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Do Trench Sediments Affect Great Earthquake Occurrence in 
Subduction Zones? 

LARRY J. R U F F  1 

Abstract--Seismic energy release is dominated by the underthrusting earthquakes in subduction 
zones, and this energy release is further concentrated in a few subduction zones. While some subduction 
zones are characterized by the occurrence of great earthquakes, others are relatively aseismic. This 
variation in maximum earthquake size between subduction zones is one of the most important features 
of global seismicity. Previous work has shown that the variation in maximum earthquake size is 
correlated with the variation in two other subduction zone properties: age of the subducting lithosphere 
and convergence rate. These two properties do not explain all the variance in maximum earthquake size. 
I propose that a third subduction zone property, "trench sediments", explains part of the remaining 
variance in maximum earthquake size. Subduction zones are divided into two groups: (1) those with 
excess trench sediments, and (2) those with horst and graben structure at the trench. Thirteen of the 19 
largest subduction zone events, including the three largest, occur in zones with excess trench sediments. 
About half the zones with excess trench sediments are characterized by great earthquake occurrence. 
Most of the other zones with excess trench sediments but without great earthquakes are predicted to 
have small earthquakes by the age-rate correlation. Two notable exceptions are the Oregon-Washington 
and Middle America zones. Overall, the presence of excess trench sediments appears to enhance great 
earthquake occurrence. One speculative physical mechanism that connects trench sediments and earth- 
quake size is that excess trench sediments are associated with the subduction of a coherent sedimentary 
layer, which at elevated temperature and pressure, forms a homogeneous and strong contact zone 
between the plates. 
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1. Introduction 

M o s t  o f  t h e  l a r ge s t  e a r t h q u a k e s  o c c u r  in  s u b d u c t i o n  z o n e s  a n d  r e p r e s e n t  t h e  

u n d e r t h r u s t i n g  o f  t he  o c e a n i c  l i t h o s p h e r e .  B e y o n d  th i s  b a s i c  o b s e r v a t i o n ,  s u b d u c -  

t i o n  z o n e  s e i smic i ty  p r e s e n t s  m a n y  p u z z l i n g  f ea tu r e s .  O n e  r a t h e r  r e m a r k a b l e  f e a t u r e  

is t h e  v a r i a t i o n  in  m a x i m u m  e a r t h q u a k e  size b e t w e e n  s u b d u c t i o n  zones :  th i s  

v a r i a t i o n  is m o r e  t h a n  t h r e e  o r d e r s  o f  m a g n i t u d e  as  m e a s u r e d  b y  t he  se i smic  

m o m e n t .  T o  e m p h a s i z e  t h i s  r a n g e  in  c h a r a c t e r i s t i c  e a r t h q u a k e  size, t he  C h i l e a n  
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subduction zone frequently generates giant earthquakes with fault area dimensions 
reaching hundreds of kilometers, widespread strong shaking, and destructive 
tsunamis. On the other hand, underthrusting in the Marianas arc will occasionally 
generate a magnitude ~7 earthquake. As another illustration, since the seismic 
energy release is dominated by the largest events (see, for example, GUTENBERG 
and RICHTER, 1954), a map of the total seismic energy release in the twentieth 
century would show a high concentration in some subduction zones while others 
would be virtually "aseismic". Understanding this variation in large earthquake 
occurrence is a fundamental pursuit in seismology. 

Two lines of inquiry into this subject will be followed: (1) the relationship 
between maximum earthquake size and other subduction zone "parameters", (2) 
observations and models of the earthquake rupture process. The above two 
approaches are not the only lines of study into the subject, but several investigators 
have made progress using these approaches. The first approach can explain much of 
the variation in maximum earthquake size, though significant deviations remain. On 
the other hand, the second approach explains the occurrence of great earthquakes 
in terms of the strength distribution of the plate interface. In this paper, I propose 
that the presence or absence of trench sediments forms a link between the two 
approaches. In particular, trench sediments seem to enhance seismic coupling. I will 
first briefly review some of the relevant results on seismic coupling and the rup- 
ture process, then proceed with a short discussion of trench sediments, and finish 
with a global survey on the association of excess trench sediments with great 
earthquakes. 

