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[1] Global positioning system (GPS) time series in Guerrero (Mexico) reveal the
existence of large slow slip events (SSEs) at the boundary between the Cocos and North
American plates. In this study, we examined the last three SSEs that occurred in
2001/2002, 2006 and 2009/2010, and their impact on the strain accumulation along the
Guerrero subduction margin. GPS displacements were inverted to retrieve the slip
distribution during each SSE and the inter-SSE coupling of the subduction interface. The
three analyzed SSEs have equivalent moment magnitudes of between 7.50 and 7.65,
their lateral extents are variable, and they all show significant slip in the Guerrero
seismic gap. During the inter-SSE epochs, the interplate coupling is high in the area
where slow slip subsequently occurs. In the Guerrero gap, the shallow portion of the plate
interface from the trench to the coast is weakly coupled. The average slip deficit
accumulated in the Guerrero gap over a period of 12 years, which corresponds to three
cycles of SSE, is only 1/4 of the slip deficit accumulated on both sides of the gap. Moreover,
the regions of large slip deficit coincide with the rupture areas of recent large earthquakes.
We conclude that the SSEs in the Guerrero gap release a significant part of the strain
accumulated during the inter-SSE period. If large subduction thrust earthquakes occur in the
Guerrero gap, their recurrence time is probably increased compared to adjacent regions.

Citation: Radiguet, M., F. Cotton, M. Vergnolle, M. Campillo, A. Walpersdorf, N. Cotte, and V. Kostoglodov (2012), Slow slip
events and strain accumulation in the Guerrero gap, Mexico, J. Geophys. Res., 117, B04305, doi:10.1029/2011JB008801.

1. Introduction

[2] Convergence in subduction zone margins is accom-
modated through various processes that complement each
other in space and time. At depths greater than about 40 km,
relatively continuous aseismic creep occurs, and at shallower
depths, both seismic and aseismic slip can occur. Seismic
slip in megathrust earthquakes generates the most damaging
effects, but several forms of aseismic slip also occur in
subduction zone margins, which account for a significant
part of the elastic strain release. In the months to years fol-
lowing an earthquake, postseismic deformation comple-
ments the coseismic slip and accounts for a significant part
of the total moment release [e.g., Heki et al., 1997; Hsu
et al., 2006; Perfettini et al., 2010]. Transient aseismic slip
that occurs without any apparent relationship to an earth-
quake has also been detected in several subduction zones
[e.g., Schwartz and Rokosky, 2007], and this is referred to

as silent earthquakes, or slow slip events (SSEs). SSEs have
durations from days to years, and can occur periodically. To
date, most studies have shown that the slip during SSEs
occurs downdip of the so-called seismogenic section of the
fault, in the transition zone between the stick-slip and steady
slip. Nevertheless, a few studies have suggested that the
slow slip can occur upward, in the shallow part of the sub-
duction interface [e.g., LaBonte et al., 2009], or potentially
intrudes into the assumed seismogenic zone [e.g., Sagiya,
2004; Kostoglodov et al., 2003; Larson et al., 2004]. The
depth of SSEs can vary, however, depending on the width of
the seismogenic zone [Wallace and Beavan, 2010]. Most of
these results on the location of slow slip are still not very
well constrained, and additional data are necessary to better
resolve whether repeating SSEs and seismogenic zones are
mutually exclusive on the plate interface. It is crucial to
understand how seismic and aseismic slip complement each
other in subduction zones. To achieve this, the precise
location of slip during SSEs, and its relations with inter-
seismic coupling and seismicity are of critical importance to
evaluate the impact of SSEs on the settings of large sub-
duction earthquakes.
[3] In the present study, we examined the SSEs that have

occurred in the Guerrero gap, along the Pacific coast of
Mexico, and their impact on the thrust earthquake potential
of this region. The Guerrero seismic gap is a �200 km
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segment of the Cocos-North American plate boundary
between 99.2�W and 101.2�W. It can be divided into the
northwestern Guerrero gap, with the presumed highest
seismic potential [Kostoglodov et al., 1996], and the south-
eastern Guerrero gap, which coincides with the rupture of
the 1957 and 1962 earthquakes [Ortiz et al., 2000]. No large
subduction earthquake has occurred in the northwestern
Guerrero gap since at least 1911 (with the location of the
1911 remaining uncertain [Figueroa, 1970; L. Rivera, per-
sonal communication, 2011]). This region has experienced
only relatively small earthquakes since 1962. It has been
estimated that if the entire gap ruptured in a single earth-
quake, it would reach a magnitude of Mw 8.1–8.4 [Suárez
et al., 1990]. Such an event would be devastating for nearby
cities in the state of Guerrero, as well as for Mexico City. In
this study, the term Guerrero gap, as shown in Figure 1, refers
to the northwestern Guerrero gap (between 100�W and
101.2�W).
[4] Continuous global positioning system (GPS) record-

ings in this region have revealed the occurrence of large
SSEs, with an approximated recurrence period of 4 years
[e.g., Cotte et al., 2009; Vergnolle et al., 2010]. The last

