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Abstract

A large-scale slow slip event with a magnitude equivalent to Mw= 7.4 has been observed at seven continuous GPS stations
located in the Guerrero–Oaxaca region, southern Mexico, for several months from late 2001 to middle 2002 [Geophys.
Res. Lett. (2003) 30: doi: 10.1029/2003GL017219]. We re-analyzed the GPS time series data to estimate the displacements
associated with the slow slip event and also the displacement rates during the interseismic period prior to this event, by
applying an inversion technique using a Bayesian information criterion (ABIC). We then carried out GPS data inversion again
with ABIC and some detailed forward modeling to obtain spatial distributions of the back-slip rates and the slow slip on a
3-D curved plate interface between the subducting Cocos and the overriding North America plates. The results show that the
average direction of the back-slip rates is N31.3◦E ± 5.6◦, which is congruent with that of plate convergence in this region.
Interplate coupling is found to be very strong down to a depth of about 45 km, indicating a coupling ratio of 0.83–0.86 except
for a couple of segments on the model region, and decreases dramatically down below. The average direction of the slow slip
is oriented about 20◦–35◦ counterclockwise from the opposite direction of the plate convergence. The slow slip detected on
the mid-depth segment to the upper rim of the model region reaches about 9–18 cm in the landward region of the Guerrero
seismic gap from inversion and forward modeling. From these results, we conclude it is possible that the slow slip may have
invaded a deeper part of the strongly coupled, seismogenic zone at least up to a depth of about 25 km. We also estimate stress
changes due to the slow slip event. Some decrease in shear stress on the plate interface at these depths suggests that if such
a slow slip event occurred episodically, it is possible that the time of occurrence of a forthcoming large earthquake in the
Guerrero gap would be delayed to some extent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the Pacific coast of southern Mexico, a number of
large to great thrust earthquakes (Mw > 7) have taken
place quite frequently due to the subduction of the Co-
cos and Rivera plates beneath the continental North
America plate along the Middle America trench. Seis-
motectonic features of this subduction zone appear to
be segmented into five regions; the Jalisco-Colima,
Michoacan, Guerrero, Oaxaca and Chiapas regions,
which are bounded by the Rivera fracture zone, the
East Pacific rise, the Orozco and O’Gorman fracture
zones, and the Tehuantepec ridge (Singh and Mortera,
1991) (Fig. 1). The rate and direction of plate conver-
gence along this zone between 98◦W and 102◦W are
estimated to be in the range from 5.3 to 6.3 cm/year
and N35◦E, respectively, based on the NUVEL-1A
global plate motion model (DeMets et al., 1994). The
plate convergence could provide stress accumulation
leading to major earthquakes along this zone at the
recurrence time interval of a few to several tens of
years.

Fig. 1. A tectonic map and source areas of large subduction earthquakes in southern Mexico. Solid squares show the locations of continuous
GPS stations. Solid triangles denote the locations of active volcanoes. The arrows indicate the convergence rates and their directions of
the Cocos plate relative to the North America plate along the Middle America trench.

The northwestern Guerrero region, however, has ex-
perienced no major earthquakes since a large earth-
quake (Ms= 7.6) in 1911, and hence is called the
Guerrero seismic gap, which extends for a length of
about 200 km between 99.2◦W and 101.2◦W. If this
seismic gap was ruptured in a single earthquake, its
magnitude would be Mw= 8.1–8.4 (Suárez et al.,
1990; Singh and Mortera, 1991), which is large enough
to provide heavy damage not only in the state of Guer-
rero, but in Mexico city. It is thus extremely important
to perform continuous monitoring for stress accumu-
lation and seismogenic potential in this region.

For this purpose, eight permanent GPS stations have
been established up to this time in and around the
Guerrero region, implemented by more than 20 cam-
paign sites, since the first, continuous GPS receiver
was installed at the CAYA station in 1997 (Lowry
et al., 2001; Larson et al., 2004). The GPS obser-
vations at CAYA first recorded a transient displace-
ment in early 1998, which had a reverse sense to
that expected from plate convergence, and has been
interpreted as due to an anomalous, slow slip event
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propagated on the upper plate interface horizontally
(Lowry et al., 2001). An aseismic slow slip event was
again observed during November–December 2001 to
April 2002 at four GPS stations in the central part of
the Guerrero region, and from January–February to
May 2002 at three stations located outside the region
(Kostoglodov et al., 2003). Similar aseismic slow slip
events have been observed in some other subduction
zones such as around the Japanese Islands (e.g.,Hirose
et al., 1999; Ozawa et al., 2001, 2002, 2003) and in
the Cascadia region, Canada (Dragert et al., 2001), but
their extent of the area is much limited than in the
present case.

The Guerrero observations have been modeled by a
2-D dislocation on the plate interface with a curved,
shallow part and a deeper, subhorizontal part located
in an elastic half space (Kostoglodov et al., 2003).
They proposed two extreme models; one model as-
sumes slow slip occurring over the entire portion of
the modeled interface including a shallow seismogenic
zone. In this case, shear stress accumulated during the
interseismic phase will decrease on most part of the
interface and thus would delay the time of a next large
earthquake. The other model assumes the slow slip on
a deeper transitional interface, remaining the shallow
seismogenic zone locked. In this second case, shear
stress accumulated on the shallow seismogenic zone
will increase and thus may accelerate the time of the
next earthquake. Accordingly, stress changes due to
the slow slip event are crucial to understand the state
of seismogenic potential in this region. Although the
above calculations are based on 2-D forward model-
ing, the slow slip event is also being analyzed by a 3-D
dislocation model for two planar faults with a nonlin-
ear, simulated annealing inversion technique (Iglesias
et al., 2004).

