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SUMMARY

GPS studies of Guerrero, southern Mexico, have described large slow slip events on the
Cocos-North American plate boundary in 1996, 1998 and 2002. In this study, we show
that five smaller events occurred in 1999, 2000, 2001, 2003 and 2004. These eight events
are quasi-periodic with a period of 12:0.3 months, similar to periodic slow slip else-
where but with more variable moment release. Perhaps the most important application
of GPS data is to seismic hazard, but transient slip complicates estimation of the to-
tal strain moment available for seismic release. To examine seismic hazard in Guerrero,
we model the slip deficit using two end-member representations of slow slip: (1) a single
rectangular patch on the plate boundary, and (2) a 20-km-mesh discretization. The models
yield very different estimates of slip location and moment release, but both models locate
slow slip near the base of the seismogenic zone, and both require negligible slip during

inter-event periods to surprising depth on the plate boundary. The discretized model con-
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firms that slow slip can be driven by potential energy accumulated as slip deficit between
events. Residual slip deficit accumulated during the 1992—-2005 period of GPS observa-
tions, when extrapolated to the time since the last earthquake, is sufficient to generate a
M,,=7.9-8.0 earthquake within the Guerrero gap segment of the subduction megathrust.
We also find that, if obliqgue Cocos-North America motion is partitioned into upper-plate
strike-slip faulting, all of the~8 mm yr! sinistral strike-slip is accommodated on the

Atoyac and Chapala-Oaxaca fault zones.
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1 INTRODUCTION

Subduction margins exhibit a rich variety of transient aseismic fault slip, including postseismic slip
following large megathrust earthquakes (Kawasaki et al. 1995; Heki et al. 18@3imann et al. 2001;

Hutton et al. 2001), preslip preceding great earthquakes (Linde & Silver 1989; Gordeev et al. 2001),
and slip events that occur without obvious space-time relation to large earthquakes. The latter, referred
to as “slow slip events” or “silent earthquakes”, have been documented in New Zealand (Douglas et al.
2005), Japan (Hirose et al. 1999; Ozawa et al. 2001; Obara et al. 2004), Alaska (Freymueller et al.
2003), Cascadia (Dragert et al. 2001; Miller et al. 2002), Mexico (Lowry et al. 2001; Kostoglodov
et al. 2003; Larson et al. 2004) and Costa Rica (Protti et al. 2005). These locations correspond to
virtually every subduction margin on the Pacific rim with more than five years of continuous GPS
(CGPS) network observations.

Most studies of slow slip events to date focus on observational aspects of the phenomenon such
as the timing and amount of measured displacement or tilt, and relationships to timing and location
of the harmonic tremor that commonly accompanies slow slip (e.g., Rogers & Dragert 2003; Obara
et al. 2004, Szeliga et al. 2004). Some studies take the additional step of modeling the geodetic data to
characterize moment release and location of slip on the plate interface (e.g. Ozawa et al. 2001; Larson
et al. 2004; Melbourne et al. 2005). However, there is also a broadly-recognized need for inquiry that
addresses (1) the physical process or mechanism of slip and (2) the implications of slip for timing and
magnitude of future great earthquakes.

Several mechanisms for slow slip have been hypothesized. Coincidence of slow slip and harmonic
tremor has led some to suggest that slow slip is driven by dewatering events on the subducting slab
that temporarily decrease fault frictional resistance (Julian 2002; Melbourne & Webb 2003). Alterna-

tively, modeling of rate-state frictional slip has shown that slip events arise spontaneously given minor
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variations in fault frictional properties and a transient background stress process (Liu & Rice 2005).
Periodicity of events in Cascadia and elsewhere has also led to the suggestion that slow slip is forced or
modulated by the pole-tide (Shen et al. 2005) or other environmental stress (Lowry 2006). Distinguish-
ing between these and other possible mechanisms will require careful attention to the observational

constraints, and knowledge of their limitations.

The question of what slow slip implies for future great earthquakes has two components. One
relates to whether slow slip provides clues as to the timing of the next great earthquake on the subduc-
tion megathrust. Various researchers have suggested that slow slip adds incrementally to the Coulomb
failure state within the area of future great earthquakes (Hirose et al. 1999; Thatcher 2001), and Liu &
Rice (2005) found that in some instances slow slip events modeled via rate-state-frictional dynamics
propagate updip into the seismogenic zone where they can accelerate to earthquake rupture speeds.
A second, more fundamental question is whether slow slip increases the earthquake potential within
the seismogenic zone (by increasing stress) or decreases it (by relieving strain energy). This translates
to a question of where precisely slip is occurring, which is difficult to determine from GPS data be-
cause estimates are highly sensitive to poorly-determined vertical displacement. Most modeling has
suggested that slow slip occurs at, or just downdip of, the base of the seismogenic zone (e.g., Dragert
et al. 2001; Melbourne et al. 2005). If that location estimate is correct, Coulomb stress within the
seismogenic zone is increased, the fault moves closer to failure, and the integral of seismogenic zone
slip deficit (i.e., strain energy available for earthquake release) is unchanged by slow slip. Alterna-
tively, some have suggested that slow slip occurs within the seismogenic zone (e.g., Kostoglodov et al.
2003; Douglas et al. 2005), in which case it may actually reduce seismic hazard. On the Cocos-North
American subduction boundary in southern Mexico, some researchers even suggest that the Guerrero
seismic gap is a gap because virtually all interplate strain is released in slow slip events (e.g., DeMets
et al. 2004).

The latter question, i.e., whether slow slip events may significantly reduce earthquake potential, is
the topic of this paper. Here we examine the earthquake potential of the Guerrero seismic gap, where
slow slip has been hypothesized to delay or prevent great earthquakes. Several million people live
within the seismic radiation near-field expected for a Guerrero gap earthquake, and Guerrero is also the
nearest plate boundary segment to Mexico City (populati@@ million) where basin amplification
of waves from a 1983/,,=8.1 earthquake on a more distant segment of the plate boundary killed up
to 10,000 people and caused billions of dollars in structural damage. Hence, resolving the question of

how slow slip affects seismogenesis there has potentially far-reaching societal implications.

Estimating seismic potential (i.e., the integral of slip deficit within the seismogenic zone) is greatly

complicated if a substantial fraction of slip occurs in slow slip events. Fully addressing the seismic
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potential requires (1) a modeling approach that quantifies the entire slip budget (including all slow
slip events plus the accumulation of slip deficit during interevent periods) and (2) careful attention to
the range of uncertainty in estimates of slip deficit. To our knowledge, an analysis of this type has not
previously been attempted anywhere in the world. As part of our analysis, we demonstrate that five
small slow slip events are evident in the Guerrero GPS data that have not been described in previous
publications. We also examine the question of which upper-plate structures may accommodate oblique
motion of the Cocos plate relative North America, with attendant implications for other sources of

seismic hazard in southern Mexico.

