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[11 Both the timing and mechanism for the removal of a ~150-250 km wide forearc block
from southern Mexico during the Cenozoic are controversial. Principal competing
hypotheses are (1) removal due to sinistral strike-slip shear, in which slow, diachronous
removal of the Chortis Block throughout the Cenozoic is inferred, and (2) removal due
to subduction erosion, in which rapid removal of a large forearc block during the late
Oligocene/early Miocene is inferred to be synchronous with the rapid landward migration
of the southern Mexican arc. New data indicate northeast-directed back-thrusting in

(1) the Chacalapa shear zone west of —96.5°E, with the timing of shear deformation
bracketed by a 25.5 & 0.5 Ma U/Pb zircon age and a 20.7 £ 0.6 Ma Ar/Ar biotite age, and
(2) in an unnamed shear zone to the south, with the timing of deformation bracketed by
a27.5 £ 0.5 Ma U/Pb zircon age and a 25.1 + 0.2 Ma Ar/Ar biotite age. Zircon and biotite
ages date the emplacement and cooling of deformed plutons, respectively. The observed

back-thrusting is consistent with a model of forearc removal due to subduction-erosion
processes because it is evidence for subduction-orthogonal shortening occurring within
the upper plate just before the landward migration of the southern Mexican arc.

Rapid subduction of the southern Mexican forearc could have recycled continental
lithosphere into the upper mantle at a rate up to half the global average rate

of subduction erosion during the late Oligocene/early Miocene.

Citation: Keppie, D. F., A. J. Hynes, J. K. W. Lee, and M. Norman (2012), Oligocene-Miocene back-thrusting in southern
Mexico linked to the rapid subduction erosion of a large forearc block, Tectonics, 31, TC2008, doi:10.1029/2011TC002976.

1. Introduction

[2] Subduction zone processes represent a major part of
the plate tectonic evolution of Earth. Subduction zones are
respectively described as accretionary or erosive depending
on whether continental material is added to or removed from
the upper plate through time [Scholl et al., 1980]. The
importance of subduction erosion in shaping the tectonic
evolution of active margins has become apparent in recent
decades as studies now document the net removal of conti-
nental material in the majority of modern subduction zones
[Clift and Vannucchi, 2004; Clift et al., 2009; Scholl and
von Huene, 2010]. Subduction erosion represents a major
mechanism by which continental material may be recycled
into the upper mantle [Clift and Vannucchi, 2004]. Where
the Farallon and Nazca Plates have been subducting at the
Pacific margin of South America, estimates for landward
migration of the subduction interface due to subduction-
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erosion processes reach ~250 km for the lifetime of the
convergent margin [Kukowski and Oncken, 2006; Scholl
and von Huene, 2010,] (i.e., ~50-150 Ma). Most studies
infer landward trench-migration rates due to subduction-
erosion processes that are modest, typically ~2.5 km
Ma~!, and which are a small fraction of the associated
rates of relative plate convergence [Scholl and von Huene,
2010]. The slow removal of forearc likely occurs due to
the gradual weakening and detachment of material from
the edge of the upper plate [von Huene et al, 2004;
Kukowski and Oncken, 2006], and has been dubbed edge-
weakening subduction erosion [D. F. Keppie et al., 2009]
or ablative subduction erosion [Tao and O’Connell, 1992]
in mechanical-modeling studies.

[3] In this context, forearc removal from southern Mexico
would be notable because it could represent the most rapid
subduction erosion of a forearc block yet documented in
nature [D. F. Keppie et al., 2009]. Removal of a ~150—
250 km wide forearc block has been inferred from southern
Mexico during the Cenozoic [Karig et al., 1978; Pindell
et al., 1988; Ross and Scotese, 1988; Moran-Zenteno
et al., 1996; J. D. Keppie et al., 2009]. The timing of fore-
arc removal is likely constrained to be between ~27-25 Ma
and 21-19 Ma by the paleo-position of the southern Mexi-
can arc [Moran-Zenteno et al., 1996; J. D. Keppie et al.,
2009]. Studies have variously favored three different
removal mechanisms: (1) slow and diachronous removal of
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the missing forearc block, due to dextral strike-slip tectonics,
predicting that Baja California is the missing forearc [Karig
et al., 1978]; (2) slow and diachronous removal of the
missing forearc block, due to sinistral strike-slip tectonics,
predicting that the Chortis Block is the missing forearc block
[e.g., Pindell et al., 1988; Ross and Scotese, 1988]; and
(3) rapid subduction erosion of the missing forearc block,
synchronous with the late Oligocene/early Miocene rapid
landward migration of the southern Mexican arc [e.g.,
Moran-Zenteno et al., 1996; J. D. Keppie et al., 2009].

[4] These three models for forearc removal in southern
Mexico have achieved different degrees of acceptance in
the literature. In general, strike-slip removal has been
favored [e.g., Karig et al., 1978; Pindell et al., 1988; Moradn-
Zenteno et al., 2009]. Initially, the dextral model was pre-
ferred [Karig et al., 1978], but this model has fallen out of
favor since a late Cretaceous paleo-position for Baja Cali-
fornia off western Mexico has been demonstrated [e.g.,
Oskin et al., 2001; Oskin and Stock, 2003]. Subsequently,
the sinistral model has been preferred [Pindell et al., 1988;
Ross and Scotese, 1988; Rogers et al., 2007; Silva-Romo,
2008a; Ratschbacher et al., 2009], which is consistent with
a late Cretaceous Pacific origin for the Caribbean Plate rel-
ative to North and South America [Pindell and Dewey,
1982]. In this tectonic context, the Chortis Block might
have been removed from southern Mexico as the Caribbean
Plate migrated eastward relative to North and South America
[Pindell et al., 1988; Ross and Scotese, 1988; Rogers et al.,
2007; Silva-Romo, 2008a; Ratschbacher et al., 2009].
However, rapid landward migration of the southern Mexican
arc in the late Oligocene/early Miocene is inconsistent with a
slow and diachronous model for forearc removal [Mordn-
Zenteno et al., 2009; D. F. Keppie et al., 2009; J. D.
Keppie et al., 2009]. Thus, a few studies have proposed
that forearc removal in southern Mexico has been due to
subduction-erosion processes [Mordn-Zenteno et al., 1996;
J. D. Keppie et al., 2009; Moran-Zenteno et al., 2009].