In the present study, we perform more detailed anal-
ysis with both inversion and forward modeling of the
processed GPS data for a more feasible 3-D plate in-
terface based on isodepth contours of the subducting
Cocos plate (Pardo and Suárez, 1995). The main pur-
pose here is to estimate the amount and direction of
interplate coupling during the interseismic period, the
slip distribution of the aseismic slow slip event, and
the change of shear stress, and to clarify their rela-
tionship and seismotectonic implications, especially in
relation to seismic potential in the Guerrero seismic
gap.

2. Analysis of GPS data

2.1. Processing of GPS data

The observed GPS data have been analyzed by
Larson et al. (2004)with GIPSY-OASIS software
package (Lichten and Border, 1987), in which IGS
orbits were referred to the satellite coordinates in the
ITRF2000 reference frame (Boucher et al., 1999).
During this procedure, receiver coordinates, clock
values and zenith tropospheric delays have been cor-
rected using standard estimation strategies. All the
data sampled at every 30 s were converted into a se-
ries of one estimate per day by the weighted least
squares analysis (Larson et al., 2004). The reference
point is taken at MacDonald GPS station in Texas,
which is considered to be located in a stable region
on the North America plate.

2.2. Estimate of displacement rates during
interseismic period and displacements associated
with an aseismic slow slip event at GPS stations
using a Bayesian approach

The time series thus obtained for the NS, EW, and
UD components of GPS data at CAYA, ACAP, and
IGUA stations are shown inFig. 2. At the CAYA
and ACAP stations, we find that northward, eastward,
and downward movements during the period from
mid-1998 to late 2001. Since the two stations are
located at the Pacific coast in the Guerrero region
(Fig. 1), these movements can be regarded as a result
of dragging of the overriding North America plate as-
sociated with the subduction of the Cocos plate dur-
ing an interseismic period. However, from the end of
2001 to middle 2002, such movements changed their
direction to the opposite sense on all the three compo-
nents at the two stations. Since this change has been
detected at the rest of the five GPS stations, the move-
ments toward the opposite directions can be regarded
as being produced by an aseismic slow slip on the
plate interface. After the period, another interseismic
phase appears to restart, as can be seen inFig. 2. It
could be seen on the CAYA record that the smaller
slow slip event occurred at the beginning of 1998, as
investigated byLowry et al. (2001).

Since the time series include observation errors, an-
nual and semi-annual variations, and missing data, we
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Fig. 2. Observed time series GPS data (gray open circles). Solid curves show “the best fit curves”, which were obtained by the method
described inSection 2.2. Left panel: time series at CAYA station. Top: displacements in the NS component. Positive and negative values
indicate northward and southward displacements, respectively. Middle: displacements in the EW component. Positive and negative values
indicate eastward and westward displacements, respectively. bottom: displacements in the UD component. Positive and negative values
indicate upward and downward displacements, respectively, middle panel: time series at ACAP station. Top: NS component. Middle: EW
component. Bottom: UD component. Right panel: time series at IGUA station. Top: NS component. Middle: EW component. Bottom: UD
component.

need to correct the data appropriately and use an objec-
tive and unique method to estimate the displacement
rate during the interseismic period and the amount of
the aseismic slip for each component as rigorously as
possible. For this purpose, we employed the following
two procedures:

1. To obtain “a best fit curve” to explain the time
series for each component.

2. For “the best fit curve” for each component, we
estimate a linear trend during the interseismic pe-
riod and the amount of slow slip, taking account of
annual and semi-annual variations.

In the first procedure, in order to obtain “a best
fit curve” for the time series data with noise and its

missing portion, we applied a method proposed by
Tanabe (1985).

We briefly explain the method here. In general, there
are two extreme cases to explain time series data. One
is a curve to pass through all the observed data, and
the other is a linear least squares fitting, both of which
are considered inappropriate: in the first case, since the
data include noise, the curve does not represent a true
structure of the time series data. In the second case, we
will lose useful information hidden in the data. Also
there is no reason to apply trigonometric functions or a
function with higher-order time terms to the data. One
of the most suitable assumptions would be that the
time series data are smooth to some degree. From this
viewpoint, the first case is the roughest curve, and the
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second one is the smoothest curve. The smoothness of
the curve can be represented by

∇2y(t), (1)

wheret is time, andy(t) is a function representing the
curve. Our problem is to determine optimal smooth-
ness for the time series. As a criterion to determine an
optimal smoothness of the curve, we use a Bayesian
information criterion (ABIC) based on entropy max-
imization principle (Akaike, 1980). This method is
very powerful to extract hidden and useful informa-
tion from data with noise and missing data. In this
study, we used 40 cubic B-spline functions as basis
functions and determined their coefficients to obtain
“the best fit curve” uniquely and objectively by using
an inversion method for each component at the CAYA
station. We applied the same method to each compo-
nent at the other six stations to obtain “the best fit
curve”. For the time series with shorter time intervals,
we reduced the number of unknown coefficients of the
basis functions in proportion to the data length. The
curves thus obtained at the CAYA, ACAP, and IGUA
stations are drawn inFig. 2, whose functions are here-
after referred to asy1(t). From these curves, we can
find some characteristics of the time series data; the
time to change the above-mentioned trend clearly, and
annual and semi-annual variations in the UD compo-
nent much larger than those for the NS and EW com-
ponents.