three events occurred in 2001/2002, 2006 and 2009/2010,
and they were recorded by nine or more continuous GPS
stations. These SSEs produced surface displacements of up
to 5–6 cm. The estimated equivalent moment magnitudes
were around 7.5 (see Kostoglodov et al. [2003], Larson et al.
[2004], and Yoshioka et al. [2004] for the 2001/2002 SSE;
Larson et al. [2007] and Radiguet et al. [2011] for the 2006
SSE; and Walpersdorf et al. [2011] for the 2009/2010 SSE).
Several studies have also analyzed the inter-SSE GPS dis-
placements [e.g., Yoshioka et al., 2004; Larson et al., 2004].
In the present study, we performed the first consistent
modeling of all of the continuously observed SSEs (2001/
2002, 2006, and 2009/2010), as well as the inter-SSEs dis-
placements. These results are significant for two reasons:
(1) they allows us to compare the characteristics of the slip
for the last three SSEs; and (2) they allow us to evaluate the
slip budget on the Guerrero gap since the 2001/2002 SSE,
and thus to evaluate the impact of slow slip on the hazard
level in this region over a period of 12 yr (approximate time
for three cycles of inter-SSE/SSE). Considering the uncer-
tainties that exist for the geometry of the subduction inter-
face in this region, we performed our analysis for two

Figure 1. Seismotectonic map and GPS station locations (black triangles). Blue arrows, the direction and
amplitude of the relative plate motions (in cm/yr) between the Cocos and North American plate [DeMets
et al., 2010]. Cyan patches, major earthquakes rupture zones, with their years of occurrence. Thin gray
lines, the isodepth contours (in km) of the subducted oceanic slab (modified from Pardo and Suarez
[1995] using the geometry proposed by Pérez-Campos et al. [2008]). Thick dashed gray line, Middle
American Trench (MAT). Thick continuous gray lines, fracture zones. The location of the northwest
Guerrero gap (G.Gap) is shown in red.

RADIGUET ET AL.: SLOW SLIP EVENTS IN THE GUERRERO GAP B04305B04305

2 of 13



different plate interface models. We can thus test the sensi-
tivity of our results with respect to the subduction geometry.

2. Data and Methods

2.1. Processing of the GPS Data

[5] Continuous GPS displacements are recorded by the
Mexican permanent GPS networks that are maintained by the
Universidad Nacional Autónoma de México (UNAM), with
the Instituto de Geofisica (IGF) and the Servicio Sismológico
Nacional (SSN). The number of GPS stations doubled
between 2000 and 2010 (see Table 1 for details). In 2002,
9 GPS stations recorded the SSE in and around the Guerrero
gap. In 2006 and 2009/2010, 15 and 16 GPS stations
recorded the events, respectively. The stations are located
mainly along the coast and on a transect perpendicular to the
trench, between Acapulco and the north of Mexico city.
[6] The Mexican continuous GPS data, were com-

plemented by data from global IGS (International GNSS
Service) stations, and were processed following the com-
monly used approach of many tectonic studies over the past
decade, to derive daily position time series with the GAMIT-
GLOBK software (version 10.4) [Herring et al., 2006].
Particular emphasis was put on the use of up-to-date mod-
eling of the environmental effects on the GPS measure-
ments. We refer the reader to Vergnolle et al. [2010] and
Walpersdorf et al. [2011] for a complete description of the
data analysis procedure. The solution is expressed in the
North American plate reference frame. The mean north, east
and vertical weighted root mean squares averaged over all of
the reference stations per component (from 30 to 60 refer-
ence stations distributed worldwide from 1997 to 2010, with
an averaged of 52) are about 2.8, 3.2 and 11.4 mm respec-
tively which attests that the reference frame realization is
robust. The resulting 1997–2010 GPS position time series in
Guerrero referenced to the fixed North American plate are

shown in Figures 2, S1, and S2 for the north, east and ver-
tical components, respectively.1

2.2. Estimation of the Displacement Rate During
Inter-SSE Periods and the Displacements During SSEs

[7] During the periods between consecutive SSEs, the
GPS time series show practically linear trends that corre-
spond to constant strain rates. We evaluated the inter-SSE
velocities for all of the inter-SSE periods (approximately
1998.5–2001.5, 2003–2006, 2007.5–2009) with respect to
the North American plate reference frame. The precise dates
used in the calculations vary from one station to the other
because the SSE duration depends on the station location
(from 5 to 15 months, depending on the SSE and on the
station location [see Vergnolle et al., 2010; Walpersdorf
et al., 2011]). For most stations, the displacement rates
estimated over the different inter-SSE periods are very sim-
ilar (within the 95% confidence level; Figure S3). For a few
stations, the differences are larger. This might have two ori-
gins: (1) it might reflect the existence of small transients
[Vergnolle et al., 2010] and variations in the coupling ratio
with time or (2) it might arise from different quality of the
GPS data, which would result in less precise evaluations of
the displacement rates. For each station and each component,
the mean inter-SSE displacement rate is the weighted average
of the inter-SSE displacement rates for all of the available
time periods (see Figure S3 for the rates corresponding to
each time period). The weighting corresponds to the amount
of data available in each period. Hence, the periods with large
data gaps are down-weighted with respect to the other peri-
ods in the evaluation of the mean rate. This mean inter-SSE
displacement rate is shown as gray bars in Figure S3. This
value is an approximation of a constant inter-SSE displace-
ment rate, which averages out possible small transients. The
associated errors are twice the standard deviations (2-sigmas)
of the time series during the inter-SSE periods.
[8] In the present study, we considered three major SSEs