[5s] Previously, the ability to infer the rapid removal of a
large forearc block due to subduction erosion processes has
required the presence of a buoyant indentor on the lower
plate arriving at the subduction zone to drive the rapid
detachment and subduction of forearc material [Chemenda
et al., 1997a, 1997b; Boutelier et al., 2003]. For southern
Mexico, forearc removal due to subduction erosion has
been considered unlikely because a buoyant indentor is not
evident and the inferred total width of removed forearc
(~250 km in 4-8 Ma [Moran-Zenteno et al., 2009]), and the
inferred rate of forearc removal (20 km Ma~' [D. F.
Keppie et al., 2009]) have been considered too large [e.g.,
Silva-Romo, 2008b]. Recent mechanical models indicate,
however, that a fast mode of subduction erosion not requir-
ing a buoyant indentor is also possible [D. F. Keppie et al.,
2009]. This fast mode occurs if the orogenic zone in the
upper plate becomes weaker than the active subduction zone,
so that subduction relocates into the weak orogenic zone
[D. F. Keppie et al., 2009]; this has been dubbed internal-
weakening subduction erosion (IWSE) [D. F. Keppie et al.,
2009] or block subduction erosion (BSE) in mechanical
modeling studies. For the IWSE/BSE mode, the intervening
forearc is entrained and subducted with the lower plate at the
rate of relative plate convergence [D. F. Keppie et al., 2009];

KEPPIE ET AL.: BACK-THRUSTING IN SOUTHERN MEXICO

TC2008

as a result, IWSE/BSE could potentially subduct a >200 km
wide forearc block in < 5 Ma, even assuming a relatively
modest rate of relative plate convergence (>40 km Ma "),
and thus might be the mode of forearc removal in the
southern Mexican case [D. F. Keppie et al., 2009].

[6] The purpose of this study is to test the different
implications of the competing models of forearc removal in
southern Mexico by documenting the timing and kinematics
of shear deformation preserved in the present southern
Mexican forearc. The essential hypothesis is that if plate-
boundary deformation between the upper and lower plates
across the Cenozoic southern Mexican subduction zone was
not confined to a single shear zone, then synchronous dex-
tral, sinistral, or orthogonal shear zones preserved in the
remaining forearc would demonstrate the action of stresses
consistent with the dextral, sinistral, or subduction-erosion
models of forearc removal, respectively.

2. Geological Setting

[7] Forearc removal from southern Mexico is inferred for
the ESE-trending margin extending from ~—105°E to
~—95°E (Figure 1) [e.g., Karig et al., 1978; Pindell et al.,
1988; Moran-Zenteno et al., 1996; Silva-Romo, 2008a].
The western part of this region comprises the southern por-
tion of the Guerrero Terrane [Campa and Coney, 1983] and
the eastern part comprises the Xolapa Complex along the
coast and the Mixteca, Oaxaca, and Juarez Terranes to the
north [Campa and Coney, 1983; Keppie, 2004].

[8] The Guerrero Terrane is composed of Mesozoic and
Cenozoic volcanic and volcaniclastic rocks with both oceanic
and continental affinities and a significant component of
marine sedimentary rocks, possibly underlain by Precambrian
basement [Centeno-Garcia et al., 1993, 2000]. The Xolapa
Complex is a plutonic and metamorphic mid-crustal basement
unit generally thought to represent a Jurassic through Creta-
ceous continental magmatic arc (JCMA) [Herrmann et al.,
1994]. Peak metamorphism in the Xolapa Complex pro-
duced extensive migmatitization at temperatures of ~830—
900°C and pressures of ~630-950 MPa [Corona-Chavez
et al., 2006] between ~160-90 Ma and 40-25 Ma [Corona-
Chavez et al., 2006; Mordn-Zenteno et al., 2007]. The
Mixteca, Oaxaca, and Juarez Terranes consist broadly of
Paleozoic, Proterozoic and Mesozoic rocks, respectively
[Campa and Coney, 1983; Keppie, 2004], on which Jurassic
red beds and Cretaceous limestones have been deposited
[Anderson and Schmidt, 1983; Freydier et al., 1997, Filkorn,
2003]. The boundaries between the Xolapa Complex and the
northern terranes are generally defined by ductile shear zones
or brittle faults, or are obscured by the intrusion of Cenozoic
plutons [Tolson et al., 1993; Solari et al., 2007].

[9] Plutons intruding the basement terranes of southern
Mexico range from ~100 Ma in the Puerto Vallarta batholith
to ~25.5 Ma in the northern pluton on Rio San Francisco
dated in this study [Herrmann et al., 1994; Ducea et al.,
2004a; Solari et al., 2007, this study]. A decrease in age of
pluton emplacement from west to east from 100—40 Ma in
the western part of the margin to 40-25.5 Ma in the eastern
part of the margin has been suggested [Schaaf et al., 1995;
Moran-Zenteno et al., 2007]. Pre-Cenozoic ages are found
only west of ~—103°E [Moran-Zenteno et al., 2007]. East
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Figure 1. Geological and tectonic map of southern Mexico and the Chortis block. Structural lines and
geological domains after Becker et al. [2009] (Regional), Servicio Geologico Mexicano [2007] and
Ferrari et al. [1999a] (Mexico), Purdy et al. [2003] (Belize), Weyl [1980] (Guatemala), and Rogers
et al. [2007] (Honduras). Terrane/fault block names for southern Mexico after Keppie [2004] and
Solari et al. [2007] and in the Chortis block after Rogers et al. [2007].

of ~—103°E, Cenozoic plutons comprise a Tertiary mag-
matic arc of Eocene to Miocene age along the modern coast
of southern Mexico [Mordn-Zenteno et al., 1996]. Plutons in
the Tertiary magmatic arc are generally undeformed grano-
diorites and tonalites, although granitic and dioritic compo-
sitions do occur [Mordn-Zenteno et al., 1996, Ducea et al.,
2004a; Solari et al., 2007; Moran-Zenteno et al., 2007].
Ductile shear zones have deformed the Tertiary magmatic
arc in places [Tolson, 2005; Solari et al., 2007].

[10] Plutons of the Tertiary magmatic arc and hosting
country rocks may have been unroofed up to ~10-20 km
according to Al-in-amphibole geobarometry [Moran-
Zenteno et al, 1996]. Most of the unroofing likely

occurred between the youngest ages of pluton emplacement
in the Tertiary magmatic arc and mid-Miocene U/Th-He
cooling ages recorded in zircons from these plutons [Ducea
et al., 2004b]. Magmatism ended in the Tertiary magmatic
arc between ~27 and 25 Ma [Herrmann et al., 1994; Ducea
et al., 2004a; Mordn-Zenteno et al., 2007; this study].
Magmatism resumed in the Trans-Mexican Volcanic Belt
(TMVB) in central Mexico as early as ~21-19 Ma [Ferrari
et al., 1999a, 1999b; Gomez-Tuena et al., 2008] and was
widespread by ~11-9 Ma [Ferrari et al., 1999a]. Between
23.5 and 19 Ma, approximately 250 m of subsidence is
documented from paleodepth estimates obtained from
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Figure 2. Geological location map for the study area showing representative structural data from
observed shear zones. Main map shows shear (C) fabrics and shear directions. Insets show strikes of flat-
tening (S) fabrics, trends of mineral stretching lineations, and definitions of middle and outer spatial

domains related to the South 1 shear zone on Rio
San Francisco (right).

submarine forearc sediments above the Acapulco Trench
[Clift and Vannucchi, 2004].