2. Global Variation in Seismic Coupling 

KANAMORI (1971a) noted that interplate seismic coupling varies systematically 
in the subduction zones of the northwestern Pacific. He equated the maximum 
earthquake size in a region with seismic coupling. At that time, KANAMORI 
explained the variation in seismic coupling by an evolutionary process, whereby the 
upper plate contact surface degrades. UYEDA and KANAMORI (1979) presented a 
global perspective and discussed the possible interconnection between several 
subduction zone parameters. Their paper promoted the approach of "comparative 
subductology": using global comparisons of the essential characteristics of subduc- 
tion zones to uncover important aspects of the subduction process. UYEDA and 
KANAMORI included seismic coupling as an essential characteristic, and suggested 
that the kinematic parameter of upper-plate absolute velocity exerts a strong 
influence on coupling. RUFF and KANAMORI (1980) then focussed on seismic 
coupling, and established that maximum earthquake size is significantly correlated 
with two parameters: convergence rate /ind age of the subducting oceanic litho- 
sphere. In particular, great earthquakes tend to occur in subduction zones with 
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faster convergence and younger lithosphere, while the relatively aseismic subduction 
zones are characterized by slower convergence and older lithosphere (see Figure 1). 
JARRARD (1986) then updated and extended the data set, both in terms of the 
number of subduction zones and number of parameters, and further confirmed that 
maximum earthquake size is correlated with oceanic lithosphere age and rate. 
Although much of the variance in maximum earthquake size is explained by age 
and rate, there are a few subduction zones that deviate from the overall trend. Thus, 
there are other factors that influence earthquake size. 

Statistical correlations do not necessarily indicate a direct cause and effect 
relationship. Nevertheless, RUFF and KANAMORI (1980) introduced preferred tra- 
jectory as a simple physical mechanism that might explain the above correlation. Plate 
age and convergence rate directly translate into the preferred vertical and horizontal 
velocities of the down-going slab. Note that a long-term effect of a steep preferred 
trajectory, i.e., old lithosphere and slow rate, could be back-arc spreading. Indeed, the 
subduction zones with recent back-arc spreading activity are characterized by small 
earthquake size (Figure 1, see RuFF and K A N A M O R I ,  1980). Shallow preferred 
trajectory might cause large earthquakes by either increasing the tectonic compressive 
stress or by increasing the fault width as a consequence of a shallow dip angle. Are 
these mechanisms consistent with our knowledge of the source process of great 
earthquakes? In the next section, we will see that the current physical model used to 
explain the earthquake rupture process is not easily related to the above mechanisms. 
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Figure 1 
Seismic coupling as a function of  lithosphere age and convergence rate (after RUFF and KANAMORI, 
1980). Linear regression analysis shows that maximum earthquake size depends on age and rate; the 
best-fit plane is indicated by the contours of  predicted M w.  Subduction zones that are subducting young 
lithosphere at a high rate would plot in the upper-right corner, and these zones are characterized by great 
earthquake occurrence (i.e., M w > 8). The lower-left corner contains subduction zones with smaller 
earthquakes and back-arc spreading. The insets depict the mechanism of  preferred trajectory, whereby 

age and rate determine the preferred vertical and horizontal velocities of  the slab. 
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3. Large Subduction Zone Earthquakes 

3.1. Seismic Gaps 

Subduction at shallow depths is accommodated by slip across a narrow zone, 
the plate boundary interface. As subduction proceeds, all segments along the plate 
boundary must eventually slip, either seismically or aseismically. Plate boundary 
segments that have previously slipped as large earthquakes are likely to slip again 
as large earthquakes. Observations indicate that the recurrence intervals between 
large earthquakes in the same segment vary from less than one to a few hundred 
years. Hence, future earthquakes are more likely to occur sooner in plate boundary 
segments with a history of large earthquakes that have not experienced a large 
earthquake in many decades. This simple yet powerful concept of seismic gaps has 
been developed and applied to the major plate boundaries, and has successfully 
forecast the locations of a few large earthquakes (FEDOTOV, 1965; MOGI, 1969;- 
SYKES, 1971; KELLEHER, 1972; KELLEHER et al., 1973; MCCANN et al., 1979; 
NISHENKO and MCCANN, 1981; NISHENKO, 1985). Plate boundary segmentation is 
an essential component of seismic gaps which in part determines the size of the 
largest earthquakes. 

3.2. Plate Boundary Segmentation 

Underthrusting can occur as seismic slip in the shallow part of the subduction 
zone, while slip apparently occurs only aseismically below a depth of about 40 km 
(see RUFF and KANAMORI, 1983a). For the typical shallow dip angle of 10 ~ to 20 ~ 
the potential fault width is one to two hundred kilometers. Major subduction zones 
extend to thousands of kilometers along the arc system, thus the seismically active 
part of a plate boundary can be viewed as a long narrow strip that is composed of 
seismic segments. One of the primary tasks of seismic gap research has been to 
determine the rupture length of the large plate boundary earthquakes. It is usually 
assumed that the one-day aftershock area delimits the mainshock rupture area. The 
one-day aftershock area frequently coincides with the region of uniform and intense 
shaking. Hence, observations of aftershocks or shaking can identify the seismic 
segments of a subduction zone. In several cases, the seismic segmentation corre- 
sponds to the physiographic segmentation, e.g., major fracture zones or ridges in 
the oceanic plate form the boundary between two segments. 