that occurred in 2001–2002, 2006 and 2009–2010, and the
possible small transients between these major events are
averaged out in the evaluation of the inter-SSE velocities.
The surface displacements during the SSEs were evaluated
as the deviation from the linear inter-SSE loading. We thus
removed the linear inter-SSE displacement rate from each
time series, and then calculated the cumulative displacement
for each SSE as the difference between the two successive
zero-slope portion of the GPS time series (before and after
each SSE). The errors associated with the displacements
during the SSEs were calculated as the quadratic sum of the
standard deviations (2-sigmas) of the zero-slope portion of
the GPS time series before and after the SSE.

2.3. Geometry of the Interface

[9] The geometry of the subduction interface in Guerrero
has been analyzed in many studies, which have used seis-
micity [Suárez et al., 1990; Singh and Pardo, 1993; Pardo
and Suarez, 1995; Pacheco and Singh, 2010], seismicity
and gravity [Kostoglodov et al., 1996], and more recently,
receiver function analysis [Pérez-Campos et al., 2008; Kim
et al., 2010]. All of these studies have shown that the

Table 1. GPS Stations Used in the Present Studya

Station Name Date First Record Date Last Record

ACAP 12/11/1998 01/08/2010
ACYA 11/01/2004 06/10/2010
CAYA 09/01/1997 04/03/2011
COYU 24/03/2003 14/12/2010
CPDP 30/05/2003 21/03/2011
DEMA 17/10/2003 27/11/2008
DOAR 22/03/2003 12/01/2011
HUAT 11/07/2000 24/09/2010
IGUA 06/06/2000 01/03/2011
LAZA 01/01/2007 05/10/2010
MEZC 09/09/2004 31/01/2011
OAXA 01/03/2001 06/10/2010
PINO 10/07/2000 15/04/2010
POSW 01/01/1997 29/06/2003
TCPN 19/07/2009 23/11/2010
UNIP 09/12/2005 10/05/2011
YAIG 03/03/1999 10/05/2010
ZIHP 07/07/2000 22/01/2011

aThe dates of first and last records are given for each station. Nine
stations recorded the 2001/2002 SSE, 15 recorded the 2006 SSE and 16
recorded the 2009/2010 SSE (station TCPN did not record the beginning
of the event). All of the stations are used the for inter-SSEs displacement
estimations.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JB008801.
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subduction interface is dipping at a shallow angle, and
becomes subhorizontal at 100 km to 150 km from the trench.
For the shallower portion of the slab, the estimated depth of
the slab below the coast varies from � 10 km to � 25 km.

The three principal geometries published and used in mod-
eling are shown in Figure 3. Using one or another geometry
for the modeling of slip during SSEs can lead to different
conclusions about the updip slip limit, and bring confusion

Figure 2. North position time series with respect to the North American plate reference frame for stations
(left) along the coast and (right) perpendicular to the coast. Only stations located in the region of Guerrero
are presented (stations POSW and TCPN are not shown because their time series are very short). Dashed
lines, linear displacements predicted by the slip deficit model for 12 yr presented in Figure 9. Colors
depend on the station locations: red for coastal stations located into the gap, blue for coast stations located
on the sides of the gap, and green for inland stations.

Figure 3. Geometries of the fault planes used in the present study, along a profile perpendicular to the
trench (profile located below the line of inland GPS stations, from Acapulco (ACAP) to Mexico city).
Red curves, geometry A; blue curve; geometry B; gray curves, principal geometries proposed in recent
studies. Black triangles, GPS stations located on the profile. The distance from the GPS site ACAP to
the Middle American Trench is 66 km. Vertical exaggeration by a factor of 2.
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to the debate as to whether or not the slow slip intrudes into
the seismogenic zone in Guerrero. On this basis, we decided
to test two different geometries, and to see whether or not
our results are sensitive to the selected geometry (Figure 3).
[10] The receiver function profile [Pérez-Campos et al.,

2008; Kim et al., 2010] is better able to resolve the geome-
try than the hypocenter location [Pacheco and Singh, 2010]
50 km to 150 km from the coast (i.e. the ACAP station, see
Figure 3), because very few inter-plate earthquakes have
been recorded in that region. Hence, our first criterion was to
fit the characteristics of the flat slab from the receiver func-
tion studies. The two geometries are thus similar 80 km to
210 km from the coast. Important uncertainties remain for
the geometry of the shallower portion of the interface.
Depending on the dataset used to constrain this interface, as
the hypocenter location alone [Pacheco and Singh, 2010] or
when coupled to gravity data [Kostoglodov et al., 1996], the
depth of the interface can vary from 10 km to 25 km, below
the coast in particular. We decided to fit both data sets as
well as possible, considering our first constraint on the flat
slab. Geometry A (Figure 3, red curve) is close to that of
Kostoglodov et al. [1996], and is composed of three seg-
ments of varying dip angle. Geometry B (Figure 3, blue
curve) is close to that of Pacheco and Singh [2010]. It is
composed of only two segments, and thus reduces the
potential biases in the modeling induced by a sudden change
in the dip angle.
[11] The modeled subduction interfaces have the same

