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We used illite Ar/Ar dating to obtain absolute ages of folds and shear zones formed within the Mexican Fold—Thrust Belt
(MFTB). The methodology takes advantage of illite dating in folded, clay-bearing layers and the ability to obtain accurate
ages from small-size fractions of illite using encapsulated Ar analysis. We applied our approach to a cross-section that
involves folded Aptian—Cenomanian shale-bentonitic layers interbedded with carbonates of the Zimapan (ZB) and
Tampico—Misantla (TMB) Cretaceous basins in central-eastern Mexico. Basinal carbonates were buried by syn-tectonic
turbidites and inverted during the formation of the MFTB in the Late Cretaceous. Results from folds and shear zones record
different pulses of deformation within this thin-skinned orogenic wedge.

Mineralogical compositions, variations in illite polytypes, illite crystallite size (CS), and Ar/Ar ages were obtained from
several size fractions in limbs and hinges of the folds and in the shear zones. 1Mgy-illite polytype (with CS of 6-9 nm)
dominates in two folds in the TMB while 2M-illlite (with CS of 14-30 nm) dominates in the third fold, in the ZB, and in
the fold/shear zone. From west (higher grade) to east (lower grade): Ar retention ages indicate shearing occurred at ~84 Ma
in the westernmost shear zone, folding at ~82 Ma in the ZB with subsequent localized shearing at ~77 Ma, and Ar total gas
ages constrain the time of folding at ~64 Ma on the west side of the TMB and ~44 Ma on the eastern edge. These results are
consistent with the age and distribution of syn-tectonic turbidites and indicate episodic progression of deformation from

west to east.
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Introduction

Extensive work on the kinematics and evolution of
fold—thrust belts of western North and South America
has been done over several decades (e.g. Allmendinger
et al. 1982; Price and Fermor 1985; Suter 1987; McClay
1992; Yonkee 1992; Philippe et al. 1996; McQuarrie
2004; Masini et al. 2010). Understanding the formation
of these belts is important for several reasons, including:
(1) they preserve information on tectonic interaction at
convergent margins (Coney 1973; Campa-Uranga 1983;
Coney and Evenchick 1994); (2) their evolution is often
associated with co-genetic oil migration and the forma-
tion of ore deposits at a regional scale (McQuarrie 2004;
Cooper 2007) and (3) their elevation can affect atmo-
spheric  moisture  circulation and  precipitation
(Bookhagen et al. 2005; Poulsen and Jeffery 2011;
Campani et al. 2012). The study of the Mexican Fold—
Thrust Belt (MFTB) in this article utilizes results from
the development of a novel method of dating deforma-
tion by using folds and shear zones exposed across
strike, along an ENE-WSW cross-section of the belt.
We have described the approach and the illite “°Ar/*°Ar
dating method of fold dating using two folds in the

easternmost, lower temperature (~80—170°C) segment
of the section elsewhere (Fitz-Diaz and van der Pluijm
2013). In the present study, we present complementary
data from the higher temperature (180-250°C) segment
on the western side of the section to elucidate the
regional implications of dating for fold—thrust belt
evolution.

In order to interpret the ages of these individual struc-
tures within the framework of the larger scale tectonics,
we consider the critical taper model. The critical taper
model theory of Davis et al. (1983) and subsequent refine-
ments (Dahlen ef al. 1984; Dahlen and Barr 1989; Dahlen
1990) link deformation within the wedge to the growth of
the orogen as a whole. Wedges in fold—thrust belts are
defined by a detachment surface (a basal shear zone that
separates deformed wedge rocks from undeformed rocks
below), often dipping to the rear of the wedge, and a
topographic surface of the wedge dipping towards the
toe. The model assumes that the material within the
wedge is mechanically homogeneous, exhibits Mohr—
Coulomb failure behaviour and everywhere is on the
verge of failure. It grows by adding material at the toe or
by underplating. Whereas these conditions are never
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exactly met in nature, the evolving wedge model has been
remarkably successful in accounting for first-order char-
acteristics of natural orogenic belts (McQuarrie 2004;
Stockmal ef al. 2007; Fitz-Diaz et al. 2011b).