The overall size of an earthquake is best measured by the seismic moment, 
defined as M0 = ktAD, where kt is the source region shear modulus, A is the fault 
area, and D is the average seismic displacement. The moment magnitude scale is 
directly dependent on the seismic moment (Mw = (log M0)/1.5-10.7, with M 0 
in dyn cm, KANAMORI, 1978). As discussed in KANAMORI and ANDERSON (1975), 
the average displacement tends to increase as the fault area increases. Thus, in 
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general, a larger fault area is equivalent to a larger seismic moment and Mw. From 
this perspective, maximum earthquake size depends on those factors that control 
fault area. 

Fault area obviously depends on fault width and length. KELLEHER et al. (1974) 

claimed that variations in fault width play a dominant role in seismic coupling. 
They noted that some of the largest earthquakes have occurred in subduction zones 
with a wide contact zone. They offered support for this claim by measuring the 
width between the trench and the 70 km depth contour of the Benioff zone. While 
their definition of "width" is attractive in that it can be globally measured, 
unfortunately it does not directly yield the width of the seismogenic zone. To 
further explore this idea, we can look at the seismogenic width as displayed in the 
aftershock zones of large earthquakes. The rupture width and length of selected 
large earthquakes are shown in Figure 2. Aftershock areas are usually determined 
subjectively by drawing a rectangle or oval around the scattered aftershocks. To 
obtain a more objective determination, TAJIMA and KANAMORI (1985) devised an 
energy contour method. I have simply measured the maximum widths and lengths, 
perpendicular and parallel to the trench axes, of the one-day aftershock regions in 
TAJIMA and KANAMORI. Two events not in their paper are included in Figure 2, the 
dimensions for the 1960 Chile event are from PLAFKER and SAVAGE (1970), and 
the 1957 Aleutian values are taken from HOUSE et al. (1981). For the examples 
presented in Figure 2, it would seem that the variation in fault length is more 
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Figure 2 
Width and length of  the one-day aftershock areas of  recent great earthquakes, identified by year of  occur- 
rence, region, and M w. Except for two exceptions noted in the text, the measurements  are based on the 
aftershock areas of  TAJ1MA and KANAMORI (1985). Rupture  length varies more than rupture width. 
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important than the variation in fault width as an explanation for variation in 
maximum earthquake size. 

3.3. Rupture Length and the Asperity~Barrier Model 

Fault length is a consequence of where the earthquake rupture front starts and 
stops. The development of the asperity/barrier model gives us a simple physical 
characterization of earthquake rupture (for example, AKI, 1979; DAS and AKI, 
1977; KANAMORI and STEWART, 1978; NUR and ISRAEL, 1980; KANAMORI, 1981; 
LAY et al., 1982; AKI, 1983; RUFF, 1983; BECK and RUFF, 1984, 1987; SCHWARTZ 
and RUFF, 1987). The essence of this model is that a fault zone can be characterized 
by strong and weak regions. The strong regions are called asperities and slip 
seismically. Slip in the weak regions concentrates the stress at the asperities. The 
largest earthquake in a seismic segment results from the failure of the largest 
asperity, or the sequential failure of the largest asperities. The rupture front of the 
maximum size earthquake can start in either a weak or strong region, but must 
break the dominant asperity. The rupture front stops either at a major geometric 
barrier or in a weak region that has previously slipped and therefore is not highly 
stressed. Major geometric barriers include drastic kinks in the plate boundary strike 
or changes in plate boundary type. 

The asperity/barrier model provides a qualitative physical connection between 
seismic segmentation and the earthquake rupture process. This connection leads to 
some interesting consequences. Figure 3 shows two hypothetical strength distribu- 
tions along a subduction zone. The distribution with small isolated strong points 
would cause small localized rupture areas, while the distribution with a relatively 
constant strength would result in a large rupture length. Thus, strong seismic 
coupling depends more on the "smoothness" of the strength distribution than on 
the peak value of the strength. This view is supported by the apparent smoothness 
of the rupture process of the 1964 Great Alaskan earthquake (see RUFF and 
KANAMORI, 1983b). 

