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Surface cracks record long-term seismic segmentation of the
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ABSTRACT

Understanding the long-term patterns of great earthquake rupture along a subduction zone
provides a framework for assessing modern seismic hazard. However, evidence that can be
used to infer the size and location of past earthquakes is typically erased by erosion after a few
thousand years. Meter-scale cracks that cut the surface of coastal areas in northern Chile and
southern Peru preserve a record of earthquakes spanning several hundred thousand years
owing to the hyperarid climate of the region. These cracks have been observed to form dur-
ing and/or shortly after strong subduction earthquakes, are preserved for long time periods
throughout the Atacama Desert, demonstrate evidence for multiple episodes of reactivation,
and show changes in orientation over spatial scales similar to the size of earthquake segments.
Our observations and models show that crack orientations are consistent with dynamic and
static stress fields generated by recent earthquakes. While localized structural and topo-
graphic processes influence some cracks, the strong preferred orientation over large regions
indicates that cracks are primarily formed by plate boundary-scale stresses, namely repeated
earthquakes. We invert the crack-based strain data for slip along the well-known Iquique seis-
mic gap segment of the margin and find consistency with gravity anomaly-based inferences
of long-term earthquake slip patterns, as well as the magnitude and location of the November
2007 Tocopilla earthquake. We suggest that the meter-scale cracks can be used to map charac-
teristic earthquake rupture segments that persist over many seismic cycles, which encourages
future study of cracks and other small-scale structures to better constrain the persistence of

asperities in other arid, tectonically active regions.

INTRODUCTION

The characteristic earthquake model of
seismic recurrence suggests that a given fault
segment ruptures repeatedly in earthquakes of
similar magnitude and areal extent (Schwartz
and Coppersmith, 1984). While some histori-
cal (Comte and Pardo, 1991) and paleoseismic
(Sieh, 1996) records support this model, it is
unclear whether these seismic segments are
truly long-lived, because geologic indicators
of distinct earthquakes usually persist for only
a few thousand years (up to ~10 events). To
assess the longevity of the segmented nature of
seismicity, we require data that reflect defor-
mation caused by hundreds to thousands of
repeated earthquakes.

Arrays of meter-scale surface cracks that pen-
etrate coastal regions of the northern Chile and
southern Peru forearc provide insight into the
long-term nature of great earthquakes (magni-
tude 8 and larger) along the plate boundary. We
use 2.5-m-resolution satellite imagery available
in Google Earth to map concentrations of cracks
throughout the Andean forearc between 17.5°S
and 23.5°S (Fig. 1); examination of regions out-
side these latitudinal bounds yields only sparse
examples of cracking, likely due to slightly
wetter climatic conditions (Ewing et al., 2006)
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and presence of unconsolidated sediment (Rech
et al., 2003), both of which inhibit crack preser-
vation. We complement the remote sensing with
field observations at several localities (Loveless,
2008; Loveless et al., 2005) and, because cracks
throughout the study area are morphologically
similar, we generalize our field results to regions
we have not visited. In general, crack clusters
show preferred orientations that vary on spatial
scales similar to great earthquake rupture areas.
Between 19°S and 23°S, the estimated latitudi-
nal bounds of the great 1877 Iquique earthquake
(Comte and Pardo, 1991), mean length-weighted
crack strike rotates from NW to N-NE. At sev-
eral localities, including east of the Mejillones
Peninsula (23°S), there are populations of cracks
showing a bimodal distribution in strike, with
one set striking NE and the other NW (Fig. 1).
Cracks near Ilo, Peru, strike at a high angle to
the coastline and plate boundary, approximately
parallel to the direction of plate convergence.
Hyperaridity in the region, which has persisted
for at least the past 6 m.y. (Hartley and Chong,
2002), if not since before 16-18 Ma (Dunai
et al., 2005; Rech et al., 2006), allows for long-
term preservation of the cracks. The gypsum-
indurated soil that covers much of the coastal
region between elevations of 300 and 1200 m
(Rech et al., 2003) provides a durable surface
crust that further enhances crack preservation.
Our field observations reveal crack apertures
ranging from tens of centimeters to >1 m; these

