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[11 The timing and source of deformation responsible for formation of the Sierra Madre
de Chiapas (south Mexico) are unclear. To address this, apatite fission track and U-Th-He
thermochronometry, combined with zircon U-Pb dating, were performed on bedrock

and sedimentary samples of the Sierra Madre de Chiapas to discern timing of exhumation
and identify sediment source areas. The U-Pb results show that Paleocene—Eocene
terrigenous units outcropping at the northern section of the Sierra were mostly derived
from Grenville (~1 Ga) basement whereas the internal sections of the chain yield mainly
Permian to Triassic ages (circa 270-230 Ma) typical of the Chiapas massif complex.
Grenville-sourced sediments are most probably sourced by the Oaxacan block or the
Guichicovi complex and were deposited to the north of the Sierra in a foreland setting
related to a Laramide deformation front. Other possibly source areas may be related to
metasedimentary units widely documented at the south Maya block such as the Baldi unit.
The apatite fission track and U-Th-He data combined with previously published results
record three main stages in exhumation history: (1) slow exhumation between 35 and

25 Ma affecting mainly the Chiapas massif complex; (2) fast exhumation between 16 and
9 Ma related to the onset of major strike-slip deformation affecting both the Chiapas massif
complex and Chiapas fold-and-thrust belt; and (3) a 6 to 5 Ma period of rapid cooling that

affected the Chiapas fold-and-thrust belt, coincident with the landward migration of the
Caribbean—North America plate boundaries. These data suggest that most of the
topographic growth of the Sierra Madre de Chiapas took place in the middle to late
Miocene. The new thermochronological evidence combined with stratigraphic and
kinematic information suggests that the left-lateral strike-slip faults bounding the Chiapas
fold-and-thrust belt to the west may have accommodated most of the displacement between
the North American and Caribbean plates during the last 6—5 Ma.

Citation: Witt, C., S. Brichau, and A. Carter (2012), New constraints on the origin of the Sierra Madre de Chiapas
(south Mexico) from sediment provenance and apatite thermochronometry, Tectonics, 31, TC6001,

doi:10.1029/2012TC003141.

1. Introduction

[2] Formation of the Sierra Madre de Chiapas (SMC),
located in southern Mexico, close to the triple junction
between the Cocos, Caribbean and North American plates
(Figure 1) is not well understood. Two models emphasize the
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importance of strike-slip tectonics [Guzmadn-Speziale and
Meneses-Rocha, 2000; Andreani et al., 2008a, 2008b] and
suggest that exhumation along the SMC may have resulted
from the transpressive component of deformation resulting
from the change in trend of the major crustal faults that
accommodate the relative motion between the North Ameri-
can and Caribbean plates (i.e., from the E-W directed
Polochic-Motagua fault system, PMFS, to the NW-SE faults
at the SMC; Figures 1 and 2). Another model [Mandujano-
Velazquez and Keppie, 2009] suggests that SMC exhuma-
tion may be related to subduction of the Tehuantepec ridge
system, rapid chain formation (i.e., a 2-2.5 Ma time span)
and was relatively unaffected by strike-slip deformation.
Consequently, uncertainties about the architecture of the
mountain chain include (1) the timing and magnitude of the
deformation responsible for exhumation and (2) the role of
the PMFS and its eventual transfer of motion to the SMC.
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Figure 1. Geodynamic sketch of the triple junction area between the Cocos, Caribbean and North American
plates. Plate velocities are from DeMets et al. [1990]. Red areas denote ~1 Ga Grenville (Proterozoic) out-
crops from Ortega-Gutiérrez et al. [1992]. Abbreviations are as follows: GC, Guichicovi complex;
LF; Laramide front; MAT, Middle America Trench; OC, Oaxacan complex; PMFS, Polochic-Motagua
fault system; SMC, Sierra Madre de Chiapas; SMO, Sierra Madre Oriental; TR, Tehuantepec ridge.

[3] The current position of the triple junction is not well
defined, mainly due to the fact that the North American—
Caribbean boundary and its intersection with the Middle
America trench is poorly resolved beyond its surface expres-
sion (the PMFS [Guzmdan-Speziale et al., 1989; Moran-
Zenteno et al., 2009]). Recent GPS data show that the west-
emmost segments of the PMFS may not be active at present
[Lyon-Caen et al., 2006; Franco et al., 2009], suggesting that
left-lateral motion has probably transferred to the SMC,
probably along an area coincident with the Sierra de Cuchu-
matanes [Witt et al., 2012] (Figure 2). Tectonic and kinematic
evidence also suggest that the boundary between the North
American and Caribbean plates is currently located within the
SMC. Seismological and borehole elongation data show that
the horizontal component of deformation along the plate
boundary currently takes place along the strike-slip faults of
the SMC [Guzman-Speziale et al., 1989; Guzman-Speziale
and Meneses-Rocha, 2000; Witt et al., 2012]. In addition,
Andreani et al. [2008a, 2008b] defined a rigid crustal block
(the so-called South Mexico Block), which is bound to the
north by the strike-slip faults of the SMC and which migrates
to the ESE at ~1 cm/yr. Defining the structural architecture
and evolution of the SMC in relation to subduction, the triple
junction and the Chortis block migration (i.e., northernmost
element of the Caribbean plate, currently moving to the east at
circa 1-2 cm/yr [i.e., DeMets et al., 1990; Lyon-Caen et al.,

2006; Franco et al., 2009]) are central to resolve this ongo-
ing debate.