extent along dip (perpendicular to the trench) of 250 km.
The extent along strike (parallel to the coast) varies from one
SSE to another, and depends on the observed surface dis-
placements in the southeast of the study area (see section 3
and Figure 3). The along strike extent of the modeled
geometry is thus 468 km for the 2006 and 2009/2010 SSEs,
and 542 km for the 2001–2002 SSE and the analysis of the
inter-SSE coupling. The fault plane is divided into subfaults
of dimensions 12.5 km � 13 km.

2.4. Inversion Methods

[12] The same inversion procedure was used to analyze
each SSE and the inter-SSE displacement rates separately.
The inversion scheme is similar to that of Radiguet et al.
[2011]. For each SSE, all three components of the surface
displacements d were inverted to infer the slip distribution
on the subduction interface (m, the vector of model para-
meters). For the inter-SSE period, the inter-SSE velocities
(d) were inverted to find the slip deficit m on the subduction
interface (equivalent to the back-slip in the dislocation
model [e.g., Savage, 1983]). The Green functions G were
calculated for a layered elastic half space, assuming the
layered crustal model used by Hernandez et al. [2001].
Following the least-squares formulation of Tarantola [2005]
for linear problems, the cost function S(m) is:

S mð Þ ¼ 1

2
Gm� dð ÞtC�1

d Gm� dð Þ þ m� m0ð ÞtC�1
m m� m0ð Þ� �

;

and the model expectation m is:

m ¼ m0 þ CmG
t GCmG

t þ Cdð Þ�1 d � Gm0ð Þ;

where m0 is the starting model, and Cd is a diagonal matrix
of the variances (sd

2) of the data uncertainties. The a-priori
model covariance matrix Cm was used to introduce correla-
tion between nearby parameters: i.e. for spatial smoothing. A
decreasing exponential function [Radiguet et al., 2011] was
used to introduce the correlation between nearby parameters.
The correlation length, which defines the degree of smooth-
ing, was selected using the best compromise between the slip
roughness and a low misfit to the data (Figure S4). We
selected the same correlation length of 50 km for all of the
inversions. The inversions were performed for a fixed rake,
avoiding any increase in the number of parameters to invert.
For the inversion of each dataset, we selected the rake that
produced the lowest misfit (see Figure S5). We, however,
used the same rake for both geometries, so that the differ-
ences in the inversion results are only due to the geometries.
The inversion rake of 90� (pure thrust) is the most appropriate
for the 2006 SSE modeling, a rake of 95� for the 2001/2002
SSE, and a rake of 100� for the 2009/2010 SSE and inter-SSE
modelings. The pure thrust corresponds to surface displace-
ments in the direction 22�N, and the rake of 100� to surface
displacement in directions between 31.4�N and 32.1�N
(depending on the dip angle of the subduction interface).
These last directions are almost parallel to the direction of the
plate convergence.

3. Characteristics of the Last Three SSEs

[13] Figure 4 shows the cumulative GPS displacements for
each SSE. The 2001/2002 SSE generated the largest surface
displacements (6.6 cm of horizontal displacement at station
CAYA). It also had the largest along-strike extent along the
coast, as it affected station ZIHP in the western limit of the
gap, as well as stations PINO and OAXA east of the gap
(Figure 1). The 2006 SSE was limited to a smaller area; it
did not affect stations ZIHP, PINO or OAXA, but produced
GPS displacements almost as large as the 2001/2002 SSE in
the gap region (6.1 cm of horizontal displacement at
CAYA). The 2009/2010 SSE produced smaller surface dis-
placements in the gap area (only 4.3 cm at CAYA), but
extended in the western limit of the gap, producing impor-
tant displacement at station ZIHP.
[14] Inversion results (Figure 5) confirm these differences

in lateral extent between the SSEs. The slip is always
dominant in the Guerrero gap, with mean slip values from
7.7 cm to 9.4 cm (Table 2), although its lateral extent varies
from one event to another. The equivalent moment magni-
tude is different for each SSE (see Table 2), which reflects
changes in the lateral extent and the slip values. The slip
distributions using geometry A or geometry B are very sim-
ilar, although there are some small variations in the slip
values (see Table 2).
[15] To better constrain the extent of slow slip towards the

surface, we tested the up-dip limit of slow slip during each
event by analyzing models in which the slip was suppressed
in the upper part of the fault (Figure S6). Regardless of the
geometry used, no slip is needed to fit the data in the first
four lines of subfaults. The misfit starts to increase when the
slip is suppressed in the fifth line, which corresponds to slip
approximately below the coast. The depth at which the
misfit becomes larger than two standard deviations varies

