tonnes). The smallest 
Holocene stratovolcano, Stübel Cone, has a volume of ~2 
km3 and mass of the rocks of ~0.005 x 1012 tonnes. The 
largest Holocene explosive eruption produced 140–170 km3 
(0.18 x 1012 tonnes) of tephra and 7-km-wide Kurile Lake 
caldera [Ponomareva et al., 2004]; other eruptions ranked 
far below (Table 3). Most of the late Pleistocene calderas 
are significantly larger (up to 18 km, Table 2) and are sur-
rounded by thick packages of welded tuffs. We suggest that 
most of the late Pleistocene caldera-forming eruptions were 
at least equal to the largest Holocene eruption (Kurile Lake 
caldera) or larger. Volume of individual Holocene lava erup-
tions reached 2–5 km3 [Pevzner et al., 2000; Ponomareva 
et al., 2006].

Fig. 9Fig. 9

Table 4. Radiocarbon ages of some volcanic edifices 

Volcano

Onset of edifice 
formation, 

yr B.P. (14C) Reference

Kliuchevskoi ~5900 Braitseva et al., 1995
pre-Bezymianny 10,000–11,000 Braitseva et al., 1991; Braitseva et al., 1995
Bezymianny ~4700 '' ''
Kizimen 12,000–11,000 Braitseva et al., 1995; Melekestsev et al., 1995
Komarov 1500 Ponomareva, 2000, unpublished data 
Gamchen (Baranii Cone) 3600 Ponomareva et al., 2006
Krasheninnikov Ponomareva, 1990; Braitseva et al., 1995

North Cone 5500
'' ''

Mid-North Cone 1300
Kikhpinych Braitseva et al., 1989; Braitseva et al., 1995

West Cone 4200
'' ''

Savich Cone 1400
Maly Semiachik

Braitseva et al., 1980, 1995; Melekestsev et al., 1989 
Paleo-Semiachik 20,000?
Meso-Semiachik 11,000
Kaino-Semiachik 7300–7400

Karymsky 5300 Braitseva and Melekestsev, 1990; Braitseva et al., 1995
Avachinsky (Young Cone) 3500 Braitseva et al., 1995; Bazanova et al., 2003
Ksudach (Stübel Cone) 1600 Braitseva et al., 1995; Volynets et al., 1999a
Iliinsky 7600 Ponomareva et al., 2004
Dikii Greben’ 7600 '' ''
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COMPOSITION OF ROCKS

Late Pleistocene-Holocene volcanic rocks in Kamchatka 
cover wide range of compositions. One of their most interest-
ing features is a high proportion of mafic varieties (basalt-
andesite) compared to that of silicic rocks (Fig. 9); [Volynets, 
1994]. The amount of the sedimentary component is limited 
in most of the Kamchatka volcanic rocks [Kersting and 
Arculus, 1995; Tsvetkov et al., 1989; Turner et al., 1998] and 
the most mafic varieties do not show any sign of crustal 
contamination [e.g. Volynets et al., 1994; Dorendorf et al., 
2000a], offering a chance to investigate a relatively simple 
system. In addition, a certain amount of more silicic rocks 
(dacite-rhyolite) is present in Kamchatka, mostly related to 
caldera systems and associated crustal magma chambers. 
Studies of magma evolution on the individual centers show 
that most of the silicic rocks have been derived from mafic 
melts through fractionation and mixing with related melts 
[e.g. Kadik et al., 1986; Ivanov, 1990; Volynets et al., 1989, 
1999a; Leonov and Grib, 2004]. O and Sr isotopes studies, 
however, have shown that some of silicic rocks have been 
influenced by crustal and meteoritic/hydro-thermal water 

[Bindeman et al., 2004]. In this paper, we discuss mafic prod-
ucts since these are most reflective of mantle processes.

Large variations of the volcanic rocks in Kamchatka and 
adjacent volcanic arcs clearly represent the result of several 
factors that control conditions of the mantle melting and 
future melt evolution during ascent and chamber residence 
before eruption. These factors may vary from arc to arc 
and are mainly related to crustal thickness, mantle fertil-
ity, composition and thermal state of the subducted plate 
[Pearce and Parkinson, 1993; Plank and Langmuir, 1988, 
1993], temperature of the mantle wedge and subducted slab 
[England et al., 2004; Manea et al., 2005], and the amount 
and compositions of subducted fluids and sediments [Plank 
and Langmuir, 1993; Duggen et al., 2007].

Cross-arc Chemical Zonation

Cross-arc chemical zonation of the Late Pleistocene-
Holocene Kamchatka volcanic rocks from east to west at 
different latitudes is most pronounced in their enrichment 
in alkalies and incompatible trace elements [Volynets, 1994; 
Tatsumi et al., 1995; Avdeiko et al., 2006; Davidson, 1992, 

Figure 8. Volumes of the products from the largest explosive eruptions in Kamchatka in Holocene (for details see 
Table 3). Ages are radiocarbon ages converted to calibrated years (cal yr BP) using CALIB 5.0 [Stuiver et al., 2005]. 
Two peaks of magma output in explosive eruptions can be identified at AD 200–700 and BC 6650–4900, with especially 
high production between BC 6600 and 6400 (“a century of catastrophes” [Melekestsev et al., 1998]). 
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pers.comm.]. Some authors argue that the currently active 
subduction zone may be responsible for all the magma-
 generating processes during this period [Tatsumi et al., 1995; 
Churikova et al., 2001]. Others suggest the simultaneous 
existence of two subduction zones: one beneath the Eastern 
Volcanic Front and the Central Kamchatka Depression and 
the second one beneath the Sredinny Range [Avdeiko et al., 
2006]. 

To evaluate both hypotheses, mafic volcanic rocks densely 
sampled along an E-W transect have been studied for major 
and trace element compositions as well as isotopes of Sr, Nd, 
Pb, U, Th, O and Hf [Churikova et al., 2001; Dorendorf et 
al., 2000a, b; Münker et al., 2004; Wörner et al., 2001]. This 
220-km-long transect is comprised by 13 Upper Pleistocene 
and Holocene stratovolcanoes and two large lava fields. It 

stretches from EVF through CKD into the back arc of SR 
(Fig. 3B). Since the compositions of CKD rocks north and 
south of the Kamchatka River are significantly different, we 
consider them separately as NCKD and SCKD, respectively. 
The transect was fitted to follow the widest possible cross-
arc extent of recent volcanism, which is one of the widest 
worldwide. 

In terms of major element composition the rocks of the 
EVF belong to the low- to medium-K tholeiitic and calc-
alkaline series (Fig. 10). Low-K rocks stretch along the 
EVF and are present on the other volcanoes closest to the 
trench (Kronotsky, Kikhpinych, some volcanoes of Bolshoi 
Semiachik massif, Zhupanovsky, Avachinsky, Mutnovsky, 
Khodutka, Ksudach, Zheltovsky, Kambalny) (Fig. 3B), 
(Table 1); [e.g. Fedotov and Masurenkov, 1991; Duggen at 
el., 2007]. The rocks of the back arc (SR) are medium to 
high-K calc-alkaline. SCKD and NCKD rocks have interme-
diate position between EVF and SR. Near Ichinsky volcano, 
we found HFSE (high field strength elements)-enriched 
basalts with intra-plate affinities (here: basalts of within-
plate type - WPT). Recent studies have discovered rocks of 
this type in northern parts of Sredinny Range [Volynets et al., 
2005]. Some more alkaline rocks (shoshonitic and K-alkaline 
basaltoids, alkaline basalts and basanites) were described in 
SR [Perepelov et al., 2005]. Those will not be considered in 
the following discussion, however, because they belong to 
Paleogene and Miocene. 

Trace elements patterns for EVF, CKD and SR rocks are 
shown in (Fig. 11). All rocks have typical arc-signatures with 
strong but variable LILE and LREE enrichment and low 
HFSE. LILE and HFSE concentrations increase from the 
front to the back-arc. All rocks are depleted in Nb and Ta, 
REE, and HREE compared to NMORB. However, Nb-Ta-
depletions in back arc rocks compared to neighboring LILE’s 
are much smaller than in the EVF and CKD rocks. All the 
SR rocks contain a variable amount of the enriched OIB-like 
mantle component. The amount of this component changes 
from low addition on Ichinsky volcano (so called SR (IAB)) 
to highly enriched (up to 30–35%) in intra-plate basalts (so 
called SR (WPT)) [Churikova at al., 2001, 2007; Münker et 
al., 2004; Volynets et al., 2006]. 

Along the transect under study the depth to the slab changes 
from 100 km for EVF to 400 km for SR [Gorbatov et al., 
1997]. Some CKD samples are close to a primary mantle-
derived melt composition. However, EVF and SR rocks and 
most of CKD rocks were obviously affected by some mineral 
fractionation, therefore, direct comparison of trace element 
concentrations is impossible. For comparison, the data from 
each volcano were normalized to 6% MgO following the 
approach used by [Plank and Langmuir, 1988]. The normal-
ized data for selected trace elements and element ratios versus 

Fig. 10Fig. 10

Fig. 11Fig. 11
Figure 9. Mass of the late Pleistocene- Holocene erupted rocks (A) 
and magma production rate (B) by volcanic belts: SR - Sredinny 
Range, CKD - Central Kamchatka Depression, EVF - Eastern 
volcanic front. In A, gray and white fillings show mafic and silicic 
rocks, respectively. CKD was the most and SR - the least productive 
volcanic belts in Kamchatka during late Pleistocene-Holocene.
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depth to the slab surface are shown in Figures 12 and 13. Most 
of incompatible trace elements, i.e. HFSE (Zr, Nb, Hf, Ta), 
LILE (Sr, Ba, Rb, Be, Pb, U, Th), LREE, some major elements 
(K, Na) and certain element ratios (K/Na, La/Yb, Sr/Y, Nb/
Yb) are positively correlated with slab depth. Similar cross-arc 
changes in element concentrations and their ratios have been 
recently found south of the described transect [Duggen et al., 
2007; Portnyagin et al., 2007a]. At the same time Y and the 
HREE are almost constant from front to back arc (Fig. 12H”. 

The WPT at Ichinsky have higher concentrations of Na2O, 
TiO2, P2O5, Sr and all HFSE and REE, and are depleted in 
SiO2 and Rb compared to the Ichinsky IAB-SR. 

Isotope data for the northern transect are summarized in 
Figure 14. The data plot close to the MORB field; variations in 
all isotope systems are small and inside the previously reported 
ranges for Kamchatka [Kepezhinskas et al., 1997; Kersting 
and Arculus, 1995; Tatsumi et al., 1995; Turner et al., 1998]. 
There is a general increase in 87Sr/86Sr and 143Nd/144Nd from 

Fig. 12Fig. 12

Fig. 13Fig. 13

Fig. 14Fig. 14

Figure 10. K2O (A) and FeO*/MgO (B) vs. SiO2 for late-Pleistocene-Holocene volcanic rocks of the Kamchatka Penin-
sula. The rocks of different volcanic regions or of specific composition are combined in the fields marked by different 
colors. Only medium-K calk-alkaline rocks are shown for SCKD region. Data from Fedotov and Masurenkov [1991]; 
Dorendorf et al. [2000a, 2000b]; Churikova et al. [2001]; Leonov and Grib [2004]; Ivanov et al. [2004]; Volynets et al. 
[2005]. EVF – Eastern Volcanic Front; SCKD – volcanoes of the Central Kamchatka Depression south of the Kamchatka 
River; NCKD - those north of the Kamchatka River; SR (IAB) – island-arc basalt type rocks of Sredinny Range; SR 
(WPT) – within-plate type rocks of Sredinny Range. Element concentrations are given in wt.%. Classification lines for 
(A) after Le Maitre et al. [1989] and for (B) after Miashiro [1974]. FeO* - all iron expressed as FeO.
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the EVF to the CKD and a decrease from the CKD to the SR 
with strongest 87Sr-enrichment in CKD samples. Three trends 
could be distinguished on Figure 14, suggesting involvement 
of three different components. A component low in 87Sr/86Sr 
(<0.7031) and high in 143Nd/144Nd (~0.5131) is a MORB source 
within the mantle wedge. From the MORB field one array 
trends to higher Sr-isotope ratios with unchanged Nd-ratios. 
Slab fluids (or slab melts) are expected to have such composi-
tion. The second array tends to lower Nd-isotope ratios with 
a correlated increase in Sr-isotopes. Such a trend probably 
results from mixing with an enriched mantle component and 
formed mainly by the SR back-arc rocks. 

Using Pb isotopes data for the Kamchatka rocks and pelagic 
sediments from ocean drilling near Kamchatka, Kersting and 
Arculus [1995] argued that subducted sediments play a minor 
role in Kamchatka magma generation. These data were also 
confirmed by Be isotopes [Tsvetkov et al., 1989]. Recently, 
however, new data imply that subducted sediments/melts play 
a more important role in the genesis of the Kamchatka rocks 
[Duggen et al., 2007; Portnyagin et al., 2007a].

The degree of partial melting required for generation of 
the volcanic rocks of Kamchatka decreases from arc front 
to back arc. The rocks of the EVF display the highest source 
degree of melting of 14–20%, the CKD and SR “normal” 

arc rocks show lower degrees of melting, down to 9–12%, 
and samples with intraplate signatures in back arc show 
the lowest degree of melting at 7% [Churikova et al., 2001; 
Portnyagin et al., 2007a].

On Th/Yb versus Ta/Yb diagram [Pearce, 1983] (Fig. 15), 
all samples from the EVF and NCKD and most samples from 
SCKD fall into the field of depleted mantle sources. However, 
the SR rocks form an array reaching from the oceanic arc 
towards an enriched mantle component. The existence of 
the enriched source was evidenced by the high-precision 
measurements of Nb/Ta, Zr/Hf, Lu/Hf ratios together with 
Hf isotopes [Münker et al., 2004]. 

Despite that, based on LREE and LILE concentrations, 
fluid contribution does not change across Kamchatka (Ce/
Pb, Ba/Zr ratios do not show systematic change) (Figs. 13B, 
F), elements more sensitive to arc fluid transport show strong 
cross-arc variations. Using volatile and fluid-mobile ele-
ments in melt inclusions from Kamchatka’s olivines, dif-
ferent f luid compositions were found across Kamchatka. 
While fluid released in EVF and CKD carries high amounts 
of B, Cl and S [Portnyagin et al., 2007a], the fluid below 
SR is enriched in Li and F (Fig. 16),[Churikova et al., 2004, 
2007]. We argue that the dehydration of different water-rich 
minerals at different depths explains the difference in fluid 

Fig. 15Fig. 15

Fig. 16Fig. 16

Figure 11. NMORB-normalized trace element patterns for mafic rocks of the different regions of Kamchatka. The order 
of incompatible elements is derived from Hofmann [1988] with Cs and all REE added. For clarity, each zone is expressed 
by a compositional field. SR (WPT) are significantly more enriched in all trace elements compared to all other lavas. Data 
from Churikova et al. [2001] and Volynets et al. [2005]. NMORB and OIB values after Sun and McDonough [1989].



PONOMAREVA ET AL.    187

Figure 12. Fluid mobile trace element concentrations (A–D) and HFSE and REE concentrations (E–H) of single vol-
canoes in relation to the depth of the slab surface below the volcanoes for the northern Kamchatka transect. For correct 
comparison of differently fractionated volcanic series the data from each volcano were normalized to 6% MgO following 
the approach used by [Plank and Langmuir, 1988]. The shaded fields were drawn to underline the trends of the typical 
arc magmas. The typical arc series of Ichinsky are connected by a dotted line with the WPT, occurring at the same 
volcano. Positive linear trends are well-defined for Sr6.0, Ba6.0, Be6.0, Pb6.0, Zr6.0, Nb6.0, La6.0 and a week negative trend 
for Yb6.0 which are marked by shaded fields. However, the trends for HFSE and REE are less well defined than for the 
fluid mobile elements. Squares – EVF; circles – SCKD; diamonds – NCKD; triangles – SR. Element concentrations 
are given in ppm. Modified after Churikova et al. [2001].
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composition across the Kamchatka arc and may significantly 
influence the chemical composition of the rocks.

Systematic geochemical variations from front-arc to 
back-arc argue for a single subduction zone. Trace element 
patterns seem to be mostly governed by slab f luid and 
variable source compositions in the mantle wedge. Rate 
of magma production by individual volcanoes depends on 
f luid f lux, mantle wedge heterogeneity and the location 
of their magmatic sources with respect to the dehydrat-
ing slab. 

Chemical Variations Along the Kamchatka arc 

No significant changes in chemical composition of the 
late Pleistocene-Holocene rocks have been found along EVF 
[Volynets, 1994] or northern part of SR (from Ichinsky to 
~50 km north of Titila) (Fig. 17A) [Volynets et al., 2005; 
Volynets, 2006]. In CKD, however, systematic changes 
in trace element ratios were observed from Kliuchevskoi 
group northwards to Nachikinsky and Khailulia volcanoes, 
that suggests a transition from fluid-induced melts through 

Fig. 17Fig. 17

Figure 13. 6% MgO-normalized incompatible trace element ratios of single volcanoes in relation to the depth of the slab 
surface below the volcano. Positive linear trends exist for (La/Yb)6.0, (Nb/Yb)6.0 and (Sr/Y)6.0. The (Ce/Pb)6.0, (Ba/Zr)6.0 
and (U/Th)6.0 ratios do not show regular trends. Symbols as in Fig. 12. Modified after Churikova et al. [2001].
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slab-inf luenced source to intra-plate melt compositions 
(Fig. 17B), [Portnyagin et al., 2005]. Khailulia and most 
of Nachikinsky, however, likely started to form in early-
mid-Pleistocene times, so they are significantly older than 

the late Pleistocene-Holocene Tolbachik, Kliuchevskoi and 
Shiveluch. These changes might reflect variations of melts 
both in space and time. 

CKD Volcanoes

The best studied volcanoes in Kamchatka are in CKD, 
with the Kliuchevskoi group south of the Kamchatka River 
(SCKD) and the NCKD group with Shiveluch, Zarechny 
and Kharchinsky volcanoes north of the river (Fig. 4) [e.g. 
Ozerov, 2000; Khubunaya et al., 1995, Volynets et al., 1999b; 
Dorendorf et al., 2000a, Kersting and Arculus, 1994; Mironov 
et al., 2001; Portnyagin et al., 2005, 2007a, b]. The reason 
for CKD’s high volcanic activity could be related to intra-arc 

Figure 14. 143Nd/144Nd vs 87Sr/86Sr for Kamchatka rocks. Data from 
Churikova et al [2001]; Dorendorf et al. [2000a, b] and Volynets 
[2006]. The points of leached clinopyroxene from mantle xenoliths 
for Kamchatka [Dorendorf, 1998; Koloskov, 1999] are marked by 
white circles and shows for Nd-isotopes a comparable and for Sr-
isotopes an even larger range than observed in the volcanic rocks. 
Arrows are drawn schematically to show three-component mixing 
between slab fluid, MORB and enriched mantle source. SR rocks 
show mixing line between MORB and OIB sources. 

Figure 15. Th/Yb vs. Ta/Yb after Pearce [1983]. Nearly all samples from EVF and SCKD as well as most NCKD sam-
ples fall into the field of oceanic arcs formed from depleted mantle sources. In a contrast, the SR samples trend towards 
an enriched mantle composition (shaded field). SHO - shoshonitic series; CA - calc-alkaline series; TH - tholeiitic series. 
Data from Churikova et al [2001]; Dorendorf et al. [2000b], Ivanov et al. [2004], and Volynets et al. [2005].
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rifting and upwelling in this area. Yogodzinski et al. [2001a] 
suggested that mantle wedge below CKD is extraordinary 
hot because of a hot mantle f low around the edge of the 
subducting Pacific plate. Even if the degree of melting is 
not very high (around 12%), a large volume of mantle could 
be involved in this melting due to massive decompression 
below the rift. CKD rocks are enriched in 87Sr, and elevated 
U/Th and Ba/Zr ratios (Figs. 14 and 16), [e.g. Churikova and 
Sokolov, 1993, Dorendorf et al., 2000a, Wörner et al., 2001]. 
We conclude that the high magma production rate in CKD 
may be caused by: (1) intra-arc rifting, following upwelling 
and enhanced decompression melting and (2) enhanced 
fluid-flux from the Emperor Seamounts Chain.

Most of SCKD rocks are medium-K calc-alkaline basalt-
andesite series (Fig. 10). At the same time, on Plosky 
Tolbachik volcano and Plosky massif high-K tholeiitic 
rocks occur along with “normal” medium-K calc-alkaline 
volcanic rocks. High-K rocks are enriched in all incom-
patible elements, but exhibit low HFSE, and therefore fall 
off the across-arc trend for most geochemical parameters. 
Despite the fact that such rocks were found only on a few 
volcanoes, they have significant volumes and so merit fur-
ther detailed examination. For example, in the Tolbachik 
lava field, individual eruptions produced up to 1–2 km3 of 
high-K basalt and the total for the Holocene rocks of this 
composition approaches to 70 km3 [Braitseva et al., 1984; 
Flerov et al., 1984].

NCKD volcanoes (Shiveluch, Zarechny, Kharchinsky) 
display trace element patterns distinct from the SCKD 

[Yogodzinski et al., 2001a; Portnyagin et al., 2005]. They 
have high Sr/Y ratios of ~35 and La/Yb of ~5 (Figs. 10, 12, 
13), which by far exceed compositions on the across-arc 
trend (Figs. 10B, 12, 13, 17). Such a pattern is typical for 
adakites, for which an origin from slab melting is assumed 
[Defant and Drummond, 1990]. The adakite-type signatures 
were explained by tearing of the slab and warming of the slab 
edge by hot asthenospheric mantle [Volynets et al., 1997b; 
Yogodzinski et al., 2001a]. 

Other Rock Types

Rare rock types occur locally and include shoshonite-
latite series [Volynets,1994], avachite (high-Mg basalt 
found near Avachinsky volcano), allivalites (Ol-Pl highly 
crystallized rocks which occur mostly as inclusions in low-
K mafic and silicic tephras), high-K high-Mg phlogopite-
bearing and hornblende-bearing basalt—basaltic andesite 
found only in one tephra from Shiveluch volcano [Volynets 
et al., 1997a], etc. 

Unlike most other arcs, Kamchatka rocks are rich in 
mantle-derived xenoliths (mostly dunites, harzburgites, 
and clinopyroxenites, with fewer wehrlites) [Koloskov, 
1999; Bryant et al., 2005; Dektor et al., 2005] that pro-
vide an opportunity to directly observe mantle material 
altered by subduction processes. Trace elements indicate 
that Kamchatka xenoliths are depleted in Nb and Ta rela-
tive to Ba and light REEs [Turner et al., 1998; Yogodzinski 
et al., 2001b].

Figure 16. B-Li systematics in melt inclusions from olivines from rocks across the Kamchatka arc, showing the decou-
pling of B and Li. This results in high B/La in arc front magmas and a strong increase in Li/Yb towards the back arc. 
Field as in Figure 10.
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CONCLUSION: FUTURE TASKS

Changes in the spatial-temporal patterns of volcanism and 
composition of volcanic rocks reflect large-scale tectonic pro-
cesses. Further steps in understanding Quaternary volcanism in 
Kamchatka should, in our opinion, combine radiometric dating 
of the volcanic rocks with studies of their geochemical affinities. 
In addition to across-arc variations in rock composition, more 

along-arc traverses should be studied. Special attention must 
be paid to northern Kamchatka, where volcanism seemingly 
extends beyond an active subduction zone (Fig. 2B). 

Even in the best studied Kliuchevskoi group, some volca-
noes like Udina or Zimina (southeastern part of the group, 
(Fig. 4) were last visited in 1970-ies and their rocks have never 
been analyzed in detail. The Kliuchevskoi volcanic group has 
been recording tectonic processes in the Kamchatka-Aleutian 

Figure 17. Along-arc variations of trace element ratios in SR (A) and CKD (B) lavas. No systematic changes have been 
found along the Sredinny Range (A) while the CKD lavas show a transition from fluid-induced melts over Pacific slab 
through slab-influenced magmas above the slab edge to intra-plate compositions farther north (B). The range of Ba/Nb 
for oceanic basalts (MORB and OIB) is shown after Sun and McDonough [1989]; the range of Nb/Y and Dy/Yb for 
oceanic basalts covers the entire range shown in diagrams. Data sources: (A) - Volynets [2006]; (B) - modified after 
Portnyagin et al. [2005]. 
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“corner” or triple junction (Fig. 2B) starting from at least mid-
Pleistocene, so changes in production rates and compositions 
of its rocks, once reconstructed, can shed light on the evolution 
of this structure. 

Similar efforts should be made in the studies of the pre-late 
Pleistocene volcanism including voluminous late Pliocene-Early 
Pleistocene lava plateaus in Sredinny Range and spectacular 
shield volcanoes. Of special interest are volcanic fields that 
existed during only one period and did not resume their activity 
later (Fig. 2B) (e.g. lava field NE of Shiveluch and fields in the 
northernmost part of the peninsula). These volcanic deposits 
likely record major events in the plate history of the region.

At the Holocene scale, attempts of correlating paleovol-
canic and paleoseismic records [Bourgeois et al., 2006; 
Kozhurin et al., 2006; Pinegina et al., 2003] and identify-
ing periods of overall high tectonic activity and natural 
catastrophes [Melekestsev et al., 1998, 2003a,b] are most 
intriguing. Near their sources, both volcanic and seismic 
events can produce marked changes in the landscape, build-
ing volcanoes, triggering large debris f lows and f loods, 
producing conspicuous ground deformation, and reorient-
ing river drainages. At a distance, large earthquakes and 
volcanic eruptions also leave their mark, causing tsunamis, 
heavy ash falls, and atmospheric pollution. Major subduc-
tion-zone events may include many of these proximal and 
distal components, which combine their effects and cause 
more serious and variable consequences than anticipated 
for individual volcanic or seismic events alone. Studies of 
such recent geological catastrophes in Kamchatka, based 
on distal correlations of various deposits with the help of 
marker tephra layers, hopefully will help to understand the 
space-time patterns of catastrophic events, make long-term 
forecasts of future episodes, and to model potential natural 
catastrophes around the Pacific Rim.
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Geochemistry of Primitive Lavas of the Central 
Kamchatka Depression: Magma Generation at the 

Edge of the Pacific Plate

Maxim Portnyagin1,2, Ilya Bindeman3, Kaj Hoernle1,4, and Folkmar Hauff1

New and published major and trace element and isotope (O, Sr, Nd) compositions of 
the Late Quaternary rocks from the Central Kamchatka Depression (CKD) are used 
to demonstrate systematic changes in magma genesis along the northern segment of 
the Kamchatka Arc, above and north of the subducting Pacific slab edge. We envision 
a number of possible petrologic scenarios for magma generation beneath the CKD and 
formulate quantitative mass-balance models which lead to three major conclusions 
departing significantly from previous interpretations of the CKD rocks. First, this study 
demonstrates that eclogite melts contribute to the composition of virtually all CKD 
lavas and could be the major agent transferring material from the subducted slab to the 
mantle wedge, including fluid-mobile elements (e.g., K, Ba). Second, thermal state of 
the mantle wedge beneath the CKD has primary control on the major composition of 
primitive magmas, favoring production of low temperature andesitic and dacitic mantle 
melts toward the slab edge. Third, hydrous slab-fluids might not be required to gener-
ate CKD magmatism. Instead, strong enrichment in LILE, high δ18O and 87Sr/86Sr, in 
some CKD magmas could originate from assimilation of hydrothermally-altered mafic 
lithosphere. Several concurring factors could facilitate partial melting of the subducting 
slab beneath the all CKD volcanoes and favor variable modification of the eclogite melts 
during interaction with the mantle wedge. Large input from slab melting makes CKD 
magmatism unique in Kamchatka and may contribute to the CKD volcanoes being the 
most productive arc volcanoes on Earth.

1. INTrODuCTION

The Kamchatka Peninsula forms the northern part of the 
Kuril-Kamchatka volcanic arc in the NW Pacific Ocean, 

a part of the circum Pacific “ring of Fire”, and represents 
one of the most volcanically active regions on Earth. The 
largest and most productive arc volcanoes on Earth occur in 
the Central Kamchatka Depression (CKD), located adjacent 
to the Kamchatka-Aleutian Arc junction. During recent 
decades the CKD volcanoes have been the subject of many 
geochemical studies aimed at tracing their magmatic evolu-
tion, reconstructing the composition of mantle sources and 
understanding the reasons for the exceptional productivity 
of the volcanoes [e.g., Kersting and Arculus, 1994, 1995; 
Kepezhinskas et al, 1997; Hochstaedter et al. 1996; Pineau 
et al. 1999; Turner et al. 1998; Volynets 1994; Volynets et al. 
1997; 1998; 1999; 2000; Yogodzinski et al. 2001; Dorendorf 
et al. 2000; Churikova et al. 2001; Ishikawa et al. 2001; 
Dosseto et al. 2003; Bindeman et al. 2004, 2005; Portnyagin 
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et al. 2005a]. These authors interpret the compositional 
variations of CKD magmas as resulted from the following 
processes: 1) primary magmas are derived from the depleted 
MOrB-source under abundant fluid flux from the subduct-
ing Pacific plate; 2) small amounts of sediment-derived 
fluids/melts are input into magma generation zones; 3) the 
subducting Pacific Plate melts beneath Shiveluch Group of 
volcanoes; 4) relatively long time lapse between the release 
of u-rich fluid from the slab and eruption of magmas (~150 
k.y.) compared to other island-arcs; and 5) mantle upwelling 
north of the subducting Pacific slab edge caused decompres-
sion melting and produced alkalic magmas from the north-
ernmost CKD volcanoes.

In this paper we use a compilation of ~900 analyses of the 
Late Quaternary volcanic rocks from the CKD in order (1) to 
summarize the previous and new results, (2) to demonstrate 
along-arc geochemical zonation in major and trace elements 
and isotope ratios in northern Kamchatka, (3) to elucidate 
possible petrologic scenarios of magma origin, (4) to con-
strain quantitative models, and (4) to evaluate the results 
in light of recent geophysical studies at the Kamchatka-
Aleutian Arc junction. 

1.1. Northern Segment of the Kamchatka Arc

Holocene to Late Pleistocene volcanism in the Kamchatka 
Arc is concentrated within two main zones: the Eastern 
Volcanic Belt and the Sredinny range (Figure 1A). The 
Eastern Volcanic Belt includes southern and northern seg-
ments, which are distinct in geographic position relative 
to the Kamchatka trench, longevity of volcanism, volcanic 
productivity and geochemistry of erupted lavas [e.g., Fedotov 
and Masurenkov 1991; Park et al. 2002; Avdeiko et al. 2002; 
Ponomareva et al. 2007a]. In the northern segment, recent 
volcanism is concentrated within the CKD, which is lowland 
between the Eastern ridges, mainly composed by accretion-
ary terrains [Konstantinovskaia, 2001] and the Sredinny 
range of Kamchatka (Figure 1A). 

The Klyuchevskoy Group is the largest cluster of volca-
noes in the CKD and was formed during the Late Pleistocene-
Holocene on thick pedestal of the Middle to Late Pleistocene 
plateau basalts [Melekestsev, 1980]. The Klyuchevskoy Group 
includes Klyuchevskoy volcano, the most active arc volcano 
on Earth [e.g., Melekestsev, 1980; Fedotov and Masurenkov, 
1991; Kersting and Arculus 1994], active Plosky Tolbachik and 
Bezymianny volcanoes, hydrothermally-active ushkovsky vol-
cano and several other large extinct volcanoes (Ostry Tolbachik, 
Malya and Bolshaya udina, Ostaraya and Ovalanaya Zimina, 
Kamen’). The largest zone of monogenetic volcanism is spatially 
related to Plosky Tolbachik volcano (Tolbachinsky Dol areal 
volcanic field) [e.g. Fedotov, 1983]. Monogenetic cinder cones 

are also abundant on the south-western slope of the ushkovsky 
(Plosky Sopki) volcano and on the eastern slope and at the foot 
of the Klyuchevskoy volcano [Fedotov and Masurenkov, 1991; 
Ponomareva et al. 2007a]. The Shiveluch Volcanic Group (some 
times referred to as the Northern Group of CKD volcanoes [e.g., 
Volynets et al. 2000; Yogodzinski et al. 2001]) includes highly 
active Shiveluch volcano [e.g., Ponomareva et al. 2007b] and 
dormant Zarechny and Kharchinsky volcanoes with spatially 
related zone of monogenetic cinder cones [Volynets et al. 1998]. 
Shisheisky Volcanic Complex, consisting of the Late Pleistocene 
to Holocene extrusions and lava flows, forms a separate volcanic 
cluster ~50 km to the north from Shiveluch volcano and extends 
the volcanic chain further north along the CKD. Nachikinsky 
and Khailulia volcanoes are located at the northern end of the 
CKD, on the north-west trending Alpha Fracture Zone (F.Z.) 
extending from the Bering Sea to Kamchatka [Portnyagin et al. 
2005a]. There is a general decrease in the size of the volcanic 
structures and overall Quaternary magma production from 
south to north along the CKD [Fedotov and Masurenkov 1991; 
Ponomareva et al. 2007a].

1.2. Specific Conditions of Subduction

The northern segment of the Kamchatka Arc is adja-
cent to the Kamchatka-Aleutian Arc junction, where 
lithospheric plates of different age and origin meet in a 
complexly structured and tectonically active framework (see 
review in [Park et al. 2002]). The Pacific plate entering the 
Kamchatka trench has an inferred age between ~87Ma at the 
Kamchatka-Aleutian junction and ~95 Ma at the southern tip 
of Kamchatka [Renkin and Sclater, 1988]. Despite the nar-
row age interval, the plate structure and geophysical param-
eters change significantly along strike. Meiji seamount, the 
northernmost in the Emperor Seamount chain, is located 
immediately south of the Komandorsky Islands (westernmost 
Aleutian Arc), suggesting that older Emperor Seamounts 
may be subducting beneath central and northern Kamchatka. 
Further south, only the Pacific Plate, normal oceanic plate 
without intraplate volcanism, is subducting beneath southern 
Kamchatka. The heat flow from the Pacific sea-floor at the 
arc junction is significantly higher (>80mW/m2) compared to 
more southern localities (40–60 mW/m2) [e.g., Smirnov and 
Sugrobov, 1980]. The lithospheric plate subducting beneath 
the CKD was thus suggested to be anomalously hot for its 
Cretaceous age because of thermal anomaly inherited from 
the Hawaiian hot-spot [Gorbatov et al. 1997, Davaille and 
Lees, 2004] or lithosphere rejuvenation due to deep mantle 
upwelling [Gorbatov et al. 2001; Manea et al. 2006].

In order to reconcile the transition from subduction of 
the Pacific Plate beneath Kamchatka to strike-slip plate 
movements along the Western Aleutian Arc several authors 

Fig. 1Fig. 1
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proposed that the Pacific Plate is likely torn along the 
Western Aleutian F.Z. so that the Pacific Plate edge is 
subducting beneath Kamchatka at the arc junction [e.g., 
Yogodzinski et al. 2001; Park et al. 2002; Levin et al. 2002; 
Davaille and Lees, 2004]. The data presented in Davaille 
and Lees [2004] suggests that the Pacific Plate may be 
torn along the Bering F.Z. Tracing this regional fault along 
its strike to Kamchatka, the edge of the subducted plate 
can be proposed to locate at ~57.3oN beneath axial zone 
of the CKD. The largest CKD volcanoes likely take place 
above the subducting Pacific Plate, 60 to 200 km south-

west from its edge. The Shisheisky Complex occupies 
the position nearly above the proposed slab edge. Farther 
north, the Komandorsky Plate was previously subducted 
beneath northern Kamchatka [e.g., Baranov et al. 1991; 
Fedorov and Shapiro, 1998; Kepezhinskas et al. 1996; 
Park et al. 2002]. The mantle tomography data [Levin et 
al. 2002] however suggests that neither previously sub-
ducted portions of the Pacific Plate nor Komandorsky Plate 
underlie the most northern Nachikinsky and Khailulia 
volcanoes. The Komandorsky Plate subducted beneath 
northern Kamchatka was proposed to have broken off and 
sunk into the deep mantle during the Cenozoic triggering 
asthenospheric upwelling [Levin et al. 2002; Portnyagin 
et al. 2005a]. 

Seismic data suggest progressively shallower subduction 
dips of the Pacific Plate toward its northern edge, from 45o 
beneath Tolbachik volcano to 25o beneath Shiveluch volcano, 
[Fedotov and Masurenkov 1991; Gorbatov et al. 1997; Park 
et al. 2002]. The upward bending of the Pacific plate towards 
the Kamchatka-Aleutian junction and its northern edge 
results in large variations in depths to the subducting slab 
beneath the active volcanoes along the CKD (80–180 km) 
whereas the distance from the volcanoes to the Kamchatka 
trench remains nearly constant (~200–250 km). Since the 
crustal thickness beneath the CKD is relatively constant 
(30–35 km) [e.g., Balesta, 1981; Park et al. 2002; Bogdanov 
and Khain, 2000], the mantle wedge thickness (i.e., “mantle 
column” beneath a volcano) decreases substantially towards 
the slab edge. The length of the mantle column, which can be 
potentially involved in magma generation, decreases from 
~165 km beneath Tolbachik to ~55 km beneath Shiveluch vol-
cano and may be even less above the slab edge (Table 3). 

Figure 1. A) Schematic map of the Kamchatka-Aleutian arc junc-
tion and neighboring areas. Bathymetric and relief background map 
was produced in ETDB/PAC [2002]. Short-dash lines show depths 
to subducting Pacific Plate after Gorbatov et al. [1997]. Thick 
lines are major fracture zones (F.Z.). Approximate borders of the 
Central Kamchatka Depression (CKD) are shown in dashed lines. 
White circles denote volcanoes. “O&P Tolbachik” indicates Ostry 
and Plosky Tolbachik volcanoes and neighboring Tolbachinsky 
Dol areal volcanic field; “O&O Zimina”—Ostraya and Ovalnaya 
Zimina volcanoes; “B&M udina”—Bolshaya and Malaya udina 
volcanoes. Thick dotted line denotes position of the volcanic front 
in the central part of the Eastern Volcanic Belt (EVB). B) Geody-
namic framework of magma generation beneath CKD (modified 
from Portnyagin et al. [2005a]. The Pacific Plate is likely torn 
along the Western Aleutian F.Z. The largest volcanoes in CKD 
(Tolbachik, Klyuchevskoy, Shiveluch) originate above subducted 
Pacific Plate. Shisheisky Complex could be formed above the slab 
edge. No subducted slab underlies volcanoes at the northern end 
of CKD (Nachikinsky and Khailulia).
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1.3. Geochemical Database

In this work we have compiled ~900 chemical analyses 
of volcanic rocks from the CKD. With some exceptions 
(Kharchinsky and Nachikinsky volcanoes), we focused 
mainly on the most recent Late Pleistocene, Holocene and 
historical volcanic rocks, which might be representative of 
the present-day magma generation in the CKD. 

The present compilation includes data from the following 
sources: (1) GEOrOC database of the Max-Plank Institut für 
Chemie (Mainz, Germany), (2) research papers and reviews 
mainly published in russian language and not included in the 
GEOrOC bank [Krivenko, 1990; Fedotov and Masurenkov, 
1991; Fedotov, 1983], (3) reports of the russian Geologic 
Survey [Pilipchuk et al. 2006], (4) our unpublished analyses. 
unlike existing web databases, analyses of the same samples 
published in different papers were mostly identified and 
linked excluding incomplete and multiple records. Analyses 
obtained before 1970 [e.g., Erlich, 1966] were not included 
because their quality can hardly be assessed and some data 
do not match more recent results. The data base was also 
screened for analyses of questionable quality and of highly 
altered rocks (L.O.I. > 3 wt %). 

This compilation and complete list of references is avail-
able as auxiliary material on the CD-rom accompanying this 
manuscript. The geochemical data base on the CKD magma-
tism is a subject of ongoing development and the latest version 
is available on request from the first author. 

Our original analyses were obtained at the Leibniz Institute 
for Marine Geosciences IFM-GEOMAr (Kiel, Germany). 
Details of the analytical technique are reported elsewhere 
[Portnyagin et al. 2005a]. representative analyses of volcanic 
rocks from the Shisheisky Complex, which are first published 
here, are shown in the Table 1. New Sr, Nd and O isotope data 
on rocks from different CKD localities are given in Table 2. 

The northern Kamchatkan volcanoes are not equally rep-
resented in the data base (Figure 2). Different numbers of 
analyses for different volcanoes point to naturally biased 
interest of most researchers to active volcanism. The largest 
amount of data, more than 400 major element analyses, is 
available for Klyuchevskoy volcano; more than 100 analyses 
exist for Tolbachik volcano, 80 analyses for Shiveluch volcano 
(additional 86 analyses for Shiveluch volcano are provided 
by Ponomareva et al. [2006b], this volume). Large data set 
also exists for Nachikinsky volcano resulting from its inter-
esting tectonic position. Information about other volcanoes 
is less abundant. Volcanoes from southeastern part of the 
CKD (Bolshaya and Malaya udina, Ostraya and Ovalnaya 
Zimina) are not represented in the data base. Data from these 
volcanoes were last published more than 40 years ago [e.g., 
Erlich, 1966]. Obtaining new compositional data from these 

volcanoes could be an important direction for future studies, 
particularly aimed at evaluating across-arc variations in the 
CKD. 

We also note that better understanding of the origin of the 
CKD volcanism requires collection of reliable age data and 
careful examination of geochemical trends of magmas erupted 
from the same or neighboring volcanic centers through time. 
Detailed investigation of the Middle to Late Pleistocene lavas 
composing huge volumes of plateau basalts in the basement of 
the Klyuchevskoy Group and erupted through short interval of 
time at the rate comparable to the productivity of the Hawaiian 
shield volcanoes [Melekestsev, 1980] also provide an intrigu-
ing direction for the future studies. 

2. ALONG-ArC GEOCHEMICAL VArIATIONS 

2.1. An Overview of Major Element Systematics

The CKD rocks span a large compositional range (Figure 
3 and 4). The majority of rocks are medium-K, low- to 
medium-Fe basalts to andesites of normal alkalinity. High- to 
medium-K low Mg subalkaline basalts and basaltic andesites, 
which often tend to have Fe-rich compositions, were very 
abundant at the initial stages of the CKD volcanism in the 
Middle-Late Pleistocene [e.g. Melekestsev, 1980]. Presently, 
high-K rocks are restricted to the southern and western part 
of the Klyuchevskoy Group (Tolbachik, ushkovsky), occur 
in the Shiveluch Volcanic Group and compose the Late 
Pleistocene cinder cones and lava flows near Nachikinsky 
volcano. In contrast to southern Kamchatka, low-K rocks and 
highly evolved rocks (dacites and rhyolites) are extremely 
rare in the CKD and have not been documented among 
Holocene eruptions [e.g., Fedotov and Masurenkov, 1991; 
Krivenko, 1991; Volynets, 1994; Ponomareva et al. 2007b]. 
Modal and chemical compositions of CKD rocks exhibit sys-
tematic variations along the strike of the volcanic arc [e.g., 
Fedotov and Masurenkov, 1991; Yogodzinski et al. 2001; 
Volynets, 1994; Volynets et al. 1997; 1999; 2000; Churikova 
et al. 2001], but these variations have not been evaluated in 
detail thus far. 

rocks from the southern and western parts of the 
Klyuchevskoy Group (Tolbachik and ushkovsky 
volcanoes) and spatially related monogenetic volcanic fields 
of cinder cones and lavas are medium- to high-K basalts 
and trachybasalts, ranging to trachyandesites at ushkovsky 
volcano (Lavovy Shish vent, V. Ponomareva, 2006, pers. 
comm.) (Figure 3). Phenocrysts are rare in primitive basalts 
and usually represented by high-Fo olivine and Ca-pyroxene. 
Evolved rocks are plagioclase-pyroxene phyric. Hydrous 
phases (amphibole, phlogopite) are absent. A very com-
mon rock type is high-K trachybasalt with giant plagioclase 

Table 1Table 1

Table 2Table 2
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phenocrysts (up to 2 cm). The mega-plagiophyric trachy-
basalts compose the pedestal of the Klyuchevskoy Group 
and, although geochemically not completely identical (M. 
Portnyagin, unpublished data), were last erupted from the 
Southern Vent of the Great Fissure Tolbachik Eruption in 
1975–1976 [Fedotov, 1983]. These rocks belong to Fe-rich 
series and have the lowest SiO2 and the highest FeO (here and 
thereafter FeO refers to total Fe expressed as FeO) compared 
to rocks from other CKD volcanoes (Figure 3, 4). These 
basalts are also distinctively enriched in TiO2, CaO, K2O and 
have relatively low Na2O and Al2O3 when compared to other 

CKD rocks at similar MgO (Figure 4). Detailed description 
of rocks from the Tolbachik volcano and the neighboring 
Tolbachinsky Dol areal volcanic field can be found in the 
work by [Fedotov 1983]. 

Klyuchevskoy volcano, its predecessor Kamen’ volcano 
and Bezymianny volcano predominantly comprise medi-
um-K, olivine-pyroxene-plagioclase-phyric basaltic andesites 
(Klyuchevskoy and Kamen’) and two-pyroxene-plagioclase 
and amphibole-plagioclase andesites (Bezymianny). The 
rocks belong to the medium-Fe arc series and have SiO2, 
TiO2, FeO, CaO, Na2O intermediate between Tolbachik 
rocks and those from volcanoes located further north (Figure 
3, 4). A distinctive feature of the Klyuchevskoy rocks is 
relatively low K2O content (Figure 3B). Low-MgO, high-
Al basaltic andesites (Al2O3 up to 20 wt %) are common 
eruptive projects of Kluchevskoy (Figure 4). rocks from 
Klyuchevskoy volcano are described in numerous publica-
tions [e.g., Khrenov et al. 1989; Khubunaya et al. 1994; 
Kersting and Arculus, 1994; Ariskin et al. 1995; Dorendorf 
et al. 2000; Ozerov, 2000; Mironov et al. 2001].

Volcanoes located to the north of the Kamchatka river 
(Shiveluch, Zarechny, and Kharchinsky) predominantly com-
prise medium- to low-Fe, medium-K calc-alkaline basalts, 
basaltic andesites and andesites (Figure 3). With rare excep-
tion, rocks from Kharchinsky volcano, related cinder cones 
and from the Baidarny Spur of the Late Pleistocene Shiveluch 
volcano edifice are similar to rocks from Klyuchevskoy vol-
cano yet tend to have higher K2O content [e.g. Volynets et 
al. 1999; 2000]. rocks from Zarechny volcano and many 
rocks from Shiveluch volcano are high Mg# calc-alkaline 
basaltic andesites and andesites [e.g. Volynets et al. 1997; 
1999, 2000; Churikova et al. 2001; Ponomareva et al. 2007b] 
and have lower FeO, CaO, TiO2 and higher SiO2 and Na2O 
at similar MgO compared to Klyuchevskoy volcano (Figure 
4). A distinctive feature of these rocks is the wide occur-
rence of amphibole, which is common not only in andesites 
but is also present in more basic rock types together with 
Ca-pyroxene and olivine. rare rocks with Mg-rich phlogopite 
phenocrysts, which are unique in the CKD, were described 
on Kharchinsky volcano (crater extrusion) and among the 
Holocene pyroclastic deposits of Shiveluch volcano (basaltic 
tephra, 3600 BP) [Volynets et al. 1999; 2000; Ponomareva et 
al. 2007b]. Petrologic information about the northern CKD 
volcanoes is relatively abundant [Fedotov and Masurenkov, 
1991; Volynets et al. 1997; 1998; 1999; 2000; Churikova et 
al. 2001], although the amount of high quality geochemical 
data is still relatively small compared to the great emphasis 
to these volcanoes in the literature. To some extent, this gap 
is filled by the large data set on the Holocene products of 
Shiveluch volcano presented in the work by Ponomareva et 
al. [2006b].

Figure 2. A) Availability of chemical data for northern Kam-
chatkan volcanoes (major element analyses). Note highly biased 
interest of researchers in the largest and most active volcanoes. No 
data published since the 1960’s and 1970’s exist for the udina and 
Zimina Volcanic Groups. B) Histogram of Mg# in volcanic rocks 
of the CKD. Note predominance of primitive (Mg#>0.6) and high 
Mg# (Mg#=0.5–0.6) rocks. 
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Geochemical data on rocks from the remote Shisheisky 
Complex are sparse. This volcanic complex is very unusual 
for the CKD because there is no large volcano in the 
vicinity and the volcanic activity was related to numer-
ous small monogenetic lava vents and extrusions forming 
several NW-SE trending chains coinciding with the strike-
slip Western Aleutian F.Z.. The majority of the Shisheisky 
Complex rocks are medium-K low-Fe, strongly calc-alkaline 
basalts, basaltic andesites and andesites with Mg#>0.6 and 
SiO2 up to 63 wt% (Figure 4, Table 1). Evolved andesites, 
dacites and rhyolites also present in subordinate amount. 
A peculiar feature of the Shisheisky Complex rocks is 
the absence of plagioclase phenocrysts in all rock types. 
Olivine and clinopyroxene phenocrysts occur in basalts and 
basaltic andesites. Amphibole and Mg-rich orthopyroxene 
(Mg#=0.86–0.90, our unpublished data) are the major phe-
nocryst phases in high-Mg# andesites and dacites. Quartz 
xenocrysts surrounded by shells of dacitic to rhyolitic glasses 
(Table 1) including peculiar low-Al (Al2O3 <1 wt %) clino-
pyroxene crystals, very similar to those described in primi-
tive andesites from Mexico [Blatter and Carmichael, 1998], 
occur in some andesites. Additionally, xenogenic mantle 
olivines (Fo=89–90 mol%, CaO<0.05 wt%, NiO=0.35–
0.38 wt%, δ18Oolivine =5.43 ‰, Table 2 and our unpublished 
data) were found in andesite G3277 (Table 1). In the general 
CKD systematics, the Shisheisky basalts are broadly simi-
lar to high-Mg# basalts from other CKD localities (Figure 
4). More SiO2-rich rock varieties, primitive andesites and 
dacites, have the lowest FeO, CaO, TiO2 and the highest SiO2 
and Na2O at similar MgO compared to all volcanoes in the 
CKD (Figure 4) and represent the most extreme calc-alkaline 
rocks in the CKD (Figure 3). Some additional information 
of the Shisheisky Complex can be found in the reports of 
the Geologic Survey [Pilipchuk et al. 2006] and will be 
published elsewhere (Portnyagin et al. 2007, manuscript in 
preparation).

rocks of Nachikinsky volcano at the northern end of the 
CKD span a particularly large compositional range. The 
oldest, Pliocene-Early Quaternary (?), rocks are low-Fe, 
medium- to low-K pyroxene and amphibole andesites and 
dacites (Figure 3, 4), which are geochemically similar to the 
Pliocene andesites from the isthmus of Kamchatka [Fedorov 
and Shapiro, 1998; Kepezhinskas et al. 1997]. The most 
recent Late Pleistocene rocks are moderately Fe-rich, high- to 
medium-K olivine-plagioclase-pyroxene trachybasalts and 
basaltic trachyandesites sampled near Nachikinsky volcano. 
In comparison with high-K trachybasalts from Tolbachik 
volcano, these rocks have higher Na2O, Al2O3 and lower 
CaO (Figure 4). Data on rocks from Nachikinsky volcano 
and from neighboring areas were published by [Litvinov et 
al. 1991; Portnyagin et al. 2005a].

Figure 3. Classification diagrams for the Quaternary CKD lavas: 
A) SiO2 vs. total alkalis [Le Bas et al. 1986], B) SiO2 vs. K2O show-
ing fields of low-, medium- and high-K arc series after Gill [1981], 
and C) SiO2 vs. FeO/MgO showing tholeiitic vs. calc-alkalic series 
after Miashiro [1974] and low-, medium- and high-Fe series after 
Arculus [2003]. Symbols (except grey squares) are explained in 
the legend and specify compositions of five large volcanic centres 
along the arc strike (from south to north: Tolbachik volcano, Kly-
uchevskoy volcano, Shiveluch volcano, Shisheisky Complex and 
Nachikinsky volcano). Grey squares represent analyses of CKD 
volcanic rocks not denoted by other symbols. FeO throughout this 
paper refers to total Fe in sample expressed as FeO.
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Figure 4. Concentrations of major element oxides in the CKD lavas. Volcanoes are grouped according to their location 
along the arc strike and similarity in chemical composition. Grey symbols correspond to all lavas from the CKD; black 
dots denote lavas from volcanoes specified at the top of each diagram.
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2.2. Major Elements in Primitive Magmas

An overview of the major element systematics of CKD 
magmas given in the previous section reveals some system-
atic changes in magma geochemistry along the arc strike. 
It, however, remains unclear to what extent the variations 
are related to compositional diversity of parental magmas 
or reflect different fractionation paths of similar parental 
magmas which might also involve substantial crustal assimi-
lation or crustal derivation [e.g., Bindeman et al. 2004]. To 
resolve this question, we focus on the most primitive rocks, 
which have compositions that are close to being in equilib-
rium with the mantle wedge and thus could represent weakly 
fractionated parental melts. Fortunately, such rocks are very 
abundant in the CKD (Figure 2B). Following Kelemen et 
al. [2003a], we classify as “primitive” those rocks which 
have Mg#>0.6 where Mg#=MgO/(MgO+FeO) calculated 
on molar basis. We note that the criterion of Mg#>0.6 to 
screen evolved rocks is rather strict and excludes the major-
ity of rocks referred in literature to as “high-magnesian”. For 
example, among 86 analyses of high Mg# basalts, basaltic 
andesites and andesites (Mg#=0.51–0.74) from the Holocene 
Shiveluch deposits reported by [Ponomareva et al. 2007b] 
only 23 samples fulfill the criterion Mg#>0.6 and can be 
considered as primitive.

Here we assume that the primitive CKD rocks are infor-
mative of the parental melt compositions. Strictly speaking, 
this assumption is fully applicable only to aphyric primitive 
rocks, which are rare in the CKD and occur mainly in the 
Tolbachinsky Dol and Shisheisky Complex. Some of so 
called “primitive” rocks can originate by accumulation of 
mafic phenocrysts in highly evolved magma and are not 
representative of the true parental melts [e.g. Portnyagin 
et al. 2005b]. Nevertheless, we illustrate in the following 
paragraphs that major and incompatible trace elements in 
the primitive CKD rocks vary very systematically along the 
arc, and this systematics can hardly be generated by accu-
mulation or fractionation of mafic minerals. We believe that 
the complex analysis of statistically large data set adopted 
here does allow assessing variability of the parental CKD 
melts, although differentiation processes also can not be 
excluded as responsible for some additional scatter of the 
primitive rock compositions. 

The average primitive compositions for each volcano are 
shown in Table 3 and plotted versus inferred distance from 
the Pacific slab edge in Figure 5. As illustrated by the data, 
concentrations of major elements in the primitive magmas 
change very regularly along the CKD. Primitive rocks of 
Tolbachik volcano have exclusively basaltic compositions. 
SiO2 concentrations in primitive rocks become increas-
ingly variable to the north, and the average compositions 

change to andesitic in the Shisheisky complex. Primitive 
basalts occur in all localities, while primitive andesites 
were found only in the proximity to the inferred slab edge. 
Other major elements strongly correlate with SiO2 (Figure 
5, 6) so that the average and maximum SiO2 and Na2O in 
primitive rocks monotonously increase from south toward 
the slab edge, and FeO, TiO2 and CaO decrease. Al2O3 
tends to increase to the north except in magmas from 
Zarechny and Kharchinsky volcanoes, which have low 
Al2O3 concentrations. K2O concentrations do not vary sys-
tematically (Figure 5, 6). The lowest K2O was found in the 
Klyuchevskoy rocks, the highest in Zarechny, Kharchinsky, 
Shiveluch and Shisheisky rocks.

Occurrence of high-Mg# and primitive andesites is a 
distinctive feature of the CKD volcanoes. In global system-
atics of primitive andesites, the rocks have relatively low 
CaO, TiO2 but high Na2O, FeO and MgO at a given SiO2 
content compared to classic Adak-type primitive andesites 
from the Western Aleutian Arc and southern Chile [Kay, 
1978; Yogodzinski et al. 1995; Stern and Kilian, 1996; 
Bindeman et al. 2005] and are more similar to primitive 
andesites from Piip volcano in the Western Aleutian Arc 
[Yogodzinski et al. 1994] (Figure 6).

Primitive rocks of Nachikinsky volcano exhibit very scat-
tered compositions. Early Quaternary (?) high Mg# rocks 
of this volcano have andesitic and dacitic compositions 
and fall on extrapolations of trends defined by the CKD 
magmas from southern localities, having even more Si-rich 
and Fe-, Ca- and Ti-poor compositions (Table 3, Figure 
5). The Late Pleistocene high Mg# rocks of Nachikinsky 
volcano and primitive melt inclusions in olivine (Fo84–86) 
from these rocks [Portnyagin et al. 2003 and unpublished 
data] have low-Si, high-Ti and high-K trachybasaltic com-
positions (Table 3, Figure 5), which are unlike any other 
primitive magma in the CKD, and indicate distinct condi-
tions of magma generation beneath Nachikinsky volcano 
in the Late Pleistocene in comparison to the southern CKD 
volcanoes.

It is interesting to note that the compositional trends of 
the primitive CKD magmas are qualitatively very similar to 
those which can be inferred from the compositions of more 
evolved magmas as was previously suggested by [Volynets, 
1994] and on the global basis by [Plank and Langmuir, 
1988]. This is well demonstrated by the strong correlations 
between average compositions of primitive magmas and 
the compositions corresponding to MgO=6 wt%, derived 
from the compositional trends of all rocks from a particular 
volcano plotted versus MgO [e.g., Plank and Langmuir, 
1988] (Figure 7). These correlations demonstrate that, at 
least in the case of the CKD, compositional peculiarities 
of low-MgO rocks should be in many aspects inherited 

Table 3Table 3

Fig. 5Fig. 5

Fig. 6Fig. 6

Fig. 7Fig. 7
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from their parental magmas (see also [Grove et al. 2003; 
Kelemen et al. 2003a; Green et al. 2004]). Strongly calc-
alkaline low-CaO high-SiO2 low-Mg# andesites to dacites 
from the northern volcanoes (Shiveluch, Shisheisky), 
for example, might be derived from low-CaO and high-
SiO2 basalt andesitic parental melts [e.g. Volynets et al. 
1997], whereas tholeiitic trend of the southern volcanoes 
(Tolbachik, ushkovsky, Klyuchevskoy) toward relatively 
high-CaO low-SiO2 low-Mg# basalts and basaltic andesites 
implies predominantly high-CaO low-SiO2 basaltic parental 
magmas [e.g. Fedotov, 1983].

2.3. Trace Elements in Primitive Magmas

Trace element geochemistry of the northern Kamchatka 
lavas has been discussed in many publications over the 
past years [e.g., Kepezhinskas et al. 1997; Hochstaedter 
et al. 1996; Turner et al. 1998; Churikova et al. 2001; 
Dorendorf et al. 2000; Volynets et al. 2000; Münker et al. 
2004; Portnyagin et al. 2005a]. Here we briefly evaluate 
the systematics of selected trace elements (Ni, V, y, Zr, Nb, 
Sr, Ba) in primitive magmas, primarily because these ele-
ments span several geochemical groups (e.g., LILE, HFSE, 
rEE-proxy y) and thus allow us to constrain mass-balance 
models involving partial melting and fluid and melt flux-
ing. Additionally, analyses of these elements are relatively 
abundant in the literature, since they are routinely deter-
mined by XrF and their analytical precision is satisfactory. 
Our goal here is to assess along-arc variations of a range of 
trace elements, and to evaluate correlations of these trace 
elements with major elements in primitive lavas (Table 3, 
Figure 5 and 8).

2.3.1. Nickel. Concentrations of Ni are high in all primitive 
magmas (100–240 ppm in the volcano averages, Table 3) and 
do not correlate with major and incompatible trace elements 
(Figure 5). Primitive rocks from single volcanoes exhibit 
correlations of Ni and MgO (for example, Klyuchevskoy 
rocks) suggesting that our compilation of primitive rocks 
includes rocks differentiated to some extent. This variability 
in refractory elements, however, can be explained by minor 
(several percent) fractionation/accumulation of olivine and 
does not affect the major conclusions of this study. Note-
worthy, primitive andesites from the Shisheisky Complex 
have Ni content even higher compared to the majority of 
primitive basalts and basaltic andesites from the southern 
Klyuchevskoy and Tolbachik volcanoes (Figure 5, Table 1, 
3), which can not be explained by accumulation of olivine 
in the Shisheisky andesites, which are typically free of mag-
matic olivine phenocrysts and have significantly lower MgO 
content than primitive CKD basalts.

2.3.2. Vanadium and yttrium. Systematics of V, y (and 
heavy rEE: Dy through Lu; our unpublished data) in the 
primitive CKD magmas is very similar to that of TiO2. 
Concentrations of these elements correlate strongly with 
major elements (Si, Fe, Ca, and Na) along the arc strike. 
The highest V and y concentrations were found in the Tol-
bachik volcano lavas. Their concentrations decrease to the 
north, have minimum values in magmas of the Shisheisky 
Complex and then increase again in magmas of Nachikin-
sky volcano at the northern end of the volcanic belt (Figure 
5). Because Ti and V are compatible elements with Fe-Ti 
oxides and y is not compatible, the coupled behavior Ti, V 
and y precludes fractionation of Fe-Ti oxides as the main 
reason for the compositional variability in the CKD primi-
tive rocks. 

Fractionation between heavy rEE is rather weak in the 
majority of the CKD rocks [Portnyagin et al. 2005a]. Dy/yb 
in primitive basalts and andesites from the southern CKD 
volcanoes including Shiveluch volcanic group are similar 
and relatively low (1.7–2.0), yet slightly higher on aver-
age compared to N-MOrB (1.5–1.9 [Hofmann, 1988; Sun 
and McDonough, 1989]). Thus, primitive andesites from 
Kamchatka do not exhibit strong garnet signature in their 
rEE patterns unlike high-Mg# andesites from the neigh-
boring Western Aleutian Arc [Yogodzinski et al. 1995]. 
Primitive basalts and melt inclusions from Nachikinsky 
volcano have distinctively high Dy/yb (up to 2.5) indicat-
ing a greater role for garnet in their source compared to the 
southern CKD volcanoes [Portnyagin et al. 2005a].

