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New estimates of long-term velocities of permanent GPS stations in Southern Mexico
reveal that the geologically discernible ~650-km long shear zone, which strikes parallel
to the Middle America trench, is active. This left-lateral strike-slip, La Venta—Chacalapa
(LVC) fault system, is apparently associated with a motion of the Xolapa terrain and at
the present time is the northern boundary of a ~110-160-km wide forearc sliver with a
sinistral motion of 3-6 mm/year with respect to the North America plate. This sliver is the
major tectonic feature in the Guerrero and Oaxaca regions, which accommodates most
of the oblique component of the convergence between the Cocos and North America
plates. Previous studies based purely on the moment tensor coseismic slips exceedingly
overestimated the sliver inland extent and allocated its northern margin on or to the north
of the Trans-Mexican Volcanic Belt. While the LVC fault system probably slips slowly
over geologic scale time and there is not any historic evidence of large earthquakes on
the fault so far, its seismic potential could be very high, assuming a feasible order of
~10° years recurrence cycle. A detailed analysis of long-term position time series of
permanent GPS stations in the Guerrero and Oaxaca states, Southern Mexico discards
previous models and provides clear evidence of an active LVC fault zone bounding the
Xolapa forearc sliver. The southeastward motion of this sliver may have persisted for
the last ~8-10 Million year and played an important role in the tectonic evolution of
the region.

Keywords: fault system, oblique subduction, sliver motion, tectonics, GPS, earthquake slip

INTRODUCTION

The existence of a forearc sliver with contemporary sinistral motion with respect to the stable North
America plate (wrt NA) should be expected as a result of the strain partitioning produced by oblique
subduction of the Cocos plate (CO). Geological studies indicate the sinistral transpression during
Late Cretaceous to Early Tertiary in the coastal area of the present-day southern Mexico (Cerca
et al., 2007). Significant left-lateral strike-slip motion characterized by the mylonitization of the
Xolapa metamorphic complex (Campa and Coney, 1983) was dated as Early Eocene in the La Venta
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(Solari et al., 2007) and as Oligocene in the Chacalapa shear zones
(Tolson, 2005). Nonetheless, there was not any evidence of the
ongoing tectonic activity on the La Venta-Chacalapa (LVC) fault
system (Ramirez-Herrera et al., 2018) or on other trench-parallel
faults in the central Mexico, except the Central Trans-Mexican
Volcanic Belt (TNVB; Suter et al., 1992).

Sliver models (e.g., McCaffrey, 1992) provide simple methods
to appraise the forearc deformation and relative sliver velocity
using slip vectors of shallow subduction thrust earthquakes.
Nevertheless, these models are unable to restrict the geometry
and location of strike-slip fault zones bordering slivers. One
attempt to use this technique for the subduction zone in
central Mexico was the study of Ego and Ansan (2002).
Using focal mechanisms of thrust earthquakes corresponding
to the seismogenic segment of the plate interface they
considered the left-lateral slip rate of the forearc to be
less than 8 mm/year. As the only known active E-W fault
zone with left-lateral transtensive deformation was in the
Central TNVB, the northern limit of the forearc sliver has
been assigned to this fault zone, which is located as far
as ~350-380 km from the Middle America trench (MAT).
A further study by Andreani et al. (2008), proposed that
this sliver, the so-called “Southern Mexico Block,” undergoes a
counterclockwise rotation wrt NA and may be not related to
oblique subduction.

To ascertain that the LVC fault system is tectonically
active and represents the northern boundary of the forearc
Xolapa sliver in Southern Mexico we analyzed continuous
GPS data collected since 1997 at permanent GNSS networks
in the Guerrero and Oaxaca areas. Long-term GPS velocities
definitely indicate a left-lateral strike-slip motion across the
fault zone with the rate of 3-6 mm/year. This result agrees
with revised estimates of the sliver speed obtained from
slip vectors of the subduction thrust earthquakes. An overall
stretching of the forearc of ~40 km between the Michoacan
and Guerrero regions may be produced by a relative to the
Michoacan sinistral retreat of the Xolapa sliver. Supposing that
the Cocos-North America convergence conditions have not
radically changed since the Late Miocene time, the reactivation
of the LVC fault system could have occurred some ~8-
10 Ma ago.

DATA AND ANALYSIS

GPS Observations

The data used in this study (Figure 1) are 5-16 years of
continuous measurements on the permanent GPS stations
operated by the Instituto de Geofisica, UNAM, and one station,
TOL2, of the Instituto Nacional de Estadistica y Geografia,
INEGI. To establish the reference frame ITRF2008 (Altamimi
et al., 2011) we added also the data from several global IGS
(International GNSS Service) GPS stations. The total GPS dataset
was processed with the GAMIT-GLOBK software (version 10.60,
Herring et al, 2015). Modeling of environmental effects on
the GPS measurements (see Vergnolle et al., 2010) decreased
notably the noise in the position time series. Years-lasting

GPS observations are essential in the presence of periodic
signals (e.g., Blewitt and Lavallée, 2002) to estimate secular
tectonic deformations and velocities. This is of particular
importance in the Guerrero and Oaxaca areas, where large
subduction slow slip events (SSE) are happening regularly,
about every 4 and 1 year, respectively (e.g., Cotte et al., 2009;
Graham et al., 2016).