Physical and numerical models of orogenic wedges,
utilizing critical taper theory, have explored different
factors that affect wedge geometry/evolution, such as
variations in dip of the detachment surface, differences
between internal and basal friction, lateral variations of
mechanical properties of rocks within the wedge, the
presence of different detachment levels within the
wedge, the effect of erosion and syn-tectonic sedimenta-
tion and the resulting deformation patterns and intensity
of strain within the wedge vs. wedge displacement (e.g.
Huiqi et al. 1992; Dixon 2004; Stockmal et al. 2007;
Simpson 2009; Cruz et al. 2010, 2011). This modelling
work has produced results generally consistent with cri-
tical taper theory and specifically has shown that:
(1) deformation starts at the rear of the wedge and pro-
pagates to the front (e.g. Huiqi et al. 1992; Simpson
2009); (2) erosion rates are highest at the back of the
wedge, associated with greater elevations (e.g. Cruz ef al.
2010, 2011); (3) the age of syn-tectonic deposition is
progressively younger towards the front of the wedge
(e.g. Stockmal et al. 2007); and (4) exposed structures
towards the rear of the wedge forms at higher tempera-
tures than those at the front (e.g. Gray et al. 2001;
Fitz-Diaz et al. 2011b; Ortega-Flores 2011).

Within the framework of this theory, we utilize Ar
isotopic dating of local structures to examine the time
dimension of progressive deformation within an evolving,
heterogeneous fold-thrust wedge. We chose a well-
exposed section in the MFTB for this study for the follow-
ing reasons: (1) extensive work on deformation style/kine-
matics and water—rock interaction has been carried out
here in recent years (Suter 1984, 1987, 1990; Carrillo-
Martinez 1997; Fitz-Diaz et al. 2011a, 2011b, 2012), (2)
mesoscopic chevron folds developed in basinal carbonate
sequences (limestone interbedded with shale and chert) are
pervasive along the section; and (3) deformation along the
section occurred at temperatures between 80 and above
250°C (Gray et al. 2001; Fitz-Diaz et al. 2011a; Ortega-
Flores 2011). The last is important because it defines the
temperature window at which precipitation and transfor-
mation of illite from 1My (disordered illite lacking some
characteristic reflections in XRD patterns) to 2M; poly-
type (well-organized, muscovite-like illite in the XRD
pattern) occurs in fold-thrust belts (Merriman and Frey
1999; Merriman and Peacor 1999), with illite being the
mineral phase that is key to this geochronological study of
fold—thrust belt evolution.

In the present work, we examine the potential for syn-
tectonic illite growth in clay-rich layers sheared parallel to
bedding during flexural folding of carbonate sequences
(Fitz-Diaz and van der Pluijm 2013). This is similar to

the way that illitization has been shown to occur along
faults zones due to chemical reactions promoted by fault
slip (Vrolijk and van der Pluijm 1999). We analyse illite
ages in different size fractions in each of three samples
(from the limbs and the hinge) of three folds, and two
samples from the two limbs of an asymmetrical chevron
fold (in whose forelimb a later shear zone was localized,
details provided in the ‘Geological framework’ section)
and one shear zone, which formed at different positions
and temperature conditions along a cross-section of the
MFTB wedge in central Mexico. This analysis provides
information about the timing of illite precipitation/transfor-
mation as a function of temperature and deformation history
within the wedge. At the same time, it allows us to evaluate
the potential for using Ar/Ar illite ages to constrain the age
of local folding and shortening within thrust sheets and as a
tool for analysis of progressive deformation within evolving
fold-thrust wedges.