2 GUERRERO SEISMOTECTONICS

Neotectonics and seismic hazard of southern Mexico are dominated by Cocos-North America plate
boundary deformation (Figure 1). Cocos oceanic lithosphere subducts beneath North America at the
Middle America trench~60 to 80 km south of the southern coast of Mexico. NUVEL1-A (DeMets

et al. 1994) convergence rates increase eastward along the plate boundary from 4.7 cm/yr near Colima
to 6.5 cm/yr in Chiapas. Relative motion is slightheX2°) oblique to the trench normal, yielding

a sinistral component of1 cm/yr. The plate interface beneath Guerrero has an unusual “flat slab”
geometry (Sarez et al. 1990; Pardo & &rez 1995; Kostoglodov et al. 1996) with a shallow dify ¢

12°) between the trench and the coastline, steepening to 20&®een the coast and about 50 km
inland, and flattening (dip- 5°) from there to the volcanic arc about 200 km further inland.

Rapid Cocos-North American convergence generates major earthquakes on the shallow subduc-
tion megathrust at 30—100 year intervals (Kostoglodov & Ponce 1994). However, two segments of the
plate boundary— one in the Gulf of Tehuantepec, the other in central Guerrero state— have not ruptured
since 1923, when the first Mexican seismograph network was installed. A third “seismic gap” was
filled by the M,,=7.6 Colima earthquake in January of 2003 (Figure 1). The Guerrero seismic gap
may correspond to the rupture area of a December 16, 191%7.8) event (Figure 1 inset), although
seismic data from the time are inadequate to establish the mechanism and hypocentral location. Since
1911, the region has experienced more than 5 m of relative plate motion.

Within the continental interior, major fault structures such as the Chapala-Oaxaca fault zone, the
Atoyac fault and the Chapala-Tula fault zone (CTFZ) accommodate poorly-known internal defor-
mation of the North American upper plate (e.g., Johnson & Harrison 1990). Extension plus some
additional component of sinistral strike-slip occurs across CTFZ structures in the Trans-Mexican vol-
canic belt (Figure 1). Based on slip lineations, fault offsets and cross-cutting relations, Suter et al.
(2001) estimate extension across the CTFZ at-0.25 mm yr !, with a smaller component of sinis-

tral strike-slip on short, discontiguous faults. Paleomagnetic studies (e.g., Ruindzaet al. 2000)
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similarly indicate post-Miocene strain across the CTFZ to be extensional with a minor sinistral com-
ponent. Regional-scale GPS velocities alternatively permit up to 4 mh of sinistral strike-slip

motion across the CTFZ (Mquez-Azia & DeMets 2003). The Chapala-Oaxaca and Atoyac faults

are known almost exclusively from thematic mapping, and so their slip rates are unconstrained. The
risk of a large, near-term earthquake is less on these upper-plate faults than on the coastal megathrust.
Nevertheless, it is important to characterize also the seismic potential of upper-plate structures because

they are shallower and more proximal to several major Mexican population centers.

3 DEFORMATION MEASUREMENTS

A twenty-one site GPS campaign network was initially measured in Guerrero in 1992 (Figure 2).
Four sites were resurveyed following the September 14, 1995 Copala earthquake, and twelve coastal
sites were resurveyed in April 1996. In November 1998, eight sites were reoccupied and an additional
ten sites were installed and measured. All of the 1998 network sites and fifteen of the original 1992
sites were resurveyed in October 2000. Smaller surveys were conducted in October and November
2001, and May to November 2002. Larson et al. (2004) gives a more detailed description of campaign
measurements.

The first CGPS site in Guerrero was established at CAYA in January, 1997. CGPS instruments
were installed at ZIHP, ACAP, and IGUA in summer-fall 2000, and at DOAR and COYU in spring
of 2003. Sites were installed in neighboring Oaxaca state in July 2000 (PINO) and February 2001
(OAXA). This study also uses data from a GPS receiver installed to study volcano deformation at
Popocagpetl (POSW) in March of 1996 and another receiver (YAIG) installed in February 1999; both
of these are in the state of Morelos just northeast of Guerrero.

GPS data are analyzed with the GIPSY-OASIS software package (Lichten & Border 1987). Orbits
generated by the Jet Propulsion Laboratory are used to estimate coordinates in the ITRF2000 reference
frame (Zumberge et al. 1997; Altamimi et al. 2002). In the weighted least squares analysis of GPS ob-
servations, receiver coordinates, receiver clock behavior, and zenith tropospheric delays are estimated
via standard strategies (Larson et al. 2004). Carrier phase ambiguities are resolved (Blewitt 1989) at
a high percentage of sites for all surveys except during 1992. CGPS sites at McDonald Observatory,
Texas (MDOL1), Table Mountain, Colorado (TMGO), and Pie Town, New Mexico (PIE1) are included
in the network solutions to tie the Guerrero network to sites on the stable North American plate. These
sites were not installed until the mid-1990’s, so 1992 solutions include only the local sites. GPS coor-
dinates used in this analysis are baseline measurements relative to either MDO1 or ACAP (the latter
only in the case of early campaign data). The baseline solutions minimize common-mode errors due

to e.g. orbit errors and seasonal loading signals.
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4 IDENTIFYING SLOW SLIP EVENTS

Identifying likely slow slip events in the GPS data is a necessary first step in characterizing the slip
budget (and hence the seismic potential) of a subduction megathrust. In Guerrero, previous studies
have examined events in 1995-1996 (Larson et al. 2004), 1998 (Lowry et al. 2001; Larson et al. 2004)
and 2002 (Kostoglodov et al. 2003; Yoshioka et al. 2004; Iglesias et al. 2004). DeMets et al. (2004)
suggest, based largely on proprietary INEGI data, that smaller events may have occurred in 1999, 2000
and 2001. Here we use a deformation modeling tool that fits a hyperbolic tangent function (HTF) to
the GPS data to evaluate whether there is indeed evidence for smaller slip events in addition to the
large, well-studied 1996, 1998 and 2002 slip.

4.1 HTF Analysis

Anomalous displacements during slow slip events can be estimated by fitting the GPS coordinate time

series with a function of the form:

A i t — Toi
Z(t) :foJth—i—Z% [tanh( 0 ) —1] (1)
=1

T

in which Z(t) are GPS site coordinates at timer, are coordinates at a reference tirﬁ’eis a back-

ground or “steady-state” velocitﬁ,i is anomalous displacement during & of n slow slip events,

Ty is the median time of thé&® event, andr scales the period over which the event occurredylf

and T are specified, the other parameters can be estimated from linear least-squares inversion. We
have developed an algorithm for grid search diigand gradient search overto estimate anomalous
deformation during slow slip events (http://anquetil.colorado-edubwry/coderelease.html). Lin-

ear parameters of velocity and transient displacement are estimated via least squares minimization,
weighted by the formal inverse variance of GPS coordinate estimates. Formal parameter uncertainties
of velocity and displacement are then scaled to yield a redyégrrameter of one.