[4] Although several studies have proposed different sce-
narios for Chortis block migration most (reviewed by Moran-
Zenteno et al. [2009]) can be classified into two major
models: (1) The traditional model, which places the Chortis
block adjacent to south Mexico near the Xolapa complex
prior to its southward migration [Pindell et al., 2006; Rogers
et al., 2007; Ratschbacher et al., 2009], and (2) the Pacific
model, which place the Chortis block west of its current
position [Keppie and Moran-Zenteno, 2005]. As more data
have become available, it has become clear that there is a
strong lithological similarity between the Xolapa complex
and the northern part of the Chortis block, with a breakaway
period constrained at about 40—45 Ma [Ratschbacher et al.,
2009], coincident with the formation of the Cayman trough
and the expected onset of the transcurrent motion between
the North American and Caribbean plates [Rosencrantz and
Sclater, 1986; Leroy et al., 2000]. This has led to the tradi-
tional model gaining greater acceptance. However, the tra-
ditional model fails to account for the absence of significant
deformation in the Tehuantepec area, the region now located
between the Tonala shear zone (seaward border of the SMC;
Figure 2) and the Middle America trench (i.e., the Tehuan-
tepec terrane of Pindell and Kennan [2009]). To reconcile
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Figure 2. (a) SRTM-derived topography showing the main physiographic zones of the Sierra Madre de
Chiapas and surrounding areas. Structural analysis is from Witt et al. [2012]. Black strike slip faults show
the Tuxtla-Malpaso fault system whereas red strike-slip faults show the High Sierra fault system. Dashed
lines correspond to faults showing no current activity. Red circles show collected samples. Black circles
show main localities. (b) Schematic cross section showing main lithotectonic units of the chain. Abbrevia-
tions are as follows: CV, Chichon volcano; HSFS, High Sierra fault system; IPA, Ixtapa pull-apart basin;
MF, Malpaso fault; SCC, San Cristobal de las Casas; SCF, San Cristobal fault; TG, Tuxtla-Gutierrez; TF,
Tuxtla fault; TCF, Tectapan fault; TEF, Tenejapa fault; TMFS, Tuxtla-Malpaso fault system.

this, two recent models redefined some aspects of the tradi-
tional model and proposed that the transfer zone may have
passed seaward from the location of the Tehuantepec block
[i.e., Pindell and Kennan, 2009] or inland [Authemayou
et al., 2011], although the Tonala shear zone is considered
as the major transfer zone in some other models [ Wawrzyniec
et al., 2005; Ratschbacher et al., 2009].

[5] Key questions that need to be addressed include (1) the
timing and magnitude of deformation responsible for the
formation of the SMC and its present-day topography and
(2) the role of the PMFS and thus its connection (if any)
to formation of the SMC. To help address these questions
this study applied a combination of structural observations,
sediment provenance studies (based on detrital zircon U-Pb
dating) and apatite thermochronometry (fission track and U-
Th-He) to constrain the rock uplift and denudation history of
the area. Previous thermochronometry studies in the region
were focused mainly on the recent exhumation history of the
Chiapas massif complex (CMC) located at the western bor-
ders of the SMC [Ratschbacher et al., 2009]. They proposed
that CMC construction occurred during two major pulses of

deformation at 35-25 Ma and at 12-9 Ma. Supporting evi-
dence should be found in the adjacent Cenozoic sedimentary
basins, as they should contain a more complete record of
the uplift and denudation history of the SMC and surrounding
region, but so far these archives have not been studied. This is
unfortunate since a number of previous studies [Quezada-
Murieton, 1987; Carfantan, 1986; Gonzadles-Lara, 2001,
Meneses-Rocha, 2001] have used the timing of abrupt chan-
ges in basin stratigraphy to infer tectonic pulses associated
with the growth of the mountain belt. Such links need to be
validated and unrelated changes in sediment routing and
provenance ruled out. These are the goals of this study.

2. The Sierra Madre de Chiapas

[6] The Sierra Madre de Chiapas (SMC) is part of the Maya
block [Dengo, 1969], which comprises the SMC, the Yucatan
platform and the Maya mountains. Within the SMC it is pos-
sible to define, from south to north, six principal structural
units showing different lithologies and topographic and/or
tectonic architectures (Figure 2): (1) the Chiapas massif com-
plex (CMC); (2) the Central Depression; (3) the High Sierra;
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(4) the East Front; (5) the North Front, and (6) the Tabasco
coastal plain (i.e., southern Gulf of Mexico). For convenience,
units 3 to 5 are grouped and classed as the Chiapas fold-and-
thrust belt (i.e., Chiapas Sierra of Witt et al. [2012]).

[7] The CMC mostly consists of Permian igneous (mainly
granitoid) rocks, most of which are foliated, strongly deformed
and metamorphosed [ Weber et al., 2007]. The CMC developed
from an active continental margin in the early Permian and
involved widespread granitic intrusion into a Paleozoic meta-
sedimentary sequence (mainly protholiths correlative with the
Santa Rosa, Candelaria and Jocote Formations [Weber et al.,
2008; Estrada-Carmona et al., 2009]). The CMC include as
well some Ordovician granitoids [Weber et al., 2008]. These
rocks were later (252-254 Ma) affected by medium- to high-
grade metamorphism [Weber et al., 2007].

[8] Weber et al. [2007, 2008] interpreted U-Pb-derived
lower intercepts at 258.4 £+ 1.9 Ma and 250.9 £ 2.3 Ma as
either igneous crystallization or metamorphic ages, and sedi-
mentary protholiths with two principal age distribution peaking
at 500-650 Ma and at 1.0-1.2 Ga. Permian basement outcrops
are not identified north of the Central Depression; however
unpublished drill data from hydrocarbon exploration (Petroleos
Mexicanos, PEMEX) have shown that the Permian basement
extends to the north into the Tabasco plain and probably into
most of the Yucatan platform. The western limit of the out-
cropping section of Permian rocks at the SMC is coincident
with the Tonala shear zone [ Wawrzyniec, 2005, Figure 2]. An
extensive pulse of early middle Jurassic arc magmatism has
been defined for igneous rocks overlying and intruding the
CMC [Godinez-Urban et al., 2011]. Jurassic (Callovian) red
beds and salt deposits overlie these rocks and are partly
synchronous with the main pulse of rifting and opening of
the Gulf of Mexico [Carfantan, 1986; Pindell et al., 2000;
Meneses-Rocha, 2001], coeval with major rotation of the
CMC [Molina-Garza et al., 1992]. Thickness variations of
the early Jurassic section have been related to a graben-type
geometry derived from the extensional processes associated
with opening of the Gulf of Mexico [Carfantan, 1986;
Meneses-Rocha, 2001]. Callovian salt deposits have been
recorded as far south as the Central Depression and the Ixtapa
pull-apart basin (Figure 2), suggesting that these deposits are
widespread beneath the mountain chain.