Geological framework
Tectonic setting

Jurassic—Cretaceous subduction on the western margin of
North America caused magmatism and metamorphism
near the plate boundary and displacement and shortening
associated with eastward-directed thrusting of the sedi-
mentary cover rocks, on the foreland side (Armstrong
1968; Coney et al. 1980; Coney and Evenchick 1994;
Eguiluz de Antufiano et al. 2000; DeCelles 2004;
DeCelles et al. 2009, Barth ef al. 2012). The topography
related with the contraction of these rocks, since modified
by subsequent tectonic processes and erosion, is regionally
expressed in the Rocky Mountains Fold—Thrust Belt
(RMFTB) and in the Sierra Madre Oriental or MFTB
further south (Figure 1). The RMFTB was formed in the
Late Cretaceous—Palacogene (DeCelles 2004; DeCelles
et al. 2009) and includes two important tectonic episodes
and associated structures in the southwest USA, namely
the Sevier and the Laramide orogenies. The Sevier belt
was mostly developed in the Late Cretaceous, shows a
dominantly thin-skinned deformation style and affected
rocks west of the Colorado Plateau (Dickinson et al.
1988; Yonkee 1992; DeCelles 2004; Weil and Yonkee
2012). The Laramide or Rocky Mountain foreland pro-
vince defines the eastern front of the RMFTB and shows a
classic thick-skinned style. The Laramide orogeny
occurred in  Late  Cretaceous—Palacogene  time
(Allmendinger et al. 1982; Dickinson et al. 1988;
Lawton and Trexler 1991). Even though the first-order
observations suggest that deformation progressed from
west to east in the RMFTB, the manner and timing of
the alternation between Sevier and Laramide events and
structures are poorly understood. This is partially due to
the fact that the area where Sevier and Laramide structures
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CP = Colorado Plateau
CH = Cordilleran Hinteriand
sb =Sabinas Basin

Turonian-Santonian
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Figure 1. Tectonic map of southwestern North America show-
ing the major tectonic features and the location of the cross-
section, A—A’, where the analysed folds and shear zones occur
in the Mexican Fold-Thrust Belt (MFTB). Locations where
Turonian—Santonian and Campanian—Maastrichtian syn-tectonic
turbidites are found on the western and eastern sides of the
MFTB, respectively, are also indicated.

overlap, on the western side of the Colorado Plateau, was
dismembered by the later Basin and Range extensional
structures (Yonkee 1992). By contrast, in northern
Mexico, the geographic separation of the Sevier and
Laramide tectonic styles is lost, and high-angle reverse
faults cross-cut sub-horizontal thrusts and upright tight
folds (Chavez-Cabello et al. 2007). The kilometre-scale
uplifts caused by the high-angle faults and the thick-
skinned nature of these structures are obvious in large
stratigraphic offsets (involving rocks of the basement) on
the edges of the Sabinas Basin (Figure 1; Chavez-Cabello
et al. 2007). Farther south, the MFTB shows a dominantly
thin-skinned style, and structures are distributed along a
single belt (Tardy et al. 1974; Eguiluz de Antuiano et al.
2000; Fitz-Diaz et al. 2011b).

A cross-section of the MFTB in central Mexico

In order to analyse the propagation of deformation within
the MFTB, we targeted a narrow/condensed, continuous
and well-exposed section in central Mexico (Figures 1, 2
and 4; Suter 1987; Fitz-Diaz et al. 2011a, 2011b, 2012).
The section is oriented ENE-WSW and is about 125 km
long. It covers practically the full width of the MFTB. The
deformed rocks in the section define an overall wedge

450 000

Figure 2.