HTF analysis using equation 1 can be used as a tool to distinguish probable slow slip events from
correlated errors (e.g., monument wander and GPS position errors) or non-tectonic deformation that
might otherwise be mistaken for slow slip. In our initial analyses, we require that the following crite-
ria be met before examining whether a coordinate anomaly might indicate a slow slip event: (1) HTF
modeling must minimize misfit at several different sites at approximately the same (independently
determined) midtimdy. (2) Total displacement at these sites must significantly exceed the 95% con-
fidence interval of the displacement estimate. (3) The largest displacements should occur near the coast
(as observed in the largest events), and all sites should move predominantly toward the trench (as ex-
pected for thrust slip on the plate boundary). Once each of these criteria have been established for a

given time series anomaly, additional analyses can be performed to rule out alternative interpretations.
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In Table 1, we list displacements resulting from HTF modeling of all time series anomalies that
meet the above criteria. We include only those displacements that can be separated reliably from
displacement in other likely events and from the estimate of background velocity (i.e., displacements
at CGPS sites with measurements bracketing a given event). Displacement estimates adopt a timescale
7=1.8 months (which minimized the misfit for uniform). In some cases temporal sampling was
insufficient to determine a midtimg,; in those instances (denoted by approximate times in Table 1)
we use the averagg at other sites to estimate displacements. North components of best fit functions
from this analysis are shown as dashed lines in Figure 2. Figure 3 shows the vertical and trenchward
horizontal components of displacements listed in Table 1, for each coordinate anomaly that met the
criteria for a possible slip event. In each event, most of the sites move toward the trench. The exceptions
(most often, inland sites IGUA, POSW, and YAIG) have zero trenchward motion within uncertainties
except in 2001, when both IGUA and POSW move significantly away from the trench. Also, in each
event most sites move upward. Generally the exceptions are, again, inland sites (IGUA, OAXA, POSW
and YAIG) with motion near zero or downward.

Time-dependence of coordinate anomalies is similar for all events. If timescales are allowed to
vary, all well-sampled time series are best-fitbpetween 1.6 and 2.5 months. The best-fit mid-time
Ty of transient deformation tends to occur earlier at the coastal sites and later at inland sites (Table
1), but is otherwise similar at all sites in a given year. The patterns of behavior are consistent across
all events, and so it is reasonable to infer that if the large40(cm in 2002) displacements result
from slow slip, then smaller displacements also represent slow slip. It is also worth noting that in each
possible event described here, most if not all sites move further toward the trench than the maximum

horizontal motion (about 6 mm) observed in Cascadia slow slip events (Melbourne et al. 2005).

4.2 Annual Recurrence of Events

Other features of the potential slow slip events are intriguing, and not least among those is the re-
currence behavior. Since Guerrero CGPS measurement began, events occur about once per year and
always within+1.5 months of the medh, ~February 15. If one more rigorously regresses the time in-

terval between events versus the number of intervening events for all permutations of event pairs from
1998 to 2004, the recurrence interval for events is 8.8 months— i.e., events are quasi-periodic

with period almost exactly one year. This behavior mirrors quasi-periodicity of slow slip observed,
e.g., in various different parts of the Cascadia subduction zone (Miller et al. 2002; Szeliga et al. 2004
Malone et al. 2004) and in southwest Japan (Obara et al. 2004). Periods at these other locations range

from 10.9 to 13.9 months, and displacement time series are qualitatively similar to Guerrero behav-
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ior except that trenchward displacements in Guerrero events are much more variable than observed
elsewhere.

If Guerrero events are quasi-periodic with annual period, one would expect that a slow slip event
should have occurred in late 1996 or early 1997 as well. Unfortunately, CAYA did not begin measure-
ment until January of 1997 and shows no unequivocal evidence of an anomaly in its earliest coordi-
nates. POSW was operating continuously at the time and does exhibit anomalous motion (Figure 2),
but the direction is opposite that expected for slow slip and the timing correlates with eruptive activity
of Popocatpetl volcano on which it sits (Larson et al. 2004). POSW motions are negligibly small
during the 1999, 2000 and 2001 events, and smaller CAYA motions are recognizable only with ample
measurement before and after, so we cannot rule out the possibility of a small slow slip event in 1997.
Nevertheless GPS measurements at that time do not meet our criteria for identifying possible slip. One
could argue that the 1996 event does not meet our criteria either, because motion is observed at only
one station (ACAP) in the analysis presented here. However we include it because campaign GPS

measurements show even larger trenchward displacements at three other sites (Larson et al. 2004).

4.3 Alternative Interpretations to Slow Slip

Some researchers might understandably be uncomfortable with the prospect of slow slip events hav-
ing a recurrence interval of exactly one year. Virtually all CGPS coordinate time series contain annual
signals (e.g., Blewitt & Lavafle 2002; Nikolaidis 2002), comprised of a variety of signals including
elastic deformation by annual changes in surface mass loading, poroelastic deformation by ground-
water changes, annual terms in atmospheric modeling error, and orbital mismodeling deriving from
the other three. Hence, some might infer (at least in the case of the smaller events) that the apparent
annual periodicity actually represents other signals that somehow mimic slow slip events. We consider
each of these possible signal sources in turn.

At annual periods, surface mass loading in North America is dominated by continental hydrology
with much smaller (order 10%) contributions from ocean bottom pressure and the atmosphere (Wahr
et al. 1998). Here we focus our attention on the dominant load deformation by continental hydrologic
mass. Our model of load deformation is forced by the global hydrologic mass model of Fan & van den
Dool (2004), and we use continental PREM elastic and density parameters (Dziewonski & Anderson
1981) modified by CRUST2.0 parameters (Bassin et al. 2000) specific to each of the CGPS sites.
Three-dimensional surface displacements are calculated at each CGPS site and differenced to those
at MDOL1. The deformation time series was resampled at the temporal sampling of each GPS site,
and HTF analysis was performed using the same paranmgfensdr=1.8 months estimated from the

CGPS measurements. Resulting estimates of displacement are shown as light grey circles in each panel
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of Figure 3 for comparison. In contrast to the observed displacements, elastic load deformation affects
predominantly the vertical component and has negligible horizontal expression. The only similarity
to the GPS observations is that coastal sites tend to have relatively tat@entm) upward vertical

displacements, whereas inland sites tend to move downward or not at all.

If we further allow timing parameter$, andr to vary in HTF analyses of the simulated load
deformation, we find the average optimal mid-time of elastic loading occurs about 1.1 months earlier
than the mid-time derived from GPS observations, and the timing of deformation is much less variable
(£0.3 months for elastic load response versis5 months for timing of the observed events). Also,
whereas events observed at inland sites consistently occur later than at coastal sites in the CGPS data,
the timing of elastic load deformation is identical everywhere. Most telling, the optimal timescale
of the simulated elastic loading signal is a very consistent 3.0 to 3.5 months (with mean 3.2), nearly
twice ther=1.6 to 2.5 months (mean 1.8) derived from GPS measurements. Hence the timescale of
the measured events is far shorter than would be expected for a phenomenon (like hydrologic loading)

with an approximately sinusoidal annual expression.

Our simulated loading signals are subject to errors including uncertainties in Earth elastic param-
eters and uncertainties in the weather models from which the hydrologic loading fields were derived.
Variations in crustal properties perturb load response by less than 50% relative to the PREM continen-
tal average (Lowry et al. 2006). We have corrected for those variations here, so elastic parameterization
error is unlikely to exceed 10-20%. Errors associated with Fan & van den Dool’s (2004) hydrologic
mass fields are liable to be a similarly small percentage of total displacement in southern North Amer-
ica, where snow loading effects are negligible. Despite uncertainties, it is clear that elastic loading
cannot generate horizontal displacements observed in the GPS data, and moreover has a very different

time-dependence.

