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Abstract
Rupture models for large subduction zone earthquakes suggest significant 
heterogeneity in slip and moment release over the fault plane. Attempts to 
characterize the nature of the high-slip regions led to descriptions of these 
earthquakes in the context of the asperity model and allowed for subduction 
zones to be classified on the basis of likely earthquake asperity distributions. 
Understanding the physical features in the fault zone that produce these high-
slip regions is still a challenge. Detailed bathymetric and seismic data collection 
in several subduction zones has led to correlations between large earthquake 
rupture patterns and subducting features such as seamounts and ridges. This 
is not a simple relationship, and it is not consistent in all subduction zones. 
Earthquakes at several subduction zones appear to concentrate slip on sub-
ducted features, but others have features that act as barriers to earthquake 
rupture. Additional questions remain about the temporal stability of high-slip 
regions. More research is needed to understand the connections between the 
upper plate, fault friction, subducting features, and overall subduction zone 
stresses and the patterns of large earthquakes in this complex environment.

Earthquake Slip and Asperities
Early definitions of asperities go back to Amonton, who proposed that static 
friction on a fault relates to the overall roughness of the fault surface. Increased 
roughness on the surface may be caused by increased occurrence of protru-
sions on the surface. He defined asperities as welded contacts along the fault. 
Early asperity models for earthquakes were developed using results from 
laboratory rock friction experiments [Byerlee, 1967; Scholz and Engelder, 1976]. 
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These models suggest that faults are held together by high strength contacts, 
or Amonton’s asperities. Stresses at the asperities were typically higher than 
at other portions of the fault. The physical causes of asperities along faults 
were related to variations in geometry, friction, or material properties along 
the fault. 

	Understanding the relationship between earthquakes and asperities ad-
vanced with increased analysis of higher-quality seismic data. Earthquake 
seismograms from a global distribution of seismic stations were used to exam-
ine the seismic moment release distribution and slip during large earthquakes. 
Many of these observations for continental and subduction zone earthquakes 
show high moment release, high slip, occurring in distinct patches on the fault 
plane rather than smoothly varying over the fault plane [Wyss and Brune, 1967; 
Trifunac and Brune, 1970; Kanamori, 1978; Ruff and Kanamori, 1983; Schwartz and 
Ruff, 1987; Mendoza and Hartzell, 1988; Heaton, 1990; Wald et al., 1991; Wald and 
Heaton, 1994; Ma et al., 2001; Ji et al., 2002] (fig. 5.1). 

High-slip patches can be converted to relatively high stress drops, sug-
gesting that these patches are areas of increased strength compared to the sur-
rounding regions and can be considered asperities. 

Small-magnitude earthquakes have also been used to describe asperity dis-
tribution on faults. Nadeau and Johnson [1998] suggest clustering of microearth-
quakes along the Parkfield segment of the San Andreas fault indicates asper-
ity locations. They suggest that the earthquake clusters define high-strength 
patches able to break within weaker zones along the fault, although the high-
stress drop values calculated for these earthquakes appear to be higher than 

Figure 5.1  �Slip distribution for the 1989 Loma Prieta earthquake, modified from Beroza 
[1991], with contours of slip in centimeters. A clear pattern of heterogeneous 
slip is observed for this continental earthquake, with two significant patches of 
high slip (asperities). Other models of strong motion and teleseismic data show 
consistent features [e.g., Wald et al., 1991]. 
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estimates from other small earthquakes [Sammis and Rice, 2001]. Detailed loca-
tions of small earthquakes in subduction zones have also yielded observations 
of clusters and suggestions of heterogeneous asperity distribution along these 
faults [e.g., Hino et al., 1996; Matsuzawa et al., 2002; Igarashi et al., 2003; Obana et 
al., 2003; DeShon et al., 2003].

Seismic Observations of Heterogeneity
Several observations are used to suggest heterogeneity in earthquake rupture. 
Locations and recurrence patterns of large and small earthquakes as well as 
aftershock patterns provide some indication of heterogeneity levels on faults. 
Additionally, analysis of seismic waveforms yields source time functions that 
describe the time history of seismic moment release. 

Earthquake Locations
Earthquake location and recurrence patterns provide estimates of heteroge-
neity. Along the Nankai margin, large events (M ~ 8) appear to break similar 
zones over time in fairly regular patterns [Ando, 1975], suggesting some level of 
segmentation or high-strength zones that persist over a few earthquake cycles. 
To the north in the Japan Trench, large earthquake locations are less regular. The 
occurrence of doublets, similar magnitude large earthquakes that occur in pairs 
with small spatial and temporal separation, also have implications for distribu-
tion of high-strength zones. They appear to be a failure at one asperity, trig-
gering failure at an adjacent asperity [Lay and Kanamori, 1980; Xu and Schwartz, 
1993]. Additionally, locations of small earthquakes and microseismicity have 
also been used to map out zones of strength heterogeneity along faults.

Source Time Functions
The source time function provides the seismic moment release history for the 
earthquake. An earthquake with a smooth rupture is best modeled with a 
trapezoid-like shape source time function, implying smooth average slip over 
the entire fault plane. However, source time functions from most earthquakes  
are not trapezoidal because slip does not occur smoothly over the fault area 
(e.g., fig. 5.1). 