2350 000

Q alluvial deposits

Tertiary volcanics

Tertiary intrusives
1 Eocene redbeds

Early Cretaceous clastics

Early Cretaceous-Late Jurassic
carbonaceous limestone

Early Cretaceous volcaniclastics

| Paleogene turbidites Jurassic carbonaceous carbonates
Late Cretaceous turbidites Il  Middle Jurassic redbeds
I Cretaceous carbonate I Triassic peri-continental siliciclastics

basins Permo-Triassic Volcaniclastics
[0 Cretaceous carbonate

platforms

Simplified geologic map of the studied area in central Mexico to show the distribution of the main lithological units and

palacogeographical elements in the area, as well as the location of the cross-section in Figure 4 (modified from Fitz-Diaz et al. 2011b).
Detailed stratigraphic columns of the different palacogeographical elements indicated in the map are described in Figure 3.
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Figure 3. Chart synthesizing stratigraphic and lithological variations of units along the studied cross-section, with characteristic
columns for each major palacogeography element, see Figure 2 for location (modified from Fitz-Diaz et al. 2012).
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Figure 4. Regional cross-section of the Mexican fold-thrust belt in central Mexico (modified from Fitz-Diaz et al., 2011a, see Figure 1
for location) showing the location of the studied folds and shear zones. Both intensity and temperature of deformation increase from east
to west of the section. Local temperature of deformation was estimated with microthermometry of fluid inclusions trapped in syn-tectonic
veins (Gray et al. 2001; Fitz-Diaz et al. 2011b) and vitrinite reflectance (Ortega Flores 2011). Ages of syn-tectonic turbidites are indicated
(1, Hernandez—Jauregui, 1997; 2, Kiyokawa, 1981; 3, Omana-Pulido, 2012; 4, Suter, 1990; 5, Pessagno, 1969; 6, Goldhammer, 1999;

7, Lopez-Oliva et al. 1998; 8, Alzaga Ruiz et al. 2009).

shape tapering eastwards, with a dominantly thin-skinned
deformation style (Fitz-Diaz et al. 2011b).

Most of the rocks involved in the deformation along
the section are part of the sedimentary cover of dominantly
Cretaceous carbonates (Figures 2—4; Suter 1987; Fitz-Diaz
et al. 2011a, 2011b, 2012). A special characteristic of
these carbonates is the occurrence of abrupt lateral facies
changes associated with different major palacogeographi-
cal elements across the region. These elements are, from
east to west, the Tampico—Misantla Basin (TMB), the
Valles—San Luis Potosi Platform (VSLPP), the Zimapan
Basin (ZB) and the El Doctor Platform (EDP; see distribu-
tion in Figure 2). Stratigraphic columns characteristic of
each of these palacogeographical elements are presented in

Figure 3. To the west, the carbonates are thrusted by a suite
of rocks grouped as the Toliman sequences, which consist
of a siliciclastic polydeformed Triassic unit (El Chilar
Complex), a Late Jurassic—Early Cretaceous volcaniclastic
package (San Juan de la Rosa Formation) and an
Early Cretaceous calcareous debris flow (Pefia Azul
Formation; Davila-Alcocer et al. 2009; Fitz-Diaz et al.
2011b, Figures 2, 3 and 4). The Cretaceous units in the
Toliman area can be correlated with volcaniclastic and
carbonate units to the east, as suggested by Ortega-Flores
et al. (2013).

The depositional environment of the platforms and
basins prior to deformation can be envisioned as interplat-
form troughs (e.g. the ZB between El Doctor and
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VSLPPs) with shallow water banks separated by deeper
water basinal deposits (Goldhammer 1999). During defor-
mation, the carbonate sequences were incorporated into
major imbricate thrust sheets and displaced eastwards.
Lithological differences between the platforms and basins
controlled deformation style on the large scale, the basins
being dominated by intense folding and the platforms
dominated by thrusting (details can be consulted in Fitz-
Diaz et al. 2012, Figure 4). In other words, pervasive
folding but relatively little displacement along thrusts is
recorded in the basins, whereas significant displacement
on thrusts and imbrication of thrust slices, with almost no
internal deformation, is recorded in the platformal carbo-
nates. In general, the complexity of deformation increases
westwards in the section, as does temperature of deforma-
tion (from ~80 to 250°C, Fitz-Diaz et al. 2011a, 2011b;
Fitz-Diaz et al. 2012), as predicted for eroded orogenic
wedges tapering to the E (Dahlen and Barr 1989).
Relevant conclusions from a geometric—kinematic
comparative analysis of folds formed in the carbonates in
the ZB and TMB (Fitz-Diaz ef al. 2012) are summarized
as follows: (1) shortening in the basins is dominated by
mesoscopic buckle chevron folds, which become progres-
sively tighter and more flattened to the west; (2) west of
the Tetitla Thrust (Figures 2 and 4), two generations of