3.

3.1.

[11] The full region to investigate, i.e., from ~—105°E to
~—95°E along the southern Mexican margin, is approxi-
mately 1000 km parallel and 100 km perpendicular to the
Acapulco Trench, for a total area of 100, 000 km? (Figure 2).
In this study, a small test area was chosen at the eastern end
of this region (Figure 2). The chosen test area has two
principal advantages compared with elsewhere: (1) it has
extensive exposure of plutons of the Tertiary magmatic arc
which could be expected to have been emplaced prior to, and
deformed synchronous with, forearc removal, and (2) there

Methods

Shear Zone Kinematic Analysis

Cozoaltepec (left) and Chacalapa shear zone on Rio

are several evenly spaced S-trending rivers in the study area
in which fresh outcrop surfaces are maintained despite the
severe degradation resulting from tropical weathering evi-
dent elsewhere.

[12] All shear zones were analyzed to obtain as complete
as possible a picture of strain partitioning within the study
area [Jiang et al., 2001]. Shear zones were assumed to be
triclinic, in general, and middle and outer domains were
defined and analyzed separately where possible [see Jiang
and Williams, 1998]. Middle domains with a consistent
shear fabric, shear direction and shear sense were assumed to
reflect regions in which simple shear was dominant and
vorticity number the highest [Jiang and White, 1995].
Deformation in outer domains was assumed to have been
triclinic shear at smaller values of vorticity number, possibly
dominated by the pure shear component; trends in the
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variation of mineral stretching lineations passing from mid-
dle to outer domains were used to infer the character of the
pure-shear component [see Kuiper et al., 2007, 2011].
Within middle domains, shear directions were interpreted
from ductile ridge-in-groove lineations where possible [see
Lin and Williams, 1992; Lin et al., 2007]. In their absence,
the orthogonal projections of mineral-stretching lineations
onto the shear fabric in high-strain zones were used when
pseudo-monoclinic shearing could be assumed [see Lin
and Williams, 1992; Tikoff and Greene, 1997]. Pseudo-
monoclinic shearing was assumed when the lengths of
long axes of stretched mineral grains were >40 times
longer than the lengths of the short axes and the simple-
shear component of strain likely dominated the pure-shear
component of strain [Lin et al., 2007]. Shear senses were
interpreted from profiles of S-C fabrics, mica fish, rotated
porphyroblasts with convincing tail geometries and Hansen
fold-test criteria observed in the vorticity-normal surface
[Hansen, 1971; Passchier and Simpson, 1986; Jiang and
White, 1995; Kuiper et al., 2007], where the vorticity-
normal surface is the plane containing the shear direction
and the pole to the shear (C) fabric [e.g., Lin et al., 2007].

3.2. The Z3U%Pb Geochronology

[13] U/Pb zircon ages were obtained for selected samples
(Figure 2). Samples 277 and 246 were collected from plu-
tons deformed by the South 1 shear zone in Rio Cozoaltepec.
Sample 313 was selected from an undeformed dyke cutting
the South 1 shear zone in Rio Cozoaltepec. Sample 312 was
collected from a pluton deformed by the Chacalapa shear
zone in Rio San Francisco. Field samples were collected by
sledgehammer and placed into clean 5 kg buckets. Individ-
ual pieces were washed and scrubbed with wire brush to
remove any possible sediment contamination that might
have been acquired during field handling. Zircon separates
were obtained via stepwise crushing, heavy liquid separa-
tion, magnetic separation and hand-picking.

[14] Laser ablation inductively coupled plasma mass
spectrometer (LA-ICPMS) analyses were conducted to
obtain U/Pb systematics and trace element data for P, Ti, Y,
Lu, Hf, Th, and U at the Australia National University
[Norman et al., 1996; Cocherie and Robert, 2008]. An
EXCIMER UV laser system connected to an HP7500 Agi-
lent mass spectrometer was used to analyze material from
~50 pm pits. For each sample, a suite of single zircons was
selected for analysis in order to obtain a representative pro-
file of zircon age populations.

[15] The short half-life of ***U (~704 Ma) means that
several half-life cycles have been completed since the for-
mation of Earth and isotopic abundances are generally
insufficient to quantify ages from the *>U/*°’Pb system in
geologically young mineral grains [Jaffrey et al., 1971]. The
half-life of ***U is ~4.47 Ga [Jaffrey et al., 1971]. For
the Mesozoic-Cenozoic plutons dated in this study, most
of the age information is contained in the ***U/*°°Pb ratio
[Ludwig, 2003]. We use the TuffZirc algorithm to extract
reliable crystallization ages for populations of single-zircon
238U/2%°Pb ages [Ludwig, 2003].

[16] In the TuffZirc algorithm [Ludwig, 2003], analyses
with anomalously high errors are removed from the age
suite. The remaining analyses are then ranked according to
238U/2%Pb age. The largest cluster of the ranked analyses
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that yields a probability-of-fit > 0.05 is then found. The true
age is taken to be the median age of the largest cluster,
without regard to analytical errors. The uncertainties are
taken to be the (asymmetric) 95%-confidence errors of the
median age. TuffZirc ages and their errors have been shown
to be reliable using Monte Carlo testing, as long as > 40% of
analyzed crystals are cogenetic with the main crystallization
and free of Pb loss [Ludwig, 2003]. This is true even if the
age suite contains xenocrysts only a few million years older
than the main age of crystallization [Ludwig, 2003].

[17] Minimum estimates for the temperature of zircon
crystallization may be calculated from the modified Ti-in-
zircon geothermometer [Ferry and Watson, 2007]:

108 PPMTi—in—zireon = (5.711 £ 0.0072) — (4800 + 86)/T(K)

— log asio, + log aro, 1)

In general, the Ti-in-zircon geothermometer has been shown
to underestimate the crystallization temperature of zircon
due to various effects [Fu et al., 2008]. For example, an
ario, = 0.5 can raise the calculated Ti-in-zircon temperature
between 50 and 100°C [Ferry and Watson, 2007; Fu et al.,
2008]. When using the Ti-in-zircon geothermometer, the
presence of rutile and titanite in the relevant sample is typi-
cally used to infer arp, = 1.0 and azp, = 0.6 — 1.0,
respectively [Ferry and Watson, 2007; Fu et al., 2008]. To a
first aggroximation, however, a Ti-in-zircon temperature
and a 2**U/?%°Pb age provide a temperature-time point for the
cooling and crystallization history of the associated pluton.