cracks can be mapped using the imagery, but we
cannot comprehensively define their apertures.
Although many cracks are preserved in the
gypsum-indurated crust (Fig. 1, inset), there are
numerous fissures penetrating as much as 12 m
into bedrock. We interpret the numerous layers
of gypsum plated vertically onto crack walls as
an indication of repeated episodes of sealing and
reopening. The rate of gypsum accumulation is
unknown, limiting the information thatit can pro-
vide about the age of cracks. However, based on
cosmogenic dating of the geomorphic surfaces
into which the cracks cut and morphologically
similar neotectonic structures (Gonzélez et al.,
2006), we propose that the cracks represent
deformation as old as several hundred thousand
years, encompassing thousands of ~100 yr inter-
plate earthquake cycles (Loveless et al., 2005).
Local structural, topographic, and/or geo-
morphic effects and stresses related to earth-
quakes within the subducting slab (Marquardt
et al., 2006) influence the formation of some
cracks. In particular, some cracks strike paral-
lel to crustal faults (Gonzalez et al., 2008) and
drainages (Keefer and Moseley, 2004), indicat-
ing that preexisting linear features can affect
crack strike. However, the large-scale patterns
of strike change (Fig. 1) and the fact that cracks
were generated by the 1995 M, 8.1 Antofagasta,
Chile (Gonzalez and Carrizo, 2003), and 2001
M, 8.5 Arequipa, Peru, events (Keefer and
Moseley, 2004) indicate that interplate earth-
quakes are the principal driver of formation.
Mode 1 cracks, which, based on the paucity of
observed lateral offset, we infer most cracks to
be (Loveless et al., 2005), open in the direction
of least compressional principal stress (6,) and
therefore strike parallel to the most compres-
sional direction (o,) (Pollard and Segall, 1987).
By constructing a regional map of crack strikes,
we effectively map the orientations of the prin-
cipal stress axes responsible for their formation.
The stress field produced by a subduction zone
earthquake varies as a function of the slip distri-
bution on the fault, with 6, axes varying from
nearly parallel to the fault slip vector around the
center of the rupture zone to oblique to the slip
direction near the rupture terminations (Fig. 2).

MODELING COSEISMIC
STRESS FIELDS

In order to explore the relationships between
the mode 1 surface cracks and plate bound-
ary earthquakes, we calculate the coseismic
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Figure 1. Map of northern
Chile and southern Peru
forearc regions. Ovals
indicate approximate rup-
ture areas of most recent
earthquakes on four seg-
ments of the plate bound-
ary; large dots represent
inferred epicenters. Rose
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principal deviatoric stress fields related to great
earthquakes on four segments of the Andean
margin: the 2001 Arequipa, 1868 M ~8.5
southern Peru, 1877 M ~8.5 Iquique, Chile,
and 1995 Antofagasta events (rupture areas
shown in Fig. 1; for a detailed discussion, see
the GSA Data Repository'). We use published
solutions for slip distributions of the 1995
(Pritchard et al., 2006) and 2001 (Pritchard
et al., 2007) events and approximations of the
historical earthquake slip patterns (Comte and
Pardo, 1991). Figures DR1-DR4 illustrate the
relationships between the forward models of
coseismic static stress fields and the permanent
strain demonstrated by the surface cracks.

In general, there is good agreement between
the observed mean strikes of cracks and the
orientation of modeled o, axes. In the case
of the bimodal strike crack populations east
of the Mejillones Peninsula, we find that the

!GSA Data Repository item 2009006, supple-
mentary text (describing bimodal statistics, and
forward and inverse modeling parameters), Figures
DRI-DR7 (results of static and dynamic earth-
quake models), and Tables DR1-DR3 (crack popu-
lation statistics, earthquake parameters, and inverse
model permutations), is available online at www.
geosociety.org/pubs/ft2009.htm, or on request from
editing @ geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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NW-striking cracks are consistent with the
NE-SW-directed G, axes induced by events on
the Antofagasta segment (Fig. DR1), while the
NE-striking cracks are opened by the NW-SE—
trending G, axes related to seismicity on the
Iquique segment (Fig. DR2). Similarly, the
bimodal crack clusters in northernmost Chile
are affected by stress related to earthquakes on
the Iquique and southern Peru segments of the
margin (Figs. DR2 and DR3).