For several GPS stations in the Michoacan state we used
already processed position time series from the Tlalocnet
network, downloaded from the UNAVCO".

Secular GPS velocities, Vs, were calculated by weighted least-
square linear fit to the time series at each station. To avoid
the effect of recent large subduction thrust earthquakes, we
subtracted beforehand corresponding coseismic displacements
of the 2014 Papanoa, Mw 7.3 event (Unam_Seismology_Group,
2015) from the time series in Guerrero and truncated the
Oaxaca time series by the date of the 2012 Ometepec, Mw
7.5 earthquake (Unam_Seismology Group, 2013). Figure 2
demonstrates an example of linear fits to the CAYA northern
time series affected by several large quasiperiodic SSEs. Of course,
in this extreme case the SSEs produce very large displacements
and resulting Vgy value varies within some ~10% depending
on the end bound of the fitting window. For the Oaxaca time
series, an effect of the SSE on the Vg is relatively smaller
because of slow events smaller displacement and their shorter
recurrence period.

The trench-parallel component of secular velocity, Vs,
rests on an assessment of the trench normal azimuth, T,
at each location of GPS station. The shape of the MAT is
arc-curved and may be approximated by a few segments of
small circles on a spherical Earth (Guzman-Speziale, 1995).
Using this approach, we selected four successive sections of
the MAT with approximately consistent curvatures and fitted
each of those to a small circle (Supplementary Figure Al).
Thus, the pole of best fitting small circle is the center of
curvature of the trench section (Supplementary Table Al).
The azimuth of big circle passing through this pole and a
location point of GPS station corresponds to the Tn. The
trench normal at each station is calculated according its location
in a sector of corresponding small circle (see Table 1 and
Supplementary Figure Al). By applying the same method, it
is possible to define the obliquity angle variation along the
MAT as the angle between plate convergence direction (we
used PVEL Cocos-North America plates model, DeMets et al.,
2010) and trench normal (Figure 3). The obliquity in Guerrero
and Oaxaca segment of the MAT is relatively higher (10°-
15°) than in Michoacan and Chiapas, where it is close to
~0° in average.

All Vg and Vgg vectors are plotted in Figure 1, where
an abrupt reduction of secular trench-parallel velocity, Vs, is
obvious from south-west to north-east, across the LVC fault
zone, especially in Guerrero, with a broader coverage of the
GPS network. To reveal a tectonic significance of the LVC
fault zone, we projected Vs amplitudes onto a general profile
perpendicular to the MAT (Figure 4). As it is seen in Figure 4,

'https://www.unavco.org/instrumentation/networks/status/tlalocnet
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FIGURE 1 | The study area (Inset) and location of permanent GPS stations (small yellow circles). Secular GPS velocities (wrt North America plate, mm/year) are
shown as green vectors, and red vectors are their oblique components (parallel to the MAT). The solid-dashed purple line delineates the La Venta-Chacalapa (LVC)
fault zone according to Tolson (2005). L, La Venta segment (Solari et al., 2007). C, Chacalapa segment (Tolson, 2005). The segmented dark brown line is a trace of
the LVF according to Gaidzik et al. (2016). An abrupt decrease of the secular oblique velocity is noticeable across the LVC fault zone (Ramirez-Herrera et al., 2018),
which is roughly the northern border of the Xolapa allochthonous terraine (XOLAPA, shaded area located between the MAT and the LVC). Blue vectors are the
Cocos-North America PVEL convergence velocities (DeMets et al., 2010) at the MAT. The red dashed line normal to the MAT specifies the horizontal axis of a
cross-section shown in Figures 2, 3. The gray shaded region to the north of 19°N shows the Trans Mexican Volcanic Belt (TMVB) with a dense E-W extended fault
cluster [adapted from Ferrari et al. (2012)]. The fault sequence mapped close to the Acambay area is the northern margin of the sliver proposed by Ego and Ansan

(2002).

the strain rate in Guerrero suddenly changes roughly from —93
to —4 nrad/year at approximately 100-120 km inland from
the MAT, which is an average location of the LVC shear zone.
At the same distance, the Vss diminishes by 2-5 mm/year in
Guerrero and by more than 6 mm/year in Oaxaca. These velocity
slumps may represent a partitioning of the oblique convergence
between the Cocos and North America plates with a sinistral
motion (wrt NA) of the forearc Xolapa sliver. Abrupt fault-
parallel velocity change as a function of fault-perpendicular
distance is a usual attribute of major active strike-slip faults
(e.g., Smith and Sandwell, 2006; Alchalbi et al., 2010; Smith-
Konter et al., 2011; Jolivet et al., 2015); thus, our observations
suggest that the LVC fault area is tectonically active, at least
during the GPS epoch.