2.3.3. Niobium and zirconium. Enrichment in Nb (up to 
60 ppm) and Zr (up to 250 ppm) is a characteristic feature 
of the most recent rocks and primitive melt inclusions 
from Nachikinsky volcano (Figure 5). They have high 
Nb/y (up to 1.4) and Zr/y (up to 14) exceeding those in 
typical MOrB [Hofmann, 1988; Sun and McDonough, 
1989] and suggest derivation from relatively fertile mantle 
sources (see also Figure 10). rocks from southern localities 
have significantly lower Nb (0.6–5 ppm) and also lower Zr 
(70–200 ppm) within primitive MOrB range. Among CKD 
rocks, the lowest Nb concentrations and Nb/y ratios are 
characteristic of Klyuchevskoy, Zarechny and Shiveluch 
rocks (Figure 5). rocks from the Shisheisky Complex and 
Tolbachik volcano have slightly higher Nb, although its 
concentrations are still far below those of the Nachikinsky 
rocks. Zr/y ratio (not shown) increases from the south 
towards the slab edge, reaching very high values in mag-
nesian andesites from the Shisheisky Complex (up to 11), 
almost as high as in Nachikinsky volcano. Some Kharchin-
sky rocks also have high Zr and Zr/y, which however do 
not correlate with the major elements.
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Figure 5. Along-arc variations of major and trace elements in primitive (Mg#>0.6) CKD lavas plotted versus inferred 
distance from the Pacific slab edge along the SW-NE arc strike. Labels at the top correspond to volcanoes: T—Tol-
bachik, u – ushkovsky, K—Klyuchevskoy, Z – Zarechny, Khr – Kharchinsky, Shv – Shiveluch, Shs – Shisheisky 
complex, Kha – Khailulia, N – Nachikinsky. Black dots are compositions of all primitive lavas; large open circles are 
volcano averages (see Table 3); oblique crosses are compositions of melt inclusions in primitive olivine (Fo86–88) from 
the most recent Nachikinsky lavas [Portnyagin et al. 2003 and unpublished data]; open square is average composition 
of the Nachikinsky melt inclusions (Table 3). Solid line connects volcano averages for the Late Pleistocene-Holocene 
compositions along the CKD. Labelled arrow shows evolution of compositions of Nachikinsky primitive magmas from 
Early Quaternary (Q1) through Late Pleistocene (Q3) [Portnyagin et al. 2005a]. The Pacific Plate is proposed to be torn 
along the Bering F.Z. [Davaille and Lees, 2004]. 
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2.3.4. Strontium and barium. rocks from the Klyuchevs-
koy Group have relatively low Sr concentrations (200–400 
ppm) and low Sr/y (10–20) (Figure 5, 8). rocks from 
more northern volcanoes are substantially enriched in Sr 

(400–1200 ppm) and have high Sr/y (up to 80) as was 
emphasized by many authors [e.g., Volynets et al. 1999; 
2000; Yogodzinski et al. 2001]. Thus, both Sr and Sr/y 
increase from the south towards the slab edge. This effect 

Figure 6. Variations of major elements in primitive (Mg#>0.6) magmas from Tolbachik, Klyuchevskoy, Shiveluch 
volcanoes and Shisheisky Complex. Fields are labelled as follows: “MOrB”—compositions of primitive Pacific MOrB 
compiled from PETDB web data base [PETDB, 2004]; “Piip” – high Mg# andesites from Piip volcano [Yogodzinski 
et al. 1994]; “W.Aleut.” – high Mg# andesites from the Kamchatsky Strait, Western Aleutian Arc [Yogodzinski et al. 
1995]; “Cook” – high Mg# andesites from Cook Island, Southern Chile [Stern and Kilian, 1996]; “Kam. veins” – thrond-
hjemitic veins in mantle xenoliths from Tymlat area on the isthmus of Kamchatka [Kepezhinskas et al. 1995, 1996]; 
“H-97” – water-saturated partial melts from fertile peridotite KLB-1 [Hirose, 1997]. Encircled “D” refers to the inferred 
composition of the primitive dacite component. Arrows denote general trends of the primitive CKD rocks.
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is evident even when comparing the most southern volca-
noes, Tolbachik and Klyuchevskoy, which have systemati-
cally different Sr/y (Table 3). We note, however, that the 
maximum Sr concentrations and Sr/y ratios were found 
in rocks from Kharchinsky volcano (Figure 5, 8), which 
do not have distinct major element compositions, being 
high-K basaltic andesites. Magnesian andesites from the 
Shisheisky Complex and Shiveluch volcano have some-
what lower Sr/y (~50) than Kharchinsky rocks but still 
significantly higher than rocks from the Klyuchevskoy 
Group. North of the slab edge, Nachikinsky rocks have on 
average similar Sr concentrations and slightly lower Sr/y 
ratios compared to the Shiveluch Group. Concentrations of 
Ba vary within a relatively narrow interval (200–600 ppm) 
in the majority of the CKD rocks. Exceptionally high Ba 
concentrations (up to 1500 ppm) and Ba/Nb (up to 600) 
are characteristic of rocks from Kharchinsky and Zarechny 

volcanoes (Figure 5, 8), which as noted above also have 
high Sr and Sr/y. Compared to the southern volcanoes, 
Nachikinsky rocks have slightly lower Ba concentrations 
and distinctively lower Ba/Nb (7–23) and Ba/Zr (0.7–2.5) 
approaching compositions of oceanic basalts [Portnyagin 
et al. 2005a] (Figure 8).

2.4. Oxygen Isotopes

Presently available data set on oxygen isotope composi-
tion of lavas and minerals from the northern segment of 
the Kamchatka arc includes about 100 published analyses 
[e.g., Pokrovsky and Volynets, 1999; Pineau et al. 1999; 
Volynets et al. 2001; Dorendorf et al. 2000; Bindeman et 
al. 2004; 2005; Portnyagin et al. 2005a]. In this study we 
focus on laser fluorination analyses of olivine crystals from 
primitive to intermediate lavas, which provide direct infor-
mation about the composition of mantle sources and are 
generally more precise (external precision is ~0.1‰) com-
pared to bulk rock analyses [e.g., Bindeman et al. 2004]. 
Amphibole analyses were also used for Shiveluch volcano 
and Shisheisky Complex. Amphibole has O isotope values 
0.2–0.4‰ higher than olivine with which it is in equilibrium 
at high temperatures of basaltic magmas, and the oxygen 
isotope compositions of olivine and amphibole differ only 
by this slight amount for magmas of similar compositions 
[Eiler, 2001; Bindeman et al. 2004]. New 22 analyses of 
olivine and amphibole from the CKD rocks obtained with 
the help of high precision laser fluorination technique are 
shown in Table 2.

The distinctive and spectacular feature of CKD mag-
matism is the large range of oxygen isotope compositions 
(δ18Oolivine = 5.1–7.2‰) and prevalence of compositions with 
unusually high 18O/16O compared to the majority of subduc-
tion-related magmas [e.g., Eiler et al. 2000] (Figure 8, 9). 
To our knowledge, these are the highest δ18Oolivine values 
measured to date. The lowest δ18Oolivine (5.1–5.2‰) in the 
northern Kamchatka, which are within the range of MOrB 
olivine compositions (5.0–5.4‰) [Eiler, 2001], were reported 
for olivines from Khailulia and Nachikinsky trachybasalts, 
which also have very low Ba/Nb, La/Nb and MOrB-like 
87Sr/86Sr [Portnyagin et al. 2005a]. Olivines separated from 
more evolved rocks of these volcanoes have higher δ18Oolivine 
(up to 5.8 ‰). Olivine and amphibole phenocrysts from 
southern CKD lavas have systematically higher δ18Oolivine 
than MOrB. Olivines from Tolbachik lavas exhibit relatively 
small range of compositions slightly higher than the MOrB 
range (δ18Oolivine = 5.4–6.0 ‰, Table 2). Compositions of 
olivine and amphibole from other volcanoes are highly scat-
tered. Particularly large range is observed for Klyuchevskoy 
volcano (δ18Oolivine = 5.8–7.2 ‰), where the oxygen isotope 

Fig. 8Fig. 8

Figure 7. Comparison of average compositions of primitive lavas 
(Mg#>0.6) and compositions at MgO=6 wt. % inferred from 
approximation of all data for every particular volcano [Plank and 
Langmuir, 1988]. Labels refer to volcano names as in Figure 5. 
Good correlations imply that differences in composition of evolved 
lavas are inherited from differences in their parental magmas. In 
particular, difference in the composition of parental magmas read-
ily explains contrasting tholeiitic (e.g., Tolbachik) and calc-alkaline 
(e.g., Shiveluch) trends as suggested previously by [Volynets et al. 
2000; Kelemen et al. 2003b; Green et al. 2004].
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composition of olivine phenocrysts appears to correlate 
with K2O, u, Ba, LrEE in the host lavas [Dorendorf et 
al. 2000]. High δ18Oolivine (6.4–6.5 ‰) were also reported 
for olivines from Zarechny and Kharchinsky volcanoes 
[Bindeman et al. 2005]. Compositions of amphibole and 
olivine from Shiveluch volcano [Bindeman et al. 2004; 2005] 
and Shisheisky Complex (Table 2) fall in the intermediate 
range (δ18Oolivine = 5.4–6.2‰, δ18Oamphibole = 5.5–6.4‰). 

When δ18O in minerals are plotted versus SiO2 in their 
host rocks, two distinct trends can be recognized (Figure 
9). Tolbachik, Klyuchevskoy, Zarechny, Kharchinsky and 
some Shisheisky high-Mg# (Mg# > 0.55) rocks define a 
steep trend toward extremely high δ18Oolivine (up to 7‰) at 
relatively low SiO2 ≤ 54wt%. Primitive to moderately frac-
tionated rocks from Shiveluch, Shisheisky and Nachikinsky 
volcanoes define a shallow trend of only slightly increasing 
δ18Oolivine (up to ~6 ‰) over a large increase in SiO2 (up to 
63 wt%). Both trends converge at low δ18Oolivine (5.2–5.4 
‰) and SiO2 (48–50 wt %) to values in the range of primi-
tive Nachikinsky rocks (Figure 9), characteristic of typical 
MOrB [Eiler, 2001].

2.5. Neodymium and Strontium Isotopes

Nd isotope ratios in the CKD rocks from the literature 
sources [Kepezhinskas et al. 1997; Dorendorf et al. 2000; 
Volynets et al. 2000; Churikova et al. 2001; Dosseto et al. 
2003; Portnyagin et al. 2005a; Bindeman et al. 2004; 2005] 
and obtained in this works (Table 2) fall within relatively nar-
row interval (143Nd/144Nd=0.51302–0.51316 excluding 4 anal-
yses), which is entirely within the range of typical values for 
the Pacific and depleted Indian MOrB (143Nd/144Nd>0.5130) 
(Figure 8). Along-arc variations in Nd isotope ratios are not 
systematic except for somewhat lower values compared to 
other volcanic complexes measured for Shisheisky lavas 
(0.51302–0.51308) and two new analyses of trachybasalts 
from Nachikinsky volcano (0.52974–0.52984). 

Available estimates for Nd isotope composition of sedi-
ments possibly subducting beneath Kamchatka range from 
~0.51234 [Plank and Langmuir, 1998] to 0.51264–0.51276 
[Duggen et al. 2006] depending on the amount of volcanic 
ash layers in the sedimentary columns assumed to derive the 
average sediment composition. These values are significantly 
less radiogenic compared to generally MOrB-like Nd-iso-
tope ratios in the CKD rocks. The bulk amount of subducted 
sediments involved in genesis of the most CKD magmas is 
therefore limited by 1–2 wt % or less, considering mantle 
– sediment melt mixtures [e.g. Kersting and Arculus, 1995; 
Kepezhinskas et al. 1997; Turner et al. 1998; Ishikawa et al. 
2001; Churikova et al. 2001]. Somewhat higher amount of 
sedimentary material compared to other volcanoes could be 

Fig. 9Fig. 9

Figure 8. Along-arc variations of trace element and isotope ratios 
in CKD rocks (all data including low-Mg# rocks). Symbols are the 
same as in Figure 5. range of MOrB compositions is after [Sun 
and McDonough, 1989; PETDB, 2004; Eiler, 2001]. Sr and Nd 
isotope data are from [Kepezhinskas et al. 1997; Dorendorf et al. 
2000; Volynets et al. 2000; Churikova et al. 2001; Dosseto et al. 
2003; Portnyagin et al. 2005a; Bindeman et al. 2004; 2005; and this 
study]. Laser fluorination O isotope data on olivine and amphibole 
separates are from this study and [Dorendorf et al. 2000; Bindeman 
et al. 2004; 2005]. Trace elements are from numerous sources (see 
reference list in the Supplementary Data Tables). 
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involved in the genesis of the Shisheisky Complex rocks, 
shifting 143Nd/144Nd to lower values. More quantitative esti-
mates of the amount of sediments involved in the genesis of 
the CKD magmas would be possible with data on Pb-isotope 
compositions of the CKD rocks, which is beyond the scope 
of this work. 

Sr isotope ratios reported in [Kepezhinskas et al. 1997; 
Dorendorf et al. 2000; Volynets et al. 2000; Churikova et al. 
2001; Dosseto et al. 2003; Portnyagin et al. 2005a; Bindeman 
et al. 2004; 2005] and from this study (Table 2) vary from 
MOrB-like for the northernmost Nachikinsky volcano 
(87Sr/86Sr =0.7028–0.7031) to significantly more radiogenic 
in rocks from the southern CKD volcanoes originating above 
the subducting Pacific Plate (87Sr/86Sr =0.7033–0.7038) 
(Figure 8). Overall, relatively radiogenic 87Sr/86Sr at given 
143Nd/144Nd in the majority of the CKD rocks compared to 
oceanic basalts (e.g. MOrB) were interpreted as reflect-
ing involvement of Sr-rich Nd-poor fluids from subducting 
altered oceanic crust in magma genesis beneath CKD [e.g. 
Kepezhinskas et al. 1997; Turner at al. 1998; Dorendorf et 
al. 2000; Churikova et al. 2001]

Tolbachik and ushkovsky rocks have relatively low 
87Sr/86Sr falling within narrow range (0.7033–0.7035). 
Klyuchevskoy rocks have systematically more radio-
genic Sr isotope compositions (0.7035–0.7037). Further 
to the north, the Sr isotope compositions scatter from 
the Tolbachik-like (~0.7033) to significantly more radio-
genic (87Sr/86Sr up to 0.7038 in some Shiveluch rocks). 
In general, volcanoes located at intermediate distances 
(60–100 km) from the inferred slab edge tend to have the 
most radiogenic Sr compositions, whereas Shisheisky 
rocks have intermediate compositions (0.7033–0.7036). 
Sr isotope ratios do not correlate with SiO2 (or other 
major elements) in primitive rocks (Figure 9). The most 
SiO2-rich primitive andesites from Shiveluch volcano 
and Shisheisky complex have relatively low 87Sr/86Sr 
(~0.7034–0.7035), whereas compositions of basaltic rocks 
from Zarechny, Kharchnisky and Shiveluch volcanoes are 
very scattered and extend to significantly more radiogenic 
values (0.7033–0.7038, Figure 8, 9). 

Two samples from Nachikinsky volcano (N45A, N44A, 
Table 2) have slightly higher 87Sr/86Sr (0.70330–0.70331) 
compared to other Nb-rich basalts from this volcano 
(~0.7029–0.7030) [Portnyagin et al. 2005a], which cor-
relate with relatively low 143Nd/144Nd (0.52974–0.52984). 
Compositionally these basalts are similar to some alka-
line basalts from the area nearby Ichinsky volcano in 
the Sredinny range [Churikova et al. 2001] and suggest 
involvement enriched (EM-1?) material in the genesis of 
some recent rocks from the northernmost volcanoes in 
the CKD.

Figure 9. Variations of 87Sr/86Sr (A) and δ18Oolivine (B) versus 
SiO2 concentrations in primitive to slightly evolved (Mg#>0.55) 
CKD rocks. The amphibole O-isotope analyses were converted 
to values in equilibrium with olivine by subtraction of 0.3 ‰ 
from the δ18Oamphibole values. Data sources are listed in the cap-
tion to Figure 8. Compositional field of depleted MOrB is after 
[PETDB, 2004; Eiler, 2001]. Encircled “D” refers to the inferred 
composition of the primitive dacite component in plot (A) and to 
the range of possible compositions in plot (B). Labelled curves 
demonstrate trajectories of mixing between the primitive dac-
ite melt component and (1) depleted MOrB and (2) primitive 
trachybasalt from Nachikinsky volcano (sample P-74-02 from 
[Portnyagin et al. 2005a]). The mixing trajectories coincide in 
the lower diagram. Tick marks correspond to 10% increment 
of the primitive dacite in the mixture. The mixing curves were 
calculated assuming the following compositions. MOrB: SiO2 
= 50 wt%, 87Sr/86Sr =0.7028, Sr = 90 ppm; dacite component: 
SiO2 = 64 wt%, 87Sr/86Sr= 0.7035, Sr = 600 ppm; Nachikinsky 
trachybasalt: SiO2 = 50 wt%, 87Sr/86Sr= 0.7028, Sr=579 ppm. 
Vertical arrow demonstrates expected compositional effect 
of f luid f luxed mantle melting and/or assimilation of mafic 
lithosphere. 
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3. DISCuSSION

3.1. Major Components in the CKD Magmas

Several previous works identified the major sources that 
contribute to the compositional diversity of the CKD mag-
mas to be (i) mantle wedge, (ii) subducting plate, and (iii), 
possibly, an overriding lithospheric plate [e.g., Kepezhinskas 
et al. 1997; Churikova et al. 2001; Münker et al. 2004; 
Dosseto et al. 2003; Bindeman et al. 2004; Portnyagin et 
al. 2005a]. The picture is however far from the quantitative 
understanding of the importance of these sources in creating 
compositional diversity of the CKD magmas. Thus, our first 
goal here is to identify the principle geochemical compo-
nents contributing to the CKD magmas, which would make 
possible to elucidate their sources and propose quantitative 
and predictive geochemical models explaining much of the 
geochemical variability in the CKD in terms of few compo-
sitional variables and processes. 

As evident from simple binary diagrams (Figure 6, 9), the 
major and trace element and Sr-Nd-O isotope variations of 
the primitive CKD magmas can be at first glance described 
in terms of three-component mixing. Much of the major 
element variations are explained by mixing of basaltic and 
dacitic primitive melts. Primitive basalts clearly require 
mantle source. The origin of the primitive dacitic compo-
nent introducing “adakitic” signature to the northern CKD 
rocks [e.g. Yogodzinski et al. 2001] is uncertain and should 
be specifically discussed. Third component(s) contributes to 
high K2O, Ba, Sr, 87Sr/86Sr and δ18O but has little or no effect 
on major and moderately incompatible (Ti, y, V) element 
contents. High Ba/Nb and 87Sr/86Sr suggest that this com-
ponent may be hydrous fluid derived from the subducting 
plate [e.g. Kepezhinskas et al. 1997; Churikova et al. 2001]. 
While extremely high δ18O in some CKD rocks suggest 
massive crustal assimilation [Bindeman et al. 2004]. Below 
we discuss the key compositional features of these major 
components and their possible origin. 

3.2. Mantle Component(s)

High Mg# and Ni content in primitive CKD rocks leave no 
doubts that their primary melts were derived from the mantle 
wedge or, at least, interacted with high-Mg# mantle peri-
dotite on their way to surface. Composition of the pristine 
mantle wedge below Kamchatka, that is mantle composition 
as it was before involvement in magma generation processes, 
has been discussed in numerous publications [e.g., Kersting 
and Arculus 1995; Turner et al. 1998; Kepezhinskas et al. 
1997; Churikova et al. 2001; Münker et al. 2004; Portnyagin 
et al. 2005a]. Most of these works focused on the isotope 

composition of the mantle wedge. Major and trace element 
composition of the mantle is more difficult to constrain 
because the estimates depend on the processes involved, 
and there have been few attempts specifically addressing 
this important question [e.g., Hochstaedter et al. 1996; 
Kepezhinskas et al. 1997]. 

In general, CKD basalts and, particularly, those from 
Tolbachik and ushkovsky volcanoes are similar to primitive 
MOrB in terms of major elements (Figure 6). High CaO, 
TiO2 and Na2O in these basalts suggest relatively fertile lher-
zolitic mantle beneath northern Kamchatka, which is similar 
to common MOrB source or even more fertile beneath the 
northernmost Nachikinsky volcano [Portnyagin et al. 2005a]. 
Melting of fertile (primitive mantle-like [McDonough and 
Sun, 1995]) to slightly Nb-depleted mantle beneath CKD is 
also in agreement with the Nb-y systematics in the primitive 
magmas (Figure 10). Significantly Nb-enriched sources are 
apparently required for parental Nachikinsky magmas. 

There appears to be little evidence for the large scale 
two-stage mantle melting proposed for the origin of the 
CKD magmas [e.g. Hochstaedter et al. 1996]. At least, the 
idea about re-melting residues after extraction ushkovsky 
magmas beneath Klyuchevskoy volcano [Hochstaedter et 
al. 1996] clearly does not meet our data (Figure 10). Parental 
magmas of these volcanoes can be produced by different 
degrees of melting of the same fertile source similar to the 
primitive mantle. Weather the residues of the plateau basalts 
in the basement of the Klyuchevskoy Group can serve as 
the source of the present-day magmatism [Churikova et al. 
2001] is difficult to assess with presently available data. 
In general, the variations of Nb at similar y in the average 
CKD compositions (except Nachikinsky magmas) can be 
explained by no more than ~1% of previous melt extraction 
from initially homogeneous and fertile source. This can read-
ily reflect initial mantle heterogeneity rather than multiple 
melt extraction beneath the CKD. 

On the other hand, assuming derivation of Nb entirely 
from the mantle wedge may be not valid for CKD where 
Nb-rich slab melts were likely involved in magma genesis 
[e.g. Kepezhinskas et al. 1997; Münker et al. 2004]. In this 
case, the composition of the CKD mantle wedge prior to 
subduction-related metasomatism, which variably enriched 
mantle wedge in Nb and other trace elements, could be more 
depleted than indicated by the composition of parental mag-
mas. This alternative explanation of compositional heteroge-
neity of the CKD magma sources is supported by decoupling 
Nb/Ta and Zr/Hf in the CKD rocks [Münker et al. 2004] 
and applied as working hypothesis in our work. On the 
basis of this data we assumed for all CKD volcanoes (except 
Nachikinsky) initially depleted mantle source of the same 
composition as estimated by [Workman and Hart, 2005] 

Fig. 10Fig. 10
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for the Average MOrB Mantle (AMM). Alternative esti-
mate for the CKD mantle wedge, for example, as “Depleted 
MOrB Mantle” by [Salters and Stracke, 2003] does not 
affect the major conclusions of the study, although absolute 
values of estimated parameters of magma origin (degree of 
melting, amount of enriched component etc.) are certainly 
model dependent. High concentrations of Nb, Zr and Ti 
in the Nachikinsky primitive melts require mantle source 
more enriched in incompatible trace elements (Figure 10). 

Quantitative modeling of these magmas was beyond the 
scope of this work and will be presented elsewhere.

With regard to the isotope data, all authors have agreed 
thus far that the CKD mantle wedge is compositionally 
similar to common MOrB asthenospheric mantle, based on 
the rather homogeneous and relatively radiogenic MOrB-
like Nd isotope ratios in lavas and mantle xenoliths [e.g., 
Kepezhinskas et al. 1997; Churikova et al. 2001]. The con-
clusion is further confirmed by the low 87Sr/86Sr (<0.7030) 
and δ18O (~5.2 ‰) in rocks from Nachikinsky and Khailulia 
volcanoes, which were derived from the mantle only weakly 
modified by subduction-related processes compared to 
the southern CKD volcanoes [Portnyagin et al. 2005a]. 
Although these northern CKD magmas originate from the 
mantle more enriched in trace elements than required for 
the majority of the CKD rocks (Figure 10), residues after 
extraction of a few percent melt from the Nachikinsky-type 
magma sources can potentially serve as the sources of the 
abundant subduction-related CKD magmatism. Therefore, 
isotope compositions of the Nachikinsky magmas can be 
informative of the CKD mantle wedge prior subduction-
related metasomatism and point to low 206Pb/204Pb (~18), 
low 87Sr/86Sr (<0.7030) and high 143Nd/144Nd (~0.5131) man-
tle wedge composition. Our new data (samples N44A and 
N45A in Table 2) suggest that slightly isotopically enriched 
mantle with EM-1 “flavor” could be also involved in the 
origin of the northernmost Nachikinsky magmas (Figure 
1B). There is, however, no evidence that enriched mantle 
sources contributed to the majority of subduction-related 
magmas in the southern CKD.

3.3. Primitive Dacitic Component

Presence of primitive high-SiO2 (dacitic or ‘adakitic’) com-
ponent is a distinctive feature of primitive magmas from the 
CKD, recognized and interpreted as such by most researchers 
[Volynets et al. 1997; 2000; Yogodzinski et al. 2001; Churikova 
et al. 2001; Münker et al. 2004]. We estimated the composition 
of this component by little extrapolating the compositional 
trends of primitive (Mg#>0.6) Shisheisky basalts, basaltic 
andesites and andesites to SiO2=64 wt% (Figure 6, 9, 11; Table 
3), that is, to the limit of real compositions of primitive rocks 
occurring in the Shisheisky Complex. unfortunately, trace ele-
ment data were not available for the most extreme magnesian 
andesites with SiO2=60–63 wt% (Table 1). Estimation of trace 
element content in the dacitic end-member was thus not as 
straightforward as for major elements and required some more 
extrapolation (e.g. Figure 11D). The estimated primitive dacite 
component (Table 3) has trondhjemitic composition with 
high Mg# (~0.68), Ni (70–150 ppm), SiO2 (~64 wt %), Na2O 
(~5.5 wt %), Al2O3 (~17 wt %), moderately high K2O (~1.6 

Fig. 11Fig. 11

Figure 10. Systematics of Nb and y concentrations in average 
compositions of primitive CKD magmas. Volcanoes are labelled 
as in Figure 5. Solid squares demonstrate compositions of differ-
ent mantle sources of oceanic magmas: depleted MOrB mantle 
(DMM), enriched MOrB mantle (EMM) and average MOrB 
mantle (AMM) [Workman and Hart, 2005]; depleted mantle (DM) 
[Salters and Stracke, 2004]; primitive mantle (PM) [McDonough 
and Sun, 1995]; primitive mantle plus 5% of average ocean island 
basalts (PM+5%OIB) [Sun and McDonough, 1989]. Trajectories 
of batch modal partial melting are calculated after [Shaw, 1970]. 
Curves labelled as “SpP” were calculated for DMM, PM and 
PM+5%OIB and refer to melting in spinel facies (ol:opx:cpx:
spl=57:28:13:2) and bulk partition coefficients 0.0034 (Nb) and 
0.088 (y) [Workman and Hart, 2005]. Shaded field labelled as 
“GaP” encloses melt compositions produced by mixing of melts 
from Nb-enriched PM+5%OIB source in garnet facies (ol:opx:
cpx:ga =53:8:34:5) [Salters and Stracke, 2004] and melts from the 
same source composition in spinel facies (as above); bulk partition 
coefficients for garnet peridotite were assumed 0.0047 (Nb) and 
0.26 (y) [Salters and Stracke, 2004]. The diagram is constructed 
in a way similar to the Nb-yb diagram by [Pearce and Parkinson, 
1993] and aimed at distinguishing source enrichment/depletion and 
variations in degrees of partial melting. In general, the approach 
provides a minimum estimate for the source depletion before melt-
ing because enrichment of mantle source in Nb can associate with 
metasomatism by slab-derived melts.
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wt %) and low FeO (~3.5 wt %), CaO (~3.5 wt. %), MgO (~4 
wt. %) and TiO2 (~0.4 wt %). The dacitic melt has low con-
centrations of y (~10 ppm) but high Zr (~120 ppm), Sr (~600 
ppm) and LILE (e.g., Ba~600 ppm). 87Sr/86Sr (~0.7035) is 
moderately radiogenic but somewhat lower compared to 
many basalts and basaltic andesites from the other parts of 
the CKD. Nd isotope composition (143Nd/144Nd~0.5134) is 
slightly less radiogenic than the majority of basaltic CKD 
rocks. Oxygen isotope compositions of amphiboles from 
Shiveluch and Shisheisky andesites, which approach the 
composition of the primitive dacitic component, scatter from 
MOrB-like (~5.2‰) up to ~6 ‰. 

Presence of amphibole in the Shisheisky complex primi-
tive andesites suggests hydrous nature of the dacitic compo-
nent. Assemblage of high Mg# orthopyroxene and amphibole 
in primitive Kamchatkan andesites could crystallize under 
water saturated conditions at 0.2–0.3 GPa pressure (5.5–6.5 
wt % H2O in melt) and temperature 940–960°C as demon-
strated in experimental study by Blatter and Carmichael 
[2001] on compositionally similar andesites from Mexico. 
Even higher H2O concentration (up to ~11 wt. % [Grove et 
al. 2003]) is required to stabilize amphibole with Mg# ~0.78 
on liquidus at inferred ∆fO2(NNO) ~ +2 for andesites from 
Shisheisky Complex (our unpublished data). Thus mineral-

Figure 11. Illustration of possible effects of mixing basalts and evolved rhyolitic melts on creating compositional pecu-
liarity of the Shisheisky Complex rocks. The compositions of the Shisheisky rocks are shown by solid circles (this study 
and [Pilipchuk et al. 2006]). The line of linear regression of the Shisheisky data is shown in plots C and D. Encircled 
“D” denotes inferred composition of the primitive dacite component. rhyolitic glasses from partially melted xenoliths 
from the Shisheisky complex rocks are shown by crosses. Fields of Tolbachik primitive basalts, rocks and interstitial 
glasses from Shiveluch volcano (typical calc-alkalic rock series) are shown for reference. rectangular field in plot B 
encloses composition of typical high SiO2 (>60 wt %) magmas of Kamchatka [Krivenko et al. 1990; this study]. Solid 
labelled lines denote mixing curves between the average compositions of primitive Tolbachik basalts (solid line), 
primary mantle melt (dashed line) and rhyolitic melts. Note that mixing primary basaltic magmas and rhyolites can 
hypothetically explain high Mg# and Ni/V (and Ni content) in the Shisheisky series. The mixing model cannot explain 
high Na2O and Sr in primitive andesites. 
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ogical data testify for highly hydrous nature of the primitive 
dacitic component with H2O=5.5–11 wt %.

Compositions which are most similar to the inferred primi-
tive dacite component were reported for metasomatic “ada-
kitic” veins from mantle xenoliths in the Miocene alkali 
basalts from the Kamchatka Isthmus [Kepezhinskas et al. 
1995, 1996]. These veins may therefore represent intrusive 
analogues of primitive dacitic melts “frozen” in the litho-
spheric mantle beneath northern Kamchatka. 

3.4. Origin of Primitive Dacitic Component by Crustal 
Processes

Several hypotheses have been proposed to explain the 
origin of high Mg# andesites and adakites in island-arc set-
tings, which may also be applicable to the origin of primitive 
dacitic component in the CKD magmas: (1) crystal fraction-
ation; (2) mixing of primitive basaltic melts and rhyolites, or 
assimilation of granitic rocks in basalts; (3) direct slab melt-
ing; (4) hydrous fluid flux mantle melting, (5) interaction of 
slab melts with the overlying mantle wedge [e.g., Kay, 1978; 
Defant and Drumond, 1990; Sen and Dunn, 1994; Hirose, 
1997; Yogodzinski et al. 1994, 1995; Kelemen et al. 1995; 
2003a,c; Blatter and Carmichael, 1998, 2001; Shimoda et 
al. 1998; Tatsumi, 1981, 2001; Tatsumi and Ishizaka, 1981; 
Tatsumi et al. 2003; Carmichael, 2002; Grove et al. 2002; 
2003; 2005; Bindeman et al. 2005]. 

Early crystallization of Fe-Ti oxides and/or amphibole 
from hydrous and highly oxidized magmas can drive frac-
tionating magma toward high SiO2 compositions without 
sharp decrease of Mg# [e.g., Moore and Carmichael, 1998]. 
The origin of primitive andesites from Shisheisky Complex 
through fractional crystallization of primitive basalts seems 
however unlikely because of several reasons. First, amphi-
bole and Fe-Ti oxides are not present among phenocrysts 
in primitive basalts and basaltic andesites from Shisheisky 
Complex, whose crystallizing assemblage consist of high-
Mg olivine, orthopyroxene, clinopyroxene and moderately 
oxidized chromium spinel (Cr/(Cr+Al)=0.60–0.78, Fe+3/
(Fe+3+Cr+Al)=0.1–0.2, our unpublished data). Amphibole 
together with orthopyroxene appears only in primitive andes-
ites at SiO2>58 wt % and is particularly common in low-Mg# 
evolved rocks. Second, all primitive Shisheisky rocks have 
extremely high Ni (up to 200 ppm, Table 1), Ni/V (Figure 
11B) and exhibit very weakly decreasing Mg# over large 
range of SiO2 (Figures 3 and 11) compared to typical calc-
alkaline trend of crystallization of Shiveluch rocks gov-
erned by early appearance of amphibole and Fe-Ti oxides 
on liquidus [e.g., Volynets et al. 1997]. And finally, massive 
crystallization of Fe-Ti oxides would lead to decoupling 
of Ti and V from other incompatible elements in primitive 

magmas (e.g. y, rEE), which is not the case for Shisheisky 
rocks with essentially identical Ti/y in basalts (230–300) 
and andesites (250–320).

Elevated δ18O and 87Sr/86Sr, quartz xenocrysts and some-
what unradiogenic 143Nd/144Nd in the Shisheisky andesites 
(Figure 8, 9) suggest that assimilation of continental-type (?) 
crustal material could be important process in their genesis 
[e.g. Bindeman et al. 2005]. In order to test this hypothesis, 
we consider here the simplest way to generate high Mg# 
andesites through mixing of primitive basalts of mantle ori-
gin and rhyolitic melts, which can originate either by exten-
sive fractionation of basaltic magmas or by partial melting 
of the Kamchatka crust (Figure 11). As examples of crustal 
rhyolitic melts, we use in the modeling the compositions of 
high-Si glasses surrounding partially melted/reacted with 
matrix melt quartz xenocrysts from Shisheisky rocks (Table 
1). As illustrated in Figure 11A, high SiO2 and Mg# in primi-
tive andesites can be indeed explained by mixing of primitive 
basaltic and rhyolitic melts as was also proposed for calc-
alkaline rocks world-wide [e.g. Brophy, 1987; Conrad et al. 
1983; Kay and Kay, 1985; Blatter and Carmichael, 1998]. 
The typical primitive basalts from Tolbachik volcano, which 
are among the most primitive in the CKD, however can not 
serve as an appropriate basaltic end-member for such mixing 
because Mg# of the Shisheisky rocks is even higher than in 
Tolbachik primitive basalts. In order to fit the mixing line 
with the Shisheisky compositions, the basaltic end-mem-
ber should have composition of primary mantle melt with 
MgO~14 wt% and Mg#~0.75 (Table 3). Similarly, high Ni 
content and high Ni/V, Ni/Sc etc. ratios in the Shisheisky 
andesites can only be explained if the rhyolitic melts mix 
directly with primary mantle melts with Ni~500 ppm and 
Ni/V > 1.5 (Figure 11B). Although the mixing of primary 
basaltic melts with crustal rhyolitic melts is hypothetically 
possible, the model however fails to explain high Na2O and 
Sr in the Shisheisky andesites (Figure 11 C, D). Appropriate 
rhyolitic melt end-member in such mixture fitting the trend 
of Shisheisky rocks should have Na2O up to 10 wt% and 
Sr up to 1000 ppm. rhyolites of such composition are not 
known in Kamchatka and can hardly be produced by crys-
tallization of basaltic magmas, which commonly involve 
plagioclase, or low-degree partial melting of plagioclase-
bearing crustal material (see also discussion in [Kelemen et 
al. 2003c]). Finally, it should be noted that perfect mixing 
of basaltic and rhyolitic melts might be improbable in nature 
[Campbell and Turner, 1985; Bindeman and Bailey, 1994; 
Blatter and Carmichael, 1998]. Assimilation of crustal mate-
rial is energy consuming process and should likely cause 
massive crystallization [e.g. Reiners et al. 1995; Bohrson 
and Spera, 2001], which is not observed in nearly aphyric 
andesites from Shisheisky complex.
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Although our detailed investigation identified some xeno-
genic material in the Shisheisky andesites (mantle olivine, 
quartz), the amount of the material is small (<1%) and was 
found only in large volume of crushed rock. We interpret 
the observations as evidence for rather rapid transport of 
the Shisheisky magmas through the crust, so that xenogenic 
material was not completely reacted with the host magma. 
Xenogenic, sometimes abundant crustal material was also 
described in basaltic magmas throughout the CKD [e.g. 
Fedotov, 1983]. Therefore, there is no reason to believe 
that the primitive andesites from the Shisheisky complex 
are different from other CKD rocks due to the presence of 
xenogenic material and they are contaminated much stronger 
as compared to other rocks in the CKD. 

Summarizing all observations above, we conclude that the 
processes of crustal fractionation, mixing and assimilation 
do not provide plausible explanation for the origin of the 
primitive dacite component in primitive CKD magmas and, 
in general, geochemical zonation along the CKD. 

3.5. Origin of Primitive Dacitic Component by Slab or 
Mantle Melting 

Alternative explanation for the origin of the primitive 
dacitic component is related to melting of the subducting 
Pacific Plate beneath Kamchatka [e.g. Yogodzinski et al. 
2001] (Figure 12). In particular, primitive dacite component 
is enriched in trace elements which are weakly soluble in 
hydrous f luids (e.g., Zr, Nb and also Th and LrEE, our 
unpublished ICP-MS data on Shisheisky andesites) [e.g., 
Tatsumi et al. 1986; Brenan et al. 1995; Keppler, 1996; 
Green and Adam, 2003]. These elements should be most 
likely transported in sediment- and/or basalt derived melts 
(or supercritical fluids) [e.g., Rapp et al. 1999; Johnson and 
Plank, 1999; Tatsumi, 2001; Kelemen at al. 2003a,c]. 

Our modeling indicates that the pattern of highly incom-
patible elements (K, Ba, Nb, Sr) in the primitive dacite com-
ponent can be indeed produced by ~5–10% partial melting 
of eclogite composed by 80% MOrB and 20% of local sedi-
ments (Figure 13A). High Mg# and Ni content however pre-
clude the dacite component from being a direct slab-derived 
eclogite melt as was also argued for high-Mg# andesites from 
the Aleutian Arc and elsewhere [e.g., Kay, 1978; Yogodzinski 
et al. 1994; 1995; Tatsumi 2001; Kelemen et al,. 2003a]. 
Moreover, the eclogitic melts are expected to have strong 
garnet signature (high Dy/yb, Ti/y) and significantly lower 
y, Zr and Ti contents compared to the inferred dacitic com-
ponent in the CKD magmas (Figure 13A). These geochemi-
cal features imply that processes of modification of slab 
melts on their way through mantle wedge should be involved 
in the origin of the dacitic component. Although pattern of 

highly incompatible elements in the dacitic component mim-
ics closely that of eclogite melts, less incompatible and major 
elements in the component may reflect re-equilibration of 
eclogite melts with mantle wedge. 

Limited interaction of eclogite melts with the mantle 
wedge was widely proposed to explain the origin of high 
Mg# andesites [e.g., Kay, 1978; yogodzinski et al. 1994, 
1995]. Melts leaving the subducting slab are however in 
compositional disequilibrium with the overlying mantle 
peridotite, and a critical aspect of eclogite melt – perido-
tite interaction is whether the eclogitic melts can survive 
below the wet solidus of peridotite, which is placed by 
different authors between ~800 and 1000°C at 2–3 GPa 
[Green, 1973; Wyllie, 1979; Thompson, 1992; Mysen and 
Boettcher, 1975; Grove et al. 2002; 2003]. The processes 
occurring at the slab-mantle interface are poorly known, 
and two different scenarios of the interaction between 
eclogite melts and mantle should be considered (Figure 
12): (i) all eclogite melt is exhausted during the reaction 
with mantle peridotite producing secondary olivine-free 
pyroxenite, and (ii) liquid never disappear during the reac-
tion with the mantle wedge but evolves toward equilibrium 
with mantle peridotite.

According to the first scenario, the likely fate of eclog-
ite melts, when they react with peridotite converting it to 
olivine- and melt-free high Mg# (garnet) pyroxenite, is 
“thermal death” [Yaxley and Green, 1998; Rapp et al. 1999; 
Kelemen et al. 2003c; Sobolev et al. 2005]. The hybridized 
mantle, consisting of “blobs” of pyroxenite, can be melted 
later through decompression or water-rich fluid flux, for 
example, resulting from the breakdown of serpentinites in 
the deeper portions of the subducting plate [e.g., Ringwood, 
1990; Rüpke et al. 2002]. Although we did not model quan-
titatively the conversion of mantle peridotite to olivine-free 
pyroxenite and subsequent fluxed melting of the secondary 
pyroxenite (high-Mg# eclogite), the process appears to be 
capable to produce appropriate high-SiO2 melts (primitive 
dacitic component) involved in the CKD magma origin. 
The partial melts from pyroxenite should be silica-rich 
like in the case of eclogite melting [e.g. Rapp et al. 1999]. 
The pattern of highly incompatible elements in secondary 
pyroxenite melts could be inherited from reacted eclogite 
melts but Mg# and Ni should be significantly higher com-
pared MOrB eclogite melting [Sobolev et al. 2005].

Following the second scenario of eclogite melt-mantle 
interaction, eclogitic melts leaving the subducting slab are 
proposed to react with the mantle wedge so that the liq-
uid never completely solidifies during the interaction and 
changes its composition towards basalt as the reaction pro-
ceeds [e.g., Yogodzinski et al. 1994; Tatsumi 2001; Kelemen 
et al. 2003a,c]. Eclogite melt – mantle interaction can gener-

Fig. 12Fig. 12

Fig. 13Fig. 13
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ate high Mg# and Ni content in the dacite component, while 
significantly increasing concentration moderately incompat-
ible elements (Ti, y, HrEE) and reducing initially high Sr/y, 
Zr/y and Ti/y ratios in the resultant melt [Tatsumi 2001; 
Kelemen et al. 2003a,c]. We were able to closely reproduce 
Ba, Nb, K, Sr, Na, Ti and y in the primitive dacite component 
by numerical simulation this kind of slab melt – mantle inter-
action (Figure 13B) and conclude that the dacite component 
can represent a product of limited interaction between mantle 
and eclogite slab-derived melts (see electronic Supplement 
Methods for details of modeling). An exception is high Zr 
concentration in the dacite component, which was not repro-
duced in our modeling and increased only slightly during the 
simulated mantle–eclogite melt interaction (Figure 13B). In 
order to explain high Zr concentrations in the dacite compo-
nent, eclogite melts reacting with mantle wedge should also 
have about 2–3 times higher concentrations of this element. 
It is possible that partition coefficients during slab melting 
beneath Kamchatka were significantly lower compared to 
those used in our modeling (compilation by [Kelemen et al. 
2003c]), or the composition of subducting plate was more 
Zr-rich than N-MOrB. If we assume that igneous component 
in the composite eclogite was enriched basalt with Zr~150 
ppm (~2 times higher than N-MOrB), like that recovered 
from Meiji and Detroit Seamounts [Regelous et al. 2003], 
closer fit between modeled composition and the dacite com-
ponent can be achieved.

Compositions of low to moderate degree partial eclogite 
melts at ~3 GPa pressures in presence H2O were shown to have 
andesitic to rhyolitic compositions with high Na2O, low CaO, 
MgO and FeO [e.g. Sen and Dunn, 1994; Rapp and Watson, 
1995, Proteau et al. 1999]. On the other hand, experiments 
demonstrated that primitive andesites with SiO2 up to 60 wt% 
can also be produced by direct melting of fertile peridotite 
under low temperature (<1150°C) water-saturated condi-
tions [e.g., Green, 1973; Hirose 1997; Hirose and Kawamoto, 
1995] or be in equilibrium with olivine and orthopyroxene 
under upper mantle conditions [Tatsumi, 1981; Baker et al. 
1994; Grove et al. 2003]. SiO2 in partial melts increases with 
increasing water pressure and source depletion [e.g. Falloon 
and Danyushevsky, 2000], and thus dacitic melts also could 
be produced by partial melting of mantle peridotite. The low-
temperature hydrous mantle melt compositions are broadly 
similar to eclogitic melts yet have higher Mg# reflecting equi-
librium with mantle minerals [Hirose 1997]. It seems therefore 
likely that eclogite-derived, hydrous and siliceous melts can 
approach equilibrium with mantle peridotite very quickly by 
little modification of their composition. Although the experi-
mental melts by Hirose [1997] have higher CaO, Al2O3 and 
lower Na2O, FeO and K2O compared to primitive andesites 
from Kamchatka (Figure 6), we suggest that the primitive 
dacitic melt (and the parental melts of all CKD volcanoes) 
could be in equilibrium with the mantle mineral assemblage 
(olivine + orthopyroxene ± clinopyroxene) at pressures of 

Figure 12. Schematic illustration of possible scenarios for magma generation beneath the CKD. Model 1 assumes reac-
tion of eclogite melts with mantle peridotite producing secondary high-Mg# pyroxenites in the mantle wedge, which 
are melted on later stage together with surrounding peridotite material. Model 2 suggests continuous reactive interac-
tion between eclogitic melts and mantle wedge peridotite. Hydrous eclogitic melt triggers mantle melting (model 2A) 
or, in alternative view, assimilates mantle material as the slab melt rises, heats and decompresses in the mantle wedge 
(model 2B). All models assume that some shallow assimilation may follow mantle melting and occurs in the overriding 
plate. Combination of different mechanisms of magma origin can certainly take place beneath the CKD. See further 
explanations in text.
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1–1.5 GPa, as has also been argued for magnesian andesites 
from Northern California, Japan and Mexico [e.g., Tatsumi, 
1981; Blatter and Carmichael 2001; Grove et al. 2003]. In this 
case, high SiO2 and low CaO, MgO, FeO, TiO2, y, V in the 
primitive dacite melt compared to partial melts from fertile 
peridotite [e.g., Hirose 1997; Hirose and Kawamoto, 1995; 
Gaetani and Grove, 1998] may indicate re-equilibration of 
eclogite melts with more depleted mantle [e.g., Falloon and 
Danyushevsky, 2000; Grove et al. 2003]. 

In summary, we favor the origin of the primitive dacite 
component due to slab melting followed by eclogite melt-
mantle interaction, which appears to explain both major and 
trace element composition of the dacitic component. In prin-
ciple, we can not exclude that the primitive dacite compo-
nent can also originate through melting of delaminated lower 
crustal blocks under mantle conditions or through melting of 
veined lithospheric mantle impregnated by eclogite melts [e.g., 
Kepezhinskas et al. 1995]. In this case, origin of the dacite 

Figure 13. results of modelling eclogite melting (Figure A) and eclogite melt – mantle interaction (Figure B). Eclogite 
melting was modelled assuming source composition composed by 90% NMOrB [Sun and McDonough, 1989] and 10% 
Kamchatkan sediments [Plank and Langmuir, 1998]. Eclogite mode was 59% pyroxene, 40% garnet, 1% rutile. Melting 
was assumed to be batch and modal. Partition coefficients are from compilation [Kelemen et al. 2003c]. Interaction of 
melt produced by 10% of eclogite melting with mantle peridotite was modelled using AFC model [De Paolo, 1981] at 
constant assimilation rate (Ma/Mc, mass of assimilated material per mass crystallized material) and different extent of 
the reaction expressed in the value of the liquid mass increase (M/Mo). Mantle composition was the Average MOrB 
Mantle (AMM) [Workman and Hart, 2005]. Bulk partition coefficients between melt and fertile peridotite are from 
compilation [Kelemen et al. 2003c]. Note similar concentrations of highly incompatible elements (Ba, Nb, K, Sr) in the 
primitive dacite component and eclogite melts of 5–10% of melting (plot A). Moderately incompatible elements (Zr, Ti, 
y) are systematically lower in the eclogite melts at any degree of melting and are buffered by residual garnet. Interaction 
of the eclogite melts with spinel peridotite (plot B) causes sharp increase in concentrations of moderately elements (e.g. 
Ti, y) and has little effect on concentrations of highly incompatible elements so that Sr/y, Zr/y, Ti/y decrease quickly 
at small increase of the liquid mass. Good coincidence of incompatible elements (except Zr, see text) in the primitive 
dacite component and modelled product of eclogite-melt-mantle interaction is approached at the liquid mass increase 
M/Mo=1.1.–1.25. See text and Supplementary Materials for more details and discussion.
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component may be not related to the ongoing subduction 
beneath CKD [e.g., Park et al. 2002]. This scenario is difficult 
to distinguish from processes of slab melt – mantle interaction 
outlined above. Moreover, crustal origin of the primitive dacite 
component fails to explain increasing amount of the dacite 
component toward the Pacific slab edge.

3.6. Fluid and/or Lithospheric Component(s) 

Slab-derived hydrous fluids enriched in incompatible ele-
ments (e.g., LILE, B, u) were proposed to play important 
role in generating CKD magmatism [e.g., Hochstaedter 
et al. 1996; Kepezhinskas et al. 1997; Turner et al. 1998; 
Dorendorf et al. 2000; Ishikawa et al. 2001; Churikova et al. 
2001]. Assessing the fluid component in the CKD magmas is 
however not straightforward and depends on assumption of 
elements and ratios which are informative about involvement 
of the slab fluids in magma genesis. 

The primitive dacite component (modified eclogite melt), 
which we favor in this study, has many compositional fea-
tures which are traditionally ascribed to hydrous slab-derived 
fluids (for example, high H2O, high LILE and low Nb con-
tent). Involvement of eclogite melts in magma generating 
processes is difficult to distinguish from addition of hydrous 
fluids (see also [Kelemen et al. 2003a]), and we demonstrate 
in the following chapters that hydrous fluids indeed might 
not be required to explain the composition of the majority 
of CKD rocks. Involvement of hydrous fluids might be only 
required to account for exceptionally high Ba/Nb (>250) and 
Sr/y (>60) in some rocks from volcanoes located at interme-
diate distances (50–100 km) from the slab edge (Figure 8).

Dorendorf et al. [2000] proposed that large amount of 
hydrous fluid might be responsible for unusually high δ18O 
in Klyuchevskoy rocks correlating with high K/Ti, u/Th, La/
yb. The amount of hydrous fluid (with δ18O~20‰) involved 
in magma generating processes must be in this case of the 
order of 10–20%. This large amount of fluid can hardly be 
reconciled with direct fluid-fluxed melting and should lead 
to an enormously high degree of melting (>30%) beneath 
CKD [e.g. Hirschmann et al. 1999; Eiler, 2000; Katz et al. 
2003]. This large amount of hydrous slab fluid was thus pro-
posed to be accumulated in the mantle over a long period of 
time without causing any melting. According to Dorendorf 
et al. [2000] model, the mantle was probably too cold to melt, 
and the accumulation of high δ18O fluid occurred through 
formation of hydrous minerals in the mantle wedge, which 
was re-heated and melted at a later stage. 

Alternatively, Bindeman et al. [2004; 2005] proposed the 
origin of high δ18O CKD magmas through assimilation of 
crustal material beneath Kamchatka. Because the high δ18O 
was found in very primitive magmas and high Fo olivines, 

the model requires assimilation of mafic crustal and/or 
mantle rocks, which would not strongly alter the composi-
tion of primitive magmas in terms of major elements (e.g., 
SiO2, FeO, CaO, Na2O). The majority of the Kamchatkan 
crust is Cretaceous mafic to ultramafic arc basement that 
was accreted to Kamchatka several million years ago [e.g., 
Kamenetsky et al. 1995; Konstantinovskaia, 2001]. These 
rocks, hydrothermally-altered by seawater, have high δ18O 
(up to 11‰ for mafic granulites and amphibolites, [Bindeman 
et al. 2004, and references therein] and thus could represent 
the common assimilant beneath CKD. The large amount of 
assimilation (up to 50%, see Figure 3 in [Bindeman et al. 
2005]) required by the model could be explained if abundant 
magmatism in the CKD caused abnormally hot conditions 
in the lower crust favoring extensive crustal assimilation by 
ascending primitive magmas [e.g., Reiners et al. 1995].

Delamination of lower crustal, high-δ18O basement due 
to subduction erosion [von Huene et al. 2004] or due to the 
corner mantle flow [Kelemen et al. 2003b] could also deliver 
the older arc blocks into the zone of magma generation as 
proposed in the Andes and other areas of thickened crust 
and slab-crust coupling [Kay et al. 2005]. A third possible 
explanation is that present-day volcanism in CKD occupies 
the former fore-arc of the Eocene-Pliocene volcanic arc 
of the Sredinny ridge of Kamchatka [e.g., Avdeiko et al. 
2002; Park et al. 2002]. Mafic rocks reworked by shallow 
high-δ18O slab-fluids in the former fore-arc region could be 
mobilized by the present-day magmatism beneath CKD. 

In summary, available data on the CKD rocks suggest that 
the importance of water-rich fluids in generating CKD mag-
matism might be overestimated. The key observation is that 
eclogite melts can explain many compositional features of 
the CKD magmas, which were traditionally ascribed to the 
involvement of hydrous fluids (e.g. high LILE/HFSE). Some 
other geochemical features can hardly be explained through 
mantle melting triggered either by eclogite melts or by hydrous 
fluids (for example, extremely high-δ18O in Klyuchevskoy 
magmas). Plausible explanation could be massive assimilation 
of hydrothermally altered mafic arc lithosphere beneath CKD. 
Significant contribution from the lithosphere to the budget of 
highly incompatible elements (e.g., u and Th) provides also 
elegant explanation for relatively small or no 238u excesses 
in the CKD rocks, which were previously interpreted as evi-
dence for unusually long time lapsed since fluid release from 
subducting plate [Turner et al. 1998]. 

3.7. Quantitative Multi-Component Models of CKD 
Magma Origin

3.7.1. General approach. The well established systematics 
of the end-member components contributing to the CKD 
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magmas can be parameterized using quantitative mass bal-
ance models, which describe variability of the magmas in 
terms of finite number of parameters and can be predictive 
for some other compositional parameters, which are dif-
ficult to estimate directly from analysis of rock samples (for 
example, water content in primary melts). unlike previous 
attempts to establish the mass balance between slab and 
mantle components in the CKD magmas [e.g., Churikova et 
al. 2001], our primary task here is to assess the contribution 
of mantle and dacite/eclogite melts to the composition of the 
magmas, because (as shown below) these components rather 
than f luids appear to exert the maximum control on the 
elemental budget. We account for the fluid and/or lithosphere 
contribution by difference between the measured concentra-
tion in primitive magma and estimated contribution from 
mantle and dacite melt.

Details of the modeling can be found in the Auxiliary 
material on the CD-rom accompanying this manuscript, and 
the main results are illustrated in Figures 14–17 and Table 
3. These models provide new quantitative constraints on 
the origin of the unusually voluminous and geochemically 
enigmatic magmatism in CKD and are instructive as for the 
evaluation of different petrologic models, as for explain-
ing the compositional differences between volcanoes. We 
intentionally limited our modeling to eight minor and trace 
elements spanning different geochemical groups: Na, Ti, Ba, 
Nb, Zr, Sr, K and y, because these element proxies display 
similar behavior to the rest of the elements in the periodic 
table, and serve as indicators of the degree of partial melting. 
We applied our models to the average compositions of primi-
tive magmas, which differ from the estimated primary melts 
equilibrated with olivine Fo91 by only 2–11% of olivine frac-
tionation (Table 3). This has small effect on concentrations 
of incompatible elements and thus results of our modeling 
are applicable to primary melt compositions.

Below, we consider two end member models that pres-
ent equal solutions to our mass balance modeling: mixing 
and reaction models. In both models, we can successfully 
account for the elemental balance by considering three major 
contributors to the magma compositions: mantle, dacitic 
component (derivate of eclogitic melt) and slab fluid (±litho-
sphere). relative inputs from mantle, dacitic component 
and slab fluid to the budget of trace elements and estimated 
parameters of mantle melting (degree of melting, amount of 
eclogitic melt, etc.) are highly dependent on the proposed 
petrologic scenario. 

3.7.2. Mixing or pyroxenite model (Model 1). The key obser-
vation that serves as the basis of this model is the wide range 
of major element concentrations in primitive Kamchatkan 
melts, which can be ascribed to simple mixing between primi-

tive basaltic and dacitic melts occurring in the mantle wedge 
or lithosphere (Figure 6). Basaltic melts are viewed to origi-
nate through fluid flux mantle melting. Dacitic component 
is considered to originate from non-peridotitic source such 
as secondary pyroxenite (see chapter 3.5), which could be 
melted simultaneously with mantle peridotite under hydrous 
fluid flux, for example, resulting from the breakdown of ser-
pentinites in the deeper portions of the subducting plate [e.g., 
Ringwood, 1990; Rüpke et al. 2002]. 

Schematic illustration of the “mixing model” is presented 
in Figure 12. Equations and detailed description is given in 
the Supplementary Materials. As a result of our modeling, we 
are able to parameterize the composition of primitive magmas 
in terms of degree of mantle melting (F) required to produce 
basaltic end-member, absolute amount of dacitic component in 
the mixture with basalt (y) and relative contribution of dacite, 
mantle and fluid (±lithosphere) to the trace element budget of 
primitive magma (Figures 14–15, Table 3).

This model predicts large contribution from mantle wedge 
and fluid (±lithosphere) for magmas from all volcanoes. 
Except for Shisheisky magmas, the model suggests that 
more than 50% of LILE (Ba, K, Sr) in the CKD magmas 
is accounted for by slab fluid (±lithosphere). Significant 
contribution from eclogitic melt (>20% of LILE, Na and 
Zr) is predicted for Klyuchevskoy, Zarechny, Shiveluch and 
Shisheisky magmas (Figure 14). According to the mixing 
scenario, the amount of dacitic component increases steadily 
towards the edge of the subducted plate from less than 5% in 
Tolbachik lavas up to 50% in Shisheisky lavas (Figure 15). 
This correlation is however pre-determined by the applied 
mass balance equations solved on the basis of SiO2 in the 
volcano averages. Degrees of mantle melting estimated with 
the mixing model range from ~4 to 8 % and tend to increase 
toward the slab edge or with decreasing depths to subducted 
plate (Figure 15).

3.7.3. Reaction or melt flux-melting mode (Model 2). This 
model suggests that primitive dacitic melt is a common 
component involved in mantle melting beneath all CKD 
volcanoes, which acts as trigger of mantle melting and prin-
ciple agent transferring a number of major (e.g., Na) and 
trace elements (e.g., LILE, rEE) from subducting plate to 
the mantle wedge beneath CKD (Figure 14). We suggest that 
the hydrous dacite melts originate through little modifica-
tion of eclogite melts as they enter mantle wedge above the 
subducted plate and migrate upward. A key consideration of 
this scenario is that the thermal gradient in the mantle above 
subduction zones is inverted and that the temperature of the 
melts increases as they rise and decompress. This reaction 
or melt flux-melting [Grove et al. 2002; 2003; 2005; Kele-
men et al. 2003a] results in increase of initial liquid mass 

Fig. 14Fig. 14

Fig. 15Fig. 15
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Figure 14. results of quantitative mass-balance modeling of the CKD primitive magmas. Estimated parameters of mantle 
melting (Model 1) are amount of dacite component in the mixture (“Dacite”, wt %) and degree of mantle melting (F, wt 
%); extent of eclogite melt—mantle interaction (Model 2) is characterized by the AFC rate (Ma/Mc) and the increase of 
the initial liquid mass (M/Mo). An excess of trace elements in the modeled CKD magmas over those provided by primi-
tive dacite component and depleted mantle, if it exists, is assigned to the contribution from fluid (±lithosphere). Note little 
contribution from fluid (±lithosphere) required to explain the composition of all CKD magmas by the reaction model 
(Model 2). Details of modeling can be found in Auxiliary material on the CD-rom accompanying this manuscript.
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and dilution of slab-derived components as dacite melt rises 
through the mantle wedge encountering shallower and hot-
ter mantle (Figure 13B). According to this scenario, the 
melt traversing inverted thermal gradient finds itself out of 
equilibrium with surrounding mantle. The major and trace 
element variability of the CKD lavas (Figure 6) can thus be 
explained by different extents of modification of the eclogite 
(or dacite) melts during interaction with the mantle wedge. 
The extent of the interaction could be largely controlled by 
the mantle temperature. The higher the average temperature 
in the mantle column, traversed by the dacitic melts, the more 
mantle material is assimilated by the eclogitic melts before 
magmas segregate beneath the colder lithosphere. 

We simulated dacite melt – mantle interaction in two 
ways: mantle AFC (Model 2A) or melt fluxed mantle melt-
ing (Model 2B) (see Supplementary Methods for details) 
[De Paolo, 1981; Kelemen, 1995; Kelemen et al. 2003c]. 
As a result, we are able to parameterize primitive magma 
compositions in terms of relative contributions from mantle, 
dacite (slab) melt and fluid ± lithosphere to the balance of 
trace elements in erupted magma and in terms of AFC rate 
(Ma/Mc) and increase of liquid mass (M/Mo) (model 2A) or 
degree of melting (F) and amount of dacite in the source (xd) 
(model 2B) (Figure 14–17, Table 3). Both models 2A and 
2B result in very similar balance between different compo-
nents in the composition of the primitive CKD magmas. The 
results of the melt flux-melting (model 2B) are therefore not 
graphically represented in Figure 14. 

The reaction model favors a very large contribution from 
dacitic melt to the budget of highly incompatible elements 

(>40% LILE, Nb, Na, Zr) for all volcanoes. Compositions 
of Tolbachik and Klyuchevskoy magmas were interpreted 
to originate through melting resulting from the f lux of 
hydrous fluids [e.g., Dorendorf et al. 2000; Ishikawa et al. 
2001; Churikova et al. 2001]. Our reaction model success-
fully reproduces Tolbachik and Klyuchevskoy compositions 
with very little contribution from fluid (±lithosphere) to 
the budget of LILE, which is dominated in this scenario by 
the dacitic melt (Figure 14). While we are the first to pro-
pose an eclogitic melt flux model for CKD magmatism, this 
model concurs nicely with slab melt-fluxing models offered 
for the neighboring Aleutians and elsewhere [Yogodzinski 
et al. 1994; 1995; Kelemen et al. 1995; 2003a and refer-
ences therein]. Furthermore, the slab melts can account 
for concentrations of highly fluid-mobile elements (e.g., B, 
Pb, u, Sb, As and H2O), if melting of slab material occurs 
under f luid f lux from deeper portions of subducted slab 
(for instance, from serpentinites [e.g., Ringwood, 1990; 
Ulmer and Trommsdorff, 1995; Rüpke et al. 2002]), and 
the highly fluid-mobile elements were initially transported 
by the hydrous fluids and inherited by the slab melts. Our 
preliminary data indicate however that the systematics of 
highly volatile element (e.g., B) is a bit more complex and 
decoupled from LILE [Ishikawa et al. 2001]. 

relatively high fluid (±lithosphere) input to the budget 
of LILE (>40% Ba, K and Sr) is estimated for Kharchinsky 
and Zarechny volcanoes (Figure 14), which have the highest 
87Sr/86Sr, Ba/Nb and elevated δ18O (Figure 8, 9). unlike the 
mixing model, this hydrous fluid-like enrichment [Eiler et 
al. 2000; Dorendorf et al. 2000] can be ascribed to previ-

Figure 15. Correlation of estimated parameters of magma generation beneath the CKD with distance from volcanoes to the 
edge of the subducting Pacific Plate. Note that strong correlation with the amount of dacite component in magma (Model 1) 
could be expected from the mass balance applied and existing correlation between SiO2 in average compositions and the 
distance from the slab edge to volcanoes. Other correlations were not pre-determined by the fitting procedure. 
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ous mantle metasomatism or more likely to assimilation of 
lithospheric material [e.g., Bindeman et al. 2004]. 

In a regional plate tectonic context, the reaction model reveals 
a strong negative correlation between increase of liquid mass 
(M/Mo) produced during reaction of eclogite-melt and peridotite 
and distance from the slab edge so that M/Mo~1.4 for Shisheisky 
Complex and ~2.3 for southern Tolbachik and ushkovsky vol-
canoes (Figure 15). Overall, amount of assimilation and amount 
of crystallization of mantle peridotite are comparable. The cal-
culated Ma/Mc ratios range from ~1.04 for Tolbachik magmas 
to ~1.08 for Zarechny volcano and generally tend to increase 
toward the slab edge (Figure 15) and correlate negatively with 
M/Mo (Figure 16A). Excellent correlations are found for the 
amount of melt mass increase (M/Mo) and major elements in 
volcano averages (e.g. SiO2, Figure 16B). The later correlation 
is particularly important and was not pre-determined by our 
modeling based on trace elements content. 

The model of mantle melting triggered by slab melt (model 
2B) reveals generally higher degrees of melting compared 
to the mixing model, which range from ~4% for ushkovsky 
up to 20% for volcanoes near the slab edge (Figure 15). 
The amount of the dacitic component varies from ~3% for 
ushkovsky up to ~13% for Kharchinsky volcano and cor-
relates strongly with the estimated degrees of melting and 
major element compositions (Figure 16 C, D). 

In summary, different petrologic scenarios and related 
numerical models can quantitatively explain the origin of 
the geochemical zoning along the CKD. On the basis of all 
observations, we tentatively favor the reactive interaction of 
eclogitic melts with the mantle wedge as the main process 
operating beneath CKD and causing the geochemical zona-
tion along the arc strike. We however do not exclude that 
mixing of pyroxenite and peridotite derived melts or combi-
nation of different mechanisms of slab melt- mantle interac-

Fig. 16Fig. 16

Figure 16. Correlations between parameters of eclogite melt—mantle interaction and major element composition (SiO2) 
of the CKD primitive magmas. Path of melt-fluxed melting predicted on the basis of MELTS modeling is shown after 
[Eiler, 2000]. Calculated rate of melt fluxed melting (β, which is the amount of mantle melt produced per amount of 
hydrous dacite melt flux to the mantle) is shown in the inset in figure C. Note that strong correlations with SiO2 (and 
presumably with all other major elements, Figure 6) were not pre-determined by our fitting procedure. These correla-
tions allow predicting major element composition in the primary CKD melts from modeling trace elements.
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tion is also possible. reconciling these scenarios requires 
better knowledge of the geochemical systematics of highly 
fluid mobile elements in magmas (e.g., H2O, B, As, Sb), as 
well as compositions of lower crust and lithospheric mantle 
beneath Kamchatka, timing of interaction between mantle 
and slab melts, and potentially important role of high Mg# 
pyroxenitic sources in magma generation. 