In order to obtain estimates of earthquake source time functions, seismol-
ogists model seismic waveforms, deconvolving estimates of Earth structure 
effects on wave propagation from the source time function [e.g., Kikuchi and 
Kanamori, 1986; Ammon et al., 1993]. This modeling provides estimates for the 
locations of moment release on the fault plane as well as the time history of 
moment release. Because seismic moment is related to fault area and earth-
quake slip, the slip distribution along the fault can also be determined. 	  
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Models for Subduction Zone Earthquakes	
Because most of the world’s largest earthquakes occur in the shallow sub-
duction zone, significant data exist about earthquake rupture patterns in 
this tectonic environment. Many observations of complex waveforms and 
source time functions for subduction zone earthquakes were used to for-
mulate asperity models in the 1970s and 1980s specifically for subduction 
zone environments. Kanamori [1978] suggested that small subduction zone 
earthquakes result from rupture at a single asperity; complex multiple earth-
quakes or doublets can result when asperity failure induces large stresses 
on adjacent asperities to generate multiple failures. Lay et al. [1982] use a 
variety of observations to characterize the relative distribution of asperities 
in subduction zones and connect this distribution to great subduction zone 
earthquakes. By summarizing rupture process observations or many large 
earthquakes, such as location, aftershock distributions, and source time func-
tion shapes, they relate rupture patterns to features in trench morphology. 
Observations of time function variations and complex waveforms suggest 
that high-frequency seismic body waves are radiated from small parts of the 
rupture plane, the asperities or strong patches of the fault. Low-frequency 
seismic radiation and aftershocks originate from the rest of the rupture area 
described as a weak zone relative to the asperities. Within this model, more 
complicated ruptures suggest smaller and more heterogeneously distributed 
strong patches on the fault.

Using the foundations of the asperity model, Lay et al. [1982] divide subduc-
tion zones into several classes, roughly on the basis of the rupture length of large 
and great earthquakes and thus asperity distribution. Each class is used to char-
acterize the expected regional stress conditions and seismic coupling (fig. 5.2). 
A Chile-type margin, characterized by great earthquakes with rupture lengths 
of over 500 km, describes the Chile, Alaska, and Kamchatka subduction zones. 
These great earthquakes tend to repeat at nearly identical locations. Large sections 
of the margin typically have few large subducting features such as seamounts  
or ridges, allowing for fairly smooth contact between the subducting and  
overriding plates. Representative earthquakes for the margins in this class 
(group I), such as the Mw = 9.5 1960 Chile and the Mw = 9.2 1964 Alaska, have 
very long duration and relatively simple source time functions, suggesting 
that these margins are strongly coupled with smooth plate contacts and almost 
uniform asperity distribution.

Subduction zones characterized by large earthquakes with rupture 
lengths of up to 500 km fall into the next class of margins (group II). These 
regions, such as the western Aleutians, Nankai, and Colombia, have varia-
tions in earthquake rupture patterns, with occasional earthquakes ruptur-
ing over several sections of the margin and others breaking only single seg-
ments. Source time functions for earthquakes at these margins typically have 
more complexity than those from the Chile-type margins. These regions have 
been described as having large asperities, although not as large as in the 
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Chile-type margin. Rupture of one asperity may cause stress changes large 
enough to cause other large asperities to fail, as suggested by Ruff [1992], 
although this may depend on the relative size and separation of these large 
asperities. 

Figure 5.2  �The asperity model for subduction zone earthquakes, modified from Ruff and 
Kanamori [1980] and Lay et al. [1982]. (left) An example source time functions 
(moment release during earthquake rupture), for representative earthquakes in 
each of the main asperity classes (right). The great 1964 Alaska earthquake had a 
fairly simple source time function, suggesting little heterogeneity in body-wave 
radiation and slip distribution along the fault plane. The corresponding asperity 
distribution for this earthquake (as well as the 1960 Chile earthquake) is a very 
large, mostly continuous strong fault area, shown in green. Large earthquakes 
farther along the Aleutians also have large strong patches of fault area, but some-
what smaller than the 1960 Chile or 1964 Alaska case. Source time functions for 
earthquakes in the Aleutians (and regions such as Nankai and Colombia) have 
a few large pulses of moment release, reflecting the change in asperity distribu-
tion on the fault plane. Regions such as the Kuriles, Peru, and Central America 
make up the next class of margin, with a very heterogeneous asperity pattern on 
the fault plane. These earthquakes have significantly more complex source time 
functions, representing the rupture of multiple small asperities on the fault. The 
final class of margin includes the Marianas and Izu-Bonin arcs, regions which do 
not produce great earthquakes because of the lack of large strong patches on the 
subduction megathrust.
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	The next group of margins (group III) shows increased complexity, as the 
Kurile Islands, Peru, central Chile, and Japan subduction zones typically have 
large earthquakes with rupture zones of ~100  – 300 km in length. These earth-
quakes, which tend to repeat in similar locations, typically do not grow into 
great earthquakes by breaking other segments. Earthquakes in these regions 
typically produce complex body waves, leading to more complex source time 
functions. Asperities for these regions tend to vary in size but are typically 
smaller than expected for the Aleutian (group II) type. Because of the smaller 
and more heterogeneous asperity size distribution, these earthquakes rarely 
rupture continuous sections of the margin as seen in the Chile-type margins 
(group I). An intermediate subgroup includes margins such as New Hebrides 
and Middle America, which have earthquakes with rupture lengths of 100 – 150 
km and tend to produce fairly simple body waves and source time functions. 
These margins may have smaller asperities and larger separations between 
them, making it less likely that an earthquake could rupture more than one 
asperity. 

