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RENATA DMOWSKA 1.2 and GÖRAN EKSTRÖM2 

The generation of large earthquakes in subduction zones presents a broad 
spectrum of challenging scientific problems in the Earth Sciences. From plate 
tectonics we know that subduction zones are locations where the oceanic litho­
sphere deforms and sinks into the mantle beneath the neighboring plate, and that 
they are a primary manifestation of mantle convection and dynamics. At shallow 
depths, the subduction processes give rise to volcanism and to most of the world's 
seismicity, including the largest earthquakes. In addition, from a geological perspec­
tive, the shallow parts of subduction zones are also the areas of intense orogenesis 
and crustal deformation. 

In many regions subduction produces large amounts of seismicity, reflecting the 
rapid strains that OCCUf both in the interplate contact zone, and within the colliding 
plates themselves; in other areas, the subduction process appears to proceed without 
any significant seismic activity or visible evidence of strain accumulation. This 
difference in behavior, which can be seen when comparing different subduction 
zones or different segments within a subduction zone, is controlled by the mechan­
ics of almost rigid plates, a viscous substrate, and of the contact zones between the 
plates. 

Progress in observational as weIl as theoretical investigations of subduction 
zones over the last decade or two has increased Ouf fundamental knowledge of 
tectonic processes in these regions, but has also revealed complex and poorly 
understood behavior which suggests that no simple laws will so on be found that can 
satisfactorily explain every aspect of the subduction process. An understanding of 
the complex physics governing the observed diversity of interplate behavior 
in subduction zones is the common goal of the studies presented in this special 
issue, and each provides a different approach which contributes to Ouf understand­
ing and ability to predict the seismicity, er lack thereof, in different subduction 
zones. 

I Division of Applied Sciences, Harvard University, Cambridge, MA 02138, U.S.A. 
1 Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, U.S.A. 
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In the first volume of this topical issue, Yu et al. show how large scale relative 
plate motion is partitioned between the interplate contact and within the overriding 
plate, and how this is a common phenomenon that can be observed in most 
subduction zones. However, there are systematic geographical differences, and the 
study provides some observational constraints on what may govern the coupling 
between subducting and overriding plates. LIU and McNALL y apply new modeling 
techniques to address the question of what the stress level might be within the 
colliding plates and across the interplate contact. Their focus is on earthquakes near 
the outer rise, where a correlation exists between the phase of the seismic cycle, and 
the depth of faulting and type of focal mechanism that is observed. With a given 
rheological model of the oceanic lithosphere, constraints can be placed on the 
variations in compressive stresses transmitted in the plate. 

In the third paper of this volume KISSLINGER reviews the wealth of observa­
tions of seismicity in subduction zones that has been collected by local and regional 
networks in these areas. Data from these networks have been essential for determin­
ing the seismic velocity structure in subduction zones, as weIl as for obtaining 
accurate locations of hypocenters. Also, the data have allowed detailed geographi­
cal mapping of seismic activity down to the microearthquakes size, and these 
seismicity patterns have been used for earthquake prediction and the identification 
of asperities on the fault plane. 

The next three papers attempt to evaluate the seismic potential of different 
subduction segments. ZUN-IGA et al. analyze the aftershock sequence of an Ms = 6.9 
earthquake in the Acapulco-San Marcos segment of the Mexican subduction zone 
and discuss the implications of their observations for the seismic potential of that 
area. PAPADIMITRIOU evaluates the validity of the time-predictable model for 
strong, shallow earthquakes along the western coast of South and Central America, 
and then estimates the seismic potential of particular segments within the time 
window of 1992-2002. COMTE and SUAREZ analyze the complex spatio-temporal 
behavior of seismicity of two weIl recognized seismic gaps in southern Peru and 
northern Chile in an attempt to infer their current seismic potential. Even if 
observed complexities and the available database of only '" 30 years do not allow 
for a firm estimate of the seismic potential in these areas, this is the most 
comprehensive study of its kind of these zones and will be invaluable in future 
studies. 

The final two papers in this volume represent case studies. HOUSTON et al. 
analyze the anomalous (unusual focal mechanism, relatively high stress drop and 
short duration) and thus controversial M w = 7.7 earthquake that occurred on 
October 20, 1986 in the Kermadec segment, with the epicenter approximately 
200 km south of the intersection of the Louisville Ridge and the Tonga-Kermadec 
trench. To evaluate the tectonic significance of that earthquake the authors perform 
a comprehensive analysis of source parameters using surface- and body waves and 
relocated aftershocks. They conclude that this event represents an intraplate fault-
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ing within the downgoing plate, and appears to be assoeiated with segmentation of 
the subdueting plate produeed by forees related to the subduetion of the Louisville 
Ridge. 

To analyze fault plane heterogeneities in the northern Solomon Islands subdue­
tion segment and their association with rupture eharaeteristics in general and the 
existenee of earthquake doublets in partieular, Xv and SCHWARTZ study in detail 
two sets of doublets, from 1974 and 1975, and then reloeate 85 underthrusting 
events in the area. The authors find that few smaller magnitude events overlap 
asperity regions, and that the majority of small magnitude underthrusting earth­
quak es oeeupy a segment that has never experieneed a magnitude greater than 7.0 
earthquake in the historie times. 

It will be of great value to soeiety when seismologists and geophysieists are able 
to monitor and prediet the pattern of geophysieal phenomena assoeiated with 
subduetion; this issue presents a modest step towards this goal. 
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Slip Partitioning along Major Convergent Plate Boundaries 

GUANG YU,l STEVEN G. WESNOUSKY,l and GÖRAN EKSTRÖM2 

Abstract-Along plate boundaries characterized by oblique convergence, earthquake slip vectors 
are commonly rotated toward the normal of the trench with respect to predicted plate motion vectors. 
Consequently, relative plate motion along such convergent margins must be partitioned between 
displacements along the thrust plate interface and deformation within the foreare and back-are regions. 
The deformation behind the trench may take the form of strike-slip motion, back-are extension, or some 
combination of both. We observe from our analysis of the Harvard Moment Tensor Catalog that 
convergent ares characterized by back-are spreading, specifically the Marianas and New Hebrides, are 
charaeterized by a large degree of slip partitioning. However, the observed rates, directions, and location 
of back-are spreading are not sufficient to aceount for degree of partitioning observed along the 
respective ares, implying that the oblique component of subduction is also accommodated in part by 
shearing of the overriding plate. In the ease of the Sumatran are, where partitioning is accommodated 
by strike-slip faulting in the overriding plate, the degree of partitioning is similar to that observed along 
the Marianas, but the result is viewed with caution because it is based on apredicted plate motion veetor 
that is based on locally derived earthquake slip veetors. In the case of the Alaskan-Aleutian are, where 
back-are spreading is also absent, the degree of partitioning is less and rotation of slip vectors toward 
the trench normal appears to increase linearly as a function of the obliquity of eonvergence. If 
partitioning in the Alaskan-Aleutian are is accommodated by strike-slip faulting within the upper plate, 
the positive relationship between obliquity of convergence and the rotation of earthquake slip vectors to 
the trench normal may reflect that either (1) the ratio of the depth extent of strike-slip faults behind the 
trench Zs to the subduction thrust Zt increases westward along the are, (2) the dip of the subduction 
thrust increases westward along the are, or (3) the strength of the subduction thrust decreases westward 
along the are. 

Key words: Slip partitioning, strain partitioning, plate tectonics, convergent plate boundaries. 

Introduction 

It has been observed that the azimuths of slip vectors for shallow plate 
boundary thrust earthquakes commonly do not accurately refl.ect the predicted 
global plate motion vectors (FITCH, 1972; BECK, 1983, 1989, 1991; JARRARD, 1986; 
EKSTRÖM and ENGDAHL, 1989; DEMETS et al., 1990; MCCAFFREY, 1990, 1991, 
1992). Rather, slip vectors for thrust earthquakes are generally rotated toward the 

I Center for Neotectonic Studies, University of Nevada, Reno, NV 89557, U.S.A. 
2 Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, U.S.A. 
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normal of the trench with respect to predicted plate motion vectors (JARRARD, 
1986; EKSTRÖM and ENGDAHL, 1989; BECK, 1989, 1991; DEMETS et al., 1990; 
MCCAFFREY, 1991, 1992; JONES and WESNOUSKY, 1992). Assuming that relative 
plate motion models are correct, a consequence of this observation is that relative 
plate motion must be partitioned between displacement along the thrust plate 
interface and deformation in the foreare or back-are region. We refer to this 
phenomenon as slip partitioning. More specifically, we define the slip partitioning 
angle I/! as the angle between the azimuth of the earthquake slip vector and the 
trench normal, and the obliquity () as the angle between the plate motion direction 
and the trench normal (Figure 1). Hence, when slip vectors are rotated to the trench 
normal away from the predicted plate motion (I/! = 0), slip partitioning is consid­
ered complete. Conversely, when earthquake slip vectors are parallel to the pre­
die ted plate motion (I/! = ()), there is no partitioning of plate motion. In this paper, 
we provide a summary of the degree of slip partitioning observed along the major 
convergent plate boundaries of the world (Figure 2). 

Method and Data 

The principal data base for this study is the Harvard Moment Tensor Catalog 
for the period 1977 to 1990 (for a complete list of references to this Catalog, 

(a) (c) 

~ 

Figure I 
Diagram iIIustrates the common reiationship between predicted plate motion vectors (PMV), the 
azimuth of shallow thrust earthquake slip vectors (ESV), and orientation of subduction zone, as defined 
by a trench normal vector (TNV). The li ne with solid triangles represents a segment of trench, the angle 
() defines the obliquity of plate convergence and rjJ is the slip partitioning angle between the azimuth of 
earthquake slip vector (ESV) and the trench normal (TNV). The observed rotation of earthquake slip 
vectors (ESV) toward the trench normal (TNV) with respect to the predicted plate motion vector (PMV) 
may be accounted for by (a) back-are spreading parallel to the trench normal vector (vector NSV), (b) 
back-are spreading at an oblique angle rx with respect to the trench normal (vector OSV), or (c) 

strike-slip fauiting behind the trench (vector SSV). 
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Figure 2 
Mercator projection of major plate boundaries. Subduction zones considered in this study are labeled 

and marked by solid triangles. 

see DZIEWONSKI et al., 1991). The Catalog provides earthquake focal mechanisms 
for most earthquakes of M w ~ 5.0. Along each convergent plate boundary, shallow 
earthquakes (0-40 km) showing thrust focal mechanisms are selected. Toward 
determining an estimate of slip partitioning, we compare the azimuth of the 
earthquake slip vector to the azimuth of the predicted plate motion vector at the 
same site. The azimuth of the slip vector for each event is obtained by rotating the 
slip vector about the strike of focal plane into the horizontal. The relative plate 
motion directions are calculated from the global motion model NUVEL-l proposed 
by DEMETS et al. (1990), and from SENO et al. (1987) for Izu-Bonin and Mariana 
trenches. The trench normal is inferred from digital bathymetric maps with a 5 
minute by 5 minute resolution for each island arc by taking the normal to a curve 
interpolated between points of maximum depth along each trench at a spatial 
interval of 15 minutes of latitude or longitude, respectively, depending on the 
orientation of the trench. 

The map view of slip vectors with respect to the predicted relative plate motion 
vectors along the Aleutian trench in Figure 3a serves to further illustrate the data 
analysis. The variation of the trench normal vector, the predicted plate motion 
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veetor, and the azimuth of individual earthquake slip veetors are plotted in Figure 
3b as a funetion of longitude along the treneh. Both Figures 3a and 3b show that 
slip veetors are generally rotated away from the predieted plate motion direetion 
and fall between the plate motion direetion and treneh normal. The relationship of 
the slip partitioning angle If; for eaeh event and the angle of the obliquity of 
subduetion e is further shown in Figure 3e. Solid circles in both Figures 3b and 3e 
represent the events with moment Mo greater than 1.5 x 1024 dyne-em, dip angle 
less than 40° and strike within ± 20° of the strike of the treneh. Open eircles are the 
events along the treneh whieh do not satisfy these eriteria. The events marked by 
open circles show greater seatter as a funetion of e. The events of lesser seismie 
moment are generally more likely to be affeeted by loeal proeesses rather than 
refleet plate motion, as eompared to events of greater seismie moment. Similarly, 
events with steep dip angle ( > 40°) and strike mueh different ( ± 20°) from the strike 
of the treneh are less likely to refleet the general eharaeteristies of plate motion at 
subduetion zones. Souree parameters of the sm aller events are assoeiated with 
larger uneertainties beeause of the low signal to noise ratio in the seismograms. For 
these reasons we infer that it is the events whieh satisfy the above three eriteria that 
are likely to refleet best any systematie relationship between the slip partitioning 
angle If; and obliquity e of subduetion. It is with these same eriteria that we 
eonstrueted the same sequenee of plots for the South Ameriean (Figure 4), Central 
Ameriean (Figure 5), Kurile and Japan (Figure 6), Sumatran (Figure 7), Tonga and 
Kermadee (Figure 8), Izu-Bonin and Marianas (Figure 9), and New Hebrides 
(Figure 10) island ares. Thus, the data in Figures 3 to 10 serve as the observational 
data base for this study. 

Observations 

Ares without Back-are spreading 

Among the subduetion zones eonsidered, the Alaskan-Aleutian, South Ameri­
ean, Central Ameriean, Kurile, Japan and Sumatran do not show evidenee of 
baek-are spreading. The obliquity of subduetion e along the Alaskan-Aleutian are 
ranges from about 0° to 80° (Figure 3). Values of slip partitioning angle If; appear 
to systematieally inerease as a funetion of obliquity angle e and define a slope of 
less than 1 (Figure 3e). 

Along South Ameriea (Figure 4), values of obliquity range to only 40° and 
values of slip partitioning angle tend to fall below the li ne If; = e. There also appears 
to be a tendeney for slip partitioning angle If; to inerease as a funetion of obliquity 
e, but beeause the azimuth of the NUVEL-l plate motion veetor for this plate 
boundary is largely eonstrained from loeally derived earthquake slip veetors and the 
seatter in data is large, the result in equivoeal (Figure 4e). 
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Figure 3 
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(a) Map view of earthquake slip vectors (solid arrows), which are obtained by rotating the slip vectors 
about the strike of focal plane into the horizontal plane, for shallow thrust earthquakes (0-40 km) along 
the Aleutians. Large open arrows indicate the directions of predicted relative plate motion calculated 
from NUVEL-I model. (b) A plot of the azimuths of earthquake slip vectors, plate motion vector and 
the trench normal vector versus longitude along Aleutians. Solid line marks the azimuth of the trench 
normal. Predicted plate motion directions and the uncertainties are represented by dot-dashed li ne 
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South America 
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Figure 4(a) 

and dashed lines, respectively. Slip vector azimuths are marked by solid circles for events with 
Mo ~ 1.5 X 1024, dip angle less than 40", and for wh ich the difference between the strike of focal plane 
and the strike of trench is less than ±20". Open circles are events along the trench which do not satisfy 
the three criteria. Obliquity {} is defined as the angle between the trench normal and predicted plate 
motion vectors. The partitioning angle ljJ is defined by the angle between the azimuth of the slip vector 
and the trench normal. (c) A plot of ljJ versus e for Aleutians. The line ljJ = e (slope of I) is also plotted 

for reference. 
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Figure 5 
Observations for Central America. See Figure 3 caption for explanation. 
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The Central Ameriean (Figure 5) and Japan and Kurile (Figure 6) subduetion 
zones show a seatter in observed slip azimuths ljJ which is on the same order as the 
observed range of obliquity e ( < 30°). Hence, the observations are of limited utility 
in attempting to infer any relationship of ljJ to e. 

There are relatively few slip azimuths available in the Harvard Catalog along 
Sumatra (Figure 7) and there also exist large uncertainties in the relative plate 
motion. The NUVEL-I model predicts that the azimuth of convergence is about 
25° along the Sumatran are and reflects motion between the Australian and 
Eurasian plates. However, the NUVEL-I model does not account for internal 

Japan 
~~------~r-~----~-------r~~--~--~55N 
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40N 
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Figure 6(a) 
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Kurile and Japan 
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Figure 6 
Observations for Kurile and Japan. See Figure 3 caption for explanation. 
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deformation within Southeast Asia which is now weIl recognized (MCCAFFREY, 

1991); hence, the predicte~ motions likely do not reflect the actual relative motion 
across the Sumatran arc. MCCAFFREY (1992) argued that such internal deforma­
tion is absent to the east of Sumatra and, on that basis, asserted that focal 
mechanisms east of Sumatra were representative of the plate motion direction of 
N3°E across the arc. However, because earthquake slip vectors are generally 
unreliable indicators of relative plate motion (e.g., DEMETS et al., 1990), and plate 
motion directions inferred from earthquake slip directions do not provide an 
independent measure of plate motion on which to base determinations of the degree 

Sumatra 
~--------~----~~--------~----,----------------,5N 

o 

95E 100E 105E 

Figure 7(a) 
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Figure 7 
Observations for Sumatra. See Figure 3 caption for explanation. The additional three lines on the 
bottom of figure represents McCaffrey's prediction of relative plate motion and the uncertainty for 
Sumatra (MCCAFFREY, 1991). Solid circ1es and open circ1es in Figure 3b correspond to slip partitioning 
angles obtained by using NUVEL·I plate motion model and McCaffrey's plate motion prediction, 

respectively. 
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of partitioning, any estimate of the degree of partitioning along the Sumatran are 
must be viewed with uneertainty and eaution. For referenee, the predieted motions 
of NUVEL-l and MCCAFFREY (1991) are shown in Figures 7b and 7e. Given that 
the plate motion direetion is nearly due north as asserted by MCCAFFREY (1991), 
values of ljJ fall well below the li ne defined by ljJ = e and do not appear to inerease 
as a funetion of e as observed for the Aleutians and possibly South America. 

Ares with Back-are Spreading 

Eaeh of the Tonga and Kermadee (Figure 8), the Mariana and Izu-Bonin 
(Figure 9), and New Hebrides Island ares (Figure 10) are eharaeterized by varying 
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Observations for Tonga and Kermadec. See Figure 3 caption for explanation. 
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amounts of back-are spreading (JARRARD, 1986). Along the Tonga and Kermadee 
ares, little insight is to be gained regarding any relation between '" and () beeause 
of the large seatter in observed slip azimuths '" and the sm all range in obliquity () 
observed along the ares (Figure 8e). 

The range in obliquity values along the Marianas and Izu-Bonin ares is mueh 
larger, ranging between about 15° and 70° (Figure 9); and the few slip azimuths of 
earthquakes clearly rotate to the treneh normal, indieating a large degree of 
partitioning. Similar to Sumatra, earthquake slip veetors along the Izu-Bonin were 
used by SENO (1987) to determine the relative motion of the Philippine Sea plate 
and, henee, determination of the degree of partitioning might be questioned along 
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Observations for Mariana and Izu-Bonin ares. See Figure 3 eaption for explanation. Plate motion 
veetors from SENO et al. (1987). 
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the Izu-Bonin and Marianas ares. However, beeause earthquake slip veetors are 
rota ted virtually to the treneh normal veetor along the Marianas are, whieh is 
eharaeterized by a 50° range of obliquity values (Figure 9), the result that slip 
partitioning is large along the Marianas should not be affeeted by uneertainties in 
the plate motion veetor used in the analysis. 

The slip azimuths of earthquakes along the New Hebrides also dearly trend 
parallel to the treneh normal over a large range of obliquity values (Figure IOa), 
indieating that partitioning along the New Hebrides is virtually eomplete, although 
the apparent systematie rotation of slip azimuths past the treneh normal is 

New Hebrides 
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Figure IO( a) 
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enigmatie (Figures 10a and lOb). Portions of the New Hebrides eharaeterized by 
values of obliquity e greater than 30° are limited to the portion of are south of 
latitude 22°S where there exists extreme eurvature of the are (Figures 10a and lOb). 
Perhaps the apparent systematie rotation of earthquake slip veetors past the treneh 
normal direetions is a result of the extreme eontortion of the subdueting plate whieh 
must aeeompany the severe be nd in the treneh. Nonetheless, it is clear that 
partitioning tends toward eompleteness along the New Hebrides. 

Discussion 

Synopsis 

A synopsis of the relationship of '" to e between the various ares is provided in 
Figure 11, a plot of '" versus e for all earthquakes along eaeh are. Open and solid 
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without back-are spreading, respectively. Data points for Sumatra calculated using plate motion model 

of MCCAFFREY (1992). 
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symbols in the figure eorrespond to earthquakes in those ares whieh do and do not 
show evidenee of back-are spreading, repeetively. Sumatra is absent of back-are 
spreading but, beeause of the uneertainty attendant to determining the plate motion 
direetion for the are, the data points are shaded. The line t/J = 0 eorresponds to total 
partitioning (slip veetor perpendieular to the treneh), and the line t/J = () indieates no 
partitioning (slip veetor parallel to the plate motion direetion). AIthough there exists 
eonsiderable seatter in the observed azimuths of earthquake slip veetors along eaeh 
are examined, the data presented in Figure 11 provide a basis to suggest that 
first-order differenees in the degree of partitioning do exist between various ares. Slip 
partitioning appears to be eonsistently large along the Marianas and New Hebrides 
ares, eaeh of whieh show back-are extension. A similar degree of partitioning may 
eharaeterize Sumatra where strike-slip fauIting oeeurs in the overriding plate, but 
again the result should be viewed with some eaution beeause earthquake slip veetors 
along the are have also been the basis to determine the relative plate motion veetor 
used in defining the degree ofpartitioning. The least amount ofpartitioning observed 
is for the Alaskan-Aleutian are, where it is additionally seen that the slip partitioning 
angle t/J along the Alaskan-Aleutian are appears to systematieally inerease as a 
funetion of the obliquity of eonvergenee. Within the seatter of the data, a similar 
inerease in t/J as a funetion of () is not indieated for the New Hebrides, Marianas or 
Sumatran ares. The seatter in slip veetors, eoupled with the small range of obliquity 
values, generally precIudes the ability to make eomparisons to the other ares. 

Subduction Zones with Back-are Spreading 

In the ease of those subduetion zones eharaeterized by back-are spreading, the 
question arises whether or not the amount and direetion of back-are spreading are 
suffieient to entirely aeeount for the rotation of earthquake slip veetors toward the 
treneh normal. Figure la represents the ease where back-are spreading is oriented 
perpendieular to the treneh. The relative plate motion veetor VPMV is aeeounted for 
by the sum of the back-are spreading veetor V NSV and the earthquake slip veetor 
V/iSV , which requires the earthquake slip vector to rotate away from the plate 
motion vector VPMV and toward the trench normal vector V TNV' The amount of 
back-are spreading needed to provide for slip partitioning is then written as 

VPMV sin((} - t/J) 
VNSV = .. /, ,t/J #0 

sm 'I' 
(1) 

or, when back-are spreading is oriented at an oblique angle a with respect to the 
trench normal vector (Figure I b), the amount of back-are spreading needed to 
allow for slip partitioning is 

VPMV sin((} - t/J) 
Vosv = sin(t/J + a) , t/J f= -0:. 

(2) 
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For the oblique spreading ease, and within the range of (J and tjJ values observed, 
a relatively smaller value of back-are spreading is needed to produee a given 
rotation of the earthquake slip veetors, as eompared to spreading parallel to the 
treneh normal veetor (Figure la). The two models in Figures la and Ib, although 
eertainly not representing the true eomplexity of the partitioning proeess, provide a 
first-order framework to examine whether or not observed back-are spreading rates 
are suffieient to aeeount for observed values of partitioning. 

For example, HUSSONG and UYEDA (1982) plaee the rate and direetion of 
spreading at 4.3 emjyr and 60°, respeetively, at latitude 18°N along the Marianas 
are. SENO et al. (1987) plaees the rate and direetion of eonvergenee aeross the 
subduction zone at 4.5 emjyr and 310°, respeetively. Our best estimate of the 
azimuths of the treneh normal and earthquake slip veetor at the same latitude are 
266° and 271 0, respeetively. Within the framework of Figure 1 b, we ean then define 
tjJ, (J, and IY. to equal 5°, 44°, and 26°, respeetively. In turn, we ean use equation (2) 
to determine the amount of oblique spreading needed to aeeount for the observed 
rotation of earthquake slip veetors to the trench normal to equal 5.5 emjyr. The 
5.5 emjyr rate is greater than the 4.3 emjyr rate observed by HUSSONG and UYEDA 
(1982), implying that observed rates of spreading are not suffieient to fully provide 
for the degree of slip partitioning implied by the rotation of earthquake slip veetors 
along the are. 

Behind the New Hebrides, seafloor magnetie lineations mark a well-defined 
spreading center whieh strikes north between 18°S and 21 oS latitude and is interpreted 
to have a spreading rate between 6.8 emjyr and 8.2 emjyr (AUZENDE et al., 1988; 
CHASE, 1971; MAlL LET et al., 1989; MALAHOFF et al., 1982). However, the largest 
values of slip partitioning are observed to the south of 21 oS where back-are spreading 
is not reeognized immediately behind the are. Although the New Hebrides are is 
eharaeterized by back-are spreading, the extreme rotation of earthquake slip veetors 
toward the treneh normal a10ng the southern end of the are eannot direet1y be 
attributed to the oeeurrenee of back-are spreading. Indeed, it has previously been 
pointed out, on the basis of distributed seismieity and foea1 meehanisms, that the 
region behind the southern New Hebrides are is eharaeterized by a diffuse zone of 
left-1atera1 shear on east to northeast striking planes (HAMBURGER et al., 1988; 
LOUAT and PELLETIER, 1989), whieh is in the eorreet sense to aeeommodate the 
oblique eomponent of eonvergenee aeross this sec ti on of the subduetion zone. It 
appears that it is shearing behind the treneh and not back-are spreading whieh is 
aeeommodating the large degree of partitioning observed along the southern portion 
of the New Hebrides (LOUAT and PELLETIER, 1989). 

Subduction Zones without Back-are Spreading 

For the ca se where the oblique eomponent of plate motionisnot aeeommo­
dated by some form of extension behind the treneh, the oblique eomponent of 
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motion not accommodated by slip along the thrust interface must be accommo­
dated by strike-slip motion behind the trench (Figure Ic). The amount of the 
strike-slip motion needed to accommodate the slip partitioning can be expressed 
(JONES and WESNOUSKY, 1992) as 

V _ VPMV sin(e -1jJ) 
ssv - cos ljJ . (3) 

Implicit to equation (1), as weIl as equations (2) and (3), is that the forearc behaves 
as a rigid sliver. The actual mechanism for partitioning is likely more complicated 
than these idealized models of Figure 1. F or example, GEIST and SCHOLL (1992) 
have recently modeled the deformation of the Aleutian arc as occurring diffusely 
across the arc using a thin viscous sheet model. The lack of c1early identified major 
strike-slip faults behind several subduction zones which exhibit slip partitioning 
suggests that this may be an appropriate description of the deformation. In these 
cases we interpret the inferred strike-slip motions as representing the along-arc 
shear strain integrated across the arc and back-arc. Additionally, it is c1ear for the 
case of strike-slip faulting behind the trench that changes in either e or ljJ (equation 
(3» along strike of a trench will result in a stretching or contraction of the forearc 
(EKSTRÖM and ENGDAHL, 1989; MCCAFFREY, 1991, 1992). In the case of the 
southern New Hebrides, relative plate motion is about 8 cm/yr, obliquity e of 
convergence ranges between about 35° to 60°, and slip azimuths ljJ are about 0° 
between latitude 22°S and 23°S. Input of these values into equation (3) then implies 
that about 5 to 7 cm/yr of strike-slip motion behind the trench is needed to 
accommodate the oblique component ofplate motion. 

The mechanism of partitioning of oblique convergence between strike-slip 
faulting behind the trench and thrusting along the plate interface was initially 
recognized and explored by FITCH (1972). More recently, BECK (1989, 1991) and 
JONES and WESNOUSKY (1992) assumed that the relative amount and direction of 
slip on a paired oblique thrust and strike-slip system (Figure lc) would be that 
which yields the minimum work per unit of convergence. The result of these efforts 
was to define a relationship between slip partitioning and the convergence parame­
ters of obliquity, the dip angle of subduction, and the ratio of resistance to slip on 
the strike-slip fault to resistance of slip on the subduction surface. MCCAFFREY 
(1992) has argued that paired systems of strike-slip and thrust faults along 
subduction zones do not extend to the same depth and used force-balance con­
straints to modify the approach of BECK (1989, 1991) and JONES and WESNOUSKY 
( 1992). 

MCCAFFREY (1992) inferred that the shear force that drives the slip on the 
strike-slip fault Fs is derived from the horizontal component of shear force on the 
thrust fault F,. Thus, for small va lues of obliquity, the shear force on the strike-slip 
fault Fs is not large enough to cause it to slip, and slip will occur on the thrust fault 
parallel to the plate convergence vectors so that the slip partitioning angle equals 
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obliquity angle (r/J = e, no partitioning), Larger values of obliquity e will result in 
a larger horizontal component of shear force Fx , so shear force Fs on the strike-slip 
fault also increases, At a critical obliquity angle, Fx equals Fs and the strike-slip 
fauIt becomes active, MCCAFFREY defines this critical value of the obliquity angle 
as r/Jmax, and obtained the following relationship 

. Zs 's sin d 
Rf = SIn r/J max = --=-~--

. Z", 
( 4) 

when assuming that the shear forces acting on the coupled fault system are in 
equilibrium, where Rf is the ratio of the shear forces resisting motion on the two 
faults, Zs and Z, are the depths to the base of the strike-slip fault and the thrust 
fault respectively, 's and " are average shear stresses on the strike-slip fault and the 
thrust fault respectively, and d is the dip angle of the thrust fault. MCCAFFREY 

argues that r/J cannot increase further than r/Jmax even as the obliquity e continues to 
increase. Thus, the slip partitioning angle r/J will equal obliquity angle e (slope of 1) 
until reaching a critical value of e = r/Jmax, and will then remain at angle r/Jmax for 
values of obliquity e > r/J max (Figure 12). F or the purpose of the following discus­
sion, we will limit attention to the formulation of MCCAFFREY (1992) and simply 
note the same inferences are yielded by the formulations of RECK (1989,1991) and 
IONES and WESNOUSKY (1992). 

For those boundaries lacking back-arc spreading, it is only along the Aleutians 
that there exists a wide variation in the value of obliquity e along strike. MCCAF­

FREY (1992) earlier used the Aleutian data set (Figure 3c) to support the behavior 
implied by equation (4) and illustrated in Figure 12. Indeed, when inc1uding all the 
events in Figure 3c (both solid and open symbols), it is permissible to describe the 
relationship between r/J and e in the form of Figure 12. However, when limiting 

'V max ------------"L":--------

'Vmax e 
Figure 12 

A schematic plot of slip partitioning angle t/I versus obliquity of convergence 8 which is expected for 
simple model of slip partitioning described by equation (4): t/I = 8 at small obliquity and t/I remains 

constant when obliquity 8 reaches a critical angle t/lmax' 
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attention to the events (solid symbols in Figure 3c) with strike parallel (±200) to 
the trench, dips < 40°, and larger seismic moments (> 1.5 x 1024 dyne-cm), it 
appears more convincing that the relationship between t/J and () is linear and of 
slope less than 1. The observations do not require that the model predictions 
(equation (4) and Figure 12) are incorrect but, rather, may imply that either ( 1) the 
ratio of shear strengths TJro (2) the ratio of the depth of the strike-slip to thrust 
fault Zs / Zo (3) the dip of the thrust fault, or (4) material properties vary 
systematically in a manner to increase the value of t/Jmax along strike, of which each 
idea is briefly considered below. 

In aseparate study of slip partitioning using well-defined focal mechanisms of 
historical earthquakes along the San Andreas system, JONES and WESNOUSKY 
(1992) showed that the ratio of Ts over T t is a decreasing function of the obliquity 
() of convergence, which is exactly the opposite in sense required to explain the 
linear increase in t/J observed for the Alaskan-Aleutian arc (Figure 3c). Hence, 
within the context of equation (4), it seems unreasonable to attribute the observed 
increase in t/J to be the direct result of increasing obliquity () as one progresses from 
east to west along the Alaskan-Aleutian arc. In contrast, cross sections and 
estimates of the dip of the Benioff zone (measured in the depth range between 0 and 
60 km depth) as reported by JARRARD (1986) suggest an increase in dip from about 
7 to 25 degrees from Alaska to the Central Aleutians, which is in the correct sense 
to explain the increase in t/J from east to west along the arc. Similarly, one might 
expect that the down-dip width of the thrust interface subject to brittle behavior 
decreases as obliquity of convergence increases because the down-dip component of 
convergence and, hence, the downward deflection of geotherms would correspond­
ingly decrease (e.g., McKENZIE, 1970). Such an effect might result in increasing the 
ratio of Zs/Zt and, hence, t/J as obliquity increases westward along the Aleutians, 
but we are not aware of any firm da ta verifying such an idea in the Aleutians. 

It has also been suggested that seismic coupling along the Alaskan-Aleutian 
thrust interface decreases westward along the arc as a function of decreasing 
sediment supply to the trench westward from the Gulf of Alaska (RUFF and 
KANAMORI, 1983). The speculative suggestion mayaiso work toward explaining 
the observed increase in t/J westward along the Alaskan-Aleutian arc as resulting 
from a systematic variation in material properties, given that seismic coupling is 
directly proportional to the shear strength T t of the thrust as described by equation 
( 4). 

Conclusion 

The crux of our observations is summarized in Figure 11. To first order, we 
observe that the Marianas and New Hebrides arcs, each of which are characterized 
by back-arc spreading, tend to show the greatest degree of partitioning. However, 
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the rates, direetions and loeation of back-are spreading are not suffieient to aeeount 
for the observed rotation of earthquake slip veetors along the ares, whieh implies 
that some portion of the oblique eomponent of subduction is also aeeommodated 
by shearing within the overriding plate. Among those ares laeking back-are 
spreading, it is only along the Alaskan-Aleutian and Sumatran ares where there 
exists a large variation along strike in the obliquity of predieted plate motion. The 
degree of partitioning along Sumatra approaehes that observed along the Marianas, 
but is viewed with eaution beeause the result is based on a relative plate motion 
veetor also determined from earthquake slip veetors along the are. In the ca se of the 
Alaskan-Aleutian are, the degree of partitioning is relatively less and rotation of slip 
veetors toward the treneh normal appears to inerease as a funetion of the obliquity 
of eonvergenee. Assuming that partitioning in the Alaskan-Aleutian are is aeeom­
modated by strike-slip faulting within the upper plate, it is suggested that the 
positive relationship between obliquity of eonvergenee and the rotation of earth­
quake slip veetors to the treneh normal may refleet either (1) an inerease in the ratio 
Z, /Z, of the depth of the strike-slip to thrust fault westward along the are, (2) an 
inerease in the dip of the subduetion thrust westward along the are, or (3) a 
deerease in the strength of the subduetion thrust westward along the are. 
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Quantitative Estimates of Interplate Coupling Inferred from 
Outer Rise Earthquakes 

XINPING LIU' and KAREN C. McNALLY' 

Abstract - Interplate coupling plays an important role in the seismogenesis of great interplate 
earthquakes at subduction zones. The spatial and temporal variations of such coupling control the 
patterns of subduction zone seismicity. We calculate stresses in the outer rise based on a model of 
oceanic plate bending and coupling at the interplate contact, to quantitatively estimate the degree of 
interplate coupling for the Tonga, New Hebrides, Kurile, Kamchatka, and Marianas subduction zones. 
Depths and focal mechanisms of outer rise earthquakes are used to constrain the stress models. We 
perform waveform modeling of body waves from the GDSN network to obtain reliable focal depth 
estimates for 24 outer rise earthquakes. A propagator matrix techllique is used to calculate outer rise 
stresses in a bending 2-D e1astic plate floating on a weak mantle. The modeling of normal and tangential 
loads simulates the total vertical and shear forces acting on the subducting plate. We estimate the 
interplate coupling by searching for an optimal tangential load at the plate interface that causes the 
corresponding stress regime within the plate to best fit the earthquake mechanisms in depth and location. 

We find the estimated mean tangentialloadL over 125-200 km width ranging between 166 and 671 
bars for Tonga, the New Hebrides, the Kuriles, and Kamchatka. This magnitude of the coupling stress 
is gene rally compatible with the predicted shear stress at the plate contact from thermal-mechanical plate 
models by MOLNAR and ENGLAND (1990), and VAN DEN BUEKEL and WORTEL (1988). The estimated 
tectonic coupling, F", is on the order of 1012-10 13 N/m for all the subduction zones. Frc for Tonga and 
New Hebrides is about twice as high as in the Kurile and Kamchatka ares. The corresponding 
earthquake coupling force Fec appears to be 1-10% of the tectonic coupling from our estimates. There 
seems to be no definitive correlation of the degree of seismic coupling with the estimated tectonic 
coupling. We find that outcr risc earthquakes in the Marianas can be modeled using zero tangential load. 

Key words: Interplate coupling, outer rise earthquakes, stress modeling, subduction zones. 

Introduction 

Two approaches are often adopted for plate tectonic studies. One is to study 
earthquakes occurring at the plate boundaries, which hel ps us to identify the shape 
and extent of a plate, to detect the degree of plate interaction, and to acquire 
information about the state of stress at the plate boundaries. Another approach is 
to construct mechanical models for plate motion, stresses, and evolution. Surface 

1 C. F. Richter Seismological Laboratory and Institute of Tectonics, University of California, Santa 
Cruz, Santa Cruz, CA 95064, U.s.A. 



212 Xinping Liu and Karen C. McNally PAGEOPH, 

plate motion data sometimes are used to constrain the models, along with gravity 
and bathymetric data, and, occasionally, some earthquake and heat flow data as 
weil. Results from the former approach often give only qualitative assessments of 
the parameters controlling the subduction dynamics, whereas quantitative results 
from' the latter approach generally suffer from large uncertainties due to the need 
for many assumptions. Here, we combine the two approaches, using the informa­
tion of earthquake depths and mechanisms to constrain the stress distribution in the 
plate, and attempt to obtain quantitative estimates of the parameters controlling the 
plate dynamics. In particular, we are interested in outer rise earthquakes and their 
relationship to subduction dynamics. 

An important aspect of subduction zone dynamics is the degree of interplate 
coupling, which is related to the shear stress and coupling width at the interplate 
contact between the downgoing and overriding plates. Estimation of the shear 
stresses at the interplate contact is difficult, but the stress drops due to great 
underthrusting earthquakes can be estimated from seismological studies. RUFF and 
KANAMORI (1980, 1983) used the maximum moment magnitude of the characteris­
tic underthrusting earthquakes in different regions to cIassify seismic coupling at 
subduction zones. They concIuded that younger plates with faster convergence rates 
tend to have stronger seismic coupling. The Southern Chile subduction zone 
represents the end-member with strong seismic coupling. The Marianas, an old 
plate with a slower convergence rate, is an example of the other extreme, a weakly 
coupled subduction zone. Such general characterizations of seismic coupling are 
useful, but do not provide quantitative information about the degree of interplate 
coupling. 

Outer rise earthquakes are oceanic intraplate events, occurring within the 
bending plate before it subducts into the trench. These earthquakes are rare 
compared with subduction zone interplate and intermediate depth intraplate seis­
micity. Approximately 20 outer rise earthquakes with magnitudes from 5 to 70ccur 
worldwide each year. The depths and focal mechanisms of outer rise earthquakes 
contain valuable information about the stress distribution with depth in the oceanic 
lithosphere near the trench. This distribution is related to the mechanical coupling 
at the interplate contact. 

In general, the observation that tensional outer rise events tend to be shallower, 
while compressional outer rise events tend to be deeper, supports the association of 
these earthquakes with bending of the subducting plate (STAUDER, 1968a,b, 1973). 
However, variations in the degree of interplate coupling may modulate the stress in 
the outer rise from one subduction zone to another. Furthermore, temporal 
variations in interplate coupling related to great underthrusting earthquakes may 
superimpose time-dependent changes in the outer rise seismicity (WARD, 1983, 
1984; CHRISTENSEN and RUFF, 1983, 1988; DMOWSKA et al., 1988; LAY et al. , 
1989). Spatial and temporal changes in stress inferred from outer rise earthquakes 
may thus provide constraints on the interplate coupling at subduction zones. The 
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stress in the outer rise has been simulated to und erstand the mechanical behavior of 
the bending plate (CALDWELL et al., 1976; CHEN and FORSYTH, 1978; TURCOTTE 
and McADOO, 1978; CHAPPLE and FORSYTH, 1979; FORSYTH, 1982; TURCOTTE 
and SCHUBERT, 1982; WARD, 1984). A variety of plate models and rheologies have 
been used to match the observed bathymetric and gravity profiles near the ocean 
trenches, and they yield quite different stresses in the plate .. It is evident that the 
problem of estimating the stresses in the oceanic lithosphere is highly underdeter­
mined. Studying outer rise earthquakes can possibly better constrain such plate 
models and the stresses in the plate. 

In this paper, we calculate stresses in the outer rise using a 2-D elastic bending 
plate model for the Tonga, New Hebrides, Kurile, Kamchatka, and Marianas 
subduction zones. We apply a tangential load at the interplate contact to simulate 
interplate coupling at each subduction zone; this load is constrained by the depths 
and focal mechanisms of the outer rise earthquakes. Our model estimates the degree 
of interplate coupling, represented by the tectonic coupling force Ftco for each of the 
selected subduction zones. These estimates of F ,e provide useful information for 
understanding the environment of the large underthrusting earthquakes. 

Earthquake Data and Focal Depth Determination 

We select 24 outer rise earthquakes (listed in Table la) in the Tonga, New 
Hebrides, Kurile, Kamchatka, and Marianas trenches shown in Figure 1. The 
earthquakes were recorded by the Global Digital Seismographic Network (GDSN) 
between January, 1980 and August, 1986, with mb ~ 5.0 We perform the stress 
modeling for these trenches because relatively numerous outer rise earthquakes 
occurred in each region with both tensional and compressional faulting mechanisms 
(except for the Marianas). Only an upper limit of the estimated tectonic coupling 
force can be obtained, based on the tensional events in the Marianas. We use the 
Harvard Centroid Moment Tensor (HCMT) focal mechanisms (DZIEWONSKI et al., 
and references therein, 1988) and PDE locations of earthquakes in the initial 
selection of outer rise events. 

We apply a teleseismic body-wave modeling technique (WARD, 1983) and the 
HCMT focal mechanisms to determine the depths of the outer rise earthquakes. 
The usefulness of outer rise earthquakes for this study depends on their depth 
precision. Routinely determined catalog depths are not sufficiently reliable for 
the purpose of inferring stress regimes at depth in the lithosphere. Further­
more, existing data compilations (Iocations, depths and focal mechanisms of outer 
rise earthquakes) from various workers are too heterogeneous for our work 
because of differences in the methodologies and data used to determine earth­
quake depths, which leads to a large scatter in the reported depths. Our objective 
here is to upgrade existing data to a higher level of relative precision and 
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Figure 1 
Locations of selected outer rise earthquakes (1980-1986) at the Tonga (T), New Hebrides (N.H.), 
Marianas (M), Kurile (Kur), and Kamchatka (Kam) subduction zones. Open circles represent tensional 

earthquakes, solid circles for compressional ones. 

homogeneity by refining depths of all the events using the same body-wave 
modeling methodology. 