Other CGPS signal sources can generate significant horizontal motions with annual period. Poroe-
lastic deformation associated with groundwater storage and withdrawal observed in the Los Angeles
basin, for example, exceeds several cm of horizontal motion (Bawden et al. 2001). However these
are very localized (i.e., basin-specific) effects that could not generate displacements with consistent
horizontal direction across scales of hundreds of km. Similarly, annual terms in atmospheric modeling
error should be location-specific. Orbital error is mostly removed in this study by baseline differenc-
ing, but remainder terms should not vary significantly on the scale of the Guerrero network. Hence,
the most reasonable explanation for both large and small displacement events observed in the GPS

data is slow slip on the plate interface.
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5 MODELING PLATE BOUNDARY SLIP

Modeling of slow slip events is ambiguous for several reasons, including (1) small signal-to-noise
ratios (SNR) of GPS measurements (particularly in the vertical, which is needed to locate slip), and
(2) spatial aliasing of surface deformation (e.g., Melbourne et al. 2005). In Guerrero, SNR of the
largest events is the highest yet observed because the displacements are so large. However, SNR of
the smaller events is no better than (and in some cases worse than) that of slow slip in Cascadia, and
spatial sampling (especially for early events) is extremely sparse.

Nevertheless, modeling is a necessary step on the path to characterizing seismic potential in Guer-
rero. To address the issue of potential model ambiguity/error, we examine slip using two very different
modeling approaches chosen expressly to represent “end-member” cases of slip inversion. Both ap-
proaches model time series of the GPS data by assuming constant steady-state slip during inter-event
periods and time-variable slip during slip events. We invert all three components of the time series of
GPS position data. Prior to modeling, coordinates are corrected for secular bias resulting from rigid
plate motion. Analyses i§4.3 suggest that hydrologic loading can bias estimates of event vertical
displacement by up to 1.6 cm, so we also subtract load deformation modejddBifrom the time
series at each site prior to slip modeling.

In both modeling approaches used here, GPS site coordifigteare modeled using
F(t) = Fo + Vit + ?{ §5(C1) 6 (2.0)dC. @)
Here,V is constant velocity at the GPS site from a steady-state virtual slip model (e.g., Savage 1983),
¢ denotes location on the fault surfacéjs the deformation Green’s function (Okada 1985), &frid

a functional describing the transient component of agiis parameterized as having time dependence

described by

S(t) = % [tanh (t — TO) — 1} 3

T

in which S is the total slow slip at a given location during a given event.

The approach to modeling steady-state slip is the same in both models. Slip on a surface approxi-
mating the megathrust geometry is discretized at a 20 km scale within the region of Guerrero network
coverage and more coarsely outside that area. We assume that steady-state slip is some fraction of the
relative plate motion® = (Spm + Sb)/Sepm. Here,S.pn is slip at the relative plate motion rate and
S, is the back-slip rate (e.g., Savage 1983). The direction and rate of Cocos-North America relative
plate motion varies significantly within the study region, so relative plate motion is approximated as
constant within segments and equal to the NUVEL-1A model prediction at the center of the segment.

We solve separately for fractional strike-shiF® and fractional dip-sliph%. The solution space is
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restricted by imposing constraints that (1)< P <1, (2) P*¢ < &%, and (3)5 on neighboring
segments cannot differ by more than 0.5, thus smoothing the discretized slip (Larson et al. 2004). Site
velocity response is calculated for the no-slip conditi®n=¢ 0) on each segment. We then solve for

the model parameter® that minimize differences between the modeled and “observed” steady-state
components of GPS velocity, subject to the constraints. Here, the “observed” steady-state velocity is
estimated from residual GPS time series after subtracting a best-fit model (as described below) of the

displacements at a given site during each of the eight slow slip events and the 1995 Copala earthquake.

5.1 Model l: Slip in a Rectangular Patch

The first approach to modeling slow slip consists of a weighted least-squares inversion for eight pa-
rameters of anomalous slip in a single rectangular patch. The parameters include timing patgmeters
andr, the along-strike lengtih and downdip widti4" of the slip patch, the center locatidX, Yj)

of the patch, and the strike-slip and dip-slip components of total%fipand S¢*. A more detailed
description of this modeling approach is given in Larson et al. (2004), which uses a similar inversion
except that the time series of GPS data modeled in that paper ended in 2001.75 and the modeling
assumed that only two transients had occurred during the measurement interval (in 1996 and 1998).
Here, we additionally invert for one slip patch each to represent the 1999, 2000, 2001, 2003 and 2004
events, and we also invert for two rectangular slip patches to represent the 2002 event described by
Kostoglodov et al. (2003). Representing slip by a rectangular patch has the disadvantage that, if (as is
most probably always the case) slip is highly spatially variable, the solution will be overdamped and
consequently biased. However, because the number of model parameters is small, we can calculate

parameter uncertainties.

5.2 Model II: Discretized Slip

For the second modeling approach, we first estimate displacement at each site during a given event
by fitting equation (1) to the GPS time series, and then we use those displacements to invert for
total anomalous slip§0 on the same gridded plate interface as was used for the steady-state model.
We invert for strike-slip and dip-slip components subject to the constraint that slip in each patch
cannot exceed the slip deficit accumulated since the beginning of GPS observation in 1992.25, i.e.,
Soi < (Toi — 1992.25)BV,pm — >y So;- This constraint serves the dual purpose of limiting the
solution space and testing the physical expectation that slow slip events release elastic strain potential
energy accumulated by frictional coupling on the fault. A second constraint forces the fractional strike-

slip during a given event not to exceed the fractional dip-slip, $&,/ V.55 < Sd5/V,ds

rpm rpm*
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5.3 Model Results

Example best-fit models of slip during the 2002, 2003 and 2004 slow slip events are depicted in Fig-
ures 4-6. In each figure, the upper panel (part a) represents the best-fit rectangular patch model, and
the lower panel (part b) depicts the best-fit discretized model, as descriljédLiand§5.2 respec-

tively. These can be thought of as representative of a large, intermediate and small Guerrero event
respectively. Because these are the most recent of the events examined here, they are also the best

sampled by GPS measurement.

The best-fit for each of the patch models is depicted by a rectangle, but we also show the range of
possible solutions at 95% confidence. The grid search for best-fit patches entails hundreds of thousands
of models of each event during each iteration, and each of those individual models is assigned a
confidence using the likelihood ratio method of Beck & Arnold (1977). We have plotted (in grayscale
contour) the minimum parameter confidence of all models that slipped at a given location and still fit
the data at less than 95% confidence. Blank areas on the map correspond to regions where slip models
could not fit the data at 95% confidence. Larger events are generally better constrained than smaller
events, and later events are better-constrained than earlier events which rely heavily on campaign GPS

measurements.