Noteworthy, negative correlation between TiO2 and Na2O 
observed in the CKD and in primitive arc lavas worldwide 
[Kelemen et al. 2003a] can hardly be explained by the man-
tle melting fluxed with solute-poor water-rich fluid [e.g. 
Tatsumi et al. 1986; Eiler et al. 2000] or due to simple pro-
cess of bulk assimilation of mantle peridotite by slab melts 
[Yogodzinski et al. 1994]. These correlations can however be 
readily explained with both models proposed in this study. 
According to the reaction model, 40 to 90 % of Na2O in the 
CKD magmas is slab-derived (Figure 14). This element can-
not be regarded as immobile and mantle-derived in the case 
of the CKD magmatism and also in many other volcanic arcs 
[Pearce and Peate, 1995; Kelemen et al. 2003a]. Estimation 
degrees of mantle melting on the basis of widely adopted 
approach employing Na2O concentrations normalized to 
MgO=6 wt% [Plank and Langmuir, 1988] maybe not a good 
approach in this case and would lead erroneous conclusions. 
Heavy rEE, y, V are poorly soluble in both slab-derived 
melts and fluids [e.g., Brenan et al. 1995; Ayers et al. 1997; 
Stalder et al. 1998; Rapp et al. 1999; Johnson and Plank, 
1999; Prouteau et al. 2001; Green and Adam, 2003] and 
should provide more reliable information about degrees of 
partial mantle melting in subduction zones. 

3.8. Where and why Does the Slab Melt Beneath the CKD?

With respect to the common presence of eclogitic melt 
component in the CKD lavas, which make the lavas very 
distinctive in Kamchatka, previous workers suggested rather 
sharp change in conditions of magma generation along the 
CKD from fluid-dominated beneath Klyuchevskoy volcano 
to slab-melt-dominated beneath Shiveluch volcano [e.g., 
Volynets et al. 2000; Kepezhinskas et al. 1997; Yogodzinski 
et al. 2001; Churikova et al. 2001; Münker et al. 2004]. Our 
results show that maximum contribution from slab melting 
is indeed observed for lavas originating above the proposed 
slab edge. There is however no sharp change in the composi-
tion of lavas along the arc strike and virtually all lavas in the 
CKD require variable amount of the dacitic (eclogitic melt) 
component involved in their genesis. Moreover, an estimate 
of the absolute amount of the slab melt involved in the CKD 
magma genesis depends on the estimated total magmatic flux 
through the Moho along the CKD, which is currently some-
what uncertain [Fedotov and Masurenkov, 1991; Ponomareva 

et al. 2007a]. Given the magmatic productivity tends to 
decrease to the north (from Klyuchevskoy to Shiveluch) and 
is clearly vanished above the slab edge (Shisheisky Complex), 
the amount of slab melting maybe broadly the same beneath 
all CKD volcanoes or, at least, does not drastically vary along 
the CKD. In our opinion, these observations have fundamental 
importance and should be explained by any plausible model 
on the origin of CKD magmatism. 

Melting of relatively fast subducting ~90 Ma old Pacific 
Plate beneath northern Kamchatka is generally not expected 
from the thermal models of subduction zones established 
at the end of the last century [e.g., Davies and Stevenson, 
1992; Peacock et al. 1994]. To reconcile these models with 
the occurrence of adakitic lavas in Kamchatka, Yogodzinski 
et al. [2001] proposed that the slab melts at its edge, which is 
exposed to heating by the surrounding hot mantle. However, 
Davaille and Lees [2004] showed recently that the conduc-
tive heating alone cannot account for the seismic obser-
vations beneath northern Kamchatka and is not efficient 
enough to heat the subducting slab at significant distances 
from its edge. It is therefore difficult to explain a significant 
contribution from slab melting for volcanoes located up to 
170 km to the south from the slab edge by the model employ-
ing highly localized slab melting at its edge. 

On the other hand, recent models of the thermal state of the 
mantle wedge in subduction zones invoking strongly tempera-
ture and stress dependent mantle viscosity suggest that the 
mantle wedge above subduction zones could be hot enough 
to provide sufficient heating to melt sediments and/or basalts 
in upper parts of the subducting plates beneath volcanic arcs 
worldwide [e.g., Furukawa, 1993; van Keken et al. 2002; 
Conder et al. 2002; Kelemen et al. 2003c; Peacock et al. 
2005; Manea et al. 2005; 2007]. Adopting these models to 
Kamchatkan magmatism allows slab melting beneath all vol-
canoes in Kamchatka, not only beneath CKD [Manea et al. 
2005]. The recent models can thus explain occurrence of slab 
melts at far distances from the slab edge but do not explain 
why magmas with strong slab melts signatures are particularly 
abundant in the CKD compared to southern Kamchatka. 

Here we propose that some other concurring factors facili-
tate slab melting and/or favor production of high-SiO2 primi-
tive magmas beneath the CKD compared to other localities 
in Kamchatka. These factors could be (1) anomalously hot 
subducting plate, (2) short and cold mantle wedge columns 
at the slab edge.

To explain the high heat f low from the sea-f loor off-
shore northern Kamchatka (>80 mW/m2 [Smirnov and 
Sugrobov, 1980]) and absence of deep (>200 km) subduc-
tion related earthquakes beneath the northern Kamchatka, 
the Pacific plate entering the northern part of the Kuril-
Kamchatka trench was proposed to be thermally thinned 
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[Gorbatov et al. 1997; Davaille and Lees, 2004; Manea et 
al. 2006]. Apparent “thermal” age of the Pacific Plate at 
the Kamchatka-Aleutian junction was estimated as 30–40 
My, that is 2–3 younger than the real Cretaceous (~90 My) 
age of the subducting oceanic crust. In this respect, the 
northern part of the Kamchatka arc is quite different from 
its southern part, where the subducting oceanic plate is 
characterized by the lower heat flow (40–60 mW/m2) well 
corresponding to the age of ~90 Ma [Gorbatov et al. 1997]. 
Whatever the reasons for the thermally young Pacific Plate 
at the Kamchatka-Aleutian junction, this can be an impor-
tant, if not a crucial, factor in facilitating partial slab melt-
ing beneath the entire northern segment of the Kamchatka 
Arc. Additionally, because of the higher temperatures in 
the interior of the Pacific Plate subducting beneath CKD, 
it can be more hydrated than cold oceanic plate to the south 
providing particularly abundant f luid release proposed 
beneath the CKD [Ishikawa et al. 2001; Dorendorf et al. 
2000; Churikova et al. 2001]. 

3.9. Thermal State of Mantle Beneath CKD

Given that slab melting may not be restricted to the slab 
edge, one can suggest that some other factors may cause 
preferential preservation and appearance of magmas with 
strong eclogite melt signatures in the proximity of the slab 
edge. It seems that particularly important factors govern-
ing the composition of erupted arc magmas are length and 
thermal state of mantle wedge columns involved in magma-
tism [Plank and Langmuir, 1988; Kelemen et al. 2003c]. In 
order to make quantitative constraints on the thermal state 
of the mantle wedge beneath CKD, temperature of primary 
melts should be estimated. This estimate however depends 
dramatically on the amount of water in the inferred paren-
tal magmas [e.g., Hirose, 1997; Gaetani and Grove, 1998; 
Falloon and Danyushevsky, 2000]. 

The water content in parental CKD magmas is poorly 
known [Sobolev and Chaussidon, 1996; Khubunaya and 
Sobolev, 1998; Portnyagin et al. 2007]. In order to estimate 
it for all volcanoes, we applied here the ability of our models 
to predict compositional parameters of parental melts, which 
were not determined on the basis of whole rock composi-
tions, for example, water content. Mineralogical data suggest 
that the H2O concentrations in the primitive dacite compo-
nent could be as high as 5.5–11 wt% (on average ~8 wt %). 
using this average estimate for the dacite component, we 
can predict H2O concentrations in all parental CKD magmas 
and their sources by using parameters of dacite melt – mantle 
interaction independently estimated from the concentrations 
of non-volatile elements (Figure 14–15, Table 3). The results 
are illustrated in Figure 17 and Table 3. 

Average concentrations of H2O in parental CKD magmas 
and their mantle sources are predicted to increase from 
the most southern Tolbachik and western ushkovsky vol-
canoes (2.5–3 wt% H2O in the parental melts, ~0.2 wt% 
H2O in the mantle) toward the slab edge and reach the 
highest values in the Shisheisky primitive melts (~5.5 wt% 
H2O in the parental melt, ~0.9 wt% H2O in the mantle). 
These estimates are broadly similar to the directly mea-

Fig. 17Fig. 17

Figure 17. Correlations between predicted concentrations of H2O 
in parental CKD magmas (A), H2O in their mantle sources (B) and 
temperature of the parental melts at the base of the crust (C) with 
the distance from the slab edge. Gray rectangles encounter directly 
estimated concentrations of H2O for primitive melts of Tolbachik 
volcano [Portnyagin et al. 2007], Klyuchevskoy volcano [Sobolev 
and Chaussidon, 1996; Khubunaya and Sobolev, 1998; Portnyagin 
et al. 2007] and H2O concentrations in evolved (and likely degassed 
[Blundy et al. 2006]) Shiveluch melts [Tolstikh et al. 2003]. 
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sured water content in primitive melt inclusions in olivine 
from Tolbachik and Klyuchevskoy volcanoes (up to 3 wt% 
[Sobolev and Chaussidon, 1996; Khubunaya and Sobolev, 
1998; Portnyagin et al. 2007]). Predicted H2O~4 wt% in 
the average Shiveluch parental melt appears to be in agree-
ment with up to 7 wt% of H2O measured in evolved dacitic 
to rhyolitic melt inclusions in plagioclase from Shiveluch 
andesites [Tolstikh et al. 2003; Blundy et al. 2006]. 

By using these H2O estimates, we are now able to calculate 
“wet” temperatures of the CKD mantle sources assuming that 
the parental CKD magmas were in equilibrium with the mantle 
below the crust (Table 3). These temperatures monotonously 
decrease toward the slab edge and range from ~1300°C for 
Tolbachik and ushkovsky volcanoes to ~1220°C for Shisheisky 
Complex (Figure 18) in qualitative agreement with thermo-
mechanical modeling of subduction and mantle wedge beneath 
CKD [Manea et al. 2006] also predicting decrease of the aver-
age mantle temperatures toward the slab edge.

We concluded previously that all parental CKD magmas 
including the most SiO2-rich andesites could be in equilibrium 
with mantle peridotite. The major element systematics of the 
CKD magmas can be therefore explained by variations of 
mantle temperatures, at which eclogite melts were re-equili-
brated with mantle material (Figure 18). The mantle wedge 
temperature can also control the amount of peridotite mate-
rial assimilated by hydrous eclogite melts. In other words, we 
propose here that primitive andesitic melts with strong eclogite 
melt signature formed near the slab edge originate through re-
equilibration of eclogite melts with relatively low temperature 
mantle wedge. The reaction involved small amount of assimi-
lated peridotite and resulted in strong eclogite melt signature 
in primary magmas. Higher mantle temperatures further 
south from the slab edge caused more peridotite material to 
assimilate and resulted in less hydrous basaltic primary melts 
with more diluted eclogite melt signature. In some aspects this 
model is similar to that proposed by Kelemen et al. [2003a,b] 
for island-arc magmas world-wide.

Variability of the primitive magmas compositions in the 
CKD increases toward the slab edge (Figure 5) and can 
be likely related to the length and to the possible thermal 
heterogeneity of the mantle columns beneath volcanoes 
(Figure 18). According to our model, the whole range of melt 
compositions may be present in the mantle wedge beneath 
all volcanoes in the CKD. Short mantle columns near the 
slab edge may however favor rapid extraction of various 
primary melts from high- and low-temperature parts of the 
mantle wedge and their limited homogenization on the way 
to surface. This can explain why high-temperature (basaltic) 
and low-temperature (andesitic) primitive magmas occur in 
the CKD in the same localities and were erupted over short 
interval of time (for example, in Shisheisky Complex). In 

contrast, long and hotter mantle columns to the south (Figure 
18) result in extensive interaction of eclogite melts with 
mantle peridotite, effective mixing of magmas from dif-
ferent parts of the mantle column and eruption of low-SiO2 
basalts and basaltic andesites of small compositional range 
(for example, Tolbachik volcano). 

One of the interesting conclusions from our modeling is 
that amounts of water in magmas and their sources are lower 
for the most productive CKD volcanoes (Klyuchevskoy 
Group) compared to less productive volcanoes near the slab 
edge (Figure 17). It seems that enhanced volcanic productiv-
ity along the CKD correlates rather with the highest mantle 
temperatures, the longest mantle columns and, possibly, with 
mantle fertility beneath the CKD. Although the magnitude 
of the water-bearing fluid and/or melt flux from subducting 
plate might be important factor contributing to the magmatic 
flux through the Moho and the composition of arc magmas 
[e.g. Tatsumi et al. 1985], the thermal and compositional 
structure of the mantle wedge appear to exert primary con-
trol on the composition and volumes of erupted magmas in 
the CKD and world-wide [e.g., Furukawa, 1993; Tamura et 
al. 2002; Kelemen et al. 2003b; England et al. 2004]. 

In summary, due to the pronounced change in physical 
parameters of magma generation at the Kamchatka-Aleutian 
junction, the Kamchatka Arc may represent rather unique 
place in the world where transition from “cold” (=hot mantle) 
subduction zone, favoring generation of basaltic parental 
magmas in the mantle wedge, to “hot” (=cold mantle) subduc-
tion zone with common high-Mg# andesites [e.g. Kelemen et 
al. 2003a], occurs over ~170 km along the arc strike. Partial 
melting of the subducting Pacific Plate may however be impor-
tant process beneath all volcanoes in the CKD and not only 
restricted to the edge of the subducting plate.

3.10. Recent Transition to Oceanic-Type Magmatism in 
Northern Kamchatka

The discussion above referred to the largest CKD vol-
canoes exhibiting strong subduction-related signatures. In 
this respect, lavas erupted from the northernmost volcanoes 
in Kamchatka arc, Nachikinsky and Khailulia, are clearly 
different from typical arc-type rocks and are more similar 
to magmas originating in oceanic settings. The specific 
features of these magmas are low LILE/HFSE and LrEE/
HFSE (e.g., Ba/Nb, La/Nb), MOrB-like 87Sr/86Sr and δ18O, 
which suggest minimal to negligible amounts of slab-derived 
components (fluid or melt) in their sources. The HFSE and 
LrEE enrichment and high Dy/yb of the northern rocks are 
consistent with derivation through low-degree melting of 
fertile garnet-bearing mantle at temperatures well exceeding 
1300°C (Table 3) [Portnyagin et al. 2005a]. 

Fig. 18Fig. 18
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The prominent change in geochemistry of lavas erupted at 
the northern end of the CKD arc correlates with geophysical 
data indicating that the Pacific slab is subducting beneath the 
Klyuchevskoy and Shiveluch volcanic groups and that neither 
a remnant of the Komandorsky Plate nor part of the Pacific 
Plate underlies northern Kamchatka [Levin et al. 2002]. 
Therefore, as was argued by [Portnyagin et al. 2005a], the 
abrupt shift in geochemistry of lavas at the northern end of 
the CKD can be generally ascribed to the absence of a sub-
ducting slab, the ultimate source of water-bearing melts or 
fluids triggering arc magmatism, beneath the Nachikinsky 
and Khailulia volcanoes (Figure 18). Moreover [Portnyagin 
et al. 2003; 2005a] demonstrated that the principle mecha-
nism of magma generation in this region is also different 
compared to Klyuchevskoy and Shiveluch volcanic groups, 

being closed-system, pressure-release (decompression) melt-
ing of fertile peridotite.

What could be the reasons for mantle decompression 
beneath northern Kamchatka? Levin et al. [2002] pro-
posed two episodes of slab detachment and loss beneath 
Kamchatka. The detachment of the Komandorsky Plate 
(5–10 My ago), subducted previously beneath north 
Kamchatka, correlates with the late Miocene transition 
from arc-type to alkaline oceanic-type volcanism in the 
Kamchatka Isthmus [Kepezhinskas et al. 1997]. Later 
detachment of a fragment of the Pacific Plate (~2 My ago) 
could have been responsible for triggering mantle upwell-
ing and decompression melting beneath the northern part of 
the CKD, as deeper mantle filled the void left by the sink-
ing slab fragment [Hole et al. 1991]. Effective extraction of 

Figure 18. Geodynamic models of primary magma origin along 
the CKD. Schematic distribution of temperatures in the mantle 
is shown by gradations of grey; darker grey tone corresponds to 
hotter temperature. Characteristic feature of the mantle wedge is 
inverted thermal gradient above the subducting Pacific Plate. Nor-
mal gradient is proposed to characterize mantle column beneath 
Nachikinsky volcano to the north of the slab edge. The temperature 
field is qualitatively similar to numerically predicted by Manea et 
al. [2007]. (A) Mixing model suggests that major and trace ele-
ment zoning along the CKD originates due to mixing of basaltic 
and dacitic melts, which originate from fluid-fluxed melting of 
hybrid mantle consisting of pyroxenite “blobs” in peridotite matrix. 
The pyroxenite is proposed to form through reaction between 
mantle wedge and eclogitic melts at shallow mantle depths. Abso-
lute amount of pyroxenite involved in melting could be similar 
beneath all volcanoes but their relative amount compared to mantle 
increases toward the slab edge. (B) reaction model implies that 
slab melting occurs beneath all volcanoes and could be particularly 
abundant at the slab edge. Eclogite melts leave the slab and interact 
with the mantle wedge on their rise according to the AFC or flux 
mantle melting scenario. The average extent of this interaction 
and increase of liquid mass as expressed in the average composi-
tions of erupted primitive magmas correlate with the length of 
mantle column, distance from the slab-edge and the thermal state 
of the mantle wedge. Extent of this interaction is larger beneath 
the southern Klyuchevskoy Group volcanoes and smaller beneath 
the northern Shiveluch Group. Short mantle columns can favor 
incomplete mixing between magmas originating in different parts 
of the mantle wedge and can explain larger variability of primitive 
magmas toward the slab edge. Magmas to the north of the slab edge 
are thought to originate due to short-lived upwelling and decom-
pression melting of fertile mantle. The upwelling could be caused 
by detachment of slab fragments as discussed in the text. All mag-
mas in the CKD could also interact with the shallow lithosphere. 
The assimilation of lithospheric material could be particularly large 
beneath the largest and highly active Kamchatkan volcanoes, where 
lithosphere could be hotter and melted more easily.
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deep mantle melts from residual mantle could be facilitated 
in the case of northern Kamchatka by rapid channeling 
along deep portions of the Alpha Fracture Zone. Thus, the 
mantle upwelling driven by the slab detachment was likely 
a short-lived process, produced very small amounts of 
magmas and magmatism in northern Kamchatka appears to 
be decreasing. replacement of the subarc mantle with hot 
and fertile mantle from depth could however have enhanced 
melt production beneath the Klyuchevskoy and Shiveluch 
volcanoes [Park et al. 2002; Levin et al. 2002; Portnyagin 
et al. 2005a].

The tectonic model described above is applicable to the ori-
gin of the most recent magmas in northern Kamchatka. Older 
rocks from Nachikinsky volcano are significantly less HFSE-
enriched, medium-K rocks including high Mg# andesites and 
dacites. The origin of these rocks cannot be explained solely 
by crustal AFC from parental HFSE-enriched magmas unless 
the mass of assimilated crustal material highly exceeds the 
mass of crystallized melt [Portnyagin et al. 2005a]. More 
likely, the arc-type magmas originated from melting of slab-
fragments and/or subduction-modified mantle that survived 
beneath the northern end of CKD into the Quaternary. The 
decrease of the subduction-related signature with decreas-
ing age in the rocks from Nachikinsky volcano could reflect 
replacement of a subduction-modified mantle wedge with 
unmodified asthenosphere and thermo-mechanical erosion 
of the subducting Pacific slab edge. We speculate further 
that the erosion might progressively remove material from 
the slab edge shifting the physical boundary of the slab to the 
south. The process might affect conditions of magma genera-
tion beneath the entire northern segment of the Kamchatka 
arc, and the temporal changes can likely be assessed through 
detailed geochemical studies.

4. CONCLuSIONS

The key observations from our work are regular geochemi-
cal changes along the northern segment of the Kamchatka 
Arc, which were established for major and trace elements, 
radiogenic (Sr) and stable (O) isotope ratios in primitive 
(Mg#>0.6) lavas. The geochemical zoning can be explained 
in light of the recent geophysical data suggesting that the sub-
ducting Pacific Plate is torn beneath the Central Kamchatka 
Depression. Extension of the Bering F.Z. in Kamchatka 
divides the CKD into two parts, southern and northern, 
where conditions of magma generation change from subduc-
tion-related in the south to non-subduction-related (intra-
plate- or oceanic-like) in the north.

recent magmas erupted north of the Bering F.Z. have 
very weak to negligible contributions from subducted mate-
rial and originate through decompression melting of fertile 

mantle peridotite. Detachment of a fragment of the Pacific 
Plate (~2 My ago) could have been responsible for triggering 
shortly lasting mantle upwelling and decompression melting 
beneath the northern part of Kamchatka, as deeper mantle 
filled the void left by the sinking slab fragment. 

Highly abundant subduction-related volcanism in the 
southern part, including Shiveluch and Klyuchevskoy 
Volcanic Groups, originates above the subducting Pacific 
Plate near its northern edge. Compositions of parental mag-
mas in this region require contribution from at least 3 prin-
ciple components, which are (i) depleted mantle, (ii) eclogite 
melts and (iii) slab-derived fluid and/or lithospheric compo-
nent. In this work we provide first quantitative solution for 
the mass balance between these components in the primitive 
magmas of Kamchatka, which is presented in the framework 
of a number of plausible petrologic scenarios.

The model invoking mixing between basaltic mantle-
derived melts and dacitic, eclogite- or, more likely, pyroxe-
nite-derived melts suggests similar degrees of fluid-triggered 
melting of a heterogeneous (pyroxenite + peridotite) mantle 
source along the arc strike and steadily increasing contribu-
tion of the pyroxenite-derived melts toward the slab edge. 
Pyroxenites are viewed within this model as products of 
reaction between slab melts and mantle peridotite at shal-
lower depths. Hydrous, slab-derived fluids cannot explain 
high δ18O in many CKD basalts, which can more likely result 
from massive assimilation of mafic hydrothermally altered 
lithosphere beneath CKD.

Alternatively, the along-strike geochemical zonation can 
be explained by a progressively smaller extent of reactive 
interaction between eclogitic slab melts and mantle wedge 
toward the slab edge, the process which is largely controlled 
by mantle temperatures decreasing beneath the CKD from 
south to north. The composition of basaltic lavas from the 
most productive southern CKD volcanoes (Tolbachik and 
Klyuchevskoy) can be readily explained without involve-
ment of slab fluids in magmatic processes and can originate 
through extensive modification of H2O-rich eclogitic melts 
by interaction with the mantle wedge or through melt-fluxed 
mantle melting. Contribution from mafic lithosphere beneath 
Kamchatka might be also required in this scenario to explain 
the most extreme LILE concentrations and high Sr and O 
isotope ratios in some CKD lavas. 

The involvement of eclogitic melts in magma genesis at 
distances up to 170 km from the slab edge suggests that the 
Pacific Plate near the Kamchatka-Aleutian junction could 
be thermally rejuvenated prior subduction allowing partial 
slab melting beneath all CKD volcanoes. Although we do not 
exclude enhanced slab melting at the slab edge, the increas-
ing contribution of slab melts to the northern CKD magmas 
might be confused by low-temperature peridotite-hydrous 



234     Geochemistry of Primitive Lavas of the centraL KamchatKa DePression

melt equilibrium, favoring production of andesitic primary 
melts. The eclogitic melt signature can be better preserved 
beneath the northern CKD volcanoes because of smaller 
amount of assimilated peridotite material, which is required 
for eclogite melts to achieve equilibrium with mantle perido-
tite at lower mantle temperatures above the slab edge.

Finally we note that, despite significant progress in 
our understanding of magma generation processes at the 
Kamchatka-Aleutian junction, the origin of the outstanding 
magmatic productivity of the northern Kamchatkan volca-
noes on the global scale still remains unanswered on a quan-
titative basis. The high magmatic output might be facilitated 
by several competing factors such as high fluid flux, high 
mantle temperatures, fast mantle turn-over of the mantle 
wedge, slab melting and remobilization of hydrated arc roots 
in magmatic processes. It seems very likely however that the 
fundamental reasons must be casually related to the specific 
geodynamic situation at the Kamchatka-Aleutian junction. 
Moreover, enhanced volcanic activity is one of the distinc-
tive features of all regions associated with discontinuities in 
the subducting plate.
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Eruptive activity dynamics characterizes the changes in eruptive regime over 
time. Eruptive activity can be characterized by: the relation between eruptions 
and repose periods, the mass flow rate of eruption, the type and structure of the 
erupted products, and their velocity at the conduit exit. These characteristics and 
their evolution over time depend on both the structure of the magmatic system and 
on some external factors. These factors define the boundary conditions and include 
the eruptive prehistory. This study deals with the inverse problem: reconstruction 
of the structure of the magmatic system using the eruptive activity dynamics. 
The critical role of the sharp jump-like changes in eruption regime and intensity 
described theoretically in [Slezin, 1983, 1984, 1998, 2003a] is emphasized and the 
additional information needed to obtain a unique solution is discussed. Using this 
inverse approach in conjunction with a “chamber-conduit” model, some geometri-
cal parameters of the following magma systems were estimated: Shiveluch, Mt St 
Helens, and Bezymianny.

1. GENERAL CHARACTERISTICS OF THE 
MAGMATIC SYSTEM OF AN ERUPTING VOLCANO. 

1.1. The Substance

1.1.1. Magma. Magma is a silicate melt in the depth of the 
Earth, which contains dissolved volatile components (mostly 
water). When the ambient pressure is reduced or crystallization 
occurs, volatiles are exsolved. Magma almost always has some 
crystal content, which is usually not taken into account directly 
in the description of magma flow, although some models con-
sider crystal content as a factor influencing magma rheology 
[Papale, 1999; Melnik and Sparks, 2005]. Magma is assumed 
to be in a liquid state with a given density and viscosity and, 
in certain cases, with a given yield stress. During an eruption, 
magma loses its volatiles and is transformed into volcanic 
products, which appear on the surface. 

1.1.2. Volcanic products. The eruptive products result 
from the magma separation into volatile and nonvolatile 
components: i.e. a gas and a condensed phase. The latter 
can be lava or pyroclastics. The type and structure of the 
volcanic products depends on the composition of the initial 
magma as well as on the eruption dynamics. Lava is a vis-
cous liquid; pyroclasts are the magma fragments dispersed 
in gas flow and usually described as solid particles. The 
transformation of magma into volcanic products occur dur-
ing eruption in a volcanic conduit, where melt with bubbles 
and gas-pyroclastic mixture can flow.

1.2. The Magma System Geometry

The mass flow rate of erupting volcanic products aver-
aged over a time interval, which includes several successive 
eruptions of a volcano treated as “events”, is nearly constant 
[Kovalev, 1971; Tokarev, 1977]. This fact and the observed 
proportionality between a single erupted mass of magma to 
the duration of the repose interval, preceding that eruption 
[Tokarev, 1977; Simkin, T., Siebert, L., 1984], implies the 
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existence of some holding capacity, where the magma is 
stored during the repose intervals [Kovalev, 1971; Kovalev 
and Slezin, 1974]. This capacity is often referred to as a 
peripheral magma chamber, which is fed from deeper parts 
of the magma system. The existence of the peripheral magma 
chambers under volcanoes (later referred as “magma cham-
bers”) has been demonstrated by geological and geophysical 
studies [Luchitsky, 1971; Farberov, 1974].

Because of the high intensity of eruptions and the short 
duration of them with respect to the duration of the repose 
intervals one can assume, as a first order model of an erupt-
ing volcano, a “chamber-conduit” system being isolated in all 
directions except the conduit exit to atmosphere. More com-
plicated models can include a magma chamber feeding from 
the depth during an eruption and some heat and mass (volatile 
components mostly) exchange with the external medium.

1.2.1. Magma chamber. This is an approximately isometric 
capacity filled with magma on the order of a few to thou-
sands of cubic kilometers. In models, the magma chamber is 
usually described as a vertical cylinder which height is less 
than the diameter. The upper boundary of a magma chamber 
is situated at a depth varying from a few kilometers to a few 
tens of kilometers from the Earth surface.

1.2.2. Volcanic conduit. In the solid crust the conduit 
appears initially as a fissure, which later can transform to a 
cylinder. Such a transformation proceeds very rapidly near 
the surface at the conditions of a very intense gas-pyroclas-
tic flow. The cross-sectional area, as well as the volume of 
a conduit, is significantly less than those of a chamber. In 
existing models a vertical conduit with a constant cross-sec-
tional area is usually assumed.

2. THE DYNAMICS OF THE ERUPTIVE ACTIVITY 
OF A VOLCANO: GENERAL CHARACTERISTICS

The principal feature of the eruptive activity of a vol-
cano is its intermittence, which usually includes overlapped 
periods of approximate periodicity. The main rhythm is 
alternation of the eruptions-events and repose intervals. 
The larger periods are called cycles of activity, every one 
of which includes several eruptions with regularly varying 
characteristics. Every individual eruption is a non-uniform 
process with regularly changing successive stages including 
paroxysms and pauses. There is no objective true criterion 
to distinguish a repose interval between eruptions from a 
pause in an eruption. Kovalev et al. [1971] proposed to define 
eruption as a process, not as an event. 

In the course of every cycle of activity, and often during 
every individual eruption, not only variation of the magma 

mass flow rate is observed, but also variation of the eruption 
regime. Sometimes very large and sharp changes in the type 
and velocity of the erupting volcanic products are related 
to a large and sharp change of the magma mass flow rate. 
These sharp changes from one steady (quasi-steady) regime 
to another may provide us with important information about 
the structure of the magma system.

2.1. The Principal Eruption Regimes and the Types of 
Volcanic Products

The regime of a volcanic eruption depends on the continu-
ous phase (gas, magma) in the eruption flow at the exit of 
the conduit.

The volatile component of magma as a rule is composed of 
at least 95% water [Fedotov (ed.), 1984; Yirabayashi et al., 
1984; Menyailov et al., 1985, 1988]. In mechanical models 
of magma flow, the volatile component is usually treated as 
100% water. The exsolved gas phase appears in the form 
of bubbles. Initial dissolved mass fraction and solubility of 
water in magma are of such values that at the atmospheric 
pressure at the conduit exit, the volume flow rate of gas is 
tens or hundreds times that of the condensed phase. The 
volume relation between phases in the flow depends on the 
relative velocities. Consequently, the condensed phase can 
keep its continuity only if its velocity at the conduit exit is 
much less than that of the gas phase.

Extensive escape of gas from magma can be provided by 
two mechanisms: 1) fast uplift of bubbles through the liquid 
and 2) continuous leakage of gas through a system of chan-
nels in condensed phase. This results in three basic regimes 
of eruption and three corresponding types of volcanic prod-
ucts: 1) effusive regime: there is a bubbly flow in the conduit; 
the excessive amount of gas escapes with floating bubbles; 
the eruption produces lava flows; 2) extrusive regime: the 
excessive amount of gas escapes through the permeable 
system of interconnected bubbles; the eruption of a very 
viscous lava forms an extrusive dome; 3) explosive regime: 
the eruption of the gas-pyroclastic flow, in which gas is a 
continuous phase and pyroclastics is the dispersed phase. 
The conditions of realization of any of these regimes were 
found by the author [Slezin, 1979, 1995b, 2003a].

2.2. The Types of Eruptions and the Evolution of the Flow 
Structure in a Volcanic Conduit

An eruption-event usually includes several successive 
regimes. The most complete succession of regimes is demon-
strated by so called “catastrophic explosive eruptions” (CEE). 
The most thoroughly investigated eruption of that type is the 
eruption of Mount St. Helens in 1980 [Lipman and Mullineaux, 
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1981]. In this case a moderate “intrusive-explosive” regime 
changed to a gas-pyroclastic flow of high intensity (catastrophic 
phase), then to the extrusive regime of low intensity. There was 
a repose interval between catastrophic and extrusive phases. All 
the regime changes were very sharp.

During a gas-pyroclastic eruption, all types of the flow 
take place in the conduit: homogeneous liquid, bubbly liquid, 
partly destroyed foam and gas-pyroclastic mixture, which is 
observed at the surface. In the starting and finishing stages 
of an eruption of this type a steady flow of the gas-pyro-
clastic mixture is absent in the conduit, and bubbly liquid or 
partly destroyed foam [Slezin, 1980, 1995b, 2003a] is instead 
erupted. In the final stage an extrusive regime (eruption of 
partly destroyed foam) takes place [Slezin, 1995a].

2.3. Theoretical Basis

2.3.1. Eruption. The sharp transitions from a moderate 
stage of an eruption to a catastrophic and vice versa are 
results of a smooth change of the governing parameters of 
the magma system [Slezin, 1984, 1991, 2003a]. They also 
can be initiated by external factors (such as landslides) if 
these external factors change the governing parameters in 
a due direction. 

The basic features of the magma system outlined above 
allow us, as a first approximation, to reduce the problem of 
eruption dynamics to the description of the quasi-steady flow 
of degassing magma in a vertical conduit with nearly con-
stant (slowly varying) geometry under a given (slowly vary-
ing) pressure difference between conduit ends. The behavior 
of such flow, including jump-like changes of regimes, is 
described using equations of hydrodynamics for a steady-
state two-phase two-component flow with relevant bound-
ary conditions for the conduit ends and for the boundaries 
between zones [Slezin, 1983, 1998, 2003a]. 

The recent development of numerical models allowed tak-
ing into account additional parameters such as time depen-
dence, variation of magma rheology, heat and mass transfer 
through the chamber and conduit walls, viscous dissipation, 
variation of magma properties in two spatial dimensions 
and in time [e.g. Papale, 1999; Melnik and Sparks, 2005; 
Vedeneeva et al.,2005]. These models provide more accurate 
solutions for specific aspects of an eruption, and are in a 
good agreement with the results of this study.

For the analysis of effects the following three basic gov-
erning parameters were selected: 1) depth of the magma 
chamber (length of the conduit), H; 2) excess pressure in the 
magma chamber, pex, (equal to total pressure minus static 
pressure of overlying conduit magma column without bub-
bles); 3) “conductivity parameter of the conduit” σ = b2/η, 
where b is a characteristic cross sectional dimension of the 

conduit, and η is viscosity. It has been demonstrated, that the 
dependence of the flow rate on any pair of basic governing 
parameters has a “cusp singularity” and in a certain area 
every point in a plane of the arguments has three images on 
the folded plane of the function. This is a standard "catastro-
phe" of two-parameter sets of functions [Poston and Stewart, 
1980] (Figure), which describes jumps of a function under 
smooth changes of the arguments. 

This explains abrupt changes in eruption regime: the 
transition from moderate to catastrophic explosive regime 
is a result of the conductivity parameter increase (Figure) 
or the conduit length decrease (e.g. due to a volcano sum-
mit destruction by explosions or landslide). Conversely, 
the transition from catastrophic to extrusive regime is a 
result of decreasing excess chamber pressure and/or conduit 

Fig.Fig.

Figure. Magma ascent velocity U as a function of conduit conduc-
tivity parameter σ and conduit length H. Note that analytical solu-
tion for U as a function of excess pressure in the magma chamber 
pex and σ has the same form. Vertical scale is logarithmic. The 
hatched cusp on the plane of arguments encompasses parameters 
σ, H, and pex at which the “catastrophe” scenario is possible. For 
example, at point a the magma ascent velocity can be b, c, and d 
corresponding to three eruption regimes with different magma 
flow rates. The jump-like changes of the magma ascent velocity 
can be caused by increase of conduit conductivity or by decrease 
of the excess pressure in magma chamber (indicated by arrows). 
The straight trajectory leading from point o to point a on the plane 
of arguments intersects the cusp boundary and leads the function 
to the catastrophe scenario, whereas the trajectory going from o 
to a around the cusp leads the function to the point d without any 
sharp changes of magma velocity. The later case is rather exotic, 
as it requires a gradual change of H or c0. Please refer to the text 
for discussion. 
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conductivity. The flow velocity jump can be seen as the 
result of the positive feedback when positive effect of the 
decrease of the liquid flow region length and average flow 
density in the conduit prevails over the negative effect of 
the viscous friction increase. This may become possible 
due to a several orders of magnitude difference of friction 
coefficients between zones of liquid and gaseous flow in 
case when the conduit length is not very large.

2.3.2. An approach to the inverse problem. It appeared 
that sharp jump-like changes of the eruptive regime could be 
realized only in a narrow range of parameters of a volcanic 
system, which is helpful for solving the inverse problem. The 
very fact of the sharp change of regime applies strict limits 
on the values of the parameters. The additional quantities 
such as magma mass flow rate values before and after the 
jump, duration of the certain stages of eruption, flow veloc-
ity, total mass erupted during a certain stage of eruption, and 
the magma properties, obtained by studying of the erupted 
volcanic products, give information, which in nearly all 
cases, is sufficient to allow full reconstruction of the magma 
chamber and conduit parameters. 

Because the system of hydrodynamic equations for the 
two-component two-phased f low can be solved only by 
numerical methods, in practice a series of direct problems 
were solved and the proper structure of the magma system 
boundary conditions and prehistory chosen.

3. ESTIMATING OF THE PARAMETERS  
AND EXAMPLES

3.1. Magma Chamber Parameters

3.1.1. The depth of the upper boundary (conduit length). 
In the most cases after a repose period, a new eruption is 
started by breaking a new conduit in the shape of a fissure 
in the solid rocks overlying the chamber, or in a plug sealing 
up the upper part of the conduit after a previous eruption. 
The normal evolution of eruption after such a start is con-
nected with widening of the new conduit (destruction of 
the plug) by the flow. Sometimes this process is very sharp 
and catastrophic. An increase in magma mass flow rate as 
well as magma velocity, leads to the transformation from 
an effusive or extrusive regime to a gas-pyroclastic regime 
with mass flow rate increase by two or more orders of mag-
nitude [Slezin, 1984, 1998, 2003a]. At the end of eruption 
the reverse sharp transformation with a corresponding mass 
flow rate decrease (usually with a bigger amplitude than at 
the start) is probable [Slezin, 1991, 2003a].

It was found that the sharp jump-like increase of magma 
mass rate can take place only if the magma chamber depth 

(conduit length) is less than some critical value Hcr, which 
depends at a first approximation on the initial content of the 
water dissolved in magma c0 only [Slezin, 1994]. In the cited 
paper the empirical formula for the Hcr is given:

 Hcr = 356(c0 – 0.01),  (1) 

where H is in km and c0 is a wt. fraction. 
One can conclude that if the jump-like transition took 

place the water content must be not less than 0.01 and that if 
the water content is known the chamber depth must be less 
than it is given by expression (1). One can estimate the low 
limit of the possible water content in magma if the magma 
chamber depth is known.

Additional data allow a more accurate estimation of 
magma chamber depth. If a magma chamber depth is large 
enough that the fragmentation level has not reached it, only 
the conduit is effectively evacuated and the loss of magma is 
not very large. As a result, the time interval between the end 
of the gas-pyroclastic stage and the beginning of the extru-
sive stage must be small. The closer a chamber is located to 
the surface, the deeper its relative evacuation and the longer 
the time interval between catastrophic and extrusive stages. 
This dependence is confirmed qualitatively by observations 
of the eruptions of Bezymyanny in 1956 (magma chamber 
depth is 12 km and the interval no more than a few days) 
and Mt. St. Helens in 1980 (magma chamber depth is 7.2 km 
and the interval 3 weeks) [Lipman and Mullineaux, 1981; 
Rutherford et al, 1985]. After the catastrophic eruption of 
Shiveluch in 1964 the repose interval before the start of the 
extrusive stage was 16 years, and the author suggested that 
magma chamber depth must be less than that of the Mount 
St. Helens (i.e. less than 7 km) [Slezin, 1995a]. Recently the 
depth was estimated to be between 5 and 6 km based on 
the pressure at which melt inclusions in phenocrysts of the 
erupted products were entrapped [Dirksen et al., 2006].

3.1.2. Magma chamber diameter. Estimation of the hori-
zontal dimensions of a magma chamber is possible for shal-
low chambers which are deeply evacuated during a large 
catastrophic eruption. In this case the evacuated volume of 
the conduit as a first approximation can be neglected rela-
tive to the chamber evacuated volume, and all the magma 
erupted can be assumed to have been transported from the 
chamber.

The degree of magma chamber evacuation (“magma draw-
down” ∆ [Spera and Crisp, 1981]) can be calculated using 
formulas given in [Slezin, 1987] if the volume fraction of a 
gas phase near the upper boundary of the magma chamber 
at the end of a catastrophic stage of eruption is known. This 
fraction can be calculated by the method of [Slezin, 1998, 
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2003a] if the magma chamber depth and the dissolved water 
content are known. 

Magma chamber evacuation is a result of magma foam-
ing and can proceed up until the start of foam destruction in 
the magma chamber (i.e. the fragmentation level enters the 
magma chamber), which causes stopping of the eruption of 
condensed material. A large negative value of the pex causes 
conduit wall and chamber ceiling destruction that may lead 
to conduit blocking. The beginning of disruption of the 
silicate foam in the chamber is taken as a condition of the 
catastrophic stage ceasing. This process starts approximately 
when the volume fraction of bubbles corresponds to the state 
of tight packing, and this last was taken as a formal condi-
tion in the model. 

If the magma chamber depth and the dissolved water con-
tent are found independently, magma drawdown ∆ can be 
calculated. The horizontal cross-sectional area of a cylindri-
cal magma chamber can then be calculated by dividing the 
total volume of the erupted products reduced to the magma 
density in the chamber by the value of ∆. Using this method, 
this area was found by the author for the volcano Shiveluch 
[Slezin, 2005] to be little more than 0.5 km2. For the volcano 
Mt. St. Helens, for which the chamber cross sectional area 
was known, the value of the coefficient a in the water solubil-
ity law in magma c = ap1/2 was estimated [Slezin, 1987]. It 
appeared to be close to the value obtained using experimental 
data for the appropriate magma composition.

3.1.3. Vertical dimension. In some cases the vertical 
dimension of a magma chamber can also be estimated. For 
the shallow chamber, where the fragmentation level reached 
upper boundary of it, the value ∆ can be calculated using 
formulas given in [Slezin, 1987, 2003a] if the dissolved water 
content of the magma is known and the lower boundary of 
the magma chamber is deeper than the level where bubble 
nucleation starts. The value of ∆ in this case is about 3 km 
assuming an initial dissolved water content of about 5%. The 
value of ∆ can also be calculated by dividing the total erupted 
volume reduced to the dense magma by the cross-sectional 
area of the chamber if this is known. The value of ∆ was 
calculated using this last method for the 76 caldera-forming 
eruptions in [Spera and Crisp, 1981] and in most cases it 
was significantly less than the maximum (~3 km). This fact 
can be explained by the assumption that the lower boundary 
of the magma chamber is above the level of bubble nucle-
ation. In this case ∆ can be calculated by the same formulas 
from [Slezin, 1987, 2003a] substituting the vertical chamber 
dimension h1 instead of the level of the bubble nucleation 
start z1. The value h1 is found iteratively provided that the 
calculated ∆ is equal to ∆ obtained from field data. 

All of the calculations described above must be treated as 
estimates because the accuracy of data used is not quite high. 

For example, one of the main sources of uncertainty for the 
chamber evacuation model is the value of the coefficient a in 
the expression for water solubility. The result is very sensi-
tive to this value, which is found experimentally for melts 
of similar, but not exactly the same composition, and under 
similar, but not exactly the same conditions.

3.2. Conduit Parameters

A volcanic conduit is characterized by its length, area and 
shape of cross-section. The first parameter was discussed in 
the previous section, whereas the last one is closely related to 
the conductivity parameter σ described in the first section:

 σ = b2/η  (2) 

Magma mass flow rate, which can be measured on every 
stage of an eruption, is proportional to the product of the con-
duit cross-sectional area, magma density and magma veloc-
ity. The total resistance of a volcanic conduit approximately 
equal to the resistance of the liquid flow zone. Magma veloc-
ity in the liquid flow zone is proportional to the product of 
the driving pressure difference and conductivity parameter. 
Conductivity parameter σ and magma velocity can be found 
by numerical calculations for the conditions of jump-like 
change of regime and the conditions before and after the 
jump. If the magma mass flow rate is known then the con-
duit cross-sectional area can be calculated. If the magma 
viscosity is known independently (using experimental data 
for melts of similar composition at similar thermodynamic 
conditions) the characteristic dimension b can be found and 
also the shape of the cross section and parameters of the fis-
sure if the shape is fissure-like. If the viscosity varies along 
the conduit average value should be used.

Using this method the radius of the cylindrical conduit for 
the 1964 eruption of Shiveluch was estimated to be approxi-
mately 70 m. In this case the cylindrical shape of the conduit 
cross section corresponding to catastrophic stage was postu-
lated as an independent assumption [Slezin, 2005]. 

For Mt. St. Helens with a deeper situated magma chamber 
and a less intensive eruption the magma velocity was esti-
mated at U~0.5 m/s and the conductivity parameter σ~10-4 
m2 Pa-1 s-1 [Slezin, 2003b]. Knowing the erupting magma 
volume rate reduced to dense magma (~8000 m3/s [Lipman 
and Mullineaux, 1981]) the cross-sectional area can be found 
(S = 16000 m2) and the cross-sectional dimension b, or vis-
cosity η for a given shape. If the cross section has a circular 
shape, the viscosity must be ~109 Pa s. At the same time the 
viscosity of a melt with the composition of Mt. St. Helens 
magma at the pressure and temperature corresponding to 
magma fragmentation in accordance to experimental data 
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of [Williams and McBirney, 1979] must be about 106 Pa s. 
Taking this latter value and using formula (2) b is estimated 
to be approximately 10 m. So below the fragmentation level 
the conduit cross-section supposed to be a fissure with a 
width of 10 m and about 1600 m in length. 

3.3. Other Characteristics of a Magma System

“Chamber-conduit” is the first approximation in volca-
nic magma system modeling. Peripheral chambers are fed 
from deeper situated magma-generating zones through some 
feeding channels. The last ones can include intermediate 
chambers and conduits. The deep part of a magma system 
also affects eruption dynamics, and some features of the lat-
ter bear some information about the former. Heat and mass 
transfer in the depth are much more inertial processes than at 
shallower depths. Consequently, the dynamic effects related 
to the deeper parts of the magma system must be connected 
with the longer time intervals. They may be connected with 
cycles of volcanic activity including several eruptions and 
repose periods and with the evolution of volcanic groups or 
volcanic centers composed of several individual volcanoes.

Little was made in this field for the time being. Only a 
constant f low or episodic impulses from the depth were 
taken into account as external affects, and cycles of activ-
ity were described only as a probable result of a deep zone 
dynamics (for example: [Kovalev et al., 1971; Slezin, 2005]). 
Recently the dynamics of extrusive eruptions were analyzed 
quantitatively in [Melnik and Sparks, 2005] with the help of 
a transient model, which incorporated many characteristics 
including the constant feeding of the chamber from depth, 
volatile diffusion in melt and decompression-induced crys-
tallization. Such transient models should be very useful for 
solving the inverse problem. 

4. CONCLUSION

It can be concluded that in most cases for volcanoes which 
erupt “in full cycle” including catastrophic explosive stage 
the geometrical structure of the upper part of magma system 
can be reconstructed with satisfactory accuracy using a very 
simple model. The model describes a “chamber-conduit” 
system, which geometrical parameters can be found for any 
individual volcano. The approach relies on using the condi-
tions for eruption stability and sharp changes between main 
eruptive regimes. Quantitative results can be obtained using 
rather simple model and approximate data. 

Catastrophic explosive eruptions and caldera-forming 
eruptions are common for andesitic volcanoes in subduction 
zones. The outlined approach can be used to reconstruct the 
structure of magma systems beneath volcanoes of Pacific 

subduction zones, particularly the Kurile-Kamchatka and 
Aleutian island arcs. The magma system structure must 
depend on the magma generation process, which, in its turn, 
depends on the local tectonic setting and on specific features 
of the local subduction process. Hence the studying and 
modeling of the volcanic activity dynamics and reconstruc-
tion of the magma systems structure of the volcanoes along 
Pacific Fire Ring may throw light on the total geodynamic 
situation and on specific features of the subduction pro-
cess and magma generation in different parts of this global 
structure. In the North-West part of the Pacific Ring of Fire 
it would be interesting to compare Aleutian and Kurile-
Kamchatka island arcs. It will be especially interesting to 
examine the specific tectonic features and magma generation 
process found at the junction of these Island Arcs, where the 
Shiveluch volcano and the Kliuchevskaya volcanic group 
are located.

Advanced numerical models, which appeared in recent 
time, take into account some additional factors such as varia-
tion of magma rheology, heat and mass transfer through the 
chamber and conduit walls, viscous dissipation, variation 
of magma properties in two spatial dimensions and in time 
[Papale, 1999; Melnik and Sparks, 2005; Vedeneeva et al., 
2005]. These models combined with the described approach 
will likely yield more accurate quantitative results.

Acknowledgments. I am grateful to Joanna Malcolm, Oleg Mel-
nik and Pavel Izbekov for useful comments and for improving the 
English of the manuscript. 

REFERENCES

Dirksen, O., M. C. S. Humphreys, P. Pletchov, O. Melnik, Y. Demy-
anchuk, R.S.J. Sparks, and S. Mahony. (2006) The 2001–2004 
dome-forming eruption of Shiveluch volcano, Kamchatka: 
Observation, petrological investigation and numerical model-
ling, Journal of Volcanology and Geothermal Research, 155 
(3-4), 201–226.

Farberov, A. I., (1974), Magmatic chambers under volcanoes of 
Eastern Kamchatka on the base of geophysical data. Nauka, 
Novosibirsk. 88 pp. (In Russian).

Fedotov S. A. (ed.) (1984). The Great Fissure Tolbachik Eruption, 
Kamchatka 1975–1976, Nauka, Moscow. 637 p. 

Hirabayashi, J., Ossaka, J., Ozawa, T., and Yoshida, M. (1984). 
Change in chemical composition of volcanic gases and subli-
mates collected after the 1983 eruption of Miyakejima. Bull. 
Volcanol. Soc. Jap. 29. S308 S318.

Kovalev, G. N., (1971), On the energetics of the active volcanism. 
Volcanism and the depth of the Earth. Proceedengs of the III 
All Union Volcanol. Conference. Nauka, Moscow, 41–46. (In 
Russian).

Kovalev, G. N., Kalashnikova, L. V. and Slezin, Yu. B., (1971), On 
the connection between eruptions energy and preceding dormant 



SLEzIN    247

periods duration of the active volcanoes, Geologia & Geofisika 
3, 137–140. (In Russian).

Kovalev, G. N., and Slezin, Yu. B., (1974), Some aspects of the volca-
nic dynamics, Geodynamics of volcanism and geothermal process 
(IV AllUnion Volcanol. Conf., Abstracts), 167. (In Russian).

Lipman, P. W. and Mullineaux, D. R. (eds.), (1981), The 1980 Erup-
tions of Mount St. Helens, Washington, 844 pp., U.S. Geological 
Survey Professional Paper 1250.

Luchitsky, I. V., (1971), Foundations of paleovolcanology. AN SSSR, 
Moscow. V. 2, 382 pp. (In Russian).

Melnik, O., R. S. J. Sparks, (2005), Controls on conduit magma flow 
dynamics during lava dome building eruptions, J. Geophys. Res., 
110, B02209, doi: 10.1029/2004JB003183.

Menyailov, I F., Nikitina, L. P. and Shapar V. N. (1985), Geochemical 
monitoring the state of some active volcanoes in Kamchatka and 
Kurile Islands (USSR). Per. Minera. Vol. 55, 55–74. 

Menyailov, I F., Nikitina, L.P. and Shapar V. N. (1988), Variations 
in composition of fumarolic gases at Shiveluch volcano (Kam-
chatka). Rendiconti della sosieta italiana di mineralogia e petro-
logia, Vol. 43, 1185–1194. 

Rutherford M. J., Sigurdsson H., Carey S., and Davis A., (1985), The 
May 18, 1980 eruption of Mount St. Helens. 1. Melt composition 
and experimental phase equilibria, J. Geophys. Res., 90. No B4, 
2929–2947.

Papale, P. Numerical Simulation of Magma Ascent along Volcanic 
Conduits., (1999), Phys. Chem. Earth (A) Vol.24 No 11–12, pp. 
957–961.

Poston, T,, Stewart, I., (1978), Catastrophe theory and its applica-
tions, Pitman ,London, 510 pp.

Simkin, T., Siebert, L., (1984), Explosive eruptions in space and 
time: duration, intervals and a comparison of the world’s active 
belts. Explosive Volcanism: Inception, evolution and hazards, 
National Academy Press, Washington, DC, 110–121.

Slezin, Yu. B., (1979), The conditions of origin of the dispersion 
regime in volcanic eruption. Vulcanol, and Seismol. 3, 69–76 (In 
Russian).

Slezin, Yu. B., (1980), Stationary dispersion regime at the explosive 
volcanic eruptions, Volcanol. and Seismol., 2, 56–66. (In Rus-
sian).

Slezin, Yu. B. (1983), The dynamics of dispersion regime in volcanic 
eruptions: 1. Theoretical description of magma movement through 
volcanic conduit, Vulcanol. and Seismol., 5, 9–17. (In Russian).

Slezin, Yu. B. (1984), The dynamics of dispersion regime in volcanic 
eruptions: 2. The condition of magma mass rate instability and the 
nature of catastrophic explosive eruptions, Vulcanol. and Seismol., 
1, 23–35. (In Russian).

Slezin, Yu. B., (1987), Mechanism of magma chamber evacuation 
leading to caldera formation, Vulcanol. and Seismol., 5, 3–15. 
(In Russian). 

Slezin, Yu. B. (1991), Changes in magma mass rate during a large 
explosive eruption, Vulcanol. and Seismol, 1., 35–45. (In Rus-
sian). 

Slezin Yu. B. (1994), The Effect of the magma properties on the 
character of eruption (the Results of a numerical experiment), 
Vulcanol. and Seismol,, 4–5, 121–127. (In Russian). 

Slezin Yu. B. (1995a), The mechanism of extrusive eruptions, 
Vulcanol. and Seismol., 4–5, 76–84. (In Russian). English trans-
lation: Slezin Yu. B. (1996), The mechanism of extrusive erup-
tions. Volc. Seis., 17, 449–460.

Slezin Yu. B. (1995b), Principal regimes of volcanic eruptions, 
Vulcanol. Seismol., No 2, 72–82. English translation: Slezin Yu. 
B. (1995), Principal regimes of volcanic eruptions, Volc. Seis., 
17, 193–206. 

Slezin Yu. B. (1998), The mechanism of volcanic eruptions (a 
steady state model), Nauchny Mir, Moscow, 127 p. (In Rus-
sian).

Slezin, Yu. B. (2003a), The mechanism of volcanic eruptions (a 
steady state approach), J. of Volcanol. and Geothermal Res, 
122, 7–50.

Slezin, Yu. B., (2003b), The characteristics of a volcanic conduit 
as a result of the analysis of magma mass rate changes, Proc. 2nd 
AllRussian Symposuum on Vlcanology and Paleovolcanology, 
Ekatrinburg, 2003, 896–900. (In Russian).

Slezin, Yu. B. (2005), The Characteristics of the Shiveluch Magma 
System, Vulcanol. and Seismol., 2, 3–7. (In Russian).

Spera, F. J., and Crisp J. A., (1981), Eruption volume, periodicity, 
and caldera area: relationships and inferences on development of 
compositional zonation in silicic magma chambers, J. Volcanol. 
and Geotherm. Res., 11, 169–187.

Tokarev, P. I., (1977), Some natural features of a volcanic process. 
In: Magma genesis and its connection with volcanic process. 
Nauka, Moscow, 25–40. (In Russian).

Vedeneeva E. A., Melnik O E ,Barmin A. A., Sparks R. S. J. 
(2005), Geophys. Res. Letters, Vol 32,LO5303, doi:10.1029/
2004GL020954.

Williams H., and McBirney A. R., (1979). Volcanology. Freeman, 
Cooper, San Francisco, CA, USA, 397 pp.

Yurii B. Slezin, Institute of Volcanology and Seismology, Piip 
Blvd., 9, Petropavlovsk-Kamchatsky. 683006. Russia, e-mail: 
slezin@kscnet.ru



249

Diverse Deformation Patterns of Aleutian Volcanoes From 
Satellite Interferometric Synthetic Aperture Radar (InSAR)

Zhong Lu1, Daniel Dzurisin2, Charles Wicks, Jr.3, John Power4,  
Ohig Kwoun5, and Russell Rykhus5

Interferometric synthetic aperture radar (InSAR) is capable of measuring ground-
surface deformation with centimeter-to-subcentimeter precision at a spatial resolution 
of tens of meters over a large region. With its global coverage and all-weather imaging 
capability, InSAR has become an increasingly important measurement technique for 
constraining magma dynamics of volcanoes over remote regions such as the Aleutian 
Islands. The spatial distribution of surface deformation data derived from InSAR 
images enables the construction of detailed mechanical models to enhance the study 
of magmatic processes. This paper summarizes the diverse deformation patterns of 
the Aleutian volcanoes observed with InSAR. These include the following: 1) infla-
tion of Mount Peulik Volcano preceding a seismic swarm at nearby Becharof Lake 
in 1998; 2) persistent volcano-wide subsidence at Aniakchak and Fisher Volcanoes; 
3) magmatic intrusion and associated tectonic stress release at Akutan Volcano; 
4) magmatic intrusion at Makushin Volcano associated with a small eruption in 1995; 
5) complex patterns of transient deformation during and after the 1992–93 eruption 
at Seguam Volcano; 6) subsidence caused by a decrease in pore fluid pressure in an 
active hydrothermal system beneath Kiska Volcano; and 7) lack of expected deforma-
tion associated with recent eruptions at Shishaldin, Pavlof, Cleveland, and Korovin 
Volcanoes. We also present preliminary InSAR results for the Katmai Volcano group, 
and Chiginagak and Dutton Volcanoes. These studies demonstrate that deformation 
patterns and associated magma supply mechanisms in the Aleutians are diverse 
and vary between volcanoes. These findings provide an improved understanding of 
magmatic plumbing systems in the Aleutians. 

1. InTRODuCTIOn

The general eruption cycle of a volcano can be conceptu-
alized as a series of events from deep magma generation to 
surface eruption, including such stages as partial melting, ini-
tial ascent through the upper mantle and lower crust, crustal 
assimilation, magma mixing, degassing, shallow storage, and 
finally, ascent to the surface [Dzurisin, 2003]. This process is 
complex, varying from one eruption to the next and from vol-
cano to volcano. However, in many cases, volcanic eruptions 
are preceded by pronounced ground deformation in response 
to increasing pressure in magma reservoirs or upward intru-
sion of magma [Dvorak and Dzurisin, 1997]. Magma reser-
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voirs typically occur at or below the brittle-ductile transition 
in the crust (~5 km beneath volcanoes). Even though the slow 
ascent of magma to that depth generally is not marked by 
earthquakes [e.g., Sibson, 1982], magma accumulation causes 
surface deformation. This deformation can be subtle—espe-
cially if intrusion occurs episodically in a series of small 
events or gradually over a long time period. Therefore, surface 
deformation patterns can provide important insight into the 
structure, plumbing, and state of restless volcanoes [Dvorak 
and Dzurisin, 1997; Dzurisin, 2003 and 2007]. Deformation 
can be the first sign of increasing levels of magmatic activity, 
preceding increased seismicity or other precursors that signal 
impending intrusions or eruptions. 

The Aleutian arc contains about 8 percent of the world’s 
active volcanoes and more than 85 percent of the nation’s his-
torically active volcanoes. During the past decade, there has 
been an average of 3–4 explosive eruptions per year in the arc. 
Aleutian volcanoes span the entire spectrum in eruptive style, 
size, volume, and magma composition. Although the rate of 
eruptive activity is very high, deformation monitoring using 
the Global Positioning System (GPS) has been possible at only 
a few Aleutian volcanoes, owing to the remote location, hostile 
climate, difficult logistics, and high cost of field operations. 

Interferometric synthetic aperture radar (InSAR) imaging 
is a recently developed remote sensing technique involv-
ing the use of two or more synthetic aperture radar (SAR) 
images to image surface topography and subtle changes due 
to deformation [e.g., Massonnet & Feigl, 1998; Zebker et al., 
2000]. InSAR combines phase information from two or more 
SAR images of the same area acquired from similar vantage 
points at different times to produce an interferogram. The 
interferogram, depicting range changes between the radar 
and the ground, can be further processed with a digital eleva-
tion model (2-pass InSAR) to image surface deformation at a 
horizontal resolution of tens of meters over areas of ~100 km 
by 100 km with centimeter-to-subcentimeter precision under 
favorable conditions. Because SAR operates at a microwave 
wavelength (from a few millimeters to tens of centimeters), 
it can penetrate clouds and rain during the day and at night. 
Therefore, all-weather satellite InSAR images with the poten-
tial for measuring subtle ground surface deformation are use-
ful for studying the magma plumbing systems of Aleutian 
volcanoes. SAR satellites that can provide InSAR capability 
for deformation mapping are described in Table 1. 

To better understand magmatic processes, numerical models 
are often employed to invert the InSAR-derived surface defor-
mation for physical parameters of a magma body. The spatial 
resolution of surface displacement data provided by InSAR 
makes it possible to constrain models of volcanic deforma-
tion with a variety of source geometries, such as the spherical 
point pressure source (Mogi source) [Mogi, 1958], the disloca-

tion source (sill or dike source) [Okada, 1985], the ellipsoid 
source [Davis, 1986; Yang et al., 1988], the penny-shaped 
crack source [Fialko et al., 2001], etc. The most widely used 
source in volcano deformation modeling is the point source 
embedded in elastic homogeneous half-space [Mogi, 1958]. 
Even though the point source is simplest, it can fit observed 
deformation data remarkably well. The four parameters used 
to describe the point source are horizontal location coordi-
nates (x, y), depth, and pressure or volume change. Another 
frequently used model is the rectangular elastic dislocation 
source [Okada, 1985], which requires eight model param-
eters: horizontal location coordinates, depth, length, width, 
strike and dip of the dislocation surface, and the slip directed 
perpendicular to the dislocation surface (i.e., expansion or 
contraction). nonlinear least-squares inversion techniques are 
often used to optimize the source parameters [e.g., Cervelli 
et al., 2001]. Multiple InSAR images allow evaluation of the 
temporal progression of a deformation source and the associ-
ated magmatic process. 

2. InSAR-BASED DEFORMATIOn SuRVEY OF 
ALEuTIAn VOLCAnOES 

2.1. Augustine Volcano

Augustine Volcano (Plate 1a), an 8-by-11-km island strato-
volcano in Cook Inlet, erupted in 1935, 1963–64, 1976, 1986, 
and January–March 2006, each time producing andesitic 
pyroclastic flows and lava domes from vents in the sum-
mit area. Multiple InSAR images constructed from SAR 
images acquired from 1992 to 2004 by the European Remote 
Sensing Satellite (ERS)-1 and ERS-2 (Table 1) show no sign 
of significant volcano-wide deformation. Throughout that 
period, a sector of the volcano’s north flank mantled by 1976 
and 1986 pyroclastic flows experienced subsidence/compac-
tion at a rate of about 3 cm per year (Plate 1a). The observed 
deformation can be used to study physical characteristics of 
the 1986 flows [Masterlark et al., 2006]. 