	Subduction zones such as Marianas, Izu-Bonin, and Ryukyu make up the 
final group (IV) in the asperity model. Great or very large earthquakes are 
rare in these subduction zones, suggesting that there is a lack of asperities 
large enough to produce these earthquakes. Small earthquakes and repeating 
clusters of small earthquakes may occur, but because the Lay et al. [1982] study 
focused only on large and great earthquakes, these margins were classified as 
relatively aseismic because of the lack of large and great earthquakes.

Physical Nature of Asperities
Using the asperity model framework, regional variations in subduction zone 
earthquake rupture patterns are ascribed to a distribution of variously sized 
asperities. Although an asperity is defined as a region of increased strength 
on the fault plane and location of high slip during an earthquake [e.g., Byerlee, 
1967; Lay et al., 1982; Kanamori, 1986], the question of what can make an asper-
ity is more complicated. Reviewed below are several possibilities for increas-
ing fault zone strength, including an influence from the upper plate, frictional 
variations within the fault zone, and specific features with high or variable 
relief on the subducting plate.

Upper Plate Strength
Variability in fore-arc conditions may impact strength on the subduction in-
terface. McCaffrey [1993, 1994] suggests changes in fore-arc rheology controls 
the locations of great earthquakes. By classifying fore-arc strength using de-
viations between slip vectors and the plate convergence directions, McCaffrey 
[1993, 1994] finds that great megathrust earthquakes occur in regions where 
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fore arcs are more rigid (i.e., only small deviation between slip and conver-
gence directions). 

	Beck and Christensen [1991] tie heterogeneous slip during the 1965 Mw = 8.7 
Rat Islands earthquake to segmentation in the Aleutian fore arc. The fore arc 
contains fault controlled canyons and basins that separate distinct blocks of 
undeformed material. High moment release occurred near the centers of the 
undeformed blocks, but little moment release was observed at the edges of 
the blocks. Ryan and Scholl [1993] support these conclusions with additional 
data from other large earthquakes and aftershock locations, suggesting that 
the strong fore-arc blocks dictate asperity locations on the deeper interface in 
the Aleutians.

Friction Variations
In addition to plate strength, variations in friction along the fault plane likely 
influence slip during earthquakes. Using numerical simulations of earthquake 
slip, Rice [1993] suggests that high-slip patches may be controlled by frictional 
characteristics on a fault plane. Within subduction zones, Song and Simons 
[2003] correlate strong negative trench parallel gravity anomalies with slip in 
large and great earthquakes. They relate the observed negative gravity varia-
tions to high-shear traction on the interplate thrust. The negative anomalies 
observed in the zones of great earthquake slip suggest a reduction in normal 
stress, which tends to reduce stick-slip behavior. Song and Simons [2003] sug-
gest an increase in the effective coefficient of friction to offset the decrease in 
normal stress, producing high-shear stresses along the fault.

Subducting Plate Features		
In their discussion of the asperity model, Lay et al. [1982] suggest seafloor fea-
tures can dictate asperity size in subduction zones. Specifically, large segments 
of smooth plate, possibly in the presence of subducted sediment, can provide 
large strong regions on the thrust interface [Hilde, 1983; Ruff, 1989]. Addition-
ally, there appears to be a positive correlation between the occurrence of great 
earthquakes and the amount of sediment near the trench [Ruff, 1989]. However, 
detailed slip patterns of large and great earthquakes have not been compared 
with detailed maps of sediment distribution along these margins. 

	Features that produce roughness or topography on the subducting plate 
are also suggested to influence earthquake slip distributions. Horst and gra-
ben structures provide a rough plate interface with alternating strong and 
weak contact zones with the overriding plate [Tanioka et al., 1997]. Other sub-
ducted high-relief features, such as fracture zones, seamounts, and ridges, 
also make likely candidates to influence earthquake behavior, as these topo-
graphic highs could cause isolated strong coupling with the overriding plate 
[e.g., Kelleher and McCann, 1976, 1977; Cloos, 1992; Cloos and Shreve, 1996; 
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Scholz and Small, 1997]. There have been several correlations between sub-
ducting features and specific earthquakes within several subduction zones, 
as described below.