The above discussion is not a comprehensive review of all the research on fault 
heterogeneity, nor does it present all viewpoints on the rupture process. Given this 
qualifier, I state the following conclusion: stronger seismic coupling is caused by a 
smoother strength distribution along the seismogenic zone. How does this conclu- 
sion relate to our earlier considerations on the global variation in seismic coupling? 
Are there any mechanisms that relate lithosphere age and convergence rate to fault 
strength distribution? RUFF and KANAMORI (1983a) noted two facts relevant to the 
above questions: (1) the old lithosphere subducting in the Marianas is characterized 
by rough ocean-floor topography, (2) the two largest earthquakes (1960 Chilean 
and 1964 Alaskan events) occurred in segments that seem to have "excess trench 
sediments". If a rough ocean-floor topography translates into highly heterogeneous 
strength distribution, then the first fact would explain the relatively aseismic nature 
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Figure 3 
Two hypothetical strength distributions along a fault: smooth (solid line) and irregular (dashed). Each 
distribution is plotted as failure stress (a) versus distance along the fault zone. Slip occurs when the 
tectonic stress level reaches the failure stress. Slip in the weaker regions transfers stress to the strong 
regions. Since the strongest regions in the irregular distribution are isolated, the earthquakes that 
eventually break these regions have a rather small rupture dimension (L 0. For the relatively smooth 
distribution, the dimension of the strong region is larger, hence the earthquake will have a greater 

rupture length (L2). 

of  the Mar ianas  subduction zone. I f  we allow the interpretative leap that  the 

presence o f  excess trench sediments is related to a smoother  strength distribution, 

then the second fact would explain the two giant earthquakes.  The main thrust  o f  

this paper  is to pursue the possible contr ibut ion o f  excess trench sediments. Rather  

than analyze just one or  two trench segments, I will adopt  the comparative 

subductology attitude and present a global survey. The term "excess trench sedi- 

ments"  will first be defined and developed. 

4. Excess Trench Sediments 

Even in their pioneering plate tectonics paper, ISACKS et al. (1968) made some 

provision for sediment subduction.  At  first glance, the tectonic role o f  sediments 

appears to be a minor  one. Sediments do however  significantly impact  geology, 

geochemistry,  and geophysics: many  geological terranes are thought  to be exumed 

trench sediments; recycling o f  crustal material via sediment subduct ion affects the 
geochemical evolution o f  the mantle; and as p romoted  in this paper,  sediments may  

influence subduct ion zone seismicity. 

Sediments are t ransported into the trench region f rom both  the oceanic plate 

and island arc sides. There are two apparent ly contradic tory views on the fate o f  

these sediments: (1) the sediments are subducted along with the down-going  plate, 
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(2) sediments riding on the oceanic plate are scraped off and deposited; the 
accretionary prism contains the accumulated oceanic sediments along with conti- 
nent-derived sediments. We now know that both views are correct. That is, some 
subduction zones are presently subducting all available sediments while others seem 
to be actively constructing accretionary prisms (see e.g., KLUM and FOWLER, 1974; 
KARIG and S H A R M A N ,  1975; SCHOLL et al., 1977; SCHOLL et al., 1980; VON HUENE 
et al., 1982; HILDE, 1983). In some subduction zones, not only are the available 
sediments being subducted, but the sediment subduction process is apparently 
eroding the upper-plate in the trench region. In many of these subduction zones, the 
down-going oceanic plate develops a horst and graben structure between the 
outer-rise and the trench. This structure frequently strikes parallel to the trench 
axis, and is thought to result from tensional stresses associated with plate bending 
(see CrtAPPLE and FORSYTH, 1979). One proposed mechanism for sediment subduc- 
tion is that the horst and graben structure provides "buckets" that fill up with 
sediments, which are then carried down the subduction zone (Figure 4, for a 
discussion of this mechanism, see HILDE, 1983). If the available sediments do not 
fill the graben "buckets", then the leading edge of the upper plate erodes to provide 

HORST AND GRABEN STRUCTURE 

SUBDUCTED / 

SEDIMENTS 

EXCESS TRENCH SEDIMENTS 

____i<<<---- 
UNDERPLATING? 

SUBDUCTED / 

SEDIMENTS 

Figure 4 
Two trench morphologies and possible mechanisms of  sediment subduction. These graphs are schematic 
and not  to scale, but  the depth of  the grabens is typically < 1 km, and the horizontal dimension is 
approximately 10 km, hence the seismogenic zone is off to the right. A well-developed horst and graben 
structure provides "buckets" which can erode the upper-plate and carry down sediments. In contrast, 
one of  the characteristics of  excess trench sediments is that sediments are added to the upper-plate and 
form an accretionary prism. The role of  underplating is not  known. At this time, it is only speculation 
that zones with excess trench sediments subduct a coherent sedimentary layer that serves as a smooth  

contact zone between the plates. 
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the requisite material. At the other end of the spectrum are those subduction zones 
that accumulate sediments. This can happen in three ways: (1) the oceanic sedi- 
ments are scraped off and are added to the front of the rapidly deforming 
accretionary prism, (2) continent-derived sediments are deposited on top of the 
accretionary prism, or they spill into the trench and are added to the highly 
deformed front, (3) sediments that are initially subducted then underplate the 
bottom of the accretionary prism. Note that' sediment subduction may occur even 
if the accretionary prism is growing. Accretionary prisms form where the sediment 
supply rate is greater than the sediment subduction rate. There is no complete 
global assessment of the relative rates of sediment supply and subduction. Although 
it is thought that most oceanic sediments are subducted, there are dissenting 
opinions (for discussion, see ARMSTRONG, 1981; KAR~G and KAY, 1981). 