There are not enough GPS stations to reliably model the
LVC fault properties along all of its extent (Figure 1). The
only fairly acceptable GPS covered area is in Guerrero, where
the ~450-km-long cross-section could be roughly appraised

using a simple screw dislocation model (Savage and Burford,
1973; Cohen, 1999) for the infinite vertical strike-slip fault
(Figure 5). The modeled fits to the observed Vss data show
strike-slip displacement on the surface produced by the creeping
fault at the depth more than 10 km while its shallower
section is locked. Of course, these models cannot constrain
the fault coupling depth, but they highlight the slower strike-
slip motion (~3 mm/year) on the LVC fault zone within
the Guerrero seismic gap compared to the adjacent areas
(~5 mm/year). This inconsistency may be related to the
influence of periodic SSEs, which effectively reduce the long-
term subduction plate interface coupling in the gap area (e.g.,
Radiguet et al., 2012).

Based on the variation of GPS sinistral secular velocities along
the coast (Figure 1), the active LVC fault zone strikes off the
Zihuatanejo city area, some ~650 km eastward along the Pacific
coast, and gets somewhere close to the Salina Cruz city on
the land. A continuation of the LVC into the Guatemala basin
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FIGURE 2 | Example of few linear fits to the CAYA northern time series. The
resulting estimate of V gy value depends on the selected time interval. To
eliminate the impact of the Papanoa Mw 7.3 earthquake the fitting window
closes just before the earthquakes starts.

remains problematic to trace as yet without detailed bathymetry
and marine geophysics data.

Seismicity

Large historic strike-slip earthquakes are unknown in the
continental crust along the entire length of the fault system.
Only a few shallow and small magnitude earthquakes
have probably occurred on it, according to the catalog of
the National Seismological Service of Mexico (SSN). Just
one well-documented normal type with a small strike-
slip component, Mw 5.8, Coyuca earthquake, followed by
numerous aftershocks, has been recorded on October 8,
2001 (Pacheco et al., 2002; Pacheco and Singh, 2010), on
the reactivated sub-fault, south of the La Venta fault (LVF;
Figure 6). This rare event occurred right after the large
2001 SSE that created a temporal extension of the forearc
(Kostoglodov et al., 2003).

Seismic events hypocenters in the SSN catalog (1962-2015)
do not have sufficient precision to make a definite conclusion
on the LVC seismicity. Supplementary Figure A2 shows only
that the fault zone approximately coincides with the location
where density of seismic events drops significantly to the north
of the fault trace. The higher-precision catalog obtained from
the local seismic network in the seismic gap of Guerrero
[1.0 < Mc < 4.0, (Sudrez et al, 1990)] may be used to
examine the seismic activity of the LVC. Seismicity cross-
sections perpendicular to the MAT show that this fault zone
is mainly aseismic for the time span of the catalog (1987-
1995; Figure 6). Very low seismicity on active faults needs
to be explained. One of the plausible insights may be a
the model of Lamb and Smith (2013), where the strike-slip
fault is totally locked in the surface elastic layer during a
long-lasting interseismic period and is thus behaving almost

aseismically. This locked shallow patch of the fault produces a
background secular linear surface strain trend of ~4 nrad/year
(see Figure 4). In the deeper part of the crust, beneath the
locked fault zone, the fault is creeping on a narrow shear zone
that produces an apparent near-fault geodetic signal, which
depends on the maximum depth of the locked segment of
the fault. This model may explain the total observed GPS
surface displacements and a lack of seismicity on the LVC.
Strain accumulation on the upper locked zone of the fault
is relatively slow, AVss = 3-5 mm/year (Figure 5), which
should lead to a long-lasting seismic cycle of the order
of thousand years.

Recently reported local seismic swarms in the Oaxaca section
of the LVC (Fasola et al, 2019) are apparently related to
someway relocated fault. Still insufficient accuracy and precision
of the local seismic catalog (Fasola et al, 2016) does not
permit us to make a definitive conclusion on the seismic
activity of the LVC.

LA VENTA-CHACALAPA FAULT TRACE
MAPPING

The fault shape and its location are essential to analyze the
stress pattern and appraise the elastic strain accumulation,
which may finally be released seismically. The precise
position of the LVC shear zone is unknown for most of its
length. There are only two explored segments of this zone
detected by geological studies, Chacalapa (Tolson, 2005)
and La Venta (Solari et al, 2007)—C and L annotations
accordingly in Figure 1. All published LVC fault configurations
render a geologically depicted borderline of the Xolapa
terrane (e.g., Cerca et al., 2007). Gaidzik et al. (2016),
acquired and analyzed abundant structural field data in the
western part of the Xolapa terrane (~99°-101.3°W), and
after a morphotectonic interpretation of 15-m resolution
digital elevation model (DEM) and satellite images of the
area, they could trace the superficial left-lateral strike-slip
continuation of the La Venta fault zone (LVF in Figure 1).
According to this study, the LVF is segmented with 4- to
8-km-wide compressional or extensional step-overs and its
nearly E-W average trace crosses the coastline close to the
town of Papanoa.