In the depth determinations, vertical synthetic seismograms are constructed 
from the direct P, ocean bottom reflected pP, sP, and ocean surface reflected pwP, 
swP phases; trans verse synthetic seismograms are constructed from the direct SH 
and ocean bottom reflected sHSH phases. For each earthquake, there are at least 
five stations with good recordings of vertical and horizontal ground displacements. 
The Preliminary Reference Earth Model (PREM, DZIEWONSKI and ANDERSON, 

1981) with a 5 km average ocean depth is used in the waveform modeling. Since 
most of the selected outer rise earthquakes have magnitudes between 5.0 and 6.5, 
we assurne the source time functions to be trapezoids with one second rise time für 
all depth determinations. Focal depth and duration of the source time function 
trade off in their contributions to synthetic waveforms. The best depth is deter­
mined from the post fit residual X2 as we perform a two parameter search for the 
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depth and duration of the source time function simultaneously. The uncertainty 
range of an earthquake depth is chosen to be such that lower and upper limits of 
depths correspond to residuals 1.3 times the minimum residual. Figure 2 depicts an 
example of the fit of synthetics to data for the May 11, 1983 outer rise earthquake 
in the Tonga trench. Approximately the first minute of each teleseismic record is 
used to match the synthetics at each station. The residual is plotted in the upper 
right corner of Figure 2. In this example, the best depth is 35 km, measured from 
the surface of the plate. The duration of the source time function is 5 sec. We 
compare our refined depths for the selected outer rise earthquakes with the depths 
given by other studies documented by CHRISTENSEN and RUFF (1988) and find a 
maximum depth difference of 20 km. In Appendix 1 we show the fit of synthetic 
seismograms to observed seismograms for several outer rise earthquakes whose 
depths determined in this study are more than 10 km different from the values given 
by other studies. 

Methodology 

Calculation of Stresses 

To approximate conditions in the oceanic lithosphere, we employ a two-dimen­
sional, isotropic, layer over half-space, elastic earth model with constant gravity. 
More complicated models seem unnecessary since available earthquake data cannot 
completely constrain the parameters in complicated models. We use the static 
propagator to calculate displacements and stresses in a 2-D elastic bending plate 
floating on a "weak-fluid" half-space (WATTS et al. , 1980). Appendix 2 gives a 
detailed description of the formulation of the stress calculation. 

The explicit time dependent behavior of the stresses depends on the viscoelastic 
composition of the lithosphere and mantle. Because of the highly underdetermined 
nature of the problem, we consider only a simple stress approximation. The 
viscoelastic relaxation effect is approximated by considering response of a relaxed 
earth. For the forces applied at the subducting slab for durations longer than the 
mantle relaxation time, a relaxed rigidity is used. We allow only shear stresses to 
relax. The Lame constant ;. remains the same as the seismic Lame constant since it 
does not vary greatly in time (under the same confining pressure and other 
conditions, rock would not be significantly more compressed as time elapses). The 
modeling normal load, fAx) (normal stresses on top of the entire plate) represents 
a synthetic force in the direction normal to the si ab surface, which includes 
overburden pressure, slab puB component normal to the plate surface, and possibly 
induced mantle flow pressure. The modeling tangential load, fAx) (shear stresses 
over a maximum width of 200 km at the interplate contact) simulates the mechan­
ical coupling at the interplate contact and the effect of slab pull and the mantle 
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H=35 km 
5/.=5 scc 

o 1 , 3 4 (miA) 
I' , , , , 1 ' , '1' ' 1 ' 'I' , , 1 ' , , , , I 
0.38221:+04 . ~lA01}~T 

0.6066(+04 

0.1l4SE:+04 

AI-264.5 
Aa- 1.2 
,-0.1542 

NWAO (PT 
A- 61:'7 
Al-243. I 
Aa- 2.7 
,-0.2050 

UAJO LPZ 
11--"3.8 
Al-32 1.3 
Aa- 1.2 
<:-0.1413 

~,~ 
AI- 42.2 
Aa- 1.2 
,~0.2100 

~~7':?Z 
Al-I 10.9 
AO- 0.11 
,"'0.0429 

ZDBO LP.T 
/I- 97.1 
Al-I 10.9 
Ao- 1.9 
,50.0607 

RSON LPZ 
A-100.3 
Al- 39.2 
Ao- 0.6 
c .. 0.0221 

1'0 ! O. 
. .' 

o. • •••• 
u 25 50 15 

O.plh (Km) 

" , , , , I' , 'I' ' I' )' , , 1 ' , , , , 1 
0.2427[+01 ~9.H 8~ttZ 

0.2909E+04 

0.2714[+04 

0.2080( ... 04 

A.- 32.8 
lIO- 1.9 
<:~O.OO/O 

~9.N 82~rT 
Al- 32.8 
AO- '.0 
c"0.05/9 

~~4~CZ 
Al- 40.2 
AG- 7.\ 
caO.OÖ9J 

~~lCT 
Al- 49.2 
Ao- LI 
c .. 0.0152 

~,I{Z 
Al- 42.2 
060" 1.1 
c-0.0159 

~~oo,:?T 
AI- 55.6 
1\0" 1.1 
,"'0.IJI7 

~'0~T 
Al- 47.6 
Ao- 0.6 
<:aO.0~44 

RSNY LPT 
A-111.1 
AI- 49.0 
AO- 0.6 
.. a 0.05 \ 9 

~O~T 
Al- 39.2 
AG- 0.0 
cao.O!lllJ 



Vol. 140, 1993 Interplate Coupling 

~ ~(x) 

~i 
(al) 

l~~.o 

~I 
~>=:J 

Figure 3 

(a2) 

(b) 
Pure Bending 

(c) 
Pure Bending w. 
Compressive Ix 

(d) 
Pure Bending w. 
Tensilelx 

219 

A cartoon of model for calculating stresses and estimating interplate coupling. x axis is horizontal, 
perpendicular to the trench, positive pointing to the ocean. z axis is positive downward. The stresses in 
response to normalload.l~(x) in (al) are calculated separately from the stresses resulting from tangential 
load.f~.(x) in (a2). The neutral surface (solid line) is in the central part ofthe plate in pure bending case, 
which satisfactorily explains the shallower tensional and deeper compressional outer rise events (b). With 
the occurrence of shallower compressional events (c), compressive f,(x) is applied at the plate contact to 
elevate the neutral surface to fit the data. Tensile f,(x) is needed to depress the neutral surface to fit the 

deeper tensional events (d). 

shear exerted from the down-dip side of the slab. The effect of coupled width on the 
later inferred tee tonic coupling will be e1aborated in the discussion section. The 
e1astic responses of a plate to the normal and tangential loads are added together 
to form the stresses in the bending plate (Figure 3(al) and 3(a2». 

E.vtimation of Tangential Force (F~) 

The bending plate at an ocean trench is under horizontal deviatoric tension in 
the upper part and under deviatoric compression in the lower part. For the cases of 
pure bending (no tangential load), the neutral surface (zero stress boundary 
separating the tensional upper plate from the compressionallower plate) is located 

Figure 2 
Body-wave synthetics (dashed curves) and the observed seismograms (solid curves) for the May 11, 1983 
outer rise earthquake in Tonga. On the right-hand side of each matching traces are printed the epicentral 
distance (M, Azimuth (Az), scaling factors (.1.a and cl. The residual vs. depth plot is shown in the upper 
right corner. For this earthquake, the refined depth is 35 km with 5 sec duration of the source time 

function. 
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at a depth of about half the plate thickness (Figure 3(b». However, the depth of the 
neutral surface can be changed up-dip (toward and including the outer rise) if a 
tangential load is applied, and therefore, shallower compressional or deeper ten­
sional outer rise earthquakes may be expected. We estimate the tangential load 
constrained by the best depths and the uncertainty ranges of our selected outer rise 
earthquakes at each subduction zone. A tangential load resisting plate subduction 
is required to explain shallower compressional earthquakes (Figure 3( c», whereas a 
tangential load assisting plate subduction is needed to explain deeper tensional 
earthquakes (Figure 3(d». 

It is difficult to estimate the exact distribution of interplate coupling along the 
slab dip direction. Seismic moment release of interplate earthquakes can provide a 
rough picture of the coupling distribution in depth. A more strongly coupled base 
would be expected if shear resistance on the interface increases monotonically with 
lithostatic pressure up to the brittle-ductile transition that defines the base of the 
coupling zone (DAS and SCHOLZ, 1983). Stronger coupling at the down-dip edge of 
the coupling zone is also suggested by the study of down-dip underthrusting 
earthquakes at some segments of subduction zones (CHOY and DEWEY, 1988; 
SCHWARTZ et al., 1989). We define the envelope of tangential load magnitude as 

O~X~W (1) 

where w is the width of coupling zone and Ix is the mean tangential load. This 
function describes the tangential load as reaching its maximum at about one-third 
of the coupling width measured from the down-dip edge, and decreasing to zero at 
the up-dip edge of the coupled zone. 

Because tensional and compressional outer rise earthquakes are not always weIl 
separated in depth, a statistical approach is used to es ti mate the optimal neutral surface 
depth, and its corresponding tangential load. We introduce a penalty function 

N 
'I' = L e ± IO(d, - h, )/a, (2) 

i~ I 

where h j is the depth of the ith earthquake, (Jj is its depth uncertainty, d j is the 
neutral surface depth right above or below (in depth) the ith event. The "+" sign 
is for compressional earthquakes and the "-" sign for tensional ones. The 
summation (2) is over the total number of earthquakes N at a given subduction 
zone. Thus 'I' is a measure of the goodness of fit of the neutral surface to all of the 
earthquakes for a given tangential load. The best fit of the neutral surface to the 
earthquake data corresponds to the minimum penalty function. Further, the 
optimal tangential load is associated with the best neutral surface depth. The 
selection of an exponential form in (2) is due to its faster increase in penalty value 
when the neutral surface depth violates the earthquake depths. Therefore, the 
search for an optimal tangential load is mainly constrained by those earthquakes 
whose depths are not consistent with the neutral surface depth for pure bending. 
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The introduction of the penalty function he1 ps to find a best neutral surface and 
its corresponding tangential load given a set of earthquake depths. But by itself, the 
penalty function cannot provide uncertainty, an estimate of the tangential load 
from the uncertainty of the earthquake depths. We adopt a statistical procedure to 
search for the optimal tangential load and its uncertainty by allowing chatter in the 
earthquake depths used in (2). For each earthquake, penalty functions for a given 
stress model are evaluated at M depths, which spans a depth range approximate1y 
centered on the least waveform residual depth. For N earthquakes at a given trench, 
there are thus MN combinations ofthe earthquake depths. A penalty function value 
'Pik can be obtained by (2) for the jth tangential load and the kth combination of 
earthquake depths. For each MN combination of earthquake depths, we find the 
best tangential load, which has the minimum penalty value. For each combination 
of earthquake depths, we also determine the probability for the optimal tangential 
load among the load models explored by 

N 

Pt = TI PJF'i' Np - n" Np - n;) (3) 
i= I 

where Pi is an integral probability of F value, F:;i = XnX~ (BEVINGTON, 1969, p. 
196). Np is the total number of points in the earthquake depth determinations, n::; 

and ni are the numbers of modeling parameters in the depth determinations. 
Subscript ( indicates the terms corresponding to the least residual depth, and 
subscript i, the ith depth designated by a given combination of earthquake depths. 
Finally, by weighting the best fitting tangential load with its probability Pt for each 
earthquake depth combination we can determine the mean and standard deviation 
of the best fitting tangential load at each subduction zone. 

We introduce the tangential force (FJ at the plate contact. F, is a force per unit 
length along the strike of trench and is defined as 

( 4) 

where w is the width of the coupling zone and J, is the me an tangential load at the 
interplate contact. F, is a measure of the sum of tangential forces applied on the 
subducting plate from the continental side. The larger the tangential load is, the 
narrower the coupling width is; or vice versa, if fitting the same earthquake da ta set. 
However, F, does not vary greatly for different wand J,. Therefore, F, can better 
characterize the coupling at each subduction zone. We use the coupling width as 
suggested by aftershock areas of great underthrusting earthquakes where available. 

Estimation of Tectonic Coupling (F,,) 

We should point out that although we have modeled F, as a force acting at the 
interplate contact, this is an approximation. There are three major forces acting 
from the down-dip side of the plate (SPENCE, 1987): the tectonic coupling F", the 
slab pull Fsp , and the mantle shear F,h (Fi~ure 4). Ftc is the total coupling force 
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I x-----'--~ 1.----- T (trench) 

z <>-- (plate motion) Fos 

T (trench) 

Fsp <>-- (plate motion) Fos 

Fsh -

Figure 4 
Force balance on a subducting slab (simplified in horizontal direction). The tangential load estimated 
from the outer rise events can be used to obtain the tangential force, F< (upper panel), which is balanced 
by the total forces (F"J from the ocean side. F< is composed of interplate coupling force (F".), slab pull 

force (F,p)' and mantle shear force (F,,,) shown in the lower panel. 

applied at the interplate coupling zone per unit length along strike. This force is 
resistant to relative motion of the plates. F,p represents the total slab pul1 force on 
the entire slab, equivalently applied at the interplate coupling zone per unit length 
along strike. F'h is the total mantle shear force on the slab, equivalently exerted at 
the interplate coupling zone per unit length along strike. To determine the direction 
of the mantle shear force, we assurne that the mantle resists plate subduction. The 
simplified primary force equation at the down-dip side of a slab is 

(5) 

Unlike FtC' F,p and F'h are distributed along the entire length of the slab. The 
primary action of F,p and F,h is on the segment of the si ab which is far (more than 
100 km away) from the modeling region, the outer rise. Thus, the basic influence of 
the distributed F,p and F,h forces on the outer rise can be approximated as two 
single forces acting near the seismogenic zone, for our purpose we apply them at the 
interplate contact. 

F< is balanced by the force applied on the plate from the ocean side (Fo,), which 
inc1udes the ridge push and the mantle shear on the segment of the subducting si ab 
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before entering the trench. We need not specify the partitioning of these stresses. By 
rearranging (5), we can obtain 

( 6) 

To estimate the slab pull Fsp and the mantle shear Fsh we first identify the 
mechanical neutral zone within each slab, and calculate the two forces associated 
with the portion of the slab above the neutral zone. All the forces acting on the slab 
downward from the neutral zone can be neglected since their net contribution to the 
part above the neutral zone is effectively zero. The neutral zone can be estimated 
from seismic studies, and we will elaborate on such an estimation in later sections. 

The formula approximating Fsp is 

Fsp = !lpgHL sin(a) (7) 

where !lp is the average density difference between the subducting si ab and the 
surrounding mantle due to the temperature contrast, given as 0.05 g/cm3 

(YOKOKURA, 1981). g = 10 m/s2 is the gravitational constant, H the slab thickness, 
L the length of the slab, and a the dipping angle of the subducting slab. 

The mantle shear Fsh is estimated from the relation (DAVIES, 1980) 

Fsh = (2L - W)1]8 (8) 

where W is the coupling width, L the slab length, I] the mantle viscosity, and 8 the 
mantle strain rate. We adopt the estimation of viscosity by CATHLES (1975): above 
128 km depth, I] = 4 X 1019 Pa s in a 75 km thick asthenosphere layer; below 128 km 
depth, I] = 1021 Pa s for a 600 km thick upper mantle. 8 = v /10 , where v is the plate 
convergence rate, and 10 the thickness of the viscous layers, taken as 75 km and 
600 km above and below the 128 km depth, respectively. 

Model Parameters 

The plate thickness, density, Lame constant, rigidity, normal load, and tangen­
tial load are the modeling parameters in our stress calculation. Given the thickness 
and material constants of the plate, the normal load can be inverted from the 
bending plate shape. This inversion for the normal load ensures that the calculated 
plate shape closely matches the actual plate shape. In this study the plate geometry 
comes from two kinds of data. Ocean bottom bathymetry data are used to specify 
the plate shape before they subduct into the trenches. The down-dip plate shapes 
are inferred from the subduction zone seismicity for each region (lSACKS and 
BARAZANGI, 1977). We choose densities of 3.2 and 3.3 g/cm3 in the plate and the 
mantle, respectively. The tower value of the si ab density than that for the mantle is 
required by the static equilibrium of our static stress model. Note that this density 
difference is not used to model the dynamic process of slab puH in plate subduction. 
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The Lame constant A. does not vary much because the material of the earth is nearly 
incompressible. We use a typical seismological Lame constant, 3 x 1010 N/m2 in the 
plate. 

The thickness and the rigidity of the plate are the two major parameters 
controlling the calculated plate stresses in our modeling. The calculated stresses are 
greater for larger rigidity (harder) and thicker plates, whereas they are less for 
smaller rigidity (softer) and thinner plates, for the same normal load. Here we use 
the elastic thickness of the plate given by the relationship of age to thickness, based 
on a depth and focal mechanism study of oceanic intraplate earthquakes by WIENS 
and STEIN (1983). A range of 37 -64 km is used for elastic plate thickness for the 
subduction zones in this study. Plate ages are adopted from JARRARD (1986). For 
simplicity, we choose a one-Iayer plate model of uniform rigidity. The stress in the 
plate is largely associated with the long time response of the plate to the load. The 
rigidity of the plate used in our model should be less than the seismic rigidity, in 
response to the long time load of the mantle and the upper plate. The modeling 
rigidity is taken as 109 N/m2, a value chosen subjectively to produce calculated 
stresses lying in a reasonable range. This rigidity is referred to as the relaxed 
rigidity, and is about an order of magnitude smaller than that commonly inferred 
from seismic data. We can fit the plate shape equally weIl for different rigidity 
values simply by changing the normal loads. Overall, this leads to uncertainty in 
absolute but not relative tangential loads on the plate. The calculated maximum 
deviatoric shear stress (TmaX> near the plate surface, is approximately 1-4 kb in the 
vicinity of the trench. This stress magnitude is compatible with the maximum 
bending stresses in the oceanic lithosphere estimated by WATTS et al. (1980). Their 
results indicate that the oceanic lithosphere near Oahu is capable of supporting 
stress of at least 1 kb from a yield stress envelope method in a rock mechanics 
study. We also compare the inverted normal load with the calculated overburden 
press ure from surface topography along a 200 km long cross section perpendicular 
to the Chile trench (which was also studied but is not discussed here). We find that 
the inverted normal load is about 20% larger than the calculated overburden 
pressure. This additional 20% of the normal load could be contributed by other 
factors, such as sI ab pull, mantle flow pressure and corner flow pressure. We infer 
that the magnitude of the inverted normal load in our simple stress modeling is on 
a reasonable order. 

The material constants may vary within the plate, and a more realistic plate 
model must take into account such variations. Therefore we next examine the stress 
difference between two types of models, one with a uniform one-Iayer plate, the 
other with a multi-Iayer plate with varying rigidity and thickness, but with the same 
equivalent flexural rigidity (EFR) of the plate. The EFR is defined as L /liHi where 
i is summed over all the layers in the plate. This definition of EFR is convenient for 
our test purpose and generally describes the plate flexure. Note that it is different 
from the conventionally defined flexural rigidity of the plate. We fix EFR to that 
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Table 2 

Rigidities used in multi-Iayer plate models 

Plate 
Thickness Layer # I 

(km) (0-20 km) 

40 0.714 
60 0.370 
80 0.227 

Rigidity (109 N/m2) 

Layer #2 Layer #3 
(20-40 km) (40-60 km) 

1.286 
0.667 
0.409 

0.963 
0.591 

Hm : Depth of neutral surface in multi-Iayer models 
H: Depth of neutral surface in one-Iayer models 

Layer #4 
(60-80 km) 

0.773 

26 
38 
52 

225 

H 
(km) 

20 
30 
40 

given by a one-layer plate model of 40 km thickness and uniform rigidity of 
109 Njm2 • We construct three different layered plate models as indicated in Table 2. 
They generally have increasing rigidity with depth and plate thickness ranging from 
40 to 80 km (the increase of rigidity with depth is taken from the PREM Earth 
model). For a given thickness of the plate, the neutral surface depths for the 
multi-layer plate models decrease by about 6-12 km with respect to the neutral 
surface depth in a plate of uniform rigidity. The depth variation of the neutral 
surface from the one-layer plate model to a multi-layer plate model is within the 
uncertainty range of the depths of outer rise earthquakes (5-15 km). 

We also examine the influence of the depth dependent rigidity models on the 
estimation of tangential load constrained by the earthquake data in the Kamchatka 
region. Approximately 350 bar tangential load is needed to fit the depth of the 
shallowest compressional event in a uniform rigidity plate model; however, it 
requires 300 bar to fit that earthquake in a multi-Iayer plate model. The relative 
difference is about 14%. 

From examining the effect of the rigidity model on stresses in the plate, we 
conclude that a one-Iayer plate model with uniform rigidity can give a relatively 
satisfactory approximation of the stresses in the plate, given the limited information 
of stresses at depth from outer rise earthquakes. 10-20% variations in stress 
magnitudes are associated with uncertainty in the rigidity model. Of course, this is 
within the context of our limited rheology, involving an effective viscoelasticity. 
Much greater stress uncertainties are associated with the possibility of alternate 
rheologies. 

We are aware of the limitation of using an elastic plate model in our study. 
Some anelastic effects, such as plasticity and nonlinear creep are not optimally 
represented in such models. However, we utilize a simple model, an elastic one, 
assuming that tectonic stress is largely caused by elasticity in the upper 100 km of 
the lithosphere. The viscous relaxation effect of a bending plate is approximated by 
a largely reduced rigidity in the elastic plate. Viscous effects may be important in 
the bending process of subducting plates, but the lack of well-constrained material 
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parameters in visco-elastic models makes it diflicult to obtain results with improved 
certainty. ZHANG et al. (1985) explored the many trade-offs in alternate viscous 
parameterizations, finding that elasticity and plasticity are important, but not 
uniquely defined. Our models are for a particularly simple, plausible case, but 
elearly different conelusions may result if other rheologies are considered. 

Results 

We estimate the mean tangential loads (Ix) and their standard deviations at the 
interplate contact at the Tonga, New Hebrides, Kurile, and Kamchatka subduction 
zones. The outer rise earthquake locations and modeled plate surface in a cross 
section perpendicular to the trench at each subduction zone are shown in Figure 5. 
The calculated deviatoric maximum shear stress 'max in the plate near the trenches 
is between 1 and 4 kb for all the regions. The steep dip of the New Hebrides plate 
causes larger bending stress, as high as 4 kb. 

At the Tonga subduction zone, there is a lack of great shallow underthrusting 
earthquakes during this century, thus no well-constrained interplate coupling width 
is available. The only documented interplate earthquake (12/19/82, M w = 7.5) 
occurred near the intersection of the Louisville Ridge with the trench at the 
southern end of the Tonga region. This event is associated with the enhanced 
interplate coupling due to the buoyant Louisville Ridge subduction (CHRISTENSEN 
and LAY, 1988). However, lack of characteristic large or great interplate earth­
quakes during this century in Tonga does not necessarily rule out the capability of 
this region to produce large size interplate earthquakes. We assurne the coupling 
width is 200 km and obtain!x of 450 bar with 283 bar standard deviation. Note that 
different widths for coupled zones will not change the estimate of the interplate 
coupling (to be derived later) because the larger value of the width corresponds to 
a lower tangential load, or vice versa. The probability distribution for the optimal 
tangentialloadl~, p(l~) = LfPJ(!x) is shown in a histogram in Figure 6(a), with 
~ and 0' as mean and one standard deviation of l~ for all the combinations of 
earthquake depths. A positive tangential load indicates compressional shear stress 
at the interplate contact. The irregular histogram reveals the important roles some 
earthquakes play when their depths are elose to the neutral surface depth. 

) 

Figure 5(a) 
Selected outer rise earthquakes in map and cross section views at the Tonga, New Hebrides, and 
Marianas subduction zones. The background maps and aftershock areas of the great subduction zone 
earthquakes are adopted from CHRISTENSEN and RUFF (1988). Outer rise events are labeled in 
chronological order in each region. The down-dip plate geometry at each cross section is approximated 
by ISACKS and BARAZANGI (1977) based on the projection of the depths of the down-dip seismicity 
(1964-1989) in the box onto the vertical plane A-A'. We also plot the PDE locations of down-dip 

seismicity between 1964 and 1989 in each cross section. 



Vol. 140, 1993 Interplate Coup1ing 227 

Tonga ~ 

-15· -E 
~ 

..c 
-20· 

...... a. 
Q) 

0 

-25· &==-_ ...... ~~==-...., 
180· -175· -170· 

-1 O· Il"""~-c::::~=--....ow 

A' 
0 

40 

80 

120 

160 

T 

1 • 
A 

Tonga 
200+-~'>~':~' ~'~----~--~~~ 

500 400 300 200 100 0 

Distance in Cross Section (km) 

T A' 
O+---'----:-"""""-:--.,--";;~:-;r"-___t 

A 



228 

SO' 

45' 

40' 

140' 145' 150' 

5S' 

50' 

4S' 
1S0' 1SS' 160' 

Xinping Liu and Karen C. McNally PAGEOPH, 

A' T A 
O+--.......... --------"-'--....... --t 

155' 

40 -E 
~ 80 
.C-

E.. 120 
Q) 

o 
160 

200 
160' 500 

Kuriles 

400 300 200 100 0 

Distance in Cross Section (km) 

A' T A 
0 

40 

80 

120 

160 

Kamchatka Kamchatka 
200 

16S' 170' SOO 400 300 200 100 0 

Figure 5(b) 
Selected outer rise earthquakes in map and cross-section views at the Kurile and Kamchatka subduction 

zones. Other details as in Figure 5(a). 

In Figure 6(b), we show the calculated deviatoric maximum shear stress 'max in 
the plate under the statistical me an Ix (obtained from (a)) along with the earth­
quake depths and their uncertainties. The solid curve inside the plate is the neutral 
surface of the calculated principal stresses under the me an Ix. The two dashed 

) 

Figure 6 
Search for the optimal I, and its uncertainty using penalty function at the Tonga subduction zone. The 
histogram in (a) depicts the frequency P(I,) of the searched best I, for all the depth combinations, along 
with the mean (~) and one standard deviation (a) of I,. Positive I, stands for compressive load. The 
caIculated maximum deviatoric shear stress 'max' denoted by crosses (the length of a cross indicates the 
stress magnitude) under ~ is shown in (b) with our outer rise events. The solid curve inside the plate is 
the neutral surface under ~ . The two dashed lines above and below the solid curve correspond to the 
neutral surfaces given by tangential loads ~ ± a . Shown in the upper right corner are the side view back 
projections of focal mechanisms of our outer rise events when viewing from SW to NE direction at an 
angle of N23°E along the trench strike. Estimated best I, and the associated neutral surface for the 
enlarged data set (the solid curve) is shown in (c), as compared with the neutral surface given by ~ for 

our data set (the dashed curve). Additional events in the enlarged da ta set are listed in Table I b. 
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curves above and below the neutral surface correspond to the neutral surfaces 
within one standard deviation of the mean Ix. To give more information about the 
outer rise earthquakes used to constrain the Ix, side view (horizontal view along 
plate strike) focal mechanisms of the earthquakes are plotted in their chronological 
order, along with body-wave magnitudes on the right side of Figure 6(a). Figure 
6( c) shows results from an enlarged data set which we discuss later. 
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The outer rise earthquakes associated with the New Hebrides trench are located 
near the northern and southern segments of the subduction zone. The depths of the 
tensional earthquakes overlap those of the compressional events. We obtain a 
compressive 671 ± 186 bar 1. (Figure 7). We assume the coupling width to be 
125 km, as suggested by the 1965 interplate earthquake which has the largest 
measured rupture area in the New Hebrides. 

New Hebrides 
1.0 

;=671 (a) 
0.8 0=186 

-x 0.6 
1--a.. 0.4 

0.2 

0.0 
0 200 400 600 800 1000 1200 

fx (bar) 

-50 100km 
I , 

j Ok~'" ':.:::'>: 
+6' s" 3· . . . 

+, ';r-' _ .... ' , .. -.-------. .. 
60 .. 

-50 
I , 

).1=109 N/m2 

H=37km 

100km 

lOk~ <,~y;.~. '~-' ._._-----. .. 
60 .,. 

).1=109 N/m2 

H=37km 
Figure 7 

No. Mach. IT\, 

~ 5.6 

2 8 5.7 

3 8 5.9 

4 ~ 5.5 

5 8 6.1 

6 ~ 6.0 

fx=671 bar (b) 
fxmax=968bar 

'~""" 
o 

Downdip 
100 200 km 

Updip 

fx=370bar (c) 
fxmax=534bar 

'~""" 
o 

Downdip 
100 200 km 

Updip 

Search for the optimall, and its uncertainty using penalty function at the New Hebrides subduction 
zone. The side view back projections of focal mechanisms of the outer rise events are made on a plane 
normal to the N24'W, from SE to NW direction along the trench strike. Other details as in Figure 6. 



Vol. 140, 1993 Interp1ate Coupling 231 

For the Kurile subduction zone, a 166 ± 85 bar compressive Ix is obtained 
(Figure 8). We assume a coupling width of 130 km, suggested by the aftdshock 
area of the 1963 great earthquake. 
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Figure 6. 



232 Xinping Liu and Karen C. McNally PAGEOPH, 

For the Kamchatka subduction zone, the compressive Ix is estimated to be 

266 ± 49 bar (Figure 9). We use a coupling width of 200 km, based on the 1952 

great underthrusting earthquake. 

Several tensional outer rise events have been identified at the Marianas subduc­

ti on zone, but no compressional events were found. These tensional events occurred 

in the upper part of the plate, consistent with a pure bending model with no 

tangential load (Figure 10). But zero tangential load is not a unique solution, given 

the absence of compressional or deep tensional events in our data set. Lack of 

observed compressional outer rise earthquakes may reflect nearly total decoupling 
in the region, consistent with the absence of large interplate thrust earthquakes. 

The estimated Ix and its standard deviation at each subduction zone is listed in 

Table 3. In order to further test the stability of these results, we apply the stress 

modeling to enlarged data sets for the Tonga, New Hebrides, and Kurile subduc­

tion zones. The enlarged data sets include our earthquake data and data compiled 

by CHRISTENSEN and RUFF (1988). CHRISTENSEN and RUFF (hereafter CR)'s data 

exhibit more scatter in depth possibly because they are compiled from different 
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of outer rise earthquakes are made on a plane normal to the local strike direction along the trench. Other 
details as in Figure 6. The depths of tensional outer rise earthquakes can be weil explained by the pure 

bending neutral surface. 

Table 3 

Estimated mean tangential load Ix and tangential force Fx 

Plate Coupling 
Plate Age Thickness Width Ix Fx 

Trench (Ma) (km) (km) (bar) (1012 N/m) 

New Hebrides 52 37 125 671 ± 186 8.39 ± 2.32 
Kamchatka 90 49 200 266±49 5.32 ±0.98 

Kurile 119 56 130 166 ± 85 2.16 ± l.ll 
Tonga 120 57 200 450 ± 283 9.00 ± 5.66 

Marianas 155 64 N/A 0 0 

sources and derived by different methods. But their data span a longer time window 
(1964-1986), and therefore involve a larger population. When combining our data 
set with CR's, we take our earthquake depth solution rather than theirs for 
common events. We also retain our earthquake depth uncertainties. Only those 
events in CR's data set with depths determined by individual studies other than 
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PDE and HCMT, are used to construct the combined data. We ass urne ± 10 km 
uncertainty for CR's data. There are no qualified events in CR's data set for the 
Kamchatka subduction zone, thus no combined data set is available for estimating 
Ix in this region. CR's data set does not contain any compressional events in the 
Marianas subduction zone, so no combined data is available in the Marianas. The 
outer rise earthquakes from CR selected to construct the combined data, are listed 
in Table I b. The estimated neutral surfaces for the enlarged data sets are shown by 
solid curves in the third panel (c) in each of Figures 6-8. The dashed curves show 
the preferred result for our data alone. Comparing Ix estimated from the combined 
data set with the estimates from our data set, we find no drastic changes of the 
calculated neutral surface depth. The differences in the neutral surfaces are usually 
less than 5 km, with most differences being in the offshore extrapolation. The 
magnitudes of Ix vary by as much as a factor of two, as for the New Hebrides, but 
this is due to large scatter in the expanded data set. The results are very similar for 
the other regions. 

Using the estimated!, and the assumed coupling width at each subduction zone 
in (4), we calculate the tangential forces F, at each subduction zone (Table 3). F, 
ranges from 1012 to 1013 N/m and has the error bands shown in Figure 11. The 
estimated Ix from the enlarged data sets are also converted into F" and are marked 
by a shaded vertical bar for each region (Figure 11). The estimated Ix from the 
combined data are within one standard deviation of those from our data for the 
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Figure 11 
Estimates of F, inferred from our outer rise earthquakes (denoted by solid dots with error bars) versus 
plate age at the Tonga (T), New Hebrides (N.H.), Kurile (Kur), Kamchatka (Kam), and Marianas (M) 
subduction zones. The vertical shaded bars represent one standard deviation range of F, derived from 
the enlarged data sets. The discrepancy in F, based on the enlarged data from that based on our data 
is within one standard deviation for Tonga and the Kuriles, and slightly more than one standard 
deviation of our.1~ for the New Hebrides. No additional events are available to construct the combined 
data set for Kamchatka. thus no corresponding estimate of F, is made there. No estimate of F, is made 
for the combined data set for the Marianas also since earthquake data there cannot constrain a dose-end 

uncertainty in],. 
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Tonga and Kurile subduction zones. The estimated Ix from the combined data for 
the New Hebrides falls within about two standard deviations of the Ix from our 
data due to the presence of some deeper tensional events in CR's data set. We feel 
the estimated Ix from our data is generally stable, within one standard deviation, for 
characterizing the interplate coupling. 

We also calculate the slab puH Fsp and mantle shear F,h at each subduction zone 
according to (7) and (8) (results listed in Table 4). The coupling width for the 
Marianas subduction zone is assumed to be 100 km. The tectonic coupling F« is 
then obtained from (6) and is shown in Figure 12. The slab pull correction requires 
information regarding the effective length of the deep slab, the si ab thickness, and 
the mean density difference between the slab and the surrounding mantle. For the 
Kamchatka, Kurile, Tonga and Marianas arcs, we estimate the effective lengths of 
the slabs (Table 4) by averaging the position of the transition from down-dip 
tension to down-dip compression neutral seismic zone at each region delineated by 
ZHOU (1990) from focal mechanism studies of intermediate and deep earthquakes. 
For the New Hebrides, seismicity in the slab shows a preponderance of downdip 
tensional events between 100-200 km in depth (LAY et al., 1989), implying that 
they are induced by slab pul!. BURBACH and FROHLICH (1989) found the interme­
diate-depth seismicity extends to depths of 200-300 km with a dip of 65-70°. We 
estimate the effective slab depth to be 250 km, based on the assumption that the 
seismic quiescence below 250 km depth reflects neutral or weak tectonic stresses or, 
more like1y, the absence of slab. The corresponding effective length of the slab is 
assumed to be approximate1y 270 km for the New Hebrides. We use the same si ab 
thicknesses as in the stress modeling, which corresponds to the 750°C isotherm. A 
density difference of 0.05 g/cm3 is adopted from YOKOKURA (1981), based on 
numerical results of HASEBE et al. (1970) and TOKSÖZ et al. (1971, 1973). 

BasicaHy we have estimated two force terms at five subduction regions, F x as the 
total tangential force acting on the slab from the subduction side, and Frc as the 
shear force exerted over the interplate coupled zone. Lower Frc have been found for 
Kamchatka and the Kuriles, around 6 x 1012 N/m; and higher Fr" around 

Table 4 

Calculated F,p' F,,,, and Fr" 

Slab Coupling Dip 
Length Width Rate Angle F,p F,,, Frc 

Trench (km) (km) ( cm/yr) C) (1012 N/m) (1012 N/m) (10 12 N/m) 

New Hebrides 270 125 2.7 44 3.47 0.35 11.50 ± 2.32 
Kamchatka 150 200 9.3 25 1.55 0.16 6.72 ± 0.98 

Kurile 500 130 9.3 28 6.57 2.90 5.84 ± 1.11 
Tonga 250 200 8.9 28 3.34 0.45 11.90 ± 5.66 

Marianas 200 100 4.0 24 2.60 0.20 <2.40 
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Figure 12 
Estimates of Fit, inferred from outer rise earthquakes in the Tonga (T), New Hebrides (N.H.), Kurile 
(Kur), Kamchatka (Kam), and Marianas (M) subduction zones. Upper panel depicts the F,c versus plate 
age, and lower panel, versus plate convergence rate. The F,c for Tonga and the New Hebrides are about 
2 times greater than that for the Kuriles and Kamchatka. No significant correlations of F,c with either 

age or convergence rate can be seen from our data. 

12 X 1012 N/m for Tonga and the New Hebrides. We can only estimate the upper 
limit of Fle at the Marianas as 2.4 x 1012 N/m, and cannot preclude a value of zero. 

Discussion 

Shear stresses at subduction zones have been estimated by a variety of means. 
We now focus on the magnitude of the stresses in these estimates. MOLNAR and 
ENG LAND (1990) modeled the heat generation and heat transfer at the interplate 
contact and gave a range of 300-1000 bar for the shear stress, based on heat flow 
data from the Japan and Peru subduction zones. VAN DEN BUEKEL and WORTEL 
(1988) used a model of temperature and pressure dependent rheology to obtain an 
average shear stress of 100-400 bar at the plate interface constrained by the heat 
flow data between the trench and voIcanic line at the Japan subduction zone. 

We obtainlx at four coupled subduction zones: Kamchatka, Kurile, Tonga and 
New Hebrides (the Marianas is considered an uncoupled subduction zone). The lT 
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(i.e., shear stress at the interplate contact) range from 166-671 bar and appear to 
be compatible with the estimated shear stresses given by MOLNAR and ENG LAND 
(1990) and V AN DEN BUEKEL and WORTEL (1988). 

Tectonic Coupling F/c 

We find that the estimated I" with one standard deviation, can explain all of 
our selected outer rise earthquake depths within their uncertainties at each subduc­
tion zone. Thus the associated F/c may represent the tectonic coupling that is 
present in our chosen time window, for each subduction zone; if F/c has changed 
during the time window, the variation is likely to be within the one standard 
deviation interval. 

The tectonic coupling (F/,) in Tonga and the New Hebrides, although subject to 
large uncertainties, appears higher than F/c at the Kuriles and Kamchatka. This 
does not seem consistent with the observation that Tonga and the New Hebrides 
are probably less seismically coupled than the Kuriles and Kamchatka. How can we 
explain this result? 

If Tonga and the New Hebrides indeed have greater tectonic coupling, one of 
the causes could be the material properties at the plate contacL In Tonga and the 
New Hebrides we have the ca se of an oceanic plate subducting under an oceanic 
plate, while for the Kurile and Kamchatka regions the overriding plate is continen­
tal. An oceanic plate gene rally is more homogeneous and less fractured, hence 
stronger than a continental upper plate. Rock mechanics experiments reveal that 
basalt has higher strength than quartzite (JAEGER, 1979), suggesting that oceanic 
Iithosphere is stronger than continentallithosphere due to different materials. eHEN 
and MOLNAR (1983) analyzed global intracontinental and intraplate earthquakes 
and their thermal-mechanical implications, suggesting that oceanic lithosphere is 
much stronger than continental lithosphere. Therefore ocean-ocean plate contact 
may sustain larger stress, thus, higher tectonic coupling. 

On the other hand, the estimates of Fx at Tonga and the New Hebrides may be 
biased by laterally-heterogeneous fault strength. The subduction of bathymetric 
features on the oceanic plate may cause heterogeneous fault strength at the plate 
interface (e.g., KELLEHER et al., 1974; RUFF, 1989). It is likely that a fault with 
heterogeneous strength may correspond to overall weaker seismic coupling than one 
with homogeneous strength; however, the localized maxima in strength can be 
greater than an overall average. The higher estimates of tectonic coupling at Tonga 

and the New Hebrides may be associated with locally heterogeneous fault strengths 
there, since bathymetric features are subducting near the northern corner and near 
central Tonga and near the northern and central New Hebrides trenches (ZHANG 
and LA Y, 1992). These are regions where our outer rise earthquakes happen to be 
located. Local variations mayaiso help to explain the overlap of tensional and 
compressional focal mechanisms at depth for Tonga and the New Hebrides and the 
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resulting large uncertainties for the estimated F~. In contrast, there are no major 
bathymett;ic features being subducted along the segments of the Kurile and Kam­
chatka trenches where our outer rise earthquakes are located. Any attempt to 
model full three-dimensional stress fields is beyond our computational and data 
resources at present. 

RUFF (1989) found a correlation between the excess trench sediment and great 
interplate thrust earthquakes at some subduction zones. He suggested that the 
excess trench sediment implied subduction of a coherent sedimentary layer, which 
will create a smooth seismic strength at the interplate contact, thus causing great 
interplate earthquakes. He also pointed out that sediment subduction may not be 
the sole cause of great earthquakes because there are some regions of no excess 
trench sediments which have great interplate earthquakes, or some regions of 
excess trench sediments which have no great interplate earthquakes. There may be 
effects of sediment subduction on fault strength. However, estimates of Ftc in our 
study cannot provide information for examining this speculation. The sediment 
thickness for Tonga, the New Hebrides, and the Kuriles are very small and about 
the same, 0.4 km; the sediment thickness is not available for Kamchatka (SCHOLL, 
1990). What we might speculate is that the thin sediment layers being subducted 
here may limit the available water to elevate pore fluid pressure and reduce fault 
strengths. 

Back-are spreading processes at subduction zones tend to reduce the normal 
force between the subducting plate and the upper plate (e.g., UYEDA and 
KANAMORI, 1979). This will result in lower tectonic coupling in the regions with 
active back-are spreading. We find the values of Ftc in our study are not positively 
correlated with the presence of back-are spreading, suggesting that back-are spread­
ing may be a secondary effect on tectonic coupling since it is a passive process. 

The higher values of Ftc in Tonga and the New Hebrides are mainly caused by 
greater background stress due to severe plate bending and the distribution of the 
outer rise earthquakes towards the inland direction. We examine the influence of 
uncertainties in the plate shape and locations of outer rise earthquakes on the 
estimates of Ftc for Tonga by varying plate dip angle by 10° and shifting outer rise 
earthquake locations by 20 km towards the offshore direction. We find that the 
distribution of outer rise earthquakes is relatively more important in controlling the 
estimates of Ftc than the plate shape and that the absolute value of the estimates of 
Fu. can be affected by as much as 40%. 