folds (F1 and F2) are observed in Cretaceous carbonates
(Figure 5), with the F1 folds being close-to-tight and
pervasive and the F2 folds being open and commonly
localized in thinly bedded and/or fine-grained rocks; (3)
F1 folds are tight to isoclinal in the ZB and open-to-tight
in the TMB and have an associated cleavage; (4) F2 folds
are common and developed an axial plane cleavage, S2, in
fine-grained rocks in the deepest exposed rocks of the ZB,
but are rare and commonly associated with metre-displa-
cement thrusts in the TMB; (5) only one generation of
open, metre- to kilometre-scale folds (F2 or F3?) is
observed east of the Tetitla Thrust in the foothills, and
these folds involve the regional K-T boundary angular
unconformity (between a tightly folded Méndez
Formation and much less internally deformed Palacogene
clastic formations, see Figure 6 in Fitz-Diaz et al. 2012);
(6) to decide whether the folds east of the Tetitla Thrust
are F2 or F3 folds is not obvious from outcrop observa-
tions, although these folds do involve Palacogene units
which are not found west of the Tetitla frontal thrust; (7)
all generations of folds display a similar shortening direc-
tion, towards the WSW-ENE.

In summary, regional structural and geological analysis
allows distinguishing two major deformational events in
the Cretaceous carbonates along the studied section: a Late

Figure 5. Photographs of outcrops from which samples of clay-rich layers were collected for mineralogical characterization and illite Ar
dating, with sample locations shown by black or white dots. (a) F1 fold from the eastern edge of the TMB; (b) F1 fold from the western
side of the TMB; (c) F1 fold near the centre of the ZB; (d) shear zone affecting the overturned limb of an F1 fold near the centre of the
ZB; (e) strongly sheared rocks (the whole image) in the Toliman sequence, west of the El Doctor platform, affected by later kinking.
Symbols: H, hinge; FL, forelimb; BL, backlimb. See Figures 2 and 4 for location of these structures on the cross-section. Photographs in

(a) and (b) are taken from Fitz-Diaz and van der Pluijm (2013).
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Cretaceous D1, which affects Cretaceous rocks to the west
of the Tetitla Thrust (which was presumably the frontal
thrust), and a Palacogene D2, which is responsible for
folds in the foothills in the Palacogene (Fitz-Diaz et al.
2012). Since the rocks west of the Tetitla Thrust are affected
by a second episode of folding, it might be assumed that
these folds correlate with the folds in the foothills and thus
also be D2. Whether in fact the different generations of
folds observed in different segments (basins) along the
section were formed in two or three episodes will be
addressed in this article in the light of the stratigraphic
constraints and new geochronologic results. In fact, it will
be shown that there are actually three deformational events
rather than two: D1 is in fact two events, now D1 and D2,
and what was termed D2 in Fitz-Diaz et al. (2012) and Fitz-
Diaz and van der Pluijm (2013) now becomes D3.