The westernmost segment of the fault is less well constrained.
As the Zihuatanejo GPS (ZIHP in Figure 1) has a clear
secular trench-parallel motion comparable to other GPS sites
on the Xolapa sliver, we can assume that the active LVF
extends up to that longitude of approximately —101.5°. An
absence of GPS stations between LVF and LVC does not
permit us to determine the northern limit of the Xolapa sliver,
while the LVF trace is more reliable based on detailed study
of Gaidzik et al. (2016). It is important to note that the
Xolapa sliver is not identical to the geologically determined
Xolapa complex (Ducea et al, 2004) or the same name
terrain. The LVF location may be considered as a trace of
active LVC fault system (Ramirez-Herrera et al, 2018) in
western Guerrero mainly because the northern boundary of
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TABLE 1 | Secular velocities of the GPS stations (Vsg, Vsy, east and north components accordingly, referenced to the fixed North America plate), and corresponding
standard errors (cV/sg, oV/sy); trench parallel velocities (Vss) with standard errors (oV/ss) and azimuth of trench normal (9 Tn, clockwise from North); T1 and T2 are the
start and end limits of the fitting time span, respectively.

Station Lon Lat Vse Vsn o Vse o Vsn Vss o Vss ?Tn ™ T2

(site) °E °N mm/year mm/year mm/year mm/year mm/year mm/year °cw from N Year Year
ACAP —99.857 16.822 11.64 7.99 0.02 0.05 8.10 0.04 —20.51 1999.92  2013.08
ACYA —99.903 16.838 10.72 11.58 0.03 0.06 5.96 0.04 —20.59 2004.12  2014.28
ANIG —104.521 21.054 0.94 1.67 0.03 0.02 —-0.79 0.03 —53.97 2006.84  2014.93
ARIG —100.344 18.281 7.86 12.63 0.05 0.06 2.43 0.05 —22.49 2009.88  2014.21
AYUT —99.145 16.988 0.37 12.54 0.13 0.12 —3.91 0.13 —-19.45 2010.34  2013.68
CALC  —102.762 18.079 7.19 11.20 0.08 0.11 1.40 0.09 —26.66 2007.94  2013.65
CAYA —100.267 17.049 6.98 3.91 0.02 0.04 5.08 0.03 —21.35 1997.09  2014.28
CHAM  —105.045 19.498 5.11 10.07 0.03 0.03 -3.75 0.03 —46.26 2006.83  2014.72
coL2 —103.702 19.244 5.50 6.14 0.02 0.02 0.61 0.02 —37.66 2006.87  2014.97
COMI —92.137 16.282 3.04 3.53 0.01 0.02 0.87 0.02 —30.01 2002.12  2014.91
COYB  —100.081 17.008 7.1 417 0.09 0.20 5.14 0.16 —21.01 2008.18  2012.62
COYU  —100.081 17.008 7.67 5.78 0.03 0.10 5.09 0.07 —21.01 2003.29  2014.23
CPDP —99.628 16.776 11.92 11.71 0.03 0.05 747 0.04 —20.10 20038.42  2014.25
CzZIG —99.131 16.736 10.53 11.78 1.05 0.92 6.06 0.99 —-19.25 2009.87  2010.30
DEMA —99.035 20.300 1.41 1.76 0.01 0.01 0.65 0.01 —22.02 2003.87  2014.95
DOAP —99.651 17.021 8.84 9.35 0.06 0.11 5.04 0.09 —20.32 2004.41 2011.92
DOAR —99.651 17.021 8.56 9.78 0.03 0.06 4.64 0.05 —20.32 2003.23  2013.43
HUAT —96.108 15.769 12.23 16.03 0.01 0.01 10.53 0.01 —5.88 2000.57  2014.32
IGCU —99.176 19.327 3.36 3.13 0.11 0.08 1.99 0.09 —21.38 2011.40  2014.31
IGUA —99.502 18.392 3.52 4.11 0.02 0.03 1.80 0.03 —-21.15 2000.43  2014.28
INEG —102.284 21.856 1.30 2.33 0.01 0.02 —-0.79 0.01 —46.45 2006.83  2014.94
LAZA —99.487 17.519 6.11 9.60 0.04 0.04 2.38 0.04 —20.42 2006.71 2014.26
LZCR —102.178 17.939 7.76 15.83 0.12 0.11 1.17 0.12 —22.32 2008.94 2011.37
MARO —94.884 17.091 3.58 3.41 0.01 0.02 2.22 0.02 —19.74 2005.03  2014.97
MEZC —99.620 17.925 5.09 6.14 0.04 0.07 2.55 0.06 —20.97 2005.04  2014.28
MRQL —-98.817 16.594 13.97 17.58 0.17 0.14 7.63 0.15 —-18.62 2010.23  2012.19
OAX2 —-96.717 17.078 4.96 7.89 0.04 0.05 2.70 0.04 —-15.29 2006.85  2012.20
OAXA —96.733 17.073 5.82 8.53 0.02 0.02 3.36 0.02 —15.32 2001.20 2012.18
OMTP —98.419 16.700 14.01 16.59 0.20 0.18 8.19 0.19 -18.02 2009.83  2012.18
OXAC —98.041 18.130 3.08 6.52 0.08 0.09 0.86 0.09 -18.37 2009.23  2012.19
OXEC —96.055 16.520 5.93 9.02 0.04 0.04 5.05 0.04 —5.48 2009.01 2013.85
OXES —96.746 15.727 15.038 26.74 0.37 0.29 7.82 0.35 —14.58 2009.12  2010.86
OXGU —96.910 16.630 3.06 8.02 0.08 0.08 0.83 0.08 —15.37 2009.00 2013.85
OXLP —97.051 16.142 11.49 16.19 0.09 0.12 6.80 0.10 —15.33 2009.13  2013.99
OXMA —98.611 16.709 15.65 18.74 0.13 0.13 8.96 0.13 —18.35 2009.16  2011.75
OXNC —97.218 17.400 4.34 7.60 0.08 0.13 2.02 0.09 —16.39 2009.11 2012.18
OXPE —97.075 15.889 19.11 23.17 0.03 0.05 12.36 0.04 —15.23 2008.02  2014.25
OXTH —95.239 16.281 4.27 4.77 0.18 0.15 2.50 0.16 —-18.87 2009.00  2010.62
OXTU —97.654 16.151 8.61 11.03 0.10 0.14 5.52 0.1 —-16.37 2009.01 2013.86
OXUM —96.499 15.662 15.90 17.02 0.06 0.08 16.45 0.07 1.90 2009.14  2013.99
PAPA —101.047 17.273 11.98 13.53 0.08 0.06 5.81 0.07 —22.78 2010.14  2014.00
PEIG —97.148 156.998 14.51 13.61 0.14 0.18 10.37 0.16 —15.42 2012.87 2015.00
PENA  —104.101 19.391 4.02 7.01 0.02 0.02 —1.54 0.02 —40.78 2007.12  2019.93
PINO —98.127 16.393 9.94 10.10 0.02 0.03 6.48 0.03 —17.33 2000.53  2012.18
POPO —98.628 19.067 -0.72 7.91 0.56 0.55 -0.72 0.56 —-20.17 2013.51 2014.29
POSW —98.657 19.010 2.07 1.79 0.05 0.05 1.32 0.05 —20.17 1997.01 2003.44
SABY —91.187 18.967 1.43 1.63 0.02 0.02 0.31 0.02 —33.28 2004.54  2014.10
SLCR —95.197 16.168 4.34 5.24 0.13 0.09 2.28 0.11 —20.13 2009.00  2012.91
SLUI —98.741 16.811 13.55 14.41 0.21 0.12 8.39 0.18 —18.13 2009.84  2011.92