As the second procedure, we assume the following
equation during the interseismic period and apply it to
“the best fit curve”y1(t):

y2(t) = a + bt + y3(t), (2)

with

y3(t) = c sin
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where in the right side ofEq. (2), the first and second
terms represent a linear trend. The first and second
terms in the right side ofEq. (3)are annual variations,
and the third and fourth terms are semi-annual varia-
tions. The unknown six coefficientsa–f can be deter-
mined by the least squares method for each compo-
nent. The reason why we did not apply this equation

directly to the original time series data is that the data
include noise and missing portions, resulting in erro-
neous estimate of these coefficients. By determining
the coefficientb in Eq. (2), we can estimate the dis-
placement rate for each component during the inter-
seismic period.

The linear trends thus estimated for the three sta-
tions are shown inFig. 3, together with the time se-
ries excluding the annual and semi-annual variations
y3(t) during the interseismic period and its successive
period for the slow slip event. We also calculate stan-
dard deviations for the corrected data for the purpose
of determining a weight of data to be applied in our
inversion analysis of the GPS observations, which will
be described in the next section.

SinceEq. (2) can be only applied to the data dur-
ing the interseismic period, we need to use a differ-
ent function to estimate slow slip displacements for
each component. For this purpose, we assumed that
the same annual and semi-annual variations during the
interseismic period were also included in the time se-
ries data for the period of the slow slip event. Then, we
employed a functiony1(t)–y3(t) to estimate the slow
slip displacement, and read a peak-to-peak value for
the function even if the terminating time does not co-
incide each other for the three components at a sta-
tion, as shown inFig. 3. For the UD component at
CAYA, we adopted the time of the first peak around
April in 2002. If we adopt the maximum peak around
August in 2002, the uplift reaches 9.3 cm. This ap-
proach may be useful especially for the case where
the onset and terminating times of the slow slip phase
almost coincide with the peak and trough of the large
annual and semi-annual variations, as appeared in the
UD component at CAYA (Fig. 2). In other words, in
this case if we simply regarded a peak-to-peak value
of y1(t) as the amount of slow slip, it would result in
overestimate of its amount. Although detrended time
series are customarily used to estimate the amount
of slow slips, we avoided applying this method to
the data. This is because the estimated amount of
slow slip by the method depends on the estimated
linear trend during an interseismic period, increasing
uncertainty to estimate the amount. Another reason
is that the estimated value tends to overestimate the
amount of slow slip because steady state motion is
assumed even for the period when a slow slip event
occurs.
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Fig. 3. Corrected time series for the observed GPS data (gray open circles). Annual and semi-annual variations are excluded from the
original time series data given inFig. 2 from a period from spring in 1998 to the end of the slow slip event. The straight line indicates
a linear trend during the interseismic period, which was obtained by the method described inSection 2.2. The curved line is drawn to
identify peak-to-peak value of the amount of slow slip whose timings are shown by solid triangles. Others are the same as inFig. 2.

In order to determine a weight of the data, we used
standard deviations of the linear trend, which was de-
termined by the least squares method for the function
y1(t)–y3(t) for the period of the slow slip event. How-
ever, even if we used this approach, we could not esti-
mate the amounts of slow slips for the UD component
at stations except for CAYA, ACAP and PINO. This
is mainly due to the lack of data lasting for long peri-
ods, large standard deviations, and a shorter period of
the aseismic slow slip event. The obtained values are
listed inTable 1.

2.3. Characteristics of spatial distributions of
displacement rates during interseismic period and
displacements associated with the aseismic slow slip
event at GPS stations

Fig. 4 shows the horizontal and vertical displace-
ment rates, by solid arrows and vertical bars, obtained
at the seven permanent GPS stations, whose values

have been determined in the previous section. Stan-
dard deviation (1σ) is also shown as an ellipse and
a circle for the horizontal and vertical displacement
rates, respectively, at each station. We find northeast-
ward horizontal displacement rates at all the stations.
The estimated horizontal displacement rates range
from 2.2 to 2.8 cm/year at four stations located along
the Pacific coast, and decreases toward the inland
region except for OAXA. Vertical displacement rates
indicate subsidence at three stations located along the
Pacific coast, ranging from−0.6 to−1.2 cm/year ex-
cept for ZIHP. These characteristics can be regarded
as a result of dragging of the North America plate
due to the subduction of the Cocos plate during the
interseismic period. Standard deviations of the hor-
izontal displacement rates are smaller than those of
the vertical displacement rates at all the stations, as
can be seen from the corrected time series inFig. 3.

Horizontal and vertical displacements associated
with the aseismic slow slip event are represented by
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Table 1
Displacement rates for the interseismic period and the displacement associated with the slow slip event for three components at seven
permanent GPS stations in southern Mexico

Station Displacement rate for interseismic period Displacement associated with the slow slip event

�N (cm/year) �E (cm/year) �Z (cm/year) �N (cm) �E (cm) �Z (cm)

CAYA 1.61 ± 0.50 1.52± 0.63 −1.12 ± 1.55 −4.61 ± 0.38 −2.34 ± 0.71 4.41± 1.99
ACAP 1.86± 0.43 2.04± 0.61 −1.06 ± 1.28 −3.45 ± 0.42 0.76± 0.61 1.68± 1.19
IGUA 1.60 ± 0.35 0.57± 0.67 1.70± 1.24 −3.54 ± 0.40 −0.27 ± 0.70 –
YAIG 0.85 ± 0.35 0.74± 0.56 −0.48 ± 1.28 −1.68 ± 0.30 −0.32 ± 0.45 –
ZIHP 2.10± 0.42 1.89± 0.67 0.01± 1.22 −1.05 ± 0.41 0.11± 0.47 –
PINO 2.28± 0.40 1.46± 0.59 −0.59 ± 1.13 −1.57 ± 0.49 −0.62 ± 0.71 1.46± 1.21
OAXA 1.97 ± 0.36 1.61± 1.43 0.83± 1.10 −0.84 ± 0.36 −1.13 ± 0.70 –