2.2. Katmai Volcano Group

The Katmai group (Plate 1b) consists of five volcanoes: 
Martin, Mageik, Trident, novarupta, and Katmai. In 1912, 
Katmai was the site of the world’s largest volcanic eruption 
of the 20th century. The eruption produced ~20 km3 of air-fall 
tephra, 11–15 km3 of ash-flow tuff, and the novarupta lava 
dome in the Valley of Ten Thousand Smokes [Miller et al., 
1998; Hildreth, 1983]. Eruptive activity in the Katmai group 
since 1912 has included lava flows from the new Trident vent 
on Trident Volcano, the youngest of which erupted in 1963. 
The first application of InSAR to study surface deformation 

Table 1Table 1

Plate 1Plate 1
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in the Aleutian arc was at new Trident [Lu et al., 1997]. An 
ERS-1 interferogram indicated about 8 cm of uplift from 1993 
to 1995 in an area about 2 km across, indicating a source about 
1 km beneath the new Trident vent. Multiple InSAR images 
from 1995 to 2000 were processed to prospect for any addi-
tional deformation in the Katmai region. Plate 1b is an image 
averaged from five coherent interferograms that collectively 
span from 1995 to 2000. no significant (i.e., larger than 2–3 
cm range change) large-scale deformation is indicated. 

2.3. Peulik Volcano

Peulik Volcano (Plate 1c), a stratovolcano located on the 
Alaska Peninsula, is known to have erupted in 1814 and 
1852 [Miller et al., 1998]. InSAR images that collectively 
span from July 1992 to August 2000 show that a deforma-
tion source located about 7 km beneath Peulik, presumably 
a magma body, inflated about 23 cm between October 1996 
and September 1998. The average inflation rate was about 1.4 
cm/month from October 1996 to September 1997 (Plate 1c); 

peaked at 2.3 cm/month between June 26, 1997, and October 
9, 1997; and dropped to 0.5 cm/month from October 1997 
to September 1998. Any deformation that occurred before 
October 1996 or after September 1998 was too small to be 
detected [Lu et al., 2002b]. An intense earthquake swarm 
occurred near Becharof Lake about 30 km northwest of Peulik 
from May to October 1998, around the end of the inflation 
period. Calculated static stress changes in the epicentral area 
due to the inflation beneath Peulik appear too small to provide 
a causal link, but the timing is suggestive nonetheless. The 
1996–98 inflation episode at Peulik demonstrates that satellite 
InSAR can be used to detect magma accumulation beneath 
dormant volcanoes at least several months before other signs 
of volcanic or tectonic unrest are apparent. 

2.4. Chiginagak Volcano

Chiginagak Volcano (Plate 1d) is a symmetric composite 
cone with a base about 8 km in diameter [Miller et al., 1998]. 
Snow and ice cover much of the uppermost part of the cone. 

Table 1. Spaceborne SAR sensors capable of deformation mapping

Mission Agency
Period of 

Operation1
Orbit Repeat 

Cycle Frequency
Wave-
length

Incidence Angle at 
Swath Center Resolution

Seasat NASA2 06/27 to 10/10, 
1978

17 days L-band
1.2 GHz

25 cm 20 to 26 degrees 25 m

ERS-1 ESA3 07/1991
to 03/2000

3, 168, and 35 
days4

C-band
5.3 GHz

5.66 cm 23 degrees 30 m

SIR-C/X-
SAR

NASA, 
DLR5, 

and 
ASI6

04/09 to 04/20, 
1994, and  

09/30 to 10/11, 
1994

6-month, 1-, 
2-, 3-day7

L-band
1.249 GHz

C-band
5.298 GHz

X-band
9.6 GHz

24.0 cm

5.66 cm

3.1 cm

17 to 63 degrees  
(L- & C-band)

54 degrees (X-band)

10–200 m (30 
m typical)

JERS-1 JAXA8 02/1992 to 10/1998 44 days L-band
1.275 GHz

23.5 cm 39 degrees 20 m

ERS-2 ESA 04/1995 to present 35 days 5.3 GHz 5.66 cm 23 degrees 30 m
Radarsat-1 CSA9 11/1995 to present 24 days C-band

5.3 GHz
5.66 cm 10 to 60 degrees 10–100 m

Envisat ESA 03/2002 to present 35 days C-band
5.331 GHz

5.63 cm 15 to 45 degrees 20–100 m

ALOS JAXA Jan 2006 to present 46 days L-band
1.270 GHz

23.6 cm 8 to 60 degrees 10–100 m

1 Information was current in January 2006.
2 national Aeronautics and Space Agency
3 European Space Agency
4  To accomplish various mission objectives, the ERS-1 repeat cycle was 3 days from July 25, 1991, to April 1, 1992, and from December 23, 1993, 

to April 9, 1994; 168 days from April 10, 1994, to March 20, 1995; and 35 days at other times. 
5 German Space Agency
6 Italian Space Agency
7  During days 3–4 of the second mission, SIR-C/X was commanded to retrace the flight path of the first mission to acquire repeat-pass InSAR 

data with a 6-month time separation. From day 7 to the end of the second flight, the shuttle was commanded to repeat the flight path of the 
previous days to acquire 1-day, 2-day, and 3-day repeat-pass InSAR data.

8 Japan Aerospace Exploration Agency 
9 Canadian Space Agency 
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Historical eruptions occurred in 1929 and 1971. A fumarole 
issues from snow and ice on the northeast f lank. Thick 
clouds of steam were observed issuing from this area in 
l997, 2000, and 2005. In October 1997, increased steaming, 
snowmelt, and sulfur smell were observed, and a thermal 
anomaly was registered on Advanced Very High Resolution 
Radiometer (AVHRR) satellite imagery. InSAR images 
acquired between 1992 and 2000, including a 1997–98 image 
that spans the 1997 eruption (Plate 1d), reveal no significant 
large-scale deformation. 

2.5. Aniakchak Volcano

Aniakchak Caldera (Plate 1e) is 10 km in diameter, more 
than 1 km deep, and perennially ice-free. It formed by col-
lapse about 3,430 years ago during the eruption of more than 
50 km3 of andesite-to-dacite magma [Miller et al., 1998]. 
Many dacitic eruptions have occurred since the caldera-
forming event, most recently in May 1931, which suggests the 
presence of a large, silicic magma reservoir. InSAR images 
from 1992 through 2002 show that the floor of Aniakchak 
Caldera subsides about 13 mm/year (Plate 1e) [Kwoun et al., 
2006]. The depth of the deformation source (~4 km) suggests 
that subsidence can be explained by the cooling or degassing 
of a shallow magma body and/or the reduction of pore-fluid 
pressure in a cooling hydrothermal system. Ongoing defor-
mation of the volcano detected by InSAR, in combination 
with magmatic gas output from at least one warm spring and 
infrequent, low-level bursts of seismicity below the caldera, 
indicate that the magmatic system is still active.

2.6. Veniaminof Volcano

Mount Veniaminof (Plate 1f) is a broad central mountain, 
35 km wide at the base, truncated by a spectacular steep-
walled, ice-filled summit caldera about 10 km in diam-
eter [Miller et al., 1998]. Glacier ice and perennial snow 
pack obscure much of the volcano’s flanks. Frequent small 
eruptions, producing diffuse, ash-laden plumes, have been 
observed. Plate 1f shows an averaged InSAR image obtained 
by stacking multiple interferograms that collectively span 
from 1992 to 2000. Even though the image is not coherent in 
the summit area or upper flanks of the volcano due to snow 
and ice, any volcano-wide deformation can be ruled out.

2.7. Pavlof Volcano

Pavlof Volcano (Plate 1g) is approximately 7 km in base 
diameter and has active vents on the north and east sides, 
close to the summit [Miller et al., 1998]. Pavlof is the most 
active volcano in the Aleutian arc with almost 40 relatively 

well-documented eruptions dating back to 1790. Pavlof 
eruptions are typically strombolian to vulcanian in char-
acter and consist of the rhythmic ejection of incandescent 
bombs and ash. Recent vigorous eruptions occurred from 
1986 to 1988 and from 1996 to 1997. The 1996–97 strom-
bolian eruption produced lava fountains, lava flows, lahars, 
and ash plumes [Miller et al., 1998]. Examining InSAR 
images spanning intervals before, during, and after the 
1996–97 eruption, we found no significant, volcano-wide 
deformation in areas where the images are coherent. Plate 
1g shows an averaged interferogram comprising images 
that collectively span from 1992 to 2000; no significant 
deformation is apparent. 

2.8. Dutton Volcano

Mount Dutton (Plate 1g) is a small calc-alkaline volcanic 
center with an approximate diameter of 5 km. The volcano 
consists of a central multiple-dome complex [Miller et al., 
1998]. Although historical eruptions have not been reported, 
a swarm of shallow earthquakes (largest event ML = 4.0) 
occurred beneath the volcano in July–August 1988. The 
seismic activity was interpreted as due to the fracturing 
of country rock as a dike intruded beneath Mount Dutton, 
which could be precursory to an eruption. Plate 1g shows an 
averaged interferogram that spans from 1992 to 2000. The 
image is coherent over most of the volcano, and any defor-
mation is insignificant. However, Mount Dutton could have 
experienced an episode in 1988 similar to the one at Mount 
Peulik in 1996–98. In the latter case, deformation began two 
years before the Becharof Lake seismic swarm in 1998, but 
it did not persist after the swarm.

2.9. Shishaldin Volcano

Shishaldin Volcano (Plate 2a) is located near the center 
of unimak Island in the eastern Aleutians. The spectacular 
symmetric cone has a base diameter of approximately 16 
km and a small summit crater that typically emits a steam 
plume, occasionally with small amounts of ash. Shishaldin 
is the third most active volcano in the Aleutian arc, having 
erupted at least 28 times since 1775, including recent erup-
tions in 1995–96 and 1999. Multiple InSAR images, each 
spanning one year or more, show no significant deformation 
in coherent parts of the images before, during, or after the 
1995–96 or 1999 eruptions (Plate 2a) [Moran et al., 2006]. 
This suggests that any pre-eruption inflation is compensated 
by subsequent withdrawal of a roughly equivalent volume 
of magma (resulting in no net deformation), which in turn 
suggests that magma accumulation and transport occur 
relatively quickly. 

Plate 2Plate 2
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Plate 1. InSAR images for volcanoes in the eastern segment of the Aleutian arc. (a) InSAR image of Augustine volcano 
(1992-1993), depicting deformation associated with compaction of the 1986 pyroclastic flow deposits outlined by the 
white dashed line. (b) Averaged interferogram for the Katmai volcano group, showing no significant deformation during 
1995-2000. VTTS – Valley of Ten Thousand Smokes; nD – novarupta Dome; KT – Katmai caldera; nT – new Trident; 
MG – Mageik; MT – Martin. (c) InSAR image of Peulik volcano showing ~17 cm of uplift centered on the volcano’s 
southwest flank from October 1996 to October 1997. (d) InSAR image (1997-1998) bracketing the October 1997 erup-
tion of Chiginagak volcano, showing no significant deformation associated with the eruption. Localized subsidence 
(dashed line) was most likely caused by outgassing from an active fumarole. (e) Averaged InSAR image of Aniakchak 
Volcano showing that the caldera subsided about 13 mm/yr from 1992 to 2002. (f) Averaged interferogram of Veniaminof 
volcano, showing no significant deformation during 1992-2000. (g) Averaged interferogram (1992-2000) for Pavlof and 
Dutton volcanoes, showing no detectable deformation. Each interferometric fringe (full color cycle) represents 2.83 cm 
of range change between the ground and the satellite unless otherwise noted. The color change from red to yellow, blue, 
and red in a fringe represents a relative increase in satellite-to-ground distance or an away-from-satellite ground motion. 
Interferograms are draped over DEM shaded relief images. Areas without interferometric coherence are gray. 



Plate 2. InSAR images for volcanoes in the central segment of the Aleutian arc. (a) InSAR image (1998–1999) of Shishal-
din Volcano that shows no significant deformation associated with the volcano’s 1999 eruption. (b) InSAR image of Fisher 
volcano, showing volcano-wide subsidence during 1993–1995. (c) Aseismic inflation of Westdahl volcano depicted by 
a 1993–1998 InSAR image. Circle marks the surface projection of a shallow magma reservoir beneath Westdahl Peak. 
(d) A 1993-1995 interferogram of Makushin volcano, showing about 7 cm inflation associated with a likely eruption 
in January 1995. (e) L-band JERS-1 InSAR image showing the complex deformation field at Akutan Volcano that 
accompanied an intense earthquake swarm in March 1996. Thick dashed line represents a zone of ground cracks that 
formed during the swarm. Dashed lines (A-A’ and B-B’) represent normal faults that were reactivated. (f) Deformation 
interferogram of Okmok volcano, showing inflation of about 20 cm during 2002–2003. Each interferometric fringe 
(full color cycle) represents 2.83 cm of range change between the ground and the satellite unless otherwise noted. The 
color change from red to yellow, blue, and red in a fringe represents a relative increase in satellite-to-ground distance 
or an away-from-satellite ground motion. Interferograms are draped over DEM shaded relief images. Areas without 
interferometric coherence are gray. 



Lu ET AL.    255

2.10. Fisher Volcano

Fisher Caldera (Plate 2b) is 11 km wide, 18 km long, and 
filled with active fumaroles. It formed about 9,000 years ago 
and is one of the largest calderas in the Aleutian arc. Its last 
significant eruption occurred in the 1820s, but hydrothermal 
activity remains strong. Multiple interferograms spanning from 
1992 to 2000 indicate that the volcano has been subsiding. Plate 
2b shows the result for 1993–95: a maximum of about 3 cm of 
volcano-wide subsidence. This observation is consistent with 
GPS measurements in the area [Mann and Freymueller, 2003]. 
Subsidence is most likely due to depressurization of the vigor-
ous hydrothermal system beneath Fisher Caldera.

2.11. Westdahl Volcano

Westdahl Volcano, a young glacier-clad shield volcano, was 
frequently active during the latter half of the 20th century with 
documented eruptions in 1964, 1978–79, and 1991–92 [Miller 
et al., 1998; Lu et al., 2004]. The background level of seismic 
activity since the last eruption was generally low (about five 
M < 3 earthquakes per year). InSAR images from 1991 to 
2000 show that Westdahl Volcano deflated during its 1991–92 
eruption and is re-inflating at a rate that could produce another 
eruption in the near future (Plate 2c). The images suggest 
that rates of post-eruptive inflation and co-eruptive defla-
tion are approximated by exponential decay functions with 
time constants of about six years and a few days, respectively 
[Lu et al., 2000b, 2003b]. This behavior is consistent with a 
deep, constant-pressure magma source connected to a shal-
low reservoir (about 6 km below sea level) by a magma-filled 
conduit. The magma flow rate is governed by the pressure 
gradient between the deep source and the shallow reservoir 
[Lu et al., 2003b]. 

2.12. Makushin Volcano

Makushin Volcano (Plate 2d), a broad, ice-capped, trun-
cated stratovolcano, is one of the more active volcanoes in 
the Aleutians, having produced at least 17 relatively small 
explosive eruptions since the late 1700s [Miller et al., 1998]. 
Additional smaller eruptions probably occurred during this 
period but were unrecorded, either because they occurred 
when the volcano was obscured by clouds or because the 
eruptive products did not extend beyond the volcano’s flanks. 
Several independent InSAR images, each spanning the time 
period from October 1993 to September 1995, show evidence 
of about 7 cm of uplift (Plate 2d) centered on the volcano’s 
east flank. The uplift was interpreted as pre-eruptive inflation 
associated with a small, poorly documented explosive eruption 
on January 30, 1995 [Lu et al., 2002c]. 

2.13. Akutan Volcano

Akutan Volcano (Plate 2e), the second most active volcano 
in Alaska [Miller et al., 1998], was shaken in March 1996 
by an intense earthquake swarm accompanied by extensive 
ground cracking but no eruption. InSAR images from both the 
L-band Japanese Earth Resources Satellite (JERS)-1 (Table 1) 
and C-band ERS-1/ERS-2 (Table 1) show uplift by as much 
as 60 cm on the western part of the island associated with the 
swarm. The L-band JERS-1 interferogram (Plate 2e) displays 
greater coherence, especially in areas with loose surface mate-
rial or thick vegetation where C-band interferograms lose 
coherence. The JERS-1 interferogram also shows subsidence 
of a similar magnitude on the eastern part of the island, as 
well as displacements along faults (A–A’ and B–B’ in Plate 
2e) that were reactivated during the seismic swarm [Lu et al., 
2000a, 2005b]. The axis of uplift and subsidence strikes about 
N70°W and is roughly parallel to 1) a zone of fresh cracks on 
the volcano’s northwest flank, 2) normal faults that cut the 
island, and 3) the inferred maximum compressive stress direc-
tion. Multiple InSAR images spanning time intervals both 
before and after the swarm suggest that the northwest flank 
was uplifted 5–20 mm/year relative to the southwest flank, 
probably by magma intrusion [Lu et al., 2005b]. 

2.14. Okmok Volcano

Okmok Volcano (Plate 2f), a broad shield topped with a 10-
km-wide caldera, produced blocky, basaltic lava flows during 
relatively large effusive eruptions in 1945, 1958, and 1997 
[Miller et al., 1998]. Multiple InSAR images reveal 1) surface 
inflation of more than 18 cm from 1992 to 1995 and subsid-
ence of 1–2 cm from 1995 to 1996, prior to the 1997 eruption; 
2) more than 140 cm of surface deflation during the 1997 
eruption; and 3) 5–15 cm/year inflation from 1997 to 2004, 
after the 1997 eruption [Lu et al., 1998, 2000c, 2003c, 2005a; 
Mann et al., 2002]. Plate 2f is a Radarsat-1 (Table 1) InSAR 
image that depicts about 20 cm of inflation from 2002 to 
2003. Numerical modeling suggests that the magma reservoir 
responsible for the deformation is located about 3 km beneath 
the center of the caldera and about 5 km northeast of the 1997 
eruptive vent [Mann et al., 2002; Lu et al., 2005a].

2.15. Cleveland Volcano

Cleveland Volcano (Figs. 3a and 3b), a stratovolcano in 
the central-western Aleutian arc, is frequently observed 
emitting steam and ash. Most of the activity is characterized 
as profuse steaming from the summit crater with intermit-
tent emissions of ash and occasional debris flows. Recent 
explosive eruptions occurred in February–April 2001 and 
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July 2005 (www.avo.alaska.edu). Multiple interferograms 
before, during, and after the 2001 and 2005 eruptions do not 
reveal any significant volcano-wide deformation. Plates 3a 
and 3b show two interferograms spanning the 2001 and 2005 
eruptions, respectively. 

2.16. Korovin Volcano

Korovin Volcano (Plate 3c) is a stratovolcano on Atka 
Island in the central Aleutian arc. It has a basal diameter of 
7 km and two summit vents 0.6 km apart. Intercalated lava 
flows and pyroclastic rocks make up the volcano. Korovin 
erupted in 1951, 1953–54, 1973, 1976, 1986–87, and 1998. An 
interferogram spanning the 1998 eruption is shown in Plate 
3c. It indicates that deformation associated with the eruption 
is either lacking or too small to be detected by ERS-1/ERS-2 
(Table 1) InSAR.

2.17. Kiska Volcano

Kiska Volcano (Plate 3d) is the westernmost historically 
active volcano in the Aleutian arc. Sequential InSAR images 
show a circular area about 3 km in diameter centered near 
the summit that subsided as much as 10 cm from 1995 to 
2001, mostly during 1999–2000 (Plate 3d). Based on the 
shallow source depth from modeling (< 1 km), the copious 
amounts of steam that were vented during recent eruptions, 
and recent field reports of vigorous steaming and persistent 
ground shaking near the summit area, the observed sub-
sidence is attributed to decreased pore-fluid pressure in a 
shallow hydrothermal system beneath the summit area [Lu 
et al., 2002a]. 

2.18. Seguam Volcano

Seguam Island (Plate 3e) consists of two late Quaternary 
calderas. The western caldera dominates the western half of 
the island and includes Pyre Peak (commonly referred to as 
Seguam Volcano), a 3-km-wide central cone. Historical erup-
tions occurred in 1901, 1927, and 1977, mostly from vents at 
or near Pyre Peak. The historically inactive eastern caldera is 
somewhat larger than its western counterpart and contains a 
central cone and several vents. In late December 1992 a small 
satellite cone a few km southwest of Pyre Peak erupted, 
sending an ash plume to 1,200 m. Intermittent explosive 
eruptions were reported from May 28, 1993, to August 19, 
1993. InSAR images spanning various intervals from 1992 
to 2000 document co-eruptive and post-eruptive deformation 
(Figs. 3e–3g). Interferograms that span the 1992–93 erup-
tion are characterized by a relatively broad pattern of uplift 
that is roughly centered on the eastern (historically inac-

tive) caldera and elongated along the long axis of Seguam 
Island. Deformation during the first few years following the 
eruption was dominated by two separate regions of subsid-
ence, each having radial symmetry roughly centered on the 
east and west calderas, respectively. During the later post-
eruption intervals, the pattern of deformation in the eastern 
caldera changed from subsidence to broad uplift. A model 
that combines magma influx, thermoelastic relaxation, and 
poroelastic effects accounts for the observed deformation [Lu 
et al., 2003a; Masterlark and Lu, 2004; Price, 2004].

3. SuMMARY

The satellite InSAR technique has proven to be a powerful 
space-borne geodetic tool for studying a variety of volcanic 
processes by analyzing surface deformation patterns along 
the Aleutian arc [Lu et al., 1997, 1998, 2000a–c, 2002a–c, 
2003a–c, 2004, 2005 a–b] and at other volcanoes worldwide 
[e.g., Amelung et al., 2000; Massonnet et al., 1995; Pritchard 
and Simons, 2004; Rosen et al., 1996; Zebker et al., 2000; 
Sturkell et al., 2006; Wicks et al., 1998, 2002]. InSAR’s all-
weather, large-area imaging capability makes it particularly 
useful in this regard. 

InSAR is an excellent technique for detecting subtle defor-
mation of the ground surface, which can be used to identify 
restless volcanoes long before seismic or other precursory 
signals are detected. This is well illustrated by InSAR 
results for Westdahl and Mount Peulik Volcanoes. Each has 
a magma reservoir ~6–7 km deep, which is below the brittle-
ductile transition that typically occurs ~5 km beneath vol-
canoes [Sibson, 1982]. Therefore, the slow ascent of magma 
to the reservoirs generally is not marked by earthquakes. 
The 1996–98 inflation episode at Mount Peulik most likely 
would have gone undetected if not for the occurrence of the 
Becharof Lake earthquake swarm, which was the impetus for 
the InSAR study of the area [Lu et al., 2002b]. Even though 
the 1996–98 epicenters are not well constrained, it is clear 
that most of the activity occurred 20–45 km northwest of 
Mount Peulik, and few if any earthquakes occurred within 
10 km of the volcano. We suspect that such episodes are rela-
tively common and an integral part of the eruption cycle for 
volcanoes with characteristically long repose periods [e.g., 
Wicks et al., 2002]. Many of these episodes occur aseismi-
cally because magma accumulates gradually and preferen-
tially near the brittle-ductile transition in the crust. In such 
cases, inflation episodes will likely go undetected unless the 
intrusion rate is high enough to cause brittle failure or the 
regional stress field is such that a small amount of incremen-
tal stress is sufficient to trigger earthquakes along favorably 
oriented faults at some distance from the volcano. In light of 
the Mount Peulik results, we suspect that the eruption cycle 

Plate 3Plate 3
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Plate 3. InSAR images for volcanoes in the western segment of the Aleutian arc. (a) InSAR image (2000–2001) of 
Cleveland volcano that shows no significant deformation associated with the volcano’s 2001 eruption. (b) InSAR image 
(June-September 2005) of Cleveland volcano that shows no significant deformation associated with the volcano’s July 
2005 eruption. (c)InSAR image (1997-1998) of Korovin volcano, showing no significant deformation associated with 
the 1998 eruption. (d) InSAR image of Kiska volcano (August 1999-August 2000), showing subsidence of the sum-
mit related to hydrothermal activity. (e) InSAR image (January 15-August 13, 1993) of Seguam, showing deformation 
associated with the 1993 eruption. (f) InSAR image (1993-1997) of Seguam, showing deformation in the first few years 
after the 1993 eruption. (g) InSAR image of Seguam, showing deformation during 1999-2000, 6-7 years after the 1993 
eruption. Each interferometric fringe (full color cycle) represents 2.83 cm of range change between the ground and 
the satellite. The color change from red to yellow, blue, and red in a fringe represents a relative increase in satellite-to-
ground distance or an away-from-satellite ground motion. Interferograms are draped over DEM shaded relief images. 
Areas without interferometric coherence are gray. 
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at other dormant stratovolcanoes is much more eventful 
than has been recognized previously. Such volcanoes might 
inflate episodically during long periods of apparent quies-
cence until some threshold is reached, triggering magma’s 
final ascent to the surface. If so, InSAR provides a valuable 
tool for tracking a volcano’s progress from one eruption to 
the next and for identifying quiescent volcanoes that warrant 
careful monitoring.

InSAR can image deformation over a large region, which 
makes it an attractive tool for studying a complex deforma-
tion field such as the one that accompanied the 1996 seismic 
swarm at Akutan Volcano. To adequately characterize such 
a complex deformation field using a more conventional 
geodetic technique (e.g., electronic distance measurement 
(EDM), tiltmeters, strainmeters, or even GPS) would require 
measurements at a very large number of benchmarks or 
instrument stations. For remote volcanoes such as those 
in the Aleutian arc, the resulting workload would be pro-
hibitive. A conventional geodetic network would have to be 
extensive enough to capture the entire deformation field at 
each potentially active volcano, as well as dense enough to 
adequately characterize possible small-scale complexities. 
InSAR overcomes this limitation of conventional geodesy, 
at least in areas of adequate radar coherence, by providing 
a more spatially complete image of the deformation field. 
In the future, combining areal measurements from InSAR 
with three-dimensional measurements from GPS will almost 
surely advance our understanding of the dynamics of mag-
matic processes.

Based on deformation patterns observed with InSAR at 
about 20 Aleutian volcanoes, we can make the following 
statements:
1.   Deformation patterns at Aleutian volcanoes are diverse. 

This probably reflects the fact that Aleutian volcanoes span 
a broad spectrum of eruptive styles, sizes, magma com-
positions, and local tectonic settings. Differing deforma-
tion patterns suggest differences in the magma plumbing 
systems as well. For example, unimak Island hosts three 
active volcanoes: Westdahl, Fisher, and Shishaldin. In 
terms of eruption frequency, Shishaldin is the most active 
among the group, and Fisher is the least active. Our InSAR 
analysis suggests that Westdahl is persistently inflating 
at a rate that declined since the last eruption in 1991–92 
and that there is a magma reservoir ~6 km below the sea 
level beneath Westdahl Peak (circle in Plate 2c). Because 
Shishaldin is more active than Westdahl, one might expect 
more deformation at Shishaldin. However, InSAR shows 
that, on the contrary, significant deformation was lacking 
before, during, and after the 1995–96 and 1999 eruptions 
at Shishaldin [Moran et al., 2006]. Deformation at Fisher 
differs from that observed at either Westdahl or Shishaldin: 

Fisher is subsiding at a rate of 1–2 cm/year. Even though 
these three volcanoes are only 10–20 km apart, their defor-
mation behaviors are remarkably different. 

2.   The more frequently active volcanoes, such as Shishaldin, 
Pavlof, and Cleveland, exhibit little or no measurable 
deformation. All of these three volcanoes are stratovol-
canoes, have symmetric cones, and erupt frequently. 
Interferograms that span time intervals before, during, 
and after recent eruptions do not show any significant 
deformation. Plausible explanations include the following: 
1) pre-eruptive inflation is balanced by co-eruptive defla-
tion, resulting in little or no net deformation; 2) the magma 
reservoirs are deep, so inflation or deflation causes only 
broad, subtle deformation of the surface that is difficult to 
detect, especially if the area of radar coherence is limited 
[Moran et al., 2006]; 3) no significant pre-eruptive and 
co-eruptive deformation is associated with these eruptions; 
and 4) the magma reservoir is very shallow and its strength 
is small (i.e., pressure or volume changes in the reservoir 
are small), so deformation only occurs over a small area (a 
few km in radius) near the summit where coherence is lost 
owing to perennial ice or snow. The third possibility is puz-
zling, because considerable deformation has been observed 
with InSAR in association with similar-sized eruptions and 
intrusions at other Aleutian volcanoes. Considering the size 
of recent eruptions at these volcanoes, the last alternative 
also seems unlikely [Moran et al., 2006]. If pre-eruption 
inflation were compensated by subsequent withdrawal of 
a roughly equivalent volume of magma (resulting in no 
net deformation, alternative 1), the InSAR studies suggest 
that magma transport and accumulation occur relatively 
quickly. Further study requires better temporal sampling 
than is available from current SAR satellites and an L-
band sensor to defeat interferometric decorrelation due to 
snow/ice cover. Better monitoring of this type of volcano 
also requires observations from continuous GPS and seis-
mometers to capture localized or short-term deformation, 
if it exists. 

3.   Through numerical modeling, InSAR-derived images can 
be used to infer sources that cause observed deforma-
tion. However, modeling cannot uniquely characterize the 
source(s), for at least two reasons. First, numerical inver-
sion solutions are inherently non-unique, i.e., any deforma-
tion field can be modeled equally well by different sets of 
superimposed sources. Only by limiting the solution to a 
single source, or a small number of sources, can we make 
inferences about the cause of observed deformation (e.g., 
magmatic or hydrothermal, or in the first case, sphere, 
ellipsoid, dike, or sill). A second reason that numerical 
models are non-unique is that volcanic deformation can be 
caused by changes in either mass or pressure, in either the 
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magmatic or hydrothermal system. For example, magma 
can be added to a reservoir from below or withdrawn to 
feed an intrusion or eruption. Alternatively, exsolution of 
volatiles during cooling and crystallization of reservoir 
magma can increase reservoir pressure with no change 
in mass, and subsequent escape of exsolved volatiles can 
depressurize the reservoir with negligible mass change 
[Dzurisin, 2007]. In the latter case, ground uplift might 
be observed if fluids released from cooling magma are 
trapped underground at lithostatic pressure, but subsidence 
can be expected when fluids escape into the hydrostatically 
pressured part of the system [Fournier, 2007]. At large cal-
deras in particular, numerical simulations have suggested 
hydrothermal fluid flow can produce significant ground 
surface deformation [Hurwitz et al., 2007]. 

4.   For the deforming Aleutian volcanoes discussed in this 
paper, we attribute most of the observed uplifts (e.g., 
Westdahl, Peulik, and Makushin) to magma intrusion, in 
large part because the model sources are located at 5-7 km 
depth. This is deeper than hydrothermal fluids are thought 
to exist in active volcanic environments [Fournier, 2007]. 
On the other hand, we interpret persistent subsidence at 
Kiska volcano as being due to fluid loss from the hydro-
thermal system, mainly for two reasons: (1) the model 
deformation source is only about 1 km deep, and (2) steam 
emissions are commonly observed at the volcano [Lu et 
al., 2002a]. For the reasons discussed above, we realize 
that a deep model source is not synonymous with magma, 
nor is a shallow source at a steaming volcano compelling 
evidence for a hydrothermal deformation mechanism. In 
the absence of additional information from microgravity 
measurements, fluid geochemistry, or scientific drilling, 
any conclusion about the source(s) of ground deforma-
tion is necessarily reduced to a plausibility argument. We 
believe that magmatic, hydrothermal, and tectonic sources 
all play a role in causing the surface deformation observed 
at Aleutian volcanoes. In specific cases, one of these mech-
anisms is likely to be dominant. We have tried here to 
identify those mechanisms for a few of the Aleutian vol-
canoes, recognizing that the available data are inherently 
ambiguous. Because magma is denser than hydrothermal 
fluid, high-precision gravity surveys in conjunction with 
surface deformation and groundwater measurements can 
help to resolve this ambiguity in some cases [Gottsmann 
and Rymer, 2002]. 

5.   For some of the Aleutian volcanoes including Okmok, 
Akutan, Seguam, and Westdahl, InSAR deformation 
mapping was conducted intensively using SAR images 
from all of the available sensors (ERS-1, ERS-2, JERS-
1, Radarsat-1, and Envisat) (Table 1). For these volca-
noes, multi-temporal InSAR images enable construction 

of virtual magma plumbing systems that can be used to 
constrain models of magma accumulation and to help 
anticipate future eruptions. For other volcanoes, including 
Chiginagak, Veniaminof, and Korovin, InSAR results are 
still quite preliminary and comprehensive analyses are 
yet to be completed. nonetheless, results presented in this 
paper can serve as a basis for more thorough analyses in 
the future. 

Our studies suggest that some Aleutian volcanoes are much 
more active, in terms of magma movement as indicated by 
surface deformation from InSAR, during repose periods than 
reliance solely on seismic signals might suggest. That is not to 
say that InSAR is the final piece in a puzzle that has occupied 
volcanologists for decades. In fact, we are far from a complete 
understanding of the eruption cycle at most of Earth’s highly 
diverse volcanoes includes those summarized in this paper. 
As a result, the discovery of ground deformation (or lack 
thereof) at a given volcano using InSAR or any other geodetic 
technique does not necessarily result in better allocation of 
monitoring resources or more informed assessments of vol-
cano hazards. We know that some volcanoes erupt without 
deforming and others deform without erupting. Likewise, 
some eruptions are preceded or accompanied by intense seis-
mic activity or copious releases of magmatic gases, while 
others are not. The challenge in the Aleutians and elsewhere 
is to better understand why this is the case. For that endeavor, 
more and better information about how volcanoes deform is 
surely an advantage—and InSAR is an important new source 
of such information. 

With more operational SAR sensors available for rapid and 
frequent data acquisitions, future InSAR will escort volcano 
monitoring to an important phase wherein magma accumula-
tion in the middle to upper crust can be observed long before 
the onset of short-term precursors to an eruption. ultimately, 
more widespread use of InSAR for volcano monitoring could 
shed light on a poorly understood but important part of the 
eruption cycle, i.e., the time period between eruptions when a 
volcano seems to be doing essentially nothing. This potential 
makes InSAR a promising space-based, long-term volcano 
monitoring tool. Combining applications of the InSAR tech-
nique with observations from continuous GPS, gravimeters, 
strainmeters, tiltmeters, seismometers, and volcanic gas sen-
sors will surely improve our capability to forecast future erup-
tions, thus enabling improved volcano hazard assessment and 
more effective eruption preparedness.
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Holocene Eruptive History of Shiveluch Volcano, 
Kamchatka Peninsula, Russia 

Vera Ponomareva1, Philip Kyle2, Maria Pevzner3,  
Leopold Sulerzhitsky3, and Melanie Hartman2

The Holocene eruptive history of Shiveluch volcano, Kamchatka Peninsula, has 
been reconstructed using geologic mapping, tephrochronology, radiocarbon dat-
ing, XRF and microprobe analyses. Eruptions of Shiveluch during the Holocene 
have occurred with irregular repose times alternating between periods of explosive 
activity and dome growth. The most intense volcanism, with frequent large and 
moderate eruptions occurred around 6500–6400 BC, 2250–2000 BC, and 50–650 
AD, coincides with the all-Kamchatka peaks of volcanic activity. The current active 
period started around 900 BC; since then the large and moderate eruptions has been 
following each other in 50–400 yrs-long intervals. This persistent strong activity 
can be matched only by the early Holocene one. 

Most Shiveluch eruptions during the Holocene produced medium-K, hornblende-
bearing andesitic material characterized by high MgO (2.3–6.8 wt %), Cr (47–520 
ppm), Ni (18–106 ppm) and Sr (471–615 ppm), and low Y (<18 ppm). Only two 
mafic tephras erupted about 6500 and 2000 BC, each within the period of most 
intense activity. 

Many past eruptions from Shiveluch were larger and far more hazardous then 
the historical ones. The largest Holocene eruption occurred ~1050 AD and yielded 
>2.5 km3 of tephra. More than 10 debris avalanches took place only in the second 
half of the Holocene. Extent of Shiveluch tephra falls exceeded 350 km; travel dis-
tance of pyroclastic density currents was >22 km, and that of the debris avalanches 
≤20 km. 

INTRODUCTION

Large explosive eruptions can have a profound impact on 
the environment and seriously affect human lives. At the 

same time, the eruptions document critical moments in the 
life of a magmatic system and provide valuable information 
on its conditions. Of special interest are volcanoes that have 
frequent large explosive eruptions during their lifetime. 

Shiveluch volcano is located near the northern end of 
Central Kamchatka Depression (Fig. 1) and is one of the 
most active volcanoes on the Kamchatka Peninsula. The 
average magma discharge is ~0.015 km3 year-1, an order 
of magnitude higher than typical of island arc volcanoes 
[Melekestsev et al. 1991; Davidson and DeSilva, 2000]. 
Shiveluch has experienced many flank failures with for-
mation of large debris avalanches. These are likely a con-
sequence of the high magma supply rate and repetitive 
dome formation [Ponomareva et al., 1998; Belousov et al., 

Fig. 1Fig. 1
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1999]. Shiveluch mainly erupts high magnesium andesite, 
which has an adakitic character. Generation of the Shiveluch 
magmas may involve some slab melting as it is located over 
the edge of the subducting Pacific plate and warming or 
ablation of the slab by mantle flow may be responsible for 
magma generation [Volynets et al., 2000; Peyton et al., 2001; 
Yogodzinski et al., 2001; Park et al., 2002]. Numerous tephra 
layers erupted from Shiveluch serve as excellent markers 
in Holocene studies [Braitseva et al., 1997a; Pevzner et al., 
1998]. Due to its frequent explosive eruptions, Shiveluch 
poses hazard not only to the towns of Kliuchi and Ust’-
Kamchatsk, located at a distance of 45–85 km, but also 
for aviation. Everyday dozens of flights from Europe and 
North America to the Far East pass close to the Kamchatka 

Peninsula and could easily intercept ash clouds from large 
eruptions of Shiveluch.

Good preservation of the Holocene deposits on the flanks 
and surrounding apron of Shiveluch has allowed us to recon-
struct the last ~10 ka of eruptive activity using geologic map-
ping, tephrochronology, radiocarbon dating and geochemical 
analyses. Preliminary descriptions of a few individual erup-
tions were given by Volynets et al. [1997]; Ponomareva et 
al. [1998] and Pevzner et al. [1998]. In this paper we give a 
detailed account of the stratigraphy and composition of the 
Holocene deposits at Shiveluch volcano. 101 radiocarbon 
dates on paleosols, charcoal and wood samples are used to 
construct the eruptive history. We examine how activity has 
fluctuated with time and determine the duration of repose 
periods. This allows us to put the current ongoing activity 
into a historical perspective. We also briefly document the 
variation of magma composition with time and examine the 
potential hazards of eruptions from Shiveluch. 

GENERAL DESCRIPTION AND HISTORICAL 
ERUPTIONS

Shiveluch volcano consists of a younger Holocene and older 
late Pleistocene eruptive centers (Figs. 2 and 3A, B). Young 
Shiveluch (2,800 m a.s.l.) is a cluster of lava domes nested 
in a 9-km-wide collapse crater cut into the south side of the 
Old Shiveluch stratovolcano (3,283 m a.s.l.). The southward 
facing opening of the crater was likely controlled by a sys-
tem of normal faults with vertical displacements of ~500 m 
[Melekestsev et al., 1974]. Several Holocene lava domes were 
emplaced on the western slopes of Old Shiveluch. Most of the 
Holocene ignimbrites and debris avalanche deposits occur 
to the south of the volcano (Fig. 3A, B). The tephra-falls 
were dispersed in all directions depending on the prevailing 
wind at the time of eruption. Lahar deposits descend down 
all the radial valleys and form fans around the volcano. Old 
Shiveluch hosts summit and valley glaciers (Fig. 3B). 

Written records of Shiveluch activity date back to 1739 
[Gorshkov and Dubik, 1970]. In 1854 a large explosive erup-
tion occurred [Ditmar, 1890]. This eruption deposited a 
voluminous pumice fall NNE of the volcano, moderate vol-
umes of ignimbrite on the southern slope, and extensive 
lahar deposits that can be traced down all the valleys on 
the southern and western slopes [Ponomareva et al., 1998]. 
Smaller eruptions reported from 1879–1883, 1897–1898, 
1905, 1928–1929 and 1944–1950, resulted in emplacement 
of lava domes with accompanying minor ash falls [Gorshkov 
and Dubik, 1970; Meniailov, 1955]. 

The most recent large eruption of Shiveluch occurred on 
November 12, 1964. It involved a sector collapse, subsequent 
phreatic explosion, a powerful plinian eruption resulting 

Figs 2 & 3Figs 2 & 3

Figure 1. Map of Kamchatka showing the location of Shive-
luch volcano and nearby towns of Kliuchi and Ust’-Kamchatsk. 
Shiveluch is located at the northern end of Central Kamchatka 
depression—a major graben structure located behind the Eastern 
volcanic front. The 1 cm limit for tephra erupted from Shiveluch 
is indicated. Base map is a shaded SRTM elevation model from 
NASA/JPL/NIMA. 
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in fall and ignimbrite deposits and accompanying lahars 
[Gorshkov and Dubik, 1970; Belousov, 1995]. Lava domes 
have been growing in the 1964 crater since 1980, occasion-
ally producing block-and-ash and pumice flows, landslides, 
and minor ash falls, most recently in 2007 [Dvigalo, 1984; 
Gorelchik et al., 1997; Khubunaya et al., 1995; Zharinov et 
al., 1995; Fedotov et al., 2004; http://www.kcs.iks.ru/ivs/ 
kvert/volcanoes/Sheveluch/index_eng.html]. The 2005 erup-
tions were the largest since 1964 but they still rank below 
the latter in magnitude.

TYPES OF SHIVELUCH DEPOSITS

Holocene volcanic deposits, interlayered with paleosol hori-
zons, form a soil-pyroclastic sequence on the slopes and foot of 
Shiveluch which has been continuously accumulating during 
the last ~10 ka (Fig. 4). At distances >7 km from the crater, the 
Holocene deposits include tephra fall, pyroclastic density cur-
rent deposits, debris avalanche and debris flow (lahar) units. 
They are underlain by assorted glacial or pre-Holocene debris 
avalanche deposits. The Holocene deposits are well exposed 
in a number of deep radial valleys (Figs. 3 and 4).

Tephra fall deposits. Typical proximal tephra fall depos-
its at Shiveluch are andesitic pumice lapilli tuffs produced 
by Plinian eruptions (Fig. 4A, B; Table 1). In more distal 

localities the pumice lapilli transition into coarse ash, com-
monly enriched in mineral grains and basaltic andesitic in 
composition, and then to a fine dominantly vitric andesitic-
dacitic ash [Braitseva et al., 1997a]. Many fall units have 
distinct dispersal axes, e.g. tephras shown at Figure 5A, 
which depend on the wind direction at the time of eruption. 
Such fall deposits are usually unstratified and ungraded 
(Fig. 4A) and were likely emplaced continuously over a short 
time interval. Some pumice fall layers have wider dispersal 
directions (Fig. 5B, C) possibly due to varying wind direc-
tions and they have normal or reverse grading (Fig. 4B). 
The largest fall deposits have estimated volumes of 2–3 km3 

and their 1 cm isopachs reach ~350 km downwind from the 
eruptive center. This is about the limit that the tephra can 
be recognized in the soil-pyroclastic cover (Fig. 1). Other 
types of tephra fall deposits include: 1) those associated 
with explosions on lava domes (commonly fine to coarse 
dark-pink or pale ash); 2) co-ignimbrite falls (very fine white 
vitric ash); and 3) those produced by phreatic eruptions (gray 
fine matrix commonly enriched in rock fragments). These 
tephra fall deposits normally are less voluminous than the 
Plinian ones. 

Two Shiveluch tephra layers are mafic in composition 
and differ from the typical andesite tephra [Volynets et al., 
1997]. The older one is informally called the “dark package” 
and is a dark-gray stratified coarse ash and small lapilli of 

Fig. 4Fig. 4

Table 1Table 1

Fig. 5Fig. 5

Figure 2. View of Shiveluch looking northeast showing the older snow covered Pleistocene volcano and in front the 
mainly Holocene Young Shiveluch. The current active andesite lava dome has a gas plume and is surrounded to the 
south by an apron of young deposits many resulting from the 1964 and subsequent eruptions. Photo taken by Yuri 
Demianchuk in October, 2005. 
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basaltic andesite composition (Table 1, eruption 46). The 
younger, coded SHsp, is a unique high-K, high-Mg oliv-
ine- and phlogopite-bearing basaltic lapilli tephra (Table 1, 
eruption 28) [Volynets et al., 1997].

Deposits of pyroclastic density currents are common at 
Shiveluch and are typically pumiceous ignimbrites (Fig. 4C) 
and various cross-bedded (surge) deposits. Most of these 
deposits directly overlie pumice fall units and likely formed 
as a result of a column collapse. We did not find block-and-
ash flow deposits in any of our sections and found only a few 
minor non-pumiceous density current deposits likely derived 
from dome collapse. One ignimbrite (Table 1, eruption 29) is 

zoned from light andesitic pumice at the base to black mafic 
scoria on the top. Most of the ignimbrites were deposited 
south of the volcano but a few ignimbrites are found also on 
its western and northwestern slopes (Fig. 3B). The most distal 
ignimbrite (from SH1 eruption) occurs in the Kabeku Valley 
22 km from the eruptive vent. The original extent of some 
ignimbrites was greater but they are buried at the extremities 
by younger lahar deposits. Most of the ignimbrites have vol-
umes usually < 0.5 km3. A younger and extensive ignimbrite 
formed by SH1 eruption is ≤1 km3 (Fig. 5B).

Debris avalanche deposits. The most prominent debris 
avalanche on Shiveluch is late Pleistocene in age and resulted 

Table 1. Representative Whole Rock Major and Trace Element Analyses of Pumice Clasts from Shiveluch 

Eruption 
number 1 (SH1964) 8 16 18 25 28 (SHsp) 29 32 39 46 47 58

SiO2 60.59 60.41 57.65 60.71 59.72 51.43 55.96 57.11 61.16 52.65 62.55 58.80
TiO2 0.54 0.54 0.66 0.50 0.54 0.83 0.60 0.62 0.53 0.72 0.48 0.63
Al2O3 16.59 16.39 16.42 16.67 16.30 13.69 14.93 15.73 16.69 15.21 16.67 16.43
Fe2O3 5.19 5.29 6.23 4.80 5.27 9.43 7.03 6.23 4.90 8.13 4.49 6.01
MnO 0.10 0.10 0.12 0.09 0.10 0.16 0.12 0.11 0.10 0.14 0.09 0.11
MgO 3.73 3.77 4.67 3.19 3.85 10.58 8.50 5.62 3.18 9.25 2.35 3.91
CaO 5.97 5.91 6.54 5.47 5.83 8.36 7.22 6.52 5.72 7.77 5.12 6.23
Na2O 4.59 4.51 4.35 4.66 4.30 2.71 3.67 4.02 4.55 3.14 4.40 4.20
K2O 1.29 1.39 1.22 1.30 1.34 1.70 1.06 1.40 1.36 0.90 1.46 1.43
P2O5 0.17 0.18 0.21 0.17 0.18 0.36 0.16 0.20 0.18 0.17 0.18 0.20
L.O.I. 0.47 0.92 1.44 2.09 1.85 0.78 0.23 1.41 1.89 1.17 2.02 1.78
Total 99.22 99.42 99.51 99.65 99.27 100.03 99.50 98.98 100.25 99.25 99.80 99.73

S 265 514 410 99 278 588 199 235 484 82 274 1200
Cl 538 353 878 569 519 224 292 527 475 272 316 547
V 116 106 129 98 106 261 165 127 106 233 70 122
Cr 117 111 136 94 123 591 508 254 85 563 52 104
Ni 29 30 45 25 33 157 146 61 25 173 15 27
Cu 37 27 47 25 28 54 63 48 33 70 15 41
Zn 54 51 60 52 55 77 64 61 58 74 54 59
Ga 18 17 19 19 19 16 16 18 18 16 18 19
As 7 7 5 6 6 2 3 5 6 4 6 6
Rb 21 23 20 21 23 38 16 23 22 16 30 25
Sr 556 580 539 568 537 482 459 552 586 393 544 528
Y 13 14 16 12 13 21 14 14 13 16 12 17
Zr 111 110 123 119 115 93 89 109 112 91 119 122
Nb 2 1 2 2 2 2 2 1 2 3 2 2
Mo 1 1 1 1 1 1 <1 <1 1 <1 1 2
Ba 408 465 399 431 447 467 341 473 404 328 456 443
Pb 6 9 7 6 7 7 5 8 9 6 7 8
Th 1 4 1  <1 <1 1 <1  <1 1 3  <1 1
U 1 2 1 2 1 1 1 1 <1 1 1 <1
Analyses were made by XRF in New Mexico Institute of Mining and Technology, USA. Description of the analyzed samples: eruption number 
(sample number; facies of the deposit). 1 (00K69; ignimbrite); 8 (00K67; ignimbrite); 16 (00K50; fall); 18 (00K51; fall); 25 (00K55; fall); 28 
(00K15; fall); 29 (00K22; ignimbrite); 32 (00K58; fall); 39 (00K30; fall); 46 (“dark package”, 97058/2; fall); 47 (00K32; fall); 58 (00K44; 
fall). Eruption codes of marker tephras are given in parentheses. In the text and on the diagrams we refer to contents of SiO2 in analyses, 
recalculated to 100%, LOI free.
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in the formation of the 9 km-wide crater which dissects Old 
Shiveluch volcano. Large hummocks of this debris avalanche 
are found on the southern slope of the volcano (Fig. 3A) 
[Melekestsev et al., 1991; Belousov et al., 1999; Ponomareva 
et al., 2006]. More than 10 mid- to late Holocene debris 
avalanche deposits are exposed on the southern slope and 
2 occur on the western slope of Shiveluch at distances ≥7 
km from the active vent [Ponomareva et al., 1998]. The pre-
historic deposits are labeled with Roman numbers I–XIII 
(Figs. 6–10). Travel distances of individual Holocene ava-
lanches exceeded 20 km, and volumes reached 3 km3. When 
the avalanche deposits are not obscured by younger deposits 
they display a typical hummocky topography. Some debris 
avalanche deposits are completely buried under younger 
volcanic products but in outcrops they exhibit typical “block 
facies” often underlain by “mixed facies” [Glicken, 1986; 
Belousov et al., 1999]. When one considers the high magma 
discharge rates during the Holocene, it is likely there are 
more debris avalanche deposits which are not exposed or 
have not been identified.

In plan view most of the debris avalanche deposits look 
similar to the 1964 deposit which is narrow near vent and 
spreads out in a broad apron (Fig. 3A). These likely origi-
nated from a collapse of tightly spaced domes located close 
to the modern one. Debris avalanche deposits V and XII 
occur in a wide area extending from Baidarnaia to Dry 
Il’chinets Rivers (Fig. 3A) [Ponomareva et al., 1998]. This 
distribution suggests they originated from collapse of domes 
which once occupied the whole area of the late Pleistocene 
collapse crater. At least one of the deposits (X on Fig. 6) may 
have originated from Baidarny Ridge based on the dispersal 
of this deposit only in the southwestern sector of the volca-
no’s foot and the presence of a collapse scarp on the ridge 
(Fig. 2). Ponomareva et al. [1998] gives more details on the 
distribution of the debris avalanche deposits and Belousov et 
al. [1999] provides characteristics of some of those.

Lahars (debris f lows) likely accompanied most of 
Shiveluch eruptions due to the presence of glaciers and 
long-lived snow cover at the volcano. The lahar deposits 
have rounded rock fragments suspended in a coarse sandy 
matrix. They are exposed in all the valleys and merge into a 
discontinuous ring plain around the volcano (Fig. 3B). 

STRATIGRAPHY

Our field work at Shiveluch has identified 60 large Holocene 
eruptions (Figs. 6–10). Eruptions are individually numbered 
but since tephra falls of 8 of them are distinct in some way and 
are used as markers, these eruptions are given the identifier 
code SH for Shiveluch [Braitseva et al., 1997a, b] (Table 2). 

Fig. 6–10Fig. 6–10

Table 2Table 2

Figure 4. Selected sections showing the pyroclastic units around 
Shiveluch volcano. Units are labeled with their eruption numbers 
in white circles. A. Mid-Holocene pumice fall units interlayered 
with thin organic-rich paleosols and fine tephra 16 km southeast 
of the crater. A handle of a shovel is ~50 cm long. B. Upper part 
of the soil-pyroclastic sequence 16 km southeast of the crater. 
Marker tephra layers SH1, SH2, and SH3 from Shiveluch and KS1 
from Ksudach volcano are labeled. Note the wedge-shaped SH3 
ignimbrite separating tephra-fall and paleosol layers. C. Coarse-
grained ignimbrites interlayered between packages of tephra-fall 
and paleosol layers. SE sector, 14 km from the crater. A standing 
person is ~180 cm tall.
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At distances >15 km from Shiveluch the Holocene soil-
pyroclastic sequence is dominated by pumice and ash falls 
separated by paleosols. Included in these sequences are 
regional marker tephra layers from volcanoes throughout 
Kamchatka (Figs. 4B, 6–10; Table 2). Studies of the histori-
cal deposits (e.g. those of the 1944–1950 and 1964 Shiveluch 
eruptions and the 1956 Bezymianny eruptions) show that 
even when there is a short time interval between eruptions, 
their deposits are separated by paleosols. Because the paleo-
sols form rapidly, when volcanic deposits directly over-
lie each other and are not separated by paleosols, we have 
assigned them to the same eruption.

Most fall deposits erupted from Shiveluch look similar and 
are difficult to uniquely identify in many sections. Direct 
tracing of tephra layers from section to section was helpful. 
About 200 sections were measured around Shiveluch mostly 
along river valleys (Fig. 3B). In cases when correlation of 
the deposits from adjacent valleys was uncertain, pits up to 
4-m-deep were dug on the divides to allow the tephra layers 
to be traced. All measured sections are over 7 km from the 
eruptive center. Early Holocene deposits are exposed >10 km 
from the crater (Fig. 3B). For this reason our eruptive history 
only includes mid-late Holocene deposits, which reached dis-
tances ≥7km from source and 10–12 km for early Holocene 
units. Some distal tephra falls from Shiveluch have been 
examined and dated in many sites throughout the Kamchatka 
Peninsula and are used as markers for volcanological, paleo-
seismological and paleoclimate research (e.g. Braitseva et 
al., 1983, 1991; Pevzner et al., 1998, 2006; Bourgeois et al., 
2006; Kozhurin et al., 2006). These markers are included in 
Table 2; their 14C ages are also shown on Figures 6–10. We 
have used tephra thickness data from distal sites to construct 
isopach maps and estimate eruption volumes.

There is nearly continuous outcrop along the banks of rivers 
radiating out from Shiveluch. Significant differences can be 
seen in pyroclastic deposits from bank to bank along the riv-
ers. So we therefore measured sections on both banks of each 
valley. Two examples of correlation of the sections down two 
river valleys are shown on Figures 6 and 7. Kamenskaia valley 
drains to the southwest and exposes deposits erupted during 
the last ~1.5 ka (Figs. 3A and 6). Mutny valley descends from 
Old Shiveluch to the northwest (Fig. 3A) exposing deposits 
erupted during the last ~9.5 ka. As the pyroclastic sequence 
in Mutny valley is >4 m thick, we show only the part between 
the KS1 and SHdv marker tephra layers (Fig. 7). Direct tracing 
of tephra layers and other deposits has allowed us to compile 
summary sections through the deposits exposed in each of 

Figure 5. Representative isopach maps for Shiveluch eruptions 
showing the dispersal of SH1, SH2 and SH3 tephra fall units. Iso-
pach are dashed where inferred and thicknesses are in cm. 
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these valleys. In the same way we compiled summary sec-
tions for each of the radial valleys (Fig. 8) and combined 
them into a summary section through the Holocene pyro-
clastic succession at Shiveluch foot (Fig. 9). The summary 
section is the basis for the reconstruction of the Shiveluch 
Holocene eruptive activity. 14C dates obtained in different 
valleys complement each other and provide a detailed frame-
work for timing the eruptions.

Reconstruction of the eruptive history of Shiveluch and an 
understanding of the repose periods can only be determined 
using sections measured along multiple river valleys. Eruptive 
units were dispersed in different directions and some of them 
are absent on the southern slope of the volcano traditionally 
visited by researchers. Belousov et al. [1999] examined the 
pyroclastics on the southern slope and concluded that the vol-

cano produced only one strong eruption (SH3) between 1600 
and 1000 BP. Our data show that actually this period includes 
a period of enhanced activity with at least three more large 
eruptions in addition to the SH3 one (Figs. 9–10) with fallout 
axes directed to the N and SE (Fig. 8). 

We think that the tephra layers younger than ~9.5 ka (erup-
tion #52, Fig. 9) are equally well preserved in all the sectors 
around Shiveluch. Older tephra have been examined in fewer 
outcrops which hampers an understanding of their dispersal 
and eruptive volumes. Smaller early Holocene debris ava-
lanche deposits may also be buried under younger deposits. 
Debris avalanche deposits VII and XI and two pyroclastic 
density current deposits have been recognized only on the 
western slope and were likely associated with eruptions of 
the Karan domes (Figs. 9 and 10). 

Table 2. Holocene Marker Tephra Layers Identified at Shiveluch Volcano, Kamchatka

Source volcano Code
Rounded 14C age 

(yr BP) Description Composition Characteristic features
Shiveluch SH1964 White pumice lapilli A Medium K2O content, high Cr and 

Sr content, presence of Hb, Ol

Bezymianny B1956 Gray coarse to fine ash (1–3 
cm)

A Medium K2O content, presence of 
Hb

Shiveluch SH1 250 Thinly stratified white fine to 
coarse ash

A Medium K2O content, high Cr and 
Sr content, presence of Hb

 “ SH2 950 Normally graded light gray 
coarse ash and pumice lapilli 

A Medium K2O content, high Cr and 
Sr content, presence of Hb

 “ SH3 1400 Dirty-yellow pumice lapilli A Medium K2O content, high Cr and 
Sr content, presence of Hb, Ol

Ksudach KS1 1800 Pale yellow (upper 1–2 cm 
gray) fine ash (6-8 cm)

D Low K2O content, absence of Hb

Shiveluch SH5 2550 Yellow pumice lapilli in the 
western sector and coarse 
yellow ash in other sectors

A Medium K2O content, high Cr and 
Sr content, presence of Hb, Ol

 “ SHsp 3600 Stratified dark-gray cinder 
lapilli and coarse ash

B High K2O, MgO, Cr and Sr content, 
presence of Hb, Ol and Ph

 “ SHdv 4100 Normally graded pale yellow 
coarse to fine ash

A Medium K2O content, high Cr and 
Sr content, presence of Hb

Kliuchevskoi KL 5800–6000 Black coarse ash (0.5–1.5 cm) BA Medium K2O content

Ksudach KS2 6000 Iron-stained ochre fine ash 
(0.5 cm)

A Low K2O content, absence of Hb

Khangar KHG 6950 Bright yellow fine ash 
(3–4cm)

D Medium-high K2O content, 
presence of Bi and Hb

Kizimen KZ 7550 Yellow fine ash (1–2 cm) D Medium K2O content, presence of 
Hb

Plosky PL 8600 Dark-brown coarse ash (1cm) BA High K2O content
Plosky PL ~9500 Dark-brown coarse ash (1cm) BA High K2O content

Note. Tephra layers are listed in chronological order. Ages are the rounded average radiocarbon ages from Braitseva et al [1988, 
1995, 1997a, b] and Volynets et al. [1997]. In description average thicknesses of distal marker tephra layers in the Shiveluch area are 
given in parentheses. Composition of the tephra are A – andesite; BA-basaltic andesite; D – dacites; RD – rhyodacite; R - rhyolite. 
Hb, hornblende; Ol, olivine; Bi, biotite; Ph, phlogopite.
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The various facies of an eruption are given on Figure 10. 
At least 6 eruptions started with debris avalanches and then 
produced pumice falls and ignimbrites or surge deposits. 
Five debris avalanches were followed only by deposition of 
ignimbrite and only 2 by tephra falls. More than 20 erup-
tions produced fall and pyroclastic density current deposits. 
Eighteen eruptions produced only fall deposits including 
14 andesitic pumice fall deposits, 2 phreatic tephras and 2 
basaltic fall deposits. 

ERUPTION VOLUMES

The 1964 eruption (SH1964) produced ~2 km3 of debris 
avalanche and 0.3–0.4 km3 each of fall deposits and 
ignimbrite [Gorshkov and Dubik, 1970]. As this was the 

last major eruption these deposits are easily identified 
around the volcano. The SH1964 tephra fall deposit can be 
traced SE downwind of the volcano to the Pacific coast. 
In the Ust’-Kamchatsk region (Fig. 1) the fall was 2–3 cm 
thick. Ash from the SH1964 eruption was also observed 
to fall at Bering Island (Fig. 1), ~330 km from source 
[Gorshkov and Dubik, 1970]. Now only minor traces of 
this ash are found there. The 1964 eruption can serve as a 
model for a large eruption from Shiveluch but examination 
of pre-historic deposits shows that larger eruptions have 
occurred in the past. 

Only approximate volumes for pre-historic ignimbrite, 
surge and debris avalanche deposits can be estimated 
since many are obscured by younger eruptives or are 
partly eroded. Furthermore, calculation of tephra fall vol-

Figure 6. Summary and individual measured stratigraphic sections in the Kamenskaia River. Locations of the sections 
are shown on Figure 3A. Distance from the eruptive vent is shown above the columns. Inferred correlations are dashed. 
Rounded radiocarbon ages of marker tephra layers are given in the parentheses. Codes and ages of marker tephra layers 
as in Table 2. Roman numbers are debris avalanche deposits [from Ponomareva et al., 1998]. Radiocarbon dates obtained 
on successive alkaline extractions from the same sample are shown in boxes. See “Table 3” (available on the CD-ROM 
accompanying this volume). for details on the dated samples. The 10-cm scale (on the left) is for fall and surge deposits 
only. Lahar and debris avalanche deposits and ignimbrites are not to scale and their thicknesses in meters are shown to 
the right of the columns by italic numbers. Numbers of the eruptions are shown left of the summary section.



272     HOLOCENE ERUPTIVE HISTORY OF SHIVELUCH VOLCANO, KAMCHATKA PENINSULA, RUSSIA 

umes are hampered because identification and correlation 
of many distal deposits are difficult. Estimated volumes 
for the SH2 tephra show it is the largest tephra fall deposit 
(Fig. 5C). The SH1 eruption had the largest ignimbrite 
deposits and co-ignimbrite fall tephra (Fig. 5B). The 
smallest eruptions which are detectable >7 km from the 
crater, are estimated to have tephra fall volumes of ~0.01 
km3. Such small volume eruptions likely occurred during 
periods of dome growth. Here we use the 1964 eruption as 
a reference and classify eruptions with >1 km3 of erupted 
products as the largest, 1–0.5 km3 as large, 0.5–0.1 km3 
as moderate, and <0.1 km3 as small or minor. For deposits 
erupted in historic times, including the Plinian eruptions 
in 1854 (SH1854) and 1964 (SH1964) and dome related 
eruptions in 1944–1950 and 1980–2005, we can calculate 
their volumes from field data. When these are compared 
to contemporary data on tephra dispersal, it shows that we 
tend to under-estimate the volumes of past eruptions. 

RADIOCARBON DATING

Reconstructed eruptive history is based on 101 conven-
tional radiocarbon dates on paleosols, charcoal and wood 
associated with the pyroclastic deposits (Table 3 available on 
the CD-ROM accompanying this volume; Fig. 9). Of those, 
sixteen dates have been earlier published by Ponomareva et 
al. [1998] and three dates - by Belousov et al. [1999]. The 
radiocarbon dates provide additional time constraints when 
used in conjunction with earlier dated marker tephras from 
Shiveluch and other volcanoes (Figs. 9 and 10; Table 2). 

For radiocarbon dating, we used methods given in 
Braitseva et al. [1992, 1993], which can be summarized as 
follows. 14C dates from soil layers, which formed over a long 
time interval, were obtained using successive alkaline extrac-
tions (Table 3: available on the CD-ROM accompanying this 
volume). In such cases we used the younger date for the soil 
underlying and the older date for the soil overlying the tephra 

Figure 7. Summary and individual measured stratigraphic sections in the Karina and Mutny Rivers. Locations of the 
sections are shown on Figure 3A. Only the sections between the 1800 BP KS1 and 4100 BP SHdv marker tephra layers 
are shown. Some deposits in these sections were probably erupted from the Karan domes and not from the main crater. 
Symbols are the same as Figure 6. Lahar deposits are not included into the summary section.