3.3. The “*Ar/°Ar Geochronology

[18] The “°Ar °Ar amphibole and biotite ages were
obtained for selected samples from sheared granitoid plutons
(Figure 2). Samples MF1 and MF2 were selected from
deformed plutons from the center of the South 1 and Cha-
calapa shear zones in Rio Cozoaltepec and Rio San Fran-
cisco, respectively. Hand samples were washed and
scrubbed with a wire brush to remove any possible con-
tamination that might have been acquired during field han-
dling. Biotite and amphibole separates were obtained via
crushing with a mortar-and-pestle, followed by ultrasonic
cleaning and hand-picking under an optical microscope to
obtain pure mineral separates. All analyses were carried out
in the Queen’s University *“’Ar-**Ar geochronology lab-
oratory. For each mineral separate, ~5—10 mg of material
were wrapped in Al foil and stacked vertically into Al can-
isters, which were then irradiated in the McMaster Univer-
sity Nuclear Reactor in Hamilton, Canada with the
intralaboratory standard MAC-83 biotite at 24.36 Ma
[Sandeman et al., 1999] as referenced to TCR sanidine at
28.34 Ma and FCT sanidine at 28.201 Ma [Kuiper et al.,
2008]. Following irradiation, the samples and monitors
were placed in small pits, ~2 mm in diameter, drilled in a Cu
sample holder. This was placed inside a small, bakeable,
stainless steel chamber with a sapphire viewport connected
to an ultra-high vacuum purification system. For each sam-
ple, step-heating experiments were conducted with an 8W
Lexel 3500 continuous argon-ion laser with a defocused
beam to degas Ar from 20-30 irradiated mineral grains of
similar size in successive power steps for ~3 min up to and
including total melting. Monitors were fused in a single step.
The evolved gases were purified using a SAES C50 getter
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Table 1. Summary of Inferred Shear Zone Kinematics
Representative Representative Shear Sense Indicators (Sigma-type)

River Shear Zone Shear Fabric Shear Direction C-S Fabrics Mica Fish Porphyroclasts
Valdeflores Chacalapa 096/40 29@?244
Cozoaltepec Chacalapa 083/35 28@178 thrust thrust 80% thrust
Cozoaltepec South 1 074/42 34w181 thrust thrust 80% thrust
S. Domingo Chacalapa 100/33 31@181 thrust
S. Francisco Chacalapa 090/55 48@165 thrust thrust 75% thrust
S. Francisco South 1 086/30 2@086 90% sinistral
S. Francisco South 2 260/60 25@?267 100% dextral
Grande Chacalapa 085/74 12@100
S.M. Huatulco Chacalapa 073/55 0@070

for ~5 min. Argon isotopes were measured using a
MAP 216 mass spectrometer, with a Baur Signer source and
an electron multiplier. All data were corrected for blanks,
mass discrimination, atmospheric contamination, radioactive
decay of 3 Ar, and neutron-induced interferences from K,
Ca, and Cl [Onstott and Peacock, 1987; Roddick, 1983]. All
ages are calculated using the decay constants recommended
by Steiger and Jager [1977]. All quoted uncertainties are
+20, unless otherwise noted, and do not include errors in the
decay constants.

[19] Closure temperatures [Dodson, 1973] were calculated
for each sample using the Ar diffusion parameters of Grove
and Harrison [1996] for biotite and Harrison [1981] for
hornblende, the estimated grain size of the respective
minerals in each rock as observed in thin section, and a rapid
cooling rate of 40°C Ma ™' justified from iterative inspection
of the geochronological data. Reported *°Ar/*°Ar ages have
been interpreted as cooling ages associated with the calcu-
lated closure temperatures [Lee, 1995].

4. Results

4.1.

[20] Shear zone kinematics were obtained for nine outcrop
sections (Table 1 and Figures 2 and 4). The inferred Cha-
calapa Shear Zone was identified and analyzed on six rivers,
namely, from west to east, Rio Valdeflores, Rio Cozoalte-
pec, Rio Santo Domingo, Rio San Francisco, Rio Grande,
and Rio Santa Maria Huatulco. The inferred South 1 Shear
Zone was identified and analyzed on two rivers, namely,
from west to east, Rio Cozoaltepec and Rio San Francisco.
The inferred South 2 Shear Zone was identified and ana-
lyzed on Rio San Francisco. Within the study area, a further
North 1 Shear Zone is reported in the latest regional geology
map (Figure 2) [Servicio Geoldgico Mexicano, 2007], but
was not independently visited or verified in this study.

[21] Lithologies in shear-zone sections were predomi-
nantly deformed granodioritic plutons with accessory biotite
and amphibole, although slices of sedimentary host rocks are
exposed in places within shear-zone sections. In the middle
domains of the Chacalapa and South 1 Shear Zones, original
igneous textures are mostly obscured due to mylonitization
(Figure 3a). Recrystallized mineral assemblages are com-
patible with greenschist and lower amphibolite facies con-
ditions: in detail, P-T conditions during shear are inferred
from shear-related microstructures [Zullis, 2002]. Specifi-
cally, observations of boudinage in quartz layers between
feldspar, and little phase mixing between adjacent quartz and

Shear Zone Kinematics

mica, indicate minimum metamorphic conditions in the
middle and upper-greenschist facies, and the complete
recrystallization of quartz, the development of SC fabrics,
and phase separation into banded mylonites indicate maxi-
mum metamorphic conditions in the upper-greenschist and
lower-amphibolite facies [Gapais, 1989; Tullis, 2002].
Recrystallization and stretching lineations in quartz and
feldspar crystals have long axes typically 40x longer (and
often 70 longer) than shorter axes (Figure 3b). Alignment
(and some stretching/growth) of amphibole crystals is
also observed. Top-to-the-north, thrust sense of shear is
indicated in most cases where S-C fabrics are developed
(e.g., Figure 3c). Plagioclase porphyroclasts are typically
ambiguous shear-sense indicators in these shear zones, but
shear senses from the handful of porphyroclasts with well-
developed o-type tails [Passchier and Simpson, 1986] were
identified and are compiled in Table 1. For the South 2 shear
zone, shear fabrics and mineral lineations are much less well
developed, with feldspar crystals showing only modest
elongation (Table 1).

[22] For the Chacalapa Shear Zone west of —96.5°E,
shear-zone kinematics are predominantly subduction-anti-
thetic, dip-slip and thrust-sense (Figure 4). In contrast, for
the Chacalapa Shear Zone east of —96.5°E, a sub-horizontal
stretching lineation is predominant (Figure 4), and sinistral-
sense, strike-slip kinematics have been inferred previously
for this segment of the Chacalapa shear zone from micro-
structural analyses [Tolson, 2005]. On Rio Cozoaltepec, a
relatively sharp strain gradient is observed at the northern
margin of the Chacalapa shear zone, where granodiorite is
transformed from an undeformed state to a pervasive mylo-
nite over 1-10 m of continuous outcrop; a more gentle strain
gradient is observed at the southern margin of the Chacalapa
shear zone, where a similar change is observed over 200—
300 m of regular, but discontinuous outcrop. In contrast, on
Rio San Francisco, a relatively gentle strain gradient is
observed at the northern margin of the Chacalapa shear zone
with a transition from high to no deformation over ~1 km;
passing from the middle domain to the outer domains, the
predominant mineral stretching lineation switches progres-
sively from margin-orthogonal, steeply plunging orienta-
tions to margin-parallel, shallowly plunging orientations
over tens of meters, while flattening (S) fabrics retain a
roughly constant orientation (Figure 2). The southern margin
of the Chacalapa shear zone is not exposed on Rio San
Francisco; the high-strain section extends for ~250 m nor-
mal to strike, where mylonitized granodiorite is then juxta-
posed to a highly mylonitized and folded meta-
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Figure 3. Field photos from the South 1 shear zone on Rio
Cozoaltepec showing (a) mylonitization, (b) mineral stretch-
ing lineation, and (c) an SC-fabric kinematic indicator show-
ing top to the right (i.e., thrusting to the north) sense of shear.

carbonate, followed by no outcrop. The middle domain of
the Chacalapa Shear Zone appears to be <0.5 km wide
normal to strike on all river traverses (Figure 2).