These values are taken relative to those at MacDonald station in Texas, which is considered to be located in a stable region on the North
America plate. Uplift is taken positive for�Z component. The�Z components for which reliable values could not be obtained are shown
by horizontal bars.

solid arrows and vertical bars inFig. 5. In contrast
to the results for the interseismic period, the direc-
tions of the displacements are almost opposite to
those in Fig. 4 both in the horizontal and vertical
displacements at all the stations. We find southeast to

Fig. 4. The observed horizontal (solid arrows) and vertical (solid vertical bars) displacement rates during the interseismic period with their
standard deviations (ellipses and circles) at seven GPS stations, comparing with the corresponding displacement rates (open arrows and
vertical bars) calculated from the estimated back-slip rates inFig. 6. Thick upward and downward vertical bars standing at an open square
(station location) represent the uplift and subsidence rates, respectively. The scale of the vertical displacement rates is the same as that of
the horizontal ones.

southwestward horizontal displacements at these sta-
tions, which are somewhat rotated counterclockwise
from the exact opposite direction of the plate conver-
gence. Unlike the case for the interseismic period, the
amount of displacements varies at the four stations
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Fig. 5. The observed horizontal (solid arrows) and vertical (solid vertical bars) displacements associated with the slow slip event with their
standard deviations (ellipses and circles) at the seven GPS stations, comparing with the corresponding displacements (open arrows and
vertical bars) calculated from the estimated aseismic slip distribution inFig. 7. Thick upward and downward vertical bars standing at an
open square (station location) represent the uplift and subsidence, respectively. The scale of the vertical displacements is the same as that
of the horizontal ones.

located along the coast. The horizontal displacements
at CAYA and ACAP are 5.2 and 3.5 cm, respectively,
and the horizontal displacement at IGUA is almost
the same as that at ACAP. The vertical component in-
dicates uplift at three stations located along the coast.
From these results, the aseismic slow slip event is
considered to occur over a relatively extensive area on
the plate boundary between the North America and
the Cocos plates, and the amount of slips varies both
in the strike and dip directions on the plate interface.

3. Method and model of GPS data inversion

In order to obtain spatial distributions of the in-
terplate coupling during the interseismic period and
the slow slip event on the plate boundary, we employ
an inversion method using a Bayesian information
criterion (ABIC) developed byYabuki and Matsu’ura
(1992). Here we use the term back-slip, which is used
as the same meaning as slip deficit, to represent inter-

plate coupling (Savage, 1983). Yabuki and Matsu’ura
(1992)investigated coseismic slip distribution associ-
ated with two large subduction thrust earthquakes, the
1944 Tonankai (M 8.0) and the 1946 Nankai (M 8.1)
earthquakes, which occurred in southwest Japan, as-
suming that the slip distribution is smooth to some de-
gree on a 3-D curved plate boundary in a semi-infinite
perfect elastic body. An optimal smoothness was de-
termined objectively and uniquely, using the ABIC
proposed byAkaike (1980). The fundamental concept
and theory are the same as described in the inversion of
the time series data inSection 2.2. Following Yabuki
and Matsu’ura (1992), this inversion method has been
applied to geodetic data during interseismic periods to
estimate back-slip rates on the plate boundaries along
several subduction zones around the Japanese Islands
(e.g.,Yoshioka et al., 1993, 1994; Sagiya, 1999; Ito
et al., 1999, 2000; Nishimura et al., 2000). Since de-
tailed and brief explanations are described in these pa-
pers, we do not repeat the inversion method here. The
only difference between the present and previous stud-
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ies is a basis function which was used to represent slip
distributions. In the previous papers, bi-cubic B-spline
function was used, while we employed a box-car func-
tion in this study, assuming a uniform slip for each
segment on a model region. An advantage of the latter
is that we can reduce the number of unknown param-
eters. In this study, a weight of data for each compo-
nent is given so that it can be inversely proportional
to its standard deviation calculated inSection 2.2.
Therefore, the horizontal data are considered more
important than the vertical data in our inversion.

The model region is taken on a 3-D curved plate
boundary between the subducting Cocos plate and
the overriding North America plate. The geometry is
taken from isodepth contours of the subducted oceanic
slab byPardo and Suárez (1995)based on shallow to
intermediate-depth seismicity, as shown inFig. 6. The
strike of the model region is taken nearly parallel to
the trench axis, and the length and width are taken as
675 and 210 km, respectively. The upper rim of the
model region is taken at a depth of about 12 km (a hor-
izontal distance of about 40 km from the trench in the

Fig. 6. Back-slip rates and their directions (open arrows) with their estimation errors (1σ, thick black circles) at nine (3× 3) segments
of the model region on the 3-D curved plate interface. The isodepth contours taken fromPardo and Súarez (1995)are represented by
dashed lines with 10 km interval. Solid vectors denote the convergence velocity and their directions of the Cocos plate relative to the
North America plate along the Middle America trench. The amounts of back-slips, which are uniform within each segment, are smoothed
spatially and denoted by gray-scale contours with 1 cm/year interval.