The horst and graben structure is not found in subduction zones with extensive 
accretionary prisms (HILDE, 1983). Perhaps the horsts and grabens are buried by 
the excess sediments, or maybe the horst and graben structure does not exist at all. 
Studies of the southern Caribbean arc indicate that the incoming oceanic sediments 
are split, the upper portion is added to the accretionary prism while the lower 
portion is apparently subducted undeformed (e.g., BIJU-DUVAL et al., 1982). If we 
assume that the horst and graben formation is suppressed, then the lower sedimen- 
tary portion could remain undeformed. The contact between the plates would then 
be composed of coherent layered sediments, as opposed to the "bucket" mechanism 
where the contact material alternates between basaltic crust and chaotic sediments 
(Figure 4). If coherent layered sediments enhance seismic coupling at deeper depths, 
then the metamorphosed oceanic sediments must be capable of seismic failure at 
elevated temperatures and pressures. There are some indications that this may be 
possible (WANG, 1980). Thus, the mechanism of sediment subduction might 
significantly affect the seismic strength distribution along the contact zone between 
the plates. 

My use of the term "excess trench sediments" refers to the presence of an 
accretionary prism and, generally, the absence of the horst and graben structure. 
Excess trench sediments then closely coincides with HILDE'S (1983) classification of 
thick trench deposits. The main distinction between these two terms is the specula- 
tive implication that I attach to excess trench sediments. In future discussion, excess 
trench sediments will be equated with a smooth strength distribution. I emphasize 
that this identification should be treated with some skepticism, but I assert that it 
is at least plausible. 

5. Global Comparison of Trench Sediments and Large Earthquakes 

The division of subduction zones into the binary classification of "excess trench 
sediments" and "horst-graben structure" certainly has a subjective element. The 
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global survey by HILDE (1983) at least provides an independent classification. As 
previously noted, I equate HILDE'S thick trench sediments with excess trench 
sediments (ETS). The major subduction zones with ETS are shown in Figure 5. 
More than half of the surveyed subduction zones are classified as zones with ETS. 
We shall test the hypothesis that excess trench sediments promote the occurrence of  
large and great earthquakes. If trench sediments were quantified by a continuous 
variable, then we could simply test the correlation between trench sediments and 
maximum earthquake size for all subduction zones. Given our binary classification 

scheme, we seek significant differences between the two populations. There are two 
types of  tests: (1) do great earthquakes occur in subduction zones with or without 
excess trench sediments; (2) are subduction zones with excess trench sediments 
characterized by great or small earthquakes. 

The data for the first test are listed in Table 1. The primary source for the 
earthquake data is the list in KANAMORI (1977), with two modifications from the 
updated list in KANAMORI (1983) (specifically, the 1923 Kamchatka and 1979 
Colombia events). There is one other change, the Mw value for the 1957 Great  
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Figure 5 
World map showing the trench sediment classification of  the major subduction zones. Also shown are the 
year, Mw, and approximate rupture length of  the largest underthrusting earthquakes. Zones are 
classified either as ETS (excess trench sediments) or HGS (horst and graben structure). The trench 

sediment classification is largely based on the map in HILDE (1983). 
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Table 1 

Great subduction zone underthrusting earthquakes with M w >- 8.2. 
A cross in the ETS  column indicates excess trench sediments. 

Region Date M w ETS 

Southern Chile May 22, 1960 9.5 X 
Alaska March 28, 1964 9.2 X 
Kamchatka Nov. 4, 1952 9.0 X 
Aleutians March 9, 1957 8.8 
Colombia-Ecuador Jan. 31, 1906 8.8 X 
Aleutians Feb. 4, 1965 8.7 
Kurile Islands Oct 13, 1963 8.5 X 
Central Chile Nov. 11, 1922 8.5 
Kamchatka Feb. 3, 1923 8.5 X 
Kurile Islands Nov. 6, 1958 8.3 X 
Chile Aug. 17, 1906 8.2 X 
Alaska Nov. 10, 1938 8.2 X 
Kamchatka May 4, 1959 8.2 X 
Colombia Dec. 12, 1979 8.2 X 
Northern Honshu May 16, 1968 8.2 
Peru May 24, 1940 8.2 
Peru Aug. 24, 1942 8.2 
Central Chile April 6, 1943 8.2 X 
Kurile Islands Aug. 11, 1969 8.2 X 