The rotation of mean crack strike from N-NE
to NW from south to north along the length of
the Iquique segment (Fig. 1) agrees with the
stress field predicted by the forward models
(Figs. 2 and DR2). The cracks mapped near
the city of Ilo, Peru, are near the center of the
estimated rupture zone of the 1868 earthquake
and strike nearly perpendicular to the G, orien-
tation predicted by the 1868 model, indicating
that these cracks are minimally affected by the
static stress caused by earthquakes on this seg-
ment, on which the great 1604 earthquake also
occurred (Comte and Pardo, 1991). The mapped
cracks are suggested to have formed either dur-
ing or shortly after the 2001 Arequipa earth-
quake (Keefer and Moseley, 2004). En echelon
map patterns of these cracks suggest accom-
modation of W-SW—directed left-lateral shear
in addition to opening, consistent with the kine-
matics reported for nearby faults (Audin et al.,

2008). This indicates that the cracks near Ilo are
mixed mode (1 and 2), and thus we expect that
o, for the stress field that created them should be
oblique to the crack strike, as predicted by our
model of the 2001 event (Fig. DR4).

INVERTING CRACK DATA FOR
PALEOSEISMIC SLIP

Studies of historical seismicity have relied
on qualitative written records of sustained dam-
age (Comte and Pardo, 1991) to estimate event
magnitude and location. Given the agreement
between predicted stress fields and observed
crack strikes, we propose that cracks can pro-
vide quantitative constraints on the slip distribu-
tion of paleo-earthquakes. Because the inferred
rupture limit of the 1877 earthquake encom-
passes 16 of the 17 cracked regions, we use the
cracks to invert for plausible slip distributions
related to that event, or a sum of events occur-
ring on the segment. In doing so, we make the
assumption that cracks used to constrain the slip
pattern open exclusively due to coseismic stress
earthquakes on this segment, plus a contribution
from regional stress (see the Data Repository).

The mean residual angle between the
observed crack strikes and those predicted by
our preferred inversion is 8.2° (Fig. 3). While
the solution for coseismic slip is nonunique (see
the Data Repository), several robust features are

GEOLOGY, January 2009



Figure 2. Schematic relationship between
subduction zone earthquake rupture area
(offshore ellipse with bold arrows denoting
coseismic slip vector) and principal stress
exerted at surface. Gray arrows show ¢,
axes, which are approximately parallel to
slip vector near center of rupture segment,
opening cracks (narrow white ovals) that
strike in perpendicular direction, parallel to
o, direction (black axes). Near rupture termi-
nations, cracks strike oblique to earthquake
slip vector.

notable. The greatest resolved slip is concen-
trated ~35 km deep offshore Iquique (20.25°S),
consistent with the depth of maximum slip
during the 1995 earthquake and ~1° north of
the epicenter of the 1877 earthquake inferred
from historical data (Comte and Pardo, 1991).
Smaller loci of moment release are located near
22.5°S and 23.5°S. The distance between slip
patches suggests that they may represent sepa-
rate earthquakes or widely spaced asperities
that rupture during a single event. Because of
the lack of temporal information contained in
the data set, the crack-based strain field cannot
distinguish a single earthquake with a hetero-
geneous slip distribution from several smaller
events. Based on aftershocks mapped by the
U.S. Geological Survey, the November 2007
M,, 7.7 Tocopilla earthquake ruptured the mar-
gin between ~22°S and 23°S (Fig. 3), indicat-
ing that it broke a portion of the plate boundary
on which little Iquique event slip is predicted
by the inversion. This suggests that much of the
segment ruptures during truly great earthquakes
such as that of 1877, but the portions remaining
unbroken slip in smaller events.
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Figure 3. Preferred inverse model of the 1877
lquique earthquake, shown as 1 m interval
contour lines of coseismic slip. Slip distri-
bution was calculated by inverting (Maerten
et al., 2005) strain field represented by popu-
lations of surface cracks for slip on the sub-
duction interface. Mean crack strike at each
mapped locality is shown by red bar, and
calculated o, orientation at same location is
indicated by blue bar; mean residual angle
between observed and predicted crack strike
is 8.2°. Contours are overlain on trench-
parallel gravity anomaly (TPGA) constructed
for Iquique segment. Region of greatest
resolved slip for Iquique event coincides
with strongly negative TPGA, consistent with
recent studies (Llenos and McGuire, 2007;
Song and Simons, 2003; Wells et al., 2003).
Approximate rupture area of November 2002
M,, 7.7 Tocopilla earthquake is shown as
dashed rectangle, based on information from
the U.S. Geological Survey.