(Continued)
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TABLE 1 | Continued

Station Lon Lat Vse Vsn o Vsg o Vsn Vss o Vss #Tn T1 T2

(site) °E °N mm/year mm/year mm/year mm/year mm/year mm/year °cw from N Year Year
TAMP —97.864 22.278 0.88 1.25 0.02 0.01 0.36 0.02 —21.70 2006.83  2014.27
TCPN —100.631 17.234 9.53 10.01 0.10 0.16 5.07 0.13 —22.08 2009.32  2014.28
TECO  —103.861 18.985 6.94 8.47 0.01 0.01 0.39 0.01 —37.29 2007.17  2019.95
TNCC  —108.173 18.791 4.98 9.02 0.04 0.03 —0.59 0.04 -32.15 20156.82  2019.98
TNCN  —101.971 18.554 5.31 8.52 0.32 0.06 1.58 0.27 —22.87 2016.18  2019.95
TNIF —101.896 18.272 5.91 10.46 0.04 0.03 1.68 0.04 —21.40 2015.80  2019.99
TNMO  —101.228 19.649 2.43 0.83 0.02 0.02 1.98 0.02 —25.26 2008.48  2019.96
TNMR  —103.346 18.289 7.06 11.51 0.05 0.05 0.10 0.05 —31.09 2014.71 2018.72
TNMz  —104.402 19.124 7.94 10.56 0.07 0.07 —0.94 0.07 —41.00 20156.49  2018.24
TOL2 —99.644 19.293 3.20 4.14 0.02 0.02 1.40 0.02 —22.18 2006.86  2014.23
UCOE  —101.694 19.813 2.57 1.88 0.01 0.01 1.50 0.01 —26.21 2005.81 2019.94
UNIP —99.181 19.313 1.90 3.57 0.02 0.02 0.47 0.02 —21.38 2005.95  2013.77
YAIG —99.067 18.862 2.18 3.35 0.02 0.02 0.85 0.02 —20.78 1999.82  2014.19
ZIHP —101.465 17.607 9.86 13.26 0.03 0.04 3.69 0.03 —23.73 2000.53  2014.22

Position time series for the sites in italic are from the TLALOCNET network (https://www.unavco.org/instrumentation/networks/status/tlalocnet).