RADIGUET ET AL.: SLOW SLIP EVENTS IN THE GUERRERO GAP B04305B04305

5 of 13



Figure 4. Vectors of the cumulative GPS displacements for each SSE.(left) Horizontal displacements.
Black vectors, the data; red vectors, the model. (right) Vertical displacements. Thick black vertical bars,
the data; red vertical bars, the model. Black circles and rectangles, errors at 95% confidence level. The
modeled surface displacements correspond to the slip distributions shown in Figure 5 for the geometry
B. Black triangles, GPS station locations. Thick dashed gray line, Middle American Trench (MAT). Thick
continuous gray lines, fracture zones. The location of the northwest Guerrero gap (G.Gap) is shown in red.
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from � 20 km for geometry A, to 25 km–28 km for geom-
etry B. A detailed analysis of the misfit for each individual
stations is shown in Figure S7. The coastal GPS stations in
the gap (Figure S7, red curves) are more sensitive to the

updip slip limit than stations that border the gap (Figure S7,
black and gray curves). The only exception is the high misfit
at station ZIHP for the 2009/2010 SSE. These results sug-
gest that shallower slip is required to fit the data in the

Figure 5. Slip distributions for the last three slow slip events: (top) 2001/2002, (middle) 2006, and
(bottom) 2009/2010. (left) Geometry A. (right) Geometry B. The correlation length for each inversion
is l = 50 km. Thin black lines, location of the cross-section in Figure 6. Thin dashed black lines,
changes in the dip of the model subduction plane. The slip contour lines have 4 cm of slip spacing (from
2 cm to 18 cm). Black triangles, GPS station locations. Thick dashed gray line, Middle American Trench
(MAT). Thick continuous gray lines, fracture zones. The location of the northwest Guerrero gap (G.Gap)
is shown in red.
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Guerrero gap. This shallow slip in the gap area is constrained
by the large vertical displacements at the stations CAYA and
COYU (about twice as large as the displacements at stations
ACAP, ACYA, and CPDP, see Figure 4), which cannot be
fitted with the slip located too far inland (Figure S7). Station
ZIHP recorded large vertical displacements during the 2009/
2010 SSE which suggests that the slip was shallower for this
event. These results show that the SSEs are quite shallow in
the gap area, with an updip slip limit of around 15–20 km
(considering the uncertainties for the slab location), and that
the slow slip extending outside the gap occurs deeper.
[16] The downdip extend of the slow slip appears to extend

further inland for the 2001/2002 than for the 2006 and 2009/
2010 SSEs (� 200 vs� 150 km from the coast, see Figure 6).
This is probably just an artifact due to an increase in the
resolution (Figure S8) through the installation of two new
GPS stations between the coastal stations and station IGUA
located � 180 km inland. These stations (MEZC and LAZA,
� 125 and � 80 km from the coast, respectively) provide an
additional constraint on the downdip slip extent, and show a
downdip slip limit located� 150 km inland from the coast, at
a depth of 40 km. To test the impact of the station density
increase from 1998 to 2011 on the inversion results, we
performed inversion for each SSE using only the data from
the common stations (i.e. 8 stations). The slip distributions
(Figure S9) obtained for the 2006 and 2009–2010 SSEs are
smoother than those obtained using all of the available data.
Moreover, the slip extends further towards the north, which is

consistent with the lower constraint imposed one the north
part of the fault plane (only one station versus two or three
using all of the data available). Differences in the slip
amplitude and location for the 3 SSEs are still visible using
this homogeneous dataset.
[17] The comparison of the inversion results using geom-

etries A and B reveals that the solution is very similar for
these two geometries. For the two geometries tested, the slip
is located at the same distance from the coast, although at
different depths. In the Guerrero gap region, both geometries
require slip at 10 km from the coast, which corresponds to
depths of 15 km (geometry A) and 20 km (geometry B). We
conclude that the shallow slow slip in the Guerrero gap area
is a robust feature that does not depend on the geometry
used. Considering all this, we only show the results using the
simpler geometry B; the results for geometry A can be found
in the auxiliary material (Figures S11 and S12).

4. Inter-transient Coupling

[18] The GPS displacements between the SSEs are inver-
ted to infer the slip deficit on the subduction interface. This
corresponds to the back-slip modeling approach proposed by
Savage [1983]. The interplate coupling (here, the inter-SSE
coupling) is the ratio of the slip deficit rate over the con-
vergence rate. The convergence rate is obtained from the
PVEL (Pacific VELocity estimates) model of DeMets et al.
[2010]. This model is more accurate than the NUVEL-1A
[DeMets et al., 1994] model, and in particular for the Cocos -
North America relative plate motion. In the study area, the
differences in convergence direction and rate are about 3�
and 4 mm/yr, respectively. The convergence direction is
32�N, which is similar to the rake selected for the inversion
of inter-SSE displacements.
[19] Our modeling results for the inter-SSE displacements

show that the coupling ratio is high (>0.7) on the plate
interface at a distance of 10 km to 90 km from the coast
(see Figures 7 and 8). Further inland, in the flat portion of the
slab, the coupling decreases. This decrease might be due to
an increase in temperature [Manea et al., 2004]. The shallow,

Table 2. Characteristics of the Three Analyzed SSEsa

SSE Dates Mw

Mean Slip
(cm)

Slip Area
(104 km2)

Mw in the
Gap

Mean Slip in
the Gap (cm)

2001/2002 7.65 (7.66) 6.2 11.94 (11.90) 7.34 9.4 (9.3)
2006 7.49 (7.51) 5.7 6.43 (6.87) 7.24 (7.25) 7.7 (7.9)
2009/2010 7.53 (7.54) 6.3 (6.4) 6.66 (6.55) 7.24 9.2 (8.6)

aValues in parentheses are for geometry B, if they are different from
geometry A. A threshold of 1 cm of slip is considered for the calculation
of the slip area and the mean slip.