Examples of Subducting Features and  
Large Earthquake Occurrence

In recent years, there have been significant strides toward the identification 
of features on the subducting plate before and after it enters the trench using 
high-quality bathymetry and seismic data. In several subduction zones, large 
earthquakes have occurred that may be related to these subducting features, 
suggesting that bathymetric features such as seamounts and ridges may act as 
regions of high stress and high seismic coupling, providing a physical link to 
asperity distributions. 

NE Japan
Seamounts have been imaged near the trench along the northeastern mar-
gin of Japan [Lallemand and Pichon, 1987; Lallemand et al., 1989]. In ad-
dition, variation in subducting plate roughness, from smooth segments to 
portions featuring several horst and graben structures, has been mapped us-
ing bathymetry data. These features may impact the size and types of earth-
quakes possible along the margin, as suggested by Tanioka et al. [1997]. In 
regions of smooth, sedimented seafloor to the northern part of Honshu, large 
underthrust earthquakes such as the 1968 Mw = 8.2 Tokachi-Oki and 1994  
Mw = 7.7 Sanriku events are typical. In regions of rough plate subducting, 
smaller earthquakes occur, along with more unusual events such as the 1896 
tsunami earthquake. 

Java
Within the Java subduction zone, sonar data show seamounts on the incoming 
plate as well as entering the subduction zone at the Java trench [Masson et al., 
1990]. A Mw = 7.8 earthquake in 1994 occurred in this region, with principal slip 
located primarily in the region of a previously identified subducted seamount 
[Abercrombie et al., 2001] (fig. 5.3). In general, this subduction zone does not 
produce many large underthrusting events, so Abercrombie et al. [2001] suggest 
that most of the Java subduction zone is weakly coupled except in the areas 
of subducted seamounts. These seamounts provide higher coupling with the 
overriding plate and are locations for the large earthquakes and high slip in 
this region.
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Figure 5.3  �Examples of documented earthquake slip distributions impacted by subduct-
ing features. Bathymetry data are from the National Geophysical Data Center 
(http://www.ndgc.noaa.gov/mgg/bathymetry). The 1996 underthrust earth-
quake (star represents epicenter) in Peru had high slip (patches outlined in red) 
in the region of Nazca Ridge subduction as well as along the southern flank of 
the ridge [Spence et al., 1999]. The dashed lines represent the likely location 
of previously subducted Nazca Ridge [Spence et al., 1999]. Along the Nankai 
Trough, previously subducted seamounts (purple) and ridges have been im-
aged in the areas of the 1944 and 1946 great earthquakes. Kodaira et al. [2000] 
suggests that main seismogenic rupture for the 1946 propagated westward from 
the epicenter, stopping at the subducted seamount, with slow tsunamigenic 
slip southwest of the seamount. Using the pattern of the high slip for the 1994 
earthquake, Kodaira et al. [2003] suggests a previously subducted Zenisu Ridge 
type feature prevented further NE directed rupture from the 1944 great earth-
quake. Along the Java subduction zone (bottom), Abercrombie et al. [2001] find 
high slip for the 1994 underthrust earthquake, one of the few large underthrust 
earthquakes in this region, collocated with a previously subducted seamount, as 
defined by the high spot in the bathymetry data.



132	 The Incoming Plate

Alaska-Aleutians
Bathymetry data from the eastern Aleutians show several seamount groups 
seaward of the Alaska-Aleutian Trench [Estabrook et al., 1994]. Previously sub-
ducted seamounts, similar to the seamount groups currently observed such as 
the Gulf of Alaska seamounts, may be responsible for several earthquakes of 
M ~ 7 that repeat with almost identical depths, source radii, and focal mecha-
nisms [Estabrook et al., 1994]. Within the western Aleutians, earthquake cata-
logs do not contain many of these repeating-type earthquakes with similar 
source parameters, and corresponding bathymetry data do not show many 
seamounts on the subducting plate in this area. 

Tonga	
Seamounts in the Tonga-Kermedec subduction zone have been observed in sat-
ellite gravity data as well as bathymetry surveys [Balance et al., 1989; Chapel and 
Small, 1996]. Within the Tonga Trench, several of these seamounts also corre-
spond with locations of large underthrusting earthquakes. An Mw ~ 8.0 earth-
quake occurred in 1919 in the region of the Capricorn seamounts [Pacheco and 
Sykes, 1992]. In the region of the subducting Louisville Ridge, an Mw = 7.5 earth-
quake occurred in 1982 [Christensen and Lay, 1988]. Scholz and Small [1997] use 
these earthquakes and corresponding subducting features in the context of their 
model of seamount subduction, suggesting increases in normal stress and local 
seismic coupling in the areas where large bathymetric features are subducted.

Peru-Chile	
Along the Peru-Chile margin, several large features, such as Nazca and Carn-
egie Ridges, are subducted. The 1996 Mw 8.0 Peru earthquake occurred in the 
region of the subducting Nazca Ridge. The earthquake source model produced 
by Spence et al. [1999] shows patches of high slip collocated with ridge subduc-
tion, as well as high slip to the southeastern side of the projected subducted 
ridge (fig. 5.3). Spence et al. [1999] suggest that the subducted ridge provides 
increased coupling in this region and that the 1942 Mw ~ 8 earthquake was also 
likely related to the subduction of the Nazca Ridge. Gutscher et al. [1999] uses a 
large historical earthquake database in conjunction with detailed bathymetry 
data and projections of continued ridge subduction to suggest the Carnegie 
Ridge significantly affects seismic coupling. They find unlike the Nazca Ridge, 
great earthquakes occur on the flanks of the subducted ridge, not within the 
ridge-upper plate contact area.