[23] The South 1 Shear Zone outcrops approximately
5 km and 1 km south of the Chacalapa Shear Zone on Rio
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Cozoaltepec and Rio San Francisco, respectively (Figure 2).
Shear zone kinematics are predominantly subduction-
antithetic, dip-slip and thrust-sense in the middle domain on
the western Rio Cozoaltepec (Figure 3), but appear to be pre-
dominantly margin-parallel, strike-slip and sinistral-sense on
the eastern Rio San Francisco (Figure 4). On Rio Cozoaltepec,
the gradient from relatively undeformed to highly mylonitized
at the northern margin of the South 1 Shear Zone is observed
over ~300-500 m in regular, but discontinuous outcrop, and is
accompanied by a steepening of mineral stretching lineations
from margin-parallel, shallowly plunging orientations to mar-
gin-orthogonal, steeply plunging orientations sub-parallel to
the inferred shear direction (Figure 2). On Rio San Francisco,
the northern margin of the South 1 shear zone is truncated by a
gabbroic pluton with cm- to dm-scale mineral grains at its
base, grading rapidly through dioritic to granodioritic com-
positions with decreasing grain size going north. Extensive
refolding of the mylonitic fabric is observed in the Rio San
Francisco section of the South 1 Shear Zone. The strain gra-
dient at the southern end of the South 1 shear zone is uncertain
due in part to poor exposure. The South 1 Shear Zone appears
to be ~0.5 km wide normal to strike on both river traverses.
[24] The South 2 Shear Zone outcrops approximately
5 km south of the South 1 Shear Zone on Rio San Francisco
(Figure 2) and deforms a granite pluton with conspicuous
2-4 cm® sized plagioclase crystals. Mineral grains are
aligned and the blocky plagioclase porphyroclasts (that were
likely phenocrysts) show roughly 7:1 elongation ratios
between long and short axes with parallelogram-like o-type
tails showing predominantly margin-parallel, strike-slip and
dextral-sense deformation (Table 1). The South 2 shear zone
outcrops sporadically over roughly 50 m normal to strike.

4.2. Shear Zone Geochronology

[25] Geochronological data reported here were collected
from two of the shear zone sections described above, namely
the South 1 Shear Zone on Rio Cozoaltepec and the Cha-
calapa Shear Zone on Rio San Francisco (Figure 2). These
data are summarized in Tables 2 and 3 and Figures 5 and 6
for 2**U/*°Pb zircon and *“’Ar/*’Ar biotite and amphibole
geochronology respectively. Presented ages and data reduc-
tion were derived using the Isoplot geochronology software
[Ludwig, 2003]. Full isotopic and trace element laboratory
analyses are included in Data Set S1 in the auxiliary
material.'

[26] For the South 1 Shear Zone on Rio Cozoaltepec,
zircons were dated from a finer-grained granodiorite in the
high-strain zone (Sample 277), a lesser-deformed and
coarser-grained granodiorite to the south of the high-strain
zone (Sample 246), and an undeformed tonalitic dyke
with large biotite crystals that cuts the high-strain zone
(Sample 281). Also, amphibole and biotite were analyzed
from highly mylonitized granodiorite in the center of the
thrust-sense high-strain zone (sample MF1). Samples 277
and 246 yielded statistically significant TuffZirc ***U/2°°Pb
zircon ages of 27.5 + 0.5 Ma and 30.0 &+ 0.3 Ma, respec-
tively (Figures 5a and 5b). The zircon suites show clear
young populations from which the crystallization ages are
derived, and some inheritance of slightly older zircons.

'Auxiliary materials are available at ftp:/ftp.agu.org/apend/tc/
2011tc002976/.
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Figure 4. Summary of shear zone fabrics and lineations (Lambert Conformal Conic (Equal Area)

projection).

Sample 246 yielded a TuffZirc 2**U/°°Pb zircon age of
29.5 + 0.5 Ma (Figure 5c), although it is based on a
coherence group of only 4 single-zircon ages (Table 2). The
biotite **Ar/*’Ar age spectrum for Sample MF1 displays a
very flat profile deﬁnin% a plateau age of 25.14 £ 0.22 Ma
over 98.6% of the *?Ar released (MSWD = 0.46)
(Figure 6a). The amphibole *°Ar/*°Ar age spectrum for
Sample MF1 displays a very flat profile defining a plateau
age of 29.09 + 0.47 Ma over 91.6% of the *°Ar released
(MSWD = 0.62) (Figure 6b).

[27] For the Chacalapa Shear Zone on Rio San Francisco,
zircons (Sample 312), amphibole and biotite (Sample MF2)
were dated for granodiorite from the same location in the
center of the high-strain zone. Sample 312 yielded a statis-
tically significant TuffZirc ***U/?°°Pb zircon age of 25.5 +
0.5 Ma. The biotite *“°Ar/*°Ar age spectrum for Sample MF2
(Figure 6c¢) displays slightly younger apparent ages in the
first 6.1% of *°Ar released, suggestive of minor Ar loss as

indicated by the corresponding Ca/K ratios (Data Set S1),
but then reaches a plateau age of 20.70 + 0.56 Ma over
93.9% of the *°Ar released (MSWD = 0.39) (Figure 6¢c). The
amphibole *°’Ar/*°Ar age spectrum for Sample MF2
(Figure 6d) disglays anomalously old ages in the first two
steps (<2% of *°Ar released), suggestive of Ar gain from
other minor mineral phases as indicated by the
corresponding Ca/K ratios (Data Set S1), but then falls to a
well-defined plateau age of 27.93 £ 0.97 Ma over 98.1% of
the *°Ar released (MSWD = 0.31) (Figure 6d).

5. Discussion

5.1.