In order to validate the application of the fold dating
method, we compare the age of deformation with local
constraints based on the biostratigraphy of Upper
Cretaceous turbidites, which have been interpreted as
syn-tectonic deposits on the basis of provenance studies
combined with structural analyses (e.g. Hernandez-
Jauregui 1997; Gray and Lawton 2011). Several studies
(e.g. Pessagno 1969; Salvador 1991; Sohl et al. 1991;
Hernandez-Jaturegui 1997; Goldhammer 1999; Lawton
et al. 2009; Gray and Lawton 2011) indicate that the
vast majority of clastic material found in turbidites depos-
ited in cretaceous foreland basins are derived from
Cretaceous carbonates progressively uplifted from western
to eastern Mexico. On the western side of the studied
section, in the ZB, the age of the Soyatal Formation
(syn-tectonic turbidites) is constrained to be between mid-
dle Turonian and lower Campanian (Kiyokawa 1981;
Hernandez-Jatregui 1997, Figure 3). Of particular interest
in this unit is a thick breccia horizon (youngest exposed
layers of this unit) that contains metre-scale fragments
derived from the adjacent EDP to the west, which
Hernandez-Jauregui (1997) relates to local tectonic activ-
ity of El Doctor Thrust to the west of the ZB (Figures 2
and 4). High-resolution biostratigraphy (based on biozonal
determination of planktonic foraminifera) in eight local-
ities of the Soyatal Formation on the western side of the
VSLPP (Omaia-Pulido 2012) constrains the age of this
unit to be between Turonian and Coniacian. As in the
study by Hernandez-Jatiregui (1997), the stratigraphic
columns produced by Omana-Pulido show that the
Soyatal Formation (Figure 3) has a lower member domi-
nated by limestone and shale and an upper member domi-
nated by clastic deposits (shale, sandstone and breccia).
The age of the layers of the clastic upper member is
Santonian according to Omafia-Pulido in the VSLPP.
However, Suter (1990) reports a Campanian age for the
clastic member of the Soyatal Formation on the eastern
side of the VSLPP. Thus, the overall age of the Soyatal
Formation on the VSLPP is considered to be Turonian—

Campanian (Figures 2 and 3). Maastrichtian clastic depos-
its (Temascal Formation and Cardenas Formation) depos-
ited directly on top of Cenomanian platformal limestone
were also documented by Omaiia-Pulido (2012) in two
localities on the VSLPP. Farther east, in the TMB (Figures
2 and 3), calcareous turbidites comparable to those of the
Soyatal Formation are named the Méndez Formation,
which has a Campanian—Maastrichtian age on the basis
of planktonic foraminifera (Pessagno 1969; Suter 1990;
Lopez-Oliva et al. 1998; Goldhammer 1999, Figure 3).
The Méndez Formation is critical in the interpretation of
fold ages on the eastern edge of the studied section since it
is affected by strong folding that produced an intense axial
plane cleavage. There is an angular unconformity (K-T
unconformity) that separates this unit from less deformed
Palaeogene clastic deposits (Velasco Formation and
Chicontepec Group, Suter 1990, Figure 3), which along
with the angular K-T unconformity are folded in asymme-
trical open folds with vergence to the east (Fitz-Diaz et al.
2012; Figure 3). These units are in turn covered by
unfolded Oligocene deposits (Alzaga-Ruiz et al. 2009;
Roure et al. 2009). Figures 2—4 show the relative position
of folds and the age of the turbidites at different positions
along the studied section.

Method
Analysed folds and shear zones

We examine three mesoscopic folds in the ZB and TMB,
one shear zone modifying an F1 fold in the ZB and
another shear zone in the Toliméan area (Figures 2 and 3,
Table 1). These structures, all affecting Aptian—Albian
carbonates, except for the shear zone in the Toliman
area, are distributed along the section and represent differ-
ent stages of deformation within the MFTB. All fold
hinges are sub-horizontal (Fitz-Diaz et al. 2012).

Fold 1 (Figure 5a) is an open, inclined chevron fold
with straight limbs. It is located in the easternmost out-
crops of Cretaceous rocks in the TMB. Structures asso-
ciated with this fold (veins and axial planar cleavage)
suggest layer shortening, leading to a chevron-fold style
instability (Ramsay 1974) as the main mechanism of fold-
ing (Fitz-Diaz et al. 2012). It is characterized as F2—F3?
based on the fact that the group of folds to which it
belongs affects the K-T unconformity. Fold 2 (Figure
5b), a closed, moderately inclined chevron fold with over-
turned steep limb, formed in a similar way and was then
flattened. It is located on the western edge of the TMB
near the contact with massive limestones of the VSLPP.
Since there is only one generation of folds at this location,
it is not clear whether this fold is F1 or F2. To the west,
Fold 4 (Figure 5¢) and Fold/Shear Zone 3 (SZ-3) (Figure
5d) exemplify deformation in the ZB. Fold 4, a typical
example of F1, formed as a chevron-style buckle fold that
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Table 1.  Description and age constraints of the five structures analysed.