Nankai	
Using detailed bathymetric and seismic data, Park et al. [1999] and Kodaira et al. 
[2000, 2003] have imaged seamounts and ridges impacting the Nankai subduc-
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tion zone (fig. 5.3). Observations of a subducting seamount in the rupture area 
of the great 1946 Nankaido earthquake have been related to seismic coupling 
variations. Analysis using seismic data suggests a smaller rupture area than 
geodetic data analysis, with the westernmost edge of the seismic area estimate 
abutting the subducted seamount [Kodaira et al., 2000]. Geodetic estimates sug-
gest additional rupture to the southwest of this seamount, leading to the idea 
that the subducted seamount increased local coupling enough to stop seismo-
genic rupture propagation to the southwest; however, slow slip was accom-
modated on an accretionary wedge splay fault southwest of the subducted 
seamount [Kato and Ando, 1997; Kodaira et al., 2000]. To the east of the 1946 
earthquake slip region, seismic reflection data show a feature at depth simi-
lar in size and likely origin to the present-day Zenisu Ridge. This subducted 
ridge is located in the area of rupture termination for the great 1944 Tonankai 
earthquake [Kodaira et al., 2003]. Given the correlation between subducted fea-
ture locations and rupture termination for great earthquakes in this subduc-
tion zone, many have suggested that these features act as barriers rather than 
rupture asperities at least in these earthquakes [Kodaira et al., 2000; 2003]. It is 
unknown whether their role will change over several earthquake cycles. 

Costa Rica		
Along the Middle America Trench offshore Costa Rica, detailed bathymetry 
data show considerable diversity in high-relief features on the subducting Co-
cos plate. Large earthquakes have occurred along this complex margin and 
show evidence for rupture diversity that has been linked to the diverse sub-
ducting features. Because of the quality of data and ability to show connec-
tions between several earthquakes and subducting features, the next few sec-
tions detail the structures and seismicity of this region.

Costa Rica Tectonic Structures  The Cocos plate offshore Costa Rica can be 
divided into several domains on the basis of morphologic features, as seen in 
detailed bathymetry data from Ranero et al. [2003] (fig. 5.4). Near the Nicoya 
Peninsula, the oceanic crust is smooth with a 500 m thick sediment blanket 
covering the plate [von Huene et al., 2000]. Offshore central Costa Rica, between 
the Nicoya and Osa peninsulas, the seafloor is disrupted by the Quepos Plateau 
and many seamounts. Approximately 40% of the oceanic crust offshore central 
Costa Rica is covered by seamounts that range in size between 1–2.5 km high 
and 10–20 km wide [Ranero and von Huene, 2000]. The ~200 – 300 km wide Cocos 
Ridge, an area of thickened oceanic crust and elevated seafloor [Walther, 2003; 
Kolarsky et al., 1995], subducts to the southeast offshore the Osa Peninsula. This 
highly heterogeneous feature is likely a trace of the Galapagos hot spot as the 
Cocos plate passed over the hot spot during the Miocene [Barckhausen et al., 
2001]. These features create diversity in the overriding plate deformation with 
increased local relief in regions where these features are subducting [Gardner 
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et al., 1992; von Huene et al., 1995; Fisher et al., 1998; Dominquez et al., 1998; von 
Huene et al., 2000].

Relationship to Costa Rica Earthquakes  These subducting features have 
been correlated with large historical earthquakes along the margin. Protti et al. 
[1995a] note that the largest underthrusting earthquakes with magnitude ≥ 7.5 
have historically occurred only along the Nicoya Peninsula, where they infer 
the smooth subducted seafloor creates strong seismic coupling to act as a sin-

Figure 5.4  �Bathymetric features and seismicity in the Middle America Trench offshore 
Costa Rica. Bathymetry data are from Ranero et al. [2003]. There is significant 
diversity in the subducting Cocos plate features, with the Fisher seamounts (FS), 
Quepos Plateau (QP), and Cocos Ridge (CR) subducting along this part of the 
margin. Large earthquakes in 1990, 1999, and 1983 (gray shaded areas show 
rupture areas for each earthquake) have occurred downdip of these subducting 
features. Figure 5.6 compares source time functions and rupture areas of these 
earthquakes with the size of subducting features, with feature size estimated in 
cross-section profiles (along the red lines).
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gle large asperity. However, GPS data from Norabuena et al. [2004] show a more 
patchy distribution of locking. Other large thrust events (Ms up to 7.4) occur 
in southern Costa Rica where subduction of the buoyant Cocos Ridge creates 
moderate plate coupling. Earthquakes with maximum magnitudes of only  
M < 7.0 characterize the central Costa Rica region where isolated seamounts 
are subducted. von Huene et al. [2000] suggest that seamounts associated with 
the Fisher Seamount Chain near the southern tip of Nicoya are related to large 
earthquakes (Ms = 6.4   – 7.0) in the region. As there is no evidence for sheared 
off seamounts along the slope region, von Huene et al. [2000] propose that the 
seamounts enter the seismogenic zone and act as asperities for future earth-
quakes. Shallow, smaller-magnitude seismicity is more common in regions of 
seamount and disrupted crust subduction than in the smoother region sub-
ducting off northern Costa Rica. 