central part of the model region) in such a way that it
can fit the upper rims of the seismogenic zone based
on aftershock distributions of megathrust earthquakes
and the distributions of medium-size earthquakes that
occurred in the Mexican subduction zone. The lower
rim is taken at a depth of about 60 km, taking into ac-
count possible interplate coupling or slow slip event
extending down to the depth. Locations of the two
side rims of the model region are taken to cover the
northwestern and southeastern ends of the GPS sta-
tions. We took the same model region in our GPS data
inversion both for interplate coupling during the inter-
seismic period and for the aseismic slow slip event. It
should be noted that the outside of the model region
is assumed to be decoupled during the interseismic
period and locked completely for the aseismic event,
respectively. We divided the curved model region into
nine (or 25) segments equidistantly, and attempted to
estimate two slip components in the strike and dip di-
rections. In this case, the number of unknown param-
eters to be determined is 18 (or 50) for 21 data in the
interseismic period and 17 data in the slow slip event,
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Fig. 7. Spatial distribution of slow slips (open arrows) with their estimation errors (1σ, black circles) at the nine (3× 3) segments of
the model region on the 3-D curved plate interface. The amounts of slow slips, which are uniform within each segment, are smoothed
spatially and denoted by gray-scale contours with 2 cm interval. Others are the same asFig. 6.

respectively (Figs. 4 and 5, Table 1). In order to in-
dicate the location of each segment on the model re-
gion, lettersa, b, andc and numbers 1, 2, and 3 are
given in Figs. 6 and 7along the strike and dip di-
rections, respectively. For instance, the shallowest and
north-westernmost segment is denoted as (a, 1), which
is similar to a 2-D array representation.

In the following sections, we will first show the
results from the inversion analysis. As a second step,
we will test the robustness of the inversion results and
also check if there is any other possible solutions based
on some forward modeling. This is because there may
be some resolution problems due to the limited number
of the available observed data.

4. Results and discussion

4.1. Interplate coupling during the interseismic
period inferred from the inversion

Fig. 6 demonstrates the back-slip rates at the nine
segments on the model region, which are obtained
from inversion of the GPS data during the inerseis-

mic period inFig. 4. Estimation error calculated from
the formula byJackson and Matsu’ura (1985)is also
shown as a circle, centering at the arrow head of
each back-slip rate vector inFig. 6. We find that the
back-slip rates are oriented northeastward on all the
segments. The average direction of the back-slip rates
is N31.3◦E ± 5.6◦, excluding segments having esti-
mation errors larger than the obtained back-slip rates,
namely, (a, 3) and (b, 3) segments. The back-slip rates
at the shallowest and middle-depth segments range
from 3.9 to 5.4 cm/year.

The solid arrows along the Middle America trench
in the figure represent the convergence rates between
the Cocos and the North America plates based on
the Euler pole of the global plate motion model
NUVEL-1A (DeMets et al., 1994). In this region, the
average convergence direction of the three vectors is
N34.9◦E. The convergence rate increases southeast-
ward gradually, taking values from 5.3 to 6.3 cm/year.

Comparing the calculated back-slip rates with the
convergence rates, we find that the average direction
of the back-slip rates almost coincides with that of
the convergence rates within a range of 1σ. Coupling
ratio, which is defined by the ratio of the back-slip
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rate to the convergence rate, takes a value larger than
0.67 on the shallowest and middle-depth segments,
and reaches 0.83–0.86 if (a, 2) and (c, 1) segments are
excluded, indicating very strong interplate coupling
down to a depth of about 45 km.

The back-slip rates at the middle-depth segments
appear to increase toward the southeastern segments.
This may be related to the facts that both the conver-
gence rate and the distance to the volcanic front from
the trench axis increase southeastward.

Although the ratios of the estimation errors to the
amount of back-slip rates become large at the deepest
segments, we find dramatic decrease in the back-slip
rate with increasing depth. The decrease of interplate
coupling around a depth of about 45 km may be due
to high temperature there.

In Fig. 4, we compare the displacement rates calcu-
lated from the inverted slip rate distribution inFig. 6
with the observed rates. The agreement between them
is rather good, especially for their horizontal compo-
nents at four stations located along the Pacific coast.
There are a few stations where the observed verti-
cal components are not explained well by our model.
Since we introduce an optimal smoothness for the spa-
tial distribution of the back-slip rates, and also smaller
weights on the vertical data than on the horizontal
data, this disagreement may be regarded as observa-
tion errors in the data.

In order to check segment-size dependence on the
distribution, we also tested a GPS data inversion with
5 × 5 segments on the same model region. Almost the
same results were obtained (not shown here) as those
described above, although estimation errors increased
by 20–30% on average due to the increase of unknown
parameters for this new inversion.

In addition, in order to check the effect of the
assumed configuration of the plate interface on the
back-slip rate vectors, we carried out another inver-
sion based on the fault geometry adopted inIglesias
et al. (2004), in which two planar faults are connected
with a dip of 17◦ up to a distance of 100 km from the
trench and a dip of 2◦ for the deeper subhorizontal
part, covering a similar model region with a dimen-
sion of 675 km× 210 km. The obtained back-slip rate
vectors are almost the same as those described in this
section, indicating that the effect of the assumed con-
figuration of the plate interface is almost negligible as
far as we use the geometry inIglesias et al. (2004).