30

25

20

Obliquity wrt Tn, degrees

-105

MICHOACAN GUERRERO OAXACA CHIAPAS
15
10
104 -103 102 -101 -100 -99 -8 -97 96 95 94 93 92  -Of
Longitude, °E
FIGURE 3 | Variation of obliquity angle along the Mexican fragment of the Middle America Trench. The obliquity is relatively higher in the Guerrero-Oaxaca segment
of the MAT and low or negative in Michoacan and Chiapas.

the Xolapa complex has no clear expression on the landscape
(Gaidzik et al., 2016). Part of the LVF (Gaidzik et al., 2016)
appears to coincide with the geologically defined Eocene-
Oligocene LVC shear zone (Riller et al., 1992; Tolson, 2005;
Solari et al., 2007).

Nevertheless, GPS estimates show that the westernmost
section of the LVC should extend up to the Zihuatanejo
city area where the Xolapa sliver is stretching from the
NA plate. Thus, some of the LVF segments possibly are
subfaults of the LVC fault system (Ramirez-Herrera et al., 2018).
Therefore, the principal conclusions of Gaidzik et al. (2016)
study concerning the age of the LVE, its seismic activity, stress
regime, and reactivation would be valid similarly for the LVC
(Ramirez-Herrera et al., 2018).

The trace of the tectonically active eastern part of the LVC
fault zone needs to be investigated using the same methodology
as in Gaidzik et al. (2016) together with high resolution GPS and
local seismological studies. Until now there is only geologically
defined trace of the LVC shear zone (Ramirez-Herrera et al.,
2018), which is poorly confirmed by any reliable observations,
particularly in Oaxaca region (between —99.0 and —97°E; dashed
line in Figure 1). Just a few GPS stations landward from and
close to the LVC zone are not enough to estimate the active
fault zone location. For that reason, the geological LVC trace
is the only one that can tentatively be used as a reference
for the active LVC in Oaxaca. Analyzing secular trench-parallel
velocities, Vg, of the easternmost GPS stations (OXUM, HUAT,
SLCR, OZTH, and MARO; Figure 1) we conclude that the
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FIGURE 4 | Distribution of trench-parallel component of GPS secular velocity
(Vss) along the profile perpendicular to the MAT (Figure 1, red vectors
amplitudes projected on the profile shown by the red dashed line). Red circles
correspond to the GPS stations in the Guerrero state and green circles to
those in the Oaxaca state. Blue line annotated with the strain rate estimate is
a best fit to the Vgg measurements for the Xolapa sliver (south of the LVC fault
zone) in Guerrero, while the magenta line is the best fit to the Vgg data north
of the LVC. Sharp change in the strain rate across the LVC is evident as well
as an abrupt drop of Vgg by 3-5 mm/year in Guerrero and by more than

6 mm/year in Oaxaca. Thus, the LVC fault zone is active at least during the
epoch of GPS observations. Light gray band shows roughly the LVF zone.

active LVC fault zone (Ramirez-Herrera et al., 2018) should
cross the shoreline somewhere between Huatulco (HUAT) and
Salina Cruz cities. Tectonic implication of this observation is
considered later.

XOLAPA SLIVER

Azimuthal angle differences (slip partitioning) between slip
vectors of subduction thrust earthquakes and the direction
normal to the trench allow assessing the partial decoupling of
the seismogenic plate interface and the rigid forearc sliver rate in
oblique convergence margins (McCaffrey, 1992; Haq and Davis,
2010). Ego and Ansan (2002) thoroughly selected shallow thrust
earthquakes on the subduction interface of Southern Mexico
from the Harvard centroid moment tensor (CMT, 1977-2001,
Mw > 5.3) catalog. They analyzed 31 slip vector angles for the
area between 96°W and 105°W, the subduction zone segment,
which includes both partially the LVC fault zone (Ramirez-
Herrera et al., 2018) and the area outside of it. For the Guerrero
area, between 102°W and 96°W along the MAT, they observed a
significant slip partitioning up to 10° and estimated an average
sliver rate of Vg = 8 £ 3 mm/year. This inference is slightly
higher but roughly consistent with our direct GPS observations
of V55.

Using similar selection criteria for the CMT events as of
Ego and Ansan (2002), we have compiled a more ample
catalog of the CMTs from 1976 up to 2018, which contains

5.3 mmiyr

Vs detrended, mm/yr

o o

0 50 100 150 200 250 300 350 400 450 500
Distance from the trench axis, km

FIGURE 5 | Screw dislocation models in elastic half space for a vertical strike
slip fault (Savage and Burford, 1973) in the LVC zone. The models show
strike-slip displacement on the surface produced by the creeping fault at the
depth more than 10 km. The fault is locked from 0 to 10 km. Yellow circles are
detrended trench parallel rates (Vss, wrt NA fixed plate) at the permanent GPS
stations (see Figure 1), AVss, (after the secular linear strain trend is
subtracted from the Vss). The trend north from the LVF fault zone is produced
by the simple shear in the upper 10 km of the locked fault segment. Red line
is a feasible fit for the Vss in the area of the Guerrero seismic gap (G-GAP,
~100-101°W) for the Xolapa sliver velocity, AVss, of 3.3 mm/year. Green line
is the fit for Vss values for the Guerrero GPS stations located off the G-GAP,
and AVss = 5.3 mm/year. Light gray band indicates the LVF zone. Error bars
are 3o. Gray open circles show only locations of three GPS stations recently
installed in the LVF zone to constrain better the fault model.