[9] Most of the Cretaceous stratigraphy corresponds to
limestones and dolomites formed in a marine platform setting
during the postrift (thermal subsidence) stage of the Gulf of
Mexico rift [Meneses-Rocha, 2001]. During the Cenozoic
sedimentation changes from marine to continental conditions.
Paleogeographic reconstructions for the late Cretaceous to
early Cenozoic show submerged areas to the north and ter-
restrial areas to the south [Carfantan, 1986; Meneses-Rocha,
2001; Witt et al., 2012]. The Paleocene marks the final tran-
sition to regional terrigenous sedimentation with deposition
of shallow water platform sediments, slope turbidites and
deep basinal deposits that outcrop in the northern sections of
the SMC (Figure 3). Eocene-Oligocene units consist of con-
tinental clastic and minor shallow water deposits in some
cases locally associated with carbonate platforms. Oligocene
and Miocene units record a marked increase in continental
sedimentation, which has been linked to uplift of the CMC
(Figure 3) [Carfantan, 1986; Meneses-Rocha, 2001]. Some
igneous activity is also evident: (1) middle-late Miocene
intrusions within the Permian basement; (2) subduction-

WITT ET AL.: ORIGIN OF SIERRA MADRE DE CHIAPAS

TC6001

related Plio-Quaternary volcanism in a zone bounding the
Central Depression and the High Sierra; and (3) recent vol-
canism related to the El Chichon volcano along the North
Deformational Front [Garcia-Palomo et al., 2004; Mora
et al., 2007]. From the middle-late Miocene volcanism
migrated inland from the CMC toward the Chiapas fold-and-
thrust belt.

[10] Main topographic growth is considered middle-late
Miocene in age, defined by fault activity, major stratigraphic
unconformities along the SMC and the Tabasco coastal plain,
folding at both the eastern and northern fronts, by major salt-
related mobility and by the northward progradation of sedi-
ments implying the northward migration of the North Front
[Chavez-Valois et al., 2009; Witt et al., 2012]. Shortening has
been calculated to between 70 and 106 km [Mandujano-
Velazquez and Keppie, 2009; Pindell and Kennan, 2009].
Although, most authors propose that the middle-late Miocene
represents the main period of topographic growth of the SMC
they differ in the number (from 1 to 6) and timing of tectonic
phases and driving processes for mountain belt formation
[Quezada-Murieton, 1987; Carfantan, 1986; Gonzdles-Lara,
2001; Meneses-Rocha, 2001]. Most of the proposed growth
phases have been linked to abrupt changes in the stratigra-
phy. For example proposed late Cretaceous to Eocene tec-
tonic pulses have been related to the Laramide orogeny (main
tectonic phase leading to the construction of the Sierra Madre
Oriental [Nieto-Samaniego et al., 2006] (Figure 1), although
the geometry and the tectonic aspects controlling this process
remain speculative.

[11] The strike-slip faulting appears to be the main process
controlling topographic growth but exactly how is unclear.
The only work that sought to explain deformation associated
with the strike-slip faulting is a study by Guzmdn-Speziale and
Meneses-Rocha [2000]. These authors proposed that strike-
slip motion from the PMFS is transmitted to the SMC as a
“fault jog” system. Strike-slip faulting may have accommo-
dated up to 70 km of left-lateral displacement [Meneses-
Rocha, 2001] with up to 43 km accommodated during the
last 6-5 Ma [Witt et al., 2012]. The high-degree of linearity
and magnitude of extension (50 to 250 km) of all the major
strike-slip faults within the SMC suggest that they are crustal-
scale faults (Figure 2). In some cases the narrowness of the
deformational area and the poor quality of outcrops prevents a
clear geometric and chronologic characterization of fault-
related deformation. Major strike-slip faulting occurs mainly
to the east of the Central Depression (Figure 2).

[12] In detail, two major systems, comprising five major
left-lateral strike-slip faults, appear to control the deformation.

[13] 1. The Tuxtla-Malpaso fault system, a left-lateral
strike-slip system that bounds the Chiapas fold-and-thrust
belt to the west, is the most prominent tectonic feature of the
entire SMC. Greater deformation coincides with the Cerro
Pelon trend, a group of folds in an echelon array at the
northernmost section of the Tuxtla-Malpaso fault system
(Figure 2).

[14] 2. The High Sierra fault system is a dominantly E-W
system that includes three major faults. These are from
south to north, the San Cristobal, Tenejapa and Tectapan
faults. The High Sierra fault system enters into the confined
intraplate strike-slip fault category [Storti et al., 2003], due
to their rotational or contractional terminations. By contrast,
the Tuxtla-Malpaso fault system shows characteristics of
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Figure 3. (a) Chronostratigraphic chart of the SMC. Red circles correspond to samples. Formational
names are shown for sampled clastic units. Stratigraphic column modified from the 1:200,000 Tuxtla-
Gutierrez geological map of the Mexican Geological Survey. (b) Paleocene turbidites at the northern sec-
tion of the Central Depression. (c) Upper (?) slope turbidite system of the Nanchital Formation. (d) Red
thick sandstone and conglomerates of the El Bosque Formation. (¢) Main unconformity at the contact
between the Miocene Ixtapa Formation and the undifferentiated Pliocene. Locations of samples are shown

on Figure 2.

transfer intraplate strike-slip faulting, involving more rigid
deformation.

3. Methods and Samples

[15] The aim of this work is to constrain the rock uplift
history of the CMC, determine the main processes driving
the deformation and test the assumptions made in previous
studies that changes in sediment stratigraphy relate to growth
stages of the SMC. To meet these aims comparison is made
between the exhumation histories of the CMC, derived from
apatite fission track (AFT) and U-Th-He (AHe) analyses of
bedrock samples, and detrital zircon U-Pb ages from the
sedimentary rocks.

[16] The purpose of the detrital zircon U-Pb dating is to test
if the granites of the CMC sourced the terrigenous series of the
SMC which would help define when exhumation and related
erosion may have taken place. In general zircon U-Pb ages will
reflect the time of zircon growth, which in most cases is the
rock crystallization age, although younger growth events can
result from metamorphism but this rarely overprints the zircon

cores even up to temperatures as high as 750°C. Detrital zircon
U-Pb ages (Figure 4) should therefore be representative of the
range of crustal anatexis and/or magma differentiation events
within the local basement bedrock/sediment source areas
[Carter and Bristow, 2000].