4.2. Slip distribution of the aseismic slow slip event
inferred from the inversion

Slip distribution associated with the aseismic slow
slip event for 3× 3 segment model is shown inFig. 7,
and the observed and calculated displacements at the
GPS stations are compared inFig. 5. Agreement be-
tween these displacements is found to be acceptable,
but not so good as in the case of the back-slip rates,
especially for the stations along the coast. It was found
that the amount of slip is large at the (b, 1) and (b,
2) segments, taking values of 7.8 and 9.0 cm, respec-
tively. The slow slip occurs at the deepest segment (b,
3) as well. Although estimation errors are relatively
large on thea and thec segments, we find that the
amount of slip on these segments is much smaller than
on the b segment, and that their slip directions are
pointed towards those for theb segment. The average
slip direction except (a, 3) and (c, 3) segments is not
necessarily oriented in the direction opposite to the
plate convergence, with the difference of about 22.7◦
± 4.7◦. Incidentally, even if we adopted an uplift of
9.3 cm at CAYA, which was described inSection 2.2,
for the inversion, the obtained slip distribution was
almost the same asFig. 7, and the calculated uplift at
CAYA was also nearly the same as that inFig. 5. This
indicates that the large uplift is not consistent with
other estimated values of displacements, and might
be produced by some other unknown factors.

When we divided the model region into 5× 5 seg-
ments, instead, almost the same results were obtained
as shown inFig. 8, with somewhat larger estimation
errors. In this case, we find similar slip distribution on
theb′ andc′ segments as that on theb segment inFig. 7
from their shallowest (1′) to the deepest (5′) ones.
These results may be related to the time lag of the slow
slip event: displacements associated with the slow slip
event started first some time during mid-November to
early December 2001 at CAYA, ACAP, IGUA, and
YAIG, and then during mid-January to mid-February
2002 at ZIHP, PINO, and OAXA, indicating bilateral
propagation of the aseismic slow slip along the di-
rection parallel to the trench axis (Kostoglodov et al.,
2003). A similar propagation along the trench paral-
lel direction (but with unilateral propagation) of an
aseismic slow slip has also been detected by a contin-
uous GPS network in the Cascadia subduction zone
(Dragert et al., 2001). The seismic moment is esti-
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Fig. 8. Spatial distribution of slow slips (open arrows) with their estimation errors (1σ, black circles) at 25 (5× 5) segments of the model
region on the 3-D curved plate interface. Others are the same asFig. 7.

mated to be 1.6× 1020 Nm, equivalent to Mw= 7.4
when we sum up the effects of all segments whose
amounts of slips are larger than the estimation errors in
Fig. 8.

The effect of configuration of the plate interface
was also investigated, as in the previous section for
combinations of the two planar planes, assuming the
fault geometry byIglesias et al. (2004). However, we
cannot find any systematic differences, indicating that
our results do not depend on the geometry.

4.3. Estimate of the depth ranges of interplate
coupling and the slow slip from forward modeling

In the inversion described above, we had to restrict
our calculations on a small number of segments with
3 × 3 or 5× 5 with uniform slip in each segment, be-
cause of the limited number of data. In this section we
perform some forward modeling for 9× 9 segments,
to check the robustness of the inversion results.

We first assigned a uniform back-slip with the same
amplitude and direction as those calculated from the
plate motion model (NUVEL-1A), from the upper rim
down to a depth of about 30 km along the entire model
length (675 km). In this case we found that while the
displacement rates observed at the four coastal stations

can be roughly explained by the assigned back-slip dis-
tribution, the calculated rates for the rest three inland
stations are too small to explain the observed ones.
On the other hand, assuming a similar uniform slip
down to a depth of 47 km as in Model A inFig. 9(a),
the observed displacements at all the seven stations
can be well explained. These results suggest that the
interplate coupling may achieve the depth of about
45 km, which is consistent with the back-slip distribu-
tion obtained by the inversion (Fig. 6). An alternative
model with a gradual decay of the rates in the transi-
tion zone (Model B inFig. 9(a)) would also fit well all
the observations. It is to be mentioned, however, that
such a depth profile as in Model B is quite different
from that in the Cascadia subduction zone, where the
back-slip decreases more gradually with depth (Wang
et al., 2003).

Similar forward modeling is performed for the slip
distribution associated with the aseismic slow slip
event. To check the depth extent of the slow slip inland
from the Guerrero region more carefully, our forward
modeling is focused on four stations aligned perpen-
dicularly to the trench axis in this region (Fig. 10(b)).
If we assume a uniform slip of 9 cm in the direction
of 32◦ counterclockwise from the opposite direction
of the plate convergence, from the upper rim down to
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Fig. 9. (a) Possible range of the back-slip rates estimated as a
function of the horizontal distance from the trench axis. Gray solid
and dashed lines indicate the rate and its uncertainty (1σ) estimated
from the inversion analysis, respectively, along theb segment in
Fig. 6. Black solid line (Model A) and dashed curve (Model B)
show the back-slip rates estimated from forward modeling. (b)
Possible range of aseismic slip as a function of the horizontal
distance from the trench axis. Gray solid and dashed lines indicate
the aseismic slip and its uncertainty (1σ) estimated from the
inversion, respectively, along theb segment inFig. 7. Black solid
(Model 1) and dashed (Model 2) lines show the aseismic slip
estimated from forward modeling.

a depth of 47 km as in Model 1 inFig. 9(b), the ob-
served displacements at these four stations are rather
well explained, indicating that the inversion results in
Figs. 7 and 8are supported from this test. For a next
attempt, varying the up-dip depth of the slip region
and fixing the down-dip limit at 47 km, we found that
for the increase of the depth of up-dip limit, larger
amount of slow slip is required to fit the observed
surface displacements.Fig. 10denotes the case when
a uniform slip of 18 cm is assumed for the depth from

22 to 47 km in the middle of the model region (Model
2 in Fig. 9(b)). The reason for this larger slip is that
the two coastal stations, CAYA and ACAP, with the
largest seaward horizontal displacements, are located
outside of the slip region. However, if we take shal-
lower down-dip depth limit, fixing the up-dip depth at
22 km, the displacement observed at the two coastal
stations cannot be explained, even if much larger slip
is assumed.