The oceanic plate can be fractured by faults, which will probably form at 
shallow depths. The overall shallow strength of the oceanic plate is, thus, weakened. 
The approximation of a uniformly elastic plate to such problem may be inaccurate. 
To make a qualitative guess about how intraplate faults affect our estimated Ftn we 
can set a lower value of rigidity in the top layer of the plate. This will result in stress 
values smaller with respect to those in a uniform elastic plate, and the shift of pure 
bending neutral surface to deeper depth. The estimated F tc might remain the same 
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for the same data set, however, because the smaIler background stress effect on Ftc 

might be canceled by that of the deeper neutral surface. 
The influence of the widths of the coupled zones employed in our study is very 

small because F/c depends on the product of the coupled width and the tangential 
load. Tangential load trades off with the coupled width in order to fit the same 
data set. The coupled width may be overestimated because random errors in the 
aftershock locations will result in enlarged areas. 

The uncertainties for Fsp and Fsh are mainly associated with how weIl we know 
the density contrast between the slab and the surrounding mantIe (L\p), the 
effective length of the slab (L), the coupled width (w), the slab thickness (H), the 
slab dip angle (cx), and the mantIe viscosity (rJ}. We take typical values for L\p of 
0.05 g/cm3, Lof 500 km, w of 150 km, Hof 40 km, cx of 30°, and y/ of 1021 Pa s. If 
we ass urne 100% uncertainty for the mantle viscosity and 20% uncertainty for the 
remaining parameters mentioned above, we will obtain 2 x 1012 N/m and 
5 x 1012 N/m for the uncertainty of Fsp and Fsh , respectively. The uncertainty for 
F'"{J is about the same as itself; whereas the uncertainty for Fsh is about one order 
of magnitude greater than itself. These uncertainties will perturb our estimates of 
F/t" by about 50% for the Kuriles and Kamchatka, and 25% for Tonga and the 
New Hebrides. Of course, this is only an ad hoc estimate for the uncertainties of 
the material constants, not including the model uncertainties. As it is weIl known, 
a rigorous estimate of uncertainty is almost impossible at present because of so 
many assumptions for models and uncertainties for the parameters used in such 
studies. 

Influence of Temporal Variations in F/c on Outer Rise and Down-dip Subduction 
Seismicity 

From another independent source, we estimate the earthquake coupling force 
Fe( at each subduction zone (listed in Table 5). The estimates are based on the 
moment magnitude (RUFF and KANAMORI, 1980, 1983), length (L), and width (W) 
of the rupture zone of the largest earthquakes for each subduction zone. The 

Table 5 

Eslimaled earlhquake coupling force Fec 

Characteristic Rupture Width Rupture Length Fec 

Trench Earthquake MI\" (km) (km) (1012 N/m) 

New Hebrides 09/20/20 7.9 100 143 0.14 
Kamchatka 01/04/52 9.0 200 650 0.69 

Kurile 10/13/63 8.5 150 250 0.43 
Tonga 04/30/19 8.3 160 228 0.22 

Marianas 1929,1931 7.2 N/A N/A N/A 
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moment magnitude and stress drop are given by 

MI'.' = ~(loglO Mo - 16.1) 

D 
At = 2J1. AB = 2J1. W 

PAGEOPH, 

(9) 

(lO) 

where J1. is seismic rigidity of lOlO N/m2, B the strain, and D the coseismic 
displacement on a fault plane. Assuming the rupture area is an ellipsoid with W/2 
and L /2 as the shorter and longer axes, the seismie moment release can be expressed 
as 

nJ1. 
Mo = J1.DA =4DLW (11) 

where Mo has the unit of dyne-cm. From the conversion of the seismic moment 
release (Mo) into the moment magnitude (MI'.') in (9) after KANAMORI (1977), the 
relation of stress drop (At) of underthrusting earthquakes in (lO), and the definition 
of the seismic moment release measurement in (11), we can express the earthquake 
coupling force Fee> in terms of the moment magnitude and the length of the rupture 
zone 

8 F = AtW = -- lO(J.5M .. + 16.05) 
ec nLW . (12) 

Fec reflects the degree of seismic coupling at interplate contact. It also indicates the 
temporal variations in the tectonie coupling F", within earthquake cycles at subduc­
tion zones. It is important to assess the relative size of F,c and Fel" 

We estimate L, W, and MI'.' for each subduction zone from LAY et al. (1982), 
and TAJIMA and KANAMORI (1985). Comparing the F,c (Table 4) with the F ec 

(Table 5), we find that about 1 % of the F", contributes to great underthrusting 
earthquakes in Tonga and the New Hebrides, and lO% of the F,l' in the Kuriles and 
Kamchatka. This result suggests that at most lO% of the F", may be perturbed by 
great underthrusting earthquakes, thus the stresses in the plate can also be altered 
by no more than lO%. The implieation is that the major component of F,c appears 
to remain stable at the interplate contact over geologie time. If great underthrusting 
earthquakes only perturb the stress field in the plate near the trench by lO%, the 
neutral surface may not be sufficiently perturbed in depth to locally reverse the 
earthquake focal mechanism type. Hence, it may be possible to estimate an accurate 
tectonie coupling force based on the outer rise earthquake data available over a 
short time window, as we have attempted here. This conclusion seems to agree with 
the result by WILLEMANN (1991): he used a stress diffusion model to calculate the 
stress change in the subducting si ab at intermediate depth due to shallow under­
thrusting earthquakes. His result suggests that shallow interplate earthquakes do 
not reverse the me an stress at the depths where focal mechanisms are observed to 
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change from P-down-dip to T -down-dip orientation. KAGAN and JACKSON 
(1991a,b) statistically analyzed different time scale properties of several earthquake 
catalogues and found both short- and long-term elustering for earthquakes of all 
depth ranges. Such characteristics of earthquake elustering indicate that strong 
earthquakes are unlikely to release large fractions of the stresses on the fault planes. 
We see our results as being consistent with what Kagan and Jackson predict for the 
stress release on fault planes. 

Our results predict less than 10% change of stress due to shallow thrust 
earthquakes. However this conelusion does not exelude the possibility that fluctua­
tions in outer rise and intermediate depth earthquake activities may be tempo rally 
related to great underthrusting earthquakes, if the stress in the plate is elose to 
failure in those regions before or after the underthrusting earthquakes. CHRIS­
TENSEN and RUFF (1988) found such correlations at several strongly coupled 
subduction zones. It is particularly convincing that great earthquakes like 1960 
Chile and 1964 Alaska induce an increased number of outer rise extension al events. 
Recent work by DMOWSKA and LOVISON (1992) shows further evidence of such 
correlation for the Rat-Island 1965, Alaska 1986, and Valparaiso 1985 great 
underthrusting earthquakes. 

If the stress condition in the plate is elose to failure, it will be sensitive to the 
stress perturbation caused by great underthrusting earthquakes. How sensitive 
depends on the precise stress change in the plate due to the underthrusting 
earthquakes. We expect temporal variations in seismic activity to be more signifi­
cant in regions where the ratio of seismic coupling to tectonic coupling is larger. To 
examine this hypothesis, we compare seismicity at the four subduction zones 
studied, where higher tectonic coupling in the plate is found in the New Hebrides 
and Tonga which have less seismic coupling, and lower tectonic coupling is in 
Kamchatka and the Kuriles which have higher seismic coupling. 

If great underthrusting earthquakes modulate the static stresses in the slab at all, 
we may expect down-dip tensional earthquakes at intermediate depth and compres­
sional outer rise events before great earthquakes, and down-dip compressional 
events at intermediate depth and tensional outer rise events after great earthquakes. 
We examine the intermediate and outer rise earthquakes in the subducting slab 
above 150 km depth within 10 years before and after the great interplate thrust 
earthquakes. LA Y et al. (1989) made an extensive collection and study of large 
intraplate earthquakes in coupled subduction zones up to 1986; we will use their 
data for this comparison, and summarize some observations. 

There is lack of great underthrusting earthquakes in the northern segment of the 
Tonga trench, where most of our outer rise earthquakes are 10cated. The nearest 
underthrusting earthquake is the 1982 (Mw = 7.5) event, which is located at the 
southern end of the Tonga subduction zone. Seismicity near the 1982 interplate 
event also shows a complex pattern (CHRISTENSEN and LAY, 1988). There were 
both compressional and tensional outer rise events prior to the earthquake. The 
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down-dip compressional events were dominant both before and after the 1982 
interplate event. Some down-dip tear faulting events are believed to be associated 
with the subduction of the Louisville Ridge (ISACKS and MOLNAR, 1969; GIARDINI 
and WOODHOUSE, 1984; CHRISTENSEN and LAY, 1988). Thus, there may not be 
significant temporal correlation of outer rise and intermediate earthquakes to 
interplate events, other than possibly for the 1982 event (LAY et al., 1989). 

In the New Hebrides, the seismicity pattern shows a mixture of down-dip 
tensional and compressional earthquakes before and after the 1980 Santa Cruz 
(Mw = 7.5, 7.8) interplate events. One outer rise tensional event occurred after­
wards. There was also a mixt ure of down-dip tensionaljcompressional foreshocks 
and aftershocks of the 1973 (M,. = 7.9) interplate event, along with several tear 
faulting events. Down-dip tensional events occurred before and after the 1965 
(Mw = 7.6) interplate event. Two tensional outer rise events followed that event 
several years later. Overall, a significant temporal seismic pattern related to the 
largest underthrusting earthquakes at New Hebrides is not seen. 

LA Y et al. (1989) found a more significant temporal seismic pattern for the 1963 
Kurile Island (M,.. = 8.5) earthquake. This earthquake was preceded by several 
large down-dip tensional events, and followed by several tensional outer rise events. 
There was also a couple of sm all down-dip compressional events following the main 
underthrusting event, mixed with one tensional event and one tear event. Intraplate 
activity near the 1969 Kurile event (M w = 8.2) rupture zone has a general pattern 
similar to that in the 1963 rupture zone. Several down-dip tensional events occurred 
prior to the interplate event, and two large outer rise events occurred afterwards. 
But there were also some tear events and so me small down-dip compressional 
events before and after the mainshock. 

Two down-dip compressional events occurred after the 1952 (Mw = 9.0) earth­
quake at Kamchatka (LAY et al., 1989). Following that there was nearly 10 years 
of quiescence in the vicinity of the rupture zone. Within the next 10 years there were 
a large tensional outer rise event and many small down-dip compressional events. 
Several down-dip tensional events occurred below the down-dip compressional 
events, suggesting the existence of a double Benioff zone there. It seems that a 
temporal seismicity pattern is significant near Kamchatka. In their global analysis, 
LA Y et al. (1989) find that even when there is evidence for a temporal pattern there 
is no example of a clear reversal in stress state at a given depth or position in the 
plate in the outer rise or at intermediate depth that would require a large 
perturbation of the neutral surface. While this may be a data sampling limitation, 
it does not preclude the temporal stress perturbations from being small relative to 
the static stresses. 

From the above discussion, the seismicity near large underthrusting earthquakes 
seems to suggest that the existence of any temporal pattern is correlated with the 
ratio of Fee to F,e (interplate coupling change). The intensity of outer rise and 
down-dip activity varies more in regions with a larger coupling change, like the 
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Kuriles and Kamchatka; whereas for the New Hebrides and Tonga we do not see 
clear correlations. The complex temporal seismic pattern at the New Hebrides has 
been attributed to the steep dip of the subducting slab, and the abundance of tear 
faults (LA Y et al., 1989). The complexity of seismicity near the 1982 Tonga 
earthquake has been considered as the consequence of the subduction of the 
Louisville Ridge (lSACKS and MOLNAR, 1969; GIARDINI and WOODHOUSE, 1984; 
CHRISTENSEN and LA Y, 1989). Our results suggest that in addition to these 
considerations, another factor, the background stress, mayaiso play an important 
role in defining the seismic activities. Of course, the largest earthquakes in each 
region vary substantially, and it may simply be that temporal patterns only 
accompany events with particularly large strain changes, such as the great events in 
the Kurile-Kamchatka arc (LAY et al., 1989). 

Figure 12 explores how the tectonic coupling Ftc varies with the plate age and 

convergence rate. We do not see any significant correlation of F tc with either one 
of the variables, although they are considered significantly correlated with the 
seismic coupling (RUFF and KANAMORI, 1980). It is too early to draw any 
meaningful conclusion for the Ftc correlations, because our data set is rather 
limited. 

One final consideration is that our models suggest earthquake stress drops are 
small compared to total stresses in subduction zones. This is, of course, a long 
standing question, but recent ideas about rupture mechanics (e.g., HEATON, 1990) 
suggest mechanisms by which rupture can occur under those conditions and satisfy 
seismic and thermal observations. There may be little problem in accepting such 
rupture mechanisms given the thermal calculations of MOLNAR and ENGLAND 
(1990), which indicate high fault stress levels. 

Conclusions 

We use a model of a 2-D elastic ben ding plate floating on a "weak" mantle to 
calculate the stresses in the oceanic lithosphere near the ocean trenches. We perform 
waveform modeling on outer rise earthquakes to obtain good depths which, along 
with the focal mechanisms, are used to estimate interplate coupling at subduction 
zones. We apply a penalty function scheme and F-test likelihood estimation to the 
search for mean and standard deviation of the tangential load 1<. We furt her 
estimate the tectonic coupling Ftc by correcting for si ab pull and mantle shear 
forces. Our results suggest that: 

(1) For the four tectonically coupled subduction zones: Kurile, Kamchatka, 
Tonga, and New Hebrides, the mean tangential loads L are found to be 166-
671 bar for coupling widths of 125-200 km. The associated tectonic coupling force 
Ftc is on the order of 1012_1013 Njm, corresponding to 300-600 bar mean shear 
stress over 200 km coupling width at the interplate contact. 
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(2) Such tectonic coupling Fu is about one to two orders of magnitude larger 
than the earthquake coupling Fee associated with great underthrusting earthquakes. 
The temporal change of Ftc is likely to be less than 10% of the total F tc at the 
interplate contact. 

(3) The tectonic coupling F tc is found to be about 6 x lO12 N/m for the Kurile 
and Kamchatka regions, and about 12 x lOI2 N/m for Tonga and the New He­
brides. The ratio of Ftc to Fec is greater by a factor of lO for the Kuriles and 
Kamchatka than for Tonga and the New Hebrides. The difference of this ratio 
seems to be compatible with the temporal intraplate seismicity patterns (LAY et al., 
1989) showing a relatively more significant correlation with the occurrence of large 
underthrusting earthquakes for regions with lower Ftc than for regions with higher 

F,C ' 
(4) The tectonic coupling in the Marianas is low, no greater than 2.4 x 

1012 N/m, and is possibly around zero. This resuIt appears to be consistent with the 
Marianas being a weakly coupled subduction zone. 

Appendix J 
Fitting 0/ Synthetic Seismograms to Data 

Comparisons of synthetic seismograms and observed seismograms are shown 
for the five outer rise earthquakes (12/15/80, 02/28/82, 05/11/83 (Figure 2), Tonga; 
12/16/85, New Hebrides; 08/23/81, Kamchatka). These earthquakes are all events 
with refined depth estimates that differ by more than lO km from the depths given 
by other studies. The residual of the waveform mismatch is determined by 

I m [tl [0" - (I'J.a,Si' + C1W] 
res = - L ,'-----------

m,= I ~ 0 2 
L... 'I 

1= I 

where 0 is observed seismogram and S is the synthetic seismogram. j is summed 
over the time series of each seismic record and i is summed over all the stations. l'J.ai 
and Ci are scaling factors for the synthetic seismogram which achieve a best fit to the 
observed seismogram, and are determined by the smallest residual in the search of 
depth and duration of the source time function. 

Solid Iines are observed seismograms and dashed lines are synthetic seis­
mograms. The number shown on the left of each record is the maximum ground 
dis placement in J.lm. On the right of each record, we plot the station name, symbols 
to indicate vertical (LPZ) or transverse (LPT) component of the seismogram, 
epicentral distance (I'J.), and station azimuth (Az). l'J.a and c are the scaling factors 
defined above. The residual is plotted against the depth in the upper right corner of 
each figure. 
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Appendix 2 
Numerical Calculations of the Stresses in the Guter Rise 

To approximate conditions in the oceanic lithosphere during earthquake cycles, 
we employ a two-demensional, isotropie, layer-over-halfspace model. More compli­
cated models see m unnecessary because earthquake data do not provide complete 
constraints on the stresses. The time transformed quasi-static equations of motion 
in a (as yet) nongravitating layered media is 

V· t(r, A(W), J1(w), w) = 0 (1) 

where the stress tensor 

t(r, w) = A(r, w) V· u(r, w)I + J1(r, w)[Vu(r, w) + VTu(r, w»); (2) 

here w is frequency. r is a position vector of x, y and z in a Cartesian frame. A is 
Lame constant. J1 is rigidity. I is an identity matrix. u is a displacement vector. 
Equation (1) is to be solved subject to certain boundary conditions (possibly time 
dependent) in the halfspace and at the top of the layer. In (1), the Lame parameters 
are functions of frequency w, appropriate for any linear viscoelastic rheology. x axis 
is chosen to be horizontally orthogonal to the strike of the trench, positive towards 
the ocean. y axis is horizontally parallel to the strike of the trench. And z axis is 
positive downward. We consider a 2-D problem that is independent of the y 
coordinate. Solutions to (1) are particularly easy to formulate using propagator 
matrices (WARD, 1984). The technique reduces two second-order equations in 
displacement to four first-order equations in displacement and stress. The latter are 
much easier to propagate vertically through a layered media. A wavenumber 
transform on the x dependence of ( I) 

f(k, z, w) = L+oooo fex, z, w) e -ikx dx (3) 

yields the first-order equations 

a az v(k, z, w) = M(k, z, w)v(k, z, w) ( 4) 

where v is the stress-displacement vector 

[ 

iuAk, z, w) 1 
k _ ) _ uo(k, z, w) 

v( , .. , w - . 
ltc(k, z, w) 

fooCk, z, w) 

( 5) 
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and the elements of Mare 

0 k /l-l 0 

-Ak 

()_ + 2p,) 
0 0 

(A + 2p,) 
M(k, z, w) = 

4/lk 2()_ + /l) )_k ( 6) 

()- + 2/l) 
0 0 

()- + 2/l) 

0 0 -k 0 

The general solution to (4) is 

where Cl' C2 , C3 , and C4 are to be determined by the boundary conditions. e+, u+, 
e-, and u- are the eigenvectors of M(k, z, w) corresponding to the eigenvalues of 
k and -k 

e- = (1,1, -2/lk, -2/lk)T 

(8) 

Solutions for the unknown displacements and stresses through propagation can be 
expressed as 

v(k, z, w) = P(k, z, Zo, w)v(k, Zo, w). (9) 

The propagator matrix P(k, z, Zo, w) carries solutions v at the top of the halfspace 
(z = zo) upward to depth z in the layer. We will restriet attention to homogeneous 
layered medium, so within a layer, )_(z, w) -d(w), /l(z, w) -+ /lew). The propagator 
can be written in terms of the eigenvalues (k, -k) and eigenvectors (e+, e-, u+, u-) 

of M(k, z, w) -+M(k, w) 

P(k, z, Zo, w) = [e-, U-, e+, u+] 

x rT 
Ll e -k!J. 0 0 

1 [e-,u-,e+,u+]-' 
e-k!J. 0 0 

(10) 
0 ek!J. Ll ek!J. 

0 0 ek!J. 

where Ll = z - zo0 
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Boundary Conditions 

Four boundary conditions are needed to specify a unique solution to (9). Two 
conditions will be applied at the top of the halfspace and two will be applied at the 
top of the oceanic plate. In the halfspace, v(k, z, w) in (7) must decay with depth, 
thus, at the bottom of the lithosphere, 

v(k, zo, w) = A(k, w)e-(k, zo, w) + B(k, w)u-(k, zo, w). (11) 

At the top of the oceanic lithosphere we assume 

v(k, Z = 0, w) = [C(k, w), uz(k, Z = 0, w), itxz(k, Z = 0, w), D(k, w)] T (12) 

where Uz and t~z are specified functions. The horizontal shear stress, t~z, will play 
the role of variable interplate coupling. The vertical displacement of the plate Uz is 
composed of the trench-outer rise topography and down-dip plate shape estimated 
from the seismicity. We solve equations (9), (11), and (12) for four unknowns 
A(k, w), B(k, w), C(k, w) and D(k, w) at all k and w. The stresses and displacements 
at any depth can be obtained by propagating the bottom solution v(k, zo, w) in (11). 
D(k, w) is the verticalloads applied on the surface of the plate given plate thickness, 
rigidity and vertical displacement. 

Gravity 

Gravity terms ignored in the equation of motion (1) are of the order pg/l1k 
relative to the elastic terms. The influence of gravity is smaller in coseismic stress 
modeling of typical earthquakes since I1k is commonly much greater than pg. 
However, in modeling interseismic deformation and the whole earthquake cyc1e, 
gravity terms cannot be dropped since the wavelengths involved are considerably 
Jonger and rigidities are much smaller due to relaxation effects. Gravity effect is 
taken into account by adding an advected pressure to the stresses resulting from 
elastic deformation (WARD, 1984). An extra increment of pressure PI = - pguz I 
appears in the stress tensor 

(13) 

where 0 = V . u and € is astrain vector. If a new stress-displacement vector is 
formed as v(k, z, w) = [iu., Uz ' it~z, tzz - pguJ T then v(k, z, w) = Gv(k, z, w) with 

G= [i ! 
° -pg 

° 0] ° ° ~ ° . ( 14) 

Within a homogeneous layer, v(k, z, w) = P(k, z, zo, w)v(k, zo, w), so the propagator 
which inc1udes advected pressure is P(k,z,zo,w) = GP(k,z,zo,w)G- 1• By 



252 Xinping Liu and Karen C. McNally PAGEOPH. 

substituting P(k, z, zo, w) for P(k, z, zo, w) and replacing vector v(k, zo, w) by 
v(k. zo, w) gravity is accounted for. 

Pseudo Time Dependence 

The theoretical formulation so far is time dependent (through varying boundary 
conditions and Lame constants) and completely applicable to any linear viscoelastic 
rheology. Solutions in the space and time domain are obtained from (9) by the 
double inverse transform 

v(x, z, t) = (2n) -2 Loooo e -iwl dw f:oo v(k, z, w) eikx dk. (15) 

Explicit time dependent behavior of the stresses depends on the viscoelastic 
composition of the lithosphere and mantle. Because of the highly underdetermined 
nature of the problem, we consider only a simple stress approximation. Viscoelastic 
relaxation effect can be approximated by considering the response of a relaxed earth. 
For the forces applied on the subducting slab for duration longer than the mantle 
relaxation time, relaxed (geologic) rigidity is used. We only allow shear stresses to 
relax. Lame constant Ä. remains the same as the seismic Lame constant since it does 
not vary largely in time. The modeling normal load (normal stress on top of the 
entire plate) represents overburden pressure, slab pull component normal to plate 
surface, and possibly induced mantle flow pressure. The modeling tangential load 
(shear stress over a width ofmaximal200 km at the interplate contact) simulates the 
total accumulated shear stresses on the surface of the entire subducting slab. The 
tangential load bears the information of the mechanical coupling at the interplate 
contact. Elastic responses of a plate to the normal and tangential loads are added 
together to form the stresses in the bending plate (Figure 3(al) and (a2». 
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Seismicity m Subduction Zones from Local and Regional 
Network Observations 

eARL KrSSLINGER I 

Abstract - The data provided by local and regional seismograph networks are essential for the 
solution of many problems of subduction-zone seismology. The capabilities of such networks are limited 
by the instrumentation currently in common use and the unfavorable source-station geometry often 
imposed by the regional geography. Nevertheless, important contributions have come from the data 
gathered in many of the earth's subduction zones. The accuracy of hypocenter locations based on 
regional data is affected by the complex velocity structures characteristic of subduction zones, but the 
problems are now well-understood. Examples of numerous studies of the spatial configurations of the 
seismicity in subduction zones and consequent interpretations of seismogenesis and subduction processes 
are reviewed. Studies of the distributions of earthquakes in time and with magnitude, for events down 
to the microearthquake level, have the potential for c\arifying the earthquake-generating processes and, 
possibly. a basis for earthquake prediction. Other uses of local and regional network data have been for 
investigations of coda-Q and the identification of asperities in subduction zones. 

Key words: Network seismology, subduction zone, Wadati-Benioff zone. 

Introduction 

Active or fossil subduction zones are the sites of most of the earth's great earth­
quakes, all of the intermediate-depth and deep earthquakes, and a very large fraction 
of the total seismic energy release. In a general sense, these are also among the best 
understood earthquakes in terms of the source of the tectonic forces that cause them. 

Because of the abundance of seismicity and good general understanding of the 
operative tectonics, observations of subduction-zone earthquakes offer an excellent 
base for solving a number of fundamental problems of seismogenesis, internal earth 
structure, and plate-tectonics physics. Important goals of subduction-zone seismol­
ogy, and the need for abundant observations at closely spaced sites are suggested by 
the following statements: 

"Various effects of the anomalous structure beneath the Japanese islands on the 
transmission of seismic waves have been observed by numbers of Japanese 

I Cooperative Institute for Research in Environmental Science and Department of Geological 
Sciences, Campus Box 216, University of Colorado, Boulder, CO 80309, U.S.A. 
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seismologists over the past fifty years, thanks to a dense distribution of seismie 
stations over the islands .... it is obvious that the distribution of earthquakes is 
closely related to the anomalous strueture." (UTSU, 1971), and 
"Knowledge of the geometry of the inclined seismie zones ... in the upper 
mantIe beneath island ares is essential for determination of the loeation as well 
as the rheologieal properties of the deseending plates, and the relationship of the 
deseending plates to surfaee tectonic features." (BARAZANGI and ISACKS, 1979). 
One goal of the eontemporary research on seismogenesis is understanding the 

geologieal faetors and ambient physieal eonditions that eontrol: (1) the time 
interval between strong earthquakes on a given segment of a subduetion zone, (2) 
the loealization of the nucleation point of strong earthquakes, (3) the length and 
width of the segment of the main thrust zone that ruptures in a partieular event, (4) 
the distribution on the rupture surfaee of moment release during strong earth­
quakes, (5) the partitioning of long subduetion-type plate boundaries into distinet 
seismogenie units, (6) the association of moderate and small earthquakes with 
speeifie geologieal andjor topographie features, and (7) total number, distribution 
and rate of deeay of aftershoeks. 

Exeept for paleoseismie and geodetie studies in available land areas, field 
investigations of the kind that are providing important data for seismie zones in 
eontinental settings, and whieh eould eontribute to the solutions of some of these 
problems, are feasible only in those subduetion zones in whieh the epieentral 
regions of the strongest earthquakes are not eovered by oeean water. Observations 
of the abundant small earthquakes are an essential souree of data for the investiga­
tion of processes in the seismogenie zone. These data may eventually provide a basis 
for the deterministie predietion of future great earthquakes. Developments in the 
global seismie observing system have greatIy improved the eapability to investigate 
many of these problems, using teleseismieally reeorded signals. Nevertheless, only 
densely spaeed loeal and regional networks ean provide the high-resolution data 
required for satisfaetory resolution of many of these questions. 

The obvious unique eontributions of loeal and regional networks eome from the 
ability to provide an enhaneed data base by the deteetion and loeation of events to 
the mieroearthquake level. The possibility, under favorable cireumstanees, of loeat­
ing many events relative to eaeh other to within a few kilometers serves the effort 
to associate seismieity with partieular geologieal features. On the other hand, as will 
be diseussed, the loeations of events at intermediate depths by loeal data are 
systematieally biased by the effeets of the subdueting slab and are inferior to 
teleseismieally determined loeations (McLAREN and FROHLICH, 1985). 

The large number of events in a typieal regional eatalog is useful for identifying 
and outIining active structures. The statistical significance of changes with time of 
the rate of oeeurrenee of earthquakes is inereased by the large number of data. 
Waveforms reeorded at small distanees are useful for studying the distribution of 
attenuation, especially by means of eoda-Q. 
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Limitations of the effectiveness of regional networks in subduction zones come 
partly from the instrumentation in common use and partly from the source-station 
geometry, especially in island ares. Many networks were installed for the primary 
purpose of detecting and locating the regional seismicity to small magnitudes. 
Stations are mostly equipped with vertical component, short-period, narrow-band 
seismographs. The solution to the limitations imposed by equipment is readily 
available and requires only a major investment of funds. A few widely spaced 
broad-band, high dynamic-range, three-component instruments will provide impor­
tant data essential for some problems, like the distribution of moment release in big 
earthquakes. They will not provide the high spatial resolution of earthquake 
locations needed to solve most of the problems listed above. 

The problems resulting from the geometry of deployment arise in those situations 
in which the abundant seismicity occurs seaward of the land areas available for siting 
permanent stations. With the hypocenters outside the network and limited azimuthai 
coverage, well-known problems oflocation accuracy, especially depth determination, 
and focal mechanism determination are inevitable. An obvious solution is the use of 
ocean-bottom seismographs in temporary deployments (LAWTON et al., 1982; 
FROHLICH et al., 1982) and as permanent installations, as has been done on a limited 
basis in Japan (SEISMOLOGY AND VOLCANOLOGY RESEARCH DIVISION, MRI, 
1980). Again, the wide use of this solution is inhibited by the large capital costs. 

In spite of these limitations, important contributions to the understanding of 
subduction zones and the associated earthquakes have come from the analysis of 
local and regional network data. Examples of recent results are summarized in this 
paper. The relevant literature is extensive, so emphasis is given to key papers which 
are themselves summaries of bodies of work and which contain comprehensive 
bibliographies. The potential for future advances to arise from improved and more 
widely deployed networks should be apparent from the results already achieved. 

An excellent and comprehensive review of the contributions of regional net­
works to subduction-zone seismology was published by UTSU (1971). His paper, 
which inc1udes results from 1918 to the time of publication, offers an extensive 
bibliography. The fact that the region under and around Japan dominates the 
review reflects the fact that monitoring of other subduction-type seismic zones by 
dense1y spaced regional stations was arecent development at that time. The present 
review attempts to illustrate by examples what we have learned, especially in regard 
to the distribution of seismicity and the configuration of subducted plates, in the 20 
years since Utsu's paper. 

Network Coverage of Subduction Zones 

Many subduction zones are now monitored by regional networks, and in a few 
cases, den se local networks. Networks are occasionally c1osed, new ones are installed, 
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and sometimes the networks are deployed for a limited time only. The coverage is 

not guided by a global plan. The quality of the networks and the density of station 

spacing is far from uniform, but the widespread interest in the resulting data is clear. 

A general, but incomplete, view of the coverage, based on the reporting of data to 

the National Earthquake Information Center, U.S. Geological Survey, may be seen 

in PRESGRA VE et al. (1985). Important contributions from arrays of strong-motion 

seismographs (e.g., CASTRO et al., 1990) and from temporary deployments ofmobile 

stations, such as the PANDA array (CHIV et al. , 1991; PVJOL et al., 1991) are 

not included in this review, except for examples of results from Ocean Bottom 

Seismograph (OBS) observations. 

Subduction locations that are monitored, or have been monitored in recent times, 

are listed in Table 1. The approximate length of the network parallel to the 

Table I 

Some subduction zones monitored by regional or local networks 

Site 

Central Aleutian Islands (Adak) 
Eastern Aleutian Islands (Shumagin) 
Southern Mainland Alaska 
Cascadia Subduction Zone 

Mexico 
Guatemala 

EI Salvador 
Nicaragua 
Costa Rica 

Caribbean Sea 

Peru 
Chile 
Argentina 

New Zealand 
Fiji 
Vanuatu Islands 
Papua New Guinea 
Taiwan 

Japan 

Greece (Hellenic are) 

Operator 

Vniv. of Colorado (150 km) 
Columbia Vniv. (260 km) 
Vniv. of Alaska, V.S. Geological Survey (1400 km) 
Vniv. of Washington, V.S.G.S. Western Canada 

Telemetered Network (1200 km) 
Vniv. Nac. Auton. Mexico (1200 km) 
Inst. Na"ional de Sismol., Vu1canol., Meterol., e Hidrol. 

(360 km) 
Centro de Investiga"iones Geotecnias (200 km) 
lnst. Nacional de Estudias Territoriales (300 km) 
lust. Costarricense de Electric./V. Texas, Austin; Vniv. 

Nacional/V. Calif., Santa Cruz (350 km) 
V.S.G.S., Columbia Vniversity, V. of the West lndies 

(1300 km) 
Inst. Geofisica Peru (1750 km) 
Vniv. de Chile (2400 km) 
Inst. Na"ional de Prevencion Sismica; Inst. Sismologico 

Zonda (2400 km) 
Department of Scientific and Industrial Research (1370 km) 
Department of Mineral Resources (300 km) 
ORSTROM, Cornell Vniv. (620 km) 
Geological Survey (Port Moresby, Rabaul) (1700 km) 
Central Weather Bur., Chinese Earthquake Res. Cent, 

Taipei (400 km) 
Japan Meteorological Agency; Nat. Res. Inst. for Earth 

Science and Disaster Prevention; several universities on 
Honshu, Hokkaido, and Kyushu (2700 km) 

National Observatory of Athens (1040 km) 

Information based on PRESGRAVE et al. (1985). and network descriptions in published research papers. 
The number in parentheses is the approximate linear extent of the network along the strike of the 
subduction boundary. Coverage may extend somewhat beyond the ends of the network. The density of 
stations within the networks is highly variable, as is the areal extent perpendicular to the subduction 
boundary. 
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subduction boundary is also shown. The density of coverage within this length is 
often not uniform, especially for the Ion ger networks. The actual length of the 
subduction zone that is monitored by a network is somewhat greater than its length 
because events beyond the ends of the network can be detected and located, though 
with diminished completeness and accuracy. It should be noted that the two networks 
in the Aleutian Islands and the Lamont-Doherty network in the northeastern 
Caribbean have been terminated because of funding limitations. All of these were 
originally installed in the mid-I970s with support from the U.S. Geological Survey. 

Earthquake Locations with Regional Network Data 

One of the expected benefits from the use of densely spaced regional and local 
networks is that more accurate hypocenter locations can be calculated than can be 
accomplished with teleseismic data alone. This intuitive expectation, however, 
neglects the effects of the complicated velocity structure characteristic of subduction 
zones. Several authors have examined the relative accuracy of local network and 
teleseismic solutions, with the general condusion that the local network solutions 
are better for shallow events (depths less than about 50-100 km) and the teleseis­
mic solutions are better for intermediate-depth and deep events. 

An early study of this problem, in which the value of regional network da ta is 
demonstrated, was conducted by UTSU (1975). His principal condusions are 
supported by later work by others. He relocated 53 well-observed deep and 
intermediate-depth earthquakes in Japan with joint determination of lateral hetero­
geneity of velocity. He determined the P-wave residuals at each station from 
selected hypocenters and grouped the stations by their location relative to the 
volcanic front and the Japan trench. His premise was that residuals based on 
travel-times calculated without inc1uding lateral velocity variations in the upper 
mantle are related to the large-scale anomalies in the upper mantle resulting from 
the high-velocity oceanic lithosphere underthrusted beneath the island arc. Residu­
als from calculated travel-times for which such lateral heterogeneity has been 
induded are controlled by crustal and upper mantle structure beneath each station. 
Areas of positive P-residuals derived with large-scale mantle heterogeneity induded 
were found to be generally areas of positive Bouguer gravity anomalies. 

UTSU (1975) describes the systematics of the mislocations of hypo centers 
computed by JMA and in the PDE catalog. For very deep events, the PDE 
locations seem more accurate, because the rays miss most of the anomalous velocity 
due to the underthrust slab. The JMA locations of very shallow events are judged 
to be more accurate because they are controlled by local stations and the paths are 
free of anomalous structure. To determine the "absolute" locations of deep and 
intermediate earthquakes with regional data, lateral heterogeneity of the upper 
mantle must be taken into account. 
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Additional studies of the problems of loeating earthquakes in island ares, and 
eomparisons of teleseismic and loeal-network solutions has been earried out by 
ENGDAHL et al. (1977), BARAZANGI and ISACKS (1979), ENGDAHL et al. (1982), 
McLAREN and FROHLICH (1985), and NIEMAN et al. (1986). Special problems in 
using island-based loeal networks alone are diseussed by LA WTON et al. (1982) and 
FROHLICH et al. (1982). 

Barazangi and Isaeks eoncluded, as UTSU (1975) had suggested, that the effeet 
of deseending slabs on teleseismie loeations of mantle earthquakes (depth greater 
than 50 km) is smaller than the effeet on loeations based on loeal data. They judge 
that the ineorporation of adescending slab in the velocity model is effeetive in the 
Aleutians, but not in Japan beeause the dip of the Wadati-Benioff (W-B) zone 
under Honshu is shaIlow, about 30°, and the aperture of the loeal network is wide. 
They eonclude that the loeation of intermediate-depth earthquakes in the Aleutians 
based on teleseismie data are probably more representative of "absolute" loeations 
than the loeations based on loeal network data. 

ENGDAHL et al. (1982) found that treneh and intermediate-depth events in the 
eentral Aleutian Islands are biased little by the effeets of slab strueture on 
travel-times to teleseismic stations. Loeations of intermediate-depth events based 
only on loeal data are systematically displaeed oeeanward (south), by an amount 
proportional to depth. Shallow events on the main thrust zone are loeated weIl by 
loeal data, but severely shifted northward and deeper, in the direetion of the 
subduetion, for teleseismic loeations. They eonclude that the velocity strueture in 
the slab is not known weIl enough to permit accurate loeations of thrust zone events 
without the use of loeal data. 

McLAREN and FROHLICH (1985) presented a useful summary of loeation 
problems. They foeused on the prineipal eause of these problems, the effeet of the 
high-veloeity subducted slab on travel-times. They used a simple model to explore 
the gross effeets of the slab dip, the velocity eontrast between the si ab and the 
mantle, the depth of the earthquake inside the slab, as weIl as the effeets of the 
gross geometry of the network. From their model results, they point out that the 
flat-earth assumption is satisfaetory for networks smaller than ab out 2.5° and that 
P wave only solutions are inferior to those using both P and S waves. Conventional 
loeation methods applied in subduetion zones may yield large loeation errors with 
small residuals, or accurate loeations with large residuals. The residuals are not 
redueed by accurate arrival-time picks or by using both P and S waves. RMS 
residuals are not a good indieator of loeation quality in subduetion settings. 

The biggest problem revealed by the modeling is that deeper events are moved 
oeeanward and deeper, as observed by ENGDAHL et al. (1982), so that the apparent 
configuration of the W-B zone ineorreetly shows oversteepening or change in dip 
(Figure 1). The thiekness of the W-B zone is in error by amounts that change with 
depth, and a double-planed zone in the input model apparently eonverges to a 
single plane at depth, giving a distribution similar to those that have been reported 
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as real by others. Of the network eonfigurations tested, linear distributions of 
seismometers parallel to the strike of the subdueting slab with limited extent 
perpendieular to the slab yield the largest misloeations of the deeper events. This is 
a eommon eonfiguration in island ares. 

Three-dimensional ray-traeing in velocity strueture derived from thermal models 
was also employed by NIEMAN et al. (1986) to investigate further the problem of 
teleseismic misloeations. As found by others, the greatest misloeation errors relative 
to loeal network solutions are for events in the main thrust zone. They used a 
eomparison of observed mislocations in the central Aleutian Islands with model 
results to eonstrain the key variables charaeterizing the models, the depth of 
penetration of the downgoing slab and the thermal eoefficient of seismie velocity. 
They eoncluded that the downgoing slab in the eentral Aleutians extends at least 
100 km deeper than the deepest observed seismicity. 

LA WTON et al. (1982) and FROHLICH et al. (1982) report the results for studies 
of loeations for which the land stations in island-based networks are eombined with 
oeean-bottom seismographs (OBS). FROHLICH et al. (1982) evaluated the deteetion 
and loeation eapability of the Central Aleutians Seismic Network from an experi­
ment in which eight University of Texas OBS were operated for six weeks about 
50 km south of Adak Island, over a very active segment of the seismic zone. A 
signifieant finding disclosed that events oeeur on the outer treneh slope that are 
never seen by the island stations beeause they are in a shadow zone for this source 
area produeed by the veloeity strueture. 

Loeations of hypoeenters calculated from the island stations alone were com­
pared with those for whieh the data from the OBS were included. The epieenters of 
events in the main thrust zones were almost identieal, and most events deteeted 
by the OBS were seen by the island stations. The depths of these events from 
island-station observations alone were often in error, as will be diseussed below. 
The epicenters of events deeper than 70 km, determined by the island station data 
alone, were 10 to 80 km south of the loeations based on the eombined data. This 
is one of the effeets modeled by McLAREN and FROHLICH (1985). 

The aeeuraey of loeations based only on loeal data and loeation using a 
flat-Iayered model is improved by the use of station eorreetions. Sueh eorreetions 
are essential if eonsistent solutions are to be obtained when data from part of the 
network are not available. Because of the three-dimensional variation in velocity 
strueture that is typical of subduetion zones, different eorreetions are required at 
each station for events in different parts of the region being monitored. Ray-tracing 
through a model for every small event to be located imposes a heavy eomputational 
burden. Empirieal eorreetions may be determined as the mean residuals at astation 
from numerous well-reeorded events in eaeh defined subregion (ENGDAHL et al., 
1982). Correetions based on ray-tracing in models of the velocity structure are 
effeetive and comparison of the computed station eorreetions with observed station 
residuals has been used to seleet the best-fitting model (HAUKSSON, 1985). 
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Modeled effects of the slab/mantle velocity contrast on earthquake locations, when the slab structure is 
neglected. The circles are the original positions of the hypocenters in the model. Travel·times to the 
stations were ca1culated by tracing rays through the simplified structure, after which the hypocenters 
were re10cated from these times using a conventionallocation program. The relocations were based on 
a 4 percent slab/mantle contrast (squares), a 7 percent contrast (open triangles), and a 10 percent 

contrast (hexagons). From McLAREN and FROHLICH (1985). 

It is obvious that the depths determined for events far outside the network are 
subject to grave errors because of the trade-off between depth and origin time. In 
the case of the Central Aleutians Seismie Network, hypoeenters tend to cluster in a 
depth range 20-26 km, with an apparent gap in aetivity down to about 30 km, 
Figure 2 (ENGDAHL et al., 1982, Figure 2; TOTH and KISSLINGER, 1984). This 
pattern is due to the effeet of a boundary in the veloeity model at a depth of 26 km 
and the unsatisfactory souree-network geometry. 