Samples Description

Interlimb Axial Fold
angle plane axis  Age of deformation from
(degrees) (DD/D) (P/T)  stratigraphic constraints

Fold 1 Inclined, open, quasi-symmetrical chevron fold. Competent- 85-80 245/60 06/335 Eocene
layer thickness is preserved around the fold. Shale layers are

considerably sheared parallel to bedding (F3)

Fold 2 Inclined, tight, asymmetrical chevron fold. Competent layers 3540 220/45 09/310 Campanian—Maastrichtian
are slightly thicker in the hinge zone compared to the limbs.
Shale layers are thinner and strongly foliated in the limbs and

thickened in the hinge zone (F2)

Fold 3 Inclined, tight, asymmetrical chevron fold. Competent layers 20-30 245/50  03/315 Turonian—Maastrichtian
(SZ-3) are thickened in the hinge zone compared to the limbs. The
forelimb of this fold is dramatically attenuated by action of

the shear zone (F1)

Fold 4 Almost recumbent, close to isoclinal asymmetrical chevron
fold. Competent layers are thickened in the hinge and

17-22 250/16  06/320 Turonian—Maastrichtian

considerably attenuated in the limbs, which are roughly the

same in thickness (F1)

SZ-5 Strongly foliated fine-grained tuff found at the base of the San Foliation: 040/70 (DD/D) Turonian—Maastrichtian

Juan de la Rosa Formation. It is sheared in a local

detachment zone that separates folded rocks in the hanging

wall, from El Chilar Complex rocks

Note: DD/D, dip-direction/dip; P/T, plunge/trend.

was then considerably flattened and overturned, to become
almost recumbent. It has a spaced (due to pressure solu-
tion) axial planar cleavage, S1 (Fitz-Diaz et al. 2012), with
no evidence here of refolding or overprinting by a younger
cleavage. In Fold/SZ-3, on the contrary, a later shear zone
was localized on the forelimb of an F1 fold and is asso-
ciated with veins and a secondary (S2) cleavage that cuts
across an S1 cleavage related to earlier folding. It is
localized in and attenuates the inverted eastern limb of the
F1 fold, which is one of a train of asymmetrical folds in
the studied outcrop. In this case, we focus our analysis on
the superimposed shear zone, which caused the deformation
history of the two limbs of the fold to differ, rather than on
the fold itself. The second shear zone sample (SZ-5, Figure
Se) comes from a thicker shear zone in the Toliman area
that separates folded volcaniclastic layers of the San Juan
de la Rosa Formation from more competent rocks of the El
Chilar Complex, representing the local basement (Davila-
Alcocer et al. 2009). This shear zone is localized in a tuff
horizon and is an example of the westernmost structures
associated with D1. The dating of these rocks, which are
volcanic in origin and do not contain detrital illite, allows
for comparison with the samples from the ZB and TMB,
which may contain detrital illite.

Sampling methodology

After removing the weathered surface, about 300 g of the
clay-rich layers was taken from both limbs and hinges of
each of the three folds (Figure 5 and Table 1). We

intentionally sampled the same stratigraphic (Aptian/
Albian) 100 m-thick interval (Tamaulipas Formation,
Figure 3) and the same lithology for all the folds and
Fold/SZ-3 in this study, in order to be able to assess the
influence of regional diagenesis. Samples were taken in
three locations (shown by white dots in Figure 5) in both
limbs and hinges of the folds, to allow testing for variable
illitization, which could be due to different deformation
histories around single folds. Also, two 300 g samples
were collected from SZ-3 and one from SZ-5 (Figure 2),
giving 12 samples altogether.