Aleutian event has been reduced f rom 9.1 to 8 3/4 (RUFF e t  al. ,  1985). There are 

several great earthquakes listed in KANAMOR! (1983) that  do not  appear  in Table 

1, three ear thquakes are intraplate events in central Asia, two are thought  to be 

strike-slip events (1958 Alaska, and 1938 Banda Sea, see BEN-MENAHEM, 1977), 

and two subduct ion zone events represent intraplate normal  faulting in the oceanic 

li thosphere (1933 Sanriku, and 1977 Java, see KANAMORI, 1971; FITCH et  al . ,  1981; 

SPENCE, 1986). The nineteen ear thquakes in Table 1 are thought  to be all o f  the 

underthrust ing subduction events in the twentieth century with a documented  M w  

of  8.2 or larger. While the sediment classification for mos t  o f  the ear thquakes is 

s traightforward,  a few events need some discussion. A close examinat ion o f  Figure 

5 reveals that  the rupture zones o f  the two great Aleutian events include segments 

with excess sediments. However,  mos t  o f  the momen t  release for both  events occurs 

outside these regions, thus these events do not  receive the ETS classification. 

Sediments in southern Chile are apparent ly  t ransported nor thward  along the trench 

axis (KuLM e t  al . ,  1977), and consequently thin to the north. Hence there is some 
ambiguity where to end the ETS classification in central Chile. Using addit ional 

informat ion given in KULM e t  al. ( 1 9 7 7 ) ,  I have placed the dividing line between the 

1943 and 1922 rupture zones, broadly  consistent with HILDE'S map.  Figure 6 

compares  the distribution o f  ear thquake size for zones with and without  excess 

sediments. More  than half  o f  the earthquakes,  13 out  o f  19, are associated with 
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Figure 6 
Histogram of the 19 largest underthrust ing subduction zone earthquakes, plotted as a function of  M w. 

There are two groups of  earthquakes: those that occur in zones with excess trench sediments (ETS), and 
those that  occur in zones with horst and graben structure (HGS). Most  of  the largest earthquakes occur 

in ETS zones. 

excess trench sediments. It seems that most of  the largest earthquakes occur in 
regions of  excess sediments with the strong exception of the two great Aleutian 

earthquakes. Due in part to the large number of Mw = 8.2 events, the mean Mw 
values for the two groups are not significantly different. A preliminary conclusion 
is that great earthquakes tend to occur in zones with excess sediments, but not 

exclusively. 
The other test is to examine the maximum earthquake size of all zones with 

excess trench sediments. There are subduction zones in Figure 5 with ETS that are 
not represented by any earthquakes in Table 1. These zones are Southern Honshu, 
Sumatra, Caribbean, New Zealand-Kermadec, Izu-Bonin, Taiwan-Philippines, New 
Hebrides, Middle America (south of Mexico), and Oregon-Washington (USA). If  
these zones have had no great earthquakes in the twentieth century, can we 
immediately claim that these zones are characterized by the lack of  great earth- 
quakes? This question opens the difficult issue of whether the twentieth century 
catalog of  great earthquakes can be regarded as characteristic. If the recurrence 
interval between the largest earthquakes in some subduction zone is greater than 
100 years, then the maximum size earthquake may be missing from the twentieth 
century catalog. While this problem may also apply to zones that have registered a 
great earthquake, we will only examine the historical record for the zones with ETS 

that lack a great earthquake. 
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It appears that at least two of the above zones, the Southern Honshu and 
Sumatra zones, are characterized by great earthquakes. Two earthquakes with 
Mw=8.1  have occurred in the Southern Honshu zone, in 1944 and 1946. 
Hence, the exclusion of Southern Honshu from Table 1 results from the arbi- 
trary magnitude threshold. There is an excellent historical record in this region; it 
is likely that one or both of the great earthquakes in 1854 would be above the 
8.2 magnitude threshold, and presumably the great earthquake in 1707 would 
also be 8.2 or larger (ANDo, 1975). Turning to the Sumatra zone, NEWCOMB 
and MCCANN (1987) document the occurrence of two great earthquakes in the 
nineteenth century, the 1833 and 1861 events with probable rupture lengths of 500 
and 300 kin, respectively. On the basis of rupture length, they assign a Mw on the 
order of 8 3/4 to the 1833 event. This Mw value is consistent with the rupture 
length versus Mw plot in Figure 2. The lack of Sumatran great earthquakes in 
the twentieth century can be explained by a recurrence interval greater than 150 
years. 