TOTH and KISSLINGER (1984) deseribe a useful approximate method for finding 
more accurate depths for events for which both P and S waves are recorded at a 
number of stations, and which are deep enough that an adequate number of 
stations receive upward traveling waves. The event origin time is determined 
without reference to a veloeity model from the graph of (S-P) vs. P (the Wadati 
diagram). The depth and average velocity between the hypocenter and the surface 
are then ealculated on the basis of a straight ray approximation (the X 2 - TZ 
method). The pattern of depth corrections found by TOTH and KISSLINGER (1984), 
using loeal data only, agrees c10sely with that of FROHLICH et al. (1982) for 
solutions using the OBS data (Figure 3). When loeations of events were reealculated 
with the depth fixed at the value found by this method, it was found that the 
epieenters moved very little, in agreement with the results of FROHLICH et al. 
( 1982). 
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Vertieal seetion parallel to the Aleutian are of hypoeenters loeated with data from the Central Aleutians 
Seismic Network. Top: the original depth distribution using the eonventional loeation pro gram and 
ftat-Iayered veloeity model; bottom: the revised depths from the X 2 _ T 2 analysis. The eoneentration of 
events near 25 km. with a gap to about 30 km, in the original solutions is an artifaet due to a boundary 
in the velocity model at 26 km. This band of events becomes smoothly distributed with depth in the 

revised solutions. From TOTH and KISSLINGER (1984). 
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revisions from the X 2 _ T 2 solutions, right. The data from the OBS/Island combination are from 
FROHLICH et al. (1982) ; the results on the right are from TOTH and KISSLINGER (1984). The open 

circles in the left panel mark poorer solutions. 

Subduction-zone Conjigurations and Processes 

Many studies of the distribution of earthquakes, the configuration of the W-B 
zone, and the velocity structure in subduction zones have been carried out on the 
basis of local and regional network data. Only a few of these are summarized here, 
with special emphasis on resuIts obtained that would have been impossible with 
teleseismic data alone. Many of the authors invert the data for velocity structure by 
use of the method developed by AKI and LEE (1976) or a variation of that method. 

North Pacific 

Japan and its surrounding regions is the c1assical type area for detailed studies 
of subduction-zone seismicity based on data provided by high-quality regional and 
local seismic networks (UTSU, 1971). The large quantity and high quality ofthe da ta 
now available for research may be judged from the short summaries of observations 
by every seismological research organization in Japan, published since 1970, now 
twice each year, by the Geographical Survey Institute, Ministry of Construction, in 
the Report of the Coordinating Committee for Earthquake Prediction (Vol. 47 was 
published in February, 1992). Thousands of epicenters are mapped, along with 
vertical seetions and focal mechanisms of interesting events. A comprehensive review 
of the many research projects that have used the Japanese data base is beyond the 
scope of this paper. Only two examples of subduction-zone configuration studies 
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Figure 4 
The doub1e-p1aned Wadati-Benioff zone under northeastern Honshu, Japan. This is an east-west section 
of hypocenters between 39"N and 40oN, for events between April, 1975 and March, 1976. From 

HASEGAWA et al. (1978a). 

that would have been impossible without the data from dense regional networks are 
given. These cited papers contain numerous references to earlier work. 

Northeast Honshu. The mapping of the double-planed structure of the W-B 
zone under the northeastern Japan are, Figure 4 (HASEGAWA et al. 1978a,b) is an 
outstanding example of a detailed subduction zone study based on the distribution 
of hypocenters carefully located with regional network data. The data were ob­
tained with the Tohoku University seismic network which monitors all of northern 
Honshu Island. They found that the seismicity below about 50 km is concentrated 
in two parallel thin sheets, each about 10 km thick, separated by 30-40 km. They 
further concluded that the upper boundary of the descending slab lies in the upper 
plane of the double-plane deep seismic zone. 

KAWAKATSU (1986) summarizes briefly the history of the discovery of double­
planed W-B zones and lists places for which such configurations have been 
reported. He develops a model for the formation of double-planed zones on the 
basis of compatibility of seismic strain released at intermediate depths and strains 
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due to unbending of the descending plate. He suggests constraints on the rheology 
of the plate imposed by the model results. 

Kanto- Tokai Region. The Kanto-Tokai region of central Japan is a very compli­
cated tectonic province (ISHIDA, 1992). Three plates (Philippine Sea, Eurasian, and 
Pacific) and two island arcs interact to produce high seismicity and geological 
complexity. Ishida summarizes earlier attempts by herself and others to portray the 
geometry of the plate configurations on the basis of hypocenter locations and 
presents a revised model. Her recent results are based on the relocation of 47,500 
events recorded at four or more stations of the network operated by the National 
Research Institute for Earth Science and Disaster Prevention. The relocations were 
done with a revised three-dimensional velocity model, and the focal mechanisms of 
many selected events were also produced from this data set. 

The distribution of hypocenters and high velocity zones was interpreted by 
ISHIDA (1992) to produce contour maps of the top of the Philippine Sea Plate and 
the Pacific Plate under the Kanto-Tokai region (Figure 5). The directions of the 
motion of these two plates relative to the Eurasian Plate were interpreted from the 
focal mechanisms as weil as the orientation of the contours (northwestward for 
PHS-EUR, westward for PAC-EUR). She concluded that her new model provides 
a consistent explanation for the focal mechanisms of earthquakes larger than 
magnitude 6, and accounts for the localization of earthquake clusters under Kanto 
by the interaction at depths of the two subducted plates. 

Eastern Aleutians. A comparable detailed study ofthe structure ofthe subduction 
zone in the eastern Aleutian arc was conducted by REYNERS and COLES (1982). They 
utilized data from the Lamont-Doherty Shumagin Islands network to map hypocenter 
distributions and to determine composite focal mechanisms. They found that a 
double-plane W-B zone exists there also, similar in configuration to that under 
northeastern Honshu. They proposed a model of the deformation processes active 
in this subduction zone. Subduction under northeastern Japan and the eastern 
Aleutians is comparable because ofthe relative simplicity ofthe subduction geometry. 

HUDNUT and T ABER (1987) offer evidence that the double-planed zone in the 
region monitored by the Shumagin Islands network is present only west of a 
boundary that crosses the main seismic zone at about 160.soW longitude, trending 
normal to the arc at an azimuth at about 330°. To the east of this boundary, the 
W-B seismicity falls in a single planar zone. They infer a change in the stress state 
across this boundary. They suggest that perhaps the ratio of aseismic to seismic slip 
is greater on the east side (single-plane side) or that the two si des are at different 
stages of the strain accumulation cycle. 

Southwest Pacific 

Papua New Guinea. ABERS and ROECKER (1991) used P and S arrival times 
from the regional network in Papua New Guinea to relocate earthquakes in an 
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Figure 5 
Contour map of the upper boundary of the Philippine Sea Plate (solid and short dashed lines) and the 
Pacific Plate (long dashed lines) under the Kanto region of Japan. The shaded area is the configuration 
of the Philippine Sea Plate, from distributions of hypocenters and high velocity zones. The white arrow 
shows the direction of suduction of the Philippine Sea Plate under the Eurasian Plate; the direction of 
subduction of the Pacific Plate is almost due west. The solid circ1es are Quaternary volcanoes. The letters 
mark earthquakes for which focal mechanisms are given in the original paper. From ISHIDA (1992). 

arc-continent collision zone, with the objectives of c1arifying subcrustal lithospheric 
deformation and the processes by which subduction ceases. They point out that the 
morphology of the deep seismic zone under New Guinea is poorly known because 
the standard teleseismic catalogs show Ha diffuse c10ud of hypocenters beneath 
northern New Guinea. Because many earthquake locations in these catalogs are of 
unknown and sometimes poor quality, it is difficult to be sure that the apparently 
wide scatter in locations is real and not a result of location errors." 

Arrival times from almost 1000 weII-recorded events were used in an inversion 
procedure that simultaneously located the hypocenters and produced a three-dimen­
sional velocity structure. An example of the detailed results of ABERS and 
ROECKER (1991) in which the resolution possible with a regional network is 
compared with the teleseismic results is shown in Figure 6. The earthquake 
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Vertieal seetions of hypocenters under eastern Papua New Guinea, in whieh loeations reloeated with 
regional data. top. ean be eompared with those from the ISC eatalog, bottom. Tbe vastly better 
definition of the configuration of the seismogenie zones is obvious. The position on the profile of the 
vo1canie are and the Ramu-Markham fault (RMF) is indieated. From ABERS and ROECKER (1991). 

loeations define a north dipping slab under northern New Guinea, flat at a depth 
of 100 km beneath the Huon-Finisterre ranges, and plunging almost vertieally to 
250 km beneath the Bismarek volcanie are. This figure also illustrates the differenee 
in the resolution of the configuration permitted by the regional network data and 
the ISC data. 
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Vanuatu Islands (New Hebrides Island Are). The recent identification of a low 
P-velocity structure embedded in a prominent gap in seismicity within the W-B zone 
of the New Hebrides subduction zone is the latest in a sequence of studies of this 
region carried out by a team from Institut Fran~ais de Recherche Scientifique po ur 
le Development en Cooperation (ORSTROM), Cornell University, and Rensselaer 
Polytechnic Institute (PREVOT et al., 1991, and the accompanying references). The 
regional network operated by ORSTROM and Cornell since 1978 (mapped in 
ROECKER et al., 1988) was supplemented for the recent study by eight OBS deployed 
by the University of Texas. P and S arrival times from a selected set of 4181 events 
were used to determine the three-dimensional structure. These data were supple­
mented by teleseismic arrival times of selected events reported by the ISC. 

The authors infer that differences in the spatial distribution of seismicity seen in 
vertical sections normal to the arc at various latitudes are not due to large-scale 
changes in the structure of the descending slab, but to local anomalies within it. The 
coincidence of low P velocity in the slab and an absence of seismicity is interpreted 
as due to athermal anomaly that lowers the strength of the subducted plate. This 
anomaly may be due to the effect of the subducted D'Entrecasteaux Fracture Zone. 
They also note that the position of the low-velocity zone coincides with a region of 
active volcanism. 

Wave arrivals produced by multipathing and wave-type conversion have also 
been used to elucidate the details of subducted slab structure. One example, from 
the Vanuatu arc, is the analysis of multiple wave arrivals by CHIU et al. (1985). In 
their investigation of the effect of the slab on wave propagation, they identified two 
arrivals on short-period seismograms from earthquakes deeper than 70 km that 
were waves refracted in the slab at a P-to-S conversion at the presumed upper 
surface of the slab. They conclude that the intermediate-depth earthquakes occur 
within a zone of lower P-wave velocity above the colder inner core of the slab, and 
that the transition at the top of the slab to the surrounding upper mantle has a 
finite thickness, or the material above the sI ab attenuates high-frequency shear 
waves strongly. 

Caseadia Subduetion Zone 

Comprehensive summaries of the seismicity of the Cascadia subduction zone, to 
which regional network data contribute substantially, are presented by ROGERS and 
HORNER (1991) (Canadian part) and LUDWIN et al. (1991) (Washington and 
Oregon). The Cascadia subduction zone has been the subject of detailed investiga­
tions of the geometry of a subducted slab for which the data provided by a dense 
regional network were essential (CROSSON and OWENS, 1987; WEAVER and 
BAKER, 1988). The first paper reported results under western Washington and 
southern British Columbia; the second extended the analysis to include northern 
Oregon. The configuration of the subducted Juan de Fuca Plate was taken as 
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defined by the distribution of carefully located subcrustal hypocenters and (CROSSON 

and OWENS, 1987) the analysis of Ps converted phases from teleseismic events. 
The finding in both studies is that the Juan de Fuca Plate is arched upward 

under Puget Sound (Figure 7). The contours of the subducted oceanic Mohorovicic 
discontinuity are constrained by the results of independent controlled-source studies 
in places far from abundant seismicity. Subcrustal seismicity is concentrated along 
the axis of the arch. The two papers present interpretations of the significance of the 
arching of the subducted plate, with the accompanying change in the direction of 
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Figure 7 
Proposed contour map (depths in km) of the subducted Mohorovicic discontinuity in the Cascadia 
subduction zone. The dotted li ne is the estimated position of the trench. The arching of the subducted 

Juan de Fuca Plate und er Puget Sound is seen. From CROSSON and OWENS (1987). 
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the dip of the si ab north and south of the axis, possible relations with surfaee 
topographie and geologie features, and a number of unresolved questions. 

The Nazca Plale 

Central and Soulhern Peru. As pointed out by HASEGA W A and SACKS (1981), 
western South Ameriea is an exeellent site for study of a major subduetion zone at 
whieh an oeeanie si ab deseends under a eontinent. The eireumstanee provides an 
opportunity to investigate eontrasts with island are subduetion. 

A primary objeetive of their study was to resolve disagreement about the dip 
angle, whether about 10° or 30°, of the subdueting Nazea Plate und er eentral Peru 
and under southern Peru and northern Chile. As they point out, ISC and PDE 
hypoeenter loeations are poor for this region, and "loeal seismie network data are 
essential to resolve this kind of eontroversy." They used data from nine stations of 
the loeal Arequipa network, whieh eovered part of southern Peru for whieh no 
disagreement existed, and eentral Peru, for whieh differing models had been 
proposed. 

Their findings, from earefully reloeated hypoeenters (Figure 8) show that the 
subdueting plate dips at an angle of about 30° on all vertieal seetions erossing the 
study area, to a depth of about 100 km, bends almost horizontally at that depth in 
the northern part of the region, but eontinues with a eonstant dip in the southern 
part. They eonclude that the da ta show distortion of a eontinuous slab, not a te ar 
in the deseending plate. 

Western Argentina. A detailed study of the eonfiguration of the subdueted 
Nazea Plate und er northwestern Argentina was done by SMALLEY and ISACKS 
(1987). They emphasize the importanee of knowing the thiekness, morphology, and 
internal strueture of W-B zones. After summarizing the problems of hypoeenter 
10eations based on 10eal network and teleseisrnie data, diseussed above, they point 
out that an ideal arrangement is to have data from sites direetly above a nearly 
horizontal Wadati-Benioff zone, thereby avoiding the effeets of a dipping slab. 
Their researeh area is one of the few plaees at whieh observations ean be made of 
rays from deep sourees traveling alm ost vertieally through a ftat strueture. 

They used P arrivals from the regional network (see Table 1) to fix the 
epieenters, P and S times to fix the depths, and S-P time intervals to obtain the 
depth and thiekness of the W-B zone. They eonclude that the observations fit a 
single-planed W-B zone and that the hypoeenters are intraplate, in the subdueted 
slab, not interplate. 

The Caribbean 

The Caribbean Sea Plate and its interaetions with the North Ameriean, South 
Ameriean, Nazca, and Cocos Plates present some of the most intriguing and 
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Figure 8 
Vertical sections of relocated hypocenters, Peru, along profiles indicated in the inset. The tectonically 
important differences in the configuration below 100 km of the Wadati-Benioff zone from northwest to 

southeast is unambiguous. From HASEGAWA and SACKS (1981). 

challenging problems of contemporary tectonics research. Detailed seismic monitor­
ing of the subduction zones along the eastern and northeastern boundaries of the 
plate began only in 1973 with the French network in the Lesser Antilles (DOREL, 
1981) and in 1975 with the U.S.G.S. network in Puerto Rico and the Lamont-Do­
herty Geological Observatory (LDGO) network, which spanned from Puerto Rico 
to the northern Lesser Antilles (MURPHY and MCCANN, 1979). 
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OüREL (1981) combined the data from the French network with a catalog of 
historieal feit earthquakes. He found that the seismieity tends to cluster in the 
northern half of the Lesser Antilles arc. He estimated the rate of subduction of the 
North Ameriean Plate und er the Caribbean Plate as 2 em/yr. Hypocenter distribu­
tions along six profiles normal to the arc show a well-defined W-B zone, with dip 
steepening from about 30° at the north end to about 60° in the center, and 
apparently becoming less steep again to the south. Hypocenters near the center of 
the arc are as deep as 190 km. 

FRANKEL et al. (1980) mapped the hypocenter distribution in the Virgin Islands 
segment of the northeastern boundary of the Caribbean Plate from the LOGO 
network data. In contrast to the Lesser AntilIes are, the relative plate motion is 
highly oblique to this portion of the boundary. Hypocenters deeper than 25 km 
align in a south-dipping configuration that suggests the subduction of the North 
American Plate. A large number of shallow swarms was also reported. 

FRANKEL (1982) used LOGO network data to find composite focal mechanisms 
for microearthquakes in the same segment of the plate boundary. The focal 
mechanisms and the distribution of hypocenters suggest an oblique underthrusting 
of the North American Plate along this boundary. 

b-values, Quiescence, and Aftershocks 

The large number of events located by regional networks make possible studies 
of earthquake distributions down to microearthquake magnitudes. The nonlinearity 
of the frequency-magnitude distribution is a fundamental problem of current 
interest (PACHECü et al., 1992). TAYLOR et al. (1990) examined the distribution of 
earthquakes under and near southeastern Hokkaido, Japan. Working from a data 
base of over 11,000 earthquakes loeated with the Hokkaido University network 
within 50 km of the Carnegie Institution station, KMU, during 1976-87, they 
identified two "effeetively decoupled suites" of events: crustal (Eurasian Plate) and 
subduetion (Pacific Plate). Events in the main thrust zone were put in the "crustal" 
eategory. 

Aftershocks of the Urakawa-oki earthquake (March 21, 1982, M JMA = 7.1) and 
another strong event on January 14, 1987 were eliminated by restricting the time 
intervals retained to 1977 -1981 and 1983 - 1986. They tested the remaining 3306 
crustal earthquakes and 743 subduction events for eompleteness, using a test based 
on time-of-day of occurrence, devised by RYDELEK and SACKS (1989). Although 
both da ta sets were evaluated as complete to duration magnitude, md, 2.0, the 
frequency-magnitude distribution of the crustal events departed from linearity 

below m" = 2.5, and the subduction events below md = 3.5. The logarithm of the 
ratio of the number of crustal events to the number of subduetion events was found 
to depend linearlyon magnitude from md = 0 to md = 5. From this, the authors 
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conclude that the nonlinearity is areal effeet, with a eommon eause for the two 
suites. They did not suggest the eause. 

The Urakawa-oki earthquake was also the study of possible preeursory quies­
eenee (TA YLOR et al., 1991). From the data set of 35,000 earthquakes loeated 
during July, 1976 to Deeember, 1986, they eoncluded that a signifieant quieseenee 
existed for events with magnitude greater than 3 during two years before the main 
shoek, but aetivity at magnitudes less than 2.4 inereased near the main shoek 
epieenter. The minimum magnitude for deteetion and loeation by the loeal network 
was estimated at 1.0-1.5. One of the lessons from this study is that in the seareh for 
seismicity rate ehanges that may be related to the preparation for an imminently 
strong earthquake, it is neeessary to have a large enough da ta set so that 
teetonically interesting small divisions of the overall seismie zone ean be examined 
separately, with enough events in them to yield statistieally meaningful results. This 
ean only be done for typical seismogenie zones from eatalogs of mieroearthquakes. 

A ease of seismic quieseenee that was observed and reported as a prediction prior 
to the oceurrenee of a major event was related to the May 7, 1986 AndreanofIslands 
earthquake, M w = 8.0 (KISSLINGER, 1988). Earthquake eounts for md = 2.3 and 
above, from May, 1976 through December, 1985, revealed a strong and persistent 
quiescence in part of the main thrust zone, starting at different times in parts of the 
monitored region, but most clearly in mid-1982. The quiescenee was most prominent 
in what became the area of greatest moment release during the main event (HWANG 
and KANAMORI, 1986; DAS and KOSTROV, 1990; HOUSTON and ENGDAHL, 1989). 

Although the deerease in activity is also seen in the teleseismieally loeated 
seismicity (ENGDAHL et al., 1989), the number of these events was too small to 
permit a statistieally aeeeptable verifieation of the behavior seen in the mi­
eroearthquake data. Sinee the seismic zone was initially divided into strips 20 km 
wide, east-to-west, it is obvious that only the da ta from a loeal network eould have 
provided a basis for the analysis. This attempt at the prediction of a major 
earthquake is evaluated in KISSLINGER (1988). 

Teleseisrnie eatalogs show very few aftershoeks of intermediate and deep earth­
quakes. Only with the aid of a regional network eapable of deteeting and loeating 
mieroearthquakes within a subdueted plate can such aftershock sequenees be 
adequately doeumented. The potential for gaining new information regarding 
earthquake proeesses at intermediate depths from the analysis of loeally reeorded 
aftershoek sequenees is suggested by the unexpeeted behavior exhibited in the two 
examples analyzed by KISSLINGER and HASEGA WA (1991). Both sequenees, one in 
the eentral Aleutians (Figure 9) the other under northeastern Honshu, Japan, 
included a late surge of aetivity similar to the seeondary aftershoeks found for 
erustal earthquakes, but without the oceurrenee of a strong aftershock to trigger 
them. The cause is unknown, but may be related to ereep in the thrust zone above 
the hypoeenters or in the subdueted plate. The decay characteristics shown in 
Figure 9 are very similar to those of erustal sequenees. 
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Figure 9 
The temporal behavior of an intermediate-depth afters hock sequence (mainshock mh = 6.0; 
depth = 105 km) in the central Aleutian Islands. The da ta were modeled with the modified Omori 
relation. A secondary sequence, which was not triggered by a strong aftershock, is apparent. The Omori 
p values for the two parts of the sequence are shown, and are very similar to those for crustal 
earthquakes. A minimum duration magnitude of 1.9 was used. The misfit of the model is shown at the 

bottom. From KlSSLlNGER and HASEGAWA (1991). 

Coda-Q Observations 

Changes in the physical properties of highly strained rocks are expected to occur 
during the time of preparation of a volume for a large earthquake. Although the 
search for reliable precursors of earthquakes on the basis of such changes has not 
yet been successful, the testing of a number of hypotheses continues. One suggested 
precursor is a change in attenuation of seismic waves induced in rocks near failure 
(AKI, 1985). The waveforms recorded by local stations are required for the analysis 
and interpretation of coda-Q as an indicator of stress-induced changes in the 
attenuative properties of the lithosphere. 
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Stress changes can also cause small changes in the elastic wave velocity in 
materials and introduce velocity anisotropy. Such changes can result in small 
time-dependent mislocations of earthquakes when a fixed velocity model is used. 
This effect can be detected and accounted for by the analysis of earthquake 
doublets (POUPINET et al., 1984). A doublet is a pair of earthquakes that occur in 
essentially the same place, perhaps widely separated in time, and produce almost 
identical waveforms at all stations. Cross-spectral analysis of the two seismograms 
at each station yields highly accurate relative locations of the two events (POUPINET 
et al., 1984) and can be used to separate differences in location from changes in 
material properties (KAZI, 1990). 

Some examples of investigations of the frequency dependence of coda-Q and its 
variations with space and time in subduction zones are those by RODRIGUEZ et al. 
(1983), GUSEV and LEMZIKOV (1985), SCHERBAUM and KISSLINGER (1985), and 
HUANG and KISSLINGER (1992). All these authors employed the technique of AKI 
and CHOUET (1975), or some modification of it. 

RODRIGUEZ et al. (1983) and SCHERBAUM and KISSLINGER (1985) were 
interested primarily in the frequency dependence of coda-Q. The first group used 
seismograms from two local digital stations installed near Petatlan by the Univer­
sity of Wisconsin. They found a rather strong frequency dependence of coda-Q, as 
fO.87, and somewhat higher attenuation at Petatlan than at Oaxaca. SCHERBAUM 
and KISSLINGER (1985) worked from seismograms of the Central Aleutians Seismic 
Network and found that coda-Q varied as p.03. 

GUSEV and LEMZIKOV (1985) and HUANG and KISSLINGER (1992) were 
interested in the possible spatial variation of coda-Q, as weIl as temporal changes 
that might be associated with the preparation for and occurrence of a strong 
earthquake. The former authors first worked to separate the effects of anelastic 
absorption from those due to scattering, and concluded that the effects were 
comparable in a frequency range of 0.4-6 Hz, with absorption predominant at 
higher frequencies. Evaluation of temporal changes in coda shape were based on 
data from the regional network of Kamchatka-Kurile Islands. A parameter based 
on differences at each time between the actual waveform amplitude and the 
amplitude predicted by a standard coda-decay function was used as the criterion for 
the coda shape. Anomalies significant at the 95% level were found preceding three 
major earthquakes in the region. Gusev and Lemzikov argue that the most 
probable cause in the change in the coda shape is change in absorption, not in 
heterogeneity. They also identify features in the amplitude-frequency spectrum that 
correlate closely with the times of anomalous coda shape. They ascribe these to 
localized scatterers that may be concentrated very near the source area of the 
impending strong earthquake. 

HUANG and KISSLINGER (1992) were looking for possible precursory changes 
in coda-Q associated with the 1986 M w 8.0 Andreanof Islands earthquake. Various 
combinations of sources in the main thrust zone and groups of stations of the 
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Centra1 A1eutians Seismic Network were used to look first for any spatia1 distribu­
tion of coda-Q prior to the strong event. It was found that coda-Q in the western 
part of the 1986 rupture zone (the eastern part of the rupture was outside of 
the area covered by the network) was about 15% higher than in the part of 
the thrust zone to the west that did not rupture. No significant variations with 
time prior to the main event cou1d be identified. Data from aftershocks showed 
a decrease of coda-Q of about 10% during approximately two months after the 
main shock. 

Identification of Asperities 

The identification of asperities and barriers on the main thrust zone is one goal 
of subduction-zone seismology. Strong sections of faults in the thrust zone may act 
as asperities at which rupture nucleates or as sites of large slip during major 
earthquakes. They may be barriers that stop rupture that nucleated elsewhere on 
the fault. Moment release patterns derived from the analysis of teleseismic record­
ings of large earthquakes serve weIl to define the distribution of slip after the fact. 
Some experiments have been performed in an attempt to define asperities prior to 
rupture. Two such studies have been carried out with data for a small seismogenic 
zone from the Central Aleutians Seismic Network (Figure 10), one based on 
clustering of moderate magnitude earthquakes, mb 24.5 (BOWMAN and 
KISSLINGER, 1985), the other on patterns of stress drops and apparent stresses of 
microearthquakes in the same place (SCHERBAUM and KISSLINGER, 1984). 

BOWMAN and KISSLINGER (1985) became interested in this site because of 
activation in the form of six moderate earthquakes between July, 1980 and April, 
1983, following an interval of six years with only two teieseismically recorded 
events. The loca1-network locations of all PDE-reported events within the subregion 
were clustered in two tight groups. The b-va1ue for events in this subregion was 
found to be the lowest of any subdivision of the main thrust zone, 0.7 compared to 
0.97 for the who1e thrust zone. The clustering and the low b-va1ue (high mean 
magnitude) suggested that this site is an area of stress concentration, possib1y 
marking an asperity on the main thrust zone. It proved to be within the western 
extremity of the rupture zone of the 1986 great earthquake (KISSLINGER, 1988). 
SCHERBAUM and KISSLINGER (1984) found a clustering of relatively high stress­
drop events in the same small subregion and a significant increase in apparent 
stresses and stress drops during a three-year interval prior to mb = 5.8 earthquake 
in one of the cluster's moderate events. 

Work on the details of the mechanical properties of the seismically active 
structures and of the rupture process are research areas that would be greatly 
enhanced by the wider distribution of broadband, three-component instrumentation 
in subduction zones. 
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Top: Map of the Central Aleutians Seismic Network (triangles) and loeal network solutions of all events 
reported by the U.S. Geologieal Survey for August 1974 through June, 1983 (squares). The reetangle 
outlines the area shown in the bottom part of this figure. Bot/om: Map of loeal network solutions of 
events with depths less than 70 km, m" <! 2.5, for August, 1974 through June, 1983. Squares mark events 
strong enough to be in the PDE eatalog; eircles are smaller events. The suspected asperity is within the 

reetangle. The c1ustering of stronger events is seen. From BOWMAN and KISSLINGER (1985). 

Summary and Discussion 

The unique and essential contributions of local and regional networks as data 
sources for subduction-zone research are demonstrated by the results of many 



Vol. 140, 1993 Seismicity in Subduction Zones 281 

recent studies, a sampie of whieh has been reviewed here. Earthquakes down to the 
mieroearthquake level are detected and located. Occasional events as small as 
magnitude I may be located but local catalogs seem to be complete in most cases 
only for events greater than about magnitude 2.5. A somewhat higher magnitude 
cutoff may be needed for completeness of intermediate or deep earthquakes. On the 
other hand, standard catalogs based on teleseismic observations are reasonably 
complete only for events with Mb greater than about 4.5-5, depending on the 
location of the subduction zone. The problems of obtaining accurate relative 
hypocenter locations are understood and are manageable with careful analysis. In 
particular, the locations of numerous events in the main thrust zone from local data 
are more reliable than those achievable with teleseismic data alone. 

The large number of well-Iocated events in the best local and regional catalogs 
have enabled detailed studies of both the spatial and temporal distribution of the 
seismicity in individual subduction zones. The spatial distribution of seismicity may 
be interpreted in terms of the configuration of the interface between the colliding 
plates and the subducted slab. This distribution is also necessary for associating 
seismie activity with specific geologie or topographie features. The cases selected for 
brief review here illustrate the potential of such studies for clarifying the details of 
the kinematics of the subduction process in a variety of regional settings. Differ­
ences in the mode of subduction beneath island arcs and continents have been 
brought out by these studies. Earthquake distributions by themselves cannot fix the 
boundaries of subducting plates, although investigators make assumptions about 
the relation of the hypocenter positions to the plate surfaces. Analysis of multiple 
wave arrivals from intermediate-depth events has aided in defining the position of 
the upper plate surface and the velocity distribution within the plate. More work on 
this problem is likely in the future. 

The multitude of events in regional and local catalogs is essential for investiga­
tions of the temporal behavior of seismicity in small segments of subduction zones. 
Detection of significant variations in background seismicity and determination of 
the spatial distribution and decay properties of aftershocks are greatly enhanced by 
regional data complete to small magnitudes. Studies of aftershocks of intermediate­
depth events are especially difficult without regional data because so few after­
shocks of such earthquakes are found in standard teleseismic catalogs. 

Many regional networks report magnitudes calculated from coda durations. 
These magnitudes may be consistent for events processed for a single network, but 
a study should be made of the consistency of duration magnitudes reported by 
different networks. Network operators should also document any changes made in 
the method of calculating magnitudes, as these may introduce systematie magnitude 
shifts that adversely affect statistieal analyses of the network catalog (HABERMANN 

and CRAIG, 1988). 
The application of local network data to studies of source characteristics and 

properties of the rocks within the active zones has been limited by the small 
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dynamic range and narrow passband of most network seismographs, as weIl as the 
sparsity of three-component recording. Replacement of the present instrumentation 
with equipment that overcomes these limitations will probably happen slowly, one 
network at a time. Great improvement in subduction-zone seismicity studies would 
result also from the more extensive use of ocean-bottom seismographs to overcome 
the limitations on instrument distribution imposed by the locations of land areas 
suitable as station sites. Both locations and focal mechanism solutions will be 
improved by better azimuthai distribution of observations. 

Data from closely spaced three-component broad-band stations will contribute 
to the determination of the physical properties of the materials within the subduc­
tion system. More detailed delineation of the distribution of seismic wave velocities, 
velocity anisotropy, and anelastic attenuation is needed to constrain the thermal 
state and the properties of flow in the subducting plate and the surrounding upper 
mantle. 

Future research based on local and regional network data will most likely 
continue to develop more details of the distribution of seismicity within parts of 
subduction zones that are monitored weIl. It is expected that with more data and 
careful analysis, more detailed three-dimensional velocity and attenuation models 
will be obtained. With more and better hypocenter locations, the relation of 
earthquake occurrence to regional tectonics and specific geological structures can be 
better evaluated. The distribution of inhomogeneities of strength and other proper­
ties of the fault zone materials that control earthquake occurrence is another goal 
for the future. Advances in understanding source processes on the basis of local 
data require the use of instruments with higher dynamic range than is currently 
employed, so that moderate to large events are recorded without clipping. The 
calculation of focal mechanisms of small earthquakes from P-wave first motion 
polarities is difficult for linear networks deployed parallel to the strike of the 
subduction boundary, because of the limited azimuthai coverage. Mechanisms 
derived by matching broad-band waveforms at even a few stations will add 
considerably to the data base available for tectonic interpretations. 

Additional studies of the configuration and ambient physical conditions in and 
around the subducted plate, the main thrust zone, and associated regional features 
will eventually yield aglobai picture of the highly variable properties of subduction 
zones and insight into the factors controlling these properties. A good start has 
been made toward this goal. 

Regional data are also important for earthquake hazard assessment in subduc­
tion zones, as they are in all seismically active places. The identification of the active 
structures on the basis of the distribution of small earthquakes is especially 
important in subduction zones, where the most significant faults are often inacces­
sible for direct observation. The general level of activity in different parts of the 
zone can be determined more rapidly and in finer detail than is possible with 
teleseismic data alone. Although the attempts to detect precursors to great earth-
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quakes by seismic observations have met with limited success, the data provided by 
the frequent small earthquakes may contain evidence diagnostic of the preparation 
for great earthquakes that is still to be discovered and understood. 
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Aftershocks of the San Marcos Earthquake of April 25, 1989 
(Ms = 6.9) and Some Implications for the Acapulco-San Marcos, 

Mexico, Seismic Potential 
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Abstract-Aftershock actlVlty following the April 25, 1989 (Ms = 6.9) earthquake near San 
Marcos, Guerrero, Mexico, was monitored by a temporary network installed twelve hours after the 
mainshock and remaining in operation for one week. Of the 350 events recorded by this temporary 
array, 103 were selected for further analysis in order to determine spatial characteristics of the aftershock 
activity. An aftershock area of approximately 780 km2 is delimited by the best quality locations. The 
area of highest aftershock density lies inside an area delimited by the aftershocks of the latest large event 
in the region in 1957 (Ms = 7.5) and it partially overlaps the zone of maximum intensity of the earlier 
1907 (Ms = 7.7) shock. Aftershocks also appear to cluster close to the mainshock hypocenter. This 
clustering agrees with the zone of maximum slip during the mainshock, as previously determined from 
strong motion records. A low angle Benioff zone is defined by the aftershock hypocenters with a slight 
tendency for the slab to follow a subhorizontal trajectory after a 110 km distance from the trench axis, 
a feature which has been observed in the neighboring Guerrero Gap. A composite focal mechanism for 
events close to the mainshock which also coincides with the zone of largest aftershock density, indicates 
a thrust fault similar to the mainshock fault plane solution. 

The San Marcos event took place in an area which could be considered as a mature seismic gap. 
Due to the manner in which strain release has been observed to previously occur, the occurrence of a 
major event, overlapping both the neighboring Guerrero Gap and the San Marcos Gap segments of the 
Mexican thrust, cannot be overlooked. 

Key words: Aftershocks, Guerrero, seismic gap, Mexico, subduction. 

Introduction 

The Acapulco-San Marcos (ASM) segment of the Mexican subduction zone 

(99.0°-100.0° W, Figure 1) has already surpassed the 30-yr criterion ofMcCANN et 
al. (1979) for a mature seismic gap since the occurrence of a large (Ms = 7.5) 

earthquake in 1957. Thus it could be cataloged as such a seismic gap. The two 

I Instituto de Geofisica, UNAM, Cd. Universitaria, Mexico 04510, D.F. 
2 Centro Nacional de Prevencion de Desastres, Delfin Madrigal 665, Mexico 04360, D.F. 
3Instituto de Ingenieria, UNAM, Cd. Universitaria, Mexico 04510, D.F. 
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regions adjacent to the Acapu\co-San Marcos segment are considered to have the 
highest potential for a large earthquake in the Mexican subduction zone, namely 
the Central Guerrero (CG) (approx. 100° to 101.20 W) (e.g., SUAREZ et al., 1990) 
and Ometepec (OM) (approx. 98.25° to 99.0° W) (e.g., GONzALEZ-RuIZ and 
McNALL Y, 1988) seismic gaps (Figure 1). All three of these segments can be 
differentiated from the remaining Mexican thrust, in terms of source complexity, 
recurrence intervals, and multiplicity of events, making detailed studies of every 
earthquake occurrence an even higher priority if one is to elucidate possible 
mechanisms of stress accumulation and release in the region. 

Some researchers (SINGH and MORTERA, 1991; SUAREZ et al., 1990; NISHENKO 
and SINGH, 1987) have suggested the possibility that all of the region from 101.2·~ 

to 99.1 0 W could be broken in a single magnitude M w > 8.0 event. There is, of 
course, the alternative that strain energy might be released in aseries of smaller 
ruptures as has occurred in the past during the sequence that took place from 1899 
to 1911 (Figures 1 and 2). 

Furthermore, seismic quiescence, at the teleseismic level, has also been identified 
for the area spanning from Acapu\co to Ometepec starting in 1977 (McNALLY and 
MINSTER, 1981) as weil as for the Ometepec segment (GoNzALEZ-RuIZ and 
McNALLY, 1988) for the periods mid-1975 to early 1978, and early 1980 to 
mid-1982. It is unclear, however, whether the seismic rate decreases observed are 
inherent to natural causes or stern from changes in the reporting andjor detection 
of earthquakes in the area (HABERMANN, 1988). In the adjacent Guerrero gap, 
seismic quiescence has also been identified for a small central area (PONCE et al., 
1992) resembling a doughnut pattern. 

A magnitude M s = 6.9, earthquake took place on April 25, 1989, in the ASM 
region causing the death of at least three people in Mexico City. The epicenter of 
this event was very near the relocated epicenter of the 1957 shock (NISHENKO and 
SINGH, 1987; GONzALEZ-RUIZ and McNALLY, 1988). Portable array based loca­
tions of the aftershocks of the April 25, 1989 earthquake provide useful information 
that can be used to further understand the manner in wh ich larger ruptures occur 
in the region. An afters hock analysis, based on data from a temporary local 
network, is presented supporting this purpose. 

Previous Large Events in the Acapulco-San Marcos Region 

Earlier studies on the ASM region (SINGH et al., 1982; NISHENKO and SINGH, 
1987) have proposed that the recurrence time for this segment of the Mexican 
subduction zone can be as 10ng as 50 years, based on seismic moment estimates for 
the 1957 and the earlier 1907 (Ms = 7.7) event and on the idea that the 1957 shock 
may have been part of a delayed sequence of ruptures. NISHENKO and SINGH 
(1987) argue that the 1957 event appears to have broken approximately half of the 
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rupture of the 1907 earthquake with the other half of the rupture occurring 
previously during earthquakes that occurred in 1937 and 1950 (Ms = 7.5, 7.1 
respectively). They also assign a rupture length of ~ 160 km for the 1907 main­
shock. However, while they favor a case of delayed rerupture for the same segment, 
GONzALEZ-RUIZ and McNALLY (1988) consider that both the 1937 and 1950 
events broke a separate segment east of the rupture area of the 1957 shock (the 
Ometepec segment). They also assumed that the 1907 rupture, whose length they 
estimate as ~ 110 km, did not encompass the volume ruptured by the 1937 and 
1950 shocks. Thus, they propose that the OM segment ruptures are independent 
from those of the neighboring ASM region (Figure 1). 

Recurrence intervals are particularly difficult to assess due to uncertainties in 
location and extent of rupture for past earthquakes. Recent attempts to relocate the 
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Figure I(a) 
Location map and tectonic situation of the San Marcos, Guerrero, Mexico, area. Bathymetry from 
CHASE et al. (1970). Solid arrows indicate the direction of relative convergence between the North 
American (NOAM) and Cocos or Rivera (RIV) plates (convergence vectors after McNALLY and 

MINSTER (1981) and EISSLER and McNALLY (1984». 
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Guerrero (CG), Aeapulco-San Mareos (ASM) and Ometepec (OM) segments of the subduetion zone 

are also indieated. 

1957 aftershocks, by means of the Joint Hypocenter Determination (JHD) method 
(NISHENKO and SINGH, 1987; GONzALEZ-Rurz and McNALLY, 1988) have pro­
vided improved but differing locations. Thus, the rupture extent is still unclear 
due to the scarcity and poor quality of data available. In this study, we take 
Gonzalez-Ruiz and McNally's estimate of the 1957 aftershock area as the most 
reliable since it is based on a two-step relocation which we consider provides a 
better resolution. 

Historically, a great event that may have previously ruptured the ASM seg­
ment took place in 1845 with a reported magnitude of M s ~ 8.1 (SINGH et al., 
1981) (Figures 1 and 2) and there is a possibility that an event that occurred in 
1820 (Ms ~ 7.6) might have also ruptured the same volume (SINGH et al., 1982). 
Figure 2 also shows other shocks whose location has been reported in the area 
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Figure 2 
Epieenters of important earthquakes in the San Mareos vieinity. Loeation of 1937, 1948, 1950, 1957, 
1962, 1980 and 1982 events after GONzALEZ-RUIZ and McNALLY (1988) re1oeation study. All other 
events after ANDERSON el al. (1989) exeept for the 1989 mainshoek (asterisk) whose loeation is from this 

study. The loeation of events in 1908 and 1909, shown here, are still uneertain. 

(ANDERSON et al., 1989), such as the 1908 (Ms = 7.6) and 1909 (Ms = 6.9) events. 
Oue to uncertainties in location of these earthquakes, however, it is not clear whether 
they in fact occurred in the ASM region or further to the west (SINGH, pers. 
communication, 1992). 

Aftershock Data 

Twelve hours after the occurrence of the April 25, 1989 mainshock the first 
station of a temporary seismograph network started operating in the epicentral area 
and remained in operation for 7 days. The instruments deployed included six digital, 
three component, EOA/PRS-4 portable seismographs as weIl as six smoked paper 
Sprengnether/MEQ-800 portable seismographs belonging to the Institutes of 
Geophysics and Engineering of the National University of Mexico (UNAM). 
Sensors used were of the Kinemetrics I Hz Ranger type in the case of the analog 
stations while Lennartz LE-30 I Hz sensors were employed for the digital stations. 
A GOES receiver clock was used for the timing of digital data. Oata was recorded 
on magnetic disks in both raw and processed formats with a sampling rate of 50 sps. 
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Operation schedule of stations of the temporary array, asterisks show digital stations. Solid lines indicate 
time when station operated. 

The distribution of stations varied in order to improve eoverage of the after­
shock area as it was progressively defined, but the inaeeessibility of some plaees 
prevented a better azimuthai eoverage. The operation sehedule is shown in Figure 
3, station loeations are shown in Figure 4. Some loeations were shared by both 
kinds of instruments (digital and analogie) to provide acheck for the operation of 
the event-triggered digital equipment and adjust the settings for triggering. 