Figure 6. Cross-section of the slip distribution for the last three SSEs, located perpendicular to the trench
in the Guerrero gap (see Figure 5). (left) Geometry A. (right) Geometry B.
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presumably seismogenic segment of the interplate contact
(�40 km to 10 km from the coast) reveals discrepancies
between the Guerrero gap region, where the coupling is very
low (<0.2) (see Figure 8, cross-section 1), and the western
end of the gap, below station ZIHP, where the shallow cou-
pling is > 0.5 (Figure 8, cross-section 2). This significant
shallow coupling in the western part of the gap is only con-
strained by one station, but appears to be in agreement with
the location of relatively frequent large subduction thrust
earthquakes. The rupture zones of these recent large earth-
quakes west of the Guerrero gap (the 1943 M7.7, 1979 M7.6,
1985 M7.6 Petelan earthquakes, and partially the M 8.1

Michoachan earthquake [Nishenko and Singh, 1987; Ortiz
et al., 2000]), coincide with the region of significant shal-
low coupling. The SSE slip contours in Figure 7 show that
the SSEs occur in a region of high coupling ratio during the
inter-SSE period, and our results do not reveal a strongly
locked subduction interface updip of the area where the
SSEs occur in the region of the Guerrero gap.
[20] To better constrain the lateral variations in the inter-

SSE coupling, we show in Figure S10 the results of some
forwards models (FMs) parameterized with homogeneous
along-strike and dip-dependent coupling coefficients. In the
first forward model (FM1), the selected coupling coefficients

Figure 7. Inter-SSE coupling ratio (geometry B). Areas with insufficient resolution (restitution
index < 0.85, Figure S8) are not represented. (top) Comparison between the observed and modeled
inter-SSE displacement (over one year). (bottom) Comparison of the coupling ratio with rupture areas
of large earthquakes (blue contours, see Figure 1 for details), and with the location of the SSEs (green con-
tours). The SSEs contours represent the cumulative slip during the last three SSEs. Contour lines have
10 cm of slip spacing, the smaller one corresponding to 10 cm. Thin black lines, location of the cross-
sections in Figure 8. Thin dashed black lines, changes in dip of the model subduction plane. Black triangles,
GPS station locations. Thick dashed gray line, Middle American Trench (MAT). Thick continuous gray
lines, fracture zones. The location of the northwest Guerrero gap (G.Gap) is shown in red.
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correspond to the cross-section 1 in Figure 8. The residuals
are small for most of the stations, and thus the data do not
require along-strike variations in the inter-SSE coupling for
the majority of the fault plane. The only station with signif-
icant residual is the station ZIHP. In the second forward
model (FM2), the coupling coefficients correspond to the
cross-section 2 in Figure 8, in which the shallow coupling is
high (>0.6). The residuals are large for all coastal stations,
except for ZIHP, and show that the model overestimates the
northeastward horizontal displacements, and underestimates
the negative vertical displacements. FM2 shows that the
inter-SSE displacements for the coastal stations located in the
Guerrero gap and on the east side of the gap cannot be fitted if
the coupling is high on the shallow portion of the interface.

[21] Most previous studies of coupling on the Guerrero
gap during inter-SSE periods have suggested low coupling
(or no coupling) on the shallow subduction interface (from
the trench to the coast; see Kostoglodov et al. [2003],
Franco et al. [2005], and Vergnolle et al. [2010] for two-
dimensional models and Larson et al. [2004] and Iglesias
et al. [2004] for three-dimensional inversion). Our results
are in agreement with these studies, and suggest that the
updip limit of the coupled zone might be deeper in the
Guerrero gap than on both sides of the gap, where the con-
tours of large earthquakes suggest a shallower limit of the
coupled, seismogenic zone. Our analysis is also consistent
with previous studies, which showed a highly coupled
interface in the region of transient slip in the inter-SSE
period [Larson et al., 2004; Yoshioka et al., 2004].
[22] As the SSEs occurred on a strongly coupled region of

the subduction interface, this suggests that they contribute to
the stress release in the Guerrero gap. In the next section, we
evaluate the amount of slip released by the SSEs in the
Guerrero gap, to provide an idea of the long-term (over tens
of years) slip deficit accumulation in this region.