The historical record for the Caribbean indicates that a large event occurred in 
the northern part of the Lesser Antilles arc in 1843 (see KELLEHER et al., 1973). 
With a rupture length of 200-250 km, this event should be close to the 8.2 
magnitude threshold of Table 1. Thus, the Caribbean arc seems capable of 
generating at least a magnitude 8 event. Although the accretionary prism is less 

developed at the location of the 1843 event, the ETS classification is given to the 
entire zone. NISHENKO and MCCANN (1981) suggest that the New Zealand 
earthquake that occurred in 1833 has a rupture length of approximately 200 km. 
Thus, New Zealand can also generate an earthquake close to the 8.2 magnitude 
threshold. 

There is no evidence of a great subduction event in the Izu-Bonin arc. There are 
no ~ earthquakes along the Taiwan-Eastern Philippines trench with a documented 
Mw greater than 8. Likewise, no great earthquakes in the New Hebrides or Middle 
America regions are known. 

The seismic hazard of the Oregon-Washington region is currently an active issue 
(e.g., HEATON and KANAMORI, 1984; and see HEATON and HARTZELL, this 
volume). There are no great, or even large, earthquakes in this region in the 
twentieth century. Assessment of the previous activity is hampered by a limited 
historical record and the long recurrence interval for a great earthquake. Although 

this zone may be capable of generating a great earthquake, for the present concerns 
of a global survey, Oregon-Washington zone is listed as aseismic. 

In summary, of the 14 distinct regions with excess sediments, 7 zones appear to 
generate great earthquakes, 2 appear to be borderline cases (Caribbean and New 
Zealand-Kermadec), and 5 do not generate great earthquakes. Thus, the subduction 
zones with great earthquakes do not form an overwhelming majority of the ETS 
subduction zones. 
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5.1. Effect of Plate Age and Convergence Rate 

To review our findings: most great earthquakes occur in zones with excess 
sediments, and about half of the subduction zones with excess sediments have great 
earthquakes. Clearly there is not a one-to-one correspondence between excess 
trench sediments and great earthquakes. The lack of a one-to-one correspondence 
implies that other factors influence earthquake size. At this point, it is instructive to 
place trench sediments within the framework of  the established global correlation 
for maximum earthquake size. 

Those zones with ETS  but no great earthquakes have another feature in 
common: they plot in the lower-left corner of Figure 1 (except for Oregon-Washing- 
ton and Middle America). This association implies that age and rate determine the 
potential for a great earthquake, hence a subduction zone that falls in the lower-left 
corner of Figure 1 may not generate a great earthquake regardless of excess trench 
sediments. The best-fit plane from the linear regression in RUFF and KANAMORI 
(1980) is used to calculate a predicted Mw from the age and rate values for each 
subduction zone (Table 2). The observed maximum Mw is plotted versus the 

Table 2 

Maximum earthquake size in subduction zones: Observed (Obs), Predicted (Pre), Residual (Obs - Pred), 
Zones with Excess Trench Sediments (X). 

Zone M w (Obs) M w (Pre) Residual ETS 

Southern Chile 9.5 9.3 0.2 X 
Central Chile 8.5 9.0 - 0 . 5  
Peru 8.2 8.9 - 0 . 7  
Ecuador-Colombia 8.8 8.8 0.0 X 
Central Am. (Mexico) 8.1 8.6 - 0 . 5  
Kamchatka 9.0 8.5 0.5 X 
Aleutians 8.8 8.4 0.4 
Alaska 9.2 8.4 0.8 
Kurile Islands 8.5 8.3 0.2 X 
Taiwan-Philippines 8.0 8.2 - 0 . 2  X 
Sumatra 8.7 8.2 0.5 X 
Northern Honshu 8.2 8.1 0.1 
Tonga 8.3 8.1 0.2 
Java 7.1 7.8 - 0.7 
Kermadec 8.1 7.8 0.3 X 
New Zealand 8.0 7.6 0.4 X 
New Hebrides 7.9 7.8 0.1 X 
Scotia 7.1 7.7 - 0 . 6  
Izu-Bonin Islands 7.2 7.4 - 0 . 2  X 
Caribbean 8.0 7.3 0.7 X 
Marianas 7.2 7.2 0.0 
Southern Honshu 8.3 8.3 0.0 X 
Middle America 7.5 8.4 - 0 . 9  X 
Oregon-Washington < 7.0 8.3 - 1.3 X 
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Figure 7 

Observed maximum earthquake size versus the size predicted by the linear combination of convergence 
rate and lithosphere age (see Figure 1, and RUFF and KANAMORI, 1980). If age and rate exactly 
predicted the observed Mw, then all subduction zones would plot on the diagonal line. The two groups 

of subduction zones are: excess trench sediments (ETS) and horst and graben structure (HGS). 