During the operation period, we registered more than 350 events of whieh 
103 were seleeted for further analysis, based on the number of stations (4 mini­
mum) that reeorded them and the quality of first arrival picks. Hypoeentral 
loeations were determined using HYP071 (LEE and LAHR, 1978) and the veioeity 
model shown in Table I. This model was reeently obtained for the CG area 
(SUAREZ et al., 1992) by means of the Minimum Apparent Velocity method 
(MATUMOTO et al., 1977). Both, P arrival tim es and s-p times were used in the 
loeation proeedure. In order to better constrain the loeations, the hypo center of 
the largest aftershock (Ms = 4.9) was used as a master-event. Hypoeentral 
loeation errors were aeeeptable if they were less than 3 km horizontally and 
less than 8 km vertieally. Mean loeation RMS error was 0.22, the mean hori­
zontal error was 3.24 km and the me an vertieal error was 4.19 km. The after­
shock epieenters distribution is shown in Figure 4, together with other referenee 
features. 
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Aftershock epicenters for the week April 27 - May 02, 1991. Also shown: stations (diamonds), main 
towns (squares) and projection lines (continuous straight lines) discussed in the text. A long-dashed line 
indicates the trench axis. A short-dashed line the rupture extent of the 1907 event, following GONzALEZ­
RUIZ and McNALL Y (1988). The larger dashed ellipsoid is the aftershock area of the 1957 mainshock 
and the smaller ellipsoid is the corresponding aftershock area of the 1982 event, following GONzALEZ­
RUIZ and McNALL Y (1988). The hatched semi-circular area indicates the maximum intensity zone for 
the 1907 event after BÖSE et al. (1908) and GONzALEZ-RuIZ and McNALLY (1988). The aftershock 
area of the April 25, 1989 'event is also outlined. A box used as reference by SINGH et al. (1989) in the 
inversion of strong motion data is indicated with axes X land X2 labeled. The location of the mainshock 

and largest aftershock is shown by large and small filled circles, respectively. 

Table I 

Velo city model used in {he location procedure. The 
model was determined using apparent velocities 
(SUAREZ et al., 1992) 0/ events in the Central Guer-

rero Gap area 

Vel. (km/sec) Depth (km) 

5.8 0.0 
6.5 10.14 
7.1 18.36 
7.4 23.42 
8.0 34.00 
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Results and Discussion 

The aftershock zone shown in Figure 4 was outlined using the best quality 
epicenter locations (63 in total) and considering the region with the highest density 
of events, giving an area of approximately 780 km2• Figure 4 also shows the 
location of the mainshock (16.579° N, 99.462° W), determined from strong motion 
accelerograph records from the Guerrero Accelerograph Array (GAA) (ANDERSON 
et al., 1986) together with the location of the largest aftershock (16.677° N, 
99.483° W) for which it was possible to use records from GAA plus the temporary 
array. In the same figure we have also plotted the aftershock areas of the most 
recent events in the zone, i.e., 1957 and 1982 following GONzALEZ-RUIZ and 
McNALL Y (1988) coupled with the maximum intensity zone of the 1907 event 
(BösE et al., 1908) and the proposed extent of its rupture after GONzALEZ-RuIZ 
and McNALLY (1988). 

As seen in Figure 4, the location of the 1989 mainshock and its aftershock zone 
overlap the aftershock zone for the 1957 mainshock. It is also noticeable that the 
zone of maximum intensity of the 1907 event, assumed to be the epicentral area, 
also overlaps both aftershock zones. Thus, this small area appears to stand out 
among the rest of ASM in terms of different stress release characteristics. 

In the daily epicenter snap-shots shown in Figure 5 it can also be seen that 
aftershock activity is more tightly elustered and shows higher magnitudes near the 
south-western edge of the aftershock area (e.g., epicenter plots for April 28 and 
May 02 in Figure 5), very elose to the location of the mainshock. A preliminary 
source study of the mainshock (SINGH et al., 1989) based on the inversion of strong 
motion records from stations belonging to the GAA, some of which were located 
inside the aftershock area, showed that most of the slip appeared to be concentrated 
near the reported hypocentral location of the mainshock as weIl. Figure 6 (after 
SINGH et al., 1989) shows resuIts of that analysis for two different cases. The first 
corresponds to an unconstrained solution and the second to a solution constraining 
the slip in the Xl direction (for reference, the same box used in Figure 6 has been 
plotted in Figure 4, with axes Xl and X2 labeled in both figures). The shaded area 
in Figure 6b, is assumed to be the area that most contributed to the observed 
ground motion. These results are in apparent contradiction to results found for 
other events (e.g., Loma Prieta earthquake, WALD et al., 1991; and Whittier 
Narrows earthquake, HARTZELL and IIDA, 1990), where the zone of maximum 
moment release appears to lack aftershocks. 

Figure 7 shows a vertical profile using li ne A-A' (Figure 4) as reference. SUAREZ 
et al. (1990) postulated the possibility that in the CG area the slab follows a 
subhorizontal trajectory after a distance of approximately 150 km from the trench. 
Focal mechanisms of small events in that area analyzed by them appear to confirm 
the idea of upward bending of the slab at this distance. A slight tendency to follow 
a subhorizontal trajectory in ASM can be discerned from Figure 7, starting after a 
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Daily epieenter maps for the period the array remained in operation. Me stands for duration magnitude. 
The asterisk shows the loeation of the mainshock for reference. The square indieates the town of San 

Marcos. All other symbols as in Figure 4. 

distance of about 110 km from the trench. At present, it is not known if this feature 
continues further east, however, hypocenters of events studied by PONCE et al. 
(1992) do not suggest that the sub horizontal trajectory continues near the Isthmus 
of Tehuantepec (at approximately 97.0° W). 

A composite focal mechanism (Figure 8) obtained from aftershocks that oc­
curred near the mainshock hypocenter, whose depths range from 15 to 25 km, 
shows a thrust mechanism, with strike = 300°, dip = 30.9° and rake = 77°. First 
arrival polarities from other aftershocks did not provide enough resolution to define 
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Slip distribution during the mainshoek based on the inversion of near·field strong-motion reeords from 
GAA (see text). The mainshoek loeation is shown by a star, solid triangles indieate stations used in the 
inversion . a) Uneonstrained solution. b) Solution eonstraining motion in the XI direetion. Shaded area 

is the area assumed to eontribute the most to observed ground motion. After SINGH el al. (1989). 

a single or composite mechanism for other subvolumes. Even though the quality of 
the solution is poor, the result is similar to that reported for the mainshock, except 
for the dip which in the case of the mainshocks is shallower. It is also similar to the 
focal plane solution obtained by SINGH et al. (1990), through integrated near-field 
P-wave modeling, for the largest of the aftershocks which was located in the same 
subvolume. 
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Distance vs. depth profile for aftershock hypocenters as projected on line A -A '. Distance is measured 
from trench. 

( a) (b) 

Figure 8 
a) Composite focal mechanism solution for the San Marcos aftershocks. b) PDE focal mechanism 

solution for the April 25, 1989 mainshock. 

Implications Jor the Future Occurrence oJ a Large Event in the Area 

It is worth mentioning that the boundary between the ASM and OM segments, 
which could be taken as located in the area between the 1957 and 1982 rupture 
zones (Figure 4) and which in turn coincides with the eastern edge of the 1907 
rupture, has been proposed as a major limit dividing the Mexican subduction zone 
into two different subduction geometries and physical characteristics (SINGH and 
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MORTERA, 1991). They based their assumption on several pieees of information 
including the number of souree-time funetions required to model teleseismic P-wave 
forms for events at either side, the ratio of surfaee- to body-wave seismie moment, 
as weIl as on other geophysieal and morphologieal data. They propose that this 
limit eould aet as a barrier to rupture propagation and thus eonsider it as the SE 
limit of the aetual Gerrero gap. This eonclusion is also supported by the observa­
tion (ANDERSON et aI. , 1989) that the 1982 Ometepee doublet exhibited greater 
affinity with Oaxaea events to the east and not with other Guerrero shoeks, 
aeeording to the relation between Mo vs. M s for large subduetion events in Mexieo. 

Thus, we are faeed with two seenarios: one, in whieh a major event ruptures the 
entire CG and ASM segments; the other is the possibility of both segments breaking 
in single independent events. As seen in Figure 4, one estimate of rupture length for 
the 1907 event (GoNzALEZ-Rurz and McNALLY'S, 1988) agrees with the length of 
the ASM segment. However, NISHENKO and SINGH'S (1987) estimate (;:::: 160 km) 
would involve partial rupture of the CG segment as weIl as all of the ASM. SINGH 
and MORTERA (1991) eonclude that a magnitude M w = 8.2 is reasonable if the 
entire CG and ASM regions were to break in a single event. 

Following a similar analysis, we ean estimate the maximum expeeted magnitude 
for the ease of rupture of ASM alone. ASTIZ et al. (1987) have proposed the 
following relation between elapsed time sinee the last large event in a single region 
and average Mo, valid for Mexieo and Central Ameriea subduetion zones 

log T = ~ . log Mo - 7.5 

where T is in years and Mo is in dyn-ern. If we follow ASTIZ et al. 's (1984) 
assumption, employed in the determination of the above relation, that the 1962 
doublet formed part of the same strain release episode as the 1957 shoek, and use 
the latter as the time of the last event, we ean estimate a eurrent moment defieit of 
about 1.0 x 1027 dyn-ern in the ASM region. This eorresponds roughly to M s = 7.3. 
The moment released by the 1989 event is within error margins of the latter 
estimate and thus eannot be used towards defining more preeisely the expeeted 
defieit. 

Conclusions 

Aftershoeks of the April 25, 1989 event delimit an area of about 780 km2 • One 
week aftershoek aetivity shows a c1ustering of events near the mainshoek epieenter 
whieh in turn eoineides with the zone of maximum slip as determined from 
near-field aeeeierograms (SINGH et al., 1989). 

The aftershoek area overlaps the aftershoek zone of the 1957 earthquake and it 
mayaIso eoineide with the epieentral zone of the 1907 shoek, based on its 
maximum intensity area. 
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A composite focal mechanism for aftershocks occurring near the mainshock 
hypocenter indicates a thrust fault (strike = 300°, dip = 30.9° and rake = 77°) with 
similar characteristics to those of the mainshock. 

The depth characteristics of the hypocenters define a low angle Benioff zone, 
with a slight tendency for the slab to follow a sub horizontal trajectory at a distance 
of about 110 km from the trench. This is similar to what is observed to the west in 
the neighboring Guerrero gap. 

Even though in this region, as has occurred in the past, segments are likely to 
break independently from each other, the possibility of rupture continuing from the 
Guerrero gap to the neighboring San Marcos segment and thus the generation of 
another event breaking both segments (reaching a magnitude larger than 8.0) 
cannot be overlooked. 
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Long-term Earthquake Prediction along the Western Co ast of 
South and Central America Based on a Time Predictable Model 

ELEFTHERIA E. PAPADIMITRIOU' 

Abstract-The repeat times, T, of strong shallow mainshocks in fourteen seismogenic sources along 
the western coast of South and Central America have been determined and used in an attempt at 
long-term forecasting. The following relation was determined: 

log T = 0.22Mmin + 0.21Mp + a 

between the repeat time, T, and the magnitudes, M min , of the minimum mainshock considered and M p , 

of the preceding mainshock. No dependence of the magnitude, Mt, of the following mainshock on the 
preceding interevent time, T, was found. These results support the idea that the time-predictable model 
is valid for this region. This is an interesting property for earthquake prediction since it provides the 
ability to predict the time of occurrence of the next strong earthquake. A strong negative dependence of 
M,on Mp was found, indicating that a large mainshock is followed bya smaller magnitude one, and vice 
versa. 

The probability for the occurrence of the expected strong mainshocks (M, ~ 7.5) in each of the 
fourteen seismogenic sources during the next 10 years (1992-2002) is estimated, adopting a lognormal 
distribution for earthquake interevent times. High probabilities (P IO > 0.80) have been calculated for the 
seismogenic sources of Oaxaca, Chiapas and Southern Peru. 

Key words: Time-predictable model, probabilities, South and Central America region. 

Introduction 

Repeat times of large earthquakes have been extensively used during recent 
decades by various researchers as a tool for long-term earthquake prediction. 
Repeat time is taken to be the time interval between the largest shocks that occur 
at a given place along a plate boundary or in a specific seismic zone, and it varies 
both along and among seismic zones. In the time-predictable model, the time 
interval between large shocks depends on the size of the preceding event. This 
model is in accord with laboratory experiments on stick-slip behaviour on pre-exist­
ing faults (or surfaces) in that slip takes pi ace in a given sampie, when the stress 
reaches a level that is nearly constant among large events (SYKES, 1983). If the 

1 Laboratory of Geophysics, Aristotle University of Thessaloniki, Thessaloniki, Macedonia, 
GR54006. Greece. 
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stress drop or displacement at a given place vary from event to event, it is 
understandable that the time needed to restore stresses to that level by plate 
movements will vary from event to event. Thus, while the time intervals between 
large events may constitute a random distribution, the time-predictable model 
indicates that specific time intervals are related in a deterministic manner to the 
displacement in the preceding earthquakes. 

SYKES and QUITTMEYER (1981) found that data on the geometry, seismic 
moment and repeat time of 1arge shocks of both the strike-s1ip and convergent types 
agree better with the time-predictable model of earthquake recurrence than with the 
slip-predictable model. SHIMAZAKI and NAKATA (1980) found that the relative 
amounts of uplift in several large earthquakes off southwestern Japan are also in 
accord with the time-predictable model. 

PAPAZACHOS (1988a,b, 1989, 1992), based on the repeat times of shallow 
mainshocks which occurred in the Aegean and the surrounding area, found that the 
time-predictable model and not the slip-predictable model holds for the seismogenic 
sources in which this area was divided. The author proved that this model can also 
be applied in seismogenic sources that may include several faults and where in 
addition to the maximum (characteristic) earthquake, other mainshocks are gener­
ated, and moreover that it holds for several seismotectonic environments. 

It is the aim of the present study to apply the methodology suggested by the 
above-mentioned author, in the seismic zone along the western coast of South and 
Central America. This seismic zone was selected because it is homogeneous from 
the seismotectonic point of view (simple plate boundaries), and has been repeatedly 
struck by large events (adequate number of repeat times). In the examined area the 
subduction of the Nazca plate underneath the curving margin of western South 
America takes place, quite simple since it defines a single plane dipping about 30°, 
and the subduction of the Cocos plate along the Midd1e America Trench, beneath 
the North American and Caribbean plates (MOLNAR and SYKES, 1969; DEAN and 
DRAKE, 1978; among others). 

Method Applied 

PAPAZACHOS (1988a,b, 1989, 1992), based on the repeat times of strong shallow 
earthquakes in the seismogenic sources in Greece, found that their logarithms are 
linearly correlated with the magnitudes, M p , of the preceding mainshocks as well as 
with the magnitudes, Mr, of the following mainshocks. He found a strong positive 
correlation between log T and Mp , and a weak and negative correlation between 
log T and Mr . Therefore, the time-predictable model holds for the earthquakes of 
this region and not the slip-predictable model. A relation of the form 

(1) 
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has been determined, where M min is the magnitude of the smallest mainshock in the 
data sampie, "c" and "b" parameters having the same value for all the sourees, 
while the parameter "a" has a different value in each source. 

For the application of the above suggested methodology, the following condi­
tions must be fulfilled. First, appropriate definition of seismogenic sources is 
needed, so as to have the same seismotectonic environment, and their individual 
characteristics as far as the behaviour of the seismic activity is concerned. Secondly, 
a reliable catalogue of earthquakes, that is, accurate, complete and homogeneous, 
must be used as a data source. 

Following the procedure suggested by the above-mentioned author, the shallow 
(h :::; 60 km) earthquakes which occurred in each of the fourteen seismogenic 
sourees, in which the whole seismic zone was divided, were depicted from a 
complete and homogeneous catalogue. From the data set corresponding in each 
seismogenic source, the after- and foreshocks were omitted in order to have a 
sampie containing only mainshocks. We use the terms "aftershock" and "fore­
shock" in their broad sense because we are interested in applying a model which 
can predict the mainshocks in each seismogenic source, that is, the strong earth­
quakes which occur at the beginning and the end of each seismic cyc\e and not 
sm aller earthquakes which occur during the preseismic and postseismic activations. 
In particular, we consider as foreshocks or aftershocks the earthquakes which 
precede or follow mainshocks with magnitudes 6.0-7 .0, 7.1- 8.0 and larger than 8.0 
up to 9, 12.5 and 17 yrs, respectively. These time intervals are in accordance with 
PAPAZACHOS (1992) and the duration of the pre- and postseismic activity during 
the seismic cyc\e, found by KARAKAISIS et al. (1991). 

The cumulative magnitude, M, of each sequence was estimated, that is, the 
magnitude which corresponds to the total moment released by the major shocks 
(mainshock and its foreshocks and aftershocks) of each sequence, according to the 
relation suggested by KANAMORI (1977). These cumulative magnitudes were used 
in this study instead of the magnitudes of the mainshocks. 

We now have the mainshocks and the year of their occurrence for each 
seismogenic source. We need the interevent times between the mainshocks which 
have magnitudes larger or equal to a certain value, ta king into consideration the 
completeness of the data for the certain time period. The determination of these 
interevent times, needed in the application of the present methodology, is per­
formed in the following manner. The minimum magnitude mainshock of each 
sampie is considered and the interevent times of the mainshocks which have 
magnitudes equal to or larger than this magnitude are estimated. This smallest 
magnitude is then ignored in the second step, the mainshocks which have magni­
tudes equal to or larger than the magnitude of the new sm aller mainshock in the 
data sampie are considered, and the interevent times of these shocks are now 
estimated. The same is repeated until the maximum magnitude mainshock in the 
data sampie is determined, to obtain at least one interevent time. 
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Seismogenic Sources and Data Used 

The division of South and Central America into five seismic zones suggested by 
LA Y and KANAMORI (1981) and LA Y et al. (1982) is first considered in the present 
study. This division was based on regional variations of fault lengths of the large 
earthquakes, on the degree of coupling and on the segmentation of the stress regime 
by transverse boundaries. In southern Chile, strong coupling on the fault plane 
overcomes the effect of lateral segmentation, and great earthquakes tend to 
recur regularly over approximately the same rupture zone, having length greater 
than 500 km. In Peru and Central Chile substantial aseismic slip and heteroge­
neous stress distribution generate moderate size, but complex ruptures, -weak 
coupling-, large earthquakes repeatedly rupture the same portion of the subduc­
tion zone, but without coalescing to generate large events, although the length scale 
of the subzones ranges from 100-300 km. In Colombia, the interaction between 
coupling and segmentation demonstrated temporal variation in the rupture mode, 
with occasionally very large ruptures (sometimes 500 km long), spanning segments 
of the trench that fail individually at other times. The Middle America seismic zone 
appears to have small-scale but fairly uniform stress distribution, producing an 
occasional clustering of events in time and space with smaller rupture dimensions 
( 100-150 km). 

Based on the above described general characteristics of the seismic behaviour in 
the five seismic zones, their division into seismogenic sources is made in the present 
study on the basis of spatial clustering of the epicenters of strong earthquakes, 
seismicity level, maximum earthquake observed, type of faulting and geomorpho­
logical criteria. The dimensions of the seismogenic sources are chosen according to 
the maximum "characteristic" rupture length observed in the corresponding source. 
The fit of the data of each source to the time-predictable model has been used as 
a supplementary criterion for this separation. 

The Central America seismic zone is divided into six seismogenic sources 
(having lengths 100-150 km) based on the spatial distribution of the aftershock 
areas of large (M, ~ 7.0) shallow earthquakes (AsTIZ et al., 1987; among others). 

The seismogenic sources of North Colombia, South Colombia, Northern Peru, 
Southern Peru, North Chile, Central Chile and Valparaiso are about 500 km long, 
in accordance with the maximum rupture lengths reported for the 31 January 1906 
earthquake (500 km) or the 1922 Atacama Desert earthquake (more than 400 km). 
Rupture lengths of this order have also been reported for earthquakes occurring 
before the present century, but with less reliability. 

Southern Chile is considered as one seismogenic source, although its length is 
long enough. The criterion on which this definition is based is that the rupture 
length of the great 1960 Chilean earthquake was almost equal to 1000 km. 

Figures 1 a and 1 b show the definition of the fourteen seismogenic sources, along 
with the epicentral distribution of earthquakes which have magnitudes larger than 
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or equal to 7.0. The mainshocks are denoted by black circles, while the fore- and 
aftershocks are signified by open ones. 

Information regarding the surface wave magnitudes and the epicenters of the 
earthquakes used was taken from a worldwide catalogue compiled by TSAPANOS 
(1985) and TSAPANOS et al. (1990), which covers the time period 1898-1985 and 
includes events with M s ~ 5.5. This catalogue is complete for the following time 
periods and their corresponding magnitude ranges: 1898-1985, Ms ~ 7.0; 1931-
1985, M s ~ 6.5; 1951-1985, M s ~ 5.0 and 1966-1985, M s ~ 5.5. From this cata-
10gue only the events with M s ~ 6.0 have been considered in the present study. This 
catalogue was checked and corrected according to the catalogue of PACHECO and 
SYKES (1992). 
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Figure leb) 

Figure I 
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The seismogenic sources in which the seismic zones of South America (la) and Central America (I b) 
were divided. The epicentral distribution of earthquakes with M s ;:>: 7.0 is also shown. Black circ1es 

represent the mainshocks and open circ1es the fore- and aftershocks. 

Information on the mainshocks for which interevent times ·have been deter­
mined is given in Table 1. In addition to this, all the events with M s ;;:>: 7.0 wh ich 
are considered as foreshocks (indicated by f) or aftershocks (indicated by a), are 
also shown. In the first column of this table a name is written for each seis­
mogenic source. The second, third and fourth columns give the date, epicenter and 
the surface wave magnitude for the mainshocks that satisfy the compJeteness 
condition. The fifth column provides the cumulative magnitudes, M, of each 
seismic sequence. 

Table 2 supplies the values of the minimum magnitude, M min , of the main­
shock, the magnitude of the preceding mainshock, M p , the magnitude of the 
following mainshock, MI' the interevent (repeat) time, T, between the two shocks, 
the year of occurrence of the preceding mainshock, tp ' and the year of occurrence 
of the following mainshock, tl , as these values were derived from the basic data of 
Table I for each seismogenic source. 

Results 

The procedure suggested by PAPAZACHOS (1992) was followed here in order to 
estimate the parameters of the relation (1) between the repeat time, T, and the 
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Table 1 

Information on the basic data used for each seismogenic source 

Seismogenic 
Source Date Epicenter M s M 

SOURCE 1 20 1 1900 20.0 -105.0 7.3 f 
JALISCO 16 12 1900 20.0 -105.0 7.4 7.6 

16 11 1925 18.0 -107.0 7.0 f 
3 6 1932 19.5 -104.2 8.0 8.1 

18 6 1932 19.5 -103.5 7.6 a 
30 11 1934 18.5 -105.5 7.0 a 
21 10 1950 17.8 -105.5 6.7 6.7 
27 3 1960 19.0 -105.0 6.1 6.3 
18 10 1973 19.4 -105.0 6.3 6.3 

SOURCE 2 15 4 1941 18.0 -103.0 7.5 7.5 
COLIMA 30 1 1973 18.5 -102.9 7.3 7.3 

SOURCE 3 7 6 1911 17.5 -102.5 7.6 7.6 
MICHOACAN 20 1 1955 15.5 -104.4 6.2 6.2 

25 10 1981 18.2 -102.0 7.3 f 
19 9 1985 18.5 -102.3 8.1 8.3 
21 9 1985 17.8 -101.7 7.6 a 
30 4 1986 18.4 -103.0 7.0 a 

SOURCE 4 15 4 1907 17.0 -100.0 7.6 7.9 
GUERRERO 30 7 1909 17.0 -100.5 7.2 a 

16 12 1911 17.0 -100.5 7.4 a 
15 1 1913 19.0 -100.0 7.5 a 
14 6 1913 20.0 -99.0 7.5 a 
17 8 1929 16.3 -99.0 7.0 7.0 
22 2 1943 17.7 -101.5 7.3 7.4 
3 10 1947 18.8 - 100.7 7.0 a 

17 11 1950 16.8 -100.7 7.0 f 
27 7 1957 16.7 -99.0 7.5 7.8 
11 5 1962 17.3 -99.6 7.0 a 
14 3 1979 17.8 -101.3 7.4 7.5 

SOURCE 5 24 1 1899 17.0 -98.0 7.9 8.0 
OAXACA 14 1 1903 15.0 -98.0 7.6 a 

30 3 1914 19.0 -96.0 7.5 7.7 
29 12 1917 15.0 -97.0 7.5 a 
22 3 1928 16.0 -96.0 7.3 f 
17 4 1928 17.5 -94.5 7.0 f 
17 6 1928 16.2 -98.0 7.6 8.1 
4 8 1928 16.0 -97.0 7.2 a 
9 10 1928 16.0 -97.0 7.4 a 

15 1 1931 16.0 -96.7 7.6 a 
23 12 1937 16.7 -98.5 7.3 a 
15 5 1946 15.5 -96.7 7.0 f 
6 1 1948 17.0 -98.0 7.0 f 

21 9 1949 16.9 -94.2 7.0 f 
14 12 1950 17.0 -97.5 7.1 7.7 
12 12 1951 16.5 -96.9 7.0 a 
23 8 1965 16.3 -95.8 7.6 7.8 

2 8 1968 16.6 -97.8 7.2 a 
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Table 1 (Contd) 

Seismogenic 
Source Date Epicenter M., M 

29 11 1978 16.1 -96.6 7.6 7.8 
7 6 1982 16.5 -98.3 7.0 a 
7 61982 16.6 -98.3 7.0 a 

SOURCE 6 23 91902 16.0 -93.0 7.7 7.7 
CHIAPAS 10 12 1925 15.5 -92.5 7.0 f 

1412 1935 14.7 -92.5 7.2 7.7 
11 21941 15.2 -94.4 7.0 a 
15 6 1943 14.6 -93.0 7.0 a 
28 6 1944 15.0 -92.5 7.1 f 
22 12 1949 15.9 -93.0 7.0 f 
23 10 1950 14.5 -91.5 7.2 7.6 
29 41970 14.7 -92.6 7.1 7.1 

SOURCE 7 20 I 1904 7.0 -79.0 7.1 f 
NORTH 20 12 1904 8.5 -83.0 7.1 f 
COLOMBIA 2 10 1913 7.5 -79.0 7.5 7.8 

20 4 1914 7.6 -79.1 7.5 a 
10 8 1927 8.0 -81.5 7.0 f 
18 7 1934 8.0 -82.5 7.4 7.8 
5 12 1941 8.5 -83.0 7.3 a 
2 5 1943 6.5 -80.0 7.0 a 

16 5 1952 6.7 -78.9 7.0 f 
26 7 1962 7.5 -82.8 7.1 7.8 
18 9 1962 7.5 -82.3 7.0 a 
3 4 1983 8.8 -83.1 7.3 7.5 

SOURCE 8 7 I 1901 -2.0 -82.0 7.1 f 
SOUTH 31 1 1906 1.0 -81.5 8.1 8.1 
COLUMBIA 30 61916 0.5 -82.0 7.0 a 

14 5 1942 -0.7 -81.5 7.7 8.0 
14 5 1942 0.0 -80.0 7.2 a 
12 12 1953 -3.4 -80.6 7.4 f 
19 1 1958 1.5 -79.5 7.3 7.8 
10 12 1970 -4.0 -80.7 7.4 f 
12 12 1979 \.6 -79.4 7.6 7.9 

SOURCE 9 21 61937 -8.5 -80.9 7.1 7.4 
NORTHERN 10 11 1946 -8.5 -77.5 7.1 a 
PERU 10 11 1960 -6.9 -80.8 7.0 f 

31 5 1970 -9.2 -78.8 7.6 7.7 
21 8 1985 -9.2 -78.9 6.0 6.0 

SOURCE 10 24 5 1940 -10.5 -77.0 7.7 f 
SOUTHERN 24 8 1942 -15.0 -76.0 8.0 8.2 
PERU I 11 1947 -10.5 -75.0 7.1 a 

17 10 1966 -10.7 -78.6 7.8 8.1 
3 10 1974 -12.2 -77.6 7.6 a 
9 11 1974 -12.4 -77.5 7.0 a 

19 11 1982 -10.6 -74.7 6.5 6.5 

SOURCE II 30 8 1906 -21.0 -70.0 7.0 f 
NORTH 6 9 1910 -25.0 -70.0 7.0 f 
CHILE 15 9 \9\\ -20.0 ·-72.0 7.0 f 

28 7 \913 -17.0 -74.0 7.0 f 
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Tab1e 1 (Contd) 

Seismogenic 
Source Date Epicenter M. M 

6 8 1913 -17.0 -74.0 7.7 7.8 
6 1 1922 -16.5 -73.0 7.0 a 

11 10 1922 -16.0 -72.5 7.1 a 
23 2 1933 -20.0 -71.0 7.1 7.4 
13 7 1936 -24.5 -70.0 7.0 a 
29 7 1957 -23.3 -71.1 7.0 f 
2 12 1960 -24.4 -70.0 7.1 f 

21 12 1967 -21.9 -70.1 7.3 7.8 
5 3 1987 -24.4 -70.2 7.3 7.5 

12 4 1988 -17.2 -72.3 7.0 a 

SOURCE 12 7 12 1903 -27.0 -70.0 7.3 7.5 
CENTRAL 8 6 1909 -26.5 -70.5 7.2 a 
CHILE 4 12 1918 -26.0 -71.0 7.4 f 

7 II 1922 -28.0 -72.0 7.1 f 
II II 1922 -28.5 -70.0 8.1 8.2 
15 5 1925 -26.0 -71.5 7.1 a 
2 8 1946 -26.5 -70.5 7.1 7.3 

18 12 1956 -25.4 -70.1 7.0 f 
28 12 1966 -25.5 -70.7 7.7 7.8 
4 10 1983 -26.6 -70.6 7.3 7.3 

SOURCE 13 17 8 1906 - 33.0 -72.0 8.0 8.0 
VALPARAISO 18 3 1906 -32.5 -72.0 7.1 f 

6 41943 -30.7 -72.0 7.7 7.8 
15 I 1944 -31.2 -68.7 7.0 a 
4 9 1958 -33.5 -69.5 6.8 6.8 
9 7 1971 -32.5 -71.2 7.7 7.7 

16 10 1981 -33.2 -73.1 7.2 f 
3 3 1985 -33.1 -71.7 7.8 8.0 
9 4 1985 -34.1 -71.6 7.2 a 

SOURCE 14 30 1 1914 -35.0 -73.0 7.4 7.5 
SOUTH 2 3 1919 -41.0 -73.5 7.1 a 
CHILE 2 3 1919 -41.0 -73.5 7.0 a 

10 12 1920 -39.0 -73.0 7.1 f 
21 II 1927 -44.5 -73.0 7.0 f 

1 12 1928 -35.0 -72.0 7.8 8.1 
25 1 1939 -36.2 -72.2 7.6 a 
11 10 1940 -41.5 -74.5 7.0 a 
6 5 1953 -36.5 -72.6 7.4 f 

21 51960 -37.6 -73.1 7.9 f 
22 5 1960 -37.7 -72.7 7.2 f 
22 5 1960 -38.1 -72.7 7.8 f 
22 5 1960 -38.1 -72.2 8.5 9.0 
22 5 1960 -38.2 -72.6 8.5 a 
6 6 1960 -45.7 -73.1 7.1 a 

20 6 1960 -38.2 -72.8 7.1 a 
20 61960 -39.1 -73.1 7.0 a 
14 2 1962 -37.8 -72.5 7.3 a 

6 1982 -41.4 -75.0 6.2 6.3 
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Table 2 

Data used to determine the parameters 0/ the empirical relations 

Seismogenic 
Source M min Mp Mj T tp tj 

SOURCE I 6.3 6.3 6.3 13.56 1960 1973 
JALISCO 6.7 8.1 6.7 18.38 1932 1950 

7.6 7.6 8.1 31.46 1900 1932 

SOURCE 2 
COLIMA 7.3 7.5 7.3 31.79 1941 1973 

SOURCE 3 6.2 6.2 8.3 30.67 1955 1985 
MICHOACAN 7.6 7.6 8.3 74.28 1911 1985 

SOURCE 4 7.0 7.9 7.0 22.34 1907 1929 
GUERRERO 7.0 7.4 13.51 1929 1943 

7.4 7.8 14.43 1943 1957 
7.8 7.5 21.63 1957 1979 

7.4 7.9 7.4 35.85 1907 1943 
7.4 7.8 14.43 1943 1957 
7.8 7.5 21.63 1957 1979 

7.5 7.9 7.8 50.29 1907 1957 
7.8 7.5 21.63 1957 1979 

7.8 7.9 7.8 50.29 1907 1957 

SOURCE 5 7.7 8.0 7.7 15.18 1899 1914 
OAXACA 7.7 8.1 14.21 1914 1928 

8.1 7.7 22.49 1928 1950 
7.7 7.8 14.69 1950 1965 
7.8 7.8 13.27 1965 1978 

7.8 8.0 8.1 29.40 1899 1928 
8.1 7.8 37.18 1928 1965 
7.8 7.8 13.27 1965 1978 

8.0 8.0 8.1 29.40 1899 1928 

SOURCE 6 7.1 7.7 7.7 33.23 1902 1935 

CHIAPAS 7.7 7.6 14.86 1935 1950 
7.6 7.1 19.52 1950 1970 

7.6 7.7 7.7 33.23 1902 1935 

7.7 7.6 14.86 1935 1950 

7.7 7.7 7.7 33.23 1902 1935 

SOURCE 7 7.5 7.8 7.8 20.79 1913 1934 

NORTH 7.8 7.8 28.02 1934 1962 

COLOMBIA 7.8 7.5 20.69 1962 1983 

7.8 7.8 7.8 20.79 1913 1934 

7.8 7.8 28.02 1934 1962 

SOURCE 8 7.8 8.1 8.0 36.29 1906 1942 

SOUTH 8.0 7.8 16.68 1942 1958 

COLOMBIA 7.8 7.9 21.90 1958 1979 

7.9 8.1 8.0 36.29 1906 1942 

8.0 7.9 37.58 1942 1979 

8.0 8.1 8.0 36.29 1906 1942 
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Table 2 (Contd) 

Seismogenic 
Source M min Mp Mf T tp If 

SOURCE 9 6.0 7.7 6.0 15.22 1970 1985 
NORTHERN 7.4 7.4 7.7 32.94 1937 1970 
PERU 

SOURCE IO 6.5 8.2 8.1 24.15 1942 1966 
SOUTHERN 8.1 6.5 16.09 1966 1982 
PERU 8.1 8.2 8.1 24.15 1942 1966 

SOURCE II 7.4 7.8 7.4 19.54 1913 1933 
NORTH 7.4 7.8 34.83 1933 1967 
CHILE 7.8 7.5 19.21 1967 1987 

7.5 7.8 7.8 54.37 1913 1967 
7.8 7.5 19.21 1967 1987 

7.8 7.8 7.8 54.37 1913 1967 

SOURCE 12 7.3 7.5 8.2 18.93 1903 1922 
CENTRAL 8.2 7.3 23.73 1922 1946 
CHILE 7.3 7.8 20.40 1946 1966 

7.8 7.3 16.77 1966 1983 
7.5 7.5 8.2 18.93 1903 1922 

8.2 7.8 44.13 1922 1966 
7.8 8.2 7.8 44.13 1922 1966 

SOURCE 13 6.8 7.8 6.8 15.41 1943 1958 
VALPARAISO 6.8 7.7 12.84 1958 1971 

7.7 8.0 13.65 1971 1985 
7.7 8.0 7.8 36.64 1906 1943 

7.8 7.7 28.26 1943 1971 
7.7 8.0 13.65 1971 1985 

7.8 8.0 7.8 36.64 1906 1943 
7.8 8.0 41.91 1943 1985 

8.0 8.0 8.0 78.55 1906 1985 

SOURCE 14 6.3 9.0 6.3 22.02 1960 1982 
SOUTH 7.5 7.5 8.1 14.84 1914 1928 
CHILE 8.1 9.0 31.48 1928 1960 

8.1 8.1 9.0 31.48 1928 1960 

magnitudes Mmin and M p • For this purpose the data listed in Table 2 were used and 
the least squares' differential correction was applied. These data concern all 14 
seismogenic sources, with a total of 73 repeat times. The values 

h = 0.22, C = 0.21, 

were found for alI the da ta set and for the parameter a, one different value for each 
seismogenic source. The corresponding values of the standard deviation and the 
multiple correlation coefficient are 0.13 and 0.76, respectively. The positive correla-
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tion between the repeat time and the magnitude of the preceding mainshock 
indicates that the time-predictable model holds. A relation of the form 

log T = b'Mmin + c'MJ + a', (2) 

was tried between the repeat time, T, the magnitude, MJ, of the following 
mainshock and the magnitude, M min , of the smallest mainshock considered. The 
values b' = 0.29 and c' = -0.02 were found, with a standard deviation equal to 
0.15 and a multilinear correlation coefficient equal to 0.65. The very low value of 
the parameter c' indicates no dependence of the magnitude of the following 
mainshock on the time elapsed since the previous mainshock, that is, the slip-pre­
dictable model does not hold. 

A relation of the form 

(3) 

has also been tried, with the aim to find the relation between the magnitude, MJ, of 
the following mainshock, and the magnitudes of the preceding, M p ' and the 
minimum, M min , mainshocks. The values B = 0.85 and C = - 0.45 were obtained. 
A standard deviation equal to 0.29 and a multi linear correlation coefficient equal to 
0.79 were determined. The negative value of C means that large mainshocks are 
followed by small ones and vice versa. PAPAZACHOS (1992) also arrived at the same 
conclusion for earthquakes in Greece. 

Prediction of Strong Shallow Earthquakes 

Time-dependent models, which take into account both the recurrence time and 
the amount of time elapsed since a previous shock, are compatible with the seismic 
gaps hypo thesis which suggests that the probability for a future earthquake to fill 
up the gap is small immediately following the occurrence of a characteristic 
earthquake and increases with the time elapsed since the previous event. These 
models are distinct from time-independent models (Le., Poisson distributions) in 
that the later ones use only information concerning recurrence intervals and do not 
take into account the amount of time elapsed since a prior event. 

The time-predictable model is in accordance with the previous mentioned 
hypothesis, suggesting that the larger the magnitude of the previous event, the 
longer will be the time until the next. This is expressed by the relation (1), from 
which we can predict the time of occurrence of the next mainshock which is larger 
than a certain value in each of the seismogenic sourees, since all three parameters 
are known and the magnitude and time of the preceding mainshock are also known. 
There is, however, a scattering between the theoretical and observed repeat times. 
For this reason it may be better to determine the probability, P, of occurrence of 
an earthquake larger than a certain magnitude (e.g., :2: 7.5) in a future certain time 
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Figure 2 
The frequency distribution of the observed repeat time compared to the theoretical one. 

interval. The use of probability density functions or distributions, !(t), of the da ta 
used must be known in order to proceed in such determinations. Once the 
distribution function is defined, earthquake recurrence time estimates can be 
presented in terms of a conditional probability, which describes the likelihood of 
failure within a given time interval, t + dt, provided the event has not occurred 
prior to time t. 

NISHENKO and BULAND (1987) found that the lognormal distribution of T / Tm , 

where T are the observed repeat times for characteristic earthquakes of a certain 
seismic source and Tm their average, provides better fit than the more commonly 
used Gaussian and WeibuB distributions. PAPAZACHOS (1988b, 1991) has also 
found that the lognormal distribution of T/Tt fits better the data coming from aB 
the seismogenic sources of shaBow earthquakes in Greece. 

Figure 2 shows the frequency function for the quantity 10g(T/Tt ), concerning 
the data for aB the seismogenic sources examined here and the theoretical normal 
distribution with a mean equal to zero and a standard deviation equal to 0.13. The 
application of chi-square and Kolmogorov-Smirnoff tests support this distribution 
for our data sampie. The normal and the WeibuB distributions were also tested for 
the quantity T/Tn and found less appropriate. 
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Previous research concerning the estimation of the potential of certain parts of 
plate boundaries around the circum-Pacific region to rupture in future large 

earthquakes has been undertaken by various researchers (MCCANN et al., 1979; 
NISHENKO, 1985; NISHENKO, 1991). MCCANN et al. (1979), estimated this poten­

tial on the basis of the seismie gaps concept. They classified segments of plate 
boundaries into six categories of seismie potential for large earthquakes for the next 

few decades, and successfully forecasted the occurrence of large earthquakes in this 
region. NISHENKO (1985) estimated the seismic potential for large and great 
earthquakes along the Chile an and southern Peruvian margins, based on a statisti­
cal analysis of historie repeat time data employing Weibull distribution and 
deterministic estimates of recurrence times based on the time-predictable model of 
earthquake recurrence. The same author (NISHENKO, 1991) presented the seismic 
potential for 96 segments of simple plate boundaries around the circum-Pacific 
region, in terms of conditional probability for the occurrence of either large or great 

interplate earthquakes during the next 5, 10, and 20 years. The segments that 
Nishenko considered are quite different in the dimensions than the seismogenic 
sources defined in the present study. Therefore, it is impossible to have a one to one 
comparison of his results with the results of the present study. 

Taking into account that the lognormal distribution (with mean equal to zero, 
and standard deviation equal to 0.13) holds for each seismogenie source and 
considering the time of occurrence of the preceding mainshock, the probabilities, 
P IO , of occurrene of the next large mainshocks (Ms ~ 7.5) during the next 10 years 
(1992-2002) were calculated and presented in Table 3. 

Table 3 

Probabi/ity %ccurrence, p/o, 0/ a mainshock with M., <': 7.5, in each seismogenic 
source during the next ten years (/992-2002). a is the constant 0/ relation (/) 

Sesimogenic 
Source a PIO 

SOURCE I-JALISCO -1.81 0.70 
SOURCE 2-COLIMA -1.74 0.50 
SOURCE 3-MICHOACAN -1.35 0.00 
SOURCE 4-GUERRERO -1.91 0.61 
SOURCE 5-0AXACA -2.15 0.93 
SOURCE 6-CHIAPAS -1.93 0.87 
SOURCE 7-NORTH COLOMBIA -2.01 0.68 
SOURCE 8-S0UTH COLOMBIA -2.02 0.68 
SOURCE 9-NORTHERN PERU -1.77 0.46 
SOURCE IO-SOUTHERN PERU -2.00 0.81 
SOURCE II-NORTH CHILE -1.86 0.08 
SOURCE 12-CENTRAL CHILE -1.95 0.63 
SOURCE 13-VALPARAISO -1.92 0.09 
SOURCE 14-S0UTH CHILE -2.02 0.60 
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Discussion 

The time-predictable model is valid for several seismically active regions of the 
world, as it has been found by various researchers. The results obtained in the present 
study also favour the validity ofthe time-predictable model in the seismogenic sources 
ofthe southeastern Pacific. Certainly, it is ascertained that the dependence ofthe repeat 
time, T, on the magnitude ofthe preceding mainshock, M p , is strong (c = 0.21), while 
the dependence of Ton the magnitude of the following mainshock, Mr, is very weak 
(c = -0.02). This reveals that the slip-predictable model does not hold for the area 
und er study. The strong negative dependence of the magnitude of the following 
mainshock, MI' on the magnitude of the preceding mainshock, M p (C = -0.45), 
shows that a small mainshock in a certain seismic zone is more likely to be followed 
by a large mainshock and vice versa. 