During the 1980s and 1990s, three large (Mw ≥ 6.9) earthquakes occurred 
within the different morphological domains in central Costa Rica (fig. 5.4). 
These earthquakes, well recorded with modern seismic instruments, provide 
an opportunity to go beyond correlating only the locations of large earthquakes 
and seafloor features to also examining possible influence of variable seafloor 
topography on earthquake rupture behavior. The Mw = 6.9 underthrusting 
earthquake in 1999 occurred northwest of the Osa Peninsula in the area of 
seamount and Quepos Plateau subduction. The other earthquakes occurred 
in the vicinity of the Fisher Seamount Chain (1990 Mw = 7.0) and near the Osa 
Peninsula and Cocos Ridge (1983 Mw = 7.4).

	Source time functions for these earthquakes show variations in moment 
release patterns. For the 1999 Quepos earthquake, Bilek et al. [2003] use a vari-
ety of methods and data sets, producing consistent source models using both 
surface- and body-wave inversions. Most of the seismic moment was released 
in one main event (event 1), with minor moment release occurring in later, 
smaller subevents within the first 10 s, as shown in the source time function in 
figure 5.5. The time function overall is very simple, suggesting a simple rup-
ture for this earthquake. Figure 5.5 also shows the locations of the subevents 
on the fault plane; the moment was concentrated spatially, with some rupture 
propagating to the southeast with a direction of ~100° (going from subevent  
1 to subevent 2). 

	The 1990 Mw = 7.0 Nicoya Gulf earthquake had slightly more complexity 
in the rupture history compared to the 1999 Quepos earthquake. Protti et al. 
[1995b] describe two large subevents of moment release between 18 and 24 km 
depth (fig. 5.6). Aftershock patterns suggest an initial rupture area of ≤600 km2 
[Protti et al., 1995b]. 

	The 1983 Osa earthquake (Mw = 7.4) was one of the largest underthrusting 
earthquakes to occur in the Osa Peninsula region, with others occurring in 
1904 (Ms = 7.6) and 1941 (Ms = 7.5) [Tajima and Kikuchi, 1995]. Body-wave analy-
ses of the 1983 earthquake consistently show a more complicated rupture pro-
cess than either the 1990 and 1999 events with longer source duration, more 
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complexity in the source time function, and possible mechanism variations 
along strike [Adamek et al., 1987; Tajima and Kikuchi, 1995].

Bathymetric data offshore Costa Rica allow for comparisons between bathy-
metric feature size with rupture areas of these large earthquakes (fig. 5.6). Cross 
sections through these features provide estimates of feature size that are com-

Figure 5.5  �Determination of source time function and locations of main moment release 
for the 1999 Quepos earthquake, modified from Bilek et al. [2003]. This analysis 
involved inverting body-wave seismograms to find the best spatial and tempo-
ral distribution of moment release using the method of Kikuchi and Kanamori 
[1986]. (a) The source time function shows the majority of moment release  
occurred in the first large pulse, with minor moment release in pulses 2 and 3, 
during 10 s of rupture. (b) Pulses of moment release seen in the source time 
function are located on the two-dimensional (2-D) fault plane, oriented along 
strike (313°). The main pulses of moment release are fairly concentrated  
spatially, with minor rupture toward the southeast (going from 1 to 2).  
(c) Representative seismograms (black) used in the inversion, with station  
name and azimuth from the earthquake listed, as well as the predicted  
seismograms (red) for the best inversion model.
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Figure 5.6  �Comparison of Costa Rica earthquake rupture details with subducting features. 
For the 1990 Nicoya earthquake, two main pulses of moment release in the 
source time function suggest the rupture of 2 closely spaced asperities. Early 
aftershock patterns suggest a rupture area of ~600 km2. Seamounts in the Fisher 
Seamount Group range in size between ~300 and 400 km2. As the earthquake 
source details are comparable to the sizes of the subducting seamounts, Protti et 
al. [1995b] and Bilek et al. [2003] suggest that the 1990 earthquake was the rup-
ture of seamount contacts with the upper plate. The 1999 Quepos earthquake 
had 1–2 main pulses of moment release in the source time function and an af-
tershock region of ~400 km2, which can be explained by rupture of a portion of 
the Quepos Plateau [Bilek et al., 2003]. The source time function for the 1983 
earthquake contains more complexity than either the 1990 or 1999 events. On 
the basis of its location and rupture details from Tajima and Kikuchi [1995], this 
earthquake ruptured much of the along-strike extent of the Cocos Ridge, likely 
causing the complexity seen in the rupture process.
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parable to the size of earthquake rupture area. Projecting the Quepos Plateau 
section of subducting crust along the plate motion vector intersects the loca-
tion of the 1999 Quepos earthquake, suggesting that the earthquake slip may 
represent the rupture of specific plateau contact zones with the overriding 
plate. This scenario can explain the concentrated and simple nature of moment 
release for this earthquake. Figure 5.6 shows two cross sections through the 
Quepos Plateau area (QP1 and QP2 lines in fig. 5.4). Several of the subducting 
features in this region have dimensions of 12  – 25 km along the dip direction (as 
represented in the cross section across one of these features) and comparable 
dimensions in the strike dimension (150  –  400 km2 in area), including several 
high patches of the Quepos Plateau and large seamounts to the northwest of 
the Quepos Plateau. The aftershock region (~400 km2) does not extend beyond 
the along-strike width of the Quepos Plateau (fig. 5.7). Bilek et al. [2003] and 
DeShon et al. [2003] suggest that the Quepos Plateau served as the rupture as-
perity for the 1999 earthquake.