The centroid location of slip in the discretized models differs significantly from that in the patch
models. During smaller events, discretized model slip is small (maximum 4 to 8 cm) and focuses
near the coastline (i.e., within and near the base of the seismogenic zone as approximated from great
earthquake rupture zones and aftershock distributions on segments neighboring the Guerrero gap).
During larger events, slow slip has contributions from the same region of the seismogenic zone ac-
tivated in smaller events plus larger (maximum 10 to 25 cm) slip contributions from deeper regions
(to as much as 50 km downdip of the base of seismogenesis). Patch model slip, by contrast, occurs
almost entirely downdip of the base of the seismogenic zone in all events, so the models are most
similar during the largest events such as 2002 (Figure 4). Moreover, most of the slip in the discretized
models occurs outside the 95% confidence range for location of “well-constrained” patch models. The
difference in model estimates of slip location is most apparent in cumulative slip from all events (Fig-
ure 7). The amount of slip estimated by the two methods is also quite different. Where rectangular
patch models congregate, total slow slip significantly exceeds th& m relative plate motion during
the 1992-2005 period of GPS observations. The discretized model slip is 30 cm or less throughout
the plate boundary. Correspondingly, the equivalent moment magnitude of strain release during each
event differs significantly for the rectangular patch versus discretized models (Table 2). Moment re-

lease estimated for the discretized models is generally smaller than for rectangular patch models, and
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in many cases (e.g., the 2002 event) the discretized model moment release is much less than the 95%

confidence range estimated for the patch model.

Solutions for steady-state slip are shown in Figure 8. Velocities calculated from residuals of the
transient models agree reasonably well with the best-fit models of steady-state slip in both cases, but
the “observed” velocities are very different for the two models because the transient displacement
models subtracted prior to estimating velocity are different. Nevertheless, both models indicate sub-
stantial coupling of the plate interface to a distance of about 200 km from the trench (corresponding
to depths of~45-50 km). The limit of coupling is about 100 km further from the trench, and 20
km deeper, than the downdip limit of seismogenesis in megathrust earthquakes. Also, both models
suggest higher slip rates in the lower portion of the seismogenic zone than at greater depths, below
the frictional transition. The model which represents slow slip events as rectangular patches (Figure
8a) implies the shallow plate boundary is less strongly coupled than does the model with discretized
slow slip. This is because the patch model forces all slow slip to occur on deeper portions of the plate
boundary, so any shallow thrust slip needed to reconcile total deformation with the relative plate mo-
tion must be absorbed into the model of steady-state slip. The discretized model partitions more of the

shallow thrust slip into the slow slip events.

Both the rectangular patch and discretized models yield good fits to the GPS time series. Some
example time series are shown in Figure 9. The weighted (by inverse variance of the coordinate error)
root-mean square (WRMS) of the model misfit for all 35 GPS sites is 5.03 mm for the best-fit rect-
angular patch model and 4.84 mm for the discretized model. The significantly smaller misfit of the
discretized slow slip model is consistent with the much greater number of model parameters. In gen-
eral, best-fit model predictions of transient displacement compare favorably with measurements from
fitting equation (1) to the GPS time series (Figures 4-6). Modeled and estimated vectors of transient
displacement are generally more similar in the case of the discretized slip model. An important com-
ponent of this model is the correction for load deformation using simulated elastic response to a model
of hydrologic loading, as described §4.3. We evaluate the correction for load deformation by run-
ning the discretized model inversion both with and without the correction. The best-fit model without
correction has WRMS misfit 4.87 mm, while the WRMS of the correction is 0.55 mm. If the 4.84 mm
corrected misfit and the correction itself are treated as white noise processes, their RMS sum would
predict a 4.87 mm misfit, suggesting that our simulated correction is a good approximation of the true
load deformation. However, load deformation behaves more like correlated rather than white noise.
Consequently if the best-fit model of the uncorrected time series is compared with a corrected time
series, misfit is 4.89 mm, confirming that uncorrected load deformation tends to bias model estimates

of the slow slip.
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6 DISCUSSION

Although the primary objective of this analysis is to evaluate seismogenic potential of the Guerrero
plate boundary, model results presenteghi8 have implications for several other aspects of slow slip
in subduction zones. These include implications for the physical processes that drive slow slip and for

observations derived from slip modeling, both in Guerrero and elsewhere.

6.1 General Implications for Modeling Slow Slip

Discrepancies in location and moment release of the patch and discretized models relate to nonunique-
ness of solutions for slip from the surface displacement data, and the differences in solution damping
imposed by the models. These discrepancies are exacerbated by the sparse distribution of GPS obser-
vations in Guerrero, but low SNR of GPS data (particularly in the vertical) and measurement sampling
that aliases potential source locations are ubiquitous in GPS network observations of slow slip. Con-
sequently, these models would undoubtedly exhibit similar differences if they were applied to slow
slip elsewhere, including if they were applied to events with better spatial sampling. All modeling of
slow slip falls somewhere on the spectrum between the rectangular patch model and the discretized
model presented here, and so effects of model parameterization should be considered when interpret-
ing model-derived observations of slow slip. Numerous studies examine location and moment release
of slow fault slip using either the discretized (e.g., Ozawa et al. 2001, 2004; Miyazaki et al. 2003)
or patch (e.g., Hirose et al. 1999; Obara et al. 2004; Hirose & Obara 2005) modeling approaches. In
Guerrero, the 2002 slip event has been ascribed a moment magnitude of 6.8 by a 20 km mesh dis-
cretized model and 7.5 by a patch model (this studyy),5 from a two-dimensional forward model
(Kostoglodov et al. 2003), 7.4 on fault discretizations of 30 to 100 km mesh using a Bayesian approach
(Yoshioka et al. 2004), and 7.6 on a 50-100 km mesh discretization model (Iglesias et al. 2004). Our
results indicate that caution is warranted when comparing magnitudes and/or locations of slip events
derived from different types of modeling studies, and also when similar types of models have different
discretization mesh.

Slow slip doubtless does vary significantly as a function of location on the plate interface, and
GPS displacements are most sensitive to slip occurring nearest the measurement site. The patch model
is overdamped and reduces misfit associated with spatially varying slip by locating the slip source
at greater distance from the measurements. The greater distance to the source also forces moment
release to be larger to approximate the surface displacement magnitudes. Slip vectors on many of
the rectangular patch models are tens of cm, and the cumulative slow slip on the interface can far
exceed the relative plate motion over a similar time span (a physically unlikely scenario). Because

the discretized model constrains slow slip not to exceed the accumulated slip deficit, the discretized
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models favor slip nearer the GPS sites that reproduces surface displacement with smaller moment
release. We validate this assertion by modifying the discretized slow slip inversion to minimize both
model misfit and the resulting estimate of moment release. Results of such a calculation, included in
the final column of Table 2, demonstrate that requiring slow slip not to exceed the available slip deficit
yields about the same result as a minimum-moment solution.

In the context of this paper, it is very important to recognize that finding substantial differences
in the two end-member approaches to modeling slow slip is actually a desired result. If the two end-
member models of slow slip produce end-member estimates of slip deficit, then our range of estimates
of the seismogenic potential derived from these two models should accurately reflect the range of
possible seismic hazard in the Guerrero gap. That said, ideally one would also like to distinguish one
or the other model as being a more accurate representation of slow slip behavior. The smaller misfit
and reduced damping of the discretized models, coupled with the moment-minimization constraints,
would imply that the discretized models more accurately reflect the slip behavior (although estimates
of slip and moment release are conservative in the sense that slip is biased toward zero in regions far

from GPS constraint).