[17] AHe and AFT ages were obtained from basement and
terrigenous samples to define the exhumation history. The
temperature sensitivity of these two methods allows a parcel
of rock to be tracked as it cooled from temperatures in excess
of 100°C down to ~40°C, the exact temperatures dependent
upon rate of cooling and apatite composition (and grain size
for U-Th-He). In most cases cooling is related to rock uplift
and exhumation driven by erosional denudation and/or tec-
tonics For an average geothermal gradient of 30°C/km such
temperatures equate to the uppermost 1-4 km of the Earth’s
crust. In total, nine AFT and six AHe ages were obtained
from the CMC and Paleocene to Miocene terrigenous rocks.

[18] Samples of basement were collected from the CMC
and sedimentary samples from the Paleocene-Miocene sec-
tion of the Chiapas fold-and-thrust belt (Figure 2). Igneous
samples from the CMC come from its seaward piedmont
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Figure 4. Kernel density plots of detrital zircon ages (<10 discordant) terrigenous samples from the
Chiapas Sierra. (a—c) Internal section. (d—f) External section. Light and dark gray rectangles are main
Chiapas massif complex (230-270 Ma) and Grenville basement (950-1250 Ma) ages, respectively. See

locations of samples in Figure 2. Individual grain ages are provided in the auxiliary material.

(samples C12 and C13) and from its central part (sample C4).
Sample C13 corresponds to a granodioritic intrusion. Clastic
rock samples of the Chiapas fold-and-thrust belt (Figure 3)
are from two different areas that define the internal (C2, C3
and Cl14) and external (C5, C8, and C10) sections with
respect to massif location. These samples are Paleocene-
Miocene marine and continental units. The depositional age
of the sampled units, from locations where the stratigraphic

position is well known is based on the 1:250,000 Tuxtla
Gutierrez, Villahermoza, Las Margaritas and Tenosique maps
from the Mexican Geological Survey [after Carfantan, 1986;
Sanchez-Montes de Oca, 2006]. Samples C8, C10, and C14
are from turbidite, shallow water and transitional deposits of
the Paleocene-Eocene Nanchital Formation (Figure 3). Sam-
ples C2, C5 and C6 are from the continental series of the
Eocene El Bosque Formation (Figure 3). Sample C3 was
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Figure 5. Time-temperature pathways obtained from joint modeling of apatite fission track (AFT) and
U-Th-He data. The measured track length distribution is shown for each sample. The red dashed line cor-
responds to the measured AFT central age. The blue dashed line corresponds to the U-Th-He age. See
Figure 2 for the locations of samples. Raw data and methods are given in the auxiliary material.

collected from the Ixtapa Formation, a Miocene continental
unit, which outcrops at the northern border of the Ixtapa
pull-apart basin. No Oligocene units were analyzed because
of the ambiguity of stratigraphic correlations in the field and
scarcity of datable zircons and apatite. Sample analyses were
conducted at the Thermochronometry Laboratories at the Joint
Research School of UCL-Birkbeck, University of London.
The methodology and techniques used in this study are detailed
in the auxiliary material."

[19] To understand the significance of the AFT and AHe
results thermal histories need to be extracted from the data
using modeling software that incorporate numerical descrip-
tions of thermal resetting in the FT and U-Th-He systems. For
this study, the sample thermal histories were obtained using the
modeling package HeFTy of Ketcham [2005], which includes
the multicompositional AFT annealing algorithm of Ketcham
et al. [2007]. This software performs inverse modeling of
the AFT and AHe data with a Monte Carlo search for better
fitting cooling paths through a set of user-defined t-T boxes.
Where appropriate AFT and helium ages were modeled
jointly and, tT histories were generated. Because no thermal
history ever uniquely defines a set of AFT or AHe data,
the better fitting thermal histories must always be considered
in the context of local geological constraints. The outputs are
thermal histories that predict AFT and AHe parameters that
most closely match the measured data. Goodness of fit between
predicted and observed parameter distributions was defined
by Kuiper’s Statistic [Ketcham, 2005]. Figure 5 provides a
graphic summary of representative modeled thermal histories
for different samples across the SMC. For each sample, dark

'Auxiliary materials are available in the HTML. doi:10.1029/
2012TC003141.

gray shading outlines the cluster of 100 better fitting cooling
paths obtained from a larger population of Monte Carlo trials
(typically 10°~10°). Lighter gray shading outlines the spread
within that same population of “acceptable” (i.e., relatively
less robust) paths, here defined by a less stringent goodness-
of-fit criterion of 0.05. Apatite FT, U-He and zircon U-Pb
results are summarized in Table 1, and the raw data are pro-
vided in Tables S1 and S1 and Data Set S1 in the auxiliary
material.

4. Results and Interpretation

4.1. Zircon U-Pb

[20] The detrital U-Pb data obtained from the six clastic
samples yielded >100 grain ages hence sufficient grains ages
have been measured to give statistical confidence that the
data capture the principal zircon sources [Vermeesch, 2004].
The data are displayed as kernel density plots [Vermeesch,
2012] in Figure 4. Sedimentary rock samples from the
internal section are dominated by ages at ~250 Ma and
~1 Ga, with minor occurrences between 300 and 500 Ma
(Figure 4). Paleocene sample (C14) from a turbidite deposit
obtained near the Tuxtla-Malpaso fault system area and
Eocene sample C2 sample yielded two main age peaks at
200-250 Ma (late Permian) and Proterozoic zircon grains
that range from circa 900 to 1400 Ma. Although most have
zircons ages at ~1.0-1.05 Ga there is also an important peak
around 1.2 Ga. There is also a group of Braziliano-Pan African
zircons between ~500 and ~700 Ma and another group of
Ordovician zircon grains. Sample C3 contains more Permian
and Jurassic zircons (an assemblage typical of the CMC and its
sedimentary cover, i.e., the Todos Santos Formation) and an
additional group of Miocene zircon grains ranging from 20 to