predicted value in Figure 7. KANAMORI (1983) shows a similar plot for the 
time/space normalized Mw. The predicted values for the maximum and normalized 
Mw are nearly identical (compare Figures 2 and A1 in RUFF and KANAMORI, 
1980). The observed values in Figure 7 are the same as in RUFF and KANAMORI 
(1980) except for the revised values for the Aleutians, Sumatra, Caribbean, and 
New Zealand, and the addition of Southern Honshu, Middle America (south of 
Mexico), and Oregon-Washington. Figure 8 plots the observed Mw values from 
Figure 7 and shows the large range in maximum earthquake size for zones with 
sediments, as previously concluded. We now "correct" for the effect of age and rate 
by plotting the variation from the predicted values (Figure 9). A positive value 
corresponds to a maximum earthquake size larger than the predicted number. The 
two populations in Figure 9 appear to be distinct, though the standard errors about 
the means overlap. 

The Oregon-Washington and Middle America zones violate the trend that ETS 
zones with no great earthquakes plot in the lower-left corner of Figure 1. Are they 
true exceptions, or have great earthquakes occurred before the historical records 
began? This important question cannot be answered here, except that to say that 
this study supports the concerns of HEATON and KANAMORI (1984). 
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Figure 8 
Histogram of the maximum earthquake size of subduction zones. Also plotted are the means and 
standard errors of the ETS and HGS groups. Of the 24 subduction zones, 15 are classified as ETS zones. 
The mean and standard error for the ETS zones are based on 13 zones, Oregon-Washington and Middle 

America are excluded (see text). 
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Figure 9 
Histogram of the residual Mw of subduction zones. The residuals are the variation from the predicted 
trend in Figure 7. The means and standard errors of the residuals are plotted for the ETS and HGS 
zones. As in Figure 8, the Oregon-Washington and Middle America zones are excluded from the mean. 
The ETS and HGS means are better separated than in Figure 8; this suggests that trench sediments may 

explain part of the variation in earthquake size about the age-rate prediction. 

6. Discussion and Conclusions 

The global  survey of  great  ear thquakes  and subduct ion zones shows that  mos t  

great  ear thquakes  occur  in subduct ion zones with excess t rench sediments (ETS),  

and about  half  of  the zones with ETS are character ized by great  ea r thquake  

occurrence.  Also, the mean  Mw value is higher for the popu la t ion  o f  great  

ear thquakes  in zones with ETS. I f  we were only concerned with the global  

distr ibut ion o f  the 19 largest ear thquakes,  we might  conclude that  excess t rench 

sediments explain great  ea r thquake  occurrence,  with just  a few exceptions.  This  

conclusion is weakened by the observat ion  that  many  zones with ETS  have no great  
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earthquakes. Hence, excess trench sediments do not always cause great earthquakes, 
neither are they the sole cause of great earthquakes. There must be other factors. 
The established correlation of maximum earthquake size with age and rate provides 
the complimentary factor: the zones with ETS but without great earthquakes have 
low Mw values predicted from age and rate (except for two zones). The quantitative 
significance of age and rate can be assessed by comparing Figures 8 and 9. 
Application of the age-rate "correlation" better separates the two populations. 
Therefore, the overall conclusion is that the variation in maximum earthquake size 
depends on at least three variables: plate age, convergence rate, and excess trench 
sediments. The association between the largest earthquakes and excess trench 
sediments can then be attributed to the enhancement of Mw in those ETS zones 
with high seismic potential. 

Recall the proposed chain of cause-and-effect mechanisms that connects trench 
sediments to earthquake size: excess trench sediments ~ subduction of a coherent 
sedimentary layer ~ smooth seismic strength distribution ~ large earthquake 
rupture area. Although this chain of mechanisms is presently untested, future 
studies can critically examine these speculations. 

RUFF and KANAMOR~ (1980) suggested that age and rate affect seismic coupling 
through preferred trajectory. Now that sediments and smooth strength distributions 
are invoked to cause great earthquakes, a new possibility is that age and rate 
influence the sediment subduction process. For example, suppression of the horst 
and graben structure may be an important component in achieving a smooth 
strength distribution; perhaps the horst and graben structure is more easily sup- 
pressed in rapidly subducting young lithosphere. 

Plate tectonics explains why there are underthrusting earthquakes in subduction 
zones, but it cannot explain the global variation in the size of these earthquakes. 
This fundamental problem is still unsolved. Indeed, given the sketchy nature of the 
physical mechanisms, I will not claim that the three factors of age, rate, and 
sediments control earthquake size. I will also admit that the statistical correlation 
between excess sediments and great earthquake occurrence is less than compelling. 
However, at the very least, the association between excess trench sediments and 
great earthquakes should dispel the commonly expressed notion that sediments 
cause aseismic subduction. It is my hope that the assumptions and speculations in 
this paper will be probed and tested. 
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