[28] In Figure 7, we plot temperature-time data for each of
the three minerals: zircon, amphibole, and biotite, deter-
mined for deformed plutons in the South 1 shear zone in Rio
Cozoaltepec and the Chacalapa shear zone in Rio San

Interpretation of Temperature-Time Data
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Sample 277 246 281 312
Traverse Cozoaltepec Cozoaltepec Cozoaltepec San Francisco
Shear Zone South 1 (N-end) South 1 (S-end) South 1 Chacalapa
Shear Sense thrust thrust thrust thrust
Lithology Granodiorite Granodiorite Tonalite Granodiorite
Outcrop Type Pluton Pluton Dyke Pluton
Structure Sheared Sheared Cross-cutting Sheared
Longitude W96d44m05.1s W96d44m19.8s W96d44m10.4s W96d35m13.7s
Latitude N15d47m32.8s N15d46m52.7s N15d47m19.8s N15d50m33.5s
Easting 742670 742238 742499 758421
Northing 1747282 1746046 1746878 1753015
Analyses (tot) 19 24 12 24
Analyses (yng) 17 19 5 19
Age (Ma) 27.5 30 29.5 255
Sd*2 0.5 0.25 0.5 0.5
CI 94.30% 96.10% 87.80% 94.30%
Coherent group 14 12 4 14
Age (Ma) 27.8 29.0 26.2
Sd*2 0.42 1.70 1.00
MSWD 2.6 6.0 17.0
Average Ti (ppm) 43+t 14 7+2 10£6 57+£13
Ti-in-zircon (°C) 669 £ 25 710 £ 26 729 £ 63 694 + 18.8

Francisco. For zircon, we calculate a Ti-in-zircon tempera-
ture assuming ag;0, = ario, = 1.0 because quartz and titanite
are present in the relevant samples and because this provides
a minimum temperature estimate for the Ti-in-zircon geo-
thermometer [Fu et al., 2008]. In Figure 7, we correlate the
U-Pb zircon ages with the Ti-in-zircon temperatures, but we
acknowledge that this correlation may not be strictly justi-
fied due to differences in the U-Pb and Ti-in zircon sys-
tematics [Fu et al., 2008]. Argon closure temperatures were
calculated for each biotite and amphibole using an effective
diffusion dimension equal to one-half of the actual grain
size. For sample MF1, average biotite and amphibole grain
sizes were 1.2 mm X 0.2 mm and 1.3 mm X 0.9 mm
yielding closure temperatures of 373 £+ 8°C and 598 +
10°C, respectively. For sample MF2, average biotite
and amphibole grain sizes were 0.4 mm x 0.1 mm and

1.5 mm x 1.1 mm yielding closure temperatures of 338 £
8°C and 607 £ 9°C, respectively.

[29] For both shear zone sections, the simplest interpreta-
tion that is consistent with and supported by the temperature-
time data in Figure 7 appears to be rapid cooling. Rapid
cooling may have occurred in association with unroofing
and exhumation of the plutons during shearing. In this
interpretation, both the zircons and amphiboles likely
formed during pluton crystallization, and the U-Pb age in the
zircons and the Ar-closure age in the amphiboles provide
estimates for the age of pluton emplacement. The slightly
older ages for the amphiboles relative to the zircons is
curious, but probably reflects the presence of excess
radiogenic Ar that accumulated in the amphiboles from
radiogenic Ar released from other minerals at depth. The
Ar-closure ages in the biotites appear to provide estimates

Table 3. Summary of Step-Heating Ar/Ar Biotite and Amphibole Geochronology

Sample MF1 MF1 MF2 MF2
Traverse Cozoaltepec Cozoaltepec San Francisco San Francisco
Shear Zone South 1 South 1 Chacalapa Chacalapa
Shear Sense thrust thrust thrust sinistral
Lithology Granodiorite Granodiorite Granodiorite Granodiorite
Mineral Biotite Amphibole Biotite Amphibole
Outcrop Type Pluton Pluton Pluton Pluton
Structure Sheared Sheared Sheared Sheared
Longitude W96d44m16.1s W96d44m16.1s W96d35m13.7s W96d35m13.7s
Latitude N15d47m30.1s N15d47m30.1s N15d50m33.5s N15d50m33.5s
Easting 742338 742338 758421 758421
Northing 1747194 1747194 1753015 1753015
Cooling Rate (°C Ma ™) 40 40 40 40
Average Grain Size (mm X mm) 12 x0.2 1.3 x 0.9 04 x 0.1 1.5 x 1.1
Closure Temp (°C) 373 £ 8 598 £+ 10 338 £8 607 £ 9
Plateau age (Ma) 25.14 29.09 20.70 27.93
Sd*2 0.22 0.47 0.56 0.97
J-error 0.003054 0.003050 0.003046 0.003043
MSWD 0.46 0.62 0.39 0.31
Confidence 0.95 0.60 0.95 0.91
%Ar39 98.6% 91.6% 93.9% 98.1%
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for the minimum ages of shearing because shear zone tex-
tures indicate temperatures of shearing (i.e., ~400-600°C;
Figure 7) that were above the Ar-closure temperatures for
the biotites (i.e., 373 £+ 8°C and 338 + 8°C).

[30] Taken together, these data place very tight constraints
on the timing and duration of shearing and suggest minimum
average cooling rates of ~40°C Ma ' for both shear zone
sections (Table 3). Interpreted constraints on the temperature
ranges of shearing are indicated with arrows to the right of
the temperature time plot in Figure 7, and interpreted con-
straints on the age ranges of shearing are indicated with
arrows above the temperature time plot in Figure 7. Con-
straints for the South 1 shear zone section on Rio Cozoal-
tepec are given with the black arrows and constraints on the
Chacalapa shear zone section on Rio San Francisco are
given with the grey arrows. Our interpretation is consistent
with previous work, which brackets the age of the Chacalapa
shear zone east of the present study area using a 29 &+ 0.2 Ma
U/Pb pluton emplacement age and a 23.7 + 1.2 Ma K/Ar
age for a cross-cutting dyke [Tolson, 2005]. U-Th/He data
from zircons collected from Tertiary magmatic arc plutons
near our study area also constrains unroofing of the coastal
region to have been mostly complete by ~17.7-10.4 Ma
[Ducea et al., 2004a].

[31] The dyke cutting the fabric of deformed plutons in the
South 1 shear zone on Rio Cozoaltepec yielded a 29.5 £

0.5 Ma TuffZirc zircon age (Sample 281), which is older
than the 27.5 + 0.5 Ma zircon age obtained from one of the
deformed plutons (Sample 277). To reconcile the structural
and age data in this case, we infer that zircons in the dyke are
xenocrysts inherited from slightly older nearby plutons, such
as the pluton at the southern end of the shear zone dated to
be ~30.0 Ma (Sample 246).

5.2.