7 of 15



TC6001 WITT ET AL.: ORIGIN OF SIERRA MADRE DE CHIAPAS TC6001
Table 1. Summary of Sample Locations and Apatite Fission Track, U-Th-He and U-Pb Results
Altitude Rock Unit AFT Age Mean Track Corrected AHe Main U-Pb
Sample Sample Location (m Above Sea Level) and Age Ma =+ 10) Length (pm) Age Ma =+ lo) Age Peaks
Basement Samples
C4 16°24'04"N; 680 Permian 31.7+£32 12.43 £ 0.17 16.7 £3.2
93°04'55"W batholith (n=14) (n=102) (n=3)
Ci12 16°20'41"N; 655 Permian 9.6 £0.8 13.55 £ 0.16 -
93°52"26"W batholith (n=22) (n=100)
C13 16°24'55"N; 465 Miocene 89+ 1.0 14.14 £ 0.16 79+ 1.0
94°7'3"W intrusion n=19) (n=102) n=2)
Sedimentary Samples
C2 17°0'6"N; 440 Eocene - - 56+2 ~250 Ma;
93°9'1"W n=4) 0.8-1.2 Ga(n=114)
C3 16°50'31"N; 1100 Miocene 403+ 54 12.05 £ 0.91 - ~250 Ma;
92°54'11"W n=7) n=2) 0.8-1.2 Ga (n = 106)
C5 16°54'37"N; 1150 Eocene - - - 0.8-1.2 Ga (n = 123)
92°20'44"W
Cé6 16°59'33"N; 1150 Eocene 294 £2.7 11.25 + 0.34
92°18'7"W (n=15) (n = 50)
C8 17°24'10"N; 340 Eocene 453 £ 4.0 12.6 £ 0.15 - ~250 Ma;
91°59"25"W n=12) (n=100) 0.8-1.2 Ga (n = 102)
C10 17°27'32"N; 100 Eocene 114 £22 11.59 £ 0.71 34+£12 0.8-1.2 Ga (n = 115)
92°46'59"W n=28) (n=4) (n=15)
Cl11 17°24'10"N; 330 Eocene 89+ 15 12.93 + 0.68 1.5+ 1.0
93°6'3"W (n=13) n=3) (n=3)
Cl4 17°1'46"N; 360 Paleocene 16.5 £ 2.1 13.66 + 0.34 54408 ~250 Ma;
93°31'59"W (n=16) (n=31) (n-4) 0.8-1.2 Ga (n=115)

17 Ma, suggesting igneous, probably volcanic activity during
the Miocene.

[21] Three terrestrial to shallow marine Paleocene-Eocene
sedimentary samples from the external section have zircons
with ages up to 1.2 Ga with minor numbers of Permian,
Jurassic or Brazilio—Pan African grain ages. Although zircon
ages in samples C5, C8 and C10 cluster at ~1 Ga there are
also zircons with ages up to 1.2 Ga, typical of Oaxaquia and
a few isolated grains with ages between at 1.3-1.5 Ga. As
these are rare it is likely they come from inherited cores.

4.2. Apatite Fission Track and U-Th-He

[22] The quality of the apatite fission track data is mixed,
affected by grain type (inclusions, zoning, defects) and low
abundances. Table 1 summarizes the results for the nine AFT
samples of which six yielded adequate numbers of track
lengths and single-grain ages suitable for thermal history
modeling. There is no evidence of extra (non-Poisson) dis-
persion among the single-grain data; hence, apatite grain
composition has not led to variable annealing within each
sample. AHe dating was performed on six samples (bedrock
and clastic) and involved between 3 and 5 replicates per sam-
ple. Age reproducibility was very good, and only one replicate
had to be rejected (sample C13; see auxiliary material) due to
an anomalously high age, most likely caused by inclusions or
implantation.

[23] AFT and U-Th-He cooling ages obtained at the SMC
belong to three main age ranges (Table 1): (1) 45.3 + 4.0 to
29.4 + 2.7 Ma ages found across the whole study area;
(2) 16.5 = 2.1 to 8.9 + 1.5 Ma ages confined to CMC and
terrigenous rocks of the High Sierra and the North Front, and
(3) ages between 5.6 + 2.0 and 1.5 £ 1.0 Ma from areas
close to the Tuxtla-Malpaso fault system and from the North
Front (Figure 2).

[24] AFT data obtained from the east section of the CMC
(sample C4) record an age of 31.7 £ 3.2 Ma with an AHe
age of 16.7 &+ 3.2 Ma. Track lengths are unimodal with a
mean of 12.43 4 0.17 pum. Time-temperature history obtained
from modeling shows relatively constant exhumation since
~30 Ma with a small rise from ~10-7 Ma (Figure 5a). Sam-
ples C12 and C13 are from the external zone of the massif
(Tonala shear zone). The Permian sample C12 displays an
AFT age of 9.6 £ 0.8 Ma whereas sample C13 (granodioritic
intrusion) yielded similar ages 8.9 + 1.0 Ma (AFT) and
7.9 + 1.0 Ma (AHe) diagnostic of rapid cooling to surface or
near surface temperatures.

[25] A Paleocene terrigenous sample of the internal section
(sample C14) yielded an AFT cooling age of 16.5 + 2.1 Ma
with a mean track length of 13.66 £ 0.34, consistent with
relatively fast cooling, although only 31 tracks lengths were
measured. AHe ages of 5.6 + 2 and 5.4 4 0.8 were obtained
from samples C2 and C14, which are from areas under the
influence of the Tuxtla-Malpaso fault system. Numbers of
measured confined fission tracks were not sufficient to model
a T-t history. The 40.3 + 5.4 Ma AFT obtained from C3
sample is older than the age of deposition and therefore cor-
responds to the cooling age of the sediment source area.

[26] Terrigenous samples of the external section yielded six
AFT and AHe ages between 45.3 +=4.0and 1.5 + 1 Ma. In all
cases the magnitude of post deposition heating has been suf-
ficient to reset the apatites and remove any provenance signal.
Thermal histories for the Paleocene-Eocene data (C6 and C8)
yielded very similar T-t pathways (Figure 5). In both cases the
modeled cooling histories show long intervals of little or no
cooling (flat sections in Figures 5b and 5c¢) consistent with
very low rates of exhumation between 30 Ma and 10 Ma.
From ~10-7 Ma cooling rates show a marked increase con-
sistent with rock uplift at this time,. The timing is in agreement
with the AFT ages obtained from samples C10 and Cl1,
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which range between 11.4 + 2.2 to 8.9 £ 1.5 Ma. The North
Front shows very young and similar (within errors) AHe
ages of 1.5 £ 1 and 3.4 + 1.2 Ma (samples C11 and C10,
respectively).