6.2 Implications for slip processes

The analysis performed here provides some new clues to the processes that drive slow slip. The ob-
servation that events in Guerrero are quasi-periodic with annual period is one important hint. Location
information provides another clue to the slip process, and timing relations that relate to likely propa-
gation of slip offer a third important puzzle piece.

Rate- and state-dependent frictional modeling (Liu & Rice 2005) suggests that two elements are
needed to generate fault behavior similar to slow slip events: (1) small along-strike variations in fric-
tional properties on the fault, and (2) some sort of transient stress process. In Liu & Rice’s (2005)
simulations, postseismic slip following the previous large megathrust event provided the stress tran-
sient, but transient stress might also result from smaller earthquakes on or near the plate boundary. The
1996-97 Bungo Channel event (Hirose et al. 1999) initiated soon after a pair of idarty.7 earth-
guakes, although some models suggest part of the slow slip initial®@ km away and propagated
toward the earthquakes (Miyazaki et al. 2003). In Guerrero, the 1996 event may have been postseis-
mic slip associated with the 199%,,=7.3 Copala earthquake, but timing constraints are poor. The
2002 event was preceded by thg, 6.0 Coyuca earthquake, an upper plate normal faulting event, and
differences in timing of deformation at different sites in Guerrero suggest that slip initiated and propa-

gated outward from somewhere near that earthquake (Kostoglodov et al. 2003). Significantly however,
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no M,,>5 earthquake occurred anywhere near the plate bounding thrust in the months preceding the

1998 event, and smaller slip events similarly have no strong correlation with earthquake activity.

The 12.6:0.3 month periodicity of Guerrero events suggests an alternative source of transient
stress. Annual periodicity may indicate that slip is also somehow forced or modulated by seasonal
variations in mass loading at the Earth’s surface. Lowry (2006) examines fault stress changes due
to continental hydrologic mass loading and finds peak-to-peak variations of up to 300 Pa in shear
stress and even larger in normal stress. While this is only about 5 to 20% of the annual tectonic shear
stress accumulation, Lowry (2006) also shows that resonance of fault slip and stress is most robust
for frictional conditions near the base of the seismogenic zone, where frictional properties prescribe a
resonant frequency of order one year. Most locations where slow slip has been documented exhibit pe-
riodic behavior. Cascadia events have a recurrence interval of: 131bnths near the northern Puget
basin, 10.21.2 months in northern California and Oregon (Szeliga et al. 2004)~dddmonth pe-
riodicity in the Explorer plate region that is6 months out of phase with the Puget activity (Malone
et al. 2004). Events in the Shikoku region of Japan occur once every six months with alternating direc-
tions of propagation (Obara et al. 2004). Resonant periods depend @aridge frictional parameters
on the fault, and as different faults likely have slightly different frictional properties near the base of
the seismogenic zone it is not surprising that slow slip elsewhere would be excited by environmental
stress at other periods. 13.9 months, for example, is approximately the period of the pole tide (Shen
et al. 2005), and loading by the atmosphere, oceans and continental hydrology all contain significant

power at periods other than annual.

If we are correct in inferring that slow slip represents a resonance effect arising from fault frictional
response, this would also imply that slip must initiate within the velocity weakening (i.e., seismogenic)
zone (Perfettini et al. 2001) near the frictional transition whre- a) becomes vanishingly small
(Lowry 2006). Some researchers (e.g., Dragert et al. 2001) have suggested previously that slow slip
must occur downdip of the seismogenic zone to prevent slip accelerating to earthquake rupture speeds,
but in fact area of slip must exceed a threshold defined by stiffness properties on the fault in order for
rupture to initiate. Location of slip is ambiguous in the models presented here, but a substantial fraction
of slow slip occurring within the velocity-weakening frictional regime is at least consistent with the

GPS observations.

One puzzling aspect of the observations is the question of why slip and moment release of Guer-
rero events is so variable if slip represents a periodic resonance phenomenon. Modeling presented here
suggests a possible answer to that question as well. Large events in Guerrero differ from the smaller
events in that they require a significant contribution of moment release from regions downdip of the

seismogenic zone, where resonance cannot occur. This modeling result is reinforced by a relative lack
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of trenchward displacement at inland sites during smaller events and by the later occurrence of defor-
mation at inland sites than at coastal sites during the larger (1998, 2002 and 2003) events (Table 1).
This behavior suggests the possibility that slip is consistent from one year to the next on the shallow
resonating patch, but in some years significant slip propagates downdip into the velocity-strengthening
zone, while in other years it does not. A potential problem with this interpretation is that simulated
slip events (e.g., Liu & Rice 2005) apparently do not propagate below the frictional transition. How-
ever, simulated events also do not reproduce periodicity or rapid along-strike propagation observed
in the real Earth, so this may simply reflect parameterization of the rate-state frictional models. Slip
clearly propagates from velocity-weakening to velocity-strengthening frictional regimes in postseis-
mic signals (e.g., Hutton et al. 2001), so it is not unreasonable to expect similar behavior from slow

slip events.

6.3 Upper plate strain partitioning

Modeling for this study assumes negligible permanent deformation of the North American upper plate
on the short timescale of measurements. Nevertheless, steady-state velocities can be used to infer
partitioning of oblique relative plate motion into upper plate strike-slip faulting. Figure 10 shows the
sinistral component of residual GPS site velocity relative North America versus distance from the
trench. The three candidate fault zones for partitioning of upper plate strike-slip motion, shown in
map view in Figure 1, are superimposed. Most of the scatter in velocity estimates reflects uncertainty
in separating slow slip displacement from steady-state velocity at campaign GPS sites. Velocities of
the CGPS sites are more tightly clustered, averaging about 8 mmngar the coast (65-95 km

from the trench), with scatter that generally reflects the eastward increase in sinistral component of
relative plate motion. Sinistral velocities drop to 5.6 mntyat OAXA (200 km from the trench),

1.8 mm yr! at IGUA (250 km) and 0.2 mm yr' at YAIG (300 km). POSW appears to have a 1.1

mm yr—! dextral velocity, but this is likely an artefact of Popogaetl volcanic deformation. The
distribution of CGPS sites is not adequate to distinguish deformation on the Atoyac fault from that
of the Chapala-Oaxaca fault zone, but we can infer with some certainty that all efgtmem yr—!

sinistral motion is accommodated on those two faults. Motions at OAXA and IGUA imply that the
COFZ accommodates more strike slip than the Atoyac faulrqiez-Azia & DeMets (2003) suggest

the Chapala-Tula fault zone may accommodate up to 4 mrh, yaut we find no evidence to support

that in Guerrero network data. Structural and paleomagnetic investigations (Suter et al. 2001; Ruiz-
Martinez et al. 2000) indicate only a few tenths of a mm'ydisplacements across the Chapala-Tula

faults, consistent with our results.
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Darby & Beavan (2001) observe that accumulation of upper plate shear strain is largest over
the transition from locked to slipping on the subduction interface at oblique subduction boundaries.
Consequently, above the slip transition is a natural location for strike-slip fault structures (such as
the Wellington fault in their study) to develop. In southern Mexico, there are two slip transitions at
two different timescales. One transition separates constant free slip from nearly complete coupling
during the time interval between large slow slip events. That transition approximately corresponds to
the location of the Chapala-Oaxaca fault zone. A second transition separates the seismogenic zone,
which remains partially coupled between large-magnitude megathrust earthquakes, from the region of

intermittent slow slip. The latter transition is located nearer the Atoyac fault.