PONOMAREVA ET AL.    273

F
ig

u
re

 8
. C

or
re

la
ti

on
 o

f 
la

te
 H

ol
oc

en
e 

de
po

si
ts

 e
xp

os
ed

 i
n 

5 
ri

ve
r 

va
ll

ey
s 

ra
di

at
in

g 
ou

t f
ro

m
 S

hi
ve

lu
ch

 v
ol

ca
no

. T
he

 s
um

m
ar

y 
se

ct
io

ns
 f

or
 e

ac
h 

of
 

th
e 

va
ll

ey
s 

an
d 

co
rr

el
at

io
ns

 w
er

e 
us

ed
 to

 c
on

st
ru

ct
 th

e 
su

m
m

ar
y 

st
ra

ti
gr

ap
hi

c 
se

ct
io

n 
of

 th
e 

la
te

 H
ol

oc
en

e 
hi

st
or

y 
of

 S
hi

ve
lu

ch
. T

he
 K

S 1,
 ~

18
00

 B
P

 
m

ar
ke

r 
te

ph
ra

 la
ye

r 
fr

om
 K

su
da

ch
 v

ol
ca

no
 is

 a
t t

he
 b

as
e 

of
 e

ac
h 

se
ct

io
n.

 F
or

 d
es

ig
na

ti
on

s 
se

e 
Fi

gu
re

 6
 a

nd
 T

ab
le

 2
. T

he
 1

0-
cm

 s
ca

le
 (

on
 th

e 
le

ft
) 

is
 

fo
r 

fa
ll

 d
ep

os
it

s 
as

 m
ea

su
re

d 
15

–1
7 

km
 f

ro
m

 t
he

ir
 e

ru
pt

iv
e 

ve
nt

. D
eb

ri
s 

av
al

an
ch

e 
de

po
si

ts
 a

nd
 ig

ni
m

br
it

es
 a

re
 n

ot
 to

 s
ca

le
.



274     HOLOCENE ERUPTIVE HISTORY OF SHIVELUCH VOLCANO, KAMCHATKA PENINSULA, RUSSIA 

F
ig

u
re

 9
. S

um
m

ar
y 

st
ra

ti
gr

ap
hy

 o
f 

th
e 

H
ol

oc
en

e 
de

po
si

ts
 s

ur
ro

un
di

ng
 S

hi
ve

lu
ch

 v
ol

ca
no

. D
ep

os
it

s 
fr

om
 K

ar
an

 e
ru

pt
iv

e 
ce

nt
er

s 
to

 th
e 

w
es

t o
f 

S
hi

ve
-

lu
ch

 a
re

 s
ho

w
n 

le
ft

 a
nd

 r
ig

ht
 o

f 
th

e 
m

ai
n 

co
lu

m
n.

 S
ym

bo
ls

 a
re

 g
iv

en
 o

n 
Fi

gu
re

s 
6 

an
d 

8.
 M

ar
ke

r 
te

ph
ra

 c
od

es
 a

re
 f

ro
m

 T
ab

le
 2

. 14
C

 d
at

es
 a

re
 f

ro
m

 
“T

ab
le

 3
” 

(a
va

il
ab

le
 o

n 
th

e 
C

D
-R

O
M

 a
cc

om
pa

ny
in

g 
th

is
 v

ol
um

e)
. D

at
es

 m
ar

ke
d 

w
it

h 
a 

do
ub

le
 a

st
er

is
k 

ar
e 

fr
om

 B
el

ou
so

v 
et

 a
l. 

[1
99

9]
. 14

C
 d

at
es

 w
it

h 
sq

ua
re

 b
ra

ck
et

s 
ar

e 
on

 p
al

eo
so

ls
 i

n 
pl

ac
es

 w
he

re
 o

th
er

 d
ep

os
it

s 
en

cl
os

ed
 w

it
hi

n 
th

e 
br

ac
ke

t w
er

e 
no

t p
re

se
nt

 (
pi

nc
he

d 
ou

t)
.



PONOMAREVA ET AL.    275

deposit. A date obtained on a long-lived soil or peat layer 
without subdivision into extractions gives its mean age and 
so may differ significantly from the age of under- or overly-
ing deposits [Braitseva et al., 1993]. Wood found in debris 
avalanche deposits may have been redeposited and can yield 
older ages. The stratigraphic relationships and ages of the 
marker tephra layers also help to constrain the 14C dating 
uncertainty. In Figures 6–8 we provide radiocarbon dates 
obtained in the individual valleys. In Figure 9 and in Table 3 
(available on the CD-ROM accompanying this volume) we 
provide all the available dates. In Figure 10, we choose the 
dates we consider provide meaningful ages close to the ages 
of the eruptions. These are mainly dates on charcoal from 
the ignimbrites, and the youngest and the oldest dates on 
paleosols. Approximate 14C ages were then estimated for 
each of the eruptions. For estimating the duration and tim-
ing of active and repose periods (Fig. 12) we have calibrated 
the 14C ages using CALIB 5.0 [Stuiver et al., 2005]. In some 
parts of the summary stratigraphy, where the dates are rare 
or lacking (e.g. early Holocene, Fig. 10), we had to rely 
mostly on marker tephra layers and estimated the ages of 
individual eruptions dividing the age span between marker 
layers or between the calibrated dates by the number of the 
enclosed eruptions. 

According to the requirements of the Radiocarbon http://
www.radiocarbon.org/Authors/author-info.pdf, we report 
radiocarbon dates as years BP (e.g., 1000 BP) and calibrated 
ages as years BC or AD, or (only in Table 4 (available on 
the CD-ROM accompanying this volume)) as cal years BP. 

Approximate age estimates in the running text, e.g. ~10 ka, 
are calibrated ages as well.

COMPOSITION OF ERUPTED PRODUCTS

The major and trace element composition of ejecta from 
representative eruptions were determined by XRF (Table 1; 
Table 4 (available on the CD-ROM accompanying this vol-
ume)). All of these analyses are on pumice or scoria samples 
from pyroclastic deposits and should represent the bulk 
compositions of the magmas erupted at Shiveluch. Glasses 
from the tephra fall deposits were analyzed by electron 
microprobe to characterize their compositions and to allow 
them to be used in tephrochronological studies (Table 5). 

Most Holocene erupted products are medium-K, horn-
blende-bearing andesites [Gill, 1981] having a range of 
SiO2 from 56 to 64% but many analyses have between 
60 and 63% SiO2 (Fig. 11A, B; Table 4 (available on the 
CD-ROM accompanying this volume)).  The andesites 
are characterized by high-Mg olivines, which contain Cr 
spinel inclusions. Compared to other medium-K andesites 
in Kamchatka the andesite from Shiveluch has higher Mg, 
Ni, Sr, and Cr contents and Ni/Co, Cr/V and Sr/Y ratios and 
lower Y contents [e.g., Churikova et al., 2001; Kepezhinskas 
et al., 1997; Melekestsev et al., 1991; Volynets et al., 1994, 
1999; 2000; Yogodzinski et al., 2001]. The high Sr/Y ratios 
and low Y concentrations are typical of adakites [Defant 
and Drummond, 1993] which are derived in part from slab 
melting. 

Fig. 12Fig. 12

Table 3Table 3

Table 5. Representative Electron Microprobe Analyses of Glass

Eruption
1  

(SH1964) 4 (SH1) 6 (SH2) 8 11 (SH3) 12 13 16 22 32 35 44 47 51

SiO2 75.06 74.86 75.52 76.06 75.46 76.75 75.88 74.26 75.86 74.35 75.19 75.59 78.06 74.27
TiO2 0.25 0.24 0.26 0.23 0.24 0.26 0.26 0.23 0.22 0.33 0.23 0.22 0.17 0.35
Al2O3 13.89 14.08 13.84 13.24 13.94 12.96 13.33 13.97 13.77 14.12 13.77 13.46 12.72 14.25
FeO 1.24 1.04 1.11 0.92 1.25 1.07 1.19 1.40 1.09 1.52 1.24 1.06 0.76 1.48
MnO 0.03 0.03 0.01 0.04 0.02 0.01 0.02 0.03 0.03 0.04 0.02 0.02 0.01 0.03
MgO 0.31 0.31 0.22 0.13 0.30 0.15 0.29 0.39 0.25 0.41 0.29 0.22 0.19 0.32
CaO 1.27 1.32 1.16 0.90 1.27 0.87 1.10 1.47 1.16 1.37 1.13 0.96 0.97 1.33
Na2O 5.03 4.89 4.60 4.80 4.35 4.46 4.67 5.11 4.50 4.93 4.47 5.44 4.01 4.41
K2O 2.75 2.98 3.07 3.38 2.95 3.19 2.99 2.92 2.92 2.74 2.81 2.87 2.82 3.37
P2O5 0.04 0.06 0.07 0.04 0.03 0.05 0.04 0.04 0.03 0.04 0.03 0.03 0.04 0.05
SO2 0.03 0.01 0.02 0.01 0.02 0.03 0.04 0.02 0.01 0.02 0.02 0.02 0.02 0.02
F 0.03 0.06 0.04 0.18 0.03 0.04 0.04 0.05 0.05 0.04 0.68 0.05 0.19 0.03
Cl 0.11 0.13 0.11 0.09 0.15 0.18 0.17 0.15 0.11 0.12 0.12 0.10 0.05 0.12
Total 100.03 100.01 100.01 100.03 100.01 100.01 100.01 100.03 100.01 100.04 100.02 100.04 100.02 100.03
Analyses were made by Cameca SX-100 electron microprobe at New Mexico Institute of Mining and Technology. Multiple analyses for the individual 
pumice clasts were corrected for sodium loss, normalized to 100% and averaged. Description of the analyzed samples: eruption number (sample number; 
facies of the deposit). 1 (00K69; ignimbrite); 4 (00K68; ignimbrite); 6 (00K66; ignimbrite); 8 (00K67; ignimbrite); 11 (00K45; ignimbrite); 12 (00K9; 
fall); 13 (00K64; ignimbrite); 16 (00K65; ignimbrite); 22 (00K62; ignimbrite); 32 (00K21; ignimbrite); 35 (00K27; ignimbrite); 44 (00K31; ignimbrite); 
47 (00K32; fall); 51 (00K41; fall). Eruption codes of marker eruptions are given in parentheses.
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Mafic (56–58% SiO2) members of this sequence are 
few and are represented both by light-colored pumice and 
dark-gray scoria. In some cases, lower SiO2 content in the 
rock coincides with a presence of relatively mafic glass 
(Fig. 11C; Table 5); it might be interpreted as an input of 
more mafic material into the magma feeding system. Banded 
pumices with alternating layers of andesitic and basaltic 
andesitic material have been described for Shiveluch, that 
reflects simultaneous presence of both magmas in a cham-
ber [Volynets, 1979]. Other mafic andesite varieties contain 
silicic glass and their bulk composition might reflect enrich-
ment of andesitic pumice with mineral grains including those 
from disintegrated ultramafic xenoliths (Fig. 11C) [Volynets 
et al., 1997]. This latter case resembles changes of Shiveluch 
tephra composition downwind due to eolian segregation: as it 
has been described earlier, its bulk composition may change 
from silicic andesite (proximal pumice lapilli) to basal-
tic andesite (sand-size tephra enriched in mineral grains) 
and then again to silicic andesite or dacite (very fine ash) 
[Braitseva et al., 1997a]. Bulk analyses of lapilli from the 
andesitic sequence show coherent geochemical trends con-
sistent with fractional crystallization (Fig. 11A); [Volynets 
et al., 1997]. The Shiveluch tephra have high MgO (2.3–6.8 
wt %), Cr (47–520 ppm), Ni (18–106 ppm) and Sr (471–615 
ppm) and low Y (<18 ppm).

SHIVELUCH ACTIVITY DURING THE HOLOCENE

The volume of eruptions from Shiveluch volcano over 
the last 10 ka are given in Figure 12. We have arbitrarily 
assigned a volume of 0.5 km3 for units which have similar 
thicknesses and distribution to the 1964 deposits. Debris 
avalanche deposits with unknown or <1 km3 volumes 
[Ponomareva et al., 1998] are assigned a volume of 0.5 km3. 
Periods of dome growth were identified in the stratigraphic 
record by the presence of the tephra layers similar to those 
erupted from domes between 1944 and 2005. Typically these 
consisted of minor pumiceous or lithic-rich coarse tephra 
fallout, including pink (oxidized) fine and coarse tephra. 
Five periods of small or infrequent eruptions and low activity 
are shaded on Figure 12. 

The eruptive activity of Shiveluch during the Holocene 
(Figs. 9, 10 and 12) has been characterized by Plinian erup-
tions alternating with periods of dome growth. Plinian erup-
tions with eruption volumes ≥0.6–0.8 km3 have occurred 
at least 23 times during the Holocene giving an average of 
over 2 Plinian eruptions per 1000 years. At the same time, 
Shiveluch activity has not been uniform with time. Periods 
of large and moderate eruptions separated by only 50–100 
years intervals, often were followed by long periods of 
small eruptions. 

Shiveluch had 3 distinct periods of frequent moderate to 
large eruptions. These were from ~8500 to 6400 BC, with 
16 eruptions; from ~2600 to 1700 BC, with 5 eruptions 
and since ~900 BC with 16 eruptions including eruptions 

Figure 11. Silica variation diagrams showing K2O and Cr contents 
in pumice and scoria samples representative of the bulk composition 
of the erupted tephra. Groundmass glasses are rhyolitic although 
the parental eruptions were andesitic. The smooth linear trend in 
the K2O plot is consistent with the magmas evolving from a basaltic 
andesite parent by fractional crystallization. The “basic” (~52% 
SiO2) SHsp eruption is more potassic than the evolved andesitic 
rocks and is not related to the normal andesitic rocks erupted from 
Shiveluch. See “Table 4” (available on the CD-ROM accompanying 
this volume) and “Table 5” for the data. 
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from the Karan domes on the western f lank of the vol-
cano. Within these periods there were times when the large 
and moderate eruptions were only ~50 years apart. These 
times were 6500–6400 BC, 2250–2000 BC, and 50–650 
AD. Unusual mafic eruptions (“dark package” and SHsp) 
occurred during the 2 earlier periods. The earliest and the 
latest periods fit well into periods of intensified activity 
noted throughout Kamchatka [Braitseva et al., 1995]. The 
2250 to 2000 BC activity with the unique SHsp correlates 
with periods of strong mafic eruptions, documented on many 
Kamchatka volcanoes, including the growth of the young 
cones of Avachinsky and Gamchen volcanoes and vigorous 
activity of flank vents on Kliuchevskoi volcano [Braitseva 
et al., 1995; Kozhurin et al., 2006]. 

Long periods with little deposition of tephra >7 km 
from the vent, happened several times in the volcano’s life 
(Fig. 12). The longest quiet period between 6400 and 4600 
BC had only one large plinian eruption at ~5500 BC and 
intermittent minor activity. The last relatively calm period 
took place between 1800 and 900 BC with small collapse 
deposits found in Mutny, Baidarnaia and Dry Il’chinets 
rivers. 

The eruptive frequency of Shiveluch activity was irregular. 
The current period of activity seems to have started around 
900 BC; since then the large and moderate eruptions follow 
each other in 50–400 yrs-long intervals. Over the ~1.5 ka 
there was at least 5 largest, 3 large, 2 moderate eruptions 
and 5 debris avalanches including the largest one during the 
Holocene. This persistent and strong activity can be matched 
only by the early Holocene one. 

Explosive eruptions associated with debris avalanches 
were small to large, but never the largest (Fig. 12). During 
some of them explosive events were likely provoked by 
sector collapses, otherwise the activity might have been 
restricted to another dome formation as it was shown for the 
1964 eruption by Belousov [1995]. Only 2 pre-historic debris 
avalanches were immediately followed by a large pumice fall 
similar to the 1964 eruption. In 3 more cases explosive events 
included moderate to small pumice fall and extensive pyro-
clastic density currents. In other cases explosive activity was 
weak. In most cases debris avalanche-associated eruptions 
did not follow each other but were separated by one or more 
Plinian eruptions. The largest Plinian eruptions, such as SH1, 
SH2 and SH3, followed within a 50–200-yrs long intervals 
after the debris avalanche-associated eruptions. 

During the Holocene most Shiveluch eruptions were andes-
itic (Fig. 12). No other Kamchatka volcano has consistently 
produced andesite like Shiveluch during the Holocene. Most 
of other “andesitic” volcanoes, including Bezymianny and 
Kizimen, also erupted large amounts of mafic material dur-
ing their lifetime [Braitseva et al., 1991; Melekestsev et al., 

1995]. The persistent andesitic eruptions from Shiveluch 
suggest the existence of a steady andesitic magma chamber 
under the volcano. Petrologic models show that the andesite 
at Shiveluch could fractionate from basaltic andesite. Basaltic 
andesite has erupted a number of times, most recently in 
1854, but it also occurs as mafic bands in some andesitic 
pumice [Volynets et al., 1979, 1997]. As it was discussed 
earlier, two mafic tephras, “dark package” and SHsp, erupted 
about 6500 and 2000 BC, respectively, likely reflect some 
important events in the magma feeding system, especially 
the later one, which has no analogues in any other Shiveluch 
products but has a certain similarity to the basalts of nearby 
Kharchinsky volcano [Volynets et al., 1997]. There is no 
distinct relationship between composition of the erupted 
products and the size of an eruption or its position within the 
active period. We only can note that the two mafic tephras 
appeared close to the end of the corresponding periods of 
activity. Based on seismic data, replenishment of this sup-
posed crustal chamber starts from the depth of at least 100 
km and was registered even before small explosive eruptions 
[Gorelchik et al., 1997]. Irregularity of Shiveluch activity, 
correlation of its main peaks with the regional ones, stabil-
ity of magma composition and replenishment of the crustal 
chamber from a deep source even before small explosive 
eruptions suggest that pulses of Shiveluch activity are gov-
erned by a deep-seated process. 

Shiveluch eruptive history clearly demonstrates that his-
torical activity was far less hazardous than some of the pre-
ceding eruptions. The largest historical eruptions (in 1854 
and 1964) were not the largest ones on the geological record 
(Fig. 12), and their tephra fall was dispersed mainly to the 
north and east, respectively, where the closest villages were 
located farther than 80 km from the volcano (Fig. 1). Some 
150–200 years before the 1854 eruption a far stronger eruption 
(SH1) occurred, which produced pumice fall and voluminous 
ignimbrite >22 km long, and caused extensive debris flows 
(lahars) down all the valleys. Pyroclastic density currents were 
dispersed mostly in the southern sector with minor offshoots 
into Mutny and II Lednikovy valleys (Fig. 3A, B). Prominent 
features of deposits on the southern slope are carbonized 
spruce trunks still standing in an upright position. Fall depos-
its combine pumice fall and co-ignimbrite fall, and are com-
monly stratified. The fall dispersal pattern is shown on Figure 
5B. The present day thickness of compacted SH1 tephra in 
Kliuchi town, ~45 km to the southwest, is ~4 cm.

The impact of future eruption will depend on the season 
and snow cover. Future eruptions could result in Plinian 
eruptive columns which collapse giving pyroclastic density 
currents. These could ignite a large forest fire and destroy 
roads and buildings. Tephra falls ~6–8 cm thick could occur 
in Kliuchi. Lahars will also descend to the Kamchatka River, 



PONOMAREVA ET AL.    279

which will bring sediment load down to Ust’-Kamchatsk. A 
lahar in winter could break ice on the river (as in 1854) and 
may cause an unexpected ice drift towards the river mouth. 

The largest Holocene eruption from Shiveluch was likely 
SH2, which occurred ~1050 AD and yielded more than 2.5 
km3 of tephra. Its pumice fall was dispersed in all the direc-

tions from the volcano and can be traced southwards as far 
as Uzon caldera (Fig. 5C). In Kliuchi, the thickness of a 
compacted tephra from this eruption (~9 cm) exceeds that 
of any other tephra from Shiveluch deposited during the 
Holocene. Its ignimbrite, on the contrary, is limited to the 
most proximal area (<8 km from the crater). 

Figure 12. Volumes of eruptive products and the Holocene eruptive history of Shiveluch volcano. Ages are in calendar 
years AD or BC. Codes of the eruptions as in Table 2. Periods of Karan domes activity are shown to the left of the 
age axis. The SiO2 contents of the erupted products show most eruptions were andesitic (the range in analyses for the 
same eruption are shown by tie lines). The figure is based on the data from “Table 3” and “Table 4” (available on the 
CD-ROM accompanying this volume).  
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The forecast of future large eruptions from Shiveluch, 
based on its eruptive history, is ambiguous. We noted that 
since ~900 BC the volcano is in its active period, the longest 
one in the Holocene (Fig. 12). A number of recent eruptions 
(SH1, SH2, SH3 etc.) were the largest in the eruptive history 
of the volcano. In most cases, debris avalanche-associated 
eruptions were followed by Plinian eruptions. So after the 
1964 eruption, which started from a debris avalanche, we 
might expect a large to largest Plinian eruption in future. At 
the same time, it is not clear why past active periods were 
shorter than the modern one and why they gave way to long 
periods of weak activity. 

CONCLUSIONS

1) Pyroclastic deposits surrounding Shiveluch volcano show 
it has been active throughout the Holocene. Eruptive activ-
ity has included numerous Plinian eruptions, deposition of 
debris flows and debris avalanches and periods of lava dome 
growth. Many past eruptions from Shiveluch, were larger 
and more hazardous than historical eruptions. The tephra fall 
of the ~1050 AD eruption (SH2) exceeded 2.5 km3. Tephra 
falls from Shiveluch eruptions often exceeded 350 km mak-
ing them good stratigraphic markers. 
2) Eruptive activity at Shiveluch alternated between periods 
of strong and weak activity. Active periods were ~8500–
6400 BC, 2600–1700 BC and from ~900 BC to the present. 
Within these periods there were times when the large and 
moderate eruptions were ~50 years apart. These times were 
6500–6400 BC, 2250–2000 BC, and 50–650 AD. The old-
est and youngest peaks of activity coincide with periods of 
increased eruptive activity shown by volcanoes throughout 
Kamchatka. The 2250–2000 BC eruptions may correlate 
with a period of increased mafic eruptions seen at many 
Kamchatka volcanoes. 
3) The current period of activity started around 900 BC and 
is the longest in the Holocene. Debris avalanche events were 
usually followed 50 to 200 yrs later by Plinian eruptions. The 
1964 Shiveluch eruption commenced with a debris avalanche 
so a large Plinian eruption may occur in the near future. 
4) During the Holocene Shiveluch has erupted mainly 
medium-K, hornblende-bearing andesite (56–63% SiO2) 
characterized by high MgO (2.3–6.8 wt %), Cr (47–520 
ppm), Ni (18–106 ppm) and Sr (471–615 ppm), and low Y 
(<18 ppm). Two mafic tephras including a high-K, high-Mg 
olivine- and phlogopite-bearing basalt were erupted. The 
mafic eruptions occurred during peaks of activity indicating 
changes in the magma supply system. 
5. In order to better understand magmatic processes under 
Shiveluch, more mineralogical and geochemical data on the 
eruptive deposits are necessary. In future studies, analysis of 

the evolution of tephra compositions with respect to periods of 
eruptive activity and eruption volume is desirable. Large and 
largest eruptions from Shiveluch produced tephra layers, which 
are good markers for Holocene studies. However, most of the 
Shiveluch tephra have similar bulk, mineral and glass composi-
tions. In order to be able to use them as markers more detailed 
characterization and geochemical fingerprinting are required. 
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Periodicities in the Dynamics of Eruptions of Klyuchevskoi 
Volcano, Kamchatka

A. Yu. Ozerov, P. P. Firstov, and V. A. Gavrilov

Institute for Volcanology and Seismology, Russian Academy of Sciences, 
Petropavlovsk-Kamchatsky, Russia

Detailed studies of volcanic tremor envelopes with frequencies ranging from 
5.5⋅10-6 to 2.5⋅10-2 Hz (50 hrs - 40 sec), recorded during the Klyuchevskoi volcano 
eruptions of 1983 and 1984, revealed five major frequencies: 1.1⋅10-2 Hz (T1 = 1 
min 34 sec), 2.5⋅10-3 Hz (T2 = 6 min 10 sec), 4.2⋅10-4 Hz (T3 = 40 min), 5.1⋅10-5 
Hz (T4 = 5 hrs 30 min), 7.7⋅10-6 Hz (T5 = 36 hrs), as well as superpositions of their 
harmonics. In the 1993 eruption, fluctuations in the volcanic tremor envelopes 
have frequencies of TI = 2 hrs 48 min and TII = 6 hrs 12 min, which correspond to 
periodicities in the dynamics of eruptions identified by visual observations since 
1932. The distribution of peak amplitudes has been found to vary in relation to 
eruption intensity—increasing eruption strength correlates with an increase in the 
amplitude of low frequency peaks, and vice versa. It is concluded that volcanic 
tremor allows monitoring of eruption dynamics. Possible reasons for the occurrence 
of periodicities are discussed, but a comprehensive model for this phenomenon has 
not yet been developed.

1. InTrODucTIOn

A basic task of volcanology is the study of the dynamic 
characteristics of eruptions. Such a study allows identifying 
major peculiarities of eruptive processes and understanding 
the basic functioning patterns of active magmatic systems.

Detailed studies were conducted at one of the most 
active volcanoes in the world—Klyuchevskoi volcano in 
Kamchatka, russia, a large basaltic stratovolcano with a 
height of sea level of 4,822 m. Seismic data indicate that the 
volcano’s feeding system originates in the upper mantle and 
reaches the surface in the form of a vertical conduit. no large 
inhomogeneities, which might be interpreted as magmatic 
chambers within the feeding system, have been discov-
ered. Klyuchevskoi eruptions are characterized by isolated 
explosions, continuous outburst of incandescent magmatic 

material, and relatively liquid lava flows (Figure 1). Data 
on the structure of the feeding system of the Klyuchevskoi 
volcano, on characteristics of its eruptive activity reported 
by previous investigators, and our long-term studies are 
reviewed by Ozerov et. al., [1997].

compositions of all varieties of the volcano’s eruption 
products fall within the common evolutionary calc-alkaline 
trend of basalts [Ozerov, 2000]. High-aluminous (4.5–6 % 
MgO) and aluminous (6–8 % MgO) basalts predominate 
within the eruptive edifice; magnesium (8–10 % MgO) and 
high-magnesium (10–12 % MgO) basalts are subordinate 
and occur as isolated lava flows and pyroclastic deposits of 
flank eruptions.

Two terms, “intensity” and “periodicity”, of eruption are 
used in the present paper. These words have not been strictly 
defined in the volcanological literature. Without any claims 
to universality, the authors use these terms as follows: inten-
sity of eruption is a descriptive characteristic that is in prac-
tice based upon one or more eruption parameters, such as 
height of bomb or ash ejection, frequency of explosions, size 

Fig. 1Fig. 1
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of ejecta, dimension of eruptive cloud, length of ash plumes, 
etc. Such characteristics as seismicity (volcanic tremor, 
volcanic earthquakes) and emission of acoustic energy can 
also be indicators of the eruption intensity. Thus, the term 
“intensity of eruption” is used as a parameter, whose pure 
physical meaning has not yet been determined. Moreover, its 
meaning can be identified only after developing a physical 
model for the eruption. In turn, creation of such a model is 
impossible without searching and systematizing eruption 
parameters that might allow the physical understanding of 
the eruptive process. Discovering and describing patterns in 
eruption parameters is the point of the present paper.

The term “periodicity” in modern volcanological papers 
can be applied to at least three types of phenomena of com-
pletely different nature, intensity and time scale:
1. Periodical recurrence of eruptions at the same volcano 
(regular successive recurrence of intra-eruptive and erup-
tive phases). In this case, the period consists of the eruption 
phase and the dwell phase, their regular recurrence giving 
the periodicity itself. A period can last from a few months to 

hundreds or thousands of years. To single out this periodicity, 
geological and tephrochronological data concerning eruptive 
events are generally used, as well as statistical treatment of 
historical information of the volcano behavior.

examples of such periodicities occurred during the 1986 
26–27 day fire fountain episodes at Kilauea volcano, Hawaii 
[Tilling et al., 1987] and during the 2003–2005 half-year 
episodes of andesite eruptions at Bezymianny volcano in 
Kamchatka (as observed by the authors). A possible reason 
for regular recurrence of events at volcanoes with viscous 
magmas was discussed by Melnik and Sparks, 1999; Melnik, 
2000; Barmin et al., 2002.
2. Periodicity manifesting itself in the course of a single 
eruptive period of the volcano. For basalt volcanoes, it can 
be a succession of single explosions (the period consists of an 
explosion phase and a dwell phase between the explosions), 
as well as by bomb ejection (the period consists of an inten-
sive fusillade and relative quiet) and by ash emissions (the 
period combines intervals of tephra production and relative 
quiet). For andesite volcanoes, periodicity may be present 

Figure 1. Fire fountains at the Klyuchevskoi volcano summit crater, 1984. crater diameter 750 m. Bomb ejection height 
200 m. Photo by A. Yu. Ozerov. 
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in the dynamics of an extrusive dome (period consists of a 
growth phase accompanied by explosions and/or pyroclastic 
flows, and a phase of relative quiet). Stable periodicity can 
be observed with the period lasting for minutes, hours, a few 
days, or more. Such periodicity can best be revealed as the 
result of continuous observations, and is rather well deter-
mined using seismic methods. This type of periodicity does 
not always occur in the course of an eruption. 

At Klyuchevskoi volcano, periodicity of 6–7 hours was 
first identified in 1932 during the operation of the Tuila 
flank breakout [Novograblenov, 1933], as well as a period 
of 5 minutes in the summit eruption dynamics [Troitsky, 
1937]. Periodicity was also reported at Kilauea, Hawaii, 
the 1959, 1969–72 and 1983–86 eruptions, where rhythmi-
cally repeating fountaining cycles were observed lasting 
from several tens of minutes to a few hours [Swanson et 
al., 1979; Koyanagi et al., 1987; Wolfe et al., 1987]. During 
the 1975 Great Tolbachik Fissure eruption (Kamchatka), a 
period of 2–3 hours was observed [Gorelchik et al., 1978]. 
The 1989, 1999 and 2000 eruptions at etna, Italy, showed 
periods lasting from an hour to a few hours [Delfa et al., 
2001; Privitera et al., 2003]. In the course of the 1991 
eruption of Avachinsky volcano (Kamchatka), a 6-hour 
periodicity was observed (authors’ data). The above obser-
vations refer to basaltic volcanism; however periodicities 
lasting for hours or longer occur at andesite volcanoes also. 
During 1990 eruption of redoubt volcano (Alaska), two 
activity intervals were determined, in which dome failure 
episodes occurred in 4.5 and 7.8 days [Page et al., 1994]. At 
Soufriere Hills volcano, Montserrat in 1997, periodicities 
from 8 to 18 hours were determined [Voight et al., 1998; 
Druitt et al., 2002].
3. Periodicity of single explosions the same eruption episode, 
consisting of hundreds to thousands of similar explosions. 
Dwell intervals between the explosions are commonly char-
acterized by a total absence of activity in the crater and, as 
a rule, last much longer (3–30 minutes) than the explosions 
themselves. 

explosions proper, presenting the supply of magmatic 
matter onto the surface, can have several patterns in their 
development. Some of them fade monotonously and quickly, 
in 10–15 seconds. In the course of other, more durable vent-
ing events (20–40 seconds, rarely up to one minute and 
more), modulations might sometimes appear in the acoustic 
noise intensity and visible volume of the emitting gas with 
typical period of about 1 second. These fluctuations deter-
mine the third type of periodicities in the eruptive activity. 
Series (pulse groups) are typically observed consisting of 
10–20 one second periods. The following pattern occurs: 
explosion (3–5 seconds), some weakening (10–20 seconds) 
followed by pulsing (10–25 seconds). Such periodicity can be 

qualitatively fixed in the course of the regime observation; 
better, it can be recorded by seismograms, but best and most 
reliable, is the acoustic record. Periodicities of this kind are 
typical for andesite volcanism.

This type of periodicities was first mentioned by Tokarev 
and Firstov [1967] and Farberov et al. [1983] in considering 
eruptions of Karymsky volcano. Benoit and McNutt [1997] 
identified this periodicity within the Arsenal Volcano seis-
mic signal and named the process “chugging”. The process 
was studied in detail in the course of joint russian-American 
work at the Karymsky volcano during 1996–1999, and by 
American researchers at the San-Guy volcano eruption [Lees 
et al., 1997; Johnson and Lees, 1999]. A possible mechanism 
for this short-period process has been described in the paper 
by Ozerov et al. [2003].

In the present paper, the second (minute to hour) type of 
periodicity is considered for single explosions and bomb 
ejection in the dynamics of the Klyuchevskoi basalt volcano 
eruption.

2. OBSerVATIOnS AnD AnAlYSIS

Investigation of the Klyuchevskoi volcano eruptive process 
was conducted on three parameters: analysis of historical 
data on eruption periodicities, detailed visual observations 
of eruption dynamics, and analysis of seismological data 
obtained during the eruptions. These volcanological-geo-
physical surveys made it possible to distinguish periodicities 
at various levels.

Since 1932, volcanologists have reported periodicities 
of minutes, hours and multi-hours in the eruptions of the 
Klyuchevskoi volcano through visual observations of bomb-
fall, lava outburst and steam-gas emissions. Systematization 
and analysis of these data identified five major groups of 
periodicities (Figure 2): 1–22 min, 28–55 min, 1.5–7 hrs, 
12 hrs and 24 hrs [Ozerov and Konov, 1988; Konov and 
Ozerov, 1988]. However, visual observations over the course 
of the eruptions are quite subjective and desultory in charac-
ter and not always suitable for statistical treatment.

Development of geophysical methods for the studies of 
volcanic processes allowed continuous surveys of differ-
ent geophysical fields in the course of the eruption. One 
of the most striking manifestations of eruption is volcanic 
tremor [Tokarev, 1982; Koyanagi at al., 1987; Chouet at al., 
1994; Julian, 1994; Neuberg, 2000, Chouet at al., 2003]. 
Monitoring of volcanic tremor is a remote method allowing 
the study of eruption dynamics, and, in some cases, even 
the estimation of volume of erupted material [Tokarev, 1981; 
Gordeev at al., 1985].

We carried out studies of volcanic tremor (0.8 – 1.0 Hz) 
continuously recorded during the eruptions of 1983, 1984 

Fig. 2Fig. 2
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and 1993. The data, obtained at the regional seismic sites 
(using electrodynamic seismometer SM-2 with T0 = 1.2 sec) 
located around the Klyuchevskoi volcano. These were the 
“Apokhonchich” and “Podkova” stations, placed 14.8 and 
14.6 km away from the crater, respectively. For the 1983 
and 1984 eruptions, on the vertical channel, the maximum 
amplitude of volcanic tremor (displacement amplitude, 
measured in microns - µm) was measured as a basic value. 
A series of the enveloping maximum tremor amplitudes 
with sampling ranging from 10 seconds to 15 minutes 
were developed, with the length of the series ranging from 
240 to 6624 points. The subsequent statistical processing 
was based upon these data. Methods including the calcula-
tion of the autocorrelation functions (autocorrelograms) 
and functions of intercorrelation of two random processes 
(crosscorrelograms) were used for determining the period-
icities. Spectral estimations were made using the method 
of maximum entropy.

These techniques identified periodicities within the fre-
quency range from 5.6⋅10-6 Hz (Tmax – 50 hours) to 2.5⋅10-2 
Hz (Tmin – 40 sec) [Ozerov and Konov, 1988; Konov and 
Ozerov, 1988]. In order to test the hypothesis of the influence 
of lunar and solar tides on eruption dynamics, coefficients 
have been calculated for correlation between the series of 

seismological data for three time intervals (June 19 – July 
01, 1984; July 09–16, 1984; and August 01–12, 1984) and 
corresponding series of corrections for tidal gravity varia-
tion (∆g values measured in milligals were sampled from the 
diagram once an hour).

During the 1993 eruption, the Podkova seismic sta-
tion recorded the rate of ground oscillations in µm/sec. 
The level logger registered the mean-square value of the 
ground velocity for volcanic tremor (vertical component) 
with the time constant of 3200 seconds. This value was 
used as the intensity of tremor. For the intervals where 
periodicity occurred, spectral power density of the volca-
nic tremor intensity in (µm/s)2/(1/min) was constructed. 
This method allows recognition of the periods of 15 min-
utes and more.

It should be noted that the present research was not aimed 
at studying the carrier frequency of the Klyuchevskoi vol-
cano tremor (0.8 – 1.0 Hz), considered by Tokarev [1966]; 
Gordeev at al. [1986]. The present work is based on investi-
gating the volcanic tremor envelope, that is, superimposed on 
the volcanic tremor amplitude-modulated oscillations with 
a wide range of periods (from 40 sec to 50 hrs), due to melt 
movement within the volcano feeding system and magma 
fragmentation in the effluent channel. 

Figure 2. Histogram of observed periodicities in the eruptive activity of the Klyuchevskoi volcano from 1932 to 1978 
– by visual data, and by seismic data (1983–84 and 1993). Abscissa axis in the logarithmic scale – periods of volcanic 
activity in minutes (T, min); ordinate axis – number of occurrences of individual temporal periodicity (n). Vertical 
arrows indicate basic periodicities determined by seismic data: thin arrows – for the eruptions of 1983–84 (T1–T5), bold 
ones – for those of 1993 (TI and TII).
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3. reSulTS

Volcanic tremor in 1983–1984 was studied in the most 
detail. In many cases, distinct periodicities can be traced on 
the initial rows of the charts. On Figure 3, pulsations of tremor 
amplitude with periods of 1 minute 34 seconds (a) and 5 hours 
30 minutes (b) are clearly seen. However, such an obvious 
pattern is rare and a thorough study of periods is possible 
only through the application of a complex statistical process-
ing. Analysis of these results made it possible to single out a 
basic series of 47 distinct spectral peaks (frequencies), with 
a number that remained stable for 19 months. The observed 
changes of the spectral composition of the enveloping volcanic 
tremor in time, as well as sharp excitation of these frequen-
cies, identified a set of five major frequencies (corresponding 
periods are given in brackets): f1 = 1.1⋅10-2 Hz (T1 = 1 min 34 
sec); f2 = 2.5⋅10-3 Hz (T2 = 6 min 10 sec); f3 = 4.2⋅10-4 Hz (T3 
= 40 min); f4 = 5.1⋅10-5 Hz (T4 = 5 hrs 30 min); f5 = 7.7⋅10-6 Hz 
(T5 = 36 hrs) (Figure 4). Though the set of spectral peaks of the 
enveloping tremor remained constant during the 1983–1984 

eruption, their amplitudes varied depending upon the variation 
of the eruption intensity. When the intensity of the eruption 
increased, a sharp increase of the amplitude of low frequency 
peaks took place.

cross-correlation analysis of corrections series for tidal 
gravity variations and respective series of values of vol-
canic tremor envelope has revealed ~12 hrs and ~ 24 hrs 
periodicities in the 1984 tremor component (Figure 5). More 
precise (up to minutes) definition of the periods mentioned 
is difficult given the method we use. However, comparison 
of period duration, forms and variation dynamics in cross-
correlograms we obtained with those reported by Melchior 
[1966] is consistent with the assumption that they are deter-
mined by lunar-solar tidal process. 

Studies of volcanic tremor during the 1993 eruption 
showed the following fluctuation (Figure 6): On June 28, 
about 17:00 uT, when volcanic tremor (I) reaches an inten-
sity of 0.7 µm/s, a clear periodic constituent appears, which 
remained until July 2, 3.5 days later; the amplitude excursion 
of tremor intensity was 0.2–0.3 µm/s. In the power density 
spectrum of volcanic tremor intensity – S(ω) – calculated for 
the given time interval, the spectral maximum has a period 
of 2 hrs 48 min. later, a smooth increase of tremor intensity 
is observed. On July 10, at a value of 3 µm/s, abrupt deep 
fluctuations of tremor intensity amplitude occurred, which 
returned to the periodic oscillations of tremor intensity. 
This mode remained for 9.5 days, until 12:00 uT on July 
20; the average level of tremor intensity was 3–4 µm/s, with 
an amplitude excursion of 3.5–6 µm/s. For this interval, a 
spectral power density maximum of tremor intensity occurs 
at 6 hrs 12 min. On July 21, about 21:00 uT, the intensity 
of volcanic tremor starts gradually increasing, and by July 
22 it reaches 7.5–8 µm/s, while the periodic oscillations of 
the intensity disappear. Thus, fluctuations with periods of 2 
hrs 48 min and 6 hrs 12 min are clearly distinguished in the 
dynamics of the 1993 eruption (see Figure 6 b and c). The 
data suggest that with increasing intensity of the eruption, 
periods that are more durable become active.

correlation of the results of volcanic tremor studies for 
1983–1984 with the periodicities of previous years (1932–
1978) determined by visual observations, shows that four 
major periods (T1 – T4) agree well with four groups of periods 
singled out in the historical surveys. However, periodicity of 
36 h (T5) has not been reported for any the past eruptions, 
which might be due to the fact that such a durable periodic-
ity is difficult to document by visual observations. Periods 
described in the 1993 eruption correspond well to the third 
group of periodicities singled out from visual data. results 
also reveal that ~ 12- and ~ 24-h periodicities, conditioned 
by distorting tidal process, have been found when analyzing 
historical eruptions of 1932–1978 (Figure 2).

Fig. 3Fig. 3

Fig. 4Fig. 4

Fig. 5Fig. 5

Fig. 6Fig. 6

Figure 3. Volcanic tremor amplitude for time intervals: a. – from 
03 hours 03 minutes to 03 hours 29 minutes of July 23rd, 1984 (time 
step is 10 seconds); b. - 00 hours of August 14th, 1984 (time step 
is 15 minutes). X-line – time scale, in fig. (a) – minutes (t, min) 
and in fig. (b) – hours (t, hour). Y-line – maximum amplitude of 
volcanic tremor in microns (A max).
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4. DIScuSSIOn

Periodicities in the eruptive activity of the Klyuchevskoi 
volcano may be accounted for by the existence of natural 
oscillations of magma (viscoelastic fluid) in the output con-
duit and magmatic chamber; and/or by resonance oscilla-
tions at specific frequencies active under certain conditions. 
Values of these frequencies are evidently controlled by the 
geometry of resonators comprising the volcanic system, as 
well as by physical characteristics of magma and enclosing 
rocks. In discussing the possible reasons of the occurrence 
of these periodicities, preference should be given to the 
processes of degassing in the upper part of the magmatic col-
umn. Degassing depends upon pressure variations. The latter 
may be caused either by magma oscillations in the feeding 
system of the volcano (system of connected resonators), or 
by hydrodynamic waves spreading through the magmatic 
column and formed by resonator fluctuations.

Droznin [1980] and Slezin [1980] report that the diver-
sity of types of volcanic eruptions is well accounted for 
by the flow regime of a two-phase mixture: melt and gas. 
Another explanation for periodicities in volcano eruption 
dynamics may be spontaneous onset of auto-oscillations 
during the migration of the two-phase mixture along the 

Figure 4. Spectra of the volcanic tremor envelope for various time intervals in 1984: 3-4 a.m., June 23 (a.), 1-2 a.m., 
August 23 (b.), 3-7 p.m., June 25 (c.), midnight, August 14 – 1 a.m., August 16 (d.), and June 19 – July 2 (e.). X-line – T 
– periods, in minutes (a., b. and c.) and hours (d. and e.). Y-line - spectral density in % (А, %). a.-e.: basic frequencies 
( f1 – f5) and corresponding periods (Т1 - Т5). f1 = 1.1⋅10-2 Hz (T1 = 1 min 34 sec); f2 = 2.5⋅10-3 Hz (T2 = 6 min 10 sec); 
f3 = 4.2⋅10-4 Hz (T3 = 40 min); f4 = 5.1⋅10-5 Hz (T4 = 5 hrs 30 min); f5 = 7.7⋅10-6 Hz (T5 = 36 hrs). b.-e.: first and second 
harmonics of basic frequencies (b. – 2f2 and 3f2, c. – 2f3 and 3f3, d. – 2f4 and 3f4, e. – 2f5 and 3f5); c.: superpositions of 
basic frequencies f2 and f3 - ( f2 +f3) and ( f2+f3)/2).

Figure 5. cross-correlograms of corrections series for tidal gravity 
variation and corresponding series of tremor envelope values for 
the intervals of: a. – 1 pm 19.06.–1 am 01.07.1984; b. – 2 am 09.07. 
– 1 am 16.07.1984; c. – 2 am 01.08. – 1 am 12.08.1984
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magmatic conduit. Auto-oscillation regimes depending upon 
the magma discharge rate may occur on different levels of 
the supply conduit.

Interesting models explaining the abrupt periodical inten-
sifications in the eruption dynamics of Kilauea and etna 
volcanoes have been developed. Vergniolle and Jaupart 
[1986, 1990] assumed that at Kilauea the mechanism of 
this phenomenon was conditioned by different regimes of 
two-phase flows, and they created an attractive and original 
experimental installation. For etna volcano, Italian research-
ers developed models involving a near-surface magmatic 
reservoir. Delfa et al. [2001] considered intensification and 
weakening of fountaining to be due to reservoir exhaustion 
and refilling, while Privitera et al. [2003] explained them by 
redistribution of the gas phase within the reservoir. An indis-
pensable condition in the above models is the presence of a 
near-surface magmatic chamber, thus involving a structural 
barrier modifying the parameters of ascending two-phase 
magmatic mixture.

These models are inapplicable for the Klyuchevskoi vol-
cano, since there is apparently no near-surface chamber in 
its feeding system [Utnasin et al., 1976; Anosov et al., 1978; 
Fedotov et al., 1988; Ozerov et al., 1997; Gorelchik et al., 
2004]. This is also evidenced by new tomographic imaging 

[Lees et al., 2006 (in the present volume)]. It is important 
that several groups of periodicities (Fig. 2, 3, 4, 6) have been 
distinguished in the Klyuchevskoi eruption dynamics, which 
differ in orders of magnitude – from the first minutes to a few 
tens of hours. Accordingly, following the models suggested 
by Vergniolle and Jaupart [1990], Delfa et al. [2001] and 
Privitera et al. [2003], one would have to postulate several 
chambers greatly differing in size within the feeding systems 
of the Klyuchevskoi volcano. Therefore, however tempting 
it might be, to explain the existing number of periodicities 
by means of structural barriers (magmatic chambers) of 
various orders of magnitude, it is inconsistent with present 
knowledge of the Klyuchevskoi volcano structure. 

Studies of the stability of Klyuchevskoi magma feeding 
system under external effects have revealed that eruption 
dynamics is influenced by lunar-solar tidal deforming pro-
cesses. Tidal forces may affect a reservoir filled with magma, 
compressing and stretching it. As a result, magma in the 
output conduit would oscillate with tidal frequencies corre-
sponding to the periods of 12 and 24 hours. A model for such 
phenomena has been developed in Shimozuru [1975].

Interpretations suggested thus far do not cover all the 
possible patterns controlling periodicities at Klyuchevskoi 
volcano. However, having succeeded in modeling short (~1 s) 

Figure 6. Diagram of changes of the volcanic tremor intensity for the interval from June 27 until July 24, 1993 (a.), and power 
density spectra of the volcanic tremor intensity (b. and c.) for two time intervals depicted in the (a.) diagram by vertical dotted 
lines: 7 p.m., June 28 – 3 a.m., July 2 (b.), and midnight, July 11 – 2 p.m., July 20 (c.). In fig. (a): X-line – time, measured in 
days (t, days), Y-line – Intensity of volcanic tremor (I, µm/s). In fig. (b) and (c): X-line – frequency measured in the cycles per 
minute ( f, cycle/min); Y-line – spectral density power of volcanic tremor intensity - S(ω), (µm/s)2/(1/min).



290     PerIODIcITIeS In THe DYnAMIcS OF eruPTIOnS OF KlYucHeVSKOI VOlcAnO, KAMcHATKA

periodicities in the eruptive process of Karymsky volcano 
[Ozerov et al., 2003], we continue our studies of the peri-
odicities’ at Klyuchevskoi in order to find the causes of this 
phenomenon. results obtained will contribute to understand-
ing the dynamics of magmatic systems. Knowledge of pat-
terns of changes in eruption intensity as recorded in seismic 
data may contribute to better evaluation of risks to aviation 
and local settlements during an eruption.
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Tomographic Images of Klyuchevskoy Volcano  
P‑Wave Velocity

Jonathan M. Lees1, Neill Symons2, Olga Chubarova3,  
Valentina Gorelchik3,4, and Alexei Ozerov3

Three-dimensional structural images of the P-wave velocity below the edifice of 
the great Klyuchevskoy group of volcanoes in central Kamchatka are derived via 
tomographic inversion. The structures show a distinct low velocity feature extend-
ing from around 20 km depth to 35 km depth, indicating evidence of magma pond-
ing near the Moho discontinuity. The extensive low velocity feature represents, at 
least to some degree, the source of the large volume of magma currently erupting 
at the surface near the Klyuchevskoy group.

INTrOduCTION

Tomographic inversion for three-dimensional compres-
sional wave velocity at volcanoes has been relatively rou-
tine since the early 1980’s. Examples of three dimensional 
structure derived from seismic travel time inversion include 
Mount St. Helens [Lees, 1992], Mount rainier [Lees and 
Crosson, 1990; Moran et al., 1999], Kilauea[Ellsworth and 
Koyangi, 1977; Haslinger et al., 2001; Rowan and Clayton, 
1993; Thurber, 1984], Pinatubo [Mori et al., 1996], Etna 
[Aloisi et al., 2002], unzen [Ohmi and Lees, 1995], Campei 
Flegrei [Aster and Meyer, 1988], Medicine Lake [Evans and 
Zucca, 1988], Vesuvius [De Natale et al., 1998; Zollo et al., 
1998], Yellowstone [Benz and Smith, 1984; Clawson et al., 
1989; Husen and Smith, 2004; Iyer et al., 1981; Miller and 
Smith, 1999; Yuan and Dueker, 2005], Mount Spurr, AK, 
[Brown et al., 2004], Long Valley, CA, [Dawson et al., 1990; 
Dawson et al., 1987; Hauksson, 1988; O’Doherty et al., 1997; 
Peppin, 1985; Sanders, 1993; Sanders et al., 1995; Sanders 

et al., 1994], as well as numerous others. In nearly all these 
cases low velocities were observed below the edifice of the 
volcanoes and they were interpreted as evidence for magma 
accumulation, sometimes called the magma plexus [Benz 
et al., 1996]. In this paper we apply tomographic inversion 
methods to data collected on a regional network of seismic 
stations near Klyuchevskoy volcano, Kamchatka, russia.

Klyuchevskoy volcano is one of the most active volca-
noes in the Pacific rim [Fedotov and Masurenkov, 1991]. 
Construction of most of the 4800 m tall edifice occurred over 
the past 7000 years (Figures 1 and 2). It has erupted numer-
ous times in the recent past and, along with Bezymianny 
[Gorshkov, 1959] and Tolbachik [Fedotov et al., 1979] volca-
noes, represents possibly the most productive volcanic center 
of all subduction zones. On a larger scale it is important to 
note that Klyuchevskoy volcano and nearby related volcanic 
centers lie in the central Kamchatka depression off the axis 
of the coastal arc. Klyuchevskoy and Sheveluch are the 
northern most active volcanoes of the Kamchatka arc, which 
coincides with the collision of the western Aleutians and the 
Kamchatka Peninsula. Seismic and geochemical analyses 
have shown that the Klyuchevskoy-Sheveluch axis straddles 
the northern terminus of the subducting Kamchatka slab 
[Lees et al., 2007; Yogodzinski et al., 2001]. Furthermore, the 
subducting slab shallows noticeably at its northern terminus 
[Lees et al., 2007]. According to current models, warm man-
tle material erodes the slab as it is pressed around the uncon-
strained slab edge, causing magmas north of Klyuchevskoy 

Figs 1 & 2Figs 1 & 2
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to have distinct geochemical signatures associated with slab 
melt [Yogodzinski et al., 2001]. 

Given the large f lux of magma at the surface of the 
Klyuchevskoy group (about 0.17 cubic km/year, ) we expect 
to see a large accumulation of magma stored in the crust or 
upper mantle. Active source seismic data acquired along the 
coast of Kamchatka have been used in the past to suggest that 
there is nearly no signature of a large magma body immedi-
ately below Klyuchevskoy, although a small accumulation 
was postulated below Bezymianny Volcano [Anosov et al., 
1978; Utnasin et al., 1976]. Petrologic and geochemical 
analysis of Klyuchevskoy volcanic material suggests that the 
Klyuchevskoy group has a typical calc-alkaline composition 
[Kersting and Arculus, 1995; Ozerov, 2000]. Ozerov et al. 
[1997] conclude that magma genesis at Klyuchevskoy occura 
between 150–60 km depth where high-magnesium basalts 
are formed. They further suggest that there is no evidence 
for significant magma accumulation above 20 km depth and 

that at least two narrow, separate conduit systems feed into 
the active Bezymianny and Klyuchevskoy volcanoes. In 
the 20–30 km range they infer the presence of two distinct 
diverging conduits where fractionation occurs. The model 
suggests that the physical divergence ultimately produces the 
geochemical differentiation observed in the surface products: 
most Klyuchevskoy magmas are basaltic, whereas those at 
Bezymianny are andesitic-dacitic. A large concentration 
of hypocenters is evident in this zone indicating either tec-
tonic or magmatic activity at 20–30 km depth, although the 
patterns of seismicity do not show explicitly the diverging 
conduits proposed by Ozerov et al.[1997].

dATA

data used in this study consisted of over 1444 well-located 
events extracted from the extensive catalogue in Petropavlovsk-
Kamchatsky [Gorelchik et al., 1990]. data ranged from 1981–

Figure 1. Map of the Kamchatka-Aleutian subduction zones showing the relationship of the target region of this study to 
volcanism on the subducting Pacific Plate. The Aleutians terminate near Kamchatka where the Bering Island represents 
the last land masses situated over the Bering faults. The target region for the tomographic inversion is the rectangular 
patch including the Klyuchevskoy group, extending from Kizimen in the south to Sheveluch in the north. The bounds 
of the tomographic inversion are limited by the station array and local earthquake event catalogue available for travel 
time inversion. Active arc volcanoes are represented by larger triangles and smaller ones are inactive 
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1994 and were obtained from the KEMSd (Kamchatkan 
Experimental Methodological Seismological department) and 
the IVGG (Institute of Volcanic Geology and Geochemistry). 
Events were recorded on paper records and picked by hand by 
the authors. P and S wave arrival times were determined at the 
observatory in Petropavlovsk and estimated errors were typi-
cally between .05 and .15 s. Hypocenters were located initially 
using a standard one-dimensional velocity model derived for 
the Klyuchevskoy region. Events were chosen only if they 
were well recorded at more than 5 stations and were deemed 
of high quality by the observers who performed the manual 
arrival time estimations. Typically, these earthquakes had root 
mean square residuals of 0.48 s (standard deviation 0.2 s), a 
median lateral location error of 1.5 km and a median gap of 
124 degrees. (The large gap is due to the sparse network in 

operation during the 1980’s and 1990’s). Travel time arrivals 
(6461 P-wave and 9115 S-wave) were extracted, filtered for 
outlier high fluctuations and the data set was inverted for 
P-wave velocity. 

INVErSION METHOdOLOGY

The methods used in this study follow that of Symons and 
Crosson[1997]. It is based on finite difference calculations of 
travel times for forward modeling similar to that developed 
by Benz [1982]. The target region is divided into blocks 5 
km to a side, varying in depth according to divisions of the 
layered model used for simple 1-dimensional event locations. 
Travel times are calculated using a finite difference method 
[Hole, 1992; Vidale, 1988] which provides a solution to the 

Figure 2. detailed topographic map of the target region inverted in this study. The Klyuchevskoy group is near the 
center of the inversion target region. Cross sections are plotted for later reference to vertical slices through the velocity 
perturbation results. The deep graben running from southwest to northeast through the target region is known as the 
central Kamchatka depression. The Klyuchevskoy group is located within the Central Kamchatka depression, in contrast 
to the more southerly volcanoes of the Kamchatka arc that form a volcanic clear front along the Kamchatka trench. red 
triangles are volcanoes and black inverted triangles are station locations.
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eikonal equation at nodes of a 3-d grid. Continuous travel-
time is then constructed by tri-linear interpolation. 

The target region is defined as a vector (m) of the p slow-
ness (1/velocity) values at every node in a three-dimensional 
grid plus four hypocenter coordinates for each of q earth-
quakes used in the inversion. Since inversion of seismic 
travel times is inherently non-linear, the approach is to solve 
a series of linear inversions. Linearizing the travel-time 
about a reference model and writing the residual (observed 
minus calculated travel-time) of the i-th earthquake at the 
j-th receiver as 

  (1)

we have, in matrix form

  (2)

where J is the partial derivative matrix and δm is the correc‑
tion required to make the reference model fit the data. 

In general, equation (2) will be inconsistent and under-con-
strained, and (JTJ)-1 will not necessarily exist. We regularize 
the problem by augmenting the system with additional con-
straint equations to penalize departure of the final model from 
a priori assumptions. For example, the Laplacian operator has 
been widely used as a smoothing operator in inversion studies 
[Constable et al., 1987; Lees, 1992]. This constraint forces 
models to be smooth by requiring gradients to be small.

Since we are interested in finding a smooth final model 
that is consistent with the observations (rather than just 
finding smooth perturbations) we modify the constraint 
equations as follows. If L is the discrete Laplacian operator 
that acts only on the slowness nodes of our solution vector 
m, then b0=L m0 is the roughness of the current model m0. 
Since m=m0+δm, roughness will be minimized in the final 
model, m, if

  (3)

A weighted version of this equation is added as a constraint 
to Equation (2) and solved by least squares. Since the com-
bined system of equations is sparse (on the order of 0.001% 
non-zero elements) we use an iterative conjugate gradient 
method [Paige and Saunders, 1982] to simultaneously solve 
the entire problem in a least-squares sense for all slowness 
and hypocenter parameters.

Equation (1) is only a linearization of the true problem 
so we require multiple iterations to find a final solution. 
Iteration is continued until the norm of the solution vector 
δm reaches some prescribed low level. In practice the system 
typically converges in fewer than ten iterations.

An illustration of the sensitivity of the inversion method 
is presented in Plate 1. (Please see the “Animated view of 
the tomographic inversion of subsurface of  Kliuchevskoi 
volcano” on the CdrOM accompanying this volume.) Point 
spread functions are used to estimate the resolving power 
of the inversion. These represent the response of the inver-
sion methods to a model that has a 7 km diameter perturba-
tion located at points of interest in the model. Tests show 
that the derived perturbations in the zone of interest (below 
Klyuchevskoy complex) are well-resolved (to within 7 km, 
or 1.5 block radius) with data used in this study. We are thus 
confident that the larger anomalies derived from these data 
represent real structures and do not reflect spurious noise or 
other adverse affects. At the edges of the models where ray 
coverage is limited, on the other hand, the inversion results 
are not conclusive and we refrain from interpretation. The 
interpretations described below take a conservative stance and 
are thus restricted to regions that have a good resolution and 
low standard error. Anomalies that extend beyond a typical 
2–3 block radius are considered to be well resolved and open 
to interpretation with confidence. 

rESuLTS

The P-wave velocity anomalies show considerable het-
erogeneity near the surface with fluctuating high and low 
perturbations (Plates 2 and 3). The first anomalous regions 
appear between Klyuchevskoy and Sheveluch as high veloc-
ity perturbations at depths of 5–7 km. The high and low 
velocity anomalies are very heterogeneous (alternating 
between high and low) between 9 and 13 km depth. An 
apparent high velocity ridge or lineation is evident along 
an axis from Klyuchevskoy and Sheveluch and 50–80 km 
diameters high velocity is evident north east of Kizimen 
volcano. From 13–20 km a broad lower velocity anomaly 
is observed in abroad region between Klyuchevskoy and 
Sheveluch. This region has a lateral extent of more than 100 
km. Around 21–23 km depth there is a broad higher veloc-
ity anomaly that extends over the whole model. Beginning 
at 23 km depth a concentrated, nearly circular, low velocity 
anomaly is clearly defined below the Klyuchevskoy com-
plex. It has a radius of about 12 km and is offset from the 
peak of Klyuchevskoy by 10 km. This low velocity anomaly 
extends to depths of 35–37 km, although loss of resolution at 
these depths prevents us from providing clear delineation of 
the anomaly much below 33–35 km depth. To illustrate the 
degree of this perturbation, the low velocities at 25–27 km 
depth range from 5.3 to 4.5 in the center of the anomalous 
region. The standard 1-d velocity model used for this region 
at these depths is typically 6.8–7.7 km depth. Assuming a 
background velocity of 7.34 km/s the estimates from our 3-d 

Plate 1Plate 1

Plates 2 & 3Plates 2 & 3
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Plate 1. Cross section and point spread function of tomographic inversion. A) Cross section through the tomographic 
model. B) Sensitivity estimates of the inversion through the cross section in (A). C) Spike inserted in model at depth of 
20 km. d) result of inversion of spike. Note that the synthetic blob is relatively well resolved at 20 km depth.
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Plate 3. Inversion results for Klyuchevskoy group, vertical cross sections. These sections correspond to the map 
diagram in Figure 2 and the lower left panel of Figure 4. red regions represent low velocity, blue high velocity. Yel-
low points are locations of local earthquakes used in this study, projected from a 20 km swath about the line of cross 
section. Note the correlation of hypocenters to the low velocity accumulations at depth. 
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model suggest perturbations ranging from 27–38%. Even if 
these values are over-estimated, they represent a significant 
perturbation at these depths. The low velocity anomaly at 
23–35 km depth coincides with the concentration of deep 
seismicity below the Klyuchevskoy volcanic complex.

The distribution of high and low velocity anomalies is par-
ticularly evident when viewed in cross section (Plate 3). The 
low velocity anomaly situated below the Klyuchevskoy group 
has a cylindrical or conical shape tapering down towards the 
Moho (23–35 km depth). A higher velocity sill or layer is 
above this and in the shallower regions, above 12 km depth, 
numerous heterogeneous anomalies are distributed through-
out the cross sections. Although velocity perturbations can 
be attributed to a variety of sources, we assume that the 
shallow regions in this part of Kamchatka are related to the 
complex structures accumulated over the course of subduc-
tion and accretion of the Kamchatka arc. Shallow anomalies 
may be associated with lithologic variations, hydrothermal 
alteration, and distribution of faults and cracks, in addi-
tion to geothermal fluctuations. Without additional a priori 
information constraining the interpretation of these complex 
variations it is difficult to assign a specific interpretation to 
a particular anomaly on an individual basis. 

In the case of the deeper anomaly (21–35 km depth) below 
the edifice we are confident that the velocity variation is most 
likely due to the presence of a significant amount of partial 
melt or, alternatively, an intense thermal anomaly. The deep 
anomaly furthermore coincides with deep long period events 
similar to those found below Mt. Fuji [Nakamichi et al., 2004]. 
Measurements of seismic P-wave velocities for igneous rocks 
in laboratory environments suggest that perturbations greater 
than 50% indicate a considerable proportion of partial melt in 
samples [Sato et al., 1989]. It is rare to find tomographic inver-
sions with perturbations of this magnitude, although some 
exceptions are notable [Horiuchi et al., 1997]. This is partially 
due to issues related to regularization introduced in the calcu-
lations because of inconsistencies in the data [Lees, 2007]. It 
may, however, be due to the fact that large accumulations of 
melt or partial melt, on batholithic spatial scales at least, are 
simply not present in the deeper parts of the crust [Coleman 
et al., 2004; Glazner et al., 2004]. On the other hand, it may 
be that significant percentages of partial melt exist but are dis-
tributed in a way that is masked and invisible to tomographic 
analysis. The non-uniqueness of the tomographic inversion, 
coupled with the lack of additional constraining information 
(such as thermal history, density, or lithology derived from 
xenoliths, for example) makes it impossible to determine 
unequivocally the exact perturbation magnitude associated 
with images derived via seismic inversion. 