On the other hand, if the slip region has the up-dip
limit deeper than about 25 km, the situation becomes
quite different. Since the up-dip limit of the slip region
is far away from CAYA and ACAP, much larger slip is
required to explain the observed displacements at the
two stations, but the seaward horizontal displacements
calculated for two inland stations IGUA and YAIG
become too large. In this case, therefore, there is not a
simple solution to explain the observations at the four
stations simultaneously.

From these forward modeling tests, we can con-
clude that the slip distributions shown inFigs. 7 and
8 are probable solutions, but it would also be possible
to have other solutions with such larger slip at deeper
depths as in Model 2 inFig. 9(b). These conclusions
are generally consistent with the results of a 2-D anal-
ysis by Kostoglodov et al. (2003). It is to be noted,
however, that such large aseismic slip as in Model 2
would release most of the shear stress accumulated
at the depth range between 22 and 47 km during the
preceding 3 years and a half due to plate coupling,
but would generate high stress concentration at depths
shallower than 22 km, as discussed in the last section.

4.4. Relation between aseismic slow slip and
interplate coupling, and its tectonic implications

A possible strong interplate coupling down to a
depth of about 45 km seems to be compatible with a
thermal model proposed byCurrie et al. (2002), and
also with coseismic slip distributions of some large
subduction thrust earthquakes in the Mexican subduc-
tion zone.Currie et al. (2002)suggested that temper-
ature of 350◦C may control the down-dip extent of
the seismogenic zone in Guerrero, which is slightly
shallower than a depth of 40 km. On the other hand,
the waveform inversion analysis indicates that while
the down-dip depth of the coseismic slip ranges from
20 to 30 km for the 1979 Petatlan (Mw 7.6), the 1981
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Fig. 10. (a) Assigned uniform slip of 18 cm (open arrows) on the 3-D curved plate interface in the direction of 32◦ counterclockwise from
the opposite direction of the plate convergence in forward modeling (Model 2 inFig. 9(b)). Solid arrows denote the convergence rates and
their directions of the Cocos plate relative to the North America plate along the Middle America trench. The isodepth contours taken from
Pardo and Súarez (1995)are represented by dashed lines with 10 km interval. (b) The horizontal (open arrows) and vertical (open vertical
bars) displacements calculated from the assigned slip distribution in (a) are compared with the observed displacements (solid arrows and
solid vertical bars) associated with the slow slip event with their standard deviations (ellipses and circles) at the four GPS stations. Others
are the same asFig. 5.

Playa Azul (Mw 7.4), and the 1985 Zihuatanejo (Mw
7.7) earthquakes (Mendoza, 1993, 1995), Mendoza
and Harzell (1989)andYagi et al. (in press)estimated
a down-dip depth of about 40 km for the 1985 Mi-

choacan (Mw 8.1) and the 2003 Colima (Mw 7.9)
earthquakes, respectively. These results suggest that
the down-dip depth limit of about 45 km estimated in
this study is a reasonable estimate for the coupled zone
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in the Mexican subduction zone, although it depends
on the geometry of the plate interface.

Comparing the depth extent of the slow slip with
that of the back-slip rates inFig. 9, we found from
our inversion and forward modeling that the slow slip
appears to have occurred not only on the deeper cou-
pled segments, but also on a strongly coupled region
at least up to about 25 km. From these results, we may
consider two extreme possibilities. The first possibil-
ity is that the slow slip reached a shallower part of
the seismogenic zone, up to the up-dip depth of 12 km
(Model 1 in Fig. 9(b)). The second possibility is that
the slow slip reached a depth of about 25 km, which
might be a deeper part of the seismogenic zone. In any
case, these modeling results are in favor of the hypoth-
esis that the aseismic slow slip was not limited only
within a transition zone, down-dip from the strongly
coupled zone, but might have invaded a deeper part of
the locked seimogenic zone where a large subduction
thrust earthquake is expected to occur some time in
the future. Such an aseismic slow slip event with Mw
= 6.6 in the seismogenic depth range is also found in
the eastern part of the Boso peninsula, central Japan
in 2002 (Ozawa et al., 2003).

Here, we consider the deviation of the aseismic
slip direction from the opposite direction of plate
convergence. To investigate the tectonic regime in
the Mexican subduction zone, we plotted 87 Harvard
CMT solutions of all the thrust-type subduction earth-
quakes during the period from June 1976 to February
2004. We found that the slip directions for about half
of them are in the opposite direction of the plate con-
vergence, while the slip directions for the rest of the
events deviate from the direction by about 20◦–35◦
counterclockwise, which is more or less consistent
with our results. From this comparison, it seems that
the systematic deviation of the slip direction associ-
ated with the slow slip event may not be an unusual
feature in the stress release mechanism in this zone.

Large subduction thrust earthquakes (Mw > 7) have
never occurred in the northwestern Guerrero region
since 1911. If we assume that such aseismic slow slip
events have occurred episodically as in early 1998
(CAYA in Fig. 2) and in late 2001 to middle 2002,
and the slip propagated into a part of the locked seis-
mogenic zone as in the first possibility, the slow slip
events would not accelerate the onset of a large sub-
duction earthquake due to stress concentration at the

locked zone, but rather would delay its occurrence due
to some stress release, as will be discussed in the next
section.

On the other hand, it can be seen fromFig. 1
that large thrust earthquakes have taken place in the
shallow section of the adjacent regions northwest
and southeast of the Guerrero gap, suggesting large
tectonic stress acting on in the shallow seismogenic
zone there, unlike in the Guerrero region. There is a
possibility that the aseismic slow slip in the adjacent
regions remained mainly in a deeper plate interface
below this zone more like in Model 2 inFig. 9(b)but
with smaller slip than inFigs. 7 and 8, yielding stress
concentration in the shallow section. If this is the
case, the slow slip would have spatially more variable
distribution than discussed here, while the interplate
coupling indicates laterally rather uniform back-slip
rates as shown inFig. 6.