DISCUSSION

Recent studies (Llenos and McGuire, 2007;
Song and Simons, 2003; Wells et al., 2003) have
found a correlation between negative forearc
trench-parallel gravity anomalies and zones of
large-magnitude slip during strong subduction
zone earthquakes. We construct a trench-parallel
gravity anomaly (Sandwell and Smith, 1997
Song and Simons, 2003) field for the Iquique
segment to compare with the slip distribution
resolved from our inversion of the crack-based
strain data (Fig. 3). The region in which resolved
slip is greatest coincides with an area of strongly
negative trench-parallel gravity anomalies. The

lack of resolved slip at shallow depths south of
21°S and occurrence of the smaller Tocopilla
earthquake near 22°S are consistent with the
prevalence of positive trench-parallel gravity
anomalies, which predict slip of lower magni-
tude during the characteristic Iquique event. The
forearc gravity field is not a transient property,
thus both the gravity field and our inversion of
geological data place constraints on long-term
patterns of great earthquake slip.

In addition to the static stresses, dynamic
stresses associated with the passage of seis-
mic waves can cause cracking of the surface
(Dalguer et al., 2003). We calculate the tem-
poral evolution of stress induced at the surface
by the 1995 and 2001 earthquakes and find that
stress axes calculated from static dislocation
models are reasonably similar in orientation
to the dynamic principal stresses (Fig. DR7).
This indicates that our regional-scale map-
ping of cracks places constraints on the extent
and distribution of slip associated with plate
boundary earthquakes, regardless of whether
static or dynamic stress is the primary driver of
crack evolution. The method used to calculate
dynamic stress (Cotton and Coutant, 1997) does
not take into account changes in material prop-
erties such as the presence of existing faults and
lithologic heterogeneity that may localize defor-
mation. We suggest that dynamic stressing is
responsible for the formation of the cracks near
Antofagasta, which formed in poorly consoli-
dated sediments parallel to a nearby NE-striking
fault scarp during the 1995 event (Gonzélez and
Carrizo, 2003) and may have been affected by
the soil characteristics and fault structure.

We suggest that great earthquakes along the
northern Chile and southern Peru margin repeat-
edly rupture areas several hundred kilometers
in length in quasi-characteristic earthquakes.
If the location of segment boundaries varied
substantially on hundred thousand year time
scales, we would expect cracks to show a range
of strikes rather than one or two preferred ori-
entations, or a greater frequency of lateral off-
set. Historic records show that not all segments
completely rerupture in single earthquakes but
may sometimes break in several smaller events
(Kanamori and McNally, 1982). However, our
models of earthquake slip and crack forma-
tion indicate that on a regional scale, the stress
field is more sensitive to the extent of slip than
details of its distribution (Fig. DR6). This sug-
gests that earthquakes on a given segment of the
plate boundary may vary in their slip distribu-
tion, but the accumulated strain exhibited by
surface cracks implies that the dimensions and
boundaries of characteristic earthquake rupture
remain relatively constant.

The existence of long-lived earthquake seg-
ments has several implications. Knowledge
of segment dimensions and boundary loca-
tions is important for determining earthquake
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recurrence intervals and thus assessing seismic
hazard. Numerous explanations for the seg-
mented nature of subduction zone earthquakes
have been proposed, including topographic fea-
tures on the slab, interaction with upper plate
faults (Audin et al., 2008), and changes in upper
plate structure, and our suggestion that segments
are long-lived and can be mapped by surface
features will provide important constraints on
these hypotheses. Finally, surface cracks have
been observed to form coseismically in numer-
ous tectonic settings, including along strike-slip
faults on the Tibetan Plateau (Bhat et al., 2007)
and in the Middle East (Fielding et al., 2005),
and our work motivates large-scale mapping
of these features using high-resolution global
imagery, such as that available from Google
Earth, to determine whether long-lived seismic
segmentation exists in these and other areas.

ACKNOWLEDGMENTS

This research is supported by National Science
Foundation grants EAR-0337496 (Allmendinger)
and EAR-0738507 (Allmendinger and Pritchard),
and a National Aeronautics and Space Administra-
tion graduate research fellowship (NNG-04-GQ-94-H
to Loveless). Several figures were plotted using the
Generic Mapping Tools (Wessel and Smith, 1991). We
thank G. Hilley and D. Keefer for careful reviews, and
B. Meade and F. Maerten for helpful discussion.

REFERENCES CITED

Audin, L., Lacan, P., Tavera, H., and Bondoux, F,,
2008, Upper plate deformation and seismic
barrier in front of Nazca subduction zone:
The Chololo fault system and active tec-
tonics along the Coastal Cordillera, southern
Peru: Tectonophysics (in press), doi: 10.1016/
j-tecto.2007.11.070.