[32] We observe localized pseudo-monoclinic middle
domains in the shear zones in the study area, with compo-
nents of both subduction-antithetic dip-slip thrust-sense
shearing and margin-parallel strike-slip sinistral shearing
(Figures 2 and 4). Generally, this is consistent with strain-
partitioning of the Cenozoic (Farallon) Cocos-North Amer-
ica relative convergence vector within the orogenic zone
(Figure 8). Spatially, however, subduction-orthogonal short-
ening appears to predominate west of —96.5°E, whereas
margin-parallel deformation appears to predominate east of
—96.5°E. The transition in dominant shear sense appears to
occur roughly where the margin boundary curves to the
northeast just east of Punta Cometa (Figure 2), and thus could
be a consequence of the change in margin azimuth.

[33] Within the study area, pseudo-monoclinic middle
domains are best developed for the South 1 shear zone on
Rio Cozoaltepec and the Chacalapa shear zone of Rio San

Interpretation of Kinematic Data
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Figure 6. (a—d) The “°Ar/*’Ar age spectra for biotites and amphiboles from samples MF1 and MF2.

All uncertainties are & 20.

Francisco. In the middle domains, mineral stretching linea-
tions are sub-parallel to the shear direction inferred from
ridge-in-groove lineations, but become sub-horizontal as one
passes from the middle domain to the outer domains. The
simplest interpretation of these data is that both shear zones
are triclinic, in general, but margin-perpendicular, thrust-
sense, pseudo-monoclinic shearing was dominant in the
middle domains, whereas orthorhombic, pure-shear compo-
nents with margin-parallel extension were dominant in the
outer domains [Jiang, 2007; Kuiper et al., 2011]. In middle
domains, finite strain was likely intermediate because min-
eral stretching lineations approximate the shear direction
(Figure 4) [Jiang, 2007; Kuiper et al., 2011].

[34] Shear zone traces inferred and plotted in Figure 2
correspond to shear zone traces reported on the latest
regional geology map [Servicio Geologico Mexicano, 2007].
Note, however, that shear zone traces may differ from those
plotted in Figure 2 because different shear zones intersect a
given river traverse with a spacing of 1-10 km moving N-S,
whereas the different river traverses cross the study area with
a spacing of 2-20 km moving W-E. In an alternative sce-
nario, a late Oligocene ENE-trending shear zone (South 1 +
Chacalapa East) may have been cut by a slightly offset
E-trending shear zone (Chacalapa West). The possibility also
exists that the Chacalapa and South 1 shear zones on Rio

San Francisco represent only a single > 2 km wide shear
zone, if the undeformed diorite intruded between the two
sections post-dates deformation. In contrast, the Chacalapa
and South 1 shear zones on Rio Cozoaltepec likely represent
two distinct thrust-sense zones because they are separated by
a wide zone of almost continuous outcrop where deforma-
tion is less intense or absent. Since the South 1 thrusting
event likely ended by ~25.14 4+ 0.22 Ma and Chacalapa
thrusting likely ended by ~20.70 £ 0.56 Ma, it is possible to
speculate that subduction-orthogonal shortening propagated
landward during the late Oligocene. Regardless of the
nuances and possible ambiguities in their detailed interpre-
tation, however, the geochronological and kinematic data
reported here provide convincing evidence that subduction-
orthogonal shortening modified the southern Mexican mar-
gin during a ~5 Ma period spanning the late Oligocene and
early Miocene.

[35] The South 2 shear zone had a notably different char-
acter to the Chacalapa and South 1 shear zones. Specifically,
deformation in the South 2 shear zone appeared to be dextral
and mineral stretching was limited to ~10:1, which is sub-
stantially less than the > 40x mineral stretching observed in
the Chacalapa and South 1 shear zones. Since relative plate
motion between the Farallon-Cocos and North American
Plates was mostly sinistral and convergent during the mid-
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Figure 7. Temperature-time data for sheared plutons in southern Mexico. Zircon, amphibole, and biotite

geochronology from Figures 5 and 6.

and late-Cenozoic (e.g., Figure 8), we infer that the South 2
shear zone was likely not involved in forearc removal pro-
cesses acting during these times. Geochronological data
partly testing this hypothesis will be published elsewhere.

5.3. Implications for the Mechanism
of Forearc Removal

[36] As noted in the introduction, the purpose of this study
was to test competing models of forearc removal from
southern Mexico during the Cenozoic by identifying

possibly correlative deformation in the present southern
Mexican forearc. Our finding of thrust-sense, subduction-
antithetic shearing on the Chacalapa and South 1 shear
zones west of —96.5°E demonstrates the action of sub-
duction-orthogonal shortening during the late Oligocene/
early Miocene. Although this deformation might simply
reflect general strain-partitioning within an orogenic zone,
we suggest this deformation reflects the operation of inter-
nal-weakening or block subduction erosion (IWSE/BSE)
along the southern Mexican margin at this time.

Cocos motion in a North American reference frame at Punta Cometa
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Figure 8. Relative convergence between (Farallon) Cocos and North America during the Cenozoic. In a
North American reference frame: (left) azimuth from north and angle with respect to a 090°-trending
margin, and (right) total, orthogonal and transcurrent relative motion rates.
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[37] The geology of southern Mexico records a remark-
able set of broadly synchronous features (Figure 9): (1) a
rapid, almost stepwise, shift in the locus of arc magmatism
in southern Mexico from the Tertiary magmatic arc, ending
at ~27-25 Ma, to the TMVB, starting at ~21-19 Ma
[Ferrari et al., 1999a, 1999b; Gomez-Tuena et al., 2008];
(2) ~250 m of subsidence, between 23.5 and 20 Ma,
immediately adjacent to the modern Acapulco Trench [Clif
and Vannucchi, 2004]; (3) farther into the upper plate, a
zone of 10-20 km of crustal unroofing of Tertiary magmatic
arc plutons and surrounding country rocks prior to the
middle Miocene [Mordn-Zenteno et al., 1996]; and (4) now,
still farther inland, a zone of subduction-antithetic thrust-
sense shear zones active at ~25-21 Ma synchronous with
forearc removal (this study) and the subsidence in the trench.

[38] Collectively, these features may be explained by an
IWSE/BSE event (Figure 10) [D. F. Keppie et al., 2009].
Weakening in the orogenic zone leads to preferential parti-
tioning of orthogonal stresses into the upper plate, repre-
sented initially by the formation of both subduction-
synthetic and subduction-antithetic thrust zones. One of the
subduction-synthetic thrust zones becomes the primary plate
boundary, in which case the intervening forearc is entrained
and subducted [D. F. Keppie et al., 2009]. This may cause in
turn (1) the rapid landward migration of the arc synchronous
with the rapid landward migration of the trench [D. F.
Keppie et al., 2009], (2) a rapid period of continental shelf
subsidence at the surface of Earth behind the departing
forearc [Clift and Vannucchi, 2004], and (3) the unroofing
and exhumation of the remaining forearc [Mordn-Zenteno
et al., 1996] as the subducting forearc block acts like a
buoyant indent or impinging on the upper plate across the
new plate interface [Warren et al., 2008a, 2008b]. Numeri-
cal models demonstrate the physical basis for the detach-
ment and subduction of large forearc blocks from the
margins of upper plates at the rates of relative plate con-
vergence [D. F. Keppie et al., 2009]. In southern Mexico,
convergence rates of the Farallon-Cocos Plate relative to
North America during the late Oligocene/early Miocene
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exceed ~100 km Ma ™' (Figure 8). Removal of the inferred
150-250 km wide forearc at rates above ~100 km Ma '
indicates the proposed IWSE/BSE event could have taken
place in ~1.5-2.5 Ma. This is in good agreement with the
timing constraints obtained for the subduction-orthogonal
shortening described in this study, as well as the other cor-
relative geological phenomena noted above.