89 shallow thrust events that corresponded only to the LVC
longitudinal extent (-95.5 and —101.5°E, see Supplementary
Table A2 for other criteria). Analyzing this CMT data subset, the
average estimate of Vg &~ 5.4-6.3 mm/year (see Supplementary
Figure A3), which is closer to the Vs values obtained with
the GPS. The large dispersion of CMT slip vector angles
is apparently related to uncertainties in the CMT catalog,
complicated structures of the LVC fault system (Ramirez-
Herrera et al, 2018) and the Xolapa sliver, inhomogeneous
Co-NA plate interface, variation of the plate coupling (e.g.,
Kostoglodov and Ponce, 1994), and more complicated than
just a simple friction rheology of the fault (Kazachkina et al.,
2019). Furthermore, observed dispersion is partially related to
the increase of the Co-NA convergence velocity southeastward
along the MAT. Obviously, McCaffrey’s model is too simple
to allow for all these factors. Nevertheless, it provides some
useful appraisals of sliver motion rate and average static friction
coeflicient on the fault (Haq and Davis, 2010), which in case
of the LVC should be i < 0.15 (Supplementary Figure A4).
For many crustal faults @ < 0.3 (e.g., Behr and Platt, 2014;
Middleton and Copley, 2014).

TECTONIC IMPLICATIONS

As the Xolapa sliver, in reality, is not a rigid block, it
should undergo some internal deformation that depends on
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trench mark two profiles on which the seismic events from the catalog were projected. The events in each cross-section, yellow and magenta on the map, are from
the bands of 40-km-wide, centered along the profiles. Red-white focal mechanism shows a location of the October 8, 2001 Coyuca, Mw 5.8, Earthquake (Pacheco
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the convergence rate and the interplate coupling, which are
changing along its extent. The systematic increase of the
subduction velocity in the southeastern direction should result

the secular

in general extension of the sliver. However, the plate coupling
modulates the strain, and this results in some variation of

trench-parallel velocity, Vss, for example in the
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FIGURE 7 | Topographic and bathymetry map [The Global Multi-Resolution Topography synthesis, GMRT (Ryan et al., 2009)], exposing a continental margin in
Southern Mexico. The 750-1,600 m depth range is in red. A bathymetric profile at ~1,500 m from Lazaro Cardenas city to Papanoa is shown in the bottom inlet.
Two prominent depressions have a total average width of ~40 km (at 1,500 km depth). The red arrow indicates the Xolapa sliver southeast motion. Local concave
shape of the continental margin is seen in the area of the Tehuantepec ridge. The red line is a trace of the LVC fault system (Tolson, 2005). Magenta lines in the

area of Guerrero seismic gap, between —101° and —100° of
longitude (Figure 1).

Northwestern End of the Xolapa Sliver

In western Guerrero, an expected transtensional offshore
continuation of the LVF on the continental slope is not so
clear because of a lack of detailed bathymetric data. Low-
resolution bathymetry offshore of Papanoa and Zihuatanejo
[The Global Multi-Resolution Topography synthesis, GMRT
(Ryan et al, 2009)] shows only two wide depressions on
the continental slope that can be interpreted as an extension
produced by the trailing edge of the Xolapa sliver moving
southeastward (Figure 7). The total stretching of the continental
margin estimated from the trench parallel bathymetric profile
presented in Figure 7 is of the order of 40 km (referenced
to the depth of 1,500 m). Southeastern displacement of the
Xolapa sliver leading edge is expected to be of a similar
distance, assuming that the sliver was rigid. The Cocos-
North America spreading rate was almost invariable since at
least the Late Miocene (Cande and Kent, 1992; Conrad and
Lithgow-Bertelloni, 2007) and if the average mobility of the
sliver was unchanging (~5 mm/year), the reactivation of the

LVC fault system (Ramirez-Herrera et al., 2018) could have
occurred some ~8-10 million year ago after the reorganization
of spreading from the failing Mathematician ridge to the new
propagating East Pacific Rise (Klitgord and Mammerickx, 1982;
Mammerickx et al., 1988).