	In the region of the 1990 Nicoya Gulf earthquake, the Fisher seamounts 
are clearly seen in the bathymetry data and are subducting at the southern end 
of the Nicoya Peninsula, seaward of the location of the 1990 earthquake. Indi-
vidual seamounts within the chain can reach ~300  –  400 km2, while small sea-
mount pairs have composite area of ~200 – 250 km2 [von Huene et al., 2000]. On 
the basis of the bathymetry data and the rupture process determined for this 
event, Protti et al. [1995b] suggest that the 1990 earthquake represents the rup-
ture of seamount contacts with the overriding plate. Rupture of more than one 
seamount within the seamount chain could produce the separate subevents of 
moment release determined for the 1990 Nicoya Gulf event. 

	Additional support for subducted seamounts at depth in the region comes 
from regional geology as well as seismic tomography images produced for this 
region. Seamounts at depth would likely produce some fore-arc uplift. Mar-
shall and Anderson [1995] and Gardner et al. [2001] use radiocarbon dating of ter-
races and rotation in southeastern Nicoya to estimate ~400 km2 of uplift at the 
tip of the peninsula. Husen et al. [2002] use data from over 3700 earthquakes to 
tomographically image a thick feature on the slab at approximately the same 
location and depth of the 1990 earthquake. They suggest the imaged feature 
is the subducted seamount that served as the asperity for the 1990 earthquake 
rupture. 

The complex 1983 earthquake occurred to the southeast near the highly 
disturbed crust containing the Cocos Ridge. The broad arch of the ridge has 
topography of ~1 km high where it enters the Middle America Trench with 
variable sediment thickness along the ridge [von Huene et al., 2000; Walther, 
2003]. Comparing the locations of moment release obtained by Tajima and Ki-
kuchi [1995] with regional bathymetry in the south suggests that this earth-
quake ruptured both of the elevated features (between CR1 and CR2) on the 
high area of the Cocos Ridge along with additional rupture propagation to the 
SE (fig. 5.4). The high subducted relief and sediment thickness in the area of 
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the 1983 rupture led to the more complicated rupture behavior of this event  
(fig. 5.6) [Bilek et al., 2003]. On the basis of these correlations between earth-
quake patterns and subducted features, it seems likely that earthquake mag-
nitudes along the Costa Rica margin may be controlled by feature size, an im-
portant consideration for hazard assessments.

Discussion
Temporal Variability of Asperities
An important question connected with determining the physical or geologic 
nature of asperities is that of consistency of these features over several earth-
quake cycles. Some evidence suggests that these features are consistent over 

Figure 5.7  �Aftershocks for the 1999  
Quepos earthquake as 
recorded by a temporary 
onshore-offshore seismic 
network (triangles) [DeShon 
et al., 2003]. The large star 
and box indicate the locations 
of the main two subevents 
of moment release for the 
1999 event. Small circles are 
aftershock locations, col-
ored by time after the main 
earthquake. The top panel 
shows that the earliest (first 
2 months) aftershocks are 
spread between the areas of 
main moment release but do 
not extend much beyond the 
projected lateral extent of the 
Quepos Plateau. The bottom 
panel shows the final month 
of aftershock recording, 
when seismicity appears to be 
mainly located on what may 
be the flanks of the previously 
subducted Quepos Ridge.
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at least relatively short timescales. For instance, GPS data in a few subduction 
zones suggest that rupture zone patches of high slip during past large earth-
quakes currently accumulate more strain than adjacent regions that did not 
produce high slip. This appears to be the case for central and southern Japan 
[Sagiya, 1999; Sagiya et al., 2000] as well as in the region of the 1964 great Alaska 
earthquake [Freymueller et al., 2000, Zweck et al., 2002]. In Costa Rica, part of 
the rupture area of the 1950 M 7.7 earthquake is also locked and accumulating 
strain at close to the plate rate [Norabuena et al., 2004].