6.4 Seismic potential of the Guerrero Gap

Based largely on the observation that coastal CGPS sites such as CAYA and ACAP accumulate little
net deformation, some studies suggest that Guerrero slow slip events release nearly all of the interseis-
mic strain accumulation (e.g., DeMets et al. 2004). The implications of this hypothesis are societally
important: If Guerrero is a seismic gap because shallow slip occurs aseismically, the seismogenic po-
tential of the Guerrero segment may be much smaller than\fheB.1-8.4 event inferred prior to
the recognition of slow slip (e.g., 8tez et al. 1990). Our models suggest that slow slip may indeed
occur within the seismogenic zone, and/or that parts of the shallow Guerrero thrust slip aseismically in
steady-state (Figures 7—8). However, the important question from a seismic hazard perspective is not
whether aseismic slip occurs, but rather, “How much strain energy remains available for earthquake
release at the end of the seismic cycle?”

We examine this quantitatively by integrating the slip deficit predicted by the modeling. Slip deficit
at a given location on the plate boundary is define(2as5.00 — 1992.25)V,m — S5, So; (i€,
total backslip during the 1992.25 to 2005.00 interval of GPS measurement, less slip in each of the
eight slow slip events). We integrate the slip deficit within the seismogenic portion of the Guerrero
gap, delimited by Acapulco on the east and the village of Papanoa on the west (i.e., the unruptured NW
Guerrero segment shown inset of Figure 1). The integral of slip deficit is converted to strain moment
using the same shear rigidity = 2 x 10'° assumed in deformation modeling, and then scaled by a
factor of 7.4 (implicitly assuming that slip during the period 1992.25 to 2005.0 is representative of
slip during the period 1911 to 2005). The resulting estimate of seismogenic potential has magnitude
equivalentM,,=8.01 in the case of the discretized model, &ig=7.91 in the case of the rectangular
patch model.

For this application, extreme differences between the two end-member models of transient slip are

actually desirable because they afford a means of approximating upper- and lower-bound estimates
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of the final slip deficit. The two estimates of seismogenic potential differ by less than 30%, even
though the discretized model locates most slow slip within the seismogenic zone and the rectangular
patch model locates virtually all of the slip further downdip. Interestingly, the rectangular patch model
produces a smaller seismogenic potential despite predicting negligible seismogenic zone slow slip.
This is because the patch model requires more aseismic slip in the seismogenic zone between slow
slip events to balance the total deformation observed at the GPS sites (compare Figures 8a and 8b).
Hence, if slip behavior during the GPS measurement period is representative of the interseismic period,
the M,,=7.9-8.0 seismogenic potential of the Guerrero gap can be considered a robust estimate.

The model estimates of potential moment release presented here are consistent with moment re-
lease during the 1911 s=7.8) earthquake but smaller than hazard estimates based on extrapolation
of earthquake behavior elsewhere on the Cocos-North America plate boundary. The discrepancy sug-
gests that the Guerrero gap is a gap in part because an unusually large fraction of the shallow fault
on this segment has velocity strengthening frictional conditions, and/or resonant slip in the velocity-
weakening zone is a significant fraction of total moment release. Although projected moment release
is smaller than previously estimated, the prospectif ag7.9-8.0 earthquake still poses a significant
threat of property damage and loss of life to th20 million inhabitants of Mexico City, Acapulco

and other large cities in Guerrero state.

7 CONCLUSIONS

Previous studies of GPS deformation in Guerrero have examined slow slip events that produced large
surface displacements in 1996, 1998 and 2002. In this study we find evidence for additional smaller
events in 1999, 2000, 2001, 2003 and 2004. The approximately annuatQL3.Mhonths) recurrence
of these events is similar to that observed for slow slip in Cascadia and Japan. Displacements during the
smaller events have large SNR, and directions are similar to the larger events. The directions and time-
dependence are consistent with expectations for slow slip and inconsistent with surface mass loading
deformation or other annual signals. Surface displacements vary by nearly an order of magnitude from
the largest to smallest events, indicating that they do not simply repeat but rather that each event results
from differing amounts and locations of slip on the plate boundary.

We invert for plate boundary slip using two different types of models: (1) uniform slip within
a rectangular patch, and (2) variable slip on a discretized surface. The discretized thrust model is
regularized by requiring slow slip to be less than or equal to the slip deficit accumulated in inter-event
times, resulting in a parameterization that approximately minimizes the total moment release. The
discretized model yields a better fit to GPS time series than the patch model and confirms that slip

deficit accumulated during inter-event times is sufficient to drive slow slip.
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Estimates of the location of slip and total moment release are very different for these two types
of models because regularization of the discretized model forces slip to be small and near the GPS
sites, whereas the single patch favors models in which slip is larger and more distant. Because slip
likely does vary, we expect that the discretized model more accurately reflects the true behavior. How-
ever moment release reported for discretized models in Table 2 should be considered a lower bound,
because slip may be inadequately sampled outside the Guerrero GPS network.

Slow slip in Guerrero concentrates near the downdip portion of the seismogenic zone. Additional,
later-occurring slip further inland (downdip) is required to explain larger events such as in 2002.
These observations suggest that (1) slow slip initiates in velocity-weakening frictional conditions (as
predicted by resonance theory in rate and state dependent friction models), and (2) slip sometimes
(but not always) propagates downdip into the velocity-weakening regime where moment release can
be larger. Slip on the plate boundary during inter-event periods is near zero to significant depths (about
45 km) and distances (about 200 km from the trench).

The trench-parallel component of steady-state velocity in Guerrero indicates that, if partitioning
of oblique Cocos-North America motion does occur, most of-t8emm yr~! of sinistral motion is
resolved on the Atoyac and Chapala-Oaxaca fault zones. Strike-slip motion across the Chapala-Tula
fault zone is negligible to within uncertainties of a few tenths of a mm.

Integration of the slip deficit on the Guerrero seismogenic zone during the GPS measurement pe-
riod indicates that, if slip behavior since 1992 is representative of the interseismic period, the Guerrero
segment currently has the potential to generaié,a7.9 to 8.0 earthquake. This estimate represents
a range derived from two very distinct, end-member approaches to modeling slip and so is a robust

estimate of the seismic hazard on the Guerrero segment.
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Figure 1. Seismotectonics of southern Mexico. Arrows indicate direction and magnitude of NUVEL1-A relative
plate motion (DeMets et al. 1994). Major earthquake slip zones are shown with year of the event. Dark gray box
shows location of inset map, which enlarges the setting of the Guerrero seismic gap. Inferred extent of rupture
for earthquakes that predate seismic instrumentation are indicated by double-arrowed lines. AF denotes Atoyac

fault; COFZ: Chapala-Oaxaca fault zone; CTFZ: Chapala-Tula fault zone after Johnson & Harrison (1990).
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Figure 2. Example time series of GPS north coordinates (North America fixed). Filled circles are measured
daily coordinates and dashed lines are best-fit functions of the form given by equation (1). Inset shows map
locations of the continuous (diamond) and campaign (triangle) GPS sites in the Guerrero network. Light gray

stripes indicate timing of anomalous transient motions visible in the GPS time series.
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Figure 3. Vertical versus trenchward components of displacement during events identified from HTF offset
analysis. Dark grey circles denote best-fit event displacement with one-sigma error bars. “Cloud” of light grey
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Figure 4. Measured and modeled anomalous displacement during the 2002 slow slip event. Thick black vectors,
with 95% confidence ellipse, represent transient displacement from fitting equation (1) to the observed time
series. White vectors are from the best-fit model of slow slip. Stippled area approximates the seismogenic zone
that produced past great earthquakes. (a) Model using two rectangular patches. Grayscale contours indicate
minimum confidence interval of all grid-searched slip models that activated a particular location on the plate
boundary; rectangles are surface-projected best-fit slip model. Large gray vector denotes best-fit slip direction.