[39] In the absence of a IWSE/BSE event, it is not clear
how any of these events is well-explained [Mordn-Zenteno
et al., 2007; J. D. Keppie et al., 2009]. Arc advance could
accompany shallowing of the slab angle, but does not
explain the wide arc widths of the Tertiary magmatic arc
[Moran-Zenteno et al., 2007]. Continental shelf subsidence
could reflect edge-weakening or ablative subduction erosion
(EWSE/ASE) [Ducea et al., 2004b; Clift and Vannucchi,
2004], but then it is not clear why it is mostly confined to
the early Miocene. Unroofing of the Xolapa complex and
coastal Tertiary magmatic arc plutons would appear to need
an as yet unidentified alternative mechanism [J. D. Keppie
et al., 2009].

5.4.

[40] Our model that forearc removal from southern Mex-
ico may have happened during the late Oligocene/early
Miocene due to an IWSE/BSE event has implications for
both regional and global tectonic models. Detailed discus-
sion of these implications is beyond the scope of this study,
but we briefly note the following.

[41] First, in most regional reconstructions, the late Oli-
gocene paleo-position for the Chortis Block is south of the
Isthmus of Tehuantepec [e.g., Ross and Scotese, 1988;
Rogers et al., 2007]. This position is immediately southeast
of the region where we have inferred the existence of a large
forearc block (subsequently subducted during an IWSE/BSE
event). This could mean that the change in shear sense that
we observe, from thrusting in the west to sinistral in the east,
where shear zone traces bend to the northeast in our study
area, corresponds to a change in the mechanism of forearc
removal along the southern Mexican margin. On the other
hand, transformation of plate-boundary deformation from
shortening to shear is a necessary consequence of the
observed change in plate boundary azimuth [Wilson, 1965];
thus independent data are needed to test whether these
observations are related to a change in the mechanism of
forearc removal.

[42] Second, in most regional reconstructions, the late
Cretaceous paleo-position of the Chortis Block is in the
Pacific Ocean south of the Acapulco Trench [e.g., Ross and
Scotese, 1988; Rogers et al., 2007]. If our model is correct,
these reconstructions must be modified, as a minimum
response, to accommodate the existence of a large forearc
block off southern Mexico prior to the late Oligocene. If the
large forearc block was in-place prior to the late Oligocene,
the late Cretaceous position for the Chortis Block may have
been along the southern margin of the forearc block rather
than along the southern margin of modern Mexico. This
possibility is interesting because it brings the two types of
Pacific-origin model for the origin of the Caribbean Plate
into closer agreement: Pacific-origin models based on a
stable triple point at the northwest Caribbean Plate corner
place the Chortis Block directly adjacent to the southern
margin of the North American Plate [e.g., Pindell and

Implications for Tectonic Models
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Figure 10. Schematic diagrams of (a) an initial subduction zone, (b) a subduction zone suffering inter-
nal-weakening subduction erosion, (c) a subduction zone after suffering internal-weakening subduction
erosion, and (d) the geological record of southern Mexico.

Dewey, 1982; Pindell and Kennan, 2009], whereas Pacific-
origin models based on a rigid Caribbean Plate place the
Chortis Block some distance south of the modern margin of
southern Mexico [e.g., Wilson, 1966; Keppie and Moradn-
Zenteno, 2005]. Alternatively, both the missing southern
Mexico forearc and the Chortis Block could have been
connected prior to the Oligocene and both moved south-
eastward together. An allochthonous model could be tested
by evaluating whether the thrust deformation we describe
here has overprinted earlier phases of sinistral shear. Over-
printing is an alternative explanation for the margin-parallel,
sub-horizontal mineral stretching lineations we observed in
the outer domains of the Chacalapa and South 1 shear zones.
For the Chortis Block, the main implication of this study is
that forearc removal cannot be used to justify a paleo-
position for the Chortis Block off southern Mexico during
the late Cretaceous and early Cenozoic because the Chortis
Block may not be the removed forearc [Keppie and Moran-
Zenteno, 2005].

[43] Third, the emergence of the Trans-Mexican Volcanic
Belt across Central Mexico may be causally related to the
IWSE/BSE event inferred here. In this scenario, the arc may
have resumed in a relatively landward position following the
landward migration of the trench due to subduction erosion
[D. F. Keppie et al., 2009]. This possibility must be con-
sidered when discussing the possible mechanisms of arc
initiation for the Trans-Mexican Volcanic Belt, which
include tearing of the Cocos slab [Ferrari, 2004] and/or
viscosity changes in the mantle wedge immediately above
the Cocos slab [Manea and Gurnis, 2007]. Studies evaluat-
ing how much subducted crust may have existed in the
source regions for the oldest volcanics in the Trans-Mexican
Volcanic Belt [e.g., Petrone and Ferrari, 2008] may help to
identify the role played by an IWSE/BSE event, if any.

[44] Finally, the present estimate for the average global
Cenozoic rate of continental lithosphere recycling due to
subduction erosion processes is ~1.3 km®> Ma ™" [Clift et al.,
2009]). The IWSE/BSE event inferred here could have
involved the subduction of a forearc block with approximate
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average dimensions of ~10 x 1000 x 150-250 km’
(depth x length x width) in <5 Ma. If so, this event may
represent an additional contribution of ~20% to 50% of
the average global rate during the late Oligocene/early
Miocene. Internal-weakening or block subduction erosion
events may represent important contributions for global
models of continental lithosphere recycling.

6. Conclusions

[45] Partitioning of the Cocos-North America oblique
convergence vector occurred on localized high strain thrust-
sense and sinistral-sense shear zones in southern Mexico
during the late Oligocene and early Miocene. In the study
area, the southern South 1 subduction-antithetic thrust-sense
shear zone was active until ~25.14 + 0.22 Ma and the
northern Chacalapa subduction-antithetic thrust-sense shear
zone was active until ~20.60 + 0.56 Ma. Subduction-
antithetic thrust-sense shearing was synchronous with the
timing of removal of a 150-250 km wide forearc block
from southern Mexico. These features may be related and
explained if forearc removal from southern Mexico occurred
due to internal-weakening or block subduction erosion
resulting in the recycling of a significant volume of conti-
nental lithosphere during the Cenozoic.
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