Taking into consideration that the time-predictable model holds, the observed, 
T, and theoretical, T" repeat times were used in an attempt at long-term earthquake 
prediction. The lognormal distribution of the ratio T/Tt , appropriate for our data 
sampie, and the time elapsed since the last mainshock were taken into account in order 
to estimate the probability of occurrence of the next mainshock. During the next ten 
years the probability estimated for the generation of an earthquake with M s ~ 7.5 
is very high in Oaxaca (0.93). High probabilities were calculated for Chiapas and 
Southern Peru (0.87 and 0.81, respectively). Intermediate values (0.46:S; PIO:S; 0.70) 

have been obtained for the seismogenic sources of Jalisco, Colima, Guerrero, North 
Colombia, South Colombia, Northern Peru, Central Chile and South Chile. The 
probabilities estimated for the seismogenic sources of Jalisco, South Colombia and 
Central Chile are in accordance with the classification by MCCANN et al. (1979), who 
have characterized these areas as seismic gaps of category 2. Finally, very low va lues 
have been found (O.OO:S; P IO :s; 0.09) for Michoacan, North Chile and Val­
paraiso. The results concerning the seismogenic sources of Central America are in 
accordance with NISHENKO and SINGH (1987), who estimated time-dependent 
conditional probabilities for the recurrence oflarge and great earthquakes in this area. 
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Spatio-temporal Variations of Seismicity in the Southern Peru 
and Northern Chile Seismic Gaps 

DIANA COMTE1•2 and GERARDO SUAREZ1 

Abstract-The spatio-temporal variation of seismicity in the southern Peru and northern Chile 
seismic gaps is analyzed with teleseismic data (mb ~ 5.5) between 1965 and 1991, to investigate whether 
these gaps present the precursory combination of compressional outer-rise and tensional downdip events 
observed in other subduction zones. In the outer-rise and the inner-trench (0 to 100 km distance from 
the trench) region, lower magnitude (5.0:<:; mb < 5.5) events were also studied. The results obtained show 
that the gaps in southern Peru and northern Chile do not present compressional outer-rise events. 
However, both gaps show a continuous, tensional downdip seismicity. For both regions, the change from 
compressional to tensional regime along the slab occurs at a distance of about 160 km from the trench, 
apparentJy associated with the coupled-uncoupled transition of the interplate contact zone. In southern 
Peru, an increase of compressional seismicity near the interplate zone and of tensional events (5.0 :<:; mb :<:; 
6.3) in the outer-rise and inner-trench regions is observed between 1987 and 1991. A similar distribution 
of seismicity in the outer-rise and inner-trench regions is observed with earthquakes (mb< 5.5). In 
northern Chile there is a relative absence of compressional activity (mb ~ 5.5) near the interplate contact 
since the sequence ofDecember 21, 1967. After that, only a cluster oflow-magnitude compressional events 
has been located in the area 50 to 100 km from the trench. The compressional activity occurring near the 
interplate zone in both seismic gaps represents that a seismic preslip is occurring in and near the plate 
contact. Therefore, if this seismic preslip is associated with the maturity of the gap, the fact that it is larger 
in southern Peru than in northern Chile may reflect that the former gap is more mature than the latter. 
However, the more intense downdip tensional activity and the absence of compressional seismicity near 
the contact zone observed in northern Chile, mayaiso be interpreted as evidence that northern Chile is 
seismically more mature than southern Peru. Therefore, the observed differences in the distribution of 
stresses and seismicity analyzed under simple models of stress accumulation and transfer in coupled 
subduction zones are not sulficient to assess the degree of maturity of a seismic gap. 

Key words: Seismicity, spatio-temporal variations, seismic gaps, southern Peru, northern Chile. 

Introduction 

Southern Peru and northern Chile are two adjacent seismic gaps in the circum­

Pacific region (KELLEHER, 1972; MCCANN et al., 1979; NISHENKO, 1985; LAY et 
al., 1989; COMTE and PARDO, 1991). The last two earthquakes with destructive 

J UACPyP, Instituto de Geofisica, UNAM, Mexico D.F. 04510, Mexico. 
2 Also at Depto de Geologia y Geofisica, U. de Chile Casilla 2777, Santiago, Chile. 
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tsunamis occurred there in 1868 (Mw = 8.8, southern Peru) and 1877 (Mw = 8.8, 
northern Chile) (DORBATH et al., 1990; COMTE and PARDO, 1991), and no large 
thrust events (MI> 8.0) have affected these regions during this century. Thus, both 
gaps are interesting regions to analyze their seismicity during the last 27 years of 
reliable hypocenters and focal mechanism catalogs. 

Studies of temporal variations of downdip intraplate and outer-rise earthquakes 
in coupled subduction zones have been reported by several authors (e.g., MAL­
GRANGE and MADARIAGA, 1983; CHRISTENSEN and RUFF, 1983, 1988; DMOWSKA 
et al., 1986, 1988; ASTIZ and KANAMORI, 1986; DMOWSKA and LOVISON, 1988; 
LA Y et al., 1989). These studies show that in some gaps, a precursory combination 
of shallow compressional outer-rise and tensional downdip events is observed 
before the occurrence of a great earthquake. 

DMOWSKA et al. (1988) presented a simple one-dimensional model of stress 
accumulation and transfer in coupled subduction zones during the earthquake 
cycle, concluding that the combination of both high compressional stress in the 
outer-rise and tensional intraplate stress in the descending slab imply that the 
locked thrust zone is subjected to high shear loading, and consequently are signals 
of maturity of the corresponding seismic cycle. DMOWSKA et al. (1988) also 
suggested that, in some cases, the lower portions of the interplate thrust contact 
undergo periods of active seismicity, mainly in the last part of the cycle. 

These periods of activity are preceded by a temporary quiescence of exten­
sional seismicity downdip in the slab, suggesting that thrust events in the lower, 
and hence hotter, regions of the contact zone may be a sign of an aseismic preslip 
taking place there prior to a great earthquake. However, if apreslip episode is 
included in their model, the behavior in the downdip and the outer-rise zones is 
appreciably modified; if this preslip is large enough, it can reverse the predicted 
shallow compressional outer-rise and tensional downdip events prior to the ex­
pected great earthquake. Thus a combination of tensional outer-rise earthquakes 
and compressional downdip events could also be a precursory signal of terminal 
maturity in a subduction zone, resulting in an ambiguous signal of the stress 
transfer model. 

LA Y et al. (1989) presented a systematic analysis of circum-Pacific subduction 
zones where large interplate thrust events occur. They conclude that outer-rise 
compressional events have occurred prior to several large thrust events, whereas 
outer-rise tensional events generally occur after interplate ruptures. In the interme­
diate depth range, large downdip tensional events generally precede interplate thrust 
faulting, and are often concentrated near the downdip edge of the coupled zone. 
LAY et al. (1989) also proposed a schematic dynamic stress model that summarizes 
their observations. 

Taking into account that the southern Peru and northern Chile seismic gaps are 
considered mature seismic gaps (e.g., LAY et al., 1989; COMTE and PARDO, 1991), 
the aim of this work is to analyze the space-time variations of the seismicity in both 
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gaps, in order to see whether they present the predicted precursory combination 
observed in other seismic gaps. 

Teleseismic Data used in the Analysis 

The presumed rupture areas of the 1868 and 1877 great earthquakes are 
presented in Figure 1. Unfortunately, no permanent local seismic networks exist in 
southem Peru and northem Chile. Thus only a spatio-temporal analysis of the 
seismicity observed with global networks can be carried out. In this analysis, the 
USGS-NEIC (1965-1988) and PDE (1989-1991) catalogs are used and a cut-off 
magnitude of mb = 5.0 was determined for the whole region based on the Log(N) 
versus mb relation (Figure 1). However, this analysis is done only for events of 
magnitudes greater than 5.5 because they present a better epicentral control and the 
majority of them have weIl constrained focal mechanism solutions. 

For southem Peru and northem Chile regions, a plot of distances normal to the 
trench versus time was drawn in order to observe giobally the spatio-temporal 
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Figure 1 
Southern Peru and northern Chile regions, where the dashed lines indicate the 1868 and 1877 estimated 
rupture zones (COMTE and PARDO, 1991). Earthquake frequency-magnitude relation for southern Peru 
and northern Chile regions using the NEIC (1965-1988) and PDE (1989-1991) catalogs is also shown 

in the lower-Ieft corner. N is the accumulated number of events of magnitude mb or greater. 
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behavior of the seismicity including the outer-rise and the downdip regions (Figures 
2a, 2b and 3a). Table 1 presents the events with reported focal mechanisms used in 
the following discussion. 

For the region located between distances of -100 to 100 km from the trench, an 
analysis of lower magnitude events (5.0 s; mb < 5.5) is also carried out in order to 
observe in more detail the variations of seismicity in this specific region (Figures 2c 
and 3b). This is because the outer-rise region exhibits the least ambiguous behavior, 
where compressional activity is observed apparently only prior to major thrust 
earthquakes (CHRISTENSEN and RUFF, 1988; LAYet al., 1989). 
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Figure 2 

(a) To the left, the distance from the trench (D, km) versus time (yr) plot of events (mb ~ 5.5) in 
southern Peru is shown. The dashed line indicates the location of the trench. To the right, the epicentral 
distribution of events is presented. Solid circles denote compressional events, open circles denote normal 
faulting, and open rectangles correspond to unknown focal mechanism solutions (Table I). The size of 
the symbols is reIated to the magnitude of the events, as is indicated on the Figure. Each event with a 
known focal mechanism solution is identified with the year, month and day of occurrence; an asterisk 
is used for the second event, when two earthquakes occurred on the same day. (b) Enlargement of the 
data shown in Figure 2a for the 1987-199 I time interval. Symbols as in Figure 2a. (c) Distance from 
the trench versus time plot (to the left) and epicentral distribution (to the right) of events 5.0 ~ mb < 5.5, 

in the inner- and outer-rise southern Peru region. 
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Figure 3 
(a) Distance from the trench versus time plot (to the left) and epicentral distribution (to the right) of 
events mb ~ 5.5 in northem Chile. Symbols as in Figure 2a. (b) Distance from the trench versus time plot 
(to the left) and epicentral distribution (to the right) of events 5.0 ~ mb < 5.5, In the inner- and outer-rise 

northem Chile region. Symbols as in Figure 2a. 

Spatio-temporal Variation 0/ Seismicity in Southern Peru 

In southern Peru, the sequence of great historical earthquakes is weIl docu­
mented, with at least three great events reported in 1604, 1784 and 1868 with 
estimated magnitudes greater than 8.5, determined from macroseismic information 
(DORBATH et al., 1990; COMTE and PARDO, 1991). Between the 1604 and the 1784 
earthquakes, two other large events occurred in 1687 and 1715, with estimated 
magnitudes of between 7.5 and 8.0; together, both events apparently filled the 
estimated rupture zone of the great events that occur in the region. Based on this 
sequence of great earthquakes, it is reasonable to expect that this region is mature 
and nearing the next great event (COMTE and PARDO, 1991). 

If this were the case, the expected behavior of the seismicity, as was observed in 
other subduction zones, would consist of shallow compressional earthquakes near 
the outer-rise and tensional downdip events at depth. This stress distribution has 
been interpreted as a result of a 10cked interplate boundary where the oceanic plate 
in the outer-rise is under increased compression, and the downgoing slab stretches 
under tension from the interplate coupled zone. 

Four compressional events (mb ~ 6.0) can be observed in southern Peru (Figure 
2a): on November 29, 1989 in the northern edge of the presumed 1868 rupture area, 



Vol. 140, 1993 Spatio-temporal Variations of Seismicity 323 

Table I 

Catalog 01 events with loeal meehanism solutions used in this study. Yr M D: Date (year, month, day); h:m: 
Origin time (hour: minute); T: N (tensional) and C (eompressional). Re{erences: ST73: STAUDER (1973); 
IM7! ISACKS and MOLNAR (197/); ST75: STAUDER (/975); AL88: ASTIZ et al. (/988); AR92: ARAUJO 

and SUAREZ (1993); CMT: Centroid Moment Tensor (Harvard); CS: this work 

Yr M o h:m Lat (S) Lon (W) Depth mh T Ref. 

19650612 18:50 -20.500 -69.300 102 5.8 N ST73 
1965 07 30 05:45 -18.100 -70.800 72 6.0 N ST73 
1965 08 20 09:42 -18.900 -69.000 128 6.2 N ST73 
1965 123006:16 -16.600 -71.\00 112 5.7 N IM71 
1966 03 08 20:46 -20.000 -68.900 112 5.7 N ST73 
1966082407:17 -19.900 -69.100 100 5.5 N ST73 
196705 11 15:05 -20.258 -68.691 79 6.1 N ST73 
1967 12 21 02:25 -21.800 -70.000 33 6.3 C ST73 
1967 1225 \0:41 -21.500 -70.400 53 5.8 N ST73 
1967 122709:17 -21.200 -68.300 135 6.4 N ST73 
1968 10 3109:15 -16.289 -73.298 67 5.7 C ST75 
196907 1904:54 -17.254 -72.519 54 5.9 C ST75 
1970 06 17 04:44 -15.753 -71.835 91 5.9 N ST75 
197006 19 10:56 -22.193 -70.515 52 6.2 N ST73 
1970 11 28 1\:08 -20.921 -69.830 33 6.0 C ST73 

(*) 1970 11 28 14:45 -20.924 -69.872 34 5.9 C CS 
1971 08 14 15:00 -21.775 -67.230 189 5.7 N AR92 
1971 08 21 12:47 -21.774 -70.2/1 17 5.8 C CS 
1975 02 23 03:53 -21.727 - 71.356 33 5.6 N CS 
1976 II 30 00:40 -20.520 -68.919 82 6.5 N AL88 
1977 12 31 07:53 -15.300 -71.680 158 5.9 N CMT 
197801 2221:19 -16.131 -73.656 49 5.4 C CMT 
1978 04 15 13:49 -16.470 -73.514 50 5.3 C CMT 
1979 02 16 \0:08 -16.390 -72.658 53 6.2 C CMT 

(*)1979021622:/8 -16.500 -72.656 52 5.5 C CMT 
1979 05 04 17:21 -21.560 -68.284 81 5.6 N CMT 
197905 21 22:22 -15.250 -70.089 208 6.0 C CMT 
197909 15 10:02 -15.634 -69.559 214 5.6 C CMT 
1980 03 07 08:25 -16.689 -72.952 43 5.4 C CMT 
198005 26 18:41 -19.364 -69.238 114 6.1 N CMT 
198006 1605:45 -22.029 -68.459 87 5.5 N CMT 
1980 12 11 18:15 -21.272 -68.153 80 6.1 N CMT 
1981 03 26 18:04 -19.370 -68.957 138 5.8 N CMT 
1981 04 1622:05 -20.162 -70.699 33 5.1 C CMT 
1981062110:30 -20.256 -70.446 36 5.2 C CMT 
198207 II 02:13 -16.649 -73.214 38 5.3 C CMT 
198209 15 20:22 -14.493 -70.785 128 6.0 N CMT 
1982 12 31 03:47 -20.993 -68.464 118 5.7 N CMT 
198301 \0 09:17 -22.006 -68.470 121 5.6 N CMT 
1983 05 23 00:54 -19.065 -69.139 110 5.5 N CMT 
1983 09 01 20:01 -17.330 -69.932 105 6.0 N CMT 
1984022608:18 -17.316 -70.526 113 5.8 N CMT 
19840618 1\:20 -15.705 -72.491 116 5.8 N CMT 
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Yr M D h:m 

1985 05 18 16:59 
198602 20 09:16 
198603 15 11:29 
198703 10 00:22 

(*) 1987 03 10 02:18 
198703 1206:07 
198705 12 16:12 
19870523 05:01 
1987061105:08 
198706 19 19:00 
1987 08 08 15:48 
1987 08 13 15:23 
1987 08 24 06:09 
1987 1203 11:04 
198802 22 19:13 
1988 03 09 21 :33 
198804 12 23:19 
198804 1223:55 
198804 13 00:39 
1988 04 13 06:22 
1988 04 17 02:50 
1988 07 04 13:54 
198902 17 15:12 
1989 03 29 04:06 
1989 04 05 23:47 
1989 11 01 06:40 
1989 11 2901:00 
199001 05 13:03 
1990040405:47 
19900420 18:23 
19900608 23:49 
199006 18 19:02 
19900621 11:48 
1990 08 15 13:23 
1990 08 28 08:58 
1990 10 10 01:00 
1990 II 04 18:13 
1991 05 24 20:50 
1991 070905:54 
1991 0723 19:44 
1991 08 27 04:16 
1991 08 27 11:46 
19910827 11:58 
1991 08 27 11:46 
1991 1202 17:27 
1991 12 15 18:56 

Lat (S) 

-19.000 
-21.122 
-18.909 
-18.448 
-18.341 
-18.467 
-21.694 
-20.151 
-20.559 
-21.213 
-19.022 
-17.897 
-20.096 
-21.380 
-20.833 
-17.327 
-17.192 
-17.478 
-17.256 
-17.489 
-17.420 
-17.636 
-17.509 
-18.353 
-20.816 
-21.252 
-15.781 
-19.258 
-16.179 
-14.859 
-17.573 
-21.825 
-19.648 
-18.834 
-19.645 
-19.503 
-15.721 
-16.506 
-20.599 
-15.679 
-20.855 
-16.278 
-21.657 
-16.278 
-15.867 
-17.521 

D. Comte and G. Suarez 

Table I (Contd) 

Lon (W) 

-69.053 
-70.116 
-67.391 
-72.035 
-71.976 
-72.192 
-68.222 
-70.688 
-70.855 
-68.362 
-69.991 
-70.931 
-70.632 
-68.215 
-69.785 
-74.154 
-72.305 
-72.503 
-72.518 
-72.505 
-72.387 
-71.718 
-72.609 
-72.380 
-69.427 
-68.099 
-73.254 
-69.529 
-72.974 
-71.374 
-71.824 
-68.438 
-69.128 
-69.096 
-69.876 
-66.618 
-72.619 
-70.701 
-68.803 
-71.574 
-68.775 
-73.278 
-68.506 
-73.278 
-69.288 
-70.422 

Depth 

109 
33 

243 
41 
36 
35 
77 
36 
33 
86 
69 
36 
33 

117 
70 
32 
33 
33 
16 
36 
33 
19 
48 
42 

115 
143 
74 

109 
93 

144 
27 

117 
103 
120 
64 

266 
121 
128 
101 

5 

123 
74 

116 
74 

241 
104 

5.5 
5.7 
5.6 
5.7 
5.5 
5.1 
5.5 
5.3 
5.1 
5.6 
6.4 
6.1 
5.2 
5.5 
5.9 
6.0 
6.1 
5.4 
5.9 
5.2 
5.4 
5.8 
5.3 
5.4 
5.6 
5.8 
6.1 
5.0 
5.5 
5.1 
5.6 
5.3 
5.3 
5.2 
5.2 
5.8 
5.4 
6.3 
5.3 
5.0 
5.0 
5.3 
5.1 
5.3 
5.1 
5.6 

T 

N 
N 
N 

N 
N 
N 
N 
C 
C 
N 
N 
C 
C 
N 
N 
N 
C 
C 
C 
C 
C 
C 
C 
N 
N 
N 
C 
N 
N 
N 
C 
N 
N 
N 
N 
N 
C 
N 
N 
N 
N 
N 
N 
N 
N 
N 
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Ref. 

CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
CMT 
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on August 13, 1987 in the southern edge of the 1868 rupture area, and the two 
subsequent events located around the middle of that area, on February 16, 1979 
and April 12, 1988. The presence of frequent tensional intraplate activity can also 
be observed in southern Peru (Figure 2a), and a change from a compressional to a 
tensional regime can be noted at about 160 km from the trench; this change is 
probably associated with the coupled-uncoupled transition of the interplate contact 
zone. That is, from distances of about 160 to 350 km from the trench the seismic 
activity is mainly tensional, and from 100 to 160 km from the trench the seismicity 
is mainly compressional. 

It is interesting to note that the two events: the normal-faulting event of July 30, 
1965 (72 km depth) and the thrust event of August 13, 1987 (36 km depth) occurred 
at approximately the same epicenter but with a difference in depth of about 36 km. 
This is similar to the sequence of the normal-faulting event of March 3, 1965 
(72 km depth) and the thrust-faulting event of July 9, 1971 (52 km depth) that 
occurred near La Ligua (central Chile) (MALGRANGE and MADARIAGA, 1983). In 
this case, with a longer time interval between them (about 22 years) than in La 
Ligua. 

Offshore, an absence of seismicity between - 100 to 100 km from the trench can 
be observed between 1965 and 1987, followed by two tensional events that occurred 
on March 10, 1987 (mb = 5.5, 5.7) at about 50 km from the trench, preceding a 
larger normal faulting outer-rise event on March 9, 1988 (mb = 6.0) (Figure 2a). 
The reverse and normal faulting events that occurred after 1987 between -100 to 
350 km from the trench (Figure 2b) may be explained by a mechanical pull and 
push interaction along the slab. 

The compressional events near the contact zone that have occurred since 1987 
in southern Peru, could be interpreted as a sign of a seismic preslip near the 
seismogenic contact zone. This apparent preslip and the burst of tensional in­
traplate activity may reflect the maturity of the southern Peru seismic gap. How­
ever, it does not present the expected precursory compressional outer-rise events in 
the case of earthquakes with magnitudes mb ;?: 5.5. 

The behavior observed in the outer-rise and the inner-trench regions for 10w 
magnitude events (5.0 ~ mb < 5.5) is very similar to that observed for earthquakes 
of greater magnitude (mb;?: 5.5); tensional events are observed near the trench and 
compressional events downdip from it (Figure 2c). There are four low magnitude 
(5.0 ~ mb < 5.5) compressional events in southern Peru on January 22, 1978 
(mb = 5.4), April 15, 1978 (mb = 5.3), March 7, 1980 (mb = 5.4) and July 11, 1982 
(mb = 5.3) which are located dose to the compressional event of February 16, 1979 
(mb = 6.2) and its main aftershock (mb = 5.5). This compressional sequence between 
1978 and 1982 preceded by about nine years the one that occurred between 1987 
and 1989. The two outer-rise events and the two events located very dose to the 
trench are too sm all (mb'" 5.0) to determine a CMT solution or a first motion focal 
mechanism. 
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Spatio-temporal Variation 0/ Seismicity in Northern Chile 

The distribution of seismicity in northern Chile is more complicated than that 
of southern Peru because the sequence of historical earthquakes is not weH 
established. The last great earthquake occurred in 1877. Unfortunately, the pre­
ceding great events are not weH documented due to the absence of population 
be fore the XIX century. This region is in a similar tectonic environment as that of 
southern Peru, so the periods of recurrence in both regions are probably of the 
same order. Thus northern Chile has been considered, as has the southern Peru 
region, as a seismic gap of substantial maturity (LAY et al., 1989; COMTE and 
PARDO, 1991). 

Only two compressional events (mh ~ 6.0) have occurred in northern Chile 
(Figure 3a) since 1965: the December 21, 1967 thrust event (mb = 6.3) located near 
the southern edge of the presumed rupture area of the 1877 great earthquake, and 
the November 28, 1970, compressional event (mb = 6.0) located at about 100 km to 
the north of the 1967 earthquake. Large downdip tensional events (mb ~ 6.0) in the 
subducted si ab exhibit a quasi-random distribution in time and space. The largest 
tensional earthquakes are those of August 20, 1965 (mb = 6.2), May 11, 1967 
(mh = 6.1), December 27, 1967 (mh = 6.4), lune 19, 1970 (mb = 6.2), November 30, 
1976 (mh = 6.5), May 26, 1980 (mb = 6.1), December 12, 1980 (mb = 6.1), and 
August 8, 1987 (m h = 6.4). 

MALGRANGE and MADARIAGA (1983) studied a sequence of earthquakes near 
Tocopilla (21.5°S) that started with a thrust event on December 21, 1967 
(mh = 6.4). This interplate event was followed by a sequence of deeper, intrap1ate 
earthquakes in the downgoing slab showing a combination of tensional (December 
25,1967: mh = 5.8, and lune 19,1970: mh = 6.2), and compressiona1 (November 28, 
1970: mh = 6.0) events. This suite of events occurred in dose epicentra1 proximity. 
Without direct evidence of a double seismic zone in northern Chile, MALGRANGE 
and MADARIAGA (1983) interpreted the tensional events as a possible effect of the 
slab pull feit below the seismogenic zone associated with the December 21, 1967 
thrust event. 

I norder to complete the seq uence of the I 967 -1971 earthquakes, the focal 
mechanisms of the August 21, 1971 (mh = 5.5) event and the November 28, 1970 
(mh = 5.9) aftershock were determined using the polarity of first motions reported 
by the ISC bulletin (Figures 4a and 4b). Although the nodal planes of the fault 
plane solutions are not constrained, it is dear from the first motion data that they 
are reverse fauIting events. As in southern Peru, the change from compressional to 
tensional regimes along the slab in northern Chile occurs at a distance of about 
160 km from the trench (Figure 3a). The presence of frequent tensiona1 activity in 
the subducted slab observed in the northern Chile gap may be interpreted as the 
resuIt of the strongly coupled seismogenic thrust zone associated with the 1877 
earthquake. 



Vol. 140, 1993 Spatio-temporal Variations of Seismicity 327 

(a) 710821, mb=5.5 (b) 701128*, mb=5.9 

• 
tI 

+0 
~ 

(c) 750223, mb=5.6 

Figure 4 
Lower hemispheric projections of the first motion polarities reported by the ISC bulletin for three 
northern Chile events. Closed and open circles represent compressional and dilational first motion. The 
data are not sufficient to constrain the fault planes, but it can be observed that the August 21, 1971 
(mb = 5.5) and the November 28, 1970 (mb = 5.9) earthquakes are compressional; and the February 23, 

1975 (mb = 5.6) outer-rise event is tensional. 

Northern Chile does not show the presence of outer-rise seismic activity 
(mb ~ 6.0). In fact, there is only one outer-rise event which occurred on February 
23, 1975 (mb = 5.6) (Figure 3a). The focal mechanism of this event was determined 
based on the first motion reported by the ISC and it shows normal faulting. 
Unfortunately, the data is not sufficient to constrain the fault planes (Figure 4c). As 
was shown for southern Peru, the northern Chile gap also does not present 
compressional outer-rise events of mb ~ 5.5. However, four lower magnitude, 
outer-rise events (5.0 ~ mb < 5.5) can be observed in northern Chile (Figure 3b); no 
reliable focal mechanisms are available for these events. The behavior of the 
compressional seismicity (Figure 3b) for this lower magnitude interval, is different 
to that observed for higher magnitudes (mb ~ 5.5). The absence of seismicity 
observed at distances of 0 to about 100 km from the trench for events mb ~ 5.5 is 
filled with smaller events 5.0 ~ mb < 5.5. A cluster of compressional events can be 
observed between 50 to 100 km from" the trench, from May to August, 1987. This 
distribution of seismicity may be interpreted as seismic preslip occurring near the 
coupled zone, in a manner similar to that observed in southern Peru, but with lower 
magnitude events. 
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Summary and Conclusions 

The purpose of this work was to analyze two c1early recognized seismic gaps, 
in southern Peru and northern Chile, making use of current models of space-time 
variations in seismicity in order to elucidate their degree of maturity. Both gaps 
present so me similarities: (I) the last great earthquake in each region occurred 
about 120 years ago, and no large thrust events have taken place within the gaps 
during the present century; (2) in both cases, the rate of convergence and the age 
of the oceanic sea-floor near the trench are almost identical. Therefore, it is 
expected that they would exhibit very similar patterns of seismicity. Although 
some similarities exist, the distribution of seismicity in the two gaps presents some 
important differences, mainly near the interplate contact zone. At this point, it is 
interesting to mention that, although observations in other subduction zones of 
the world show that earthquake recurrence times and rupture length can vary 
between successive earthquake cycles (e.g., COMTE et al., 1986; THATCHER, 1990; 
RUFF, 1992), the fact that the last great earthquakes that affected southern Peru 
(1868) and northern Chile (1877) have rupture lengths of about 450 km, suggests 
that they could represent the largest events of these regions. Therefore, the next 
great earthquakes may not necessarily be of the same magnitude as the latest 
events, but probably they will occur within the seismic gap areas analyzed by this 
work. 

Neither southern Peru nor the northern Chile gaps c1early exhibit the precursory 
compressional outer-rise events during the time period studied. Furthermore, both 
gaps present downdip intraplate tensional seismicity in the subducted slab, which is 
more intense in the northern Chile segment. For both regions, the change from 
compressional to tensional regime within the subducted slab occurs at about 
160 km from the trench, which is apparently associated with the coupled-uncoupled 
transition of the interplate contact zone. 

There are, however, some differences in the space-time distribution of stresses 
and of seismicity in both gaps. In southern Peru, an increase of compressional 
seismicity near the contact zone is observed since 1987. In contrast, the northern 
Chile gap exhibits an absence of compressional activity (mb ~ 5.5) near the inter­
plate contact since the December 21, 1967 sequence. This absence, however, is 
apparently filled with a cluster of lower magnitude compressional events that 
occurred during 1987. Also, the southern Peru gap shows a burst of tensional 
activity near the inner- and outer-rise zone during 1987, which is not observed in 
northern Chile. 

Under an interpretation of stress transfer in the subduction zones, the continu­
ous downdip tensional activity observed in southern Peru and norhtern Chile may 
be interpreted as evidence that these regions are strongly coupled. However, the fact 
that hoth the downdip tensional activity is more frequent in northern Chile than in 
southern Peru and that there is an absence of compressional activity (mb ~ 5.5) near 
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the contact zone in northern Chile, may be considered as evidence that this gap is 
more mature than southern Peru. 

On the other hand, the burst of both compressional seismicity near the contact 
zone, and the tensional activity near the inner- and outer-rise regions observed in 
southern Peru since 1987, may be interpreted in turn as a sign that a seismic preslip 
is taking place near the interplate contact. If the apparent seismic preslip is 
associated with the maturity of the gap, the fact that it is observed in northern Chile 
with lower magnitude earthquakes than those observed in southern Peru, may then 
be interpreted as representing that southern Peru is a more mature seismic gap than 
northern Chile. 

In summary, contradictory results are obtained about the maturity of the 
northern Chile and southern Peru gaps using alternative interpretations of simple 
stress distribution and transfer models in and near the coupled interface in a 
subduction zone. Although similarities are observed in both gaps, there are sharp 
differences in the spatial distribution of seismicity and in the stress patterns in both 
segments of this subduction zone. 

These results suggest that the complexity of the observed distribution of 
seismicity in seismic gaps cannot always be explained with simple models of 
accumulation and transfer of stresses along the slab. Futhermore, the available 
database ('" 30 years) of reliably located seismicity for which focal mechanisms 
exist may not be sufficiently long to draw firm conclusions about the long-term 
distribution of stresses near the coupled zone. 
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The 1986 Kermadec Earthquake and Its Relation to 
Plate Segmentation 
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Abstract-To evaluate the tectonic significance of the October 20, 1986 Kermadec earthquake 
(M w = 7.7), we performed a comprehensive analysis of source parameters using surface waves, body 
waves, and relocated aftershocks. Amplitude and phase spectra from up to 93 Rayleigh waves were 
inverted for centroid time, depth, and moment tensor in a two-step algorithm. In some of the 
inversions, the time function was parameterized to include information from the body-wave time 
function. The resulting source parameters were stable with respect to variations in the velocity and 
attenuation models assumed, the parameterization of the time function, and the set of Rayleigh waves 
included. The surface wave focal mechanism derived (</1 = 275", (j = 61", A = 156°) is an oblique-com­
pressional mechanism that is not easy to interpret in terms of subduction tectonics. A seismic moment 
of 4.5 x 1020 N-m, a centroid depth of 45 ± 5 km, and a centroid time of 13 ± 3 s were obtained. 
Directivity was not resolvable from the surface waves. The short source duration is in significant 
contrast to many large earthquakes. 

We performed a simultaneous inversion of P and SH body waves for focal mechanism and time 
function. The focal mechanism agreed roughly with the surface wave mechanism. Multiple focal 
mechanisms remain a possibility, but could not be resolved. The body waves indicate a short duration 
of slip ( 15 to 20 s), with secondary moment release 60 s later. Seismically radiated energy was computed 
from the body-wave source spectrum. The stress drop computed from the seismic energy is about 30 
bars. Sixty aftershocks that occurred within three months of the mainshock were relocated using the 
method of Joint Hypocentral Determination (JHD). Most of the aftershocks have underthrusting focal 
mechanisms and appear to represent triggered slip on the main thrust interface. The depth, relatively 
high stress drop, short duration of slip, and paucity of true aftershocks are consistent with intraplate 
faulting within the downgoing plate. Although it is not clear on which nodal plane slip occurred, several 
factors favor the roughly E-W trending plane. The event occurred near a major segmentation in the 
downgoing plate at depth, near abend in the trench, and near a right-lateral offset of the volcanic are 
by 80 km along an E-W direction. Also, all events in the region from 1977 to 1991 with CMT focal 
mcchanisms similar to that of the mainshock occurred near the mainshock epicenter, rather than 
forming an elongate zone parallel to the trench as did the aftershock activity. We interpret this event as 
part of the process of segmentation or tearing of the subducting slab. This segmentation appears to be 
related to the subduction of the Louisville Ridge, which may act as an obstacle to subduction through 
its buoyancy. 

Key words: Tectonics, subduction, plate segmentation, Kermadec, earthquake, rupture process. 

I University of California, Santa Cruz, California, U.S.A. 
2 Institute of Geological and Nuclear Sciences, New Zealand. 
, University of Arizona, U.S.A. 



332 Heidi Houston et al. PAGEOPH, 

Introduction 

The Kermadec subduction zone has been relatively neglected in the systematic 
study of subduction zones, perhaps due to its remote location. The October 20, 
1986 Kermadec earthquake (06:46:09.98 UT, 28.118°S, 176.367°W, M s = 8.1, Na­
tional Earthquake Information Center (NEIC) was the second largest event in 
1986. It was anomalous in several respects, induding its unusual focal mechanism, 
relatively high stress drop, and short duration. Additionally, the relationship of the 
aftershock sequence to the mainshock is not dear. Hence, understanding this event 
is important for improving the state of our knowledge of earthquake mechanics 
along the Kermadec subduction zone and in general. The goal of this paper is to 
evaluate the tectonic significance of the Kermadec earthquake. To this end, we 
determined source parameters of the 1986 Kermadec earthquake from surface 
waves, body waves and relocated aftershocks, and considered their implications in 
the context of the regional tectonics. Additionally, our analysis of this event has 
implications for issues of resolution in surface and body wave inversions. 

The Harvard Centroid Moment Tensor (CMT) focal mechanism for the Ker­
madec earthquake, as weil as the first-motion solution from NEIC (Figure I), has 
roughly similar amounts of compressional and strike-slip motion with a highly 
unusual orientation that is difficult to interpret in terms of subduction of the Pacific 
plate under the Australian plate. The aftershocks have predominantly underthrust­
ing mechanisms. This raises the possibility that the Kermadec earthquake may have 
consisted of two or more subevents with different focal mechanisms, each of which 

Kermadec 1986 

Figure I 
Focal mechanisms (Iower hemisphere equal-area projection) of the Kermadec earthquake from P-wave 
first motions (dotted Iines), Harvard centroid moment tensor solution (dashed lines), and the moment 

tensor solution obtained in this study from surface waves (solid lines). 
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might be more easily understood in terms of the regional tectonic framework. The 
alternative is that the Kermadec event had a highly unusual focal mechanism, even 
compared to the relatively small set of large intraplate events in subduction zones. 
Almost all large, shallow, intraplate events in subduction zones exhibit down-dip 
tension and can be attributed to slab pul\. The largest intraplate events in subduction 
zones are the 1977 Tonga (Mw = 8.1), 1977 Sumba (Mw = 8.3), 1970 Peru 
(M w = 7.9), and 1933 Sanriku (M = 8.3) earthquakes. These events have been 
interpreted as normal-faulting events caused by downdip tension in the subducting 
slab. Possessing neither downdip tension nor downdip compression, the 1986 
Kermadec earthquake cannot be interpreted in this way, and is, in this respect, 
unique for its size. Therefore, although the Kermadec earthquake has already been 
studied by LUNDGREN et al. (1989), we feit, in view of the above considerations, that 
a further, more comprehensive analysis including all available body waves, surface 
waves, and relocation of aftershocks was warranted. In particular, recent develop­
ments in body wave inversions provide algorithms that determine the focal mecha­
nisms of individual subevents (KIKUCH1 and KANAMORI, 1991), and recent 
earthquake studies indicate that some events do consist of subevents with different 
mechanisms. We utilized this approach and a set of relatively broadband waveforms 
to evaluate the need for such complexity in modeling the Kermadec earthquake. Our 
choice of fault plane and our interpretation of the tectonic significance of this event 
also differ from that of LUNDGREN et al. (1989). 

Tectonic Setting 

The Kermadec trench is the southern continuation of the Tonga trench; the two 
trenches are separated at about 26°S by the subducting Louisville Ridge (see Figure 
2). This ridge is an elongate chain of seamounts on a broad crustal swell that is 
similar in many respects to the Hawaiian-Emperor chain, although the current 
location of the hot spot that produced it is still enigmatic (WATTS et al., 1988; 
LONSDALE, 1988). The intermediate and deep seismicity in the Tonga-Kermadec 
region defines the world's most active Benioff zone. The dip of the Benioff-zone 
seismicity in the Kermadec subduction zone is about 70° at intermediate depths. 

RUFF and KANAMORI (1980) characterized the degree of seismic coupling in 
subduction zones globally, based on an empirical correlation between the size of the 
largest earthquake in a zone and the convergence rate (positive correlation) or age 
of the subducting plate (negative correlation). Thus, to first order, convergence rate 
and age appear to control the strength of mechanical coupling in subduction zones. 
Using a convergence rate of about 6 cmjyr and an age of 120 million years, Ruff and 
Kanamori concluded that the Kermadec subduction zone is relatively weakly coupled. 
The active back-arc opening behind the Tonga and Kermadec trenches is also consis­
tent with weak seismic coupling in this model. Thus, a large component of aseismic 
slip and relatively few large to great shallow underthrusting earthquakes are expected. 
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Figure 2 
Bathymetric map of the Tonga-Kermadec region . The direction and rate of plate consumption at the 
trench is indicated by arrows. The epicenters of the 1986 Kermadec earthquake (M w = 7.7) and the 1976 

doublet (Ms = 7.7 and 8.0) are shown. 
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The 1986 Kermadec earthquake occurred in a region that has experienced 
several1arge earthquakes, the largest of which was the June 22, 1977 normal-fault­
ing event in Tonga with M w = 8.2 (CHRISTENSEN and LAY, 1988). Many of the 
largest events along the southern section of the Tonga arc appear to be associated 
with subduction of the Louisville Ridge. The epicenter of the 1986 Kermadec 
earthquake (Figure 2) lies about 200 km to the south of the intersection of the 
Louisville Ridge and the Tonga-Kermadec trench. Previous earthquake activity in 
the Kermadec region includes two large earthquakes with M s = 7,.7 and 8.0 
separated by only 51 minutes on January 14, 1976. Although determination of the 
focal mechanism of the second event is complicated by the seismic energy genera ted 
by the first event, it is believed that both events of the doublet represent interplate 
underthrusting (CHRISTENSEN et al., 1991). The 1976 events occurred about 150 km 
south-southwest of the 1986 event. The aftershock areas of the 1976 doublet and 
the 1986 earthquake are on adjacent segments along the strike of the. trench, but 
have no significant overlap, based on PDE locations. 

The Pacific-Australian convergence direction in this region is oriented approxi­
mately east-west. Since the Louisville Ridge is oriented southeast-northwest, its 
intersection with the Tonga-Kermadec trench is migrating south at an estimated 
rate of 18 cmjyr (BALLANCE et al., 1989). The Kermadec earthquake is therefore 
different from the large earthquakes discussed by CHRISTENSEN and LA Y (1988) in 
that it lies in the region where the Louisville Ridge has not yet been subducted. 

The region of the 1986 Kermadec earthquake is bounded on the west by the 
northern Havre Trough, which is actively extending (PELLETIER and LOUAT, 1989). 
Based on studies of shallow earthquake focal mechanisms, PELLETIER and LOUA T 
(1989) distinguish the rapidly extending Lau Basin behind the Tonga trench (north 
of 26°) from the more slowly extending Havre Trough behind the Kermadec trench 
(south of 26°), and note that the transition between the two regimes corresponds 
with the arrival at the trench of the Louisville Ridge. The rates of convergence 
between the Pacific and Indo-Australian plates predicted by the NUVEL-l model 
(DEMETS et al., 1987) are 8.1 and 6.7 cmjyr at 200 S and 28°S, respectively. Rates 
of consumption at the trench are significantly higher than these due to the opening 
of the Lau Basin (8 cmjyr) and Havre Trough (0.8 to 2.1 cmjyr) behind the arc 
(PELLETIER and LOUAT, 1989). The rates and directions of the plate consumption 
shown in Figure 2 were calculated by summing the vectors representing back-arc 
extension from PELLETIER and LOUAT (1989) and the Pacific-Australian conver­
gen ce vectors predicted by NUVEL-l. 

Aftershock Relocations 

The 1986 Kermadec mainshock and sixty aftershocks that occurred between 
October 20, 1986 and January 4, 1987 with mb 2 5.0 were relocated using ISC 
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arrival time data and the method of joint hypocentral determination (JHD) 
described by DEWEY (1972). The first step of this procedure involved the location 
of 9 well-recorded and well-distributed events with respect to a calibration event, 
and the simultaneous determination of station corrections for the 100 stations used 
in the location process. The second step used the station corrections and variances 
determined by JHD in a single event location program to calculate hypocenters and 
90% confidence ellipses and ellipsoids on the epicentral and hypocentral coordi­
nates for all events. We chose the largest Kermadec aftershock (December 21, 1986; 
mh = 6.0) to be the calibration event and constrained its hypocenter to lie at the ISC 
epicenter and the Harvard CMT depth. Subsequent body-wave modeling confirmed 
the CMT depth. The JHD station corrections account for travel-time anomalies 
that are common to the raypaths of all ten earthquakes to a given station. If the 
source region is sufficiently small, station corrections should adequately correct for 
travel time biases resulting from near-source velocity anomalies. Rather than using 
the JHD method to locate all of the aftershocks. JHD-determined station correc­
tions and variances were used in a single event procedure to prevent problem 
earthquakes (such as those with foci that located above the surface of the earth) 
from introducing instabilities into the JHD computation. Locations of the events 
used to compute station corrections remained unchanged when located with the 
single event algorithm since the station corrections and weighting functions used in 
the single event procedure were those computed by JHD. 