(b) Discretized model of variable slip. Thin black vectors indicate best-fit slip on the gridded megathrust.
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Figure 5. Measured and modeled anomalous displacement during the 2003 slow slip event. See Figure 4 caption

for further description.
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Figure 6. Measured and modeled anomalous displacement during the 2004 slow slip event. See Figure 4 caption
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Figure 7. Cumulative slip during slow events, modeled using (a) rectangular patches and (b) a discretized fault

surface. Black diamonds show locations of continuous GPS sites.
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Figure 8. Steady-state slip models. White vectors represent best-fit velocity model; black vectors (with 95%
error ellipses) are residual velocity after subtracting the slow slip models. Thin black vectors indicate best-fit
steady-state slip projected from the gridded plate boundary to the surface. Grayscale shading represents slip as a
fraction of NUVEL-1A relative plate motion. (a) Steady-state slip from residuals of the rectangular patch model

of slow slip. (b) Slip from residuals of the discretized slow slip model.
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bars). Black line is the best-fit discretized model time series for displacement at each site; the dashed gray line
superimposed is the corresponding best-fit model of rectangular patches. Very light gray bands denote periods
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Table 1. Median time, displacement, and uncertainty estimates from HTF analysis of anomalies in

the GPS coordinate time series.

Site Best-fit Displacement (mm) One-sigma Uncertainty (mm)
Ty East North Up East North Up
ACAP ~1996 -16.5 -20.5 46.8 3.9 2.5 12.1
ACAP ~1998 -5.1 -18.9 47.1 2.7 1.8 8.5
CAYA 1998.19 34 -29.8 25.8 1.0 0.6 2.9
POSW 1998.39 9.6 -10.4 -13.2 0.3 0.4 2.6
ACAP ~1999 -16.9 3.0 19.7 2.8 1.7 8.2
CAYA 1999.03 -4.6 -7.9 8.2 0.9 0.5 2.6
POSW 1999.20 8.4 -2.4 -10.1 0.3 0.4 2.3
ACAP 2000.05 -5.1 1.4 27.1 2.3 1.4 6.5
CAYA 2000.04 -3.0 -3.7 5.8 0.8 0.5 2.6
POSW 2000.34 6.9 -2.0 -16.8 0.3 0.4 2.4
YAIG ~2000 5.0 -1.8 3.2 1.2 0.7 3.6
ZIHP ~2000 3.6 -19.8 -1.1 3.9 2.7 15.2
ACAP 2001.19 -4.1 0.2 21.2 0.9 0.7 2.9
CAYA 2000.86 2.7 -7.3 19.9 0.8 0.5 2.6
IGUA ~2001 51 4.7 5.7 14 0.9 4.3
PINO 2001.04 -7.0 -11.4 21.3 1.3 1.0 4.4
POSW 2001.16 6.1 0.6 -3.3 0.3 04 2.3
YAIG 2001.06 3.7 -0.1 34.2 0.9 0.5 2.6
ZIHP 2001.27 -3.7 -6.2 9.5 1.2 0.9 4.0
ACAP 2002.15 -14.3 -42.9 37.3 0.8 0.6 2.5
CAYA 2002.16 -29.0 -61.1 71.1 1.0 0.6 3.0
IGUA 2002.17 -10.5 -36.7 -15.5 0.9 0.6 3.0
OAXA ~2002 -10.8 -11.9 -1.4 13 1.0 4.3
PINO 2002.34 -13.5 -28.6 17.6 1.0 0.7 3.1
POSW 2002.20 1.9 -12.7 -12.7 0.4 0.4 24
YAIG 2002.18 -8.3 -20.0 17.4 1.0 0.6 3.0
ZIHP 2002.26 -13.9 -24.7 10.9 1.0 0.8 34
ACAP 2002.91 -6.2 -9.5 19.9 0.8 0.6 2.5

CAYA 2003.00 -4.8 -16.5 -5.3 0.8 0.5 2.6
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Table 1—Continued

Site Best-fit Displacement (mm) One-sigma Uncertainty (mm)

T East North Up East North Up
PINO 2002.96 -3.4 -11.2 9.0 0.9 0.7 2.8
POSW ~2003 -0.6 -1.7 -9.4 0.8 0.7 4.6
YAIG 2003.04 0.9 -5.8 24.7 0.9 0.5 2.6
ZIHP 2003.05 -23.1 -29.1 19.6 1.3 0.9 4.1
ACAP 2004.06 -1.7 -3.8 23.2 0.9 0.6 2.9
CAYA 2004.15 5.6 -8.1 12.6 11 0.7 3.5
COYU 2004.10 1.9 -6.1 32.0 1.2 0.8 3.8
DOAR 2004.16 5.8 -6.4 11.9 1.1 0.7 3.4
IGUA ~2004 5.0 2.0 6.9 11 0.7 3.6
OAXA ~2004 -2.9 -15.4 2.1 1.6 1.1 5.0
PINO 2004.09 -4.1 -11.7 12.9 1.0 0.7 3.2
YAIG 2004.17 7.3 -1.8 36.5 0.9 0.5 2.7
ZIHP ~2004 6.4 -14.6 15.2 1.6 1.1 5.2
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Table 2. Median time, duration, and magnitude equivalent of moment release during slow slip
events. Magnitude is calculated usiif), = 3[log;o(Mo) — 9.05]/2, in which moment
Mo = p ¢S dA, p =2 x 10! is shear rigidity, and is anomalous slip. Timing parameters are the

best-fit from the discretized model.

Event Median Timescale Single Patch Model Discretized Model
TimeTy, 7 (mos) Best-FitM,, 95% Min 95% Max Best-Fif\/,, Min M,

1996 ?? ?? 7.30 6.73 8.46 6.97 6.72
1998 1998.18 2.5 7.44 7.18 8.05 6.86 6.76
1999 1999.02 2.6 6.99 6.74 7.41 6.38 6.34
2000 2000.05 2.6 6.35 5.15 7.98 6.38 6.40
2001 2000.92 2.6 7.70 6.36 7.75 6.42 6.29
2002 2002.17 2.0 7.52 7.46 7.56 6.89 6.83
2003 2002.91 2.6 7.15 6.92 7.20 6.67 6.65

2004 2004.13 2.2 6.80 6.24 6.88 6.62 6.35