[27] In summary, thermal history modeling has shown that
exhumation during the Eocene-Oligocene was concentrated
along the CMC and that the Chiapas fold-and-thrust belt is
almost unaffected by this process, supported by very low
rates of cooling on the thermal history plots. Cooling rates
then show a marked increase in the middle-late Miocene and
this appears to have affected the whole chain. It was more
rapid along the zones located next to the major strike-slip
systems such as the Tonala shear zone or the Tuxtla-Malpaso
fault system (sample C14).

5. Discussion

5.1.

[28] Detrital zircon dating yielded two main groups of
ages: (1) ~0.85-1.2 Garelated to basement rocks affected by
the Grenville event (i.e., 950-1250 Ma [Ortega-Gutiérrez
et al., 1995; Weber and Kohler, 2009]) and (2) 240-
270 Ma related to the intrusion of the Permian arc-related
granitoids into the CMC (Figure 4). The 0.85—-1.2 Ga ages are
more abundant to the north (i.e., along the external zone
located at the High Sierra, and the North and East Fronts). As
many of the dated zircons were euhedral and showed no
evidence for Permian overgrowths we interpret the Protero-
zoic age peak of samples C5, C8 and C10 to record the age of
the source rock. These samples are dominated by Grenville
basement sources with minor contributions from the Permian
batholiths (Figures 4 and 6). The internal and external ter-
rigenous areas show marked differences in sediment prove-
nance. Sedimentary rock samples from the western border
of the Chiapas fold-and-thrust belt (internal section) yielded
broad age spectra with the main age groups consistent with
sources from the CMC (Figures 4 and 6), whereas samples
from the external areas are almost entirely defined by Gren-
ville age sources.

[29] Grenville basement outcrops have not been identified in
the Maya block. Closest exposure areas are located further
north at the Oaxacan block (Figure 6¢) and the Guichicovi
complex, which have the most extensive outcrop of Grenville
basement in the south of Mexico and the triple junction area
(Figure 1) [Ortega-Gutiérrez et al., 1992; Keppie et al., 2003;
Weber and Hecht, 2003; Ducea et al., 2004; Solari et al.,
2009]. Grenville zircons have been documented as protoliths
in the Chaucus and Chortis complexes [i.e., Ratschbacher
et al., 2009, Figure 6d] and in metasediments in many areas
north and south of the SMC. The Cuicateco terrane, the Chi-
villas Formation, the San Diego phyllite, the Sepultura unit,
the Todos Santos unit and the Baldy unit are some of the
examples of detrital series where Proterozoic ages have been
determined (Figures 6e to 6h) [Ortega-Gutiérrez et al., 2007;
Weber et al., 2008; Pérez-Gutiérrez et al., 2009; Martens et al.,
2010; Torres de Leon et al., 2012].

[30] The dominance of Grenville sources for sedimentary
rocks distributed at the external section of the SMC is hard to
reconcile with basement outcrops defined at the CMC and at
the Maya block south and east of the Tehuantepec isthmus.
There are only traces of ~400 Ma zircons, which are one of
the most common basement ages found at the south Maya
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block and south of the PMFS [Ratschbacher et al., 2009;
Martens et al., 2010] (Figure 6a). That such ages are only
present at trace levels in the studied samples implies that this
was not an important source. There is also a general lack of
500—650 Ma zircons, known to be present as inherited cores
in detrital zircons from the CMC (i.e., Santa Rosa Formation
[Weber et al., 2008]). Sediment input recognized in the
external area section fits with a northern source, most likely
related to the Oaxaca Block or the Guichicovi complex; which
as previously suggested are the closest Grenville exposure
areas. Furthermore, all of the terrigenous samples show age
peaks between 950 and 1050 Ma, which spans the Zapotecan
tectonothermal event recorded in the Oaxacan complex
[Keppie et al., 2003; Solari et al., 2004, 2007]. A northwest
provenance of Paleocene to Eocene sediments is also sup-
ported by coeval eastward stratigraphic pinch-outs observed
on seismic lines next to the North Front [Witt et al., 2012].
Furthermore, Nieto-Samaniego et al. [2006] suggest that the
Oaxaca Block recorded important Laramide shortening coin-
cident with major erosion during the Paleocene-Eocene (a time
span coincident with the sampled sedimentary units). North-
ward sourced Paleocene to Eocene marine and terrestrial units
were deposited in a deep clastic sea and basin margin or
transitional continental areas that developed to the north of the
Chiapas Sierra (Figure 7). The tectonic context is most likely
that of a foreland-type basin related to a Laramide deformation
front [Witt et al., 2012]. The amount of sediment input from
the Laramide front was sufficient to cause significant burial of
the Paleocene-Eocene sediments and resetting of the AFT
chronometers, hence minimum depths of burial are 2-3 km
based on global average geothermal gradients. Although we
favor a northern source for the reasons outlined above, we
cannot rule out the possibility that some of the sediment came
from the south because Proterozoic zircons are also found in
the metasediments of the Baldy unit (Figure 6¢) outcropping at
the Maya mountains [Martens et al., 2010].

[31] The CMC may not have been the main source of sedi-
ments until it experienced enhanced uplift between 16 and
10 Ma (see section 4.2), which postdates the Paleocene-
Eocene sedimentary units from which age spectra has been
obtained at the North Front. From the Paleocene to Miocene
the areas surrounding the Central Depression show a local
sediment provenance from the CMC. Further north, Permian
massif-related inputs decrease drastically, and in some cases
are effectively missing. This is most likely related to low rates
of denudation of the massif over this time interval. Further-
more, Braziliano-African zircons (~500 Ma to ~700 Ma such
as those of the Santa Rosa or Todos Santos Formations [ Weber
et al., 2008; Pérez-Gutiérrez et al., 2009] and Ordovician
zircons (typical of intrusions at the CMC and at most of the
Maya block [Weber et al., 2008; Martens et al., 2010]) are
present in the internal section but missing at the external one.
Although, the CMC may have locally sourced the internal
section of the SMC during Paleocene-Eocene, our detrital
zircon U-Pb results suggest that the CMC did not become the
main sediment source (and therefore was not subject to major
surface uplift) until the onset of the major tectonic deformation
during middle-late Miocene (see section 5.2).