Fifty-two of the 60 relocated aftershocks had epicenter confidence ellipses and 
hypocentral ellipsoids of less than 20 km, while 40 events had both epicentral and 
hypocentral errors of less than 15 km. The relocated aftershocks with errors less 
than 20 km are shown in map view in aseries of time panels in Figure 3. The 
average change in epicentral location compared with ISC locations was about 
10 km, with some tendency for relocated epicenters to move in the downdip 
direction away from the trench axis, perhaps because the ISC epicenter of the 
calibration event (the largest aftershock) may be farther west than the real 
epicenter. This is suggested by the CMT location of this event which is 40 km east 
of the ISC location. 

Several features of the aftershock pattern in Figure 3 are noteworthy. The 
relocations, like the ISC locations, form a zone elongated 150 km along the strike 
of the trench. An east-west trending zone may be present near the latitude of 
the mainshock epicenter. The aftershocks that occurred late in the sequence in 
November and December 1986 are at the northern and southern ends of the 
aftershock zone, indicating that an expansion of the aftershock zone took place. Of 
33 aftershocks with Harvard CMT focal mechanisms, 26 have underthrust­
ing mechanisms and shallow depths; only one has a mechanism similar to that 
of the mainshock and that event has a CMT depth of 63 km. The locations 
and mechanisms of the relocated aftershocks suggest that most of them are not 
true aftershocks, but rather represent triggered slip on the main underthrusting 
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Relocated aftershocks of the 1986 Kermadec earthquake with hypocentral errors less than 20 km. The 
mainshock mechanism is from the surface wave analysis in this study. Other focal mechanisms are from 
the CMT catalog. Most of the aftershocks have underthrusting mechanisms. The solid triangle in each 
panel represents the mainshock epicenter. The heavy li ne shows the location of the trench taken from the 
gravity map of DAVY (1989). There is a small change in strike near latitude 28.rS. The upper left panel 
shows all events from 1977 to 1991 within the rnap boundaries that have focal mechanisms similar to 
that of the mainshock. Note that all three, such events are near the mainshock epicenter. Also the depths 
of the three events are 57, 42, and 62 km, in order of their occurrence. The locations of the 1983 events 

are from NEIC. 
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Figure 4 
Cross sections of relocated underthrusting aftershocks of the 1986 Kermadec earthquake. The largest 
aftershock (December 21 , 1986) is represented by a larger square. The mainshock location is represented 
by an asterisk. The southern section appears to be dipping more steeply than the northern section, 

suggesting segmenlalion of the downgoing plale. 

plate boundary. Waveform modeling (discussed below) for the largest aftershock 
(Deeember 21, 1986, M w = 6.2) yields a depth of 17 km, eonsistent with the 
Harvard CMT depth . The mainshoek hypoeenter (40 km depth) loeates deeper than 
most of the aftershoeks, incIuding the largest aftershoek; this suggests that the 
mainshoek fauIting oeeurred within the subdueting plate rather than at the plate 
boundary. 

Figure 4 shows eross sections of the Kermadec aftershocks that could be 
identified as underthrusting events from the CMT eatalog, located north and 
south of 28.046°S (the epieenter of the December 21 aftershock). The mainshoek 
hypoeenter is indieated by an asterisk. The treneh axis lies 35 km to the east­
southeast of the right side of the plots. However, the reader should remember that 
this depends solelyon the ISC loeation of the ealibration event, which may lie 
farther west than the aetual epieenter as mentioned above. The underthrusting 
earthquakes should be the best located events sinee they are the larger events and 
make up the majority of events used to compute JHD station eorrections em­
ployed in the reloeation procedure. AIthough substantial seatter remains in the 
loeations of the underthrusting aftershoeks, as a group the aftershoeks in the 
northern seetion define a more shallowly-dipping interface than those in the 
southern section, suggesting that the downgoing plate may be segmented in this 
region. Weak evidence for sueh segmentation in this region can also be seen in the 
PDE eatalog. 

If the degree to whieh the reloeated hypoeenters define a slab in eross-seetional 
view is a measure of their loeation aeeuraey, Figure 4 indieates only fair aeeuraey 
at best for our reloeated Kermadee aftershoeks. A decrease in loeation aeeuraey 
may be expeeted in the Kermadec are eompared to many other island ares due to 
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its relatively remote location with respect to seismic stations. Most of the stations 
used in the relocation were located at teleseismic distances and tended to be 
concentrated into two azimuthaI bands, west-northwest and east-northeast of the 
aftershock region. Another source of the location error may have arisen from the 
assumption that the JHD station corrections adequately account for near-source 
velocity heterogeneity. Although the aftershock region is quite small along the 
strike of the trench, it contains earthquakes varying in depth between 10 and 
100 km. JHD station corrections were computed using events with depths less than 
60 km since the majority of the aftershocks occur at shallow depth. These correc­
tions may not be appropriate for the deeper events, since their raypaths may 
significantly differ from raypaths of the shallower earthquakes used to compute the 
station corrections. 

Surface Wave Analysis 

In order to characterize source parameters of the 1986 Kermadec earthquake at 
long periods, we inverted the surface waves for focal mechanism, depth, duration 
and moment, following the approach of ZHANG and KANAMORI (1988a). We 
varied the velocity and attenuation models, the parameterization of the time 
function, and the set of Rayleigh waves included. Source parameters derived from 
data of different periods can vary significantly (WALLACE et al., 1991; ANDERSON 
and ZHANG, 1991). For shallow earthquakes (hypocentral depth <30 km), the 
duration, centroid depth and moment are particularly sensitive to the period and 
the earth model used in the inversion. In order to obtain a unified source model for 
the Kermadec earthquake that is compatible with the body and surface wave data, 
we used a method similar to that used by ZHANG and LAY (1989a) and ANDERSON 
and ZHANG (1991). This method incorporates the detailed moment rate function, 
predetermined from the body waves, in the surface wave inversion. 

Systematic bias in the derived source parameters that results from the choice of 
model for the excitation functions and attenuation is likely to be greater than the 
formal errors for any specific inversion result, so source parameters are determined 
as a range of values that correspond to the extremes of the models used. 

Data and Inversion Method 

We used Rayleigh wave data available from stations of the GDSN, GEO­
SCOPE and IDA networks, and 93 RI, R2, and R3 phases were of suitable quality 
to use. 

For our surface wave inversion we use the method of ZHANG and KANAMORI 
(1988a), which is based on the moment tensor inversion of KANAMORI and GIVEN 
( 1981) modified to a two-step inversion algorithm following ROMANOWICZ and 
GUILLEMANT (1984). The first step isolates the source finiteness effect (duration), 
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and the second step finds the best depth and moment tensor. Spatial and temporal 
source finiteness can be determined from surface waves when the earth structure 
influence on surface wave propagation is known. Because of differences in fre­
quency content, surface waves and free oscillations are useful in resolving the 
low-frequency component of the source process, while body waves have higher 
resolution of spatial and temporal finiteness than surface waves. 

Our default earth model used in the following analysis incorporates the M84C 
model of WOODHOUSE and DZIEWONSKI (1984) for the phase velocity, the 
DZIEWONSKI and STEIM (1982) model for attenuation, and the average ocean 
model of REGAN and ANDERSON (1984) for calculation of the surface wave 
excitation functions. These and various other models have been discussed in detail 
by ZHANG and KANAMORI (1988a). The choice of excitation function model is 
complicated by the differing ages of the oceanic plates on either side of the 
Kermadec region. The subducting plate is thought to be Cretaceous in age, whereas 
the plate to the west is 30-35 Myr (DOUTCH, 1981), so an average ocean model 
seems appropriate. 

Simple Point Source 

We assumed a boxcar source time function and performed a two-step inversion 
of surface wave spectra using two attenuation models (our default model and that 
of MASTERS and GILBERT, 1983), since these two models have produced signifi­
cantly different moment and depth values in other studies (e.g., ANDERSON and 
ZHANG, 1991; WALLACE et al., 1991). The first step in the inversion procedure 
obtains a point source duration, r, by minimizing a normalized error, 0"; the second 
step determines the best depth and corresponding moment tensor by minimizing a 
normalized error, p, following ZHANG and KANAMORI (1988a). For the two 
attenuation models, Table 1 gives the inversion results for source dura ti on, depth, 
seismic moment (Mo) and mechanism (strike cp, dip b, rake A) for the best 
double-couple of the moment tensor, the size of the non-double-couple component 
(L), and the total number of surface wave phases used in the inversion (N). L is the 
ratio of the smallest eigenvatue of the moment tensor in absolute value to the 

r 
largest eigenvalue in absolute value, expressed as apercent (i.e., times 100). Thus, 
the percent of non-double-couple component is twice L. 

The duration is unaffected by the different attenuation models but the depth and 
moment values are sm aller for the Masters and Gilbert model. The range of values 
is much smaller than determined for the 1989 Macquarie Ridge earthquake 
(ANDERSON and ZHANG, 1991) probably because the difference between the 
attenuation models is enhanced for shallow events (ZHANG and KANAMORI, 
1988a). For relatively deeper events such as the Kermadec earthquake, the Q effect 
on the depth estimate is smalI. The mechanism (cp = 275°, b = 60°, A = 158°) lS 

quite stable and very similar to the Harvard solution (Figure I). 
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Table I 

Boxcar time function 

Duration Depth Mechanism L Mo N 
(s) (km) (t/J, ;5,)..) (%) (1020 N-m) phases 

Default Q 26 51 277/60/159 15 4.4 93 

Masters & Gilbert Q 26 45 276/56/160 6 4.0 93 

Default Q 20 45 276/60/157 7 4.4 71 
(No !DA stations) 

Masters & Gilbert Q 20 40 275/56/158 6 4.2 71 
(No !DA stations) 

Default Q 26 44 276/64/157 7 4.2 74 
(refined data) 

The IDA data used in this study are re\ative\y noisy so we performed the same 
inversions with 71 phases excluding the IDA data (Table 1). The effect of exclud­
ing the IDA data seems to be to reduce the duration to an even sm aller value of 
20 sand to reduce the depth by about 5 km. The mechanism remains stable and 
the moment values are slightly reduced. Although in general the size of the data 
set affects the solutions and their formal errors, we are unsure why the exclusion 
of the IDA data has these effects. It may be that this is just because the vari­
ance is slightly smaller when the IDA stations are excluded, or it may be related 
to the fact that the IDA stations have a longer-period response than the other 
stations. 

Direetivity 

We investigated the spatial source finiteness by looking for rupture directivity 
adopting the method of ZHANG and KANAMORI (l988b) for both unilateral and 
bilateral rupture models. By minimizing the normalized error (J in the first-step 
inversion, we determined the best azimuths of a moving point source for seven 
periods from 150 to 300 s, assuming a fault length of 62.5 km and a rupture velocity 
of 2.5 km/s, which corresponds to a duration of 25 s. The variance reductions are 
smalI, and the rupture azimuths obtained from data of different periods span a 
large range for both unilateral (59") and bilateral (44°) models, so no directivity 
was resolvable. This is not unexpected since the re\atively short duration indicated 
by the simple point source analysis above is unlikely to produce major directivity 
effects. 

We repeated these calculations excluding the IDA data for the reasons described 
above, and the results were similar. No directivity was resolved. 
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Results from Refined Data Set 

At this stage we calculated the spectra and then carefully checked and deleted 
data which produced a much poorer fit (variance five times larger than the mean) 
to the spectral amplitude and phase plots at all periods. We also deleted R3 if both 
Rl and R2 were available for astation and the R3 error was larger than Rl. This 
process reduced the number of phases to 74. We recalculated the source parameters 
using our simple boxcar time function and they differ only slightly from those 
determined with the larger data sets. Table 1 shows that in general the source 
parameters were stable with respect to the different attenuation models assumed, 
and the set of surface waves used. Figure 5 displays the normalized error, (1 in the 
first-step inversion versus trial source durations at several periods, and the normal­
ized error, p, in the second-step inversion versus trial source depths. Figure 6 shows 
the observed Rayleigh wave amplitude and phase spectra corrected for instrument 
and propagation effects, along with the spectra predicted from our derived source 
model at periods of 150, 256, and 300 s. 
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Figure 5 
(a) The normalized error, 11, of the first-step inversion of surface waves, plotted versus duration (source 
process time) for the inversion with a simple source time function at the periods of (I) 150, (2) 175, (3) 
200, (4) 225, (5) 256, (6) 275, (7) 300 s, respectively. The duration corresponding to the minimum error 
on each curve is taken as the value for that period. For the period 256 s (solid line) the minimum error 
corresponds to a source process time of 23 s. (h) The normalized error of the two-step inversion, p, 
plotted versus trial centroid depths fOT a simple source time function. The minimum error corresponds 

to a depth of 44 km. 
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Observed propagation-corrected Rayleigh wave source spectra with periods of 150 s (a, b); 256 s (c, d); 
and 300 s (e, 1). Amplitude spectra are given in units of 1025 m-s and phase spectra in radians. Dashed 

lines show source spectra predicted from the moment tensor solution obtained in this study. 

Errors in the event location can propagate into errors in the resulting source 
parameters. We tested the effect of different epicentral locations by inverting the 
data, assuming locations up to 70 km to the north and 40 km to the south of the 
NEIC location. The centroid depth, mechanism, and non-double-couple component 
are relatively stable with respect to location. The largest effect is for the location 
70 km to the north which yields a dip of the E-W trending nodal plane 13° greater 
than the NEIC location. 

The non-double-couple component of the moment tensor is less than 15% of the 
total moment tensor for the last fOUf solutions of Table I. However, synthetic 
experiments show that the addition of a moment tensor similar to that of the 
mainshock to a moment tensor representing interplate underthrusting with similar 



344 Heidi Houston et al. PAGEOPH, 

moment would produce only a sm all non-double-couple component in the resulting 
moment tensor. Therefore the small non-double-couple component present in our 
moment tensor solution does not preciude the event having a complex mechanism 
with more than one focal mechanism. 

The centroid time (13 s) is shorter than expected for an event of this size (M w 

7.7) from empirical relations between seismic moment and source duration 
(KANAMORI and ANDERSON, 1975; KANAMORI and GIVEN, 1981). LUNDGREN et 
al. (1989) also obtained a short duration (19 s) for this event from 6 Rayleigh wave 
spectra, as weil as from their body wave deconvolution, and noted that the short 
dura ti on fits the Rayleigh wave spectra better than longer durations. Other studies 
of similar magnitude events have shown that values of moment, centroid depth and 
duration derived from body wave inversions are often significantly less than those 
derived using surface waves. For the Kermadec earthquake, the source time 
function derived from body waves alone is sufficient to match the surface wave data 
and no significant long-period component is needed. This result is important 
because it indicates that a long source process time (duration) is not an inevitable 
result of the surface wave analysis. 

Comp/ex Time Function 

In order to incorporate information about the source time function derived 
from the body waves into the surface wave inversion, we parameterized the moment 
rate function in terms of aseries of isosceles triangles and a half-sine function. The 
approach follows ZHANG and LAY (l989a) and ANDERSON and ZHANG (1991). 
The general features of the time functions determined from the analysis of body 
waves, described below, can be modeled by 3 isosceles triangles with durations of 
lOs starting at 0, 5 and 58 sand relative weights of 1.6, 1.0, and 0.9, respectively 
(see Figure 7a). The corresponding centroid time is 21 s. The first two triangles 
represent the first body-wave slip episode and have a centroid time of 7 s. A 
half-si ne of duration r is used to represent the long-period component. With this 
representation of the moment rate function a further parameter, y, is necessary, 
giving the ratio of the half-sine component to the total moment rate function (e.g., 
for y = 0 only the body-wave moment rate function, defined by the isosceles 
triangles, would contribute to the total moment rate function). 

For each value of y, the duration, r, is found that minimizes (1, the error in the 
first-step inversion. Then y and the best duration are used in the second-step 
inversion, which returns the depth and moment tensor that minimize the error, p. 

The results of this procedure are shown in Table 2 and Figure 7. In Figure 7b (1 and 
p, the errors in the first and second steps of the inversion, respectively, are plotted 
versus (. Figure 7c shows the results of the inversion-duration, r, and moment, Mo, 
for different values of (. Figure 7a shows the resulting time function for y = 0.5 
which was chosen somewhat arbitrarily for the smallest p that would not result in 
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Figure 7 
(a) Results of inversion of surface wave spectra using a moment rate function constructed by combining 
information inferred from the body-wave time function with a half-si ne representing the long-period 
component. The onset time of the half-sine is fixed at 0 s. (b) The errors p (solid line) and (J (256 s 
period, dashed line) plotted against y, the ratio of the long period half-sine component to the total 
moment. Arrows indicate the preferred value of y chosen to keep p small while not accepting a 
significant increase in (J. (c) The duration of the half-sine T (solid line) and total moment (dashed line) 

plotted against y. The preferred half-sine has a duration of 17 s. 

Table 2 

Results of surface wave inversion with complex time function 

Centroid of Focal 
body wave r Centroid Centroid mechanism 

time- duration time Mo depth double-couple ~ 

y function ( s) ( s) (1020 N-m) (km) (cf>, 0, A) % 

Two body wave 
slip episodes 
plus half-sine 0.5 21 17 15 4.7 38 275/61/156 10 

Single body wave 
slip episode 
plus half-sine 0.2 7 83 14 4.6 40 275/62/156 4 

y is ratio of half-sine component to total moment rate function. 
~ is non-double-couple component. 
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As in Figure 7 except that only the first 20 seconds of moment release in the time function obtained from 
body waves are included in the surface wave inversion. In this ca se the half-si ne component has a 
duration of 83 s giving credence to the later episode of moment release determined from the body waves. 

a signifieant inerease in (J (Figure 7b). We fixed the minimum eentroid time to be 
the same as the eentroid time of the first body-wave moment episode beeause in 
previous trials the duration of the long-period eomponent redueed to zero at small 
values of y. This is expeeted beeause the eentroid time of the body-wave time 
funetion (21 s) is longer than the eentroid time (l3 s) of the boxe ar time funetion 
determined using surfaee waves. We interpret this result as indieating that no 
long-period eomponent is required to explain the surfaee wave speetra. 

We were unsure about the resolution of the seeond episode of moment release 
(at 58 s) so we repeated the inversions without it. The results are shown in Table 2 
and Figure 8. It is notieeable that when no moment release is preseribed for the 58 s 
subevent then the duration of the half-sine is signifieant and extends slightly longer 
than the 70 s of the seeond body-wave episode in the model above. This supports 
the notion of a seeond moment release event whieh will be examined further in the 
next seetion. 

Body Wave Analysis 

The unusual long-period foeal meehanism and the aftershock sequenee, whieh 
include mainly underthrusting events typical for the plate boundary along the 
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Kermadec trench but only two events with focal mechanisms similar to the 
mainshock, raise the possibility that the mainshock consisted of complex faulting 
corresponding to more than one focal mechanism. In order to assess this possi­
bility, we analyzed all available broadband body waveforms of the mainshock 
with an algorithm allowing multiple focal mechanisms. Additional goals were 
to estimate the spatial extent of rupture and to obtain a time function for use in 
the surface wave inversion. LUNDGREN et al. (1989) inverted 7 long-period P 
waves from GD SN, allowing only the rake to vary from the Harvard CMT 
solution, and obtained a solution very similar to the Harvard result and a depth 
of 40 km. 

Data 

We retrieved long-, intermediate-, and short-period records of the P, SH, and 
pp phases from the GDSN and NARS networks. We also included P and SH 
waves from KIP the one GEOSCOPE station that recorded a broadband teleseis­
rnie seismogram. We first constructed broadband displacements by simultaneously 
deconvolving the instrument responses and patching together the available short-, 
intermediate-, and long-period displacements in the frequency domain, then 
Fourier-transforming back to the time domain. Thereafter a 10-100 instrument 
response was convolved with the displacements, where the first number refers to the 
seismometer free period and the second number to the galvanometer free period. 
This instrument response was employed in order to (1) use an intermediate-period 
band to determine stable features of the rupture process, (2) emphasize frequencies 
near the corner frequency of the event, which have the most information about the 
rupture process, and (3) reduce very long- and short-period noise. Use of the 
10-100 response is roughly similar to using velocity seismograms bandpass filtered 
between 10 and 100 seconds. 

For the P waves, start times were picked from the short- and intermediate-pe­
riod seismograms. It is often difficult to accurately pick the beginning of the pp or 
S phases. Start times of the pp phases were taken from the Jeffreys-Bullen travel 
times and further refined by comparison with P waveforms. They were, in some 
cases, quite uncertain and therefore were not included in final preferred inversions. 
We obtained ace urate start times for the SH waves by comparing the S-P times for 
the large, impulsive aftershock of December 21, 1986 (for wh ich the onsets of the 
P and SH phases were easy to pick) to the S-P tim es predicted by the iasp91 travel 
times. This technique assurnes that the relative locations of the aftershock and 
mainshock are well-determined, wh ich is probably the case. The actual S-P time for 
the aftershock was 5 seconds longer than predicted. Therefore, the start of the 
mainshock SH wave was estimated by adding 5 seconds to the S-P time predicted 
by iasp91 for the mainshock, given the differences in distance and depth from the 
relative relocations. 
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Structures near the source and receiver were approximated with flat layers 
including a 6 km-thick water layer above the source. Dipping bathymetry and 
structure can generate P-wave multiples as discussed by WIENS (1989). Although 
the effect of non-flat structures near the Kermadec source may be significant for 
stations in North America as argued by LUNDGREN et al. (1989), the actual 
structures near the trench are poorly known and may not be adequately approxi­
mated by dipping layers. The absolute location of the event is also poorly known, 
adding uncertainty to the estimation of the structure. 

Variable Mechanism Inversions 

To invert the body waveforms, we employed an iterative inversion technique 
developed by KIKUCHI and KANAMORI (1991) that returns the best-fitting focal 
mechanism for each iteration. This inversion fits the waveforms simultaneously by 
searching for the time, location, seismic moment, and focal mechanism of a point 
source that best correlates with the data, then subtracting the synthetics for such a 
point source from the data and repeating the procedure on the residual data. The 
method requires that the subevent time functions and fault plane grid be specified. 
Representative results for an inversion with a subevent time function consisting of 
a trapezoid with a rise time of 5 sand a duration of 8 s are shown in Figure 9. In 
this case the source was constrained to be a point source at 45 km (the best-fitting 
depth) to minimize the significant trade-offs that can occur between the various 
parameters. The focal mechanism returned by the first iteration for the slip that 
occurred from 0 to 15 s is roughly consistent with the first-motion solution and the 
long-period surface-wave solution described above. The second iteration often 
places a subevent at 58 s with a mechanism featuring thrusting on a north-south 
plane roughly consistent with a typical underthrusting mechanism or a compres­
sional slab-bending event. However, the strike of this subevent is very unstable, 
rendering interpretation of the focal mechanism difficult. Its moment is about 45% 
of the moment of the first subevent. That a la te episode of moment release occurred 
is evident from examination of the waveforms in Figure 9, as weil from the 
displacement waveforms and from SH waveforms at stations NW AO and CT AO in 
Australia, which, unfortunately, saturated. A late episode of moment release is also 
suggested by the surface wave analysis discussed above. 

More than 20 inversions were performed, varying the subevent time function, 
the allowed fault plane size, and the weighting of the data. Table 3 gives a list of 
the phases used. In general, the first iteration produced a fairly stable result roughly 
similar to that in Figure I, although the mechanism could rotate around to 
approach a typical underthrusting mechanism. The subsequent iterations were less 
consistent. Reliably, either the second or third iteration would place a subevent 
about 60 s after the mainshock on set. In the inversions that allowed a range of 
depths for the point sources, this la te subevent almost always located shallower 
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Results of inversion of teleseismic P and SH waves of the Kermadec earthquake for best-fitting focal 
mechanisms. The focal mechanisms and source time function after two iterations of the inversion; 
the time and iteration number are shown for each subevent. Comparison of synthetic waveforms 
(below) with data (above). Broadband displacements were convolved with a 10-100 instrument 
response with a gain of 1. Peak amplitude in microns (above) and azimuth (below) are given for each 

record. 
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Table 3 

Station list Jor body waves 

Station Phase Distance (0) Azimuth (0) 

NWAO P 56.8 -112.8 
LEM P 74.7 -89.7 
CHTO P 94.4 -71.1 
TATO P 80.1 -54.7 
MAJO P 77.5 -36.1 
COL P 95.4 11.6 
HON P&SH 52.3 21.4 
KIP P& SH 52.5 21.8 
LON P 89.3 33.8 
RSSD P 97.5 43.5 
ANMO P&SH 90.9 50.2 
ZOBO P 97.5 112.9 

than the first subevent, consistent with the notion that it resulted from slip on the 
shallow plate interface. The strike and dip of the late subevent mechanism were 
generally consistent with this possibility, but too variable to confirm it. At 15 to 30 s 
after the onset of the mainshock, however, a variety of mechanisms were found by 
the second, third, or fourth iterations in the various runs of the inversions, featuring 
large strike-slip components with nodal planes unrelated to those of the first-mo­
tion, CMT or surface wave results, or to the trench geometry. These subevents were 
difficult to interpret and may be more related to water multiples from a dipping sea 
bottom than to the earthquake source. Such water multiples would be expected to 
be stronger at stations in the eastern azimuths (e.g., North America) (LUNDGREN 

et al., 1989), and the waveforms show large amplitudes at that time for the eastern 
stations. Considered together, the results of the different inversions indicate that the 
available distribution of body waves probably cannot resolve the fairly small 
difference between the long-period surface wave mechanism and a typical und er­
thrusting event along the Kermadec trench. However, the surface wave data are not 
compatible with an underthrusting mechanism overall. 

Several weighting schemes for the records were explored. It was helpful to 
include the SR waves to constrain the mechanism, but their large amplitudes would 
have dominated the inversion had they not been down-weighted. Additionally, 
stations KIP and HON are located very close together and their records essentially 
duplicate each other. Furthermore, the P waves from KIP and HON contain 
anomalously short-period energy compared to the other P waves, suggesting that 
they were affected by some structure between Kermadec and Hawaii. Therefore, our 
preferred weighting scheme, used in Figure 9, was ANMO SR: 0.5, HON P and 
SR: 0.25, KIP P and SR: 0.25, and all other stations: 1.0. The inversion did prove 
somewhat sensitive to the weighting, diminishing our confidence in the rohustness 
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of the result. The addition of pp waves to improve the azimuthai coverage did not 
change the result significantly, and we feit that the improvement in azimuthai 
coverage was offset by the increased uncertainty in the start times of the pp 
waveforms. 

In summary, multiple focal mechanisms during the first 20 S of moment release 
are not resolved, and the body waves appear to be adequately characterized by the 
long-period focal mechanism. The inversion consistently returned a different mech­
anism for the slip at 60 s, but a change of mechanism cannot be conclusively 
resolved then either. Considering the synthetic experiments on moment tensors 
mentioned in the surface wave section, the tectonically reasonable possibility that 
slip could have occurred simultaneously (i.e., within about 20 s) on the main plate 
interface and on an E-W trending plane cannot be definitively excluded. Such a 
situation would explain the unusual pattern of aftershocks. It is difficult to pursue 
this possibility further because the body waves are not sensitive enough to discrim­
inate between the possible mechanisms, but there is no compelling evidence that this 
event was other than a simple double-couple with an unusual oblique mechanism. 

Fixed Mechanism Inversions 

To estimate the spatial extent of the rupture, we also performed aversion of the 
iterative inversion (KIKUCHI and FUKAo, 1985) in which the focal mechanism is 
fixed. In so me of these inversions with fixed mechanisms the SH waves were not 
included because their long-period character and uncertain start times are not 
helpful for locating slip. For similar reasons, pp waveforms were not included in 
the fixed mechanism inversions. 

Several mechanisms were specified, including the body wave mechanism ob­
tained in the inversion described above, the surface wave mechanism obtained 
above, the Harvard CMT mechanism, and the underthrusting mechanism of the 
largest aftershock (see Table 4). In the first three cases both the roughly N-S and 
E-W striking nodal planes were specified as the fault plane in different inversions 
because it is not obvious on which of the planes slip occurred, as neither is oriented 
in a typical geometry for subduction zones. The spatial extent of rupture was fairly 
limited for all these cases, and most of the slip was concentrated in a relatively sm all 
area, about 40 by 40 km, near the hypocenter. When the roughly E-W striking fault 
planes were specified, the region of maximum moment release was centered about 
20 km west of the hypocenter. The residual errors (shown in Table 4) were smaller 
for E-W striking nodal planes than for the N-S trending planes, supporting our 
choice of the E-W plane as the fault plane. It is interesting to note that a 
representative underthrusting mechanism explains the data almost as well as the 
best oblique mechanisms. As mentioned above, the body waves appear unable to 
resolve this difference, but an oblique mechanism is required by the surface wave 
data. Time functions similar to that shown in Figure 7 were obtained in all cases. 
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Table 4 

Fixed mechanism inversionst 

Strike Dip Rake Error* Errort 

Our surface wave 275 61 156 0.4350 0.3987 
mechanism 17 69 31 0.4533 0.4115 

Our body wave 268 33 154 0.3509 0.4220 
mechanism 20 76 60 0.3995 0.4357 

Harvard CMT 270 56 158 0.3881 0.3985 
mechanism 13 71 36 0.4200 0.4214 

U nderthrusting 207 23 106 0.3999 0.4125 
mechanism 

+ 8 iterations of the inversion using a trapezoid with 4 s rise time and 7 s duration and an extended fault 
plane 160 km along strike by 50 km along dip 
* error obtained including SH waves 
terror obtained excluding SH waves 

Stress Drop and Source Spectrum 

We calculated the static stress drop for the Kermadec earthquake, assuming a 
circular rupture area. The static stress drop of a circular crack is given by: 

!la = 7nllD = 7Mo 
l6a l6a 3 ' 

where D is the average dis placement over surface area S = na 2 and Mo is the 
moment (KANAMORI and ANDERSON, 1975). Using a = 20 to 25 km and Mo = 

4 X 1020 N-m (both estimated from the fixed mechanism inversions) yields a static 
stress drop of 100 to 200 bars, which is five to ten times larger than is typical for 
interplate underthrusting earthquakes. 

We computed an average source spectrum (Figure 10) from the teleseismic P 
waves and derived from it estimates of the seismically-radiated energy and the 
Orowan stress drop following HOUSTON (1990). The energy E is proportional to 
the area under the squared velocity spectrum, and the Orowan stress drop (twice 
the apparent stress) is given by: 

21lE 
!lao =--. 

Mo 

We calculate an energy of 1 x 1023 ergs and obtain an Orowan stress drop of 30 
bars. This is high compared to similarly-determined stress drops of interplate 
subduction earthquakes (HOUSTON, 1990), as is the static stress drop, consistent 
with intraplate faulting with a relatively long repeat time rather than interplate 
faulting, which typicallY has a much shorter repeat time. 
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Source spectrum of the Kermadec earthquake from P waves. Thin solid lines show the w - 2 model with 
a stress drop of 30 bars for reference. The stress drop of this event is 30 bars. The long-period spectral 

amplitude is fixed at the seismic moment. 

The Largest Aftershock 

The largest aftershock (M w = 6.2) occurred two months after the mainshock on 
December 21, 1986. Its Harvard CMT solution is that of a typical underthrusting 
mechanism and the CMT depth is 17 km. The waveforms have a very simple, impulsive 
character. To check the depth, we inverted 11 broadband teleseismic P waves for the 
time function of a point source with the CMT mechanism at different depths. The 
lowest residual occurred at a depth of 17 km, confirming the CMT depth, and empha­
sizing the difference between this aftershock (and by implication the other shallow, 
underthrusting aftershocks) and the mainshock, which was significantly deeper. 

Discussion 

A Brief, High Stress Drop Intraplate Event 

Generally, the source parameters of the Kermadec earthquake derived using the 
surface and body wave techniques are similar. The centroid depth is 45 ± 5 km, the 
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moment is 4.5 ± 0.3 x 1020 N-m, and the mechanism is oblique-compressional slip 
(Figure I). The depth, focal mechanism, and relation to aftershock locations of this 
event suggest intraplate faulting without a mechanism change, although the part of 
the body waveforms from 15 to 40 s remain poorly explained. Perhaps this is partly 
or entirely due to water multiples; however, the possibility of some rupture 
complexity cannot be excluded. The short duration and high stress drop are also 
indicative of intraplate faulting. As a relatively shallow oblique-slip subduction 
zone event, the Kermadec earthquake is unique for its size (LUNDGREN et al., 
1989). 

The centroid time of 13 s indicates an anomalously brief duration (by about a 
factor of two) of moment release for an event of this size. The method employed for 
the surface wave analysis in this study has been applied to several other large 
earthquakes. Generally, a significant long-period component of rupture is needed to 
explain the surface wave observations, with source process times (e.g., the duration 
of the half-sine component) of 93, 140, and 165 s for the 1989 Macquarie, 1977 
Sumba, and the nearby 1977 Tonga earthquakes (ANDERSON and ZHANG, 1991; 
ZHANG and LA Y, 1989b). Our determination of a half-sine duration of 17 s for the 
Kermadec earthquake, however, mIes out any significant slow slip during its 
mpture. Thus, the analysis of this earthquake shows that the method does not 
invariably return a long source process time, which suggests that the long-period 
slip often obtained from surface wave studies is meaningful. 

Figure 11 and Table 5 show duration (twice centroid time) and seismic moment 
computed from surface wave spectra for 14 events, using boxcar time functions 

Table 5 

Moment and duration for large shallow earthquakes 

Moment Duration 
Event (N-m) (sec) 

6/22/77 Tonga 1.70 x 1021 84 
8/19/77 Sumba 5.60 x 1021 80 

12/12/79 Colombia 2.10 x 1021 118 
7/17/80 Santa Cruz Is. 6.80 x 1020 88 
9/01/81 Samoa 5.40 x 1020 44 
6/19/82 EI Salvador 1.40 x 1020 34 
5/26/83 Akita-Oki 8.00 x 1020 46 

11/30/83 Chagos 8.30 x 1020 62 
3/03/85 Chile 1.28 x 1021 70 
9/19/85 Michoacan 1.05 x 1021 76 

10/20/86 Kermadec 4.20 x 1020 26 
5/23/89 Macquarie 2.15 x 1021 46 

10/18/89 Loma Prieta 3.40 x 1019 11 
5/20/90 Sudan 7.00 x 1019 20 
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Duration VS. seismic moment for 14 large earthquakes, determined from surface wave analyses. The 
duration is twice the centroid time for a boxcar time function. The plot shows the general increase in 
duration with the cube root of moment, as weil as the anomalously brief duration of the Kermadec 

earthquake for its size. 

(e.g., ZHANG and KANAMORI, 1988a,b; ZHANG and LAY, 1989a,b; ANDERSON and 
ZHANG, 1991; VELASCO et al., 1993). Four of these events can be considered 
anomalous-the 1989 Loma Prieta, 1986 Kermadec, 1989 Macquarie, and 1977 
Sumba earthquakes. Recall the empirical relation that the seismic moment is pro­
portional to the cube of the source duration r (KANAMORI and ANDERSON, 1975). 
For the Kermadec earthquake we obtained a ratio M o/r 3 = 2.4 x 1016 N-m/s3, 

which is similar to the ratio of 2.3 x 1016 N-m/s3 for the 1989 Loma Prieta 
earthquake (Mo = 3.0 x 1019 N-m, r = 11 s (VELASCO et al., 1993)). However, for 
typical low-angle thrust earthquakes this ratio was found to be 2.5 x 1015 N-m/s3 

(FURUMOTO and NAKANISHI, 1983). This is consistent with Figure 11 and implies 
that the Kermadec event is a fast earthquake with a rupture time about half as long 
as that for subduction zone earthquakes with similar seismic moments. 

Tectonic Significance 0/ this Event 

It is difficult to determine which of the two nodal planes (N-S or E-W) is the 
actual fault. The lack of observable directivity associated with the surface waves 
indicates a sm all source region and does not allow us to uniquely determine the 
fault plane. The body-wave inversions weakly favor the E-W plane but do not 
provide overwhelming support for this interpretation. The N-S elongation of the 
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aftershocks would seem to favor the N-S plane (preferred by LUNDGREN et al., 
1989), but, as discussed previously and below, most of the aftershocks appear to be 
triggered slip on the underthrusting plane and not aftershocks that define the fault 
plane. We favor the E-W plane as the fault plane and suggest that this event 
represents a lateral segmentation or tear in the subducting plate. 

Several factors suggest that slip in the mainshock occurred along the E-W 
trending nodal plane, rather than along the roughly N-S plane. First, there is a 
right-Iateral offset in the free-air gravity anomaly associated with the volcanic arc 
that would correspond to the right-Iateral direction of slip associated with the E-W 
nodal plane (Figure 12). The arc is off set perpendicular to the trench near the 
mainshock epicenter. Although the offset is in the upper plate, it probably reflects 
the configuration of the subducting plate. Also, the strike of the trench changes 
near the epicenter: north of 28.36°S the trench strikes NI00E compared to N200E 
south of that latitude. Furthermore, the relocated aftershocks, although quite 
diffuse, are generally shallower in the northern part of the aftershock zone than in 
the southern part (Figure 4). These factors suggest that the subducting lithosphere 
may be segmented near the si te of the Kermadec earthquake. Such lateral segmen­
tation could be related to a buoyant Louisville Ridge, which intersects the trench 
about 200 km to the north and may act as an obstacle to subduction. 

Another factor suggesting that the E-W nodal plane is the fault plane is the 
distribution of events with mechanisms similar to that of the mainshock. A search 
of all CMT solutions in the region from January I, 1977 to June 30, 1991 yielded 
only three events with focal mechanisms similar to that of the mainshock (see 
Figure 3). Two of these occurred before the mainshock; one is an aftershock. In 
contrast to the entire set of aftershocks which extend about 150 km north and 
50 km south of the mainshock, the three events with focal mechanisms similar to 
the mainshock are all located within about 20 km of the mainshock epicenter. 
Furthermore, all three events are fairly deep, with Harvard CMT depths of 57 km 
(July 24, 1983),43 km (July 28, 1983), and 63 km (December 20, 1986), in contrast 
to the underthrusting aftershocks, which are mostly shallower than 40 km. This is 
suggestive of an E-W striking structure within the subducting plate similar in 
location, depth, and strike to the E-W striking nodal plane of the mainshock. This 
also suggests that the underthrusting aftershocks are not true aftershocks, but 
represent slip on the interplate boundary triggered by strain transferred to the 
adjoining trench segments. Perhaps these aftershocks extended preferentially to the 
north of the mainshock because the stress on the interplate boundary south of the 
mainshock had already been released by the large, presumably underthrusting 
events in 1976. It is also possible that these underthrusting aftershocks are true 
aftershocks of a relatively sm all and unresolved underthrusting event "hidden" in 
the mainshock. It appears that the N-S distribution of the aftershocks is a result of 
their alignment parallel to the trench and is not therefore a convincing indication of 
mainshock faulting on the N-S striking plane. 
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Figure 12 
Free-air gravity anomalies (in mgals) in the region ofthe Kermadec trench from DAVY (1989). The star 
shows the epicenter of the 1986 Kermadec earthquake; the heavy line shows the strike of the inferred 
fault plane. Note the change in strike of the trench (negative gravity anomaly) near the epicenter of the 
Kermadec earthquake, and the offset of the positive gravity anomaly associated with the vo1canic arc. 
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In our interpretation, the mainshock occurred in the Pacific plate on the E-W 
striking plane as a slab tear earthquake. While the paucity of aftershocks with 
mechanisms similar to the mainshock and on the mainshock fault plane is unusual, 
it is generally thought that intraplate events tend to have fewer true aftershocks 
than interplate events of comparable size. Similar triggering of shallow underthrust­
ing earthquakes on the plate interface was observed following the 70-km-deep 
normal-faulting earthquake of June 22, 1977 in Tonga (CHRISTENSEN and LAY, 
1988). 

We note that the horizontal projection of the slip vector for the E-W striking 
plane is very elose to the relative plate motion direction predicted by the NUVEL-I 
pole (272°, DEMETS et al., 1990). Because the event occurred direct1y beneath the 
coupled plate interface, perhaps the slip vector of this intraplate event was con­
trolled by the plate motions. Since the downgoing plate is not yet decoupled from 
the overriding plate in this region, the concordance of P or Taxis orientation with 
slab dip that is often recognized in deeper slab events would not be expected, and 
does not occur (Figure 1). 

Slab tearing events have occurred further south along the Kermadec trench in 
New Zealand (REYNERS, 1991), and segments of the Benioff zone with significantly 
different geometry, marked by sharp vertical discontinuities, have also been recog­
nized in the New Zealand region (ROBINSON, 1986). Although large earthquakes 
associated with the process of lateral segmentation of subducting plates are rare, we 
believe that the 1986 Kermadec earthquake is most easily interpreted as a signifi­
cant slab tearing event. 

From another point of view, the Kermadec earthquake can be considered a 
stress meter in the downgoing plate. In this interpretation the orientations of the 
P and T axes are more significant than which nodal plane is identified as the fault 
plane. The tectonic setting of the Kermadec earthquake, an intraplate event in the 
downgoing slab on the seaward edge of the seismogenic interface, is similar to 
that of an outer-rise earthquake. We note that the Taxis of the Kermadec 
earthquake is pointing toward the 1976 earthquake doublet (Figures 2 and 3), 
which presumably were underthrusting events. A crude analogy may be drawn 
with the 1987 -88 Gulf of Alaska earthquake sequence. LAHR et al. (1988) 
observed that the T axes of three shallow strike-slip earthquakes in the Pacific 
plate (Ms = 6.9, 7.6, and 7.6) point northwest towards the rupture zone of the 
great Alaskan earthquake of 1964, suggesting that the Pacific plate is accommo­
dating tensional stresses induced by that event. The P axes of the Gulf of Alaska 
events may be controlled by the oblique collision and subduction of the buoyant 
Yakutat terrane. If this interpretation can be applied to the Kermadec earthquake, 
then the orientation of its Taxis suggests that the event accommodated tensional 
stresses induced by the 1976 events, while the orientation of its P axis towards the 
northwest could suggest that the interplate boundary north of the epicenter is 
locked. 
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The Role 0/ the Louisville Ridge 

The morphology of the subducting plate in the Tonga-Kermadec zone is very 
complex at depth (BILLINGTON, 1980; FISCHER et al., 1991) and several possible 
segment boundaries have been proposed (BURBACH and FROHLICH, 1986; PEL­
LETIER and LOUAT, 1989). We, therefore, examined the stress state of the entire 
subducting slab in the region of the Kermadec earthquake using focal mechanisms 
from the Harvard CMT catalog. Figure 13 shows the projections onto a horizontal 
plane of compression and tension axes of events at all depths in this region during 
the period 1977 to 1991. A change in the nature of the stress field is evident near 
the epicenter of the Kermadec earthquake at about latitude 28°S. This change is 
most noticeable in the projections of the Taxes, which become shorter (i.e., T axes 
are more vertical) south of that latitude. In Figure 14 cross sections of P axes north 
and south of 28°C are projected onto a vertical plane perpendicular to the trench, 
and reveal a distinct segmentation in the subducted slab just south of the 1986 
Kermadec earthquake. There is a dear change in the dip of the seismicity and the 
P axes between the northern and southern cross section. Although the change is 
more dearly manifested below 300 km depth, the 1986 Kermadec earthquake 
appears to be part of the process of this segmentation. The connection of shallow 
processes to the morphology of the slab at greater depths is also seen in the Santa 
Cruz Islands subduction zone, where segmentation inferred from the intermediate-
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depth seismicity seems to control the mechanical condition of the plate interface at 
shallow depth (TAJIMA et al., 1990). 