5. Slip Budget

[23] We compared the slip deficit rates to the slip released
during the SSEs, over a period of 12 yr, which corresponds
to three cycles of SSEs (from 1998.5 to 2010.5). All of the
slip values are projected onto the subduction interface for a
rake of 100�, which corresponds to the direction of plate
convergence. The slip deficit accumulated over a period of
12 yr considering the occurrence of SSEs, is estimated by
the summation of the slow-slip for the three SSEs and the
inter-SSE slip deficit for 12 yr (Figure 9). In the Guerrero
gap, the slip deficit is on average 10 cm for 12 yr, 4 times
smaller than on each side of the gap, where the average slip
deficit is � 40 cm for the same period of time. The rupture

Figure 8. Cross-section of the coupling on the interface,
along the two lines shown in Figure 7. Cross-section 1 is
located in the Guerrero gap, similar to the cross-sections in
Figure 6, and cross-section 2 is located below the ZIHP sta-
tion, west of the Guerrero gap. The crossed white dots repre-
sent subfaults with insufficient resolution (restitution index
< 0.85, Figure S6).

Figure 9. Slip deficit over 12 yr (geometry B). Slip contours of the major earthquakes are in blue. The
slip deficit in the Guerrero gap is in average 1/4 of the slip deficit on both sides of the gap. Black triangles,
GPS station locations. Thick dashed gray line, Middle American Trench (MAT). Thick continuous gray
lines, fracture zones. The location of the northwest Guerrero gap (G.Gap) is shown in red.
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areas of the most recent large earthquakes in the last century
coincide with the areas of significant slip deficit.
[24] About 100 km–150 km landward from the coast, the

slip deficit appears to be negative (i.e. the SSEs released
more strain than was accumulated over the 12 yr period) on
either side of the GPS stations profile normal to the coast-
line. This is likely to be an artifact coming from the linear
distribution of the GPS stations, which tends to concentrate
the slip in the inversion of the inter-SSE displacements
below that line (see Figure 7). The slip deficit is thus prob-
ably overestimated just below the line of GPS stations, and
underestimated on both sides. This does not affect the
results, because our conclusions focus on the lateral varia-
tions of the slip deficit below the coast, where our inversions
are well resolved (see Figure S8).
[25] The displacement rates inferred from the slip deficit

distribution proposed in Figure 9 are shown as dashed lines
in Figure 2 (see also Figures S1 and S2 for east and vertical
components). The model reproduces the average displace-
ments of the GPS time series. This confirms that our
approach of inverting different parts of the signal separately
and summing the results, produces a solution that fits the
original data. The stations located in the center of the
Guerrero gap (CAYA and COYU; Figure 2; red dashed
lines) have smaller displacement rates than stations on either
side of the gap (Figure 2; blue dashed lines). The largest
observed displacement rate is for station ZIHP. This result is
consistent with the idea of less slip deficit in the gap than on
both sides of the gap.
[26] We can thus conclude here that the occurrence of

SSEs in the gap area significantly reduces the accumulation
of slip deficit in this region, the slip deficit in the gap being
only 1/4 of that outside the gap. The match between the
regions of large slip deficit (>40 cm over 12 yr) and the slip
contours of large thrust earthquakes suggests that the Guer-
rero area is a seismic gap because most, but not all, of the
interplate strain is released in SSEs. The next large earth-
quake in the gap will thus probably be delayed compared to
the recurrence time of earthquakes on each side of the gap.
[27] The large, deep slip deficit in the eastern part of the

modeled subduction interface (at 98�W) might be because
we did not include the SSEs beneath the Oaxaca region in
our calculations. These SSEs occurred around 17�N, and
between 96�W and 98�W [Brudzinski et al., 2007; Correa-
Mora et al., 2008, 2009], and they might release some
elastic strain energy in this region.

6. Discussion

6.1. Extension of the Guerrero SSEs and Conditions for
Slow-Slip

[28] The observation of three SSEs that occurred in the
same area gives some insight into the characteristics of these
events. The SSEs show similarities in the slip distribution,
with a maximum slip on the subduction interface of �15 cm
in the Guerrero gap region, although their lateral extents are
seen to vary. Whichever the SSE, the slow slip also appears
to be shallower in the Guerrero gap than on its sides. A
recent study of Song et al. [2009] revealed an ultra-slow
seismic velocity layer at the top of the subducting plate.
SSEs occur only in areas where this ultra-slow velocity layer

is present. This ultra-slow velocity layer might represent a
high pore fluid pressure zone, that promotes the occurrence
of the SSEs under adequate pressure and temperature con-
ditions. Slow-slip phenomena may indeed result from shear
slip on faults near failure, with low confining pressure [Peng
and Gomberg, 2010].

6.2. Seismic Behavior of the Guerrero Gap

[29] Our results reveal the importance of SSEs in the
evaluation of elastic strain accumulation in the Guerrero
subduction segment of the Middle American Trench. Over
the 12 yr of the study, which covers three cycles of SSEs, it
appears that the slip deficit in the Guerrero gap is only 1/4 of
the slip deficit on both sides of the gap. In the inter-SSE
periods, the coupling is almost similar in the Guerrero gap
and on its sides, which means that between SSEs, the slip
deficit accumulation is almost homogeneous all over the
Guerrero subduction segment. This suggests that 3/4 of the
strain accumulated during the inter-SSE periods is released
aseismically in the Guerrero gap, during the SSEs. Our
results are similar for the two plate interface geometries
tested. The moment deficit rate in the gap, which was
obtained by integrating the annual slip deficit over the
northwestern Guerrero gap (from the trench to a depth of
40 km) is 6 ∗ 1018 Nm/yr. If the elastic strain accumulation
observed over the last 12 years was maintained over the last
century, the moment strain accumulated since the last
earthquake in 1911 is about 6 ∗ 1020 Nm, which corresponds
to a moment magnitude of Mw 7.8.
[30] Our modeling has limited resolution, in particular due