5.2. Exhumation Age and Processes

[32] To see if there is any regional pattern to exhumation,
AFT ages from Ratschbacher et al. [2009] were plotted
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Figure 6. (a and b) Kernel density plots of detrital zircon U-Pb ages from the terrigenous (external and
internal) sections of the chain. (c—h) Kernel density plots for igneous and metasedimentary rocks outcrop-
ping in south Mexico, Belize and Guatemala. Original reference for plots are as follows: Figure 6¢ from
Keppie et al. [2003]; Figure 6d from Ratschbacher et al. [2009]; Figure 6e from Martens et al. [2010];
Figure 6f from Perez-Gutierrez et al. [2009]; Figures 6g and 6h from Weber et al. [2008].

against sample elevation together with the new data from
this study (Figure 8). The middle-late Eocene cluster of the
older ages point to onset of exhumation at or before this time
but the preservation of these old ages, which are mostly
found at the highest elevations, and the results from thermal
history modeling (Figures 5 and 8) show that exhumation
rates were relatively low at this time. Ages in the range from
39 to 25 Ma documented by Ratschbacher et al. [2009] from
the inner (seaward) southern section (i.e., Mexico-Guatemala
border area) of the massif did not yield clear age/elevation
trends and have been interpreted as rapid cooling at ~30 Ma.

Similarly, the Chuactis complex (north of the Motagua fault
zone) and the Las Ovejas complex (south of the Motagua
fault) show AFT clusters ranging from ~25 Ma to ~35 Ma
[Ratschbacher et al., 2009].

[33] The Eocene-Oligocene period coincided with the
onset of major clastic sedimentation along the Chiapas Sierra
and has been related to SMC exhumation during the Lar-
amide tectonic phase [Carfantan, 1986; Meneses-Rocha,
2001] or to the onset of migration of the Chortis block
[Ratschbacher et al., 2009]. Thermal histories of samples
from the North and East Fronts do not record any exhumation
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during Eocene-Oligocene times showing that the Chiapas
fold-and-thrust belt was relatively unaffected by the defor-
mation. As suggested by Quezada-Murieton [1987] and
observed in the field within the Chiapas fold-and-thrust belt
there are no tectonic-related unconformities in the sedimen-
tary sequence spanning the Paleocene to late Miocene. The
AFT-derived thermal histories are consistent with this. Thus
the Chiapas fold-and-thrust belt did not experience any sig-
nificant uplift during the Eocene-Oligocene.

[34] The youngest AFT ages in Figure 8a occur at lower
elevations and are the same (within error) over a 600 m ele-
vation range consistent with more recent and rapid uplift. Late
Miocene (10-9 Ma) cooling ages for the massif have been
associated with near-field left-lateral shearing and volcanism
along the areas close to the faults related to the PMFS and the
Tonala Shear Zone [Ratschbacher et al., 2009]. Furthermore,
these authors suggest that the 10-9 Ma shear event defines the
location of the limit between the Caribbean and North Amer-
ican plates at this time, with the transpressive deformation
resulting from a major change in the trend of the PMFS rela-
tive to the Tonala shear zone. However, our data show that this
event was more regional in extent. For example, the North
Front records uplift between 11.4 +£ 2.2 Maand 8.9 + 1.5 Ma.
AFT-derived thermal histories obtained from terrigenous
samples of the High Sierra and East Front show a similar onset
of high rates of cooling from ~10 to 7 Ma.

[35] The Tuxtla-Malpaso fault system (Figure 2) is the
most prominent tectonic feature of the entire SMC. Two AHe
ages record exhumation at the Tuxtla-Malpaso fault system
at 5.6 = 2 Ma and 5.4 £ 0.8 Ma. This is in agreement with
major syntectonic sedimentation occurring from 6 to 5 Ma
onward with major depocenters developing at the

transtensional Ixtapa pull-apart basin and at the transpres-
sional Cerro Pelon trend (Figure 2) [Meneses-Rocha, 2001;
Witt et al., 2012]. Horizontal displacement along the northern
section of the Tuxtla-Malpaso fault system could have thus
reached ~30 to 40 km during the last 65 Ma involving 0.5
to 0.8 cm/a”! of lateral accommodation [Witt et al., 2012].
This rate accounts for a great part of the current relative
motion between the Caribbean and North American plates
that may be transmitted to the SMC area, as it has been
constrained by GPS and kinematic models [Lyon-Caen et
al., 2006; Andreani et al., 2008a, 2008b].

[36] Thermochronologic and tectonic observations suggest
that the strike-slip deformation along the margins of the
Caribbean and North American plates jumped from the Tonala
Shear Zone to the Tuxtla-Malpaso fault system between 10 and
5 Ma, and most likely from 6 to 5 Ma as evidenced by the
AHe obtained for this study. An eastward migration of
deformation from the Tonala Shear Zone to the Tuxtla-
Malpaso fault system is in agreement with depocenter
evolution [Meneses-Rocha, 2001], strain and seismicity
observations [ Guzmdan-Speziale and Meneses-Rocha, 2000],
GPS-derived data [Lyon-Caen et al., 2006], kinematic mod-
els [Andreani et al., 2008a, 2008b; Authemayou et al., 2011]
and the migration of volcanic products [Mora et al., 2007].