While it is clear that a significant velocity anomaly is present 
below Klyuchevskoy (Plate 3), the resolving power of the data is 

not sufficient to delineate individual structures internal to anom-
alies discussed here. The 25% perturbation suggests there is a 
significant heat anomaly at 20–30 km depth and it is likely that 
there is a substantial amount of melt accumulated in this zone. 
The resolving capabilities of this data set are not fine enough 
to allow for the isolation of individual conduits connected to 
specific active volcanic centers like Klyuchevskoy, Bezymianny 
or Tolbachik. rather, we see a broad subsurface region with low 
enough velocity to suggest that significant melt is present and 
most likely provides a magma storage region that feeds these 
volcanic centers. The images produced in this study fall into an 
intermediate scale for tomographic investigation below volcanic 
regions. At smaller scales, shallow anomalies interpreted as 
magma accumulation have been observed above 10 km [Lees, 
1992]. At larger scales, anomalous low velocities are observed 
in the upper mantle below calderas like Yellowstone[Clawson et 
al., 1989] and Long Valley[Sanders et al., 1995]. At the caldera 
scale, amplitudes of anomalous features, compared to expected 
melt accumulates anticipated for such large scale eruptions, 
are relatively small. Furthermore, large amplitude, extensive 
low velocities are often absent in mid-ocean ridge spreading 
centers where it is known that a considerable flux of volcanic 
material emerges along axes. The position and amplitude of 
the anomalies below Klyuchevskoy, on the other hand, provide 
strong evidence for significant melt accumulations and support 
the idea that lower crustal storage is probably present at the 
northern terminus of the Kamchatka arc.

It has been noted that the northern terminus of the 
Kamchatka arc represents the northern terminus of subduct-
ing Pacific plate where the plate apparently exposes an edge 
as it plunges into the mantle [Lees, 2006; Levin et al., 2002; 
Park et al., 2002; Yogodzinski et al., 2001]. Yogodzinski et 
al. [2001] showed that adakitic material, derived from slab 
contamination of the upper mantle, is present at Sheveluch 
but not at Klyuchevskoy. The lack of significant slab mate-
rial north of the Klyuchevskoy group allows the slab to bow 
upward below Klyuchevskoy where the plate is deformed by 
shoaling. The results of this study do not shed new light on 
this process, although it may be that shoaling slab creates a 
state of buoyancy that encourages a large flux of magma. 
The slab window created by the opening of the Pacific slab 
north of Kamchatka (below the Bering Islands) provides an 
upper mantle thermal conduit that may accentuate magma-
tism in this subduction zone [Lees et al., 2007].

Active source seismic investigations of the Klyuchevskoy 
region indicated low attenuation of seismic waves at shallow 
depths below Klyuchevskoy, although the authors report a 
corresponding shadow zone below Bezymianny[Anosov et 
al., 1978]. The absence of a significant attenuating body 
below Klyuchevskoy precluded the possibility of a large 
magma body below the edifice, although a small low velocity 
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region was postulated for Bezymianny. Anosov et al. [1978] 
recognized that there must be a deeper source of magma at 
depth and hypothesized magma accumulation below 20 km. 
Images presented here delineate the deep magma accumula-
tion, although we cannot draw conclusions here, due to reso-
lution limitations, about the presence or absence of magma 
accumulations below Klyuchevskoy or Bezymianny. 

CONCLuSION

Tomographic P-wave images of Klyuchevskoy volcano 
show a significant P-wave anomaly ranging from 20–40 km 
below the edifice of the Klyuchevskoy group. This anomaly 
appears narrow in the 20 km depth range and broadens lat-
erally around 30–35 km depth, perhaps suggesting ponding 
and accumulation at the Moho discontinuity. We cannot yet 
determine the level of percent melt in this region, although 
the size of the anomaly strongly suggests that a significant 
amount of magma resides at depth below the Klyuchevskoy 
group and is most likely the main source feeding this very 
active region along the Kamchatka Subduction zone.
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Minor- and Trace Element Zoning in Plagioclase From 
Kizimen Volcano, Kamchatka: Insights on the Magma 

Chamber Processes

Tatiana Churikova1,2, Gerhard Wörner2, John Eichelberger3, and Boris Ivanov1

Major and trace elements in whole rocks as well as major (Al, Si, Na, Ca, 
K), minor (Fe) and trace (Sr, Ba, Mg) elements in plagioclase phenocrysts were 
investigated in lavas from Kizimen volcano, Kamchatka. Quaternary Kizimen 
volcano was active during Holocene times and is intriguing in several aspects: 
(1) its lavas often contain unusually high proportions of incorporated basalt and 
basaltic andesite magma as enclaves; (2) banded texture is common in lavas; 
(3) large phenocrysts of plagioclase and hornblende associate with olivine and 
orthopyroxene in the same sample; (4) mafic enclaves and evolved dacites 
show a REE cross-over patterns; (5) MORB-like Sr-Nd isotope values exclude 
crustal contamination. Mafic enclaves and host dacitic lavas are both hybrid 
and represented by mixtures of mafic and silicic end-members in different pro-
portions. These end-members are likely derivates of the same basaltic parent  
assuming a significant amount of amphibole fractionation. To understand magma 
chamber processes of the Kizimen volcano and the origin of its magmas, we used 
major and trace element zoning patterns in plagioclase phenocrysts from mafic 
enclaves and evolved hosts. According to our data, mafic and silicic magmas 
maintain some identity as physically distinct domains, while sometimes exchang-
ing only heat but at other times heat, melt, and crystals between them. Processes 
in the magma chamber that occurred before eruption are: (1) crystal growth and 
fractionation, (2) recharge and magma mixing, and (3) resumed crystallization in 
high-temperature dacite heated by mafic magma.

1. INTRODUCTION

Magma chamber processes play an important role in the 
formation of igneous rocks. These processes include crys-

tallization, melt differentiation, convection, and magma 
mixing. Experimental and numerical models of magma 
chamber processes [e.g. Marsh, 1989] allow study of the 
effects of physical parameters such as density and viscos-
ity as a function of melt composition, temperature gradi-
ents inside the chamber and near the contact with country 
rock, geometry of the magma chamber, etc. However, 
such models need to be calibrated with natural systems, 
and it is difficult to apply them directly because many of 
these parameters are not well constrained.

One approach to better understand mixing dynamics 
in magmas is the study of the crystallization histories 
of minerals in volcanic rocks, using major, minor, and 
trace element zoning in plagioclase in relation to magma 
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compositions and crystallization conditions. Plagioclase 
is the best mineral for such kind of research because it 
faithfully records the changes in magma compositions at 
variable temporal and spatial scales without significant 
subsequent re-equilibration [Grove et al. 1981, Davidson 
and Tepley, 1997; Ginibre et al., 2002a, 2002b]. However, 
controls on its composition are also rather complex and 
difficult to separate. Numerical modeling [e.g. Allěgre 
et al., 1981] has provided insights into the kinetics of 
plagioclase growth and resorption. Experimental studies 
have elucidated the influence of some important factors 
(e.g. P, T, melt composition, H2O content in the melt) on 
the An–Ab system (e.g. Drake and Weill, 1975; Bindeman 
et al., 1998).

Recently, significant variations in minor, trace ele-
ments and isotope ratios between individual growth 
zones of natural plagioclase crystals at the scale of sev-
eral microns were revealed using SIMS and TIMS tech-
niques [Churikova and Sokolov, 1993; Brophy et al., 1996; 
Davidson and Tepley 1997; Tepley et al., 2000]. These 
variations have been attributed to processes occurring 
during magma storage and ascent, including fractional 
crystallization, magma mixing, degassing, assimilation, 
and temperature effects. The spatial resolution of the 
SIMS and TIMS is insufficient to reveal chemical varia-
tions in individual growth zones at a micron scale. The 
electron microprobe allows to measure the major, minor 
and trace elements (if concentrations > 100 ppm) in min-
erals with a spatial resolution of only a few microns [e.g. 
Ginibre et al., 2002a, b]. Such an approach allows study-
ing a greater number of crystals at higher spatial resolu-
tion and at significantly lower cost.

In this study we report the results of microprobe anal-
yses on plagioclase phenocrysts from basalts, basaltic 
andesites and dacites of Kizimen volcano (Kamchatka, 
Figure 1). Tephrachronological work on the eruption 
history of Kizimen has shown that the volcano formed 
during the Quaternary [Melekestsev et al., 1992] syn-
chronously with an associated graben and was active until 
Late Holocene time. Its structural setting, and indeed its 
morphology and petrology, is strikingly similar to Unzen 
Volcano in Japan [Nakada & Motomura, 1999; Browne et 
al., 2006]. At present, there is intense fumarolic activity 
on the slope of the volcano.

Our geochemical investigation of Kizimen volcano 
was conducted in several stages. First, we analyzed the 
major and trace elements as well as isotope ratios of Sr, 
Nd (in three samples) and Pb (in one sample) in whole 
rocks. Then we studied six plagioclase phenocrysts from 
three representative samples for major (Al, Si, Na, Ca, K), 
minor (Fe) and trace (Sr, Ba, Mg) elements.

2. GEOLOGICAL SETTING, PETROGRAPHY AND 
MINERALOGY OF SAMPLES STUDIED

Kizimen Volcano, one of the active volcanoes of the 
Kurile-Kamchatka arc, is located on the eastern margin of 
the Central Kamchatka Depression (CKD) in the area of 
Schapinsky graben midway between the Eastern Volcanic 
Front (EVF) and CKD at the latitude of the Kliuchevskaya 
Group (Figure 1). The northwestern part of the volcano 
is cut by NE-SW-trending, westward-dipping normal 
faults, which form a series of cliffs with good exposures 
of the volcano’s f lank and its basement. A single reported 
eruption, in 1928, was very modest and no deposits were 
found.

Four cycles of activity have been identified in the erup-
tive history of the volcano (Figure 1), with ages from 
12–11 Ka to present [Melekestsev et al., 1992]. Holocene 
eruptions produced lava f lows and a dome complex of 
basaltic andesite to dacite composition in the upper part 
of volcano (Figure 1). Andesite and dacite lava f lows 
contain abundant cognate mafic enclaves of more primi-
tive composition (Figure 2a). The most recent summit 
lava has an unusual high proportion of up to 35 vol % 
of large (> 20 cm) mafic enclaves of basaltic andesite 
composition. Dacitic lavas with a few percent of enclaves 
of smaller size are more common (Figure 2b). We did 
not find any correlations between shape of enclaves and 
their composition. There are also abundant conspicuously 
banded lavas, with an apparent thickness of mafic layers 
from a few millimeters to 20–25 cm (Figure 2c) thick. All 
andesite to dacite lavas are hornblende-bearing medium-
potassic, and calc-alkaline in composition (Figure 3), and 
the enclaves are basaltic to basaltic andesites [Churikova 
et al., 2001b].

All samples from basalts to dacites contain plagio-
clase, hornblende, orthopyroxene, olivine, Ti-magnetite 
and glass. The amount of olivine decreases from 5 vol% 
in basalts to a trace in dacite. Basalts are also richer 
in orthopyroxene compared to dacites, 20 vol% and 10 
vol%, respectively. In contrast, the amount of hornblende 
increases from 5 vol% in basaltic enclaves to 10–15 vol% 
in andesites and dacites. The amount of plagioclase and 
Ti-magnetite is rather similar in all rocks, about 20–25 
vol% and 2–3 vol%, respectively. Additionally, basalts 
and basaltic andesites have about 5% of high-Ca clinopy-
roxene, whereas dacites often contain 0.5–1 vol% quartz 
[Trusov & Pletchov, 2005].

The composition of minerals in all types of rocks is 
surprisingly similar: Fo79-72 olivine, En63-65Wo1-2 ortho-
pyroxene, titanomagnetite, and high-Mg amphibole. Only 
plagioclases show conspicuous compositional variations.

Fig. 1Fig. 1

Fig. 2Fig. 2

Fig. 3Fig. 3
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Figure 1. Schematic map of the Kizimen volcano and its surroundings [after Melekestsev at all, 1992]. Inset shows 
the location of Kizimen volcano at the border between Eastern Volcanic Front and Central Kamchatka Depression. All 
ages are in B.P.
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In our view, the most prominent characteristic of 
Kizimen rocks is the occurrence of large phenocrysts of 
plagioclase and hornblende (up to 2 cm) co-existing with 
olivine and orthopyroxene.

3. ANALYTICAL METHODS

Analyzes were performed in Geowissenschaftlisches 
Zentrum of Göttingen Georg-August Universität, Abteilung 
Geochemie, Germany. Major elements and some trace ele-
ments (Sc, V, Cr, Co, Ni, Zn, Ga, Rb, Sr, Zr, and Ba) were 
determined in 19 samples by X-ray fluorescence analysis on 
glass discs, prepared with a lithium tetraborate flux. Fe2O3 
was determined titrimetrically with KMnO5 and the loss on 
ignition (LOI) by weight difference at heating to 1100°C. 
The analytical uncertainty (±2σ, rel. %) for all major ele-
ments is better than 1 % except for Fe, Na (2%) and LOI 
(10%), whereas for trace elements it is better than 5 %.

Additional trace elements were analyzed in 7 samples by 
ICPMS. The analytical uncertainty for most elements was 
better than 10 rel. %, except for Nb and Ta (15–20 rel. %), 
which was estimated based on repeated analyses of rock 
standards JB-3 and JA-2.

Isotope ratios for Sr, Nd, and Pb were measured with 
a Finnigan MAT 262 RPQ II+ mass-spectrometer at 
Göttingen using standards NBS987 (0.710245) for Sr, 
LaJolla (0.511847) for Nd and NBS981 (recommended 
values from Todt et al., 1984) for Pb. Statistical errors 
(±2σ) were estimated to be less than 0.004% for Sr and 
Nd and less than 0.1% for Pb. For details see Dorendof et. 
al. [2000a, b] and Churikova et al.[2001a].

Major (Si, Al, Ca, Na, and K), minor (Fe) and trace (Sr, 
Mg, Ba) elements in six plagioclase grains were analyzed 
using JEOL8900 electron microprobe. This study was 
combined with textural observations using back scattered 
electron (BSE) images (multiply accumulated to increase 
mass resolution) where BSE intensity corresponds to An 
content. The BSE images were used to locate quantita-
tive measurement points along profiles from core to rim. 
The central parts and the rims of microlites in the same 
samples were also analyzed for comparison.

Details of the technique for major and trace element deter-
mination with electron microprobe JEOL8900 WDS were 
described in Ginibre et al. [2002a]. Microprobe quantitative 
point analyses for Al, Si, Na, Ca, K, Ba, Sr, Fe, Ti, Ba, Mg 
were performed at 20 kV acceleration voltage and 40 nA 
beam current, with 2 to 5 µm beam size. Alkali elements 
(Na, K) and major elements (Al, Si, Ca) were analyzed dur-
ing the first 90 s (16 s counting time on peak). Minor (Fe) 
and trace elements (Sr, Ba, Mg) were then analyzed over 4 
min counting time on the peak.

Figure 2. (a) Large basaltic andesite enclave (17*20 cm) in a 
dacitic lava; (b) 5-cm-diameter fine-grained enclave of basaltic 
composition inside a larger basaltic andesite enclave in dacitic 
host. Plagioclase crystals of more than 1 cm in size are found in 
both, host dacite and mafic enclave (shown by arrows); (c) frag-
ment of the banded lava, the thickness of the layers is shown by 
double arrows.
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The detection limits for Ba, Sr, Fe, Mg, and Ti, as well 
as the ranges of concentrations and analytical uncer-
tainties for the analyses at the concentrations measured 
are given in Ginibre et al. [2002b]. Typical analytical 
uncertainties calculated from counting statistics for each 
analysis were 19 ppm for Mg, 60–70 ppm for Fe, 110–120 
ppm for Sr, 70–75 ppm for Ba and 28–31 ppm for Ti.

4. RESULTS

4.1. Whole-Rock Geochemical Data From Kizimen 
Volcano.

Lavas and mafic enclaves define linear trend in K2O ver-
sus SiO2 compositional space (Figure 3). Enclaves in dacites 
become more mafic in more recent lavas. Kizimen lavas 
appeared to be transitional between the EVF and the CKD, 
i.e. they are more enriched in alkalis than the rocks of EVF 
but depleted in alkalis as compared to basalts and basaltic 
andesites of CKD (Figure 3). This is part of the systematic 
compositional trend from the Eastern Volcanic Front (EVF) 
through the Central Kamchatka Depression (CKD) to the 
back arc [Churikova et al., 2001a].

Trace element patterns for products of the Kizimen vol-
cano are typical for arc volcanism. They are characterized 
by strongly but variably enriched fluid mobile trace ele-
ments (LILE and LREE: K, Cs, U, Ba, Rb, Sr, Pb, La, and 
Ce) and relatively depleted HFSE (Nb, Ta, Hf, Zr, Ti) and 

HREE (from Tb to Yb) elements. The enrichment increases 
with increasing element compatibility. Ba, Rb, U, Th, and K 
have more than 10 times higher concentrations compared to 
NMORB. However, the andesitic and dacitic lavas show a 
stronger gradient from the most incompatible to less incom-
patible elements than the basaltic and basaltic-andesitic 
enclaves (Figure 4). This results in a cross-over pattern 
because the HREE concentrations in dacitic rocks are lower 
than in basaltic rocks.

Fig. 4Fig. 4

Figure 3. K2O vs. SiO2 for Kizimen volcano whole rocks. Rock chemistry within the mafic enclaves changes with 
time towards more mafic compositions. Compositional fields of EVF and CKD are shown for the comparison [after 
Churikova et al., 2001a]. The pairs of rocks (host rock – mafic enclave) for three eruptions are shown by additional 
symbols (crosses, circles and triangles). Ages are taken from Melekestsev et al. (1992) and given in B.P.

Figure 4. Trace element patterns for Kizimen lavas (gray field) and 
mafic enclaves (black field). All data are normalized to NMORB 
[after Sun & McDonough, 1989].



308     INSIGHTS ON THE MAGMA CHAMBER PROCESSES

Sr- and Nd-isotope ratios for the three most mafic rocks 
are very close to each other (87Sr/86Sr: 0.703352 – 0.703370; 
143Nd/144Nd: 0.513045-0.513048). They fall within the range 
of Kamchatka rocks (i.e., where the fields for EVF, CKD and 
Sredinny Ridge of the back arc overlap; Churikova et al., 
2001a) and are close to the MORB-field.

Thus rocks of Kizimen volcano are represented by typical 
arc lavas of medium-K calc-alkaline series with strong but 
variable LILE and LREE enrichment and low HFSE. Mafic 
enclaves and evolved dacites show a REE cross-over pat-
terns. In isotope space they are close to NMORB.

4.2. Zoning Trends in Plagioclase Phenocrysts From 
Kizimen Volcano

We studied the plagioclase phenocrysts from host lavas 
and its enclaves in three samples: a) dacite lava from the 
one of the summit flows (KIZ-07; 60.10 wt% SiO2), b) a 
basaltic-andesite enclave in this lava flow (KIZ-07/1; 52.90 
wt% SiO2), and c) a mafic enclave from a second summit 
f low (KIZ-01/1; 49.70 wt% SiO2; Table 1, Figure 1). All 
three samples were erupted during the current eruptive 
cycle [Melekestsev et al., 1992], which began 3,000 years 
ago. Morphologically, three types of plagioclases were dis-
tinguished in all studied rocks.

Pl-1 occurs predominantly in mafic enclaves and less fre-
quently in the host dacite. Pl-1 is characterized by euhedral 
shape and 20–50-micron-wide zones of growth (Figure 5a). 
The cores of these crystals sometimes have patchy textures 
(Figure 5a) or they are relatively homogeneous (not shown). 
Cores and mantles are compositionally uniform, whereas 
rims are characterized by steep compositional gradients.

Pl-2 crystals, found only in host dacitic lavas, show very 
narrow oscillatory zonation (5–50 µm) throughout. Pl-2 has 
usually numerous dissolution surfaces in the mantle zone, 
with subsequent regrowth (Figure 6a). The outermost zones 
are very narrow (5–10 µm). 

Pl-3 crystals were observed in both mafic enclaves and in 
host dacite. It has subhedral to irregular shapes. Pl-3 crystals 
have continuous (from tens to first hundreds of microns) 
sieved zones. In some grains such zones make up more than 
50% of the crystal. However, the outermost rims of these crys-
tals are well formed and show clear contact with groundmass 
(Figures 5b, 6b). The cores of Pl-3 crystals show numerous 
narrow growth zones that are texturally similar to the Pl-2 
phenocrysts from the dacitic lavas. We analyzed different 
zones in 2 grains of Pl-1, in 2 grains of Pl-2 and in 2 grains of 
Pl-3 (1 from enclave and 1 from host lava) for major (Al, Si, 
Na, Ca, K), minor (Fe) and trace (Sr, Ba, Mg) elements. Point 
measurements were taken along profiles from core to rim with 
spot size 2–5 µm (Figures 5 and 6; Table 2).

4.2.1. Pl-1 in mafic enclaves. Pl-1 phenocrysts from 
basalt and basaltic andesite enclaves are characterized 
by the absence of any significant zoning in their cores 
(Figure 5a), which composition is the most calcic found in 
Kizimen rocks (An86-An93, see insert in Figure 5a). These 
cores sometimes have partly sieved texture (Figure 5a) and 
include hornblende and patches of more sodic plagioclase 
(An77, see points 6 and 7 on the Figure 5a). The mantle zone 
between core and rim is close in composition to the core 
(An77-An93). Cores and their mantles are low in Ba (< 50 
ppm) and moderately high in Sr (300 – 550 ppm). Fe and 
Mg concentrations are high (up to 5000 ppm and 300 – 500 
ppm, respectively). 

Rims of Pl-1 are very different from the cores and mantle 
zones. The thickness of the outer rims varies from several 
microns to 100 microns. Composition of the rims is more 
sodic (An74-36) than the inner parts of the grains, and An 
content decreases outwards. Sr and Ba concentrations in the 
rim increase to 900 ppm and 500 ppm, respectively, whereas 
Fe and Mg decrease to 2800 ppm and 200 ppm, respectively 
(Figure 5a). Plagioclase microlites in the enclaves are similar 
in composition to rims of Pl-1.

4.2.2. Pl-2 in dacitic lavas are relatively large in size (up to 
2 cm, Figures 2b, 6a) and characterized by narrow oscillatory 
zonation. In contrast to Pl-1 from the enclaves, the cores and 
mantle zones of Pl-2 are rather sodic (An40 – An50) and show 
higher Sr (500 – 750 ppm) and Ba (150–300 ppm) concen-
trations and lower Fe (1500–2000 ppm) and Mg (100–150 
ppm). Because elemental concentrations change so strongly 
from one growth zone to another, the zoning patterns of Pl-2 
are much more variable compared to the Pl-1 phenocrysts 
from the mafic enclaves (Figure 6a). The thickness of the 
outermost rims is less than 50 microns. The rims differ in 
chemical composition from the cores and mantle zones of 
the crystals. However, in contrast to Pl-1, the rims of Pl-2 are 
enriched in anorthite component, Fe, and Mg and depleted in 
Ba and Sr (Figures 6a, 7) compared to the core and mantle 
zones. Microlites of the dacitic host are similar in chemical 
composition to the rim of Pl-2.

4.2.3. Pl-3 in dacitic lavas and mafic enclaves are sur-
prisingly similar in crystal morphology and chemical 
composition. Three distinct growth zones are present in 
these grains: (I) oscillatory-zoned, compositionally uni-
form inner core, (II) a sieve-textured zone with a thickness 
from 50 up to 200 microns and (III) about 50-micron-wide 
outermost rim (Figures 5b, 6b). Cores of Pl-3 phenocrysts 
are similar in composition to cores of Pl-2 phenocrysts 
from dacitic lavas. They are low in An, Fe, and Mg at 
relatively high concentrations of Ba and Sr. In the sieve-

Table  1Table  1

Fig. 5Fig. 5

Fig. 6Fig. 6

Table 2Table 2
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Table 1. Chemical composition and isotope data for whole rocks of the Kizimen volcano.

Sample TAM-01 KIZ-01 KIZ-01/1b KIZ-02 KIZ-04 KIZ-05 KIZ-07 KIZ-07/1 KIZ-08 KIZ-09
SiO2 51.75a 64.11 50.23 62.63 62.14 57.10 60.43 53.28 58.13 63.88
TiO2 0.84 0.58 1.23 0.65 0.68 0.90 0.77 1.11 0.94 0.62
Al2O3 15.87 16.30 19.04 16.60 17.73 17.54 16.96 18.48 17.25 16.25
Fe2O3 9.43 2.43 5.38 2.70 2.82 3.48 3.85 4.25 3.66 2.43
FeO 0.43 3.05 5.62 3.22 2.59 4.83 3.11 5.34 4.22 3.13
MnO 0.19 0.13 0.19 0.14 0.13 0.17 0.15 0.19 0.17 0.13
MgO 8.49 2.46 5.26 2.68 2.72 4.05 3.12 4.44 3.61 2.43
CaO 9.29 5.38 9.35 5.91 5.77 7.28 6.38 8.54 7.12 5.47
Na2O 2.74 3.72 2.77 3.74 3.70 3.32 3.60 3.28 3.47 3.77
K2O 0.73 1.67 0.77 1.58 1.52 1.16 1.47 0.90 1.26 1.74
P2O5 0.23 0.16 0.17 0.15 0.19 0.16 0.16 0.19 0.18 0.15
Total 100 100 100 100 100 100 100 100 100 100
Li 7.9 16.3 14.2 10.2
Be 0.51 0.79 0.52 0.63
Sc 31 15 26 17 15 21 18 26 24 15
V 221 114 300 137 146 208 163 250 199 115
Cr 481 17 15 16 26 10 12 11 19 13
Co 36 14 30 18 14 29 17 26 21 13
Ni 166 n.d.c 2 n.d. 1 7 n.d. n.d. n.d. n.d.
Zn 79 55 79 61 57 68 63 74 65 55
Ga 15 16 17 16 15 17 15 18 16 15
Rb 15 38 14 34* 32* 26 31* 17* 25* 41*
Sr 380 319 370 328 318 330 320 368 325 304
Y 16 16 21 19* 15* 20 22* 24* 22* 18*
Zr 86 121 86 124 115 102 117 96 117 126
Nb 2.4 4.2 2.9 5.0* 6.0* 3.5 4.0* 3.0* 4.0* 4.0*
Cs 0.50 1.50 0.52 0.47
Ba 358 676 310 593 608 458 567 376 451 655
La 7.62 10.16 5.85 7.73
Ce 19.02 22.39 15.18 19.37
Pr 2.69 3.32 2.34 2.76
Nd 13.10 13.54 11.99 12.79
Sm 3.72 2.89 3.36 3.23
Eu 1.11 0.95 1.14 1.04
Gd 3.29 2.58 3.28 2.97
Tb 0.52 0.36 0.54 0.44
Dy 3.38 2.28 3.33 2.94
Ho 0.67 0.55 0.74 0.65
Er 2.06 1.46 2.18 1.85
Tm 0.32 0.20 0.30 0.26
Yb 2.05 1.39 2.00 1.72
Lu 0.31 0.24 0.29 0.28
Hf 2.27 1.91 1.99 1.88
Ta 0.19 0.21 0.17 0.17
Tl 0.03 0.27 0.10 0.10
Pb 2.15 5.30 1.95 3.01
Th 0.91 3.19 1.02 1.42
U 0.45 1.45 0.49 0.79
87Sr/86Sr 0.703352
143Nd/144Nd 0.513045
206Pb/204Pb
208Pb/204Pb
207Pb/204Pb
aMajor elements, Sc, V, Cr, Co, Ni, Zn, Ga, Sr, Zr, Ba and elements marked by stars were determined by XRF analyses, other trace elements were 
achieved by ICP-MS. Major elements are given in weight percent, trace elements in ppm.
bSamples KIZ-01/1, KIZ-07/1 and KIZ-24/1 are mafic enclaves in lavas KIZ-01, KIZ-07 and KIZ-24, respectively.
cNot detected
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Table 1. (continued).
Sample KIZ-11 KIZ-17/2d KIZ-18 KIZ-19 KIZ-21 KIZ-22 KIZ-23 KIZ-24 KIZ-24/1
SiO2 56.07 57.72 62.30 51.53 56.72 62.40 64.26 55.43 52.28
TiO2 0.98 0.85 0.68 1.23 1.10 0.65 0.59 1.04 1.30
Al2O3 17.73 17.32 16.69 16.90 17.63 16.84 16.31 17.67 18.15
Fe2O3 2.92 2.78 2.49 3.04 3.21 3.14 2.63 3.11 4.35
FeO 5.56 4.88 3.56 8.21 5.08 2.96 2.77 5.56 5.86
MnO 0.17 0.17 0.14 0.22 0.18 0.13 0.13 0.17 0.19
MgO 4.19 4.17 2.75 5.35 3.12 2.91 2.39 4.22 4.48
CaO 7.75 7.29 5.91 9.82 7.54 5.81 5.37 8.29 9.25
Na2O 3.32 3.35 3.80 2.77 3.75 3.57 3.73 3.22 3.07
K2O 1.15 1.29 1.54 0.73 1.40 1.43 1.68 1.11 0.88
P2O5 0.17 0.18 0.15 0.22 0.27 0.16 0.15 0.17 0.19
Total 100 100 100 100 100 100 100 100 100
Li 3.8 8.5 11.7
Be 0.44 0.56 0.56
Sc 21 22 18 35 26 16 13 22 33
V 220 190 133 316 187 130 108 246 324
Cr 16 47 20 42 11 34 19 24 21
Co 27 20 21 37 20 14 13 27 27
Ni 6 20 1 25 n.d. 8 2 2 n.d.
Zn 71 76 58 94 83 60 57 72 80
Ga 16 17 16 18 19 15 15 19 17
Rb 24* 28* 33* 9 15* 30* 36* 21 16
Sr 332 359 324 276 299 341 320 328 335
Y 23* 24* 20* 32 34* 15* 19* 20 23
Zr 98 124 124 104 140 109 124 99 90
Nb 4.0* 4.0* 3.0* 4.1 6.0* 3.0* 4.0* 3.1 3.2
Cs 0.31 0.79 0.59
Ba 459 466 606 164 200 591 669 419 323
La 6.49 6.52 7.02
Ce 19.11 16.57 18.10
Pr 2.73 2.83 2.59
Nd 13.11 12.73 13.08
Sm 3.86 3.25 3.91
Eu 1.14 1.08 1.27
Gd 4.04 3.12 3.53
Tb 0.70 0.47 0.63
Dy 4.37 3.08 3.88
Ho 0.94 0.76 0.75
Er 2.89 1.97 2.23
Tm 0.42 0.27 0.34
Yb 2.77 1.72 2.38
Lu 0.42 0.30 0.32
Hf 2.80 2.10 2.17
Ta 0.21 0.14 0.19
Tl 0.05 0.09 0.10
Pb 2.03 2.73 2.63
Th 0.59 1.57 0.91
U 0.38 0.77 0.61
87Sr/86Sr 0.703347 0.703370
143Nd/144Nd 0.513048 0.513047
206Pb/204Pb 18.32
208Pb/204Pb 38.03
207Pb/204Pb 15.50
dSamples KIZ-17/2, KIZ-19, KIZ-21 and KIZ-22 are from old volcano basement, other samples are Quaternary age. 
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textured zone the plagioclase composition becomes more 
calcic up to An80, whereas concentrations of Fe and Mg 
increase up to 5000 ppm and 550 ppm, respectively, and Sr 
and Ba values decrease. The rim zone Pl-3 is more sodic 

than the sieve-textured zone, but not quite as Ab-rich as 
the core. Microlites near Pl-2 phenocrysts are similar in 
chemical composition to zones II and III of Pl-3 (inset 
Figures 5b, 6b).

Figure 5. Electron microprobe traverses across plagioclase phenocrysts from a representative basaltic enclave. (a) un-
resorbed plagioclase and (b) resorbed plagioclase. Compositional profiles are shown in mol. % for An content and in 
ppm for Sr, Ba, and Fe concentrations. The abrupt in chemical composition near the crystal margins is indicated by 
arrows. Squares are data from the crystal cores, circles from the mantle, diamonds represent the rim and triangles are 
for microlites.
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Figure 6. Electron microprobe traverses across plagioclase phenocrysts from typical dacitic lava: (a) unresolved pla-
gioclase PI-2 and (b) resorbed plagioclase PI-3. Symbols are the same as in Figure 5.
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Table 2. Microprobe analyses of the plagioclase phenocrysts from the Kizimen volcano (Kamchatka).

Description Sa, µm Na2O SiO2 K2O Al2O3 CaO Total Fe Ti Sr Mg Ba An
Pl 1 from enclave KIZ-07/1 (Fig. 5a)

core 0 1.10b 43.91 0.02 34.56 18.26 98 4330 150 313 295 n.d.c 90.1
core 16 1.09 45.29 0.02 35.12 17.83 99 4400 102 507 314 50 89.9
core 33 1.40 45.91 0.02 34.67 17.27 99 3669 84 456 362 n.d. 87.1
core 66 1.18 45.22 0.02 34.77 17.48 99 3747 96 532 320 n.d. 89.0
core 92 1.53 46.38 0.03 34.73 17.26 100 3778 84 634 362 n.d. 86.0
mantle 118 2.54 47.83 0.03 32.92 15.60 99 3109 60 541 392 n.d. 77.1
mantle 125 2.48 48.10 0.07 32.62 15.55 99 3459 120 558 531 71 77.3
mantle 138 1.25 45.47 0.01 34.90 17.56 99 3661 96 524 368 n.d. 88.5
mantle 170 1.59 46.34 0.02 34.20 17.14 99 4159 120 566 482 64 85.5
mantle 207 1.46 46.04 0.03 34.22 17.21 99 4190 102 642 440 n.d. 86.5
mantle 230 1.32 45.94 0.03 34.48 17.58 99 4236 60 566 398 n.d. 87.9
mantle 246 1.77 46.46 0.02 33.93 17.02 99 4462 156 490 482 n.d. 84.0
mantle 252 1.60 46.16 0.03 34.25 17.15 99 4516 132 456 434 n.d. 85.4
mantle 259 2.31 48.00 0.05 33.32 15.69 99 4407 150 608 519 64 78.7
mantle 266 2.22 47.68 0.04 33.13 15.95 99 4827 186 549 501 50 79.7
rim 275 2.91 49.12 0.06 32.24 14.66 99 4485 174 752 501 64 73.3
rim 282 3.62 50.84 0.09 31.04 13.37 99 3980 186 718 464 106 66.7
rim 285 3.64 51.31 0.09 31.13 13.53 100 3980 180 676 476 199 67.0
rim 292 4.59 53.37 0.11 29.61 11.57 99 3257 198 701 332 78 57.8
rim 295 4.49 53.28 0.13 29.94 12.12 100 3700 204 879 386 135 59.4
rim 305 5.92 56.29 0.18 27.69 9.36 99 2829 126 752 211 312 46.2
rim 328 6.94 58.83 0.31 25.47 7.44 99 3879 228 549 229 483 36.5
Md, core 351 4.55 53.40 0.11 29.49 11.69 99 3459 198 667 344 99 58.3
M, rim 367 6.16 57.05 0.23 26.70 8.88 99 2923 144 600 241 312 43.7

Pl 1 from enclave KIZ-01/1
core 7 1.47 46.19 0.03 35.02 17.21 100 3008 n.d. 1436 308 n.d. 92.0
core 33 2.24 48.13 0.05 33.50 15.90 100 2907 n.d. 1808 362 92 87.4
core 43 1.38 46.20 0.03 34.85 17.29 100 3568 84 1301 332 50 92.5
core 63 2.36 48.53 0.05 33.40 15.83 100 3000 n.d. 1402 398 163 86.8
mantle 130 1.63 45.44 0.04 33.33 17.12 98 4524 138 414 669 n.d. 85.1
mantle 150 1.66 46.93 0.03 34.20 17.07 100 4081 132 482 416 n.d. 91.0
mantle 190 1.80 47.09 0.03 34.20 16.85 100 4602 132 431 476 71 90.2
mantle 207 2.09 47.78 0.04 33.75 16.44 100 4151 174 439 482 n.d. 88.5
mantle 227 1.46 46.47 0.03 34.50 17.34 100 4477 108 456 428 99 92.1
mantle 263 1.19 45.88 0.03 35.04 17.73 100 4415 102 431 356 64 93.6
mantle 307 1.25 45.99 0.03 34.82 17.57 100 4547 96 532 368 99 93.2
mantle 320 1.84 47.32 0.04 34.07 16.68 100 4508 108 684 398 n.d. 89.9
rim1e 327 4.12 52.77 0.10 30.60 12.56 100 3801 156 684 350 64 74.8
rim1 333 6.04 57.07 0.21 27.32 9.26 100 3801 174 591 302 199 59.7
rim2 343 1.94 47.42 0.04 33.79 16.47 100 4858 156 482 416 43 89.3
rim2 353 3.14 50.45 0.08 31.79 14.15 100 5278 204 541 482 71 81.5
M, core 363 3.92 52.03 0.09 30.80 12.71 100 3832 126 718 398 92 76.0
M, rim 373 6.01 57.45 0.24 27.26 9.09 100 3335 168 727 247 199 59.2

Pl 2 from dacitic lava KIZ-07 (Fig. 6a)
core 92 6.14 55.92 0.30 26.54 8.83 98 1702 n.d. 591 109 284 43.5
core 127 6.45 58.37 0.31 26.80 8.36 100 1438 n.d. 667 109 248 41.0
core 196 6.53 58.57 0.29 26.91 8.32 101 1415 n.d. 574 60 227 45.6
core 346 6.01 57.17 0.25 27.51 9.36 100 1477 60 743 96 170 40.6
core 577 6.39 58.28 0.31 26.68 8.47 100 1485 n.d. 591 103 170 41.5
core 612 6.19 58.25 0.31 26.80 8.49 100 1461 60 642 72 149 42.3
core 738 6.23 58.00 0.29 27.15 8.99 101 1516 60 752 78 234 43.6
mantle 773 5.46 56.04 0.21 28.50 10.09 100 1531 n.d. 710 84 192 49.9
mantle 900 6.49 58.34 0.30 26.86 8.51 100 1524 54 718 84 213 41.3
mantle 981 5.05 54.73 0.20 29.28 11.03 100 1733 n.d. 574 90 135 54.0
mantle 1096 6.01 57.91 0.28 27.26 8.93 100 1524 60 558 84 213 44.3
mantle 1154 5.68 56.52 0.23 28.17 9.85 100 1586 n.d. 701 115 185 48.3
mantle 1235 6.32 58.15 0.34 26.76 8.55 100 1508 54 642 115 270 41.9
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Description Sa, µm Na2O SiO2 K2O Al2O3 CaO Total Fe Ti Sr Mg Ba An
mantle 1396 4.11 52.75 0.12 30.76 12.66 100 1663 60 634 103 156 62.6
mantle 1465 6.72 59.10 0.32 26.45 8.05 101 1399 n.d. 634 66 241 39.1
mantle 1592 5.49 56.64 0.25 28.09 9.89 100 1601 n.d. 718 84 185 49.2
mantle 1858 6.06 57.74 0.27 27.20 8.90 100 1531 60 760 90 213 44.1
mantle 1892 5.42 56.00 0.21 28.36 10.25 100 1555 n.d. 532 78 270 50.5
mantle 2065 6.10 57.73 0.31 27.44 9.01 101 1586 60 634 84 248 44.1
mantle 2135 6.29 57.89 0.30 27.16 8.79 100 1726 60 558 90 220 42.8
mantle 2262 5.87 56.48 0.24 28.07 9.75 100 1640 60 743 72 213 47.2
mantle 2342 5.28 55.42 0.20 28.75 10.43 100 1788 66 574 109 206 51.6
mantle 2435 6.31 58.29 0.28 27.20 8.66 101 2169 60 473 96 248 42.4
mantle 2550 5.29 55.47 0.20 28.62 10.36 100 1819 54 558 115 170 51.4
mantle 2665 6.01 57.61 0.28 27.47 9.08 100 1834 n.d. 549 115 170 44.7
mantle 2792 4.92 54.59 0.20 29.44 11.21 100 2130 60 574 139 234 55.1
mantle 3058 5.57 56.24 0.23 28.11 9.89 100 1959 66 600 109 227 48.8
mantle 3242 5.96 57.48 0.28 27.37 9.14 100 1881 n.d. 473 109 192 45.1
mantle 3369 5.70 56.94 0.24 27.83 9.50 100 2091 78 574 115 255 47.2
rim 3370 4.98 54.92 0.20 28.80 11.19 100 3630 138 574 308 149 54.7
rim 3381 4.97 55.08 0.19 28.84 10.99 100 3653 120 549 332 n.d. 54.4
rim 3382 5.04 54.87 0.20 28.86 10.97 100 3599 102 558 308 135 53.9
M1, core 3462 2.38 48.45 0.04 33.49 15.84 100 3840 156 803 295 64 78.4
M1, mantle 3519 4.16 52.89 0.10 30.41 12.59 100 3428 162 693 368 n.d. 62.2
M1, mantle 3577 2.69 49.42 0.06 32.77 15.37 100 4174 138 549 452 n.d. 75.7
M1, rim 3635 4.82 54.55 0.17 29.20 11.28 100 4773 276 566 476 206 55.8
M2, core 3692 3.65 51.39 0.08 31.27 13.49 100 4524 210 651 513 50 66.8
M2, rim 3750 4.69 54.37 0.18 29.26 11.43 100 5402 312 735 488 241 56.8

Pl 2 from dacitic lava KIZ-07
core 21 5.83 56.38 0.26 27.27 9.40 99 2021 60 583 115 213 46.4
core 75 5.77 56.51 0.22 27.68 9.66 100 1912 60 465 84 241 47.4
core 139 5.74 56.84 0.25 27.77 9.50 100 2060 54 651 127 263 47.1
core 204 5.38 55.99 0.21 28.42 10.17 100 1974 54 667 90 142 50.5
core 268 5.74 56.84 0.24 27.76 9.51 100 1990 60 634 133 284 47.1
core 439 5.89 57.18 0.26 27.57 9.36 100 2083 n.d. 498 133 156 46.0
core 450 5.81 57.28 0.25 27.68 9.38 100 1998 60 456 103 227 46.4
mantle 514 4.56 53.75 0.18 29.72 11.68 100 2223 78 566 96 78 58.0
mantle 525 4.96 54.64 0.19 29.16 11.02 100 2215 84 574 121 185 54.5
mantle 611 4.67 53.87 0.17 29.85 11.65 100 2239 78 507 96 206 57.4
mantle 621 5.65 57.07 0.25 27.81 9.39 100 2052 60 549 109 241 47.2
mantle 686 5.84 56.99 0.24 27.70 9.47 100 1982 54 693 90 220 46.6
mantle 750 4.35 52.77 0.13 30.61 12.48 100 2417 78 532 127 106 60.9
mantle 761 5.30 55.41 0.23 28.58 10.46 100 2573 108 558 362 121 51.5
mantle 782 3.32 50.94 0.10 31.81 13.79 100 2565 84 558 133 57 69.2
mantle 793 3.23 50.87 0.09 31.92 14.10 100 2557 78 659 121 106 70.3
mantle 804 5.82 56.91 0.23 27.85 9.59 100 2005 60 515 109 170 47.0
mantle 814 5.27 55.46 0.21 28.76 10.48 100 2083 60 659 115 234 51.7
mantle 825 4.18 52.71 0.13 30.72 12.52 100 2557 78 524 133 106 61.9
mantle 836 5.03 55.12 0.21 28.70 10.63 100 2394 108 549 181 177 53.2
mantle 846 5.70 56.91 0.24 27.93 9.67 100 2091 66 482 133 170 47.7
mantle 932 5.98 57.05 0.25 27.80 9.30 100 2130 54 566 133 220 45.5
rim1 996 4.43 53.19 0.17 29.95 12.02 100 3762 102 414 344 85 59.4
rim1 1018 5.35 55.75 0.22 28.31 10.49 100 3723 174 642 308 177 51.3
rim2 1039 5.75 56.80 0.25 27.86 9.49 100 2371 66 727 175 177 47.0
rim2 1058 3.76 51.72 0.13 30.87 13.22 100 3078 132 887 163 106 65.5
rim2 1075 2.98 50.16 0.08 32.42 14.57 100 2892 96 490 127 99 72.6
rim2 1093 5.08 54.64 0.20 28.97 11.00 100 3692 138 634 332 291 53.9
M1, core 1125 2.58 49.10 0.05 32.83 15.28 100 4470 186 574 513 n.d. 76.4
M1, rim 1157 5.05 54.89 0.16 28.94 11.07 100 3817 192 701 362 213 54.3
M2, core 1179 4.29 53.55 0.15 29.92 12.12 100 4050 174 718 380 121 60.4
M2, rim 1200 5.10 55.18 0.20 28.69 10.75 100 3716 162 684 302 206 53.2

Table 2. (continued)
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Description Sa, µm Na2O SiO2 K2O Al2O3 CaO Total Fe Ti Sr Mg Ba An
Pl 3 from enclave KIZ-07/1 (Fig. 5b)
core 22 5.27 55.34 0.21 28.53 10.49 100 2013 114 541 133 170 51.7
core 111 6.07 57.02 0.29 27.17 9.07 100 1897 n.d. 659 109 248 44.5
core 211 5.91 56.45 0.23 27.60 9.60 100 1866 n.d. 431 103 234 46.7
core 256 5.57 55.06 0.23 28.28 10.09 99 2060 60 600 96 206 49.3
core 300 5.85 56.58 0.27 27.32 9.35 99 1974 66 659 103 227 46.2
core 378 5.24 54.85 0.20 28.50 10.60 99 2021 54 608 115 206 52.2
core 411 5.95 56.90 0.25 27.25 9.06 99 1936 48 591 103 241 45.0
mantle 467 3.88 51.64 0.12 30.78 12.83 99 2200 102 667 90 85 64.1
mantle 522 4.58 53.18 0.16 29.79 11.68 99 2114 60 566 115 99 58.0
mantle 556 5.00 54.55 0.18 29.04 10.78 100 1982 78 651 115 248 53.8
mantle 589 3.61 50.99 0.12 31.20 13.27 99 2332 66 819 121 142 66.6
mantle 611 3.96 51.57 0.14 30.85 12.82 99 2223 54 600 139 149 63.6
mantle 700 6.28 57.46 0.29 26.69 8.59 99 1904 78 363 121 234 42.4
mantle 733 4.95 54.60 0.20 28.92 10.91 100 2107 60 752 109 248 54.3
mantle 800 6.00 56.85 0.27 27.32 9.10 100 1912 54 524 115 206 44.9
mantle 900 6.10 57.05 0.26 27.43 9.05 100 1904 60 718 96 227 44.4
mantle 1011 5.74 56.43 0.27 27.52 9.41 99 1866 54 718 109 206 46.8
mantle 1044 6.24 57.10 0.27 27.05 8.94 100 1858 60 498 115 227 43.5
mantle 1133 6.04 57.25 0.29 26.95 8.67 99 2005 54 659 90 305 43.4
mantle 1167 3.94 51.42 0.13 30.88 13.07 99 2379 108 659 121 135 64.2
mantle 1222 5.66 56.59 0.25 27.73 9.46 100 2060 60 482 127 270 47.3
mantle 1267 5.55 55.72 0.23 28.08 9.94 100 2262 60 718 103 241 49.1
Rf 1333 3.20 51.52 0.24 30.75 13.35 99 4843 246 617 416 135 68.7
R 1367 3.27 50.43 0.07 31.81 14.14 100 3957 156 507 458 85 70.2
rim1 1422 4.69 53.63 0.13 29.81 11.56 100 3327 180 507 295 57 57.2
rim1 1467 5.62 55.69 0.16 28.04 9.87 99 2930 102 473 235 213 48.8
rim2 1511 3.35 50.36 0.09 31.68 13.98 99 3941 132 566 464 85 69.4
rim2 1541 4.02 52.29 0.09 30.44 12.69 100 3653 204 710 380 149 63.2
rim2 1570 4.94 54.44 0.13 29.13 11.02 100 3148 162 710 283 106 54.8
rim2 1600 5.60 56.68 0.17 28.07 9.74 100 3039 132 667 235 156 48.5
M, core 1622 3.39 50.62 0.08 31.41 14.10 100 4198 180 710 513 92 69.4
M, rim 1656 5.50 55.24 0.16 28.78 10.55 100 2604 162 743 235 78 51.0

Pl 3 from dacitic lava KIZ-07 (Fig. 6b)
core 0 5.92 56.94 0.26 27.90 9.63 101 1850 n.d. 600 103 199 46.6
mantle 91 5.52 56.05 0.23 28.37 10.16 100 1842 78 625 121 163 49.8
mantle 121 6.12 57.89 0.30 27.08 8.79 100 1850 60 608 103 234 43.4
mantle 145 5.85 56.61 0.25 28.05 9.74 100 1858 72 659 109 234 47.2
mantle 170 6.43 58.55 0.32 26.67 8.48 100 1827 60 769 103 270 41.4
mantle 188 5.94 57.81 0.28 27.55 9.01 101 1873 n.d. 456 103 305 44.9
mantle 212 5.77 56.40 0.22 28.25 9.96 101 2037 n.d. 634 115 291 48.2
mantle 224 5.72 56.33 0.22 28.28 9.90 100 2013 n.d. 676 115 263 48.3
mantle 236 5.98 57.20 0.25 27.69 9.26 100 1873 102 803 96 305 45.4
mantle 255 5.47 56.68 0.24 28.02 9.69 100 1967 90 684 90 206 48.7
mantle 321 6.15 57.94 0.28 27.21 8.76 100 2044 60 524 96 312 43.3
mantle 358 5.46 55.60 0.22 28.50 10.27 100 2107 72 574 115 263 50.3
mantle 400 6.09 57.59 0.29 27.23 8.99 100 1881 60 583 103 213 44.1
mantle 467 4.93 54.68 0.18 29.47 11.20 100 2278 72 659 133 234 55.1
mantle 491 5.75 56.68 0.23 28.02 9.86 101 2231 78 541 109 213 48.0
mantle 521 5.95 56.89 0.25 27.76 9.62 100 2122 108 625 109 255 46.5
mantle 576 5.89 56.92 0.27 27.79 9.60 100 2044 96 583 127 206 46.7
R 679 2.80 49.65 0.15 31.79 14.31 99 4998 216 507 470 64 73.1
rim 721 2.52 48.81 0.06 32.71 15.41 100 4578 186 583 549 64 76.9
rim 727 2.58 48.99 0.07 32.74 15.41 100 4485 132 591 494 71 76.5
rim 733 3.52 51.08 0.09 30.97 13.61 99 4415 162 507 458 50 67.7
rim 745 4.51 53.00 0.14 29.88 12.19 100 4205 192 507 350 128 59.4
rim 752 3.84 52.03 0.11 30.68 13.15 100 4034 162 515 398 43 65.0
rim 758 5.06 55.16 0.19 28.57 10.88 100 3879 186 566 344 149 53.7

Table 2. (continued)
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5. DISCUSSION

Kizimen rocks reveal many features commonly attributed 
to magma mixing: a) presence of olivine and orthopyroxene 
of constant composition (Fo79-72 and En63-65Wo1-2, respec-
tively) in all rocks, independent of melt composition; b) 
coexistence of olivine and quartz; and c) coexistence of 
plagioclases with high-An core and low-An rims and with 
low-An cores at high-An rims. Mixing between silicic and 
mafic end-members is consistent with the observed linear 
trends on all two-component diagrams for this volcano (e.g. 
Figure 3). The abundance and size of enclaves in many lava 
flows as well as numerous banded lavas suggest that the 
mixing processes play an unusually profound role in magma 
genesis at Kizimen volcano.

If all Kizimen rocks from dacitic host lavas to mafic 
enclaves are indeed hybrids, the temporal trend for mafic 
enclaves on the SiO2-K2O diagram either suggests that 
magma chamber recharge is getting more mafic or that the 
proportion of the mafic end-member increases with time 
(Figure 3).

From Sr and Nd isotope data, which are very similar in all 
rocks and close to MORB values, there is not evidence for 
any crustal contamination.

Trace element patterns of variably differentiated mag-
mas, which crystallized from the same parent should have 
sub-parallel patterns, where more evolved rocks are more 
enriched in all incompatible elements. This is valid how-
ever, only as long as olivine, clino- and orthopyroxene, 
plagioclase, and spinel (or magnetite) are the only crystal-
lizing phases. This is because all of them have low partition 
coefficients for incompatible trace elements. Theoretically, 
the observed cross-over patterns could be explained as a 
result of magmas coming from different mantle sources. 
However, cross-over patterns on spider diagrams for the 
rocks of Bakening volcano were modeled by Dorendorf et. 
al. [2000b] as depletion of the dacitic magma in HREE by 
extensive hornblende fractionation from basaltic melt. We 
suggest that basalts and dacites of Kizimen volcano were also 
affected by a strong amphibole signature and thus originated 

from similar mantle melts. This is reasonable, because all 
lavas at Kizimen, including the mafic varieties, are rich in 
amphibole.

According to petrographical and geochemical data (Fo72-78 
olivine, Mg# 41 to 50 of whole rocks, abundance of low-An 
plagioclase, and low Cr and Ni concentrations in whole 
rocks), mafic enclaves are already fractionated compared to 
primary mantle melts and are contaminated by incorporation 
of more evolved material, which may or may not be derived 
directly from the host. Similarly, the presence of high-An 
plagioclase and traces of olivine in Kizimen dacites suggest 
that the host lavas are contaminated by mafic debris from 
enclaves. Thus, both host and enclaves are hybrids formed 
by mixing of more extreme end-members.

Over the last decade it was shown that trace elements in 
zoned minerals are a useful tool to identify mixing end-mem-
bers [e.g. Brophy at al., 1996; Davidson and Tepley, 1997; 
Ginibre at al., 2002a, 2002b]. Our discussion of mixing 
end-members and mixing events is based on trace element 
variations in plagioclase. The Mg and Fe content in plagio-
clase phenocrysts shows two trends when plotted against An 
(Figure 7). Cores of Pl-1 phenocrysts from mafic enclaves 
are highest in An (An75-An94), Mg (300–550 ppm) and Fe 
(2900–4600 ppm) compared to all other crystals. These 
high-An, high-Mg, and high-Fe plagioclases probably have 
grown in a relatively mafic source. Rare crystals of “mafic” 
plagioclases reveal some resorption in the core (Figure 5a), 
but the mantle zone and outer rim are never resorbed. This 
observation suggests that Pl-1 mainly crystallized from a 
relatively high-temperature melt and was not dissolved dur-
ing the later mixing events before eruptions. Experimental 
values of KdMg in plagioclase vary between 0.025 and 0.05 
[e.g. Bindeman et al. 1998]. Using KdMg of 0.035, the calcu-
lated MgO concentration in the most mafic melt is 3.17±0.5 
wt%, which is of the same order as MgO concentration in 
whole rock composition of mafic enclaves (Table 1, samples 
KIZ-01/1; KIZ-07/1; KIZ-24/1). High-An plagioclases were 
found in all enclaves but only traces of Pl-1 were found in 
host lavas. Therefore, these feldspars are considered pheno-
crysts from a magma close to the mafic end-member.

Fig. 7Fig. 7

Description Sa, µm Na2O SiO2 K2O Al2O3 CaO Total Fe Ti Sr Mg Ba An
rim 764 5.05 55.03 0.18 28.64 10.91 100 4485 216 574 308 156 53.8
M, core 818 3.08 49.91 0.08 31.84 14.35 99 4749 180 490 537 43 71.7
M, rim 848 3.88 52.01 0.13 30.41 12.80 99 5200 306 566 555 99 64.1
a  S - distance from the phenocryst core in microns.
b  Major elements (Na2O, SiO2, K2O, Al2O3 and CaO) are given in wt. %, minor and trace elements (Fe, Ti, Sr, Mg and Ba) - in ppm.
c  n.d. - not detected.
d  M - microlite. One or two plagioclase microlites were analysed near by each plagioclase phenocrysts – M1 and M2, respectively.
e  Outer rims in some grains were measured at different edges of crystal – rim1 and rim2, respectively.
f  R – resorption zone.

Table 2. (continued)
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Figure 7. Mg (a) and Fe (b) variations with An-content in Kizimen plagioclase: squares – cores, circles – middle zones, 
diamonds – rims, triangles - microlites; (c) schematic evolution of the crystals. Arrows show direction of evolutionary 
trends from core to rim. See text for further explanation and discussion of the trends.
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In contrast, the cores of Pl-2 from the host dacitic lava 
are lowest in An (An40-An50), Mg (50–100 ppm), and Fe 
(1500–2000 ppm). These low-An plagioclases probably 
formed in the evolved end-member, but are now found in 
both, the mafic enclave and the host dacite.

The sodic and low-Mg (and low-Fe) cores of the plagio-
clases Pl-3 from both mafic enclaves and host lavas are simi-
lar to Pl-2 from the host lavas (Figures 5b, 6, 7). Similarity of 
compositions of Pl-2 and Pl-3 suggests that all these crystals 
formed in the same relatively evolved melt.

Mantle zones and rims of plagioclases from enclave and 
lava show different histories. Pl-1 from enclaves displays 
a typical fractionation trend (Trend I in Figure 7c) with 
decreasing An and Mg content from core to rim. Mantles 
zones and rims from Pl-2 of the host lavas show two different 
trends. One falls on the differentiation trend I (correlated, 
outward decreasing An, Mg, and Fe). The second trend II, 
which is also represented in mantles and rims of sodic plagio-
clase (Pl-2 and all grains Pl-3) is characterized by increasing 
in An from core to rim at nearly constant Mg content and 
slightly increasing Fe content. Apparently, these two separate 
trends could be explained by two different processes. Trend 
I likely represents a differentiation trend overprinted by 
repeated mixing events between different members of the 
differentiation series. This is consistent with the reversals in 
An between core and rim (Figure 7c). Dissolution features 
near the rims of sodic plagioclases are then explained by 
mixing between more extreme melt compositions: low-
temperature dacitic magma and high-temperature basaltic 
melt. This is consistent with the observation that this late-
grown An-rich plagioclase rim is also characterized by high 
concentrations of Mg and low of Ba and Sr contents (for 
example, point 18, Figure 6b). Microlites then grew from the 
hybrid melt with compositions similar to the rims of these 
phenocrysts.

Crystals which grew from the basaltic high-temperature 
melt in mafic enclaves (Pl-1, Figure 5a) before incorporation 
of enclaves in the host dacite did not subsequently dissolve 
significantly. The abrupt change in chemical composition at 
their late-grown rims relative to their inner zones (decreasing 
An, Mg and Fe and increasing Ba and Sr, Figure 5a) also sug-
gests a magma mixing processes just before or during erup-
tion. The fact that these crystals are rather homogeneous in 
their cores with respect to An and minor and trace elements 
(Figure 5a) argues that they record a quiet growth environ-
ment in the mafic end-member magma before mixing.

Cores of the most sodic low-An plagioclases fall on the 
continuation of trend I (Figure 7) and are probably the result 
of mixing late in the differentiation process.

Trend II is more difficult to explain. It is characterized 
by repetitive cycles of increasing and decreasing An con-

tent, however, without correlated changes in Mg (or with 
slight increase in Fe) content. This observation excludes 
simple mixing of variably differentiated magmas to explain 
resorption and An variations (Figure 7b). It was shown that 
KdMg in plagioclase varies within a very narrow range, and 
correlates weakly with T [Longhi et al., 1976] and An con-
tent [Bindeman et al. 1998]. In the presence of hornblende 
and Opx crystallization and decreasing Mg (and Fe) in the 
melt, the effect of variable An on Mg (and Fe) partitioning is 
inconsistent with the observed constant Mg concentrations 
[see Ginibre et al., 2002b for a more detailed discussion of 
the An-dependent trace element partitioning in plagioclase]. 
This trend could then be caused by either increasing tem-
perature and/or increasing water content in the melt. Low An 
content and concentrations of magnesium (and Fe) in these 
plagioclases indicate that the melt was certainly not more 
mafic. At increased temperature, the sodic plagioclase would 
dissolve in hotter melt and the new more An-rich plagioclase 
starts to grow. Consequently, variable An at constant Mg 
could reflect a thermal rather than a compositional distur-
bance of the host melt. An increase in temperature aided 
by incomplete mixing when heat from a high-temperature 
basaltic/basaltic-andesite magma is transported into the 
low-temperature host dacite by thermal conduction could 
occur without effect on trace elements in the melt and in 
crystallized plagioclase.

Alternatively, variable An at constant Mg may be expected 
when the water content in the melt increases. In this case, 
a single plagioclase phenocryst may have moved into (and 
out of) a water-rich boundary layer of the magma chamber 
[Ginibre et al., 2002a]. However such repeated movements 
of phenocrysts are less likely in the highly viscous dacite 
melt and therefore we favor the first scenario of “thermal” 
mixing.

Finally, an unusual behavior of Mg vs. An (less so for Fe) 
was found in Pl-1 grains from mafic enclaves: increasing Mg 
at decreasing An from cores to mantle (Trend III in Figure 
7). Such Mg (and Fe) behavior was only observed in the 
highest-An zones of the crystals (An75-95). Because trend 
for Mg are more pronounced compare to Fe (Figures 7a and 
7b), our future discussion would be based on Mg content 
in plagioclases. Several scenarios are considered to explain 
this trend:
(1) The continuous replenishment of the magma chamber 
by a high-Mg melt. The existence of sieved textures in the 
core of some Pl-1 (Figure 5a) could suggest magma mixing 
events in the early stages of the plagioclase crystallization. 
However, negative correlations between An and Mg (and Fe) 
in plagioclase Pl-1 is observed along the core and mantle zone 
of the crystal. Also, continuous recharge would be expected 
to result in resorption and subsequent regrowth, which is not 
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observed in Pl-1 mantle. On the basis of these arguments, we 
rule out an origin from highly mafic magmas.
(2) Considering the linear relation between An and Mg 
partitioning in plagioclase [Bindeman et al., 1998], the zon-
ing could indicate an early phase of crystallization where 
plagioclase was the only phase. As a result, prior to the onset 
of olivine and pyroxene fractionation, the An content could 
decrease while Mg (and Fe) increases. This explanation was 
tested by a fractional crystallization model of a melt similar 
in composition to the most mafic end-member enclave (rep-
resented by a high-Al basalt KIZ-01/1, Table 1) based on 
the COMAGMAT program at 1% of H2O and NNO buffer. 
The pressure in the model (125 MPa) was taken from pet-
rological experiments [Churikova et al., 2001b; B. Browne, 
personal comm.], assuming that the magma chamber was 
not at a significantly different depth during melt evolution 
and later mixing.

As shown in Figure 8, the modeled compositions fall close 
to the observed magma compositions at Kizimen and are 
consistent with decreasing An in the plagioclase coupled with 
increasing Mg and Fe in the melt (Figure 8a, b, f) very early 
in the crystallization sequence. Thus, this model is consistent 
with Trend III. Observed olivine and pyroxene compositions 
are also reproduced well in the model: olivines and clinopy-
roxenes in mafic enclaves are Fo79-75 and En44Fs16Wo40 [see 
also Trusov & Pletchov, 2005], and modeled compositions 
are Fo78,5-76 and En43-46Fs12-17Wo40-42, respectively.

However, the most calcic plagioclase calculated in the 
model is at An84-85, whereas inner parts of Pl-1 in basalt and 
basaltic andesite enclaves show values up to An93. We would 
argue that this deviation between modeled and observed 
plagioclase compositions could be a result of the param-
eters chosen for the model, which may not be completely 
appropriate but cannot be better constrained. According 
to our calculations, Trend III (i.e. increasing Mg and Fe 
with decreasing An) could therefore be controlled by melt 
composition and Pl-only fractionation in the first stages of 
high-Al melt evolution.