to the low density of the GPS stations, their distribution
along two profiles, and the large distances between the
subduction interface and the recording stations at the sur-
face. Thus, we cannot detect small variations in the coupling
ratios, or small heterogeneities in the slip distributions dur-
ing the SSEs. Instead, we image the average behaviors on
the subduction interface.
[31] The release of the remaining slip deficit in the Guer-

rero gap might be achieved by different mechanisms. One
hypothesis is that the observed slip deficit in the gap is in
reality heterogeneous, with areas which remain locked dur-
ing the interseismic periods, and areas which slip aseismi-
cally during transients. The locked patches, which would be
too small to be detected by our network, might rupture into
thrust earthquakes. They might also explain the variation in
the size of the SSEs from one event to another. Our results
however appear to rule out the existence of a very large
asperity in the Guerrero gap. From several observations of
SSEs worldwide, Schwartz and Rokosky [2007] also sug-
gested the existence of transitions from seismic to aseismic
frictional behavior within the seismogenic zone, with
velocity weakening behavior embedded within regions with
velocity strengthening behavior. These mixed-mode fault
slip behavior highlights the complexity of defining the
seismogenic zone [Marone and Richardson, 2010].
[32] Another alternative is that the subduction interface in

the Guerrero gap is conditionally stable. The frictional
behavior might thus depend on the slip rate [Noda and
Lapusta, 2011] which implies that the Guerrero gap can
rupture either seismically or aseismically when one of the
neighboring segments rupture.
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6.3. Comparison Between SSEs in Guerrero and SSEs
in Other Subduction Margins

[33] The SSEs observed in the Guerrero subduction zone
are among the largest observed in the world, with equivalent
moment magnitudes of 7.4 to 7.6, and durations from
6 months to over one year. In this, they are similar to the
long-term SSEs observed in Japan (Tokai and Bungo-
Channel [Hirose and Obara, 2005; Miyazaki et al., 2006])
and in New Zealand (Hikurangi subduction margin [Wallace
and Beavan, 2010]). In the Mexican subduction zone, SSEs
have also been identified in the Oaxaca segment [Brudzinski
et al., 2007; Correa-Mora et al., 2008, 2009], located
southeast of the Guerrero segment. In this region, SSEs are
smaller than in the Guerrero gap, and they are clearly located
downdip of the seismogenic zone, which ruptured in a large
Mw7.6 thrust earthquake in 1978.
[34] In the Guerrero gap, the lack of recent large thrust

earthquakes and the low interseismic coupling in the gap
(revealed by the small slip deficit over the 12 yr of this
study) makes it difficult to define a clear seismogenic zone.
Thus, we cannot evaluate the location of the SSEs with
respect to the seismogenic zone. It is however clear that the
SSEs are relatively shallow, as they occur at depths of
around 15 km to 20 km, and down to 40 km. This is similar
to long-term SSEs in Bungo Channel (Japan), which occur at
shallower depths than short-term SSEs [Hirose and Obara,
2005]. The opposite appears to be true on the Hikurangi
subduction margin (New Zealand), where short-durations
SSEs occur at shallower depths than long-durations SSEs,
although not in the same region of the subduction zone
[Wallace and Beavan, 2010]. SSEs in the Hikurangi sub-
duction margin occur in a portion of the subduction interface
where the inter-SSE coupling is high (�0.7), which is sim-
ilar to our observations in the Guerrero gap. Wallace and
Beavan [2010] suggested that the SSEs recover nearly all
of the elastic strain that accumulates from inter-SSE cou-
pling on the interface in the SSE source regions, and thus the
long-term interseismic coupling in the regions where SSEs
occur is very low. The same is observed in the Guerrero gap.

7. Conclusion

[35] We analyzed 12 yr of continuous GPS records for the
Guerrero segment of the Mexican subduction zone. Consis-
tent modeling of the three major SSEs that occurred in this
time period was carried out, as well as modeling of the inter-
SSE coupling. Our results show that SSEs account for a
major portion of the overall moment release budget in the
northwest Guerrero gap. The average slip deficit accumu-
lated in the Guerrero gap during the 12 yr of the present study
is only 1/4 of the slip deficit that accumulated on both sides of
the gap over the same period of time. Moreover, the regions
of large slip deficit match the rupture areas of recent large
earthquakes. Limitations in accurately resolving the inter-
SSE coupling and the SSEs locations with GPS time series
make us cautious about the interpretation of these results. It is
likely that our limited dataset is sufficient only to resolve the
first-order lateral variations in the slip distribution of the
Guerrero subduction zone. There might be some smaller
scale heterogeneities in the degree of coupling and frictional
properties in the Guerrero gap that we are not able to resolve.

Such heterogeneous interfaces are likely to produce complex
stress accumulations, and irregular earthquakes.
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