4.5. Shear stress changes associated with interplate
coupling and the slow slip event

To discuss the possibility of the occurrence of a
future large earthquakes in the Guerrero region, we
made simple estimates of the shear stress accumulated
during the interseismic period and its change due to the
slow slip event. In this case, we approximate the 3-D
curved plate interface by a flat surface with an average
dip of 15◦ and with the same dimension of the model
region as given inFigs. 6–8. Calculations of shear
stress were made based on a simple dislocation model
in a 3-D half-space (Okada, 1992). The accumulated
shear stress during 3 years and a half from mid-1998
to late 2001 was calculated from the back-slip rates
on 5× 5 segments (not shown here). It is estimated as
about 0.025–0.028 MPa on most part of the modeled
interface, except the deepest segments (a′, 5′)–(e′, 5′)
(as indicated inFig. 8) and near the northwestern and
southeastern edges.

On the other hand, the stress change due to the slow
slip event was calculated from a slip distribution along
the N34◦E direction, which has been obtained by a
cubic-spline interpolation fromFig. 8 into 10 km ×
10 km sub-segments. The results from the inversion
show that a largest stress decrease of 0.020–0.023 MPa
occurs on the deeper part of the (b′, 1’) and (c′, 1′) seg-
ments and on the shallower part of the (b′, 2′) and (c′,
2′) segments, with somewhat smaller stress decrease
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Fig. 11. Spatial distribution of shear stress change, calculated from the slip distribution shown inFig. 8 by a cubic-spline interpolation
into 10 km× 10 km subsegments. The calculations were made for a flat plate interface based on a dislocation model in a 3-D half-space
(Okada, 1992). The contour interval for the amount of shear stress is 5× 10−3 MPa.

of about 0.015–0.018 MPa on the shallower part of the
(b′, 3′) and (c′, 3′) segments (Fig. 11). The stress de-
crease on the peripheral segments is of the order of
0.003–0.005 MPa.

The above estimates indicate that about 80% of the
shear stress accumulated since mid-1998 may have
been released on the four central segments, while
40–50% of the accumulated stress still remains unre-
leased on the shallowest segments of the seismogenic
zone. This result suggests that the time of occurrence
of a future large earthquake may be delayed to some
extent or smaller earthquakes would take place by
the slow slip event. If, alternatively, the slow slip
remained only on the deeper part of the seismogenic
zone down from a depth of 22 km as in Model 2 in
Fig. 9(b), the shear stress at these depths would de-
crease down to 0.05 MPa, whereas it would increase
up to about 0.01–0.02 MPa in the seismogenic zone
above the shallowest segments. In such a case, on the
contrary, a future earthquake would occur at a slightly
advanced time. Which one of the above two different
cases would take place depends on up to what depth
the slow slip event actually invaded the seismogenic
zone. This issue should be investigated in more detail
in the near future after more permanent GPS stations
are installed in and around the Guerrero region.

5. Conclusions

In this study, we have estimated the displacement
rates during the interseismic steady state period and
the displacements associated with a slow slip event,
from the inversion of the time series data obtained at
seven continuous GPS stations located in and around
the Guerrero region. We carried out the inversion
analysis with an application of the ABIC and some
forward modeling on a 3-D curved plate interface to
estimate spatial distribution of the back-slip rates and
the slip of the aseismic slow slip event. Significant
conclusions obtained in this study are as follows:

(1) The average direction of the inverted back-slip
rates (N31.3◦E ± 5.6◦) almost coincides with the
average direction of plate convergence of the sub-
ducting Cocos plate relative to the continental
North America plate (N34.9◦E). The coupling ra-
tio on the shallowest and middle-depth segments
except the two segments (a, 2) and (c, 1) in Fig. 6
ranges from 0.83 to 0.86, indicating very strong in-
terplate coupling down to a depth of about 45 km,
for the subducting slab geometry fromPardo and
Suárez (1995). At depths deeper than about 45 km,
the state of coupling becomes weaker dramati-
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cally due to high temperatures there (Currie et al.,
2002). The amount of the back-slip rates at the
middle-depth segments appears to increase toward
southeast. This may be related to the facts that
both the convergence rate and the distance to the
volcanic front from the trench axis increase south-
eastward. The average direction of the slow slip is
oriented about 20◦–35◦ counterclockwise from the
opposite direction of the plate convergence, which
might be related to some stress release mechanism
or seismotectonic regime inherent in this region.

(2) Slip distribution associated with the aseismic slow
slip event indicates large slips on the central (b,
1) and (b, 2) segments inFig. 7, reaching 7.8
and 9.0 cm, respectively. From the detailed analy-
sis by the inversion and forward modeling, it was
found that the slow slip might reach at least some
depth shallower than about 25 km. Unlike the re-
sults from the most previous studies of slow slip
events, our analysis suggests that the slow slip
may have occurred not only on a transition zone
below the seismogenic zone, but also on a deeper
part of the locked seismogenic zone. Simple stress
calculations suggest that if these slow slip events
occur episodically, possible occurrence of a forth-
coming large earthquake in the Guerrero seismic
gap would be delayed for some time or smaller
coseismic slip would be expected. If, however, the
slow slip remained only in the deeper part below
the locked seismogenic zone, a future earthquake
would occur at a slightly advanced time than ex-
pected.
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