	Seismic data collected offshore NE Japan also suggest temporal stability of 
asperities as defined by small earthquakes. Using 8 years of data, Matsuzawa 
et al. [2002] and Igarashi et al. [2003] locate several clusters of repeating small 
magnitude (M ~ 4.8) earthquakes with similar focal mechanisms along the 
plate boundary. They suggest that these earthquakes are due to repeating slips 
of small asperities (on the order of 0.1 – 1 km) surrounded by regions of stable 
sliding. They find that these small earthquakes are not collocated with regions 
of high moment release during large earthquakes but in areas surrounding the 
high moment release zones. This model suggests that several different sized 
strong regions exist in the region but that the smaller strong regions persist 
over at least short time periods. Okada et al. [2003] compare rupture areas of 
small earthquakes in NE Japan occurring in 1995 and 2001, finding significant 
overlap that supports a persistent asperity hypothesis. This would be consis-
tent with repeating small earthquakes and persistent small asperities observed 
for strike slip faults such as the San Andreas fault [Nadeau and Johnson, 1998]. 

Using this idea of consistent asperities within the fault zone over some 
timescale, variations in earthquakes along the western margin of Costa Rica 
can be used to make assessments of the coupling and earthquake recurrence 
possibilities for this region. Protti et al. [1995a] and Nishenko [1991] segment 
the margin on the basis of magnitudes of previous earthquakes and inferred 
seismic coupling. In terms of the earthquakes described in the previous sec-
tion, the 1999 earthquake is an example of the typical central segment event, 
whereas the more complicated 1983 earthquake is a typical Osa segment event. 
Size and location of earthquakes in the Quepos segment are likely limited by 
the number and size of incoming seamount and Quepos Plateau features, al-
though heterogeneous coupling allows for the rupture of one or two closely 
spaced seamount features but does not continue beyond these features. The 
Nicoya and Osa segments experience more frequent large earthquakes be-
cause of smoother plate subduction (Nicoya) or continued subduction of the 
Cocos Ridge (Osa). 

However, recurrence of large earthquakes in several subduction zones 
suggests that temporal persistence of asperities is complicated. Schwartz [1999] 
compares high-slip regions for recent subduction zone that occurred in regions 
of past large earthquakes for which slip information is available. In some re-
gions, large earthquake slip for recent events is collocated with high slip in 
past events (i.e., Kuriles and Aleutian earthquakes). However, high slip for 
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earthquakes in NE Japan and the Solomon Islands filled areas of low slip in 
previous earthquakes. This suggests that simple geometric or material varia-
tions in the subduction zones may not be solely responsible for controlling slip 
heterogeneity. 

Subducted Features as Asperities and Barriers
Correlations between subducting features and high slip during earthquakes 
are complicated, as it appears that features can act as either asperities or bar-
riers to rupture (fig. 5.8). Additionally, this behavior may not be consistent 
over many earthquake cycles, possibly related to variable strength of asperi-
ties. Observations from Nankai suggest these features, once subducted, act as 
barriers to seismic rupture at least through one earthquake cycle [Kodaira et al., 
2000]. In Costa Rica, Java, and other areas, it appears that these features are the 
locations of high earthquake slip. The roles of the subducted seamounts might 
depend on the degree of seismic coupling in each region such that weakly 
coupled margins might have seamounts that only act as asperities, while sea-
mounts in strongly coupled margins could act as either. Variations in stresses 
or friction might allow for the role of seamounts to change over the seismic 

Figure 5.8  �Cartoon of the shallow subduction environment. Asperity distribution (gray) 
may be very heterogeneous at depth based on the diversity of features, such as 
seamounts, horst, and graben structures, on the incoming plate. Between the 
asperity or high-strength regions, weaker material (dotted regions) may limit 
earthquake rupture. This cartoon shows the possibility of a subducted seamount 
being a location for earthquake rupture, as suggested for Costa Rica, Java, and 
Alaska. However, other factors may be important, such as the relative strength  
of the upper plate material and frictional variations on the plate interface.  
In addition, regions such as Nankai appear to have different behavior, with 
earthquakes beginning away from but terminating at previously subducted  
high-relief features.
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cycle or several cycles and may impact regions such as Nankai, Costa Rica, 
and Java. Further identification of subducted features and determination of 
their roles in regional seismicity is needed to address this question.

Conclusions
Heterogeneous slip is found in earthquakes of all tectonic environments, al-
lowing for these patterns to be broadly defined with models of heterogeneous 
asperity distribution along faults. As shallow subduction zones produce much 
of the global seismicity, understanding the nature of the strong patches and 
heterogeneous slip patterns for subduction-zone earthquakes is an important 
endeavor as it may provide insight into seismic hazards. The physical nature 
of the strong patches on subduction-zone megathrust faults may range from 
fault-friction variations, strength of adjacent fore-arc material, and various 
structural features on the subducting plate, as correlations have been made be-
tween earthquake behavior and all of these possibilities. However, more work 
is needed in several areas, such as increased mapping of subducting features in 
all subduction zones, better knowledge of frictional properties of subduction 
fault zone materials, and understanding of subduction-zone stress patterns, 
before a complete understanding of the interaction between subduction-zone 
features and large earthquakes is achieved. 
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