We do not imply, however, that this melt was a primary 
magma. Low MgO (4–5%), Ni (less than 2 ppm), Cr (11–20 
ppm) and relatively high K2O (0,9%) suggest that all enclaves 
represent already fractionated compositions. The existence 
of resorbed cores inside of some grains of Pl-1 and the pres-
ence of numerous fine-grained basaltic inclusions (enclaves 
within enclaves) inside the mafic enclaves (Figure 2b) also 
suggest that the enclave’s magma was itself affected by 
magma mixing events. The crystallization P-T conditions 
where plagioclase would crystallize first at suppressed Ol 
and Cpx crystallization are very limited, and according to 
our model would be possible in subsurface conditions from 
1 to 3 Kbar (about 10 km). We believe that such scenario 

Fig. 8Fig. 8

Figure 8. Model calculations (dotted line) of the fractional crystal-
lization of basaltic magma from the Kizimen volcano (sample KIZ-
96-01/1) in comparison with observed whole rock compositions 
(gray circles). Calculations were conducted using COMAGMAT 
program [Ariskin et al., 1993] for P=125Mpa, NNO buffer and 
H2O=1%. Due to Pl fractionation during the first stage of crystal-
lization the residual melt is enriched in MgO.
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is possible at Kizimen volcano, but other alternatives are 
possible.
(3) An other explanation of the trend III is non-linear behav-
ior of KdMg in high-An plagioclases.

Sato [1989] noted that, due to kinetic disequilibrium, the 
distribution coefficients determined by the experiments may 
not represent the true equilibrium values and that as a result 
partitioning in experiments are significantly different from 
natural systems.

Experimentally determined KdMg in plagioclase varies 
in a narrow range and is expected to be linear and almost 
independent from melt composition [e.g. Bindeman et al., 
1998]. In this case the positive correlation of An and Mg in 
plagioclases would be expected. In fact, positive correlation 
between An and Mg (and Fe) was observed for relatively 
sodic plagioclases from the Kizimen volcano (Figure 7c, 
Trend I). However, at An75-95 we clearly observe the negative 
correlation between An and Mg in plagioclases (Figure 7c, 
Trend III). From our point of view, this may testify to non-
linear behavior of KdMg (and KdFe) in high-An plagioclases. 
We have a reason to claim that such participation of Mg 
(and Fe) in high-An plagioclases could be found not only 
at the complex Kizimen volcano, but also in more primitive 
systems.

McNeill and Danyushevsky [1996] studied the melt inclu-
sions in minerals from MORB basalts from the Costa Rica 
Rift (Borehole 896A) where Ol, Cpx and Sp were first crys-

tallized phases. According to their data An in plagioclases 
and MgO and FeO in the equilibrium melts have a positive 
correlations (Figures 9a, b drawn using data from Tables 3, 
7 of McNeill and Danyushevsky, 1996). However, we could 
observe the trends of negative correlations An with MgO and 
FeO in all Ca-rich (An83-95) plagioclases (Figure 9c, d, data 
from Table 3, McNeill and Danyushevsky, 1996).

We suggest that negative correlations between An and Mg 
(less to Fe) in high-An plagioclases at Kizimen could indeed 
be a function of non-linear behavior of KdMg, for example, 
due to non-equilibrium processes in the Pl-melt system 
and not directly controlled by melt composition. To our 
knowledge, this effect has not been documented before and 
requires additional experimental work for an understanding 
of KdMg and KdFe in high-An plagioclases.

Figure 10 shows a schematic model of the magma system 
below Kizimen volcano, which summarizes our interpreta-
tions. Mafic magma (with high-An Pl-1) is introduced to the 
dacitic magma chamber (with sodic Pl-2) bringing the two 
magmas in direct contact. This process forms hybrids where 
two contrasting domains, the enclaves and host lava, show 
the effects of both chemical and physical mixing (Figure 
2c). Pl-2 of bearing dacite, engulfed in mafic magma would 
be exposed to high temperature, resulting in plagioclase 
dissolution and transition of Pl-2 in Pl-3. The newly hybrid 
melt around this plagioclase would be more mafic, resulting 
in more calcic rims on the resorbed sodic mantle zones of 

Fig. 9Fig. 9

Fig. 10Fig. 10

Figure 9. MgO and FeO in melt inclusions versus An component of host plagioclase (a, b) and MgO and FeO concentra-
tions in plagioclase versus An component (c, d) from MORB basalts of the Costa Rica Rift (Borehole 896A; data from 
McNeill and Danyushevsky, 1996, Tables 3, 7).
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Pl-3 (e.g. Pl-3 and trend I on Figure 7). Some Pl-3 is returned 
to the host dacite through mechanical dispersion of mixing 
products, while some remains as phenocrysts in enclaves.

Mafic Pl-1 from basalt that was entrained in the hybrid 
zone was not affected by the low-temperature dacite melt and 

was not resorbed. However it will be overgrown by a more 
Ab-rich rim precipitated from the new hybrid melt. Such 
plagioclases are rare in host lava. But we did observe them 
in significant quantities in the enclaves, which are hybrid-
ized mafic magma.

Figure 10. Schematic cartoon illustrating different processes in magma chamber of the Kizimen volcano. Due to a 
recharge of the basaltic magma inside dacitic magma chamber interactions between two melts are complex. Melts and 
their crystals could be changed by direct physical and chemical mixing within the mixing zone forming hybrid magma 
and streaky lavas or by thermal conduction only. Mafic plagioclase grains from basalt would be not significantly 
influenced by these processes while acid plagioclases would dissolve at higher temperature conditions and overgrow 
by new rims from surrounding hybrid and/or overheated melts. The movement of the plagioclase crystals are shown by 
arrows. More discussion see in text.
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The recharge and mixing process was not sufficiently 
effective so as to involve the entire magma volume and thus 
full homogenization in the magma chamber is not achieved. 
Some portions of dacitic magma may not have been directly 
involved in the chemical hybridization process, but were 
nevertheless subjected to heat from recharge. At increased 
temperatures, the rims of sodic Pl-2 recrystallized to more 
An-rich composition, forming trend II on Figure 7.

We speculate that episodic rise of basaltic recharge is par-
ticularly frequent (and thus causes a high proportion of mafic 
enclaves) in an extensional tectonic regime and is sustaining 
a dynamic and poorly mixed magma body at shallow depth 
below Kizimen. Interactions between magmas at Kizimen 
are complex, and apparently share many similarities with 
interactions at Unzen [Eichelberger et al., 2006].

6. CONCLUSIONS

Based on textural evidence from plagioclase growth zones 
and major, minor and trace element contents, we conclude 
that:
1) All rocks of Kizimen volcano, including mafic enclaves, 
are hybrids and represent mixture of mafic and acid end-
members in different proportions. These end-members are 
likely to be derived melts from the same parental melt by 
crystal fractionation including amphibole.
2) The unusual negative correlation of Mg with An in high-
An plagioclase can be explained by fractional crystallization 
of the high-Al basalt with Pl-only fractionation or by non-
linear behavior of KdMg in Pl-melt system.
3) Incomplete mixing maintains the physical identity of 
distinct, though somewhat hybridized, end-members. While 
(incomplete) chemical mixing is abundant, we also observe 
evidence for the transport of heat (or increased water content) 
only in the variation of An content in plagioclase at constant 
trace element concentrations.
4) The trend within mafic enclaves toward more mafic com-
positions with time at Kizimen indicates that generation (by 
fractional crystallization) of the evolved dacite is not keep-
ing pace with mafic recharge and outputs are likely directly 
triggered by inputs.
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Dynamics of the 1800 14C yr BP Caldera-Forming Eruption 
of Ksudach Volcano, Kamchatka, Russia

Benjamin J. Andrews1, James E. Gardner1, Steve Tait2,  
Vera Ponomareva3, and Ivan V. Melekestsev3

The 1800 14C yr BP Ksudach KS1 rhyodacite deposits present an opportu-
nity to study the effects of caldera collapse on eruption dynamics and behavior. 
Stratigraphic relations indicate four Phases of eruption, Initial, Main, Lithic, and 
Gray. Well-sorted, reverse-graded pumice fall deposits overlying a silty ash com-
pose the Initial Phase layers. The Main, Lithic, and Gray Phases are represented 
by pumice fall layers interbedded with pyroclastic flow and surge deposits (proxi-
mally) and co-ignimbrite ashes (distally). Although most of the deposit is <30 wt.% 
lithics, the Lithic Phase layers are >50 wt.% lithics. White and gray pumice are 
compositionally indistinguishable, however vesicle textures and microlite popula-
tions indicate faster ascent by the white pumice prior to eruption of the Gray Phase. 
The eruption volume is estimated as ~8.5 km3 magma (dense rock equivalent) and 
~3.6 km3 lithics. Isopleth maps indicate mass flux ranged from 5–10x107 kg/s dur-
ing the Initial Phase to >108 kg/s during the Main, Lithic, and Gray Phases. Caldera 
Collapse during the Lithic Phase is reflected by a large increase in lithic particles 
and the abrupt textural change from white to gray pumice; collapse began follow-
ing eruption of ~66% of the magma, and finished when ~72% of the magma was 
erupted. Stratigraphic, granulometric, and component analyses indicate simultane-
ous eruption of buoyant plumes and non-buoyant flows during the Main, Lithic, and 
Gray Phases. Although mass flux did not change significantly following caldera 
collapse, the Gray Phase of eruption was dominated by non-buoyant flows in con-
trast to the earlier Phases that erupted mostly buoyant plumes. 

1. InTroduCTIon

understanding the effects of caldera collapse on explo-
sive eruption dynamics constitutes a fundamental ques-

tion in volcanology. Caldera collapse may significantly 
alter the vent structure and, as a result, may change the 
eruption behavior (dobran et al., 1993). of particular 
interest are changes in mass flux, magma ascent rate, the 
potential for transitions of eruption regime from buoyant, 
Plinian behavior to dominantly pyroclastic flow genera-
tion), and the timescales over which these changes occur. 
The most recent caldera-forming eruption of Ksudach 
volcano (Figure 1) provides an opportunity to examine 
these processes in detail because distinct eruption phases 
can be recognized in the deposits and most of the tephra 
was deposited from a buoyant, Plinian column (Braitseva 
et al., 1996), allowing for an estimation of variations in 
mass flux throughout the eruption. 

Fig. 1Fig. 1
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The KS1 eruption occurred in 1800 14C yr BP forming 
the ~4x6.5 km Caldera V when 8–9 km3 (drE) of rhyo-
dacite magma erupted (Braitseva et al., 1996; Volynets 
et al., 1999; this study). The KS1 eruption initiated with 
phreatomagmatic activity but quickly changed to magmatic 
fall and pyroclastic flow eruption (Braitseva et al., 1996). 
Column heights ranged from 22 to 30 km during the erup-
tion (Bursik et al, 1993; Braitseva et al., 1996). during the 
course of the eruption, the dispersal axis of the eruption 
plumes rotated from a north-northeast to more northerly 
direction, while the pumice color changed abruptly from 
white to gray. Bulk compositions of the two pumice types 
are identical, suggesting that the color difference results 
from different sizes and distributions of Fe-oxide microlites 
(Volynets et al., 1999). 

In this paper we build on the earlier works with the aim 
of providing more detailed data on the evolution of the 
dynamics of the KS1 eruption. one specific objective was 
to look for evidence in the deposits for the onset of caldera 
collapse and how this may have affected the dynamics. 
The total KS1 deposit volume, mass fluxes throughout the 

eruption, and the timing of caldera collapse have been 
constrained through stratigraphic and component analyses. 
relative magma ascent rates and changes in conduit geom-
etry have been derived through analysis of vesicle textures 
and microlite number densities in pumice in conjunction 
with estimates of discharge rate. 

2. METhodS 

2.1 Field Studies 

Stratigraphic sections were logged at 24 locations 
(Figure 1). At every location, the thickness of each tephra 
layer present was measured. The five largest lithic clasts 
were sampled from the excavated volumes of most pyro-
clastic fall layers and the long and short axes of each were 
measured. Samples analyzed for grain-size distribution 
and componentry were collected immediately after strati-
graphic observations, and their stratigraphic locations 
are noted in Table 1. All samples were collected as bulk 
samples large enough to be representative of the layer 

Table 1Table 1

Figure 1. Location of Ksudach and sample locations. Locations of Petropavlosk-Kamchatsky and Stübel Cone’ Volcano 
are indicated by the star and triangle, respectively. Contour interval in insert is 100 m. 
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from which they were taken; thus bulk sample weights 
range from ~0.1 to 2 kg. Care was taken to sample only 
portions of a layer that could be considered “massive.” In 
instances where a layer was graded, samples were col-
lected either from the base and top, or their location within 
the layer was noted. 

2.2 Granulometric and Component Studies 

Samples were wet sieved in 0.5φ size fractions from the 
coarsest particles to 4.0φ (φ = -log2[diameter in mm]). 
Mass fractions of each size were determined from the dry 
weights. After drying and weighing, sizes of the fractions 
finer than 4φ were measured using a Spectrex Laser Grain 
Size Analyzer to 7φ. Several fall samples were too coarse 
to fully retrieve from the field and were dry sieved in the 
field in 1φ intervals down to -2φ; the finer fraction was then 
wet sieved in the laboratory. Componentry of the coarse 
fractions of those field samples was determined prior to 
discarding, using “pumice” and “lithic” as designators. 

Granulometric and component analyses (Table 1) were 
combined with field observations of depositional structures 
and stratigraphic facies to distinguish layers as fall, flow, 
or surge deposits, following the criteria of Walker (1981). 
Pumice and ash fall layers are described by a high degree of 
sorting (σφ < 2.0φ) and a unimodal grain-size distribution. 
Layers with polymodal grain-size distributions frequently 
occur; in general, the coarser modes of these deposits are 
well-sorted. Pyroclastic flow deposits are characterized by 
poorer sorting, whereas surge deposits are finer grained, 
moderately sorted, and commonly have internal structures. 
Well-sorted layers relatively enriched in fine-grained mate-
rial are termed co-ignimbrite ashes (Md50 < 4φ). 

Component mass fractions have been analyzed for 39 
samples (Figure 1, Table 1). random splits of 500 particles 
were taken from each size fraction 2φ and coarser and 
counted with the aid of a binocular stereo zoom microscope 
(up to 40x) and 10x hand lens. Weight fractions were calcu-
lated from modal fractions by determining average weights 
for each particle type in each size fraction: 100 pumice 
and 100 lithics were separated from each 0.5φ size frac-
tion between -2φ and 2φ, crystals were separated at -1φ and 
1.5φ; average weights for each component in a particular 
size fraction were measured, or interpolated from a best fit 
equation for those size fractions not measured directly. For 
size fractions with fewer than 500 particles, all particles 
were counted, and for those fractions with fewer than 100 
particles, the individual component masses weighed. 

Component types were determined observationally 
during fieldwork, sieving, and component analysis. The 
types of particles observed are pumice (white or gray), 

crystal, poorly-vesicular juvenile (obsidian) clasts, gray 
lithic, altered lithic, and granitoid. Pumice, the most com-
mon component of nearly all samples, is typically equant, 
although some white pumice, particularly in the smaller 
(<1φ) size fractions, are highly elongated. Crystals, often 
with adhering glass, and occasionally clotting together, 
are almost entirely plagioclase and pyroxene; magne-
tite and ilmenite may occur as discrete crystals but are 
generally indistinguishable from small black juvenile 
clasts. Juvenile, non-vesicular volcanic particles are gen-
erally black, glassy, roughly equant, and have <10 vol.% 
vesicles. Gray lithics are non-altered lava and porphyritic 
rocks. Some altered volcanic lithics are present, and are 
distinguished by their weathered and/or oxidized appear-
ance. Pieces of granitoid rocks and occasional cumulates 
are differentiated from crystal clots by a generally finer 
grain-size, closer packing, and more equant particle shape. 
Feldspars and pyroxenes appear to be the dominant phases 
within granitoid particles. 

2.3 Textural Analysis of White and Gray Pumice 

White and gray pumice lapilli from stratigraphic site 
KSu-23 were selected for bulk vesicularity measurements, 
and back-scattered electron imaging and image analysis 
during component analysis. Groups of 5 pumice from the 
0φ size fraction were selected and analyzed for average 
bulk density, using the methods of Gardner et al. (1996). 
Bulk vesicularities were calculated from the bulk density 
by assuming a non-vesicular density of 2500 kg/m3. 

Polished thin sections were made of 10 pumice from KSu-
23h and KSu-23b, separated from the 0φ size fractions of 
each sample. reflected and transmitted light images were 
taken of the pumice. The slides were then carbon coated 
and imaged using back-scattered electron (BSE) imag-
ing. The resulting high contrast images were converted to 
binary images using Scion Image®, and vesicularities of 
individual pumice and portions of pumice analyzed. Long 
and short dimensions of vesicles were measured in each 
image and used to calculate bubble size and aspect ratio. 
Coalescing vesicles were treated as their multiple, constitu-
ent vesicles during measurement. Plagioclase and oxide 
volumetric microlite number densities, Nv, were calculated 
from these images using the expression: 

  

where N is the number of microlites counted in an area A of 
an image (derived from hammer et al., 1999). 
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Table 1. Granulometric data for KS-1 samples. Graphic mean and standard deviation, Mz and σg, are presented in units of φ. 
Sample componentry data are presented as wt% of each component. See Figure 1 for sample locations.

Sample Phase Type Mz σg pumice crystal glass alt.-lith. lithic granitoid

KSu-01A Init. fall 3.17 2.01 73.8 6.0 10.7 0.1 9.2 0.2
KSu-01B Init. fall -0.01 1.82 66.1 10.1 3.8 0.9 18.8 0.3
KSu-01C Init. fall 0.35 1.88 45.7 6.8 1.5 1.8 43.9 0.4
KSu-01d Main flow -1.57 2.05 63.3 1.9 1.3 2.7 29.1 0.3
KSu-01F Main fall .69 3.25 70.6 1.5 0.9 1.2 25.6 0.2
KSu-01G Main fall -0.73 0.75 23.0 8.3 13.3 7.0 47.7 0.8
KSu-01h Lith. fall -0.65 0.68 28.6 8.2 1.6 3.4 56.9 0.7
KSu-01I Lith. fall -1.56 1.69 88.8 2.6 7.2 2.5 29.7 0.3
KSu-01J Lith. fall -0.72 0.98 6.9 1.8 0.9 0.4 89.6 0.4
KSu-09F Gray fall -0.20 2.49
KSu-10A Init. fall 3.99 1.68
KSu-10B Init. fall -0.76 2.11
KSu-10d Main fall 1.79 2.56
KSu-10F Main fall -2.48 2.45
KSu-10h Lith. fall -0.45 2.47
KSu-10I Lith. fall -1.58 2.71
KSu-10J Lith. fall -2.38 1.62
KSu-12A Init. fall -2.30 1.93 55.0 1.5 1.3 1.2 40.2 0.8
KSu-12B Init. fall -2.55 2.06 69.1 1.0 0.9 2.22 6.1 0.7
KSu-12d Main fall -3.19 1.65 65.3 1.0 3.9 2.1 26.5 1.3
KSu-12E Main fall -1.58 2.68 41.4 2.6 5.2 1.1 48.5 1.2
KSu-12F Gray fall 2.75 2.92 73.7 1.5 5.7 0.0 18.8 0.2
KSu-12G Gray fall -3.37 2.04 81.9 1.1 1.2 4.9 10.2 0.8
KSu-14A Gray fall 2.66 1.82 60.8 3.9 4.4 0.0 30.9 0.0
KSu-14B Gray fall 1.60 2.54 68.8 2.4 5.0 0.0 24.1 0.0
KSu-14C Gray fall -0.23 1.76 68.9 4.6 3.8 0.0 22.9 0.2
KSu-14d Gray fall 1.46 1.91 51.4 6.8 2.5 0.0 38.9 0.3
KSu-14E Lith. fall 1.22 0.86 34.5 12.3 2.3 0.3 50.3 0.3
KSu-14F Main fall 0.69 1.38 56.5 8.7 1.8 0.1 32.7 0.3
KSu-14G Main fall 0.48 1.29 54.1 12.3 2.2 0.1 31.0 0.2
KSu-14h Main fall 0.49 1.23 56.8 12.6 0.8 0.0 29.8 0.1
KSu-14I Main fall 3.27 2.11 79.9 5.3 1.2 0.0 13.6 0.1
KSu-19A Gray fall 1.32 0.76
KSu-23A Gray fall -1.70 1.67 71.8 2.7 18.3 1.2 5.1 0.0
KSu-23C Lith. fall 0.06 1.07 14.1 3.7 16.5 0.0 64.6 1.1
KSu-23d Lith. fall -0.73 1.47 33.3 3.8 17.4 0.2 41.6 2.1
KSu-23F Lith. fall -0.42 1.53 38.3 8.9 14.8 5.4 27.1 4.1
KSu-23h Main fall -1.62 1.58 74.5 2.8 8.2 2.8 10.8 0.3
KSu-23I Main fall -1.05 1.59 66.9 6.0 7.5 3.9 13.7 1.4
KSu-23L Init. fall 1.91 2.34 80.5 6.6 4.2 0.7 6.9 1.0
KSu-01E Main flow 1.12 3.14 87.3 2.2 3.1 1.1 6.2 0.0
KSu-09C Main flow 5.16 1.43
KSu-10C Main flow 3.71 2.16
KSu-10G Main flow 4.44 2.30
KSu-10K Gray flow -0.12 2.10
KSu-10L Gray flow -0.08 1.94
KSu-12C White flow 4.88 1.43 97.1 0.4 0.5 0.1 1.8 0.1
KSu-12I Gray flow -0.03 3.04 75.6 3.7 7.2 0.7 12.3 0.3
KSu-21d Main flow -0.58 1.17
KSu-21E Main flow 3.88 2.78
KSu-21F Init. flow 0.12 1.00
KSu-23B Gray flow 1.94 2.87 40.7 3.0 3.0 0.3 53.0 0.1
KSu-23E Lith. flow 1.63 2.76 53.9 6.3 0.6 0.1 39.4 0.1
KSu-23G White flow 1.80 2.65 48.7 8.2 1.9 0.6 40.5 0.1
KSu-23J White flow 3.42 2.53 72.7 4.7 2.4 0.3 19.9 0.1
KSu-23K White flow 1.91 2.57 79.0 6.5 5.3 0.1 8.4 0.5
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3. rESuLTS 

3.1 Tephra Stratigraphy and Granulometric and 
Component Analysis

The KS1 deposit decreases in thickness and complexity 
with distance (Figure 2), from >20 m at 4 km from the cal-
dera, to approximately 10 cm at 100 km. The abrupt change 
from white to gray pumice that is ubiquitous in the upper 
portion of the sequence provides a distinct time horizon in 
the deposits. Proximal deposits are composed of numerous 
flow, surge, and fall layers. In general, the number of correla-
tive fall deposits increases with distance, and the fraction of 
total deposit composed of fall layers increases from ~30% to 
100% within 25 km from the caldera. Ash fall layers occupy 
similar stratigraphic positions in medial and distal locations 
as do flow and surge layers in proximal locations. 

The decrease in stratigraphic complexity with distance is 
particularly apparent when across-axis variations in proxi-
mal and distal deposits are compared. In proximal areas, 

correlation of individual layers is difficult (Figure 3a). Flow 
deposits several meters thick at one section may be absent 
only a few kilometers away, and erosion by pyroclastic den-
sity currents may or may not have removed underlying fall 
and flow deposits. This is in marked contrast to distal depos-
its, where fall layers are highly correlative across many tens 
of kilometers (Figure 3b). 

The color change, stratigraphic relations, and componentry 
have been used to group layers into four distinct eruptive 
phases of the deposit. These phases are an Initial Phase of 
mainly reversely-graded fall deposition; a Main Phase of 
fall and flow deposition; a Lithic-rich Phase dominated by 
fall deposition; and a Gray Phase of fall and flow deposition 
(Figure 2, section KSu-01). It should be noted that the inter-
bedded proximal fall and flow layers and medial and distal 
fall and ash layers are not graded. That is, individual fall 
layers of a particular phase have relatively constant modes at 
individual sites despite the occurrence of interbedded fine-
grained layers. Isopachs and isopleths were mapped for the 
pumice fall and ash fall layers of each eruption phase, all of 
which are strongly elongate to the north-northeast. Those 

Fig. 2Fig. 2

Fig. 3Fig. 3

Figure 2. Fence diagram illustrating variations in stratigraphy with distance from the caldera. The complexity of the 
deposits decreases significantly with distance from the volcano. This is particularly true with regard to interbedding of 
pumice falls with pyoclastic flows and/or coignimbrite ashes. See Figure 1 for sample locations. 
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a)

b)

Figure 3. a.) Fence diagrams illustrating variations in proximal deposits. Individual layers do not necessarily correlate 
well between proximal deposits. deposit thicknesses can vary substantially over relatively short distances. Pumice fall 
layers may be present at one location, but completely absent a few hundred meters away (e.g. sites KSu-07, KSu-08, 
and KSu-05). Locations of fences are shown in Figure 1; stratigraphic legend is shown in Figure 2. b.) Fence diagram 
illustrating across-axis variation in distal stratigraphy. The stratigraphic complexity apparent in proximal deposits 
(Figure 3a) is largely missing in more distal sections. Pumice fall layers dominate the deposits prior to the white to gray 
change in pumice color. Gray Phase deposits are represented almost universally by pumice fall layers overlain by ash. 
See Figure 1 and 2 for sample locations and stratigraphic legend. 
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isopachs indicate that the depositional axis rotated ~30˚ to a 
more northerly direction during the eruption, in agreement 
with Bursik et al. (1993), and Braitseva et al. (1996) (Figures 
4 and 5). 

Volumes for the pumice fall layers were calculated from 
each isopach map, following the methods of Pyle (1989) and 
Fierstein and nathenson (1992). In addition, co-ignimbrite ash 
volumes were calculated from isopachs of ash and pumice-
bearing ash layers. Pyroclastic flow volumes were not directly 
calculated in this study, but are estimated at 3–4 km3 of tephra 
by Braitseva et al. (Table 2). We estimate the total KS1 deposit 

Fig. 4 and 5Fig. 4 and 5

Table 2Table 2

a)

b)

Figure 4a. Pumice fall isopach maps. These maps represent the sum 
of pumice fall deposits at a particular site for a) Initial, b) Main, 
c) Lithic, and d) Gray eruption phases. note that the depositional 
axis is elongate to the northeast of Ksudach, and rotated to a more 
northerly position as the eruption progressed. Contour value is in 
cm and indicated by the bold numbers. The location of Ksudach 
is indicated by arrow. Sample sites where the isopached eruption 
phase was not found are indicated by hollow circles. 
Figure 4b. Isopach maps of cumulative fine-grained ash fall depos-
its for a) Initial, b) Main, and c) Gray eruption phases and d) total 
KS1 deposit thickness. Contour interval is in cm. 

Figure 5. Pumice fall isopleth maps for a) Initial, b) Main, c) Lithic, 
and d) Gray eruption phases. Isopleth shapes indicate column 
height was greatest during the Main and Lithic Phases, slightly 
less during the Gray Phase, and lowest during the Initial Phase. 
Contour interval is in mm. 
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volume to be 20–25 km3 (8–9 km3 drE) slightly larger than 
the 18–19 km3 (8 km3 drE) calculated by Volynets et al. 
(1999) (Table 2). This estimate incorporates the pyroclastic 
flow deposit volume of 3–4 km3 estimated by Braitseva et al. 
(1996). All deposit volumes are converted to magma dense-
rock equivalent (drE) and lithic volumes, by subtracting the 
lithic fraction from the deposits and assuming a bulk juvenile 
deposit density of 1100 kg/m3 (Paladio-Melosantos et al., 
1996) and magma density of 2500 kg/m3. 

3.1.1 Initial Phase. Proximally, the Initial phase of deposi-
tion is defined by a reversely-graded, well-sorted, unimodal 
fall deposit, overlying poorly to moderately sorted silty ash 
layers (Figure 6). Braitseva et al. (1996) suggest that the lower 
ash layers were produced by phreatomagmatic explosions. 
The Initial Phase deposits contain ~70 wt.% pumice, with 
lithics and juvenile poorly-vesicular particles present in equal 
amounts (~10 wt.% each), and ~6 wt.% crystals (Figure 6). 
In proximal sections, the Initial Phase deposits are thicker 

Fig. 6Fig. 6

Figure 6. Initial Phase grain size plots. Stratigraphic height increases from left to right. Samples KSu-12A and KSu-
12B exhibit prominent fin-grained tails and are skewed toward coarser grain sizes. The lowest sample from KSu-01, 
A, shows no sorting, however, the overlying Initial fall, B, displays excellent sorting, albeit with a fine-grained tail. The 
pumice bearing ashes from sites KSu-23 and KSu-14 both show distinct bimodal distributions. In general, the denser 
particles (i.e. not pumice) are well-sorted—this is particularly evident in samples KSu-12A, -01B, and -23L. Sample 
locations are shown in Figure 1. 
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than 1 m, and multiple ash layers are frequently interbedded 
within the pumice fall layer (Figure 3b). The mode of fall lay-
ers increases in diameter upward through the deposits by as 
much as a factor of 4 (Figure 6). distally, the Initial Phase is 
represented by a single coarse, bimodal ash fall layer (Figure 
3a). The thickness of the Initial Phase deposits decreases to 
<5 cm ~100 km from the caldera. down-axis, the coarse mode 
decreases in size from 8 to 0.7 mm and the deposit becomes 
richer in pumice and poorer in crystals. 

3.1.2 Main Phase. The Main Phase of the KS1 deposit is 
composed of interbedded fall and flow layers at proximal 
locations, pumice and ash fall layers at medial sites, and 
coarse and fine-grained ash fall layers at distal sites. The 
total thickness deposits decreases from >12 m at ~4 km from 
the caldera to less than 7 cm at ~100 km from the caldera 
(Figure 2). Main Phase fall layers are frequently bimodal or 
fines-enriched (Figure 7). Pumice accounts for 63–75 wt % 
of most Main Phase fall layers, but for greater than 85 wt.% 
of the coarsest medial layers (KSu-01G and h). 

Pyroclastic flow and surge deposits frequently compose 
up to 90% of proximal Main Phase deposits. The contacts 
between many proximal fall layers and pyroclastic f low 
layers are often uneven, so that the thicknesses of fall layers 
pinch and swell as much as 1 m over length scales of ~10–100 
meters. Pyroclastic flow deposits often contain lenses of 
rounded pumice. Flow deposits do not appear to form large, 
laterally continuous sheets, but rather numerous lobes com-
plexly interbedded with fall deposits and each other (Figure 
3b). Cross-stratified and laminated surge deposits are also 
present, particularly on topographic highs. Proximal, coarse 
fall layers overlying fine-grained ash layers show prominent 
fine-grained tails or secondary modes. 

In medial and distal deposits, the Main Phase is dominated 
by pumice fall layers in which pumice are occasionally ash-
coated (Figure 2). Ash fall layers compose up to 30% of the 
total Main phase thickness in medial and distal deposits; ash 
layers closer than ~60 km to the caldera are often pumice-
bearing, whereas those in distal areas are generally free of 
coarse pumice. Medial and distal falls are relatively enriched 
in material <0.063 mm. 

3.1.3 Lithic Phase. The Lithic Phase of the KS1 deposit 
consists of one to several fall layers that contain 40–70 wt.% 
lithics. That constrasts with the <30 wt.% lithics in fall lay-
ers of other phases at the same locations (Figure 8). Lithic 
Phase layers are often missing at proximal localities, but are 
very distinctive at medial and distal sites, where they occur 
immediately below the white-to-gray change in pumice 
color. Pumice in the Lithic Phase is however always white. 
Two distinct fall layers separated by a centimeter-thick ash 
layer are observed at medial localities, but merge into one 
with distance. The total Lithic Phase thickness ranges from 
~20 cm at 35 km from the caldera, to ~1 cm at 100 km from 
the caldera. 

The Lithic Phase fall deposits are well sorted with fine-
skewed grain size distributions. The pumice:crystal ratios 
(5–10:1) in those layers are very similar to those in fall layers 
of the other phases. In contrast, the lithic:crystal proportions 
of the Lithic Phase layers are substantially higher than in 
other layers (up to 15:1 versus ~2:1). These relationships 
indicate the componentry of the Lithic phase layers results 
from a 300–400% increase in lithic material rather than 
removal of pumice. 

3.1.4 Gray Phase. Interbedded fall, flow, and ash deposits 
compose the Gray Phase KS1 deposits, defined by having 
gray pumice in the deposit. near the caldera, the pumice 
fall deposits are up to 5 m thick and are overlain by flow 
deposits <1 m thick (Figures 2 and 3b). At a distance of 15 
km, the Gray Phase consists of 20-cm-thick pyroclastic-flow 
deposits overlain by a 30-cm-thick fall deposit, which is in 
turn overlain by a 25-cm-thick stratified pyroclastic-flow 
deposit. With distance those layers grade into pumice-bear-
ing ash beds overlain by pumice fall deposits. distally, a 
second, thin gray fall is observed near the top of the sections. 
Gray Phase deposits are ~6 cm thick in sections ~100 km 
from the caldera. 

Pumice composes 65–80 wt% of Gray Phase deposits. 
The pumice fall deposits are typically well-sorted, but have 
minor secondary modes of very fine-grained ash (Figure 9). 
Lithics comprise 10–20 wt.%, similar to fall layers before 
the lithic phase, and crystals and non-vesicular juvenile 
particles are generally present in concentrations less than 

Fig. 7Fig. 7

Fig. 8Fig. 8

Table 2. Eruptive volume calculated using the method of Pyle 
(1989) and Fierstein and nathenson (1992). Volumes are displayed 
for pumice fall layers from the four eruptive phases, pyroclastic 
flow and ash layers from all phases except the Lith.ic phase. Total 
eruptive volume as calculated from the total deposit thicknesses 
and compared with sumn of individual volume layers. The number 
of isopachs, N, and 1- or 2-line approximation are noted.  

Phase Type N 1- or 2-line Volume (km3)

Initial Pumice fall 3 1 3.3
Flow/ash 3 2 0.4

Main Pumice fall 4 2 9.8 
Flow/ash 3 2 4.3

Lithic Pumice fall 3 1 1.4
Gray Pumice fall 3 1 2.1

Flow/ash 3 2 4.1

Total Complete deposit 4 2 20.2
Sum of individual layers 25.5
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Figure 7. Grain size distributions and componentry of Main Phase fall deposits. Many Main Phase fall deposits are 
enriched in fine grained material; this is most apparent in samples from proximal locations such as KSu-12, but even 
well sorted fall deposits (e.g. KSu-23I) have minor fine-grained modes. The distal deposits, KSu-14h and -14F, display 
bimodal and fine skewed distributions, however, componentry data indicate that these distributions are the products of 
well-sorted pumice and dense particle distributions. See Figures 1 and 6 for samples locations and component legend. 
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5 wt.%. The lowest gray ash layer in distal areas, however, 
has 40 wt.% lithics. 

Stratigraphically, pyroclastic f low layers in proximal 
sections correlate with medial and distal bimodal pumice-
bearing ash layers. Component analyses indicate the fine 
modes comprise well-sorted distributions of dense particles 

(primarily lithics and crystals). Proximal and medial pyro-
clastic flow and ash layers have componentry similar to the 
fall layers. 

3.2 Textural Analysis 

Bulk vesicularities of white and gray pumice are gener-
ally in the range of 75–80 vol% (Table 3). on average, white 
pumice are slightly more vesicular than gray pumice, but 
their ranges overlap. despite their similar vesicularities, the 
shapes of vesicles in white and gray pumice are distinctly 
different (Table 4). White pumice contains vesicles that 
are typically 2–3 times more voluminous than those con-
tained in gray pumice. number densities of gray vesicles, 
4–8x104/mm3, are ~4 times greater than those in white 
pumice, 1–2x104/mm3. Vesicles in white pumice gener-
ally have greater average aspect ratios (3:1 versus 2:1) than 

Fig. 9Fig. 9

Table 3Table 3

Table 4Table 4

Figure 8. Lithic Phase grain size distributions. Lithic Phase fall 
deposits are very well sorted and can contain greater than 70 wt% 
lithics. The fine-grained tails present in Main and Gray Phase 
deposits (Figures 7 and 9) are largely absent in Lithic Phase fall 
deposits. Sample locations and component legend are shown in 
Figures 1 and 6, respectively. 

Table 3.  Pumice vesicularities as measured optically and with pyc-
nometer for samples KSu-23h (white) and KSu-23A (Gray). The 
number of samples averaged for each measurement, N. Vesicularity 
is given as volume percent. Standard deviation of measurements 
is noted in italics.  

Sample Method N Ves (%)
KSu-23h pyconmeter 15 78.2(3.8)

optically 21 78.6(4.3)
KSu-23A pycnometer 5 75.2(3.3) 

optically 17 75.1(3.5)
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those in gray pumice; significantly, highly elongate vesicles 
with aspect ratios greater than 25:1 and “woody” or fibrous 
textures are common in white pumice (Figure 10), but are 
absent from gray pumice. White and gray pumice also dif-
fer in microlite contents. White pumice contain <1000/mm3 
plagioclase or pyroxene microlites and 0–1000/mm3 Fe-Ti 
oxide microlites. Gray pumice contain ~1000/mm3 plagio-
clase and pyroxene, and ~10,000/mm3 Fe-Ti oxide microlites 
(Figure 11, Table 5). 

4. InTErPrETATIon And dISCuSSIon 

4.1 Eruption Dynamics 

Maximum lithic isopleths from pumice fall deposits are 
shown in Figure 5. Column heights have been calculated 
from isopleth shapes using the method of Carey and Sparks 
(1986). Buoyant mass fluxes have been estimated from col-
umn heights, using the model of Sparks (1986) and assuming 
a temperature of 900ºC (Izbekov et al., 2003). A range in col-
umn height and mass flux is estimated based upon maximum 
and minimum possible extents for individual isopleths (Table 
6). Because each phase erupted both buoyant plumes and 
pyroclastic flows, we estimate the average total mass fluxes 
for each eruption phase by dividing the total mass erupted 

during that phase by the duration of the phase. durations of 
were estimated by dividing the mass of the fall deposits by 
the mass flux of the buoyant column. 

Variations in column height and mass flux versus cumula-
tive volume erupted are displayed in Figure 12. The eruption 
began with a small phreatomagmatic explosion (Braitseva et 
al., 1996), but then quickly evolved into a magmatic, Plinian 
eruption with a column 25–30 km tall, corresponding to a 
mass flux of 5–10x107 kg/s. during the Initial Phase ~1.6 
km3 of magma was deposited as falls and less than 0.25 km3 
as ash. nearly 6 km3 of magma and ~1.5 km3 of lithics was 
erupted during the Main Phase. Two thirds of that volume 
was deposited from a buoyant plume 30–36 km tall, with 
2.4 km3 of magma was deposited by pyroclastic flows. Total 
mass flux during this period was 2–6x108 kg/s. Although the 
Lithic Phase has the smallest volume, 0.26 km3 of magma 
and 0.6 km3 lithics, column height exceeded and intensity 
of eruption nearly equaled that of the Main Phase (Figure 
12). during the Gray Phase, mass flux remained comparable 
to that of the Lithic Phase, but column height decreased to 
that of the Initial Phase of eruption (Figure 12). unlike the 
preceding eruption intervals, more Gray Phase material 
was deposited by pyroclastic flows and co-ignimbrite ash 
falls, 2 km3 magma and 1.5 km3 lithics, than from a buoy-
ant plume, 0.8 km3 magma and <0.1 km3 lithics. We believe 
that the increased partitioning of material into non-buoyant 
pyroclastic flows resulted in less material being present in 
the buoyant plume, producing an effective decrease in the 
buoyant mass flux, and thus the plume did not rise as high 
as during the Main and Lithic Phases. 

4.2 Simultaneous Generation of Plumes and Flows 

Layers with polymodal size distributions may be prod-
ucts of deposition from mixed sources (e.g., pumice fall 
and co-ignimbrite ash) or from aggregation of fine-grained 
material into larger particles (Brazier et al., 1983; Carey and 
Sigurdsson, 1983). In deposits with accretionary lapilli (e.g. 
KSu-12E), the origin of bimodal size distributions is appar-
ent. In deposits lacking such salient features, the origin of 
polymodal size distributions is constrained by stratigraphic 
relations. For example, sample KSu-01d is a bimodal layer 
in which most pumice is coated with fine ash, with a promi-
nent 3.5 mm mode and a minor <0.05 mm mode (Table 1, 

Fig. 10Fig. 10

Table 5Table 5

Fig. 11Fig. 11

Table 6Table 6

Fig. 12Fig. 12

Table 4. Vesicle aspect ratios and sizes as calculated from BSE 
images of pumices KSu-23h (white) and KSu-23A (Gray). Aspect 
ratios, a:b, are defined as the ratio of long to short axis, and are 
calculated from an average of N vesicles for each pumice. Vesicle 
volumes are calculated by treating the vesicles as oblate spheroids, 
Vo, spheres, Vs, and prolate spheroids, Vp.  

Sample N a:b Vo(104µm3) Vs(104µm3) Vp(104µm3)
KSu-23h 36 2.7 6.5 9.6 8.0

20 2.0 2.3 3.7 1.2
39 3.2 18.8 33.7 11.5
16 2.5 5.1 8.1 2.6
39 3.1 19.0 33.4 12.5
39 2.8 20.4 34.4 12.8
22 2.9 9.2 15.7 5.3 
42 4.1 12.8 2.6 13.0
52 3.2 29.8 53.3 21.9

KSu-23A 34 2.1 3.7 5.4 2.3
19 2.2 2.5 3.7 1.5
19 1.9 0.5 0.8 0.2
12 3.9 0.9 1.7 0.6
34 3.5 25.0 46.7 22.6
34 1.4 8.7 10.4 2.5
22 1.9 4.0 5.6 3.0
26 1.5 8.7 10.8 3.1
 9 1.6 4.2 5.2 2.1

Table 5. Volumetric number densities of oxide and plagioclase 
microlites are given for white and  Gray pumice. number densities 
are reported as microlites per mm3.  

Sample Plag Oxide
White 0 800–1300
Gray 0–1000 9800–10500 
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Figure 7). This layer correlates stratigraphically to pyroclas-
tic flow layers at more proximal sites, and so it is likely KSu-
01d is a mixed deposit formed by simultaneous deposition of 
pumice and ash falls from two plumes, one Plinian and one 
coignimbrite (Criswell, 1987; Carey et al., 1990; Wilson and 
hildreth, 1997; Wilson and hildreth, 1998). 

The following proximal stratigraphic relationships sug-
gest that pyroclastic f lows were emplaced over certain 
sectors of the volcano, while at the same time pumice-fall 
layers were being deposited over other sectors. Proximal 
areas have highly variable sequences of interbedded falls 
and f lows (Figure 3b). Those fall layers are not trace-
able across areas where flow deposits are present. Instead, 
individual layers are only traceable where pyroclastic flow 

deposits are absent. Main and Gray Phase fall layers are 
not graded above and below flow or ash layers. Instead, 
those layers are bi-modal and appear to be enriched in 
fine-grained ash. The coarse modes of pumice-rich ashes 
are similar to those of Plinian falls. These relationships 

Figure 9. Gray Phase grain size distributions and componentry. Gray phase fall deposits are generally well sorted, 
though, as with those of the Main phase, they often have fine grained tails. The overlying pyroclastic flow (KSu-12I) 
and ash (KSu-14B) deposits display polymodal grain size distributions, with medium-grained modes comprised of 
dense, normal distributed particles. See Figures 1 and 6 for sample locations and component legend. 

Table 6. Column heights and mass discharge rates (Mdr) as cal-
culated using the methods of Carey and Sparks (1986) and Sparks 
(1986). Three to four isopleths were averaged for each phase

Phase Height (km) MDR (kg/s)
Initial 25–30 5–10x107

Main 30–36 2–6x108

Lithic 30–37 1–4x108

Gray 27–30 2–3x108
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indicate that tephra was simultaneously deposited from 
vent-sourced and co-ignimbrite plumes. 

Similar behavior (e.g., simultaneous eruption of a buoyant 
plume and non-buoyant flows) was observed during the 1980 
Mount St. helens (Criswell, 1987) and 1991 Pinatubo erup-
tions (Paladio-Melosantos et al., 1996), and is suggested to 
have occurred during the 79 A.d. Vesuvius eruption (Carey 
and Sigurdsson, 1987) and 1912 Katmai-novarupta eruption 
(houghton et al., 2004). Column instability manifests itself 
when insufficient air is entrained for the column to become 
buoyant, at which point the column partially or completely 
collapses and non-buoyant pyroclastic flows are shed. When 

instability begins, discrete flows are generated, at least ini-
tially, over certain sectors of the volcano (e.g., neri et al. 2002; 
Kaminski et al., 2005), rather than the entire column collaps-
ing and depositing material on all flanks of the mountain. 
numerical and analog studies by Wilson et al. (1980), dobran 
et al. (1993), and neri et al. (2002) predict column instability 
when mass flux typically exceeds 108 kg/s. Interestingly, the 
Plinian column of the KS1 eruption became unstable when mass 
flux exceeded 108 kg/s. 

unlike earlier eruption phases, the Gray Phase erupted a 
greater volume as pyroclastic flows than as a buoyant column. 
In addition, the relative proportion of fine ash in bimodal fall 
samples is greater in Gray Phase samples than in samples from 

Figure 10. BSE images of a) white and b) gray pumice illustrating 
differences in vesicle shape and distribution. note that white pum-
ice contain larger, more elongate vesicles than gray pumice. Vesicle 
aspect ratios in white pumice can be greater than 20, whereas in 
gray pumice the vesicles are generally more equant (Table 4). 

Figure 11. BSE images of a) white and b) gray pumice illustrating 
differences in microlite content. note that Fe-Ti oxide, plagioclase, 
and pyroxene microlites are present in gray pumice but not present 
in white (Table 5). 
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other phases. That greater relative proportion of fine ash prob-
ably reflects a greater proportion of co-ignimbrite ash to Plinian 
ash fall. These observations suggest that a higher proportion of 
pyroclastic flows were generated during the Gray Phase than in 
earlier phases (Figures 6–9) even though mass flux was lower 
than during the Main Phase (Figure 12). Given the fact that 
the white and gray pumice were both derived from essentially 
identical magma, in principle the reverse correlation might be 
expected. This may indicate a strong dependence of column 
behavior on vent geometry, and hence that a rapid change in 
geometry may have taken place (i.e. caldera collapse) preceding 
eruption of the Gray Phase (Wilson et al., 1980). 

4.3 Timing of Caldera Formation 

Braitseva et al. (1996) and others have argued conclusively 
that Caldera V formed during the KS1 eruption, but one question 

that remains is when did the caldera collapse during this erup-
tion? Throughout the Initial, Main, and most of the Gray Phases, 
lithics constitute ~25 wt.% or less of the deposits. during the 
Lithic Phase, however, lithics account for greater than 50 wt.% 
of the deposits. Although the total volume of lithics in Lithic 
Phase deposits is less than that of either the Main or Gray 
Phases, the rate at which they were erupted is substantially 
greater. Given estimates for mass fluxes for the different phases, 
lithic ejection rates for the Lithic Phase are up to 1.4x108 kg/s, 
whereas those of the Main and Gray phases are ~4.3x107 kg/s. 
It is unlikely this represents solely rapid widening of a central 
vent, because that would have led to a substantial increase in 
mass flux (Wilson et al., 1980; Woods, 1988), which is not 
observed (Figure 12). Instead, we propose that the large increase 
in lithics resulted from collapse of the caldera during the Lithic 
Phase and continued into the beginning of the Gray Phase, given 
that its lowest deposit has up to 40 wt% lithics. 

Figure 12. Eruption timeline. Average mass flux is indicated by the bold line and diagonal-hatched regions; the mass 
fraction of lithic clasts erupted is shown by the gray regions. The approximate durations and volume erupted during 
each phase of eruption are indicated at the top and bottom, respectively, of the figure. 
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Assuming that caldera collapse occurred during the Lithic 
phase of the eruption, then it formed after ~66% of the vol-
ume had been erupted. Interestingly, the amount of magma 
erupted prior to the Lithic phase, ~7 km3, is equal to the 
collapse volume estimated by Braitseva et al. (1996). This 
contrasts with observations of typical caldera formation (e.g., 
Bacon, 1983), in which the majority of volume is inferred 
to have erupted after caldera collapse. Gardner and Tait 
(2000) noted a similar relation between erupted volume and 
collapse timing at Volcán Ceboruco, where approximately 
~75% of the magma erupted prior to caldera formation. 
Changes in mass flux during the KS1 producing eruption 
are also similar to those of the caldera-forming eruption of 
Volcán Ceboruco in which mass flux decreased during the 
initiation of collapse (Gardner and Tait, 2000). Gardner and 
Tait (2000) suggest that a critical volume of magma must be 
erupted prior to caldera collapse, and that there may be some 
fundamental difference in the mechanics of large and small 
caldera collapses; large calderas seem to begin to collapse 
early (volumetrically) in the eruption, whereas small calderas 
may initiate near the conclusion of the eruption (Browne and 
Gardner, 2004). Indeed, roche and druitt (2001) describe a 
set of collapse criteria that predict early, coherent, “piston” 
collapse of large calderas and late piecemeal collapse of 
small calderas. 

4.4 The Difference Between White and Gray Pumice 

Collapse of Caldera V seems to correspond to the change 
in pumice texture, from white to gray pumice. The abrupt 
change in pumice color occurring in the KS1 deposit seems 
to mark a correlatable time horizon. Similar abrupt changes 
in pumice color during caldera-forming eruptions are not 
uncommon and usually reflect a substantial change in com-
position, such as those of the 1912 Katmai, 7.7 k.a. eruptions 
Crater Lake (e.g., hildreth, 1983; Bacon and druitt, 1988). 
In contrast, the bulk compositions of the Ksudach pumice 
are the same: rhyodacitic 71.5–72 wt.% Sio2 (Volynets et al., 
1999; Izbekov et al., 2003). Moreover, magnetite-ilmenite 
geothermometry indicates that the magma(s) that formed the 
white and gray pumice equilibrated at similar temperatures, 
~892 +/-7 °C and oxygen fugacities of -11.5 +/-0.2 (log fO2), 
respectively (Izbekov et al., 2003). Both pumice types have 
the same phenocryst assemblage (plagioclase, orthopyrox-
ene, clinopyroxene, magnetite and ilmenite) and consist of 
greater than 90% glass. Thus a single magma body was 
tapped throughout the KS1 eruption. 

White and gray pumice differ markedly in microlite popu-
lations and vesicle textures, despite their identical composi-
tions (Tables 4 and 5). That change in texture may record 
the transformation of the conduit and vent structure. The 

elongated vesicles (Table 4) in white pumice could result 
from a higher strain rate from greater shear (Manga et al., 
1998). If so, then this would argue for slower ascent velocity 
of the gray magma, because the mass flux of the Gray Phase 
is similar to that of the Main and Lithic Phases (Figure 12). 

Support for slower decompression is found in the dif-
ferences in microlite content between the white and gray 
pumice (Table 5). Plagioclase and pyroxene microlites are 
present in number densities of ~1000 mm-3 in gray pumice 
and <1000 mm-3 in white. Because time is required for crys-
tals to nucleate and grow (Geschwind and rutherford, 1995,; 
hammer and rutherford, 2002; Couch, 2003), the marked 
increase in plagioclase, pyroxene, and Fe-Ti microlites in 
the gray pumice suggest that the gray magma decompressed 
more slowly. 

Interestingly, the mass flux of the Gray phase is similar to 
that of the Main and Lithic phases and greater than that of 
the Initial phase (Table 6), yet pumice appear to record two 
different ascent rates, with gray pumice ascending slower 
than white ones. Given that mass flux was similar between 
Lithic and Gray phases, the change in velocity may suggest 
that the conduit cross-sectional area increased a change that 
could be consistent with caldera collapse. Lastly, the higher 
proportion of pyroclastic flows generated during the Gray 
phase is also consistent with a change in vent geometry, such 
as might occur through caldera collapse. All else being equal, 
if the exit velocity decreases while the area of the conduit 
increases, then these effects should both combine to make 
column collapse more likely, and hence lead to a greater 
proportion of pyroclastic flows. 

5. ConCLuSIon 

Field and stratigraphic observations indicate that the KS1 
eruption progressed in four distinct phases of eruption: 
Initial, Main, Lithic, and Gray. Granulometric and compo-
nent analyses suggest fall deposition by both vent sourced 
and co-ignimbrite plumes. Mass flux varied during the erup-
tion by as much as an order of magnitude, from 5–10x107 
kg/s during the Initial Phase, to a maximum of 2–6x108 
kg/s in the Main Phase. Mass flux during the Lithic Phase 
dropped by as much as a factor of 3, before increasing during 
the Gray Phase to 2–3x108 kg/s. When mass flux exceeded 
108 kg/s, buoyant plumes and non-buoyant pyroclastic flows 
were simultaneously erupted. Caldera collapse is probably 
marked by the major influx of lithics during the Lithic Phase. 
Collapse thus occurred after eruption of ~6.1 of the 8.5 km3 
of magma (drE) erupted. Changes in conduit and col-
umn dynamics were heralded by collapse, leading to slower 
magma ascent, marked by the white-gray pumice transition, 
and increased generation of pyroclastic flows. 
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Late Pleistocene and Holocene Caldera-Forming Eruptions 
of Okmok Caldera, Aleutian Islands, Alaska

Jessica F. Larsen1,2, Christina Neal1,3, Janet Schaefer1,4,  
Jim Beget1,5, and Chris Nye1,4

Okmok volcano, in the central Aleutian arc, Alaska, produced two caldera-
forming eruptions within the last ~12,000 years. This study describes the stratig-
raphy, composition, and petrology of those two eruptions. Both eruptions initially 
produced small volumes of felsic magmas, followed by voluminous andesite and 
basaltic andesite. The Okmok I eruption produced >30 km3 DRE of material on 
Umnak Island, and Okmok II ~15 km3. However, a significant proportion of mate-
rial not accounted for here was deposited into the oceans during both events. The 
Okmok I pyroclastic flow deposits contain evidence for interaction with snow/ice, 
particularly along the northern flanks of the caldera. Although both Okmok I and 
II eruptions involved a phreatomagmatic component, the accumulation of a large 
volume (>15km3) of volatile-rich, mafic-intermediate magma in the shallow crust 
may provide the driving force for the catastrophic eruptions. Agglutinate deposits 
associated with Okmok II indicate energetic lava fountaining simultaneous with 
caldera-collapse, similar to other descriptions of mafic-intermediate caldera-form-
ing deposits such as in the New Hebrides.

1. INTRODUCTION

Okmok Volcano is a stunning example of an oceanic arc 
caldera, and is now one of the best studied of the Aleutian 
arc volcanoes (Figure 1). Early work on Okmok was con-
ducted by the U.S. Geological Survey (e.g. Byers, 1959, 
1961) in response to an eruption in 1945, observed by the 
WWII military base at Fort Glenn. The resulting work 
by Byers (1959, 1961) provided information that was not 
expanded upon until 20–30 years later. Studies in the 1970s–

1980s focused mainly on the origin of primary Aleutian arc 
magmas and subduction zone mass recycling (e.g. Marsh, 
1979, 1982; Brophy, 1986; Myers and Marsh, 1987; Miller 
et al., 1992; Kay and Kay, 1994; Fournelle et al., 1994; Class 
et al., 2000). Nye and Reid (1986) studied the most primi-
tive basalts of Cape Idak and concluded that they were the 
product of high degrees of partial melting in the mantle 
wedge. Miller et al. (1992, 1994) focused mainly on the 
closely spaced (45 km) tholeiitic Okmok caldera (TH) and 
calc-alkaline (CA) Recheshnoi systems, and concluded that 
their magmatic series’ can be modeled by extensive frac-
tionation, but from separate sources undergoing different 
degrees of partial melting of the mantle wedge. None of the 
prior studies sought to place the Okmok volcanic series in 
stratigraphic context, or provide absolute age control. Thus, 
no detailed stratigraphic descriptions of the two caldera-
forming eruption deposits have been published until very 
recently II (Burgisser, 2005).

The purpose of this study is to provide a fundamental 
description of the stratigraphy, physical, and chemical char-
acteristics of the two late Pleistocene-Holocene caldera-

Fig. 1Fig. 1
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forming eruption deposits. The present study provides the 
first detailed description available of the late Pleistocene 
Okmok I caldera-forming eruption. The I and II eruptions 
were geochemically and volumetrically unique, and are 
important to understand the eruption history and chemical 
cycles of Okmok volcano. We also discuss unique features 
inherent to each eruption that yield clues about the physical 
environment of Okmok volcano in the late Pleistocene, which 
may also be important for their eruptive mechanisms. 

2. GEOLOGIC SETTING 

Umnak island lies 100 km southwest of Dutch Harbor, 
Unalaska Island, which is a productive port for fisheries 
in the north Pacific and Bering seas (Figure 1). There are 
three main volcanic centers on Umnak Island: Pleistocene-
Holocene Recheshnoi and Vsevidof volcanoes in the 
southwest region of the island, and Okmok volcano in the 
northeastern Umnak Island region (Figures 1 and 2). Okmok 
volcano consists of a ~30 km diameter shield with a 10 km 
diameter caldera dominating the northeastern portion of 
Umnak Island rocks (Byers, 1959; Miller et al., 1998). The 
modern edifice probably rests on a base of Tertiary volca-
nic and altered sedimentary rocks. Two currently inactive, 
glaciated cones, Jag Peak and Mount Tulik, and smaller 
Pleistocene-Holocene cinder cones are also constructed on 
the flanks (Figure 2). The caldera consists of two, nested 
craters, with the high, North and East Arcuate rims outlin-
ing the Okmok I caldera. The slightly smaller Okmok II 

caldera rim is coincident with the Okmok I rim to the south 
and west, but lies within the North and East Arcuate rims 
along the north and east (Figure 2). No soils exist beneath the 
Okmok I unit on Umnak Island. However, one radiocarbon 
date from a thin soil between the Okmok I deposits from 
on westernmost Unalaska Island (03JLOK64), and another 
from beneath distal tephras near the city of Unalaska about 
100 km away, indicate the Okmok I eruption occurred about 
12,000 14C yBP (Bean, 1999; Begét et al., 2005). The Okmok 
II caldera-forming eruption has a 14C radiocarbon age date 
of 2050 +/-50 yBP from charred grass found within the basal 
Plinian fall deposit.

The pre-caldera volcanic history of Okmok was predomi-
nantly effusion of now variably palagonitized, basaltic lava 
flows (Byers, 1959; Kay and Kay, 1994; Miller et al., 1992; 
Nye and Reid, 1986). The oldest dated lavas belong to the 
Ashishik Basalt formation, which were Ar dated by Bingham 
and Stone (1972), and are up to ~2 million years old . The 
primitive lava flows exposed along Cape Idak (Figure 3) are 
probably older than the Ashishik basalts (e.g., Byers, 1959; 
Nye and Reid, 1986). Pre-caldera palagonitized pyroclas-
tic rocks are also exposed in places around the flanks and 
within the caldera walls (Figure 3), yet their absolute ages are 
unknown (Byers, 1959, 1961). Pleistocene-Holocene, andes-
itic-dacitic dikes and plugs are exposed within the caldera 
walls and near the caldera outlet along upper Crater Creek. 
These rocks are glassy, highly fractured or shattered, and 
have pillow lavas and pillow fragment breccias in proximity, 
indicating they were erupted against or beneath glacial ice. 

Fig. 2Fig. 2

Fig. 3Fig. 3

Figure 1. Location map of Okmok volcano, Alaska.
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The most silicic known Okmok deposit is the Pleistocene, 
glassy rhyolite lava flow exposed high along the outer wall 
of the North Arcuate rim (Figure 3). Several pre-caldera II 
basaltic cinder cones, lava flows, and a fissure vent also crop 
out on the flanks, and show some evidence for glacial ero-
sion, particularly along the north and northwest flanks. 

Byers (1959) originally mapped the Crater Creek Basalt 
formation, which is the most significant deposit intermedi-
ate in age to Okmok I and II, and forms a bench between 
the modern caldera floor and the North Arcuate Rim that 
extends partway along the banks of upper Crater Creek 
(Figure 3). Although grouped as basaltic by Byers (1959), 

they range from basalt to andesite (Figure 4). Multiple explo-
sive, scoria-producing eruptions during this time period (not 
shown in Figure 4), resulted in several thick sequences of 
scoria lapilli, bomb, and lithic lapilli fall and surge deposits 
exposed along the north, east, and south flanks. The thickest 
intracaldera scoria deposit is exposed mainly along the south 
flanks, originating from a violent, long-lived, phreatomag-
matic eruption (Wong, 2004). The timing of those eruptions 
relative to effusion of the Crater Creek lavas is unknown.

Approximately 14 separate vents have erupted within the 
modern caldera since the Okmok II CFE. The deposits range 
from lava flows across the caldera floor, to spatter and tuff 

Fig. 4Fig. 4

Figure 2. Shaded relief image of Umnak Island showing major geographic features, such as Vsevidof and Recheshnoi 
volcanoes to the southwest. This figure illustrates the dominance of Okmok caldera in the northeast part of the island, 
and the “table lands” morphology from the thick pyroclastic flow deposits from the Okmok I and II eruptions. 
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cone deposits erupted both sub-aerially and sub-aqueously 
within caldera lakes. . During the last 70 years Okmok has 
erupted 7 times (e.g., Grey, 2003), most recently in 1997, 
with a largely effusive eruption of basalt covering part of the 
caldera floor (McGimsey and Wallace, 1999). Many of the 
historic eruptions of Okmok produced tephra deposits, ash 
clouds, and lava flows, originating from Cone A. The 1945 
and 1958 eruptions were similar to the 1997 event, and each 
produced lava flows that covered part of the modern caldera 
floor (Figure 3). The 1817 eruption was the largest during 
recorded history (e.g., Grewingk, 1850; Byers, 1959; Wolfe 
and Begét, 2002), produced from Cone B. This eruption 
resulted in another breakout flood from the caldera, originat-

ing from a small lake that had been dammed by lava flows 
from Cone B. The flood and associated lahars inundated an 
Aleut village located at Cape Tanak (Grewingk, 1850; Begét 
et al., 2005).

Since the Okmok II eruption, the caldera was breached 
along the north rim by at least one catastrophic flood between 
1400 and 1000 years ago (e.g., Byers, 1959; Wolfe, 2001). 
This event drained a lake that filled much of the caldera 
to 150 m depth after the second caldera-forming eruption 
(Begét et al., 2005), a smaller version of which now feeds 
Crater Creek. 

3. FIELD AND ANALyTICAL METHODS

The Alaska Volcano Observatory conducted fieldwork 
between 1998 and 2004, installing seismic and geodetic mon-
itoring networks and producing a revised geologic map (e.g., 
Figure 3) and hazards report (Begét et al., 2005). Geologic 
fieldwork consisted of geologic mapping, describing and 
correlating eruptive stratigraphy, sampling for geochemistry 
and petrology and Ar and 14C dates, describing and sampling 
tephras, and graduate student thesis projects (Wolfe, 2001; 
Almberg, 2003; Grey, 2003; Burgisser, 2005). 

Pumice and scoria chips analyzed by the Washington State 
University (WSU) Geoanalytical Laboratory provide the 
major and trace element compositions reported in Tables 1 
and 2. Each juvenile clast was hand-picked, cleaned in de-
ionized water in an ultrasonic bath to remove surface ash 
and soil, and then dried for several days at less than 100 oC. 
All samples were partially crushed to pea-sized or smaller 
grains, weighed, and 50 gram splits sent to WSU. X-ray 
fluorescence analyses were conducted following the methods 
outlined in Johnson et al. (1999). ICP-MS analyses for trace 
elements were conducted following the procedures described 
in Knaack et al. (1994).