Bhat, H., Dmowska, R., King, G.C.P., Klinger, Y.,
and Rice, J.R., 2007, Off-fault damage patterns
due to supershear ruptures with application
to the 2001 M, 8.1 Kokoxili (Kunlun) Tibet
earthquake: Journal of Geophysical Research,
v. 112, B06301, doi: 10.1029/2006JB004425.

Comte, D., and Pardo, M., 1991, Reappraisal of great
historical earthquakes in the northern Chile and
southern Peru seismic gaps: Natural Hazards,
v. 4, p. 23-44, doi: 10.1007/BF00126557.

Cotton, F., and Coutant, O., 1997, Dynamic stress
variations due to shear faults in a plane-layered
medium: Geophysical Journal International,
v. 128, p. 676-688, doi: 10.1111/j.1365-246X.
1997.tb05328 .x.

Dalguer, L.A., Irikura, K., and Riera, J.D., 2003,
Simulation of tensile crack generation by
three-dimensional dynamic shear rupture prop-
agation during an earthquake: Journal of Geo-
physical Research, v. 108, no. B3, 2144, doi:
10.1029/2001JB001738.

Dunai, T.J., Gonzélez L., G.A., and Juez-Larré, J.,
2005, Oligocene—Miocene age of aridity in the
Atacama Desert revealed by exposure dating
of erosion-sensitive landforms: Geology, v. 33,
p. 321-324, doi: 10.1130/G21184.1.

26

Ewing, S., Sutter, B., Owen, J., Nishiizumi, K., Sharp,
W., Cliff, S.S., Perry, K., Dietrich, W., McKay,
C.P.,, and Amundson, R., 2006, A threshold in
soil formation at Earth’s arid-hyperarid transi-
tion: Geochimica et Cosmochimica Acta, v. 70,
p. 5293-5322, doi: 10.1016/j.gca.2006.08.020.

Fielding, E.J., Talebian, M., Rosen, P.A., Nazari, H.,
Jackson, J.A., Ghorashi, M., and Walker, R.,
2005, Surface rupture and building damage of
the 2003 Bam, Iran earthquake mapped by sat-
ellite synthetic aperture radar interferometric
correlation: Journal of Geophysical Research,
v. 110, B03302, doi: 10.1029/2004JB003299.

Gonzdlez, G., and Carrizo, D., 2003, Segmentacion,
cinemitica y chronologfa relativa de la defor-
macién tardia de la Falla Salar del Carmen,
Sistema de Fallas Atacama, (23°40°S), norte
de Chile: Revista Geoldgica de Chile, v. 30,
p. 223-244.

Gonzdlez, G., Dunai, T., Carrizo, D., and Allmendinger,
R., 2006, Young displacements on the
Atacama Fault System, northern Chile from
field observations and cosmogenic *'Ne con-
centrations: Tectonics, v. 25, TC3006, doi:
10.1029/2005TC001846.

Gonzilez, G., Gerbault, M., Martinod, J., Cembrano,
J., Carrizo, D., Allmendinger, R., and Espina,
J., 2008, Crack formation on top of propagat-
ing reverse faults of the Chuculay Fault Sys-
tem, northern Chile: Insights from field data
and numerical modelling: Journal of Struc-
tural Geology, v. 30, p. 791-808, doi: 10.1016/
j-Jsg.2008.02.008.

Hartley, A.J., and Chong, G., 2002, Late Pliocene
age for the Atacama Desert: Implications for
the desertification of western South America:
Geology, v. 30, p. 43-46, doi: 10.1130/0091—
7613(2002)030<0043:LPAFTA>2.0.CO;2.

Kanamori, H., and McNally, K., 1982, Variable rup-
ture mode of the subduction zone along the
Ecuador-Columbia coast: Seismological Soci-
ety of America Bulletin, v. 72, p. 1241-1253.

Keefer, D.K., and Moseley, M.E., 2004, Southern
Peru desert shattered by the great 2001 earth-
quake: Implications for paleoseismic and
paleo-El Nifio—Southern Oscillation records:
National Academy of Sciences Proceed-
ings, v. 101, p. 10878-10883, doi: 10.1073/
pnas.0404320101.

Llenos, A.L., and McGuire, J.J., 2007, Influence
of fore-arc structure on the extent of great
subduction zone earthquakes: Journal of
Geophysical Research, v. 112, B09301, doi:
10.1029/2007JB004944.