Mexico-Guatemala Triple Junction and

Eastern Extent of the Xolapa Sliver

While the geologic and tectonic history of the Xolapa terrain is
still under discussion (e.g., Cerca et al., 2007; Moran-Zenteno
et al.,, 2009; Talavera-Mendoza et al., 2013; Pefia-Alonso et al.,
2018), the earlier sinistral motion on the LVC fault system is
recognized to occur in Early Eocene-Oligocene (50-25 Ma)
(Tolson, 2005; Solari et al., 2007). Since then, it is unknown
how long has been the LVC active and what the tectonic
consequences are of the Xolapa sliver motion. The models
of the Xolapa tectonic evolution are usually related to the
translation of the Chortis block from its initial position, possibly
bordering the Xolapa from the south (Schaaf et al., 1995), to
its present location along the Polochic-Motagua fault system in
Guatemala and Honduras (e.g., Ortega-Gutiérrez et al.,, 2007;
Rogers et al., 2007). Regardless of the tectonic and geologic
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history of the Xolapa terrain, the present-day activity of the LVC
fault system (Ramirez-Herrera et al., 2018) and the Xolapa sliver
motion should be relevant to the seismotectonic situation in
southern Mexico.

The next question, related to the challenging problem of the
North America-Cocos—Caribbean tectonic plates triple junction,
is how do the LVC (Ramirez-Herrera et al., 2018) and the
Xolapa sliver continue to the continental margin of Chiapas.
Lack of detailed bathymetry and marine geophysics data in this
area leaves any hypothesis on the matter to be tentative. Thick
accumulated sediments (e.g., Straume et al., 2019) entirely hide
the tectonic structure on a wide continental margin. The Xolapa
sliver movement into this area cannot stop abruptly. Still, it may
lead to a deformation of the sliver body, or the sliver continues
its trajectory along the trench. In the latter case, a left-lateral
continuation of the LVC sub-parallel to the trench fault would
exist on the continental margin of Chiapas (Figure 8). Further
speculating, this fault may be lined up with the Polochic-Motagua
fault system. Obviously, there are two main observations that
would contradict this hypothesis: First, there is no obliquity in
the Cocos-North America convergence offshore of the Chiapas

segment of the MAT (-95.0 to —92.0°E). That causes an absence
of a driving force for the sliver at a distance of more than 300 km
along the trench. Second, the Central America forearc sliver
(DeMets, 2001) southeastward motion in the NA reference frame
starts only at —92°E, as it is seen at GPS stations (Figure 8; Franco
et al., 2012; Ellis et al., 2018).

Bearing in mind the inconsistencies of the previous
hypothesis, another model of the Xolapa sliver leading-
edge progression may be that it is bending northeastward in
the area of Tehuantepec ridge subduction. This bending may be
accompanied by fracturing, which depends on the force moment
loading rate (the function of coupling, etc.) and the mechanical
properties of the sliver. This scenario is probably more reliable,
but it requires the existence of a system of faults limiting the
sliver on the continental margin of Chiapas. Scarce seismologic
data (Roman-Reinoso, 2004) in this region indicate only that
this concept may be valid. In Figure 9, we demonstrate several
faults (the area location is on Figure 9) and just a few rare CMT
solutions of the strike-slip type in the crust forearc of Chiapas,
which may be interpreted as consequences of the Xolapa sliver
northeastern bending and fracturing. Unfortunately, the last
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hypothesis leaves the triple junction problem still unresolved
until more marine geophysics data would be available.

CONCLUSION

Long-lasting GPS observations and geomorphology studies in
the Guerrero-Oaxaca area of the Mexican subduction zone
show that, despite the almost complete absence of historic
and instrumentally recorded seismicity in the western LVC
fault zone, this mainly left-lateral shear zone is a complex
and active system of numerous distributed strike-slip faults
that accommodates strain partitioning produced by oblique
subduction of the CO. The average velocity of the sinistral
motion of the Xolapa sliver predicted from the slip vectors
of subduction thrust earthquakes (~5.4-6.3 mm/year) is
consistent with the direct GPS observed trench parallel velocity
component across the LVC fault (5-6 mm/year in Guerrero).
As the result of the present study, we should admit that the
LVC fault system is the principal active tectonic feature in
Southern Mexico, which must be considered as a source of
potential seismic hazard.

It is not known so far for how long time was the LVC fault zone
active and what is a cumulative offset across the LVC fault zone
in time. Existing GPS records only are not enough to constitute
a previously unrecognized hazard in Southern Mexico related
to the active LVC fault system. We need to obtain quantitative
constraints on the age of the LVC faulting at least for the last
few thousand years. Accurate trace and structure of the LVC was
not yet explored except perhaps its western Guerrero segment
(Gaidzik et al., 2016). The motion of the Xolapa sliver in Oaxaca
remains rather hypothetic until more data would be available
on new GPS stations installed inland from the LVC zone. Apart
of the more precise location of the LVC fault and its coupling
structure modeling, future investigations will also focus on a
possible relationship between large subduction thrust SSE and
displacements on the LVC fault zone.

The Xolapa sliver is not a rigid block and should undergo
different internal deformations, which depend on subduction
rate, coupling, and changes in the friction along the 650-km
length of the LVC. The leading edge of the LVC in the Guatemala
basin is still undefined. It is apparently not related to the triple
junction, but a contortion of the Xolapa sliver in the area of the
Tehuantepec ridge is probably a key to make this problem clearer.
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