Geophysical and geochemical observations suggest that the segmentation seen in 
Figures 13 and 14 is directly related to the subduction of the Louisville Ridge. At, 
and to the north of, its intersection with the trench, the Louisville Ridge has 
strongly affected trench morphology (BALLANCE et al., 1989; MCCANN and 
HABERMANN, 1989). This is clearly seen at 26°8 where the Osbourne seamount is 
impinging on the trench (Figure 2). 200 km north of this intersection the trench 
achieves a depth of 10,800 m, the second deepest bathymetry in the world, while at 
the intersection itself the trench shallows to 6,000 m. The timing and geometry of 
the back-are opening in the Lau Basin suggest a relationship between rapid 
extension in the basin and southward progression of the intersection of the trench 
with the Louisville Ridge. Based on the petrogenesis and comparative chemistry of 
lava sampies dredged from the Lau Basin, V ALLIER et al. (1991) conclude that Lau 
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Basin opening has moved progressively southward, and note that the opening of the 
Lau Basin is coincident with passage of the Louisville Ridge at the trench. 

The geometry and bathymetry of the trench near its intersection with the 
Louisville Ridge (Figure 2) suggests that the Louisville Ridge is buoyant and 
impedes subduction locally. Once subducted to a depth of about 50 km, the ridge 
material is expected to transform to ec1ogite, losing its anomalous buoyancy 
(AHRENS and SCHUBERT, 1974). Subduction of the adjacent plate north and south 
of the ridge material appears not to be significantly impeded. This situation is likely 
to produce stresses that tend to segment the subducting plate along strike. SCHOLL 
et al. (1992) suggest that subduction of the Louisville Ridge conditions the 
downgoing plate by displacing the thermal regime so that slab rollback occurs more 
readily and rapidly. This enhanced rollback, which would produce seaward migra­
tion of the trench with respect to the mantle, would then allow the progressive 
opening of the Lau Basin, and would also explain the shallower dip of the Tonga 
sI ab compared to the Kermadec slab. North of the intersection the slab is contorted 
at depth, while to the south it is simple and more steeply dipping. 

The Louisville Ridge appears to have a broad impact zone. It is not simply a 
chain of discrete volcanos, but a broad topographic swell with crustal height of 3 
to 4 km (LONSDALE, 1986; WATIS et al., 1986). From a bathymetric profile along 
the Tonga-Kermadec trench showing the width of the hot-spot generated swell 
associated with the Louisville Ridge (Figure 12 of TAGUDIN et al., 1992), one can 
infer a width of impact on the trench of over 400 km. It is, therefore, quite plausible 
that the Louisville Ridge affects the process of subduction near the epicenter of the 
Kermadec earthquake 200 km south of the point where it impinges directly on the 
trench at 26°S. 

Another possibility, wh ich we consider less like1y, is that the segmentation could 
be related to the Eltanin fracture zone, a less prominent feature on the subducting 
plate, which appears to intersect the trench near 29°S (HERZER et al., 1987). In 
either case, Figures 13 and 14 suggest that the Kermadec earthquake can be 
considered part of the process of plate segmentation. 

Conclusions 

The focal mechanisms determined from long-period surface waves, from the 
broadband body waves, and from first motions agree roughly and are consistent 
with oblique faulting within the plate that does not fit easily into the regional 
tectonic framework. The depth, short duration, relatively high stress drop, and 
paucity of true aftershocks are also indicative of intraplate faulting. The fact that 
the few events with mechanisms similar to the mainshock aB occurred near the 
mainshock epicenter, a change in trench strike near the latitude of the mainshock 
epicenter, and inversions of teleseismic body waveforms, favor the E-W plane for 
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the fault plane. Despite some complexity in the body waves, multiple focal 
mechanisms are not required or resolved. An oblique-compressional event of this 
size within the shallow downgoing lithosphere is rare in a subduction-zone setting. 
The Kermadec earthquake appears to be associated with segmentation of the 
subducting plate produced by forces related to the subduction of the Louisville 
Ridge. 
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Large Earthquake Doublets and Fault Plane Heterogeneity 
In the Northern Solomon Islands Subduction Zone 

ZHENGYU Xu l and SUSAN Y. SCHWA RTZ I 

Abstract - In the Solomon Islands and New Britain subduction zones, the largest earthquakes 
commonly occur as pairs with small separation in time, space and magnitude. This doublet behavior has 
been attributed to a pattern of fault plane heterogeneity consisting of closely spaced asperities such that 
the failure of one asperity triggers slip in adjacent asperities. We analyzed body waves of the January 31, 
1974, M w = 7.3, February I, 1974, M w = 7.4, July 20,1975 (14:37), M w = 7.6 and July 20, 1975 (19:45), 
M w = 7.3 doublet events using an iterative, multiple station inversion technique to determine the 
spatio-temporal distribution of seismic moment release associated with these events. Although the 1974 
doublet has smaller body wave moments than the 1975 events, their souree histories are more 
complicated, lasting over 40 seeonds and consisting of several subevents loeated near the epieentral 
regions. The seeond 1975 event is weil modeled by a simple point souree initiating at a depth of 15 km 
and rupturing an approximate 20 km region about the epieenter. The souree history of the first 1975 
event reveals a westerly propagating rupture, extending about 50 km from its hypoeenter at a depth of 
25 km. The asperities of the 1975 events are of eomparable size and do not overlap one another, 
eonsistent with the asperity triggering hypothesis. The relatively large source areas and small seismie 
moments of the 1974 doublet events indicate failure of weaker portions of the fault plane in their 
epieentral regions. Variations in the "roughness" of the bathymetry of the subdueting plate, aeeompany­
ing subduction of the Woodlark Rise, may be responsible for ehanges in the mechanieal properties of the 
plate interface. 

To understand how variations in fault plane eoupling and strength affeet the interplate seismieity 
pattern, we reloeated 85 underthrusting earthquakes in the northern Solomon Islands Are since 1964. 
Relatively few smaller magnitude underthrusting events overlap the Solomon Islands doublet asperity 
regions, where fault eoupling and strength are inferred to be the greatest. However, these asperity regions 
have been the sites of several previous earthquakes with M s ;;, 7.0. The source regions of the 1974 
doublet events, whieh we infer to be meehanieally weak, eontain many smaller magnitude events but 
have not genera ted any other M s ;;, 7.0 earthquakes in the historie past. The eentral portion of the 
northern Solomon Islands Are between the two largest doublet events in 1971 (studied in detail by 
SCHWARTZ et al., 1989a) and 1975 contains the greatest number of smaller magnitude underthrusting 
earthquakes. The loeation of this small region sandwiehed between two strongly eoupled portions of the 
plate interface suggest that it may be the site of the next large northern Solomon Islands earthquake. 
However, this region has experieneed no known earthquakes with M s ;;, 7.0 and may represent a 
relatively aseismic portion of the subduction zone. 

Key words: Rupture proeess, fault plane heterogeneity, earthquake doublet, subduetion zone, 
Solomon Islands. 

1 Institute of Tectonics and Earth Seienees Department, University of California, Santa Cruz, CA 
95064, U.S.A. 
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Introduction 

Large doublet or multiplet earthquakes separated dosely in time, space and 
magnitude have occurred at several subduction zones induding the Solomon 
Islands (LAY and KANAMORI, 1980; WESNOUSKY et al., 1986), New Hebrides 
(VIDALE and KANAMORI, 1983), Kermadec (CHRISTENSEN et al., 1991), and the 
Nankai trough (ANDo, 1975). Along both the northwest and southeast portions of 
the Solomon Islands as weIl as in the New Britain trench, doublet behavior is the 
common mode of occurrence for the largest earthquakes, making it distinctive from 
most other subduction zones. The mechanism responsible for earthquake triggering 
is not weIl understood, however the generation of compound earthquakes indica~es 
heterogeneity in the faulting process. To enhance our knowledge of the role that 
fault plane heterogeneity plays in earthquake occurrence we investigate the rupture 
process of large doublet earthquakes and evaluate their influence on interplate 
seismicity patterns in the northern Solomon Islands Arc. 

Three large doublet earthquakes occurred in 1971, 1974 and 1975 along the 
northern Solomon Islands Arc (Figure I). LA Y and KANAMORI (1980) analyzed th~ 
surface and body waves for aIl six events, constraining their focal mechanisms and 
seismic moments. Subsequently, the largest 1971 doublet (July 14, M w = 8.1 and 
July 26, M w = 8.0) was studied using more sophisticated body wave analysis 
(SCHWARTZ et al., 1989a). This paper will focus on the other two doublets (January 
31, 1974, M w = 7.3, February I, 1974, M ... = 7.4, July 20, 1975, 14:37, M ... = 7.6 and 
July 20, 1975, 19:45, M ... = 7.3, hereafter I 974a,b, 1975a,b, respectively), applying 
modern body wave analysis to determine their rupture process. 

The 1974 and 1975 earthquake pairs have northeast shallow dipping fauIt 
planes, wh ich are consistent with an interpretation of underthrusting of the 
Solomon Sea Plate beneath the Ontong-Java Plateau (Figure 1). Subduction of the 
re\ative\y high Woodlark Rise near 8° S separates the source areas of the 1974 and 
1975 doublets and marks a transition in both the bathymetry of the trench and in 
the observed seismicity pattern. Northwest of the Woodlark Rise, the trench is deep 
( '" 8 km), linear and weIl defined and seismicity is abundant. To the south of this 
rise, the trench shaIlows, becomes undulatory, and seismicity decreases as the 
actively spreading Woodlark Ridge is subducted (Figure 1). We find that changes 
in the plate interface associated with subduction of the Woodlark Rise and/or 
Ridge have influenced the rupture process of the 1974 and 1975 doublet events. 

Method and Data 

Far-field P wave seismograms for a particular source-receiver pair can be 
modeled by the following equation (after KANAMORI and STEWART, 1976): 

u(t) = (gc/4n~3pa)[RpMo(t) + RppAppMo{t + Iltpp ) 

+ R,pA,pMo(t + At.,p)] * [(tl * Q(t) (1) 
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Map of the northem Solomon Islands region showing the locations of the six most recent large 
earthquake doublets. Lower hemisphere projections of the focal mechanisms are from LA y and 
KANAMORI (1980) except for the 1971a event that is from SCHWARTZ et al. (1989a). The arrows 
indicate relative motion vectors (WEISSEL et al., 1982). Bathymetry in kilometers is indicated by the 

dashed lines. 

where u(t) is the far-field seismogram, g is geometrie spreading, cis the free-surfaee 
effeet at the receiver, Cl and p are P-wave velocity and density at the source, ais the 
radius of the earth, R aeeounts for the radiation pattern, A is the free-surfaee 
refleetion eoeffieient, At is the travel time relative to P for the pP or sP phase, Mo(t) 

is the souree time funetion, I(t) and Q(t) are the instrument and attenuation impulse 
responses, and * denotes eonvolution with respeet to time. Large eomplex sources 
ean be modeled as a sum of spatially and tempo rally distributed pulses by 
generalizing (I). 

We invert P wave seismograms using an iterative multi-station deeonvolution 
teehnique to determine the time, loeation and seismic moment of individual 
subevents of eomplex ruptures (KIKUCHI and KANAMORI, 1982, 1986), The 
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multiple station inversion involves minimization of the squared difference between 
the observed and synthetic waveforms given by: 

where xj is the observed data at station j, mk is the moment chosen for the kth 
iteration, Wjk is the synthetic wavelet at station j for iteration k, tk is the timing of 
the kth subevent, fk represents other source parameters, such as location, trapezoid 
shape, and focal mechanism and M is the number of stations. We will apply this 
analysis to the 1974 and 1975 Solomon Islands doublets. 

In this paper, we use the terms, point, line and 2-D source to represent 
earthquake subevents that are constrained to one point, to lie along strike of the 
fault, or to lie along a two-dimensional grid both along strike and dip of the fault 
plane. We perform the inversion assuming each of the source parameterizations and 
after a number of iterations, if the residual waveform error is significantiy decreased 
by increasing the dimension of the source model, we select the higher dimensional 
source. Otherwise, we use the source parameterization with the smallest degrees of 
freedom. 

Our :data consist of long-period vertical or horizontal component P wave 
seismograms recorded by the W orld Wide Standardized Seismograph Network 
(WWSSN). The parameters assumed in the construction of all Green's functions 
were P wave velocities vp = 6.0 and 6.8 kmjs at the surface and source respectively 
(S wave velocity is vp jI.732), source density of 3.3 gjcm3 , water depth of 5 km, t* 
of 1.0 sand geometrie spreading factors appropriate for a Jeffreys-Bullen earth 
model. P wave onset times were picked from short-period data when available or 
from long-period data by correlating the first waveform cycles (especially, the first 
peaks) for stations nearby to one that had an ace urate time determined from 
short-period data. The focal mechanisms are constrained to be those determined 
by LA Y and KANAMORI (1980), dip = 28°, 340 , 36°, 40°, strike = 3090 , 3020 , 306°, 
303°, slip = 90°, 90°, 90°, 90°, for the 1974a, 1974b, 1975a and 1975b earthquakes, 
respectively. We assurne that the same trapezoid al source shape and fixed focal 
mechanism are appropriate for each subevent comprising the multiple rupture. 
Unreliable instrument magnifications for many of the WWSSN stations, as 
weil as inadequacies in model Green's functions, make the use of absolute ampli­
tudes in the simultaneous inversion difficult. Scaling factors were applied where 
necessary to bring the amplitude of the synthetic seismogram into better agree­
ment with the observed. Stations for which scaling factors were necessary were 
excluded from determination of the body wave moment. Because the inversion 
technique inherentiy weighs seismograms with large amplitudes more than those 
with sm all amplitudes, we normalized all seismograms to a common gain before 
lllverSlOn. 
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Source Process of Ihe 1974 and 1975 Doublel Evenls 

1974a and 1974b Evenls 

369 

Seismograms from the 1974a and 1974b events are more complicated than the 
1975 doublets events, although they are smaller. This may reflect heterogeneity in 
the mechanical properties of the fault plane. We find that a point source is 
adequate to model both the 1974a and 1974b events. To determine the best point 
source depth and source trapezoid, we computed residual waveform misfit (error) 
versus depth for a variety of trapezoid shapes of source time functions character­
ized by a rise time, 10 , and total duration, 11 (Figure 2). The best variance 
reduction for the 1974a and 1974b events after 10 iterations yielded the misfit 
(error) values of 0.51 and 0.39, for depths at 27.5 km and 20.0 km, and source 
trapezoids of (10' (1) = (1,5) and (3,8), respectively. Resulting source time func­
tions, observed and synthetic waveforms are shown in Figures 3 (1974a) and 4 
(1974b). Allowing point sources to be distribution along strike of the fault planes 
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Residual waveform misfit (error) versus point source depth after 10 iterations of the simultaneous 
deconvolution ofbody waves for the February I, 1974 (l974b) earthquake assuming various trapezoidal 
source time histories. The smallest waveform misfit is obtained for a depth of 20 km and is fairly 

in sensitive to assumed trapezoidal shape. 
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Observed (top) and synthetic seismograms (bottom) and the source time function resulting from a point 
source inversion of the January 31, 1974 (1974a) event waveforms. Lower hemisphere focal mechanism 

is from LAY and KANAMORI (1980). Station name and component are also indicated. 

did not substantially reduce waveform misfit for either the 1974a or 1974b events. 
Although both of these earthquakes are adequately modeled as point sources, we 
believe that they ruptured small yet finite portions of the fault plane, the small 
extent of fault rupture is not discernible through analysis of long-period body 
waves. 

The source time function for the 1974a event (Figure 3) consists of two main 
pulses of moment release, each with an approximate 5 s duration. Although there 
is some moment released later in time, the latter parts of the seismograms are not 
fit well enough to establish its timing. To estimate a rupture area for this event we 
assume that the two episodes of moment release rupture distinct circular regions 
of the fault plane and use an average rupture velocity of 2.5 km/s to obtain 
rupture radii of 13 km for each subevent. Applying the same approach to the four 
8 spulses of moment release associated with the 1974b event (Figure 4) yields 
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Solomon 1974b 

o 60 
sec 

Figure 4 
Same as Figure 3 for the February I, 1974 earthquake (l974b). 

rupture radii of 20 km for each of its four main subevents. These events have 
body wave moments of 0.3 and 0.9 x 1027 dyne-cm for the 1974a and b events, 
respectively. 

/975b Event 

Waveforms from the 1975b event were also adequately fit, assuming a point 
source. Residual waveform misfit (error) versus depth after 10 iterations of the 
simultaneous deconvolution yields a minimum error of 0.27 with 10 = 3, I1 = 8, and 
depth = 15 km. The resulting source time function and synthetic and observed 
waveforms are shown in Figure 5 for 8 of the 12 stations used in the inversion. The 
fit of the synthetics to the observed waveforms is quite good, revealing a very simple 
source process. One subevent with an 8 s duration dominates the rupture process 
(Figure 5). Because of the simple source, the rupture length of this event can be 
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Same as Figure 3 for the July 20, 1975. 19:45 event (I975b), for 8 of 12 stations. 

more confidently approximated by its source duration multiplied by a reasonable 
rupture velocity than the 1974 events. Using a source duration of 8 sand a rupture 
velocity of 2.5 km/s, we estimate the rupture length to be about 20 km. With no 
observable directivity, we make the conservative assumption that the rupture 
propagated circularly near the epicenter. An average body wave moment of 
1.5 x 1027 dyne-cm was obtained. This very simple source for an M" = 7.3 earth­
quake is quite striking in comparison with the complexity of the somewhat smaller 
1974 doublet events. 

1975a Event 

Both a point source and line source parameterization are inadequate to fit P 
waveforms from the 1975a event. We performed the inversion specifying point 
source locations on a two-dimensional grid consisting of 11 sources located along 
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150 km in the strike direction and 5 sources located along 60 km in the dip 
direction. We determined the depth of rupture initiation by performing one 
iteration of the inversion using only the first cyc1e of the waveforms. We then used 
this initial depth to solve for the time and position, along the strike and dip of the 
fault plane, of multiple subevents relative to the hypocenter. Several inversions were 
performed, assuming various shapes for the trapezoidal time history. The largest 
error reduction was obtained using an initial source depth of 25 km and subevent 
source trapezoids with 10 = 4 sand I} = 9 s. The observed and synthetic waveforms 
and source time functions are plotted for 8 of 17 stations in Figure 6. The source 
time functions consist of two pulses of moment release with the second pulse more 
than twice as large as the first. The peaks of these two major episodes of moment 
release are c10ser together at the western stations than at the eastern stations, 
indicating rupture propagation towards the west. However, the duration of the 
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Figure 7 
Spatial distribution of the five largest subevents for the 1975a earthquake. The size of the triangles is 
proportional to the seismic moment of each subevent and the numbers indicate their on set times. Over 
half of the moment was released during two subevents west of the epicenter and we interpret the region 
between the epicenter and these subevents as the dominant asperity. Also shown is the source region of 

the second doublet (75b) which occurred only 5 hours after the first. 

second major peak of moment release is longer at stations to the north and 
northwest, indicating that rupture also propagated towards the southeast. Figure 7 
shows the spatial distribution of the five largest subevents with the remaining 
sm aller subevents distributed over the fault area. The largest subevent occurred 
updip and to the west of the hypocenter, 15 s after rupture initiation. Most of the 
moment release is located within 100 km along strike and 50 km along dip of the 
hypocenter, with no subevents deeper than 35 km. 

The body wave moment is 2.2 x 1027 dyne-cm, of which more than half is 
contained in what we define as the 1975a main asperity (shaded region in Figure 7). 
The asperity area is approximated as a truncated quarter cirde centered on the 
azimuth from the hypocenter to the largest subevent and rupturing to the surface. 
Figure 7 also shows the approximate rupture area of the 1975b event discussed in 
the last section. Its single source rupture process and proximity to the main 1975a 
asperity make it appear to be the 1975a event's 'five-hour later subevent'. The 
nearly identica1 focal mechanisms for the two 1975 doublet events (LA Y and 
KANAMORI, 1980) support the idea that both occur on a single fault plane. The 
1975b event appears to fi11 a gap in the subevents of the 1975a event. The dose but 
distinct positions of the main 1975 doublet asperities support the hypothesis of LAY 
and KANAMORI (1980) that earthquake doublets in the Solomon Islands result 
from slip on one asperity triggering slip in a dosely adjacent asperity. Although it 
is more difficult to identify distinct asperities associated with the rupture of the 1974 
doublet events, their source regions do not appear to overlap significantly, also 
consistent with the asperity triggering model. We note that the latest subevent of 
the 1975a event occurred towards the southeast, dose to the 1975b asperity, the 
second event of the doublet, possibly loading that section of the fault plane. A 
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Schematic map indicating approximate body wave source areas and moments listed in Table I for the 
1974 and 1975 doublets determined in this study and the 1971 doublet from SCHWARTZ et al. (1989a). 
The arrows indicate the rupture direction and extent for events where source directivity was observable. 
Two-day aftershock areas are indicated with heavy lines (I971b has only a portion ofthe aftershock area 

shown). 

similar phenomenon also occurred during the 1971 doublet events (SCHWARTZ et 
al., 1989a) where the latter subevents of the first doublet event (l971a) rupture near 
the initiation point of the second doublet event (l 971 b), efficiently loading the 
portion of the fault plane soon to fail (Figure 8). 

Fault Plane Heterogeneity 

Fault Plane Coupling and Strength Inferred from Rupture Process 

Our study of the source process of the 1974 and 1975 Solomon Islands doublet 
earthquakes has resulted in estimates of their body wave moments and rupture 
areas. These values are shown in Figure 8 and listed in Table I along with those 



376 Zhengyu Xu and Susan Y. Schwartz 

Table 1 

Earthquake source parameters 

Main Asperities 
Event M, Mo., MOh MOb) 

yr mo day (exp 26 dyne-cm) 

1971 7 14 7.9 120 30 
1971 7 26 7.9 180 80 45 
1974 1 31 7.0 10 3 1 x2# 
1974 2 1 7.1 14 9 2 x4# 
1975 7 20 7.9 34 22 13 
1975 7 20 7.7 12 15 8 

MO., is surface wave moment from LAY and KANAMORI (1980). 

Area 
(km x km) 

3400 
490 

1300 
2400 
1300 

PAGEOPH, 

Stress 
Drop (bar) 

54 
22 
10 
27 
41 

MOh and MOh ) are body wave moment from SCHWARTZ et al. (I989a) and this study. 
#: x 2 and x 4 represent the number of similar size asperities. 

determined for the second 1971 doublet event by SCHWARTZ et al. (l989a). The 
spatial distribution of moment release associated with the first 1971 doublet event 
was not weil resolved (SCHWARTZ et al., 1989a); therefore values for the body wave 
source dimensions have been omitted from Table 1 and are shown only schemati­
cally in Figure 8. Also shown in Figure 8 are the two-day aftershock areas for all 
of the doublet events. For the largest doublet in 1971, the aftershock areas are 
much larger than the body wave source areas. These earthquakes also have a large 
discrepancy between the surface and body wave moments (LAY and KANAMORI, 
1980; Table I). The body wave source regions are a considerably larger proportion 
of the aftershock areas for the smaller 1974 and 1975 doublet events; however, for 
so me of the events, substantial discrepancies still exist between their body wave and 
surface wave moments. The large difference between body wave and surface wave 
moments for all but the 1975b event requires a long-period component of moment 
release over their entire aftershock areas. The limited band width of the body waves 
precludes retrieval of the total moment. In this paper we limit ourselves to the 
higher-frequency characteristics of the rupture process. 

For subduction zone earthquakes, RUFF and KANAMORI (1980) have associ­
ated earthquake size and the degree of coupling along the plate boundary, where 
larger earthquakes indicate stronger coupling. Along the northem Solomon Islands 
subduction zone, the sizes of the largest earthquakes, as determined by their surface 
wave moments, decrease from north to south, suggesting a decrease in plate 
coupling. The body wave seismic moments of the six largest earthquakes also show 
this decreasing trend (Table I). We further investigate variations in plate coupling 
along this boundary by identifying the regions radiating most of the body wave 
moment as asperities and differentiating relative degrees of coupling or fault 
strength between asperities by comparing static stress drops associated with their 
failure. It is weil known that in general, stress drops of interplate earthquakes are 
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smaller than those of intraplate events (KANAMORI and ANDERSON, 1975). This 
has been interpreted in terms of lower strength on plate boundary faults eompared 
to faults within plates sinee frietional strength at the boundary of two solids having 
frietional movement is gene rally less than the shear strength within the solids. In an 
analogous manner, we assurne that variations in stress drop determined for the 
Solomon Islands earthquake asperities refleet differenees in the meehanieal strength 
of the fault plane. 

We ealculate asperity stress drops using the expression given by KANAMORI and 
ANDERSON (1975) for a eireular fault embedded in a whole spaee, 11(J = 2.4 Mol 
SL5, where Mo is the seismie moment assoeiated with the asperity (Mobl in Table 1) 
and S is the asperity area. Due to large uneertainties in our estimates of asperity 
area and moment, resulting values for asperity stress drop (Table 1) are erude at 
best. However, the observed north to south deereasing trend for asperity stress drop 
is similar to the pattern apparent in both the surfaee and body wave seismie 
moment and supports our interpretation of a north to south deerease in plate 
eoupling. The asperity region assoeiated with the largest seismie moment, the 1971b 
epieentral asperity, failed with the highest stress drop, the 1975a and b asperities 
failed with intermediate stress drops, while the 1974 doublet souree regions, whieh 
oeeupy most of their aftershoek area and released the smallest seismie moments, 
failed with the lowest stress drop. 

The relatively low moment release and large souree areas of the 1974 doublet 
events are ineonsistent with the presenee of asperities, making this region of the 
fault plane anomalous with respeet to the northern portion of the are (Table 1 and 
Figure 8). A progression in stress drop and inferred fault strength is apparent along 
the northern Solomon Islands Are with the strongest plate eoupling at the junetion 
of the Solomon Islands and New Britain trenehes, beeoming weaker to the south 
as the interseetion between the Solomon treneh and the Woodlark Ridge is 
approaehed. The reduetion in eoupling and fault strength and disappearanee of 
eoherent asperities in the souree region of the 1974 doublet events may be related 
to subduction of the Woodlark Rise and/or Woodlark Ridge (Figure 8). Coineident 
with subduetion of the Woodlark Rise, the Solomon Islands treneh shoals, 
beeomes diseontinuous and undulatory, clearly indieating disruption of the 
smoother mode of subduetion to the north. The Woodlark Ridge is the site of 
aetive spreading and exhibits a few unique geologie effects often assoeiated with 
ridge subduction such as: inereased and anamolous are magmatism, eomplex 
differential vertieal movements, shallowing of the trench axis, and reduetion in 
seismieity (TAYLOR and EXON, 1987). These effeets clearly indieate that subduction 
is strongly influeneed by introduction of the Woodlark Ridge into the trench. It 
seems reasonable that in addition to these effects, elevated temperatures in the 
vicinity of the ridge would result in reduced coupling between the subdueting and 
overriding plates from the Woodlark Rise, the boundary of the spreading region, to 
the southeast. Relative high heat flow values of 124 mW/m2 have been measured on 
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the Woodlark Rise (HALUNEN and VON HERZEN, 1973), and may be responsible 
for the redueed eoupling in this region. The 1974b event has the lowest stress drop 
of the Solomon Islands doublets and is loeated at the interseetion of the Woodlark 
Rise and the treneh. Figure 8 provides a erude estimate of fault eoupling and 
strength along the plate interface in the northern Solomon Islands Are; next we 
investigate how this eoupling and strength variation affeet the interplate seismieity 
pattern. 

Relocation of Underthrusting Seismicity 

All earthquakes with doeumented underthrusting foeal meehanisms that oe­
eurred from 1964 to 1990 in the Solomon Islands Are north of the Woodlark Ridge 
(between 4° and 8° Sand 152S and 156.2° E) were reloeated using ISC arrival time 
data and the method of joint hypoeentral determination (JHD) deseribed by 
DEWEY (1972). Foeal meehanisms for events in the Solomon Islands before 1977 
were determined by COOPER (1985), JOHNSON and MOLNAR (1972), PASCAL 
(1979), and RIPPER (1975). These meehanisms and Harvard Centroid Moment 
Tensor (CMT) solutions for events after 1977 were examined. All events having 
northwest striking, southwest shallow (99% of dips are s 50 0

) dipping nodal 
planes, and foeal depths less than 100 km were eonsidered to be underthrusting 
earthquakes. 

Our applieation of the JHD method involves the loeation of a small number 
of widely distributed events with respeet to a ealibration event to determine 
station eorreetions and varianees for nearly 100 stations that are then used in a 
single event loeation pro gram to ealculate hypo centers and error estimates for all 
events. The JHD station eorreetions aeeount for travel time biases resulting from 
near-souree velocity anomalies. To assure that our souree region is suffieiently 
sm all so that station eorreetions adequately correct for near-souree strueture, we 
divide the northern Solomon Islands Are into two segments (Figure 9) and 
ealculate separate station corrections for eaeh segment. The same ealibration 
event is used to ealculate station eorrections in both segments in order to link 
them. To obtain a more accurate loeation for the ealibration event, on whieh all 
other earthquake loeations depend, its epieenter was reloeated using JHD and 
ealibration station eorrections rather than a ealibration event. Azimuthally depen­
dent station eorreetions of DZIEWONSKI and ANDERSON (1983) for 29 well­
distributed stations were seleeted to minimize travel time bias arising from vel­
oeity anomalies beneath the stations. The calibration station eorreetions do not 
aeeount for travel time due to near-souree anomalies. Table 2 lists all the events 
that were reloeated; the event on July 23, 1984 was used as the ealibration event 
and its depth was fixed to the Harvard CMT depth. Sinee the magnitude of the 
ealibration event is only M s 5.7, the CMT depth and focal depth should be 
equivalent. 
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Figure 9 

75a 

75b 

157'E 

379 

Reloeated (eircles) and ISC (tails) epieenters of 85 underthrusting earthquakes in the northern Solomon 
Islands Are. The six large doublet events are labeled and marked with smaII boxes. The two large boxes 
indieate the subdivision of the region used in the reloeation and the arrow marks the loeation of the 
master event to whieh aII earthquake loeations are tied. No systematie shift in loeation is evident after 

reloeation and few events moved more than 10 km. 

After relocation, 48 of the 85 events had epicentral and hypocentral depth errors 
of less than 8 km and 15 km respectively, 19 events had epicentral errors less than 
10 km and hypocentral depth errors between 15 and 20 km, and the remaining 
events had errors greater than these. Figure 9 shows both the ISC (tail) and 
relocated (circ1e) epicenters for all events. The average change in epicentrallocation 
is less than 10 km, with no systematic shift in position after relocation. Figure 10 
shows the ISC and relocated events in cross section. The northeast dipping plate 
interface is more c1early defined after relocation, especially in the shallow portion 
above 30 km. Although definition of the subducted lithosphere is improved after 
relocation, significant scatter still exists. Some of this scatter may be attributed to 
the relatively large along strike distance (~500 km) collapsed onto one cross 
section. The plate geometry may vary along strike between the Solomon- New 
Britain corner and the Woodlark Rise, causing the observed scatter. Focal depths 
shallow considerably after relocation with most events confined to depths above 
65 km. Although 65 km seems deep for the transition from unstable slip to stable 
slip, ZHANG and SCHWARTZ (1992) found a cutoff depth of about 70 km for 
underthrusting earthquakes in the northern Solomon Islands (New Ireland) sub­
duction zone. This subduction zone possessed the deepest underthrusting earth­
quakes which ZHANG and SCHWARTZ (1992) attributed to coider temperatures at 
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Cross sections perpendicular to the trench (marked by arrow) of ISC (top) and relocated (bottom) 
hypocenters. The shallow portion of the thrust interface is more clearly defined by the relocated 

hypocenters. The maximum depth of underthrusting seismicity shallows after relocation. 

the deep portions of the thrust contact due to a fast convergence velocity quickly 
transporting cold slab material to depth. The persistence of deep underthrusting 
earthquakes in the northern Solomon Islands after relocation suggests that it is a 
real feature of this subduction zone and not an artifact of near-source velocity 
structure. 
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Fault Plane Coupling, Strength and Interplate Seismicity 

Figure 11 shows the re10cated underthrusting earthquakes superimposed on our 
crude map of fault strength. Few earthquakes occur within the better defined 
asperity regions, while most events locate between the 1971a and 1975a asperities. 
The observation that asperity regions remain locked between earthquake cycJes has 
been made at several different subduction zones incJuding the Aleutians (HOUSTON 
and ENGDAHL, 1989) and the Kurile Islands (SCHWARTZ et al., 1986b) as weil as 
in continental faulting environments (MENDOZA and HARTZELL, 1988; OPPEN­
HEIMER et al., 1990; HARTZELL and IIDA, 1990). 

Figure 12 shows all events with M s ~ 7.0 near the study region since 1900. Focal 
mechanisms have not been determined for the pre-1967 earthquakes, however the 
location of these events within the seismogenic zone defined by the more recent 
underthrusting seismicity suggests that they also occurred on the thrust interface. 

Mo Ms 

~>" .5.4-5.9 

5-I5 D 6.0-6.4 
<5 06.5-6.9 x!O" 

dyne-cm o ~7.0 

153' 155' 157'E 

Figure 11 
Relocated underthrusting seismicity (boxes) superimposed on the fault asperity map of Figure 8. Small 
magnitude events te nd to occur outside the strongest portions of the plate interface (darkly hatchured 

areas) and concentrate in the region between the 1971a and 1975a doublet events. 



Vol. 140, 1993 

7' 

Cf 
S 

Large Earthquake Doublets 

• 16 46 ............ ( . '. 41 
'0 ... 

.... ONTONG·JAVA 
0 ... PLATEAU 

19. . .. 
37. 68· ; • .7·1:1·· ... .J 

Ms 

•• 7.0-7.3 
..7.4-7.7 
"7.8-7. 

......... , .... 43~~ 
....... . .............. .:f~ ..... :: ..• ~. 49 

'. ~+,\ ..... 
.6............. \ 0<'\i{j. .. : •. l ... ? 

./ :: ............. . Jiii"5, '- 75a 
/., C.. . .... ,,~. . .... >\ • 

~''5:'\ t ..... ·\·· .. ;3'2 c. 
\: \, <;g \. \. • 75b Cl 11' 

'-. ,::".1: .... \ "" •• J.?. ,,4b 
\ ". ~"" -'. " 74a ". .... "" ".: -

• ...... 1 ''S.', ... ;2..""'. 5. 36 ' .. ' . e(\... 
;~. , .' .':=> 5~ 

/ .. ~::~ ~ ~ 
.2 .... '-t/~" 

................... . .... ···;::::C~~:i;.~~:~, 
~.;a ............. ~ .. 

\....N .~~:;.~ \US~ (' 
""'~V""" ........ ~. 

~U'-' t:!::::. 
....... :::- l 

< ............. .:n ............................ \::2;" 
F==== 

SOLOMON PLATE 

153' ISS' IS7'E 

Figure 12 

385 

Large earthquakes (M, ~ 7.0) indieated by year (two digit numbers) and M, ranges sinee 1900. Solid 
squares are reeent events sinee 1967 that have been reloeated in this study, solid eircles are early events 
reloeated by MCCANN (1980). and open eircles are historie events from GUTEN BERG and RICHTER 

(1954). The are segment between the 1971a and 1975a events has experieneed few known Ms ~ 7.0 
earthquakes in historie times suggesting that subduetion is oeeurring aseismieally. 

The historie record reveals that the asperity regions have experienced other large 
(M, ~ 7.0) earthquakes in the recent past. For example, the 1943 and 1949 
earthquakes with M, = 7.3 and 7.1 (ABE, 1981) may have ruptured the 1971a 

asperities, and the 1932 and 1939 earthquakes with M, = 7.1 and 7.8 (ABE, 1981) 

may have ruptured the 1975a and b asperities. We have inferred that the source 
region of the 1974 doublet events is weak compared with the source regions of the 

1971 and 1975 doublets. This area has some small magnitude events, but contains 

no M, ~ 7.0 earthquakes beside the 1974 doublet. In a previous section, we 

postulated that the change in fault coupling and strength may be due to the 

proximity of the 1974 source region to the actively spreading Woodlark Ridge and 

Woodlark Rise. Although three earthquakes in 1936 (M, = 7.4), 1952 (M, = 7.2), 
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and 1959 (M, = 7.1) ruptured portions of the fault plane closer to the Woodlark 
Ridge than the 1974 doublet, there is an unexpected relatively 10w heat fiow of 
58 mW/m2 just seaward of the trench near these three events (HALUNEN and VON 
HERZEN, 1973). This 10w heat fiow may allow 10cally isolated regions of strong 
plate coupling. 

The most enigmatic portion of the northern Solomon Islands plate interface lies 
between the 1971a and 1975a earthquakes. This region fails frequently in small 
magnitude events (Figure 11), but has not generated any known M s ~ 7.0 earth­
quakes in the historic past (Figure 12). The absence of large interplate slip over this 
120 km span suggests that subduction is occurring aseismically. However, the 
position of this segment sandwiched between two strongly coupled portions of the 
p1ate interface and the high level of seismicity at its downdip edge may indicate that 
this region is presently locked and may be the site of the next large Solomon Islands 
earthquake. Studies of the stress state in subducted lithosphere (CHRISTENSEN and 
RUFF, 1983, 1988; DMOWSKA and LOVISON, 1988, 1992) have suggested that 
stresses in the outer rise are in,fluenced by changes in stress on the thrust interface 
and therefore may be used to identify regions with high potential for future large 
underthrusting earthquakes. These studies have shown that outer rise compres­
siona1 events either precede large underthrusting earthquakes or occur in regions 
that have been identified as present seismic gaps. In these cases the thrust interface 
is 10cked and compressional stresses can build in the outer rise. Tensional outer rise 
events tend to follow large underthrusting earthquakes in response to slab-pull 
forces. Evidence against the hypothesis that the plate interface between the 1971a 
and 1975a earthquakes is presently 10cked, and therefore the probable si te of an 
imminent 1arge earthquake, is provided by examining the state of stress in its outer 
rise. Severa1 1arge outer rise earthquakes with M s ~ 5.4 and with known focal 
mechanisms have occurred in this region. Locations and mechanisms for these 
events are shown in Figure 13. No compressional outer rise events have occurred in 
this vicinity in the last sixty years. All the outer rise events excepting those in 1967 
and 1937 (no foca1 mechanism avai1ab1e) have followed large underthrusting 
earthquakes, when we expect the outer rise to be dominantly in tension. Both the 
1937 and 1967 events occur in the outer rise directly in front of the large earthquake 
gap. Since the 1937 event is the 1arger of the two, it is important to determine its 
focal mechanism to adequately characterize stresses in the outer rise. Figure 14 
shows first-motions for the 1937 event from stations listed in the ISS cata10gue. 
Although neither nodal planes are weH determined, all first motions in the center of 
the focalsphere are dilatational, indicating that the 1937 event is a tensional 
outer-rise earthquake. Although many large subduction zone events have occurred 
without preceding compressional outer-rise seismicity, the lack of compression 
building in the outer rise and the absence of M s ~ 7.0 earthquakes during the last 
two recurrence periods (50-80 years) causes us to favor the interpretation that this 
region of the plate interface is weakly coupled and subducting largely aseismically. 
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Figure 13 
Loeations and foeal meehanism solutions for outer-rise earthquakes (Ms :?: 5.4) sinee the 1960s in the 
northern Solomon Islands Are. Epieentral symbols and foeal meehanisms are sealed to magnitude. The 
event on 9/23/1937 is M, = 6.9. All the outer-rise events with tensional meehanisms followed a large 
underthrusting earthquake with the exception of the 1937 (first motions are shown in Figure 14) and 
1967 events. These two events indieate that the outer rise in front of the large earthquake gap is in 

tension and that a large underthrusting earthquake is probably not imminent. 

Conclusions 

Detailed body wave studies of the 1974 and 1975 northern Solomon Islands 
doublet earthquakes indicate a large variation in their rupture process. The smaIler 
1974 events (M ... = 7.3 and 7.4) are more complicated with long source durations 
consisting of several subevents. The second of the 1975 doublet earthquakes 
(M ... = 7.3) is weIl modeled by a simple source rupturing an approximate 20 km 
radius about its epicenter. Only the first of the 1975 events (Mv." = 7.6) exhibits 
source directivity requiring rupture of a finite fault. This event ruptured primarily 
updip, with at least half of its body wave moment released 50 km from the 
epicenter. Relative static stress drops estimated from body wave source areas and 
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E 

First motions for the 1937 outer rise earthquake taken from the ISS catalogue. Dilatational motions 
(open symbols) in the center of the lower hemisphere projection suggest that this earthquake had a 

tensional mechanism. 

seismic moments associated with all six northem Solomon Islands doublet events 
(including the largest 1971 doublet studied by SCHWARTZ et al., 1989a) allow us to 
compare fault properties along the plate interface. We find that the 1974 events 
have lower stress drops than the 1971b and 1975 earthquakes, which we interpret 
as rupturing weaker portions of the plate interface. The transition in mechanical 
coupling of the plate interface, as the 1974 source region is approached, may be 
related to its proximity to subduction of the topographically high Woodlark Rise or 
actively spreading Woodlark Ridge. 

Relocation of 85 underthrusting earthquakes in the northem Solomon Islands 
Arc defines the seismogenic interface to be approximately 90 km wide, extending in 
depth from near the surface to about 65 km. The position of the mainshock asperity 
regions within the seismogenic zone reveals that few smaller magnitude events 
overlap asperity regions. The majority of small magnitude underthrusting earth­
quakes occupy a segment of the plate interface that has never experienced a 
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magnitude greater than 7.0 earthquake in historie times. The relatively small 
recurrence interval for large underthrusting earthquakes in adjacent sections of the 
northern Solomon Islands Are (50-80 years) emphasizes the anomalous nature of 
this segment. Tensional stresses in the outer rise just seaward of this region, 
determined from focal mechanisms of several recent earthquakes, suggest that this 
portion of the plate interface is not locked and is most likely slipping aseismically. 
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