Loveless, J.P., 2008, Extensional tectonics in a con-
vergent margin setting: Deformation of the
northern Chilean forearc [Ph.D. thesis]: Ithaca,
New York, Cornell University, 311 p.

Loveless, J.P., Hoke, G.D., Allmendinger, R.W.,
Gonzilez, G., Isacks, B.L., and Carrizo, D.A.,
2005, Pervasive cracking of the northern Chil-
ean Coastal Cordillera: New evidence for
forearc extension: Geology, v. 33, p. 973-976,
doi: 10.1130/G22004.1.

Maerten, F., Resor, P., Pollard, D.D., and Maerten, L.,
2005, Inverting for slip on three-dimensional
fault surfaces using angular dislocations: Seis-
mological Society of America Bulletin, v. 95,
p. 1654-1665, doi: 10.1785/0120030181.

Marquardt, C., Naranjo, J.A., and Lavenu, A., 2006,
Efectos geoldgicos del sismo del 13 de junio
2005, Region de Tarapacd: Antofagasta, Chile,
XI Congreso Geol6gico Chileno, Volume 2,
p. 435-438.

Pollard, D.D., and Segall, P., 1987, Theoretical dis-
placements and stresses near fractures in rock:
With applications to faults, joints, veins, dikes,
and solution surface, in Atkinson, B.K., ed.,
Fracture mechanics of rock: London, Aca-
demic Press, p. 277-349.

Pritchard, M.E., Ji, C., and Simons, M., 2006, Dis-
tribution of slip from 11 M, >6 earthquakes in
the northern Chile subduction zone: Journal of
Geophysical Research, v. 111, B10302, doi:
10.1029/2005JB004013.

Pritchard, M.E., Norabuena, E.O., Ji, C., Boroschek,
R., Comte, D., Simons, M., Dixon, T., and
Rosen, P.A., 2007, Geodetic, teleseismic, and
strong motion constraints on slip from recent
southern Peru subduction zone earthquakes:
Journal of Geophysical Research, v. 112,
B03307, doi: 10.1029/2006JB004294.

Rech, J.A., Quade, J., and Hart, W.S., 2003, Isotopic
evidence for the source of Ca and S in soil
gypsum, anhydrite and calcite in the Atacama
Desert, Chile: Geochimica et Cosmochimica
Acta, v. 67, p. 575-586, doi: 10.1016/S0016—
7037(02)01175-4.

Rech, J.A., Currie, B.S., Michalski, G., and Cowan,
A.M., 2006, Neogene climate change and uplift
in the Atacama Desert, Chile: Geology, v. 34,
p. 761-764, doi: 10.1130/G22444.1.

Sandwell, D.T., and Smith, W.H.E., 1997, Marine
gravity anomaly from Geosat and ERS 1
satellite altimetry: Journal of Geophysi-
cal Research, v. 102, p. 10,039-10,054, doi:
10.1029/96JB03223.

Schwartz, D.P, and Coppersmith, K.J., 1984,
Fault behavior and characteristic earth-
quakes: Examples from the Wasatch and San
Andreas fault zones: Journal of Geophysical
Research, v. 89, p. 5681-5698, doi: 10.1029/
JB089iB0O7p05681.

Sieh, K., 1996, The repetition of large-earthquake
ruptures: National Academy of Sciences Pro-
ceedings, v. 93, p. 3764-3771, doi: 10.1073/
pnas.93.9.3764.

Song, T.-R.A., and Simons, M., 2003, Large trench-
parallel gravity variations predict seismogenic
behavior in subduction zones: Science, v. 301,
p. 630-633, doi: 10.1126/science.1085557.

Wells, R.E., Blakely, R.J., Sugiyama, Y., Scholl,
D.W., and Dinterman, P.A., 2003, Basin-
centered asperities in great subduction zone
earthquakes: A link between slip, subsidence,
and subduction erosion?: Journal of Geo-
physical Research, v. 108, 2507, doi: 10.1029/
2002JB002072.

Wessel, P., and Smith, W.H.E., 1991, Free software
helps map and display data: Eos (Trans-
actions, American Geophysical Union), v. 72,
p. 445-446.

Manuscript received 19 May 2008
Revised manuscript received 5 September 2008

Manuscript accepted 9 September 2008

Printed in USA

GEOLOGY, January 2009