4. RESULTS

4.1 Okmok I and II Major Oxide Compositions

Okmok I and II eruption products are compositionally clas-
sified following Le Maitre (1989). The major oxide composi-
tions of both Okmok I and II products are similar and range 
between ~53 to ~74 wt. % SiO2 (Tables 1 and 2). Basaltic 
andesite to andesite scoria from both eruptions are between 
53 to ~58 wt. % SiO2, and are similar to most products from 
known Pleistocene to Holocene eruptions of Okmok volcano 
(Figure 4). In the Okmok II samples there may be a small 
gap between the pyroclastic flow and andesite fall juvenile 
clasts, with the andesite fall samples confined to ~57–58 
wt. %, and the pyroclastic flow scoria mostly below about 

Tables 1 and 2Tables 1 and 2

Figure 4. Harker diagrams showing Okmok I and II whole rock 
compared with rest of the Pleistocene-Holocene Okmok magmatic 
series. This figure shows that although the two caldera-forming 
eruptions produced similar composition pyroclastic deposits, dis-
tinct differences are observed. The most prominent difference lies 
in the evolved samples, which are dacitic in the case of Okmok II 
and rhyolitic in Okmok I.
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Table 1. Okmok I major oxide compositions of bulk juvenile pumice and scoria

Sample 99JLOK10A 99JLOK15D1 99JLOK15D2 99JLOK16F 99JLOK18A 99JLOK18B

SiO2 52.75 71.52 70.48 55.09 58.11 59.27

TiO2 1.81 0.36 0.45 1.64 1.17 1.14

Al2O3 16.18 13.39 13.59 16.18 16.07 16.14

FeO 11.39 4.10 4.46 11.23 8.86 8.11

MnO 0.21 0.13 0.14 0.21 0.20 0.20

MgO 3.99 0.24 0.43 3.74 3.04 2.78

CaO 9.04 1.90 2.31 7.80 6.91 6.41

Na2O 3.17 4.58 4.56 2.77 4.24 4.37

K2O 1.11 3.72 3.51 1.10 1.17 1.32

P2O5 0.34 0.05 0.07 0.25 0.22 0.25
Total 99.53 98.00 98.22 98.46 99.25 99.83

Sample 99JLOK18C 99JLOK20A 99JLOK20D 99JLOK22B 00JLOK29d 00JLOK29k

SiO2 58.07 54.04 71.64 58.21 54.10 55.71

TiO2 1.17 1.78 0.35 1.42 1.76 1.42

Al2O3 16.17 15.98 13.66 15.89 15.94 16.40

FeO 8.73 11.43 3.93 8.98 11.29 9.77

MnO 0.20 0.23 0.14 0.20 0.22 0.20

MgO 3.10 3.83 0.25 2.86 3.87 3.70

CaO 6.96 8.12 1.93 6.56 8.27 7.99

Na2O 4.20 3.21 4.51 3.92 3.16 3.51

K2O 1.18 1.07 3.55 1.65 1.10 1.08

P2O5 0.22 0.31 0.04 0.31 0.30 0.23
Total 99.37 99.02 98.34 99.39 99.54 99.03

Sample 00JLOK42_3 00JLOK42_4 00JLOK42Da 00JLOK42Dd 02JLOK59 04JLOK005

SiO2 54.43 54.11 54.34 71.92 58.03 52.51

TiO2 1.72 1.72 1.74 0.32 1.18 1.81

Al2O3 15.78 15.73 15.68 13.50 16.27 16.28

FeO 11.41 11.36 11.34 3.76 8.47 11.60

MnO 0.22 0.22 0.22 0.13 0.21 0.21

MgO 3.71 3.83 3.81 0.27 3.19 3.99

CaO 8.06 8.30 8.16 1.82 7.05 8.89

Na2O 3.27 3.31 3.24 4.67 4.21 3.33

K2O 1.12 1.11 1.17 3.58 1.17 1.05

P2O5 0.29 0.30 0.31 0.03 0.23 0.33
Total 99.31 98.99 98.55 97.84 99.21 98.92

Sample 04JLOK025b 04JLOK025c 04JLOK025_1 04JLOK025_2

SiO2 56.01 53.44 74.06 73.97

TiO2 1.49 1.80 0.24 0.25

Al2O3 15.85 16.19 12.87 12.94

FeO 10.03 11.01 2.70 2.71

MnO 0.21 0.22 0.07 0.08
MgO 3.45 3.96 0.18 0.18
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Sample 04JLOK025b 04JLOK025c 04JLOK025_1 04JLOK025_2

CaO 7.67 8.91 1.20 1.22

Na2O 3.65 2.98 4.27 4.25

K2O 1.35 1.15 4.37 4.37

P2O5 0.29 0.34 0.03 0.03
Total 99.55 99.61 96.19 96.32

Table 1. Cont.

Table 2. Okmok II major element compositions of bulk juvenile pumice and scoria

Sample 98JLOK1a 98JLOK1b 98JLOK2a 98JLOK2b 98JLOK3a 98JLOK4b 98JLOK4g

SiO2 56.82 55.50 55.24 54.79 55.88 67.73 55.68

TiO2 1.47 1.47 1.50 1.51 1.46 0.61 1.48

Al2O3 15.91 16.03 16.00 16.06 15.98 14.74 15.88

FeO 9.60 10.10 10.16 10.30 10.03 5.32 10.16

MnO 0.21 0.20 0.21 0.21 0.20 0.16 0.21

MgO 3.16 3.59 3.64 3.80 3.51 0.57 3.52

CaO 7.14 7.83 7.99 8.26 7.60 2.87 7.69

Na2O 3.92 3.69 3.71 3.61 3.70 4.67 3.76

K2O 1.47 1.32 1.28 1.20 1.36 3.16 1.34

P2O5 0.31 0.28 0.28 0.27 0.28 0.17 0.28

Total 98.42 99.14 98.47 98.66 98.57 97.68 98.74

Sample 98JLOK5a 98JLOK6Ha 98JLOK6Hb 99JLOK4b 99JLOK4gbase 99JLOK4g_3

SiO2 55.50 58.14 58.47 67.75 55.47 55.47

TiO2 1.45 1.42 1.40 0.61 1.51 1.52

Al2O3 15.98 15.79 15.80 14.76 15.91 15.86

FeO 10.13 9.04 8.97 5.37 10.33 10.43

MnO 0.20 0.21 0.21 0.16 0.21 0.21

MgO 3.57 2.73 2.73 0.66 3.60 3.52

CaO 7.80 6.57 6.50 2.88 7.77 7.89

Na2O 3.77 4.13 3.96 4.45 3.63 3.49

K2O 1.32 1.66 1.66 3.19 1.27 1.33

P2O5 0.28 0.32 0.30 0.17 0.29 0.29
Total 99.23 98.36 99.98 98.00 99.66 98.10

Sample 99JLOK4g_5 99JLOK4g_7 99JLOK4g_10 00JLOK27a 00JLOK27b 00JLOK42b

SiO2 55.28 55.66 55.71 55.11 55.56 67.09

TiO2 1.50 1.46 1.47 1.48 1.48 0.65

Al2O3 15.85 15.90 15.94 16.10 16.04 15.02

FeO 10.51 10.27 10.18 10.33 10.16 5.31

MnO 0.21 0.20 0.20 0.21 0.21 0.17

MgO 3.64 3.54 3.52 3.73 3.60 0.94

CaO 7.95 7.76 7.80 8.03 7.91 3.04

Na2O 3.53 3.58 3.57 3.48 3.49 4.61

K2O 1.26 1.34 1.32 1.27 1.29 2.99

P2O5 0.28 0.28 0.27 0.26 0.27 0.18
Total 99.44 99.13 99.06 99.15 99.39 98.56
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55 wt.% SiO2. This gap may be a sampling artifact because 
of the small number of andesite fall deposits sampled with 
coarse enough lapilli (> 1 cm). Both caldera-forming erup-
tions also produced early-erupted Plinian fall deposits that 
are among the most evolved products erupted at modern 
Okmok volcano (e.g., Miller et al., 1992). The early Okmok 
II Plinian fall pumice is 67–68 wt. % SiO2 rhyodacite, and 
the silicic component of Okmok I is rhyolitic at 70–72 wt. 
% SiO2. 

4.2 Okmok I Petrography

Okmok I eruption products are nearly aphryic (<5 wt. % 
phenocrysts), and the rhyolitic pumice from the early stages 
of the Okmok I eruption are nearly crystal free with flattened 
tube vesicle textures. The rare phenocrysts are plagioclase 
with minor augitic pyroxene. No Fe-Ti oxides were found in 
thin sections or grain mounts made from magnetically sepa-
rated crystals. Some pumices also have mm-scale domains 
of dark grey to brown glass containing microlites (<200 
µm). The basaltic andesite to andesite scoria from the fall 
and thick pyroclastic flow deposits contain a range of crystal 
types, sizes, and textures, but are again phenocryst-poor. The 

main phenocryst is plagioclase, with two pyroxenes, titano-
magnetite, and rare olivine. Only microphenocrysts and 
microlites (<200 µm ) exist in some scoria fragments. Sparse 
plagioclase phenocrysts, 350 to 1000 µm size, are severely 
resorbed and sieve textured. The scorias also contain crys-
tal clots and crystalline inclusions containing plagioclase, 
pyroxenes, Fe-Ti oxides, and olivine..

4.3 Okmok II Petrography

The Okmok II Plinian rhyodacite pumices contain plagio-
clase, hypersthene, augite, and titano-magnetite, with plagio-
clase the most abundant phenocryst. No ilmenite exists in the 
samples studied either because it was not a stable phase in the 
magma, or it is sparsely distributed in the very crystal-poor 
(< 5 % by volume) rhyodacite pumice. The groundmass is 
clear glass with no microlites. The phenocrysts found in the 
andesite fall scorias are plagioclase, hypersthene, and titano-
magnetite. Plagioclase-dominant crystal clots are common 
and contain associated pyroxenes, Fe-Ti oxides, and trace 
olivine. The groundmass glass is mostly clear and microlite-
free, yet discrete regions also contain abundant plagioclase 
microlites with skeletal shapes that indicate rapid nucleation 

Sample 02JLOK63f 04JLOK004 04JLOK006 04JLOK008 04JLOK017 04JLOK018
SiO2 58.07 67.83 56.64 57.67 67.10 56.24
TiO2 1.49 0.60 1.45 1.44 0.66 1.49
Al2O3 16.08 14.70 15.88 15.74 15.03 15.91
FeO 8.81 5.17 9.85 9.42 5.45 9.99
MnO 0.21 0.16 0.20 0.20 0.17 0.21
MgO 2.90 0.69 3.23 2.94 0.76 3.35
CaO 6.49 2.87 7.35 6.81 3.06 7.54
Na2O 3.97 4.75 3.68 3.93 4.62 3.63
K2O 1.62 3.06 1.42 1.53 2.95 1.35
P2O5 0.36 0.17 0.29 0.31 0.20 0.29
Total 99.24 96.84 99.11 99.29 97.19 98.88

Sample 04JLOK019 04JLOK025a 04JLOK029b 04JLOK037e1 04JLOK037e2

SiO2 56.82 67.54 56.88 58.03 58.11

TiO2 1.47 0.63 1.45 1.42 1.42

Al2O3 15.86 14.81 15.84 15.84 15.79
FeO 9.83 5.34 9.77 9.24 9.25

MnO 0.21 0.17 0.21 0.21 0.21

MgO 3.13 0.71 3.18 2.82 2.81

CaO 7.21 2.97 7.25 6.61 6.57

Na2O 3.72 4.65 3.71 3.90 3.89

K2O 1.44 3.01 1.41 1.62 1.62

P2O5 0.30 0.18 0.29 0.32 0.32
Total 98.42 97.69 99.33 99.77 100.18

Table 2. Cont.
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and growth, either during post-eruptive cooling or magmatic 
ascent and degassing (e.g., Lofgren, 1980) 

Okmok II basaltic andesite scoria have heterogeneous phe-
nocryst populations, with plagioclase, hypersthene, augite, 
titano-magnetite, and sparse olivine, mainly in crystal clots 
as seen in the andesite fall scoria lapilli. The most abundant 
mineral is plagioclase, with compositions between An30 and 
An95, with approximately three populations evident: ≥An90, 
~An60, and ~An30. The >An90 plagioclase crystals are vari-
ably sieved and fritted, with ragged edges. Intermediate, 
An60 plagioclase crystals are clean and euhedral, as are the 
An30 phenocrysts. There are abundant plagioclase and pyrox-
ene microlites in the groundmass, making compositional 
analyses of the groundmass glass problematic. The plagio-
clase microlites are skeletal, indicating rapid nucleation and 
growth during magma ascent and post-eruptive cooling (e.g., 
Lofgren, 1980; Hammer and Rutherford, 2002). The crystal 
clots are diverse, some mainly plagioclase and Fe-Ti oxides, 
whereas others are dominated by intergrown plagioclase 
and pyroxene. The crystal clots are partially resorbed with 
disequilibrium textures, similar to the anorthitic plagioclase 
phenocrysts. Crystal-rich lithic inclusions exist in most 
scoria clasts, and these may represent pre-caldera lavas, or 
sub-caldera intrusives that were fragmented, forming cored 
lapilii and bombs. 

4.4 Okmok I and II: Volume Estimates

Dense rock equivalent (DRE) volume estimates of sub-
units within the caldera-forming deposits have been made 
using the thicknesses and distributions of the measured 
outcrop sections (Figure 5). Okmok I volume estimates are 
complicated because outcrops are sparse and the thickest 
sections are limited to the north flanks where steep terrain 
confounds complete section measurements in some places. 
Thus, minimum and maximum on-island volume estimates 
have been formulated by assuming deposition at all azimuths 
versus deposition only in the quadrants in which the Okmok 
I deposits are exposed, primarily omitting the western sec-
tor of the island. The basal breccia deposits best observed 
at Colorado Creek (Figure 3) have a maximum estimated 
volume of ~1 km3. The Okmok I basal surge and fall layers 
comprise 4–6 km3, the main pyroclastic flow deposits are 
14 to 21 km3, and the top surge layers are 2 to 3 km3. The 
total volume estimate for Okmok I on Umnak Island ranges 
from ~ 21 to ~ 31 km3, within the bounds described above. 
These estimates do not account for the estimated total vol-
ume of the depression thought to remain from the Okmok 
I eruption (~50 km3), or the volume of material that was 
deposited into the oceans. In contrast, the Okmok II deposits 
are usually significantly thinner than Okmok I, which leads 

to significantly lower eruptive volume estimates. Burgisser 
(2005) notes the total volume of the initial rhyodacite and 
andesite Plinian fall deposits are ~0.5 km3, whereas the 
main pyroclastic flow deposits are estimated to be ~15 km3 
on-island. 

4.5 Okmok I Stratigraphy

Okmok I is best exposed between 2 to 10 km from the 
present caldera rim, and depositional characteristics differ 

Fig. 5Fig. 5

Figure 5.  On-island volume estimates for different deposits within 
the Okmok I and II eruption sequences. The white bar repre-
sents the Okmok II Plinian rhyodacite and andesite fall deposits. 
The medium grey bar represents the Okmok II pyroclastic flow 
deposits. The black bar represents the maximum volume estimates 
for different units within the Okmok I sequence. The light grey 
bar represents the minimum volume estimates for the Okmok I 
sequence. The maximum and minimum estimates for Okmok I 
were made assuming deposition over all f lanks uniformly, and 
then deposition confined only to the northwest to south flanks, 
omitting the west flanks region where outcrops were not found.  
The maximum on-island estimates for both eruptions represent 
minimum estimates of the total volume of material ejected during 
each eruption, because a significant amount of material was lost 
to the oceans.
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significantly with volcano sector. The most distal exposure 
studied is on the southwest end of Unalaska Island (Figure 2), 
and it provides evidence that the eruption involved both 
mafic-intermediate and rhyolite magmas. Only Okmok II 
deposits are exposed along the southwest flank, along with 
post-II Holocene deposits and older basalt flows from flank 
vents. The Okmok I eruptive sequence is determined based 
on a continuation of pyroclastic flow and lahar deposits that 
show no obvious signs of time breaks, such as soil develop-
ment or fluvially eroded surfaces. Most of the sub-units are 
gradational or are interlayered with those they overlie. The 
basal breccia deposits are not well exposed, and are thus not 

as certainly grouped within the Okmok I sequence. However, 
the chaotic breccia described below does grade upward into 
the series of pyroclastic flow deposits recognized in all sec-
tors as belonging to the Okmok I sequence. 

The Okmok I pyroclastic flow deposits are exposed in 
all sectors except the west flanks of the caldera, and are the 
thickest and most widely exposed part of the sequence. A few 
locations show internal flow structure, lithic accumulations, 
and interfingering with surge and lahar deposits, possibly 
indicating semi-continuous aggradation of the deposits. 
However, the sparse and incomplete exposures and indurated 
nature of the deposits has made it difficult to fully assess 
emplacement mechanisms. Okmok I also has an undulatory 
upper surface that could also relate to bed forms resulting 
from emplacement (Figure 6).

4.5.1 North sector basal and chaotic breccia deposits. 
The basal deposits (Figures 7a and 8a) consist of 10 to 12 m 
of poorly sorted material containing angular lithic cobbles 
and boulders (up to 1.5 m) in a sandy, ash-rich matrix. The 
unit is massive, yet locally contains weak imbrication of 
lithic clasts and a slight normal grading at the top. Regions 
of this unit are reddish and oxidized, and contain prismatic 
lithic blocks. This unit does not contain abundant juvenile 
lapilli. The prismatic blocks, reddish oxidation, and the ash-
rich matrix indicate an early explosion or lateral blast in 
the Okmok I eruption sequence. At 00JLOK42 on Reindeer 
Point (Figure 9), the topmost portion of this basal unit lies 
directly below juvenile pyroclast-rich, ash fall and surge 
layers. The contact has a 2–3 cm thick layer of dark grey 
coarse ash overlying the wavy upper surface of the lithic-
rich clastic unit.

The basal lithic boulder rich deposit grades upward at 
01JLOK47 Colorado Creek (Figures 7 and 9) into a section 
that includes discrete domains of tan pumice and black sco-
ria and ash layers that are chaotically interbedded within an 
indurated, massive, poorly sorted, “muddy”, brown to red 
silt to fine lapilli size matrix, which also contains juvenile 
lapilli with average sizes of 0.5 to 1 cm (Figure 8b). Some 
domains contain tan-colored, rounded pumice lapilli with 
average grain sizes of 2–3 cm, with diverse characteris-
tics from very well sorted, to very poorly sorted domains 
containing light grey-tan ash, as well as larger 0.5 to 2 cm 
size dark scoria and lithics. A second class of domains 
comprise chaotically arranged, dark black to grey, poorly 
sorted, scoria-rich, matrix supported material. The matrix 
is 0.5 mm or less grain size, with scoria fragments of 1–2 
cm, and rare 3–5 cm clasts. Surrounding these lenses, the 
muddy indurate matrix is red and oxidized, and appears 
baked, indicating the scoria lenses probably came from 
hot pyroclastic flows early in the Okmok I eruption. Also 

Fig. 6Fig. 6

Fig. 7aFig. 7a

Fig. 8aFig. 8a

Fig. 9Fig. 9
Figure 6. This figure shows two locations where the Okmok I top 
surface shows a regular pattern of undulations. The stream chan-
nels cut across the undulatory surface, exposing a cross section 
perpendicular to the axis of the undulations. From this, it appears 
that the undulations are oriented parallel to the slope, and prob-
ably perpendicular to the general direction of flow of the Okmok 
I pyroclastic flows. The undulations have wavelengths up to ~100 
m and amplitudes of ~20 m. This surface characteristic is found 
on all flanks of the volcano where Okmok I outcrops. In contrast, 
the surface of the Okmok II pyroclastic flow deposits forms a rela-
tively smooth plateau around all flanks of the volcano. I-Okmok I 
pyroclastic flow deposits. II-Okmok II deposits. 
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enclosed within this chaotic unit are domains of poorly 
sorted, lithic rich material, with angular fragments, red-
dish oxidized matrix and clasts, and average lithic sizes of 
12 to 30 cm on the longest axes, with the largest boulders 
up 1–2 m in length. These discrete lenses also contain sec-
tions of finer grained, variably fines-depleted, wavy and 
cross-bedded laminations. Figure 8b shows tan pumice, 
dark scoria, and boulder-rich domains chaotically distrib-
uted throughout this unit. In general, there is no layering 
or orientation to the diverse domains. It appears that the 
individual tan pumice, scoria, and ash layers were formerly 
deposited uniformly along the ground surface, and then an 
extremely scouring flow ensued, which ripped the layers 
up and redistributed them chaotically within the muddy 
material forming the mass of the flow. The chaotic breccia 

deposits have only been observed at Colorado Creek and 
have an unknown distribution pattern.

4.5.2 North sector surge and lahar deposits. At Colorado 
Creek and Reindeer Creek outcrops, the chaotic breccia 
grades up into indurated deposits that bear the character-
istics of surge bedding (Figure 8a). Composed primarily of 
rhyolite and andesite juvenile pyroclasts, the surge depos-
its contain only sparse lithics. The surge character of the 
deposits manifests as a series of laminated, pinch and swell 
layers that are poorly sorted, predominantly 1–2 mm ash. 
Cross-bedding and reversely graded, discrete layer sets are 
common features in this part of the depositional sequence. 
Some layers within this unit are composed of sub rounded 
to rounded juvenile fragments 0.5 to 3 cm on a side, with the 

Figure 7. a) Stratigraphic fence diagram showing the variations in thickness and deposit character for Okmok I and II 
along the north flanks region of the volcano. The legend shows the symbols used for each type of deposit plotted. The 
locations of the individual sections are shown in Figure 9. The fence diagrams show that the Okmok I deposits are much 
more complex along the north flanks region. For example, in the Colorado Creek section (01JLOK47), the stratigraphic 
column shows the chaotic breccia, wet surge/lahar deposits, and accretionary lapilli in the lower and upper surge beds 
that occur within the Okmok I sequence.
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largest fragments up to 5–6 cm maximum length. Locally at 
Reindeer Creek, fragments of scoria up to 13 cm on a side 
exist rarely. Indeed, some of the friable tan pumice clasts are 
so rounded that they appear to be as eroded as if they were 
transported by water . 

Abundant accretionary lapilli are present near the top of 
this unit in most sections, but are particularly well preserved 
at 01JLOK47 Colorado Creek (Figure 7a). The accretionary 
lapilli are vuggy with hollow cores, 1–2 cm average size, 
with the largest up to 5 cm across. Also at this horizon in the 

Figure 7. b) Stratigraphic fence diagram showing the variations in thickness and deposit character for Okmok I and II 
along the east flanks region of the volcano, including one outcrop on Unalaska Island. c) Stratigraphic fence diagram 
showing the variations in thickness and deposit character for Okmok I and II along the south flanks region of the vol-
cano, including one outcrop on Unalaska Island. Most of the Okmok I deposits exposed in this region are the massive 
pyroclastic flow deposits.
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Figure 8. Okmok I outcrop photos showing the different characteristics of depos-
its within the eruptive sequence. A. Basal Okmok I as observed at 00JLOK42, 
Reindeer Creek location (Figure 9). The bottom unit is a lithic-rich, boulder 
filled breccia that may correlate with the hot, ash-rich lithic breccia at the base 
of Okmok I at 01JLOK47 Colorado Creek. The dashed line denotes the contact 
between the breccia and the juvenile-rich surge beds above. B. Chaotic breccia 
observed at location 01JLOK47 (Figure 9).  Here, this unit consists of domains of 
rhyolite pumice fall (R), dark, black scoria-rich pyroclastic flow lenses (Pf), ash 

layers, sediment, and lithic boulder domains (B) chaotically deposited with no regular internal structure. C. Cemented, 
poorly sorted, sandy hyperconcentrated flow deposits, probably associated with syn-eruptive lahars. D. Wavy, scoria-
rich surge bedding beneath the massive Pf facies of the Okmok I sequence, outcropping on the south flanks at 01JLOK51 
Kansas Creek (Figure 9).  E. Massive, poorly sorted, mingled rhyolite and basaltic-andesite pyroclastic flow of Okmok I. F. 
Wavy, lithic-rich surge and lahar layers at the top of Okmok I on the southcoast, at Vermont Creek (99JLOK18; Figure 9). 
The dashed line denotes the top surface of the Okmok I deposits.
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Colorado Creek section, internal shear structures are pres-
ent, and they offset the individual surge layers. Locally at 
Colorado Creek, cemented or indurated, fissile or “scabby” 
deposits are interlayered with the juvenile-rich surge beds 
(Figure 8c). These layers are poorly sorted, and are rich in 
sand, ash, and lithic fragments, which have grain sizes rang-
ing up to several cm. These layers probably represent lahars 
that formed at the same time the pyroclastic surges formed 
and flowed along the north flanks of the volcano.

4.5.3 North sector pyroclastic flow deposits. The surge 
and lahar layers grade upward into massive deposits rich in 
juvenile pyroclasts, and are matrix supported, and poorly 
sorted. In places, the transition into massive, lithic-bearing 
pyroclastic flow deposits is an interfingering contact with 
the surge and lahar layers. The main pyroclastic flow deposit 
contains predominantly dark grey juvenile scoria, lithics, 
and 0–10% by volume (by outcrop inspection) of friable tan 
pumice lapilli concentrated in various regions throughout 

Figure 9. Map showing the approximate distribution of notable facies within the Okmok I and II depositional sequences. 
The light grey area outlines the extent of the Okmok I basal chaotic breccia and associated surge and lahar deposits on 
the north and east flanks. The area outlined by the dashed line represents combined distribution of spatter, ribbon, and 
cauliflower bomb-rich agglutinate and transitional, scoria flow deposits, indurated and welded pyroclastic flow deposits, 
and rheomorphic tuff  associated with the Okmok II eruption. The labeled locations are all Okmok I and II map stations 
visited by J. Larsen. Only the stations shown in the fence diagrams in Figures 7a–c are labeled in bold font.
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the deposit. The lithic clasts vary in abundance relative to 
the juvenile scoria and pumice, depending on stratigraphic 
height and outcrop location, and are a mixture of basaltic lava 
fragments, altered volcanics, and possibly older sedimentary 
rock fragments. At the base of the 01JLOK47 section (Fig-
ures 7a, 9), the average lithic and scoria sizes are 1cm. The 
pyroclastic f low deposits are locally reversely graded to 
clasts that are up to 10 cm, over ~30 meters in stratigraphic 
height from the base. 

4.5.4 North sector upper surge bedding. At most locations, 
the uppermost deposits from the Okmok I eruption are wavy, 
with local laminations, cross bedding, and pinch and swell 
layers (Figure 7). Along the north flanks, accretionary and 
armored lapilli up to 5 cm in size occur locally. The armored 
lapilli are scoria fragments rimmed by dark grey, coarse ash 
layers. At Colorado Creek, the surge deposits have higher 
percentages of tan pumice lapilli (~50 vol. % than earlier 
Okmok I deposits. It is uncertain whether the increase in tan 
pumice resulted from an increase in the more silicic com-
ponent at the end of the eruption, or simply represents local 
concentrations of the less dense tan pumice towards the top 
of the pyroclastic flow deposits. 

4.5.5 East sector and Unalaska Island. The Okmok I 
deposits along the east flanks are mainly confined to the 
deep stream channels proximal to the caldera (Figure 7b). 
The most complete section in the eastern sector was observed 
at 00JLOK22 Camp Creek (Figure 7b). Approximately 5 
m above the stream, the deposits are moderately fissile, 
extremely poorly sorted, and contain1 cm to 0.5 m sized 
lithics with little or no juvenile material. The lithic lapilli 
and boulders are sub-rounded to angular. They are primarily 
aphyric or fine-grained basalt, with minor amounts of gran-
itoid and sedimentary rocks. Above this, a complex series 
of layers grade up into a poorly sorted, massive, juvenile 
pyroclast rich flow deposit. The complex layers have muddy 
or sandy matrices, are indurated and fissile, pinch and swell, 
and contain coarse ash and angular lithic fragments up to 3 
cm in size. The juvenile pyroclast rich layers in this sequence 
contain 80 to 90 % ash and lapilli, with grain sizes from 2 
mm to 1 cm diameter. It is likely that these basal layers cor-
relate with the surge and lahar deposits from relatively early 
in the eruptive sequence along the north flanks.

Above this at Camp Creek are massive pyroclastic flow 
deposits that contain differing percentages of juvenile ash, 
lapilli, and lithic fragments depending on position within 
the outcrop. The base of the pyroclastic flow deposit here 
is rich in juvenile scoria, with clasts up to 2–5 cm on a 
side. At the top , the pyroclastic flow deposit also contains 
concentrations of tan pumice, dark grey scoria, and lithic 

clasts up to 3 cm. Discrete, clast-supported lenses filled 
with basaltic lithic boulders that are up to 1 m in size are 
prevalent at the top of the Okmok I pyroclastic flow deposit 
at this location. Above this are wavy and laminated layers 
containing poorly sorted, finer-grained juvenile scoria, 
with fragments 0.5 cm diameter, and lithics up to 3–4 
cm across their long axes. The laminated layers comprise 
medium ash size particles. 

The distal site on Unalaska Island (03JLOK64; Figure 7b) 
shows a relatively undisturbed, ~15 m thick Okmok I section 
resting on a thin soil atop glacial till. The basal unit consists 
of 20 cm thick, vesiculated, dark grey andesitic pyroclastic 
flow deposit that likely represents a pyroclastic surge that 
traversed Umnak Pass. It is moderately sorted, and contains 
1–2 mm up to 0.5 cm juvenile scoria lapilli in a reversely 
graded sequence. Above this is an 8 cm thick, fines-poor, 
well sorted, mixed rhyolite and andesite pumice and scoria 
fall deposit. It has average lapilli that are 1–2 cm, with rare 
lapilli up to 4 cm. The main pyroclastic flow deposit is ~ 1m 
thick, partly indurated, and contains juvenile scoria and tan 
pumice that are 0.5 to 2 cm in size on average. This subunit 
is partly vesicular, and has a fissile and cemented character. 
The vesicular nature of the flow deposits here indicates either 
a phreatomagmatic phase of the eruption, or incorporation of 
water as the flows traveled across Umnak Pass. This outcrop 
shows that both rhyolite and basaltic andesite to andesite 
magmas were involved in the Okmok I eruption, as shown 
by the mingled fall deposits in the middle of the Unalaska 
outcrop section. 

4.5.6 South sector. In general, Okmok I exposed along the 
south consists only of the main pyroclastic flow sequence. 
However, at location 00JLOK29 in Missouri Creek (Figure 
7c) fine ash layers exist at stream level. They alternate from 
tan to dark grey, are wavy or irregularly bedded, and may 
have been reworked. Most fine upward from coarse to fine 
ash size particles. Above the fine ash layers is a 1–2 m thick, 
well-sorted, fines-poor scoria fall deposit, containing clasts 
with average sizes of 1–3 cm. These scoriaceous layers 
may represent an early fall sequence near the beginning of 
the Okmok I eruption. However, the layers are very poorly 
preserved due to cold springs seeping through the outcrop 
at this location. Above the finely layered ash and scoria fall 
deposits, another series of wavy, cross-bedded, dark grey 
to black scoria and dark ash deposits exist, and probably 
represent surge deposits. Locally at Missouri Creek, the 
scoria fragments range in size to 15 cm blocks, similar in 
grain size, pyroclast type, and character to the 2.5 m thick 
subunit found at the base of section 01JLOK51 at Kansas 
creek (Figures 3, 7c, 8d, 9). The south flank surge deposits 
probably correlate with the surge and lahar sequence near 
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the base of the Okmok I deposits exposed along the east and 
north flanks.

Excepting the two localities described above, Okmok I expo-
sures along the south flanks consist of thick, poorly sorted and 
massive pyroclastic flow deposits (Figure 8e). Generally, they 
are dark grey to black, ash matrix supported, poorly sorted, 
massive, and contain abundant dark scoria clasts and locally 
3–12 % by volume lithic fragments (99JLOK18 Vermont 
Creek; Figures 3, 7c, 8f, 9). In all outcrops studied, the lithics 
are heterolithologic, containing fragments of basaltic lava, 
granitoids, palagonitized pyroclastics, and sedimentary clasts 
that may be altered or contain secondary mineralization. Most 
juvenile pyroclasts are dark grey, relatively dense, and glassy 
with only a small percentage of visible plagioclase pheno-
crysts. The largest scoria size locally at Vermont Creek is 15 
cm. There are also local concentrations (<10 to ~50 vol. %) 
within the main pyroclastic flow deposit of tan, friable, highly 
vesicular rhyolite pumice. 

The top of the pyroclastic flow deposits along the south 
flanks consists of, locally cross-bedded surge layers that 
correlate with the upper surge deposits exposed in the north 
and east flanks regions. Locally, the cross-bedded sub-unit 
contains lithic boulder lenses at 99JLOK18 Vermont Creek 
(Figures 7c, 8f, 9). The entire sub-unit is fissile, with con-
jugate partings, fines rich, yet poorly sorted, and locally 
incises the pyroclastic flow unit beneath. Lithic clasts are 
rounded to angular, with some that are very angular, fac-
eted or prismatic. They comprise a mixture of lithologies 
including granitoid blocks, altered sedimentary clasts, oxi-
dized, vesicular basalts, and clasts of the older palagonitized 
pyroclastics. The largest clast found at 99JLOK18 Vermont 
Creek is 34 cm across. It is possible that the non-juvenile, 
lithic boulder rich deposits atop the main pyroclastic flow 
unit along the south flanks resulted from lahars generated at 
same time as the surges evident from the top of the section 
at other locations.

4.6 Okmok II Stratigraphy

The physical details of the Okmok II deposits are described 
by Burgisser (2005), and will be summarized here follow-
ing that work. The first episode of the Okmok II eruption 
deposited a buff colored dacitic (67 to 68 wt. % SiO2) pumice 
fall directed to the north-northwest. The thickest deposits 
occur along the north flanks (e.g., 04JLOK047, 00JLOK42, 
99JLOK4; Figures 7a, 9, 10), with the greatest thickness 
measured of the Plinian fall phase of ~120 cm at location 
00JLOK42 at Reindeer Creek. At this location (Figure 9), 
the 80 cm thick sequence is reversely graded from fine ash 
(0.2 mm) to pumice blocks (10 cm)and ends with a second 4 
cm thick fine ash deposit (e.g., Figure 10a). Above this is a 

34 cm thick pumice lapilli fall, with a median grain size of 
2 mm. Burgisser (2005) used lithic clast sizes to estimate a 
plume height of 30 km, and the depositional pattern indicates 
a vent along the northern rim of the caldera as the source of 
the first eruptive phase. The second fall deposit resulted from 
a plume directed to the east, forming a slightly darker buff 
colored dacitic deposit, 7 cm thick at the 98JLOK6 Camp 
Creek location (Figure 9), containing dense, blocky and 
glassy juvenile fragments. The third fall sequence is dark 
grey, glassy, andesite scoria, that also had an east directed 
depositional pattern, and ranges in grain size from fine 
to coarse ash (0.1 to 1 mm) at Camp Creek. Within this 
sequence are mixed rhyodacite and andesite fall deposits, 
indicating a period of simultaneous eruption of the two dif-
ferent magmas. Although scant erosion or reworking exists 
between the first and second fall deposits, no evidence was 
found for a significant time break, such as soil development 
or fluvial erosion (Burgisser, 2005).

One observation not noted by Burgisser (2005) is a dacitic 
pyroclastic flow deposit that correlates with the Plinian fall 
phase, at location 04JLOK046 (Figure 10b). It is likely that 
this flow resulted as a pyroclastic flow via sedimentation 
from the margins of the eruptive plume.

The thick basaltic andesite pyroclastic flow deposits from 
the Okmok II eruption blanket the northeast quadrant of 
Umnak Island, forming plateau surfaces that are cut by 
modern stream channels. Those deposits have a sharp con-
tact with the fall deposits below, with no soil development 
in between, and scoured the underlying pumice and ash in 
some locations (Burgisser, 2005). Some of the deposits are 
massive, structureless and poorly sorted with an average of 
20wt% of lithics and 80 wt% of juvenile basaltic andesite to 
andesite (53–56 wt. % SiO2) scoria. Thicknesses are highly 
variable, averaging from ~30 to 50 m from the caldera rim 
to ~10 km distance at the coast. A common facies change 
occurs on hills and paleohighs where the deposits feature low 
angle cross-stratification, improved sorting, and a maximum 
thickness of a few decimeters. A similar cross-stratified 
facies is exposed on Unalaska Island, where the deposit has 
a thickness of 1 m on the western shore. Burgisser (2005) 
concludes that the massive and stratified facies of the Okmok 
II pyroclastic sheet were deposited from a single, voluminous 
density current.

Two other distinct facies of the Okmok II pyroclastic flows 
exist on Umnak Island. Primarily along the north to north-
west f lanks, thick accumulations of black, ropy-textured 
spatter, ribbon bombs, and angular lithic fragments form 
fines-poor agglutinate deposits (e.g., Figure 10c). Although a 
couple of similar outcrops exist along the eastern and south-
ern flanks (04JLOK042 and 044; Figure 9), it is rare to find 
the spatter bomb-rich facies away from the north to north-

Fig. 10Fig. 10



LARSEN ET AL.    359

Figure 10. Okmok II outcrop photos showing different deposits within the eruptive sequence. A. Plinian rhyodacite fall 
layers as viewed at Ashishik point (Figure 2). Although thinner than outcrops at Reindeer Creek (00JLOK42; Figure 
9), the deposit at Ashishik point has most of the internal structure as described by Burgisser (2005). B. One section 
at 04JLOK046 (Figure 9) also includes a poorly sorted, massive, pumice-rich rhyodacite pyroclastic flow deposit that 
correlates with the Plinian fall deposit. C. Location 04JLOK047 shows spatter-rich agglutinate deposit correlating with 
the Okmok II basaltic-andesite pyroclastic flow facies. Individual spatter and bombs here reach ~2 m across.  D. Along 
the northwest caldera rim, the proximal Okmok II deposits may include a rheomorphic tuff, correlating with the spat-
ter agglutinate and spatter/Pf transitional flows that outcrop along the northern flanks region. E. Massive facies of the 
Okmok II pyroclastic flow deposits (e.g., Burgisser, 2005). F. Across the stream from photo E,  the Okmok II basaltic-
andesite forms spatter-rich agglutinate/flow deposit at the same stratigraphic height.   
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west flanks. The agglutinate deposits are at approximately 
the same stratigraphic height everywhere, juxtaposed next to 
massive Okmok II pyroclastic flow deposits and commonly 
separated by an intervening stream channel (Figures 10e,f). 
Individual bombs almost 2 meters across exist at location 
04JLOK47, which is nearly 4 km away from the caldera rim 
(Figures 10c, 9). The largest lithic fragments measured reach 
~37 cm at the same location. Here, the concentration of lith-
ics to juvenile bombs is approximately 50:50. 

A proximal to distal transition follows from the near-vent, 
fines-poor, lithic-rich, sintered or incipiently welded aggre-
gates, to distal outcrops (>5 km) that look more like the 
massive pyroclastic flow facies, but that contain a relatively 
high percentage of ~5–10 cm caulif lower scoria, ribbon 
bombs, and angular lithics relative to matrix. Such transi-
tional deposits exist in several places in the north, east, and 
south flanks (04JLOK042, 044, 045; Figure 9) and at those 
locations they comprise mainly spatter and ribbon bombs 
and lithic fragments, but appear to have a greater concen-
tration of ash in the matrix than the deposits described at 
04JLOK046. The transitional deposits are partially welded 
and columnar jointed, and are laterally in contact with the 
massive pyroclastic flow facies of Okmok II, with an inter-
vening stream channel. 

Densly welded tuff associated with the Okmok II eruption 
is exposed at two proximal locations, 04JLOK040 and high 
along the northwest caldera rim (Figures 10d and 9). On the 
northwestern part of the caldera rim, the top portion of the 
Okmok II deposits may be a rheomorphic tuff (Figure 10d). 
However, access this location was not examined closely 
because of its location, exposure, and almost constantly 
inclement weather. The densely welded tuff at 04JLOK040 
contains fiamme in a finer grained matrix, whereas the out-
crop just across the stream channel is loose, unconsolidated 
“massive” facies of Okmok II, similar to the relationship 
shown in Figures 10e and f.

5. DISCUSSION

5.1 Okmok I: Eruptive Sequence and Depositional 
Mechanisms

Combining the evidence observed at all outcrops provides 
for an initial interpretation of the Okmok I eruptive sequence 
and how the eruption products were deposited. Although the 
Okmok I deposits lack an easily deciphered, neatly layered 
eruptive sequence, the correlated stratigraphy (Figure 7) 
provides for an approximation. Along the north flanks, the 
basal, lithic and ash-rich deposits indicate that a lateral blast 
or hot debris flow may have initiated the eruptive sequence. 
Following this, the distal site at Unalaska indicates that the 

first erupted, basaltic andesite or andesite juvenile material 
was expelled explosively producing proximal scoria fall and 
pyroclastic flows and surges that traveled across Umnak 
Pass. This agrees with evidence for the domains in the cha-
otic breccia filled with black scoria pyroclastic flow material, 
which baked the matrix enclosing them. Shortly thereafter, 
the eruption plume produced rhyolite and andesite fall depos-
its, preserved in the mixed fall outcrop on Unalaska Island 
(Figure 9) and the south flanks, but disrupted by scouring 
debris flows, surges, and lahars on the north flanks. The 
eruption of a large amount of juvenile material, deposited via 
pyroclastic flows and surge clouds followed down all flanks 
of the edifice. Along the north and east flanks, syneruptive 
lahars also formed during this phase of the eruption. The 
deposits at the top of the Okmok I sequence along all flanks 
have been interpreted as resulting from surges accompa-
nying late-stage phreatomagmatism, which generated the 
accretionary lapilli observed at the same stratigraphic level 
along the north flanks. Despite studies documenting eolian 
reworking (Smith and Katzman, 1991) and hybrid fall depos-
its creating surge-like characteristics within large ash flow 
sheets (Wilson and Hildreth, 1998), we were not able to 
conduct granulometry to help decipher the origins of those 
deposits because they are too indurated. Given the evidence 
for phreatomagmatism at the same straigraphic level, it is 
probably simplest to describe them as surge deposits related 
to a late-stage phreatomagmatic component to the eruption. 
The complex nature of the Okmok I deposits, particularly 
in the north sector make it difficult to estimate the timing 
of edifice collapse, yet the boulder-filled lenses high in the 
stratigraphic sequence in the east sector may indicate that it 
happened relatively late during the eruption. 

5.2 Okmok I: Interactions With Snow and Ice

Pyroclastic flows can generate floods and lahars as a result 
of interactions with snow and ice (Major and Newhall, 1989, 
through melting of the substrate. Incorporation of water as 
they travel downslope results in deposits that show charac-
teristics indicating water interactions (e.g., Pierson, 1995; 
Walder, 2000a and b. The scouring power of hot pyroclastic 
flows as they travel over snow and ice is also well known 
from recent eruptions, such as 1980 Mount St Helens, 1989 
Redoubt, and 1985 Nevado del Ruiz (Major and Newhall, 
1989; Pierson et al., 1990; Pierson and Janda, 1994; Waitt et 
al., 1994). The presence of lahar deposits interlayered with 
the surge units along the north flanks indicate that snow and 
ice were probably present along the north and east flanks 
of Okmok during the Late Pleistocene. The extreme round-
ing and eroded surfaces of some of the juvenile scoria and 
pumice in the surge beds indicate fluvial transport, which 
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is possible if enough water was liberated to generate lahars. 
Given the occurrence of this eruption during the end of the 
last glacial period in the Aleutians (e.g., Black, 1975), it is 
reasonable that snow and glacial ice were present on the 
north and possibly east flanks of the pre-Okmok I edifice 
when the eruption occurred. 

The Okmok I chaotic breccia deposits (Figures 8 and 9) also 
indicate that pyroclastic flows scoured a wet substrate, includ-
ing older volcanic deposits, snow, ice, and glacially derived 
sediments. Those deposits are is similar to those described by 
Allen and McPhie (2001) generated during the climactic erup-
tion of the Kos Plateau Tuff, in the Eastern Aegean, Greece. At 
Kos, the chaotic breccia resulted from the interaction of scour-
ing pyroclastic flows with unconsolidated, wet sediments. At 
Redoubt, Waitt et al. (1994) describe unusual flow deposits 
that resulted from scouring pyroclastic flows traveling over 
the Drift River glacier, and incorporating glacial ice and snow. 
The ice diamict unit at Redoubt also bears some resemblance 
to the Okmok I chaotic breccia. It is possible that the chaotic 
breccia observed at Okmok could represent the remains of a 
similar mass flow deposit. 

One interesting feature of the Okmok I ash flow sheet is its 
upper undulatory surface (Figure 6). The waves are oriented 
perpendicular to the down slope direction, presumably per-
pendicular to the direction of travel of the pyroclastic flows. 
Their broad distribution, regular wavelength, and orientation 
relative to the slope make it unlikely that they are erosional 
features. Similarly, these characteristics also make it unlikely 
that they formed due to compaction by post-depositional melt-
ing of an unstable, snow or ice substrate. It is most likely that 
they represent waveforms associated with the upper Okmok I 
pyroclastic flow deposits. Since the top of the Okmok I depo-
sitional sequence consists of thick surge beds, the undulations 
may represent waveforms associated with the mechanics of 
pyroclastic density current flow and deposition. 

5.3 Okmok II: Agglutinate Facies and Implications for 
Eruption Mechanisms

The Okmok II basal stratigraphy indicates that this erup-
tion began with a Plinian column of rhyodacite issuing from 
a vent along the north rim of the caldera (Burgisser, 2005). 
Fallout from the eruptive plume traveled to the north to 
northwest, shedding localized pyroclastic flows . The sec-
ond rhyodacitic phase started with the wind blowing to the 
east. Given the high proportion of glassy and blocky clasts, 
the internal discontinuous layering of the deposit, and the 
likely presence of a lake within parts of the caldera left by 
Okmok I, this event probably was marked by phreatomag-
matic explosions. Interestingly, the drastic compositional 
shift from rhyodacite to andesite occurs without significant 

change in eruptive style or vent location (e.g., Figure 10a). 
The eruption of andesite continued with fewer phreatomag-
matic explosions. Catastrophic failure of the edifice ensued 
after the eruption increased strongly in energy and volume, 
producing the voluminous basaltic andesite pyroclastic flows 
deposited on all azimuths of the edifice.

The widespread spatter, lithic, and ribbon bomb-rich out-
crops along the north to northwest flanks of Okmok indicate 
diverse eruptive mechanisms during the basaltic andesite 
phase of the Okmok II eruption. The location of the spatter-
rich, fines-poor outcrops in close lateral contact with mas-
sive facies of the Okmok II pyroclastic flows indicates that 
they formed as a separate deposit, during the same eruptive 
event. The lithic-rich nature of the spatter agglutinate depos-
its across the north to northwest flanks indicates that they 
may have formed synchronously with edifice collapse. The 
concentration of these deposits along the north to northwest 
flanks, and the existence of rheomorphic tuff on the north-
west caldera rim, and welded tuff proximal to the caldera 
in the Crater Creek region (Figure 9), indicate that the vent 
producing the spatter agglutinate deposits may have been 
located along the northern part of the caldera, perhaps the 
same that produced the early Plinian stage of the eruption 
(e.g., Burgisser, 2005). Another vent located along the east-
ern part of the caldera probably also produced spatter, and 
was perhaps coincident with the vent that was the source of 
the second Plinian fallout deposits (e.g., Burgisser, 2005). 

The Siwi sequence, Tanna volcano, Vanuatu (Allen, 2005) 
shows similar physical characteristics within the pyroclastic 
flow deposits. Allen (2005) attributes the agglomerate facies at 
Siwi to energetic lava fountaining simultaneous to column col-
lapse and caldera formation. Allen (2005) concludes that the 
fountaining resulted from ejection of a large amount of basaltic 
magma as the caldera floor subsided into the remnants of the 
magma chamber. On the other hand, Freundt and Schminke 
(1995) concluded that Hawaiian-style lava fountaining prob-
ably did not accompany emplacement of the basaltic ignim-
brite from Tejeda caldera, Gran Canaria. However, Freundt 
and Schminke (1995) also describe subsidence of the caldera 
floor as a primary cause of explosive ejection of the large 
volumes of P1 basalt, which agrees with the conclusions of 
Allen (2005) for the Siwi pyroclastics. In the case of Okmok, 
the large ribbon and spatter bombs, and fines-poor nature 
of the proximal outcrops indicate fountaining accompanied 
caldera-collapse during the Okmok II eruption. Fountaining 
could have issued from vents along the east and north rims 
during Okmok II, perhaps coincident with the vents producing 
the two Plinian episodes early in the eruption (e.g., Burgisser, 
2005). This would explain the prevalence of the spatter-rich, 
indurated, and welded outcrops of Okmok II occurring mainly 
over those sectors of the volcano. 
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The distribution of the Okmok II spatter agglutinate 
facies shows much farther traveled, larger scoria bombs than 
described from the Siwi sequence, in which the agglutinate 
facies is confined to proximal and medial outcrops extending 
no further than approximately 1 km from the caldera (Allen, 
2005). In the case of Okmok, the spatter accumulations con-
taining the largest bombs extend conservatively up to ~4 km 
from the caldera rim. The more distal outcrops between ~4 to 
10 km, near the coast, tend to have fines-rich matrices, indicat-
ing that they may actually be flow deposits that contain spatter 
generated originally by fountaining, but entrained in pyroclas-
tic flows related to column-collapse. Ballistics calculations 
using the program Eject of Mastin (2001) provide estimates 
of the distance basaltic andesite spatter would travel from the 
vent during lava fountaining during the Okmok II eruption. 
Assuming dense clasts (~2.5 g/cm3), 1 m in diameter, ejected 
at a velocity of 100 to 200 m/s, estimated distances of travel 
are approximately 2 to 3.5 km. Typical vent exit velocities of 
Hawaiian-style lava fountaining at Kilauea probably do not 
exceed 100 m/s at most, and are generally lower than that 
(Mangan and Cashman, 1996; Mastin, 2002). This implies 
that either the fines-poor deposits are actually lithic-rich, 
spatter-fed flows, or that the exit velocities of the fountaining 
phase of the eruption were higher than typically estimated 
from much less explosive basaltic eruptions. The weak imbri-
cation of cauliflower and ribbon bombs (e.g., 04JLOK047) 
indicates that the agglutinate flowed at least locally. The vio-
lence of the Okmok II eruption could have caused the mass 
discharge rates of the fountaining phase to be quite high, with 
deposition of spatter a farther distance than in less explosive 
Hawaiian-style eruptions.

5.4 What Causes Okmok’s Catastrophic Eruptions?

The Okmok caldera-forming basaltic andesite and andes-
ite products are common compared with the majority of 
sampled Okmok magmas erupted since about 2 million 
years ago. That both eruptions were preceded by volumetri-
cally minor, but compositionally more evolved magmas, 
may be significant in terms of the processes leading up to 
catastrophic eruptions at this tholeiitic arc volcano. In this 
regard, the Okmok caldera-forming eruptions are similar to 
the 14.1 Ma Tejeda caldera eruptions, Gran Canaria (Freundt 
and Schminke, 1995). The Gran Canaria event began with 
eruption of mixed rhyolite-trachyte magmas, followed with 
emplacement of basaltic ignimbrite during the later stages of 
the eruption. As is the case with the Okmok caldera-forming 
eruptions, the relative volumes of evolved magmas erupted 
during the Gran Canaria events are also smaller than the co-
erupted basalt. Freundt and Schminke (1995) conclude that 
several factors contributed to the unusually high mass dis-

charge rates of the Tejeda P1 basalt, including the magma’s 
relative buoyancy and pressure as it reached the magma 
chamber, degassing of the felsic magmas within the chamber, 
and then subsidence of the roof during collapse, which is 
though to have helped to expel the mass of basalt.

However, not all basaltic and basaltic-andesite caldera-
forming eruptions involve magmas as felsic as rhyodacites 
and rhyolites. In fact, some mafic-intermediate caldera-
forming eruptions, like the Siwi sequence, are relatively uni-
form in composition (e.g., Robin et al., 1994; Allen, 2005). 
Phreatomagmatism, particularly during the early phases of 
the eruption cycles, is commonly observed associated with 
basaltic to andesitic ignimbrites from ocean island arc volca-
noes (e.g., Freundt and Schminke, 1995; Robin et al., 1994; 
Allen, 2005). Robin et al. (1994) conclude that the highly 
explosive interaction between magma and external ground-
water is an important trigger for the subsequent eruption of 
mafic-intermediate magma in smaller arc calderas in the 
New Hebrides. However, Okmok is notable in the large vol-
umes (>15 km3) of mafic-intermediate magma erupted. The 
DRE estimates from this work and derived from Burgisser 
(2005) point to large accumulations of potentially volatile-
rich basaltic andesite to andesite magma in the shallow crust 
beneath the edifice. Aleutian arc mafic-intermediate mag-
mas commonly display petrological features, such as high 
An content plagioclase (e.g., Sisson and Grove, 1993), like 
those observed in the Okmok CFE products. Most likely, the 
Okmok CFE magmas erupted explosively by virtue of their 
volatile-rich natures and the edifice collapse resulting from 
withdrawal of the large volumes of accumulation magma 
beneath the edifice. The associated rhyodacite and rhyolite 
may represent older, evolved magmas trapped within the 
crust, or fractionates associated with the large accumula-
tions of mafic-intermediate magmas in the shallow crust. 
The phreatomagmatic nature of some of the eruptive depos-
its may thus be an ancillary feature as the magma erupted 
through local lakes or snowfields. 

6. CONCLUSIONS

This study presents general stratigraphic, petrologic, and 
compositional descriptions of two caldera-forming eruptions 
of Okmok volcano Alaska within the last ~12,000 years. These 
two eruptions are remarkable for their explosive release of 
relatively large volumes of basaltic andesite magmas. 
•  The two caldera-forming eruptions initially tapped small 

volumes of rhyolite (I) and rhyodacite (II) magmas fol-
lowed by much greater volumes of andesite and basaltic 
andesite magmas. The eruption of felsic magmas prior 
to caldera collapse at Okmok is a common element of the 
caldera-forming eruptions. 
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•  The Okmok I eruption produced ~ 30 km3 DRE material 
on Umnak Island, while Okmok II produced ~15 km3. Both 
estimates are minima, however, since a significant propor-
tion of material flowed into the oceans. 

•  The Okmok I pyroclastic flow deposits show evidence for 
interaction with snow/ice, particularly along the northern 
flanks. In particular, lahar deposits interlayered with pyro-
clastic flows and surge deposits are prominent within out-
crops along the north flanks and to a limited extent along 
the east flanks of the volcano. This is consistent with the 
estimated age of Okmok I of ~12,000 14C yBP, which was 
late in the last glacial maximum period.

•  Both Okmok I and II eruptions involved phreatomagmatic 
explosions. Previous studies consider this important in the 
case of triggering catastrophic eruptions of mafic-interme-
diate magmas. At Okmok, large accumulations of vola-
tile-rich basaltic andesite to andesite can explain both the 
explosivity of the eruptions, as well as subsequent failure 
of the edifice. It is uncertain whether the small volume of 
felsic magmas erupted early in each CFE are important fac-
tors in the catastrophic nature of those eruptions as well. 

•  An energetic and voluminous period of lava fountaining 
took place during the caldera-collapse phase of the Okmok 
II eruption. The lithic-rich nature of the spatter agglutinate 
layers indicates that this phase accompanied the caldera-
collapse. It is possible that the vents for the fountaining 
were coincident with those estimated for the initial Plinian 
phases, along the north and east caldera rim. 
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Preliminary Study on Magnetic Structure and Geothermal 
Activity of Tyatya Volcano, Southwestern Kuril Islands

Noritoshi Okazaki1, Hiroaki Takahashi2, Kenji Nogami3, Hiromitsu Oshima2, 
Hiromu Okada2, and Minoru Kasahara2

We carried out reconnaissance surveys of the magnetic and geothermal fields on 
Tyatya volcano, Kunashiri Island, southwestern Kuril Islands. Two characteristic 
features were in the magnetic anomalies: topography dependent ones and locally 
scattered ones of which origin was unknown. Modeling of the topography depen-
dent anomalies indicates that the Tyatya edifice is uniformly magnetized with 
magnetization of 7 A/m and any significant anomalies, that suggest the existence 
of thermally demagnetized parts, are not found. The result agrees with low heat 
discharge rate of 0.6 Mw from volcano surface. Judging from these ground-based 
data, it can be concluded that the volcanic activity of the shallower part of Tyatya 
volcano is very inactive at present. 

INTrOducTION

Tyatya volcano, at the Kunashiri Island in southwestern 
edge of the Kuril volcanic chain, a typical island arc vol-
cano associated with the subducting Pacific plate, and is 
the largest and highest (1822m) composite stratovolcano 
in the southwestern Kuril arc (Figure 1). Initial historical 
eruption was recorded in 1812. Nakagawa et al. [2002] 
summarized this eruption spouted lava flow from the cen-
tral cone and partially filled summit caldera. recent major 
eruption (VEI=4) occurred in 1973 at both the northern 
and southern f lanks with sub-Plinian and Strombolian 
explosions [Markhinin et al., 1974, Abdurakhmanov and 
Steinberg, 1999]. This was the largest eruption in the 
southwestern Kuril Islands during the 20th century. After 

several succeeding eruptions in 1974, 1975, 1978 and 1981, 
volcanic activity has seemed to be calm.

It is important to monitor the volcano because eruptive 
ash from this volcano possibly causes fatal hazard to jet 
aircrafts flying the north Pacific air routes between Asia 
and North America. However, there had been little data 
concerning this volcano, because the volcano is located 
in a remote place, far from human habitation. Therefore, 
we are obliged to make geophysical/geological studies 
without delay.

Magnetic survey is one of the basic methods to inves-
tigate magnetic subsurface structure and to delineate 
thermal condition within volcanic body because the mag-
netization of rocks is strongly sensitive to the temperature 
[e.g. Nishida and Miyajima, 1984]. Heat discharge measur-
ing on ground surface provides another basic parameter 
to estimate state of thermal condition of volcano interior. 
These data may play important roles to the geophysical 
understanding of volcano structure and status. 

International cooperative volcanological research explo-
ration on Tyatya volcano between Japan and russia was 
done from 30 July to 3 August 1999. using this occasion, 
we carried out reconnaissance surveys of geomagnetic 
and geothermal fields during this expedition. In this short 
paper we report preliminary results of magnetic structure 
and geothermal aspects of Tyatya volcano.

Fig. 1Fig. 1
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MAGNETIc ANd GEOTHErMAl SurVEyS

We observed magnetic total force intensity using the 
Gem System Overhauser proton magnetometer GSM-19 
with 0.1 nT sensitivity and 0.01 nT resolutions. A mean 
value of two to four times measurements was regarded as 
the geomagnetic field at each point. In the measurements, 
the height of the sensor was fixed at 2 m. We applied no 
corrections for diurnal variations amplitudes of several tens 
of nanotesla at most because the observed anomalies were 
up to several thousands of nanotesla as shown in Figure 
2. Geographical locations of each observation point were 
determined from standard point positioning technique by 
Garmin GPS receiver with accuracy less than 30 m.

We measured 30 points along the A-B profile of a south-
eastern slope of the volcanic edifice and in the summit 
caldera as shown in Figure 2a. However, we could not 
established observation points on northern side of the vol-
cano because of a limited schedule for observation. Figure 
2b shows the total force intensity with topography along 
the profile A-B. This indicates a general tendency that the 
total force intensity increases with topographical elevation. 

In addition to above, several measured values vary widely 
near the caldera rim and around S2 crater as shown in bro-
ken ellipses in Figure 2b.

It was difficult to determine the reference value to extract 
the anomalies caused by the volcanic edifice from the 
observed values because the regional magnetic anomalies 
have not been measured. Therefore, a field intensity of 
49,000 nT was assumed as a reference value based on the 
mean value observed at three points on the southern foot 
of the volcano.

We carried out geothermal survey at the central cone 
in summit caldera and the S2 crater where was formed 
by 1973 explosive eruption (Figure 1). There were no 
geothermal manifestations along a geomagnetic profile 
except for two places. Surface temperatures were mea-
sured using a thermal imaging camera, Thermo Tracer 
TH5104 by NEc Sanei Instruments with 2.2 micro radian 
instantaneous field of view, and a thermistor thermometer. 
Visible but weak fumarolic activities were observed in and 
around the crater of summit cone. Observed maximum 
temperature in this area was 93 °c, which was equal to the 
boiling point. Total heat discharge rate on summit cone 

Fig. 2Fig. 2

Figure 1. Map showing the Kuril volcanic chain and the topography of Tyatya volcano. Four open circles show the 
craters (N1, N2, S1 and S2) formed by the 1973 explosive eruption.
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was estimated as 0.6 Mw through the geothermal images 
using equations proposed by Kagiyama et al. [1979]. 
This value indicated low geothermal activity in this part. 
Though the sulfur sublimations were recognized in the S2 
crater, we could not observe any geothermal anomalies 
there, indicating the geothermal activity had been termi-
nated in this crater.

MAGNETIc STrucTurE OF TyATyA VOlcANO

As mentioned above, magnetic anomalies are classified by 
the following two types: (1) correlated with the topographical 
altitude, (2) scattered observed at the outer slope near the 
summit caldera rim and around the S2 crater (Figure 2b).

In many case, volcano edifice is approximated by a circular 
cone [e.g. Nishida and Miyajima, 1984]. One can calculate 
the magnetic anomalies on the surface of a magnetized circu-
lar cone by rikitake and Hagiwara [1965]. Surface geology 
showed that this volcano was composed of basaltic-andesitic 
and andesitic lava flows and pyroclastic ejecta [Nakagawa 
et al., 2002]. However, we have little knowledge about the 
inner geological structure and do not have any information 
about the rock magnetization of Tyatya volcano. In addition, 
the present magnetic survey covered only a limited area. 
Therefore, we made simple model calculations assuming 
circular cones for the convenience of comparison between 
observed and calculated anomalies as shown in Figure 3. 
Model I represents a uniformly magnetized circular cone, 
while model II and III show magnetized circular cones of 
which central part are replaced by weakly and strongly mag-
netized cylinders, respectively. Figure 3 indicates calculated 
magnetic anomaly pattern on the surface of the topography 
along the profile A-B (NW-SE direction), assuming the 
cones are magnetized in the same direction as the geomag-
netic field in the region concerned (inclination is 57°). 

Among the three models, model II should be rejected 
because the calculated anomalies indicate sharp decrease 
to minus values from the summit caldera rim toward the 
caldera floor, in contrast to the observed anomalies. Sharp 
increase of the calculated anomalies at the southern caldera 
rim for model III can not reproduce the observed ones. In 
conclusion, the uniformly magnetized edifice (model I) is 
most preferable between three models, although the model 
is by no means unique. In more detail, the Tyatya edifice is 
approximated by three piled up cones, u, M and l as shown 
in Figure 4. Magnetization intensity of the edifice is adjusted 
to 7 A/m to match anomaly amplitudes by trial-and-error 
procedure (Figure 4). The estimated magnetization is reason-
able for basaltic-andesite rock.

dIScuSSIONS ANd cONcludING rEMArKS

Estimated reasonable model (Figure 4) implied that the 
summit caldera was not filled by weakly magnetized materi-
als. Nakagawa et al. [2002] proposed that the summit caldera 
had been formed as a result of cylinder-like subsidence 
of the summit caused by migration and/or drain back of 
magma toward the reservoir just beneath the summit. Several 
examples of this phenomenon, i.e. Katmai [Abe, 1992] and 

Fig. 3Fig. 3

Fig. 4Fig. 4

Figure 2. a: Map showing the survey area. Solid circles show the 
observation points of the magnetic total force intensity. dashed 
lines show a crater rim of central cone and a summit caldera rim. 
b: Magnetic total force intensity (solid circle) along the profile A-B 
in Fig.2a is shown, with the topographic cross-section of Tyatya 
volcano. The solid circles surrounded by two broken ellipses show 
the magnetic fields around the caldera rim and the S2 crater.
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Miyakejima volcanoes [Furuya et al, 2003], indicate that 
this case forms deeper cylinder-like calderas on the summit 

area. As Tyatya volcano has no such a cylinder-like depres-
sion on the summit, the following volcanic activities must 
have refilled this depression and the crater fill must have 
the same magnetization as the edifice: the crater fill may 
not be originated from the fall back ashes on dacitic magma 
because model II was rejected. Therefore, it is suggested that 
the magma component before and after the crater formation 
has been not too invariant.

The 1973 eruption was started at 12:10 (local time) from 
N1 and N2 maars at the northern f lank of this volcano 
(Figure 1). This eruptive stage had continued only less than 
3–5 hours. After several hours, new eruptions restarted from 
the S1 and S2 craters at the southern flank (Figure 1). 

considering the low heat discharge rate (0.6 Mw) and 
the magnetic anomalies which do not support the thermal 
demagnetization, the thermal activity is low in the shallower 
part of Tyatya volcano. Negligible seismicity observed by 
Hokkaido university also supports the low thermal activity 
after the 1973 event [Kasahara et al, 1986]. However, we 
should take special precautions against eruption because 
Tyatya volcano has sometimes erupted with few precursors 
like the 1973 event, which may be caused by rapid magma 
intrusion from deeper part.
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