5.3. The Chiapas Area and the Triple Junction

[37] There is growing evidence to suggest that the strike-
slip regime between the Caribbean and North American
plates is currently located within the SMC [Guzmdan-Speziale
and Meneses-Rocha, 2000; Lyon-Caen et al., 2006; Andreani
et al., 2008b; Franco et al., 2009; Witt et al., 2012]. These
include GPS constraints that suggest that the westernmost
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section of the PMFS is currently inactive and that lateral
motion may have been transmitted to the SMC [Lyon-Caen
et al., 2006; Franco et al., 2009], and new kinematic mod-
els that show the SMC corresponds to a crustal restraining
bend resulting from the action of a major left-lateral structure
connecting the PMFS to the south to the strike-slip systems
of the SMC to the north [Andreani et al., 2008b]. The new
thermochronologic evidence described here also strongly sup-
ports the migration of the transpressional deformation land-
ward from the Tonala shear zone to the Tuxtla-Malpaso fault
system between 10 and 5 Ma. Similarly, Neogene morpho-
logical markers seem to show a migration of deformation from
the Motagua to the Polochic Fault in northern Guatemala over
the same period of time [Authemayou et al., 2011]. Indeed,
extension related to activity of the PMFS has been propagating
northward since the late Miocene making the triple junction
diffuse as it migrates eastward and inland within the continental
crust [Authemayou et al., 2011].

[38] Our data do not cover the entire CMC preventing
detailed examination of exhumation in the wake of the
migrating Chortis block. However, several aspects may be
considered. The 30-25 Ma exhumation period defined here
is coincident with the arrival of the Chortis block to the
Tehuantepec area and as proposed by previous studies [e.g.,
Ratschbacher et al., 2009] this exhumation period may be
strongly related to the effects of Chortis. In this scenario the
CMC, located closer to the Tehuantepec area was uplifted
whereas the Chiapas fold-and-thrust belt did not record major
exhumation at that time. The relative quiescence between
~30 Ma and ~16 Ma may suggest that the entire SMC was
far away from the zone affected by Chortis migration. This
agrees with models that propose that the Chortis block was
located south of the undeformed Tehuantepec block after
~30 Ma [i.e., Pindell and Kennan, 2009].

[39] The topographic growth of the SMC including the CMC
was related to the transpressional effects of the diffuse triple
junction so that the Tonala shear zone may have accommo-
dated significant deformation since 16 Ma [Witt et al., 2012].
But it is unclear whether the marked rise in exhumation
between 16 and 9 Ma coincided with the arrival of the Chortis
block to the area now occupied by the diffuse triple junction.
More exhumation data, especially along-strike, are needed to
know whether the thermochronological history recorded by the
areas adjacent to the Tonala shear zone, especially the ~10 Ma
signal, may or may not have recorded the southward migration
of Chortis.

[40] Other regional aspects to consider, and which span the
temporal tectonic changes in the SMC include (1) super fast
spreading on the East Pacific Rise between 18 and 10 Ma
[Wilson, 1996]; (2) NE-SW migration of the volcanic arc
activity and opening of the Nicaraguan back-arc basin from 10
to 0 Ma [Mclintosh et al., 1993]; and (3) subduction of the
Tehuantepec ridge [Mandujano-Velazquez and Keppie, 2009].
Some of these aspects have been cited by Mann et al. [2007] as
the plate tectonic processes mostly likely responsible for
the current architecture of the triple junction area. Along-strike
variation of interplate coupling (Cocos slab) with strong
and weak coupling north and south of the PMFS, respectively
[Franco et al., 2009], could be considered as a driving factor
for formation of the SMC. The middle-late Miocene is also a
period of rapid exhumation across south Mexico and the
Guatemala-Honduras [Ratschbacher et al., 2009]. Middle-late
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Miocene compressive deformation has been observed in the
Peten Basin, Campeche, the Veracruz Basin, the Tabasco area
and the Mexican Ridge [Jennette et al., 2003; Ambrose et al.,
2003; Mitra et al., 2005; Le Roy et al., 2008; Rangin et al.,
2008; Alzaga-Ruiz et al., 2009; Witt et al., 2012]. Although
deformation mechanisms observed in these areas may differ,
the middle-late Miocene appears as one of the most prominent
periods of deformation across southern Mexico.

6. Conclusions

[41] U-Pb zircon dating has shown that most of the Paleo-
cene to Eocene predeformational sedimentary rocks along the
northern section of the Chiapas fold-and-thrust belt were
likely sourced from a Grenville age terrain, probably within
the Oaxaca Block or the Guichicovi complex, located north
of the SMC. Other possible source areas may be related with
the Baldi unit outcropping at the Maya mountains. Cenozoic
sedimentary rocks that were predominantly sourced from the
CMC are concentrated along the internal sections of the
Sierra and become significantly more important with the onset
of major deformation between 16 and 9 Ma. These results are
incompatible with models that have proposed a simple rela-
tionship between uplift of the CMC and increase in continental-
type sedimentation. We also found that exhumation and
erosion along a Laramide front, from the early Paleocene to
Eocene, was an important source of sediments for the north
section of the SMC. Sediment input and related burial at this
time was sufficient to reset the AFT chronometers.

[42] No evidence for significant regional erosion was
found at the Chiapas fold-and-thrust belt for the Eocene-
Oligocene (a period probably coincident with the onset of
regional transpression associated with the initiation of motion
along the PMFS). The CMC saw modest erosion whereas the
Chiapas fold-and-thrust belt seems to have experienced little
or no erosion as expressed by flat time-temperature histories
between 30 and 16-9 Ma. This is in agreement with the
absence of tectonic-related unconformities along the Chiapas
fold-and-thrust belt and with previous thermochronological
records obtained at the massif [Ratschbacher et al., 2009].

[43] A marked increase in erosion of the CMC (and basin
sedimentation) is evident during a major tectonic event along
the SMC in the middle to late Miocene and this is believed to
be when formation of the SMC took place. Rapid cooling
ages are concentrated on areas governed by strike-slip motion
resulting from the transmission of sinistral transpression from
the PMFS to the SMC (Tonala shear zone and strike-slip fault
of the Tuxtla Malpaso and High Sierra fault systems). This
period coincides with major topographic growth and the
Chiapas fold-and-thrust belt.

[44] During the Pliocene eastward migration of strike-slip
motion took place, from the Tonala shear zone to the strike-
slip faults controlling deformation at the Chiapas fold-and-
thrust belt and especially to the Tuxtla-Malpaso fault system.
Relationships between vertical and horizontal displacement
and 6-5 Ma exhumation suggest that the Tuxtla-Malpaso
fault system accommodates most of the current motion
between the North American and Caribbean plates.
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