X-ray diffraction study

X-ray diffraction (XRD) analyses in whole-rock and clay-
size fractions (<2 pm for bulk, <0.05 um for fine, 0.05—
0.2 um for fine-medium, 0.2—1 pm for medium-coarse and
1-2 pum for coarse of the equivalent sphere, using Stokes’
law) were used to characterize illite and to check for the
occurrence of other potassium-bearing phases. High-reso-
lution XRD analyses in air-dried and glycolated, oriented
samples permitted the determination of illite crystallinity
(IC) (Kiibler 1968) and the percentage of smectite in
interstratified illite/smectite (Srodon 1984). The IC was
calibrated following the method and standards of Warr
and Rice (1994), whereas the average CS (crystallite thick-
ness) was determined from the IC by the Scherrer equation
(Moore and Reynolds 1997). The proportions of 2M1
(detrital) and 1My (authigenic) illite in the samples were
determined by comparing high-resolution XRD patterns
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measured in randomly oriented powder samples with
model patterns by using WILDFIRE software for samples
with low content of 2M illite collected in Fold 1 and Fold
2 (Reynolds 1992; Haines and van der Pluijjm 2008).
WILDFIRE generates synthetic XRD patterns for ran-
domly oriented clay minerals, and these are used to itera-
tively model particular 2M; and 1M/1My polytypes. The
modelled patterns are compared in an Excel spreadsheet
and best matched with experimental patterns. This allows
estimating the ratio of detrital to authigenic illite for dif-
ferent-size fractions (Solum and van der Pluijjm 2007;
Haines and van der Pluijm 2008). In a similar way but
using high-resolution patterns measured in standards, Owl
Creek muscovite clay-size powder as a proxy for 2M1
detrital illite and the standard 1Mtl of the Clay
Mineralogical Society as a proxy for 1Md authigenic illite,
were used in samples dominated with 2M1 illite (from
Fold/SZ-3, Fold 4 and SZ-5), just because they better
matched the patterns of these samples.

Ar/Ar illite dating

Ages were determined using an Ar/Ar illite vacuum-
encapsulation method, which separately measures the frac-
tion of recoiled **Ar during irradiation and the Ar (*°Ar
and “°Ar) retained within illite crystals as they degas
during step heating in vacuum. Total gas ages (TGAs)
are calculated by using both recoiled and retained argon,
while retention ages (RAs) only involve retained Ar (Dong
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et al. 1995, 1997; Hall et al. 1997, 2000; Verdel et al.
2011). A number of Ar-degassing spectra from illitic
material from the well-known sections of the Gulf Coast,
the Welsh Basin, the New York State Basin, Cambrian
pelitic rocks from the western USA, and low-temperature
mineral deposits have consistently shown that (a) the
amount of recoil negatively correlates with crystallite
thickness, (b) TGAs represent illite precipitation ages
when illite crystallites are thinner than 10 nm, and
(c) RAs better suit geological constraints when crystallites
are thicker than 10 nm (Dong et al. 1995, 1997, 2000).
The amount of recoil (Ar released from the illite crystals
during irradiation), age and shape of degassing patterns for
different thicknesses and vacancy densities in the illite
samples analysed in this paper are in good agreement
with such observations. Therefore, we used TGAs for
samples with illite crystallite thickness <10 nm and RAs
for illite with thicknesses >10 nm.

Extensive work on illite geochronology and mineral-
ogy in sedimentary layers (Pevear 1999) and in fault
gouges (e.g. van der Pluijm et al. 2001; Solum and van
der Pluijm 2007; Haines and van der Pluijm 2008) has
shown that mixtures of 2M; and 1My illite polytypes in
clay-size fractions are common. Well-ordered, 2M1 illite is
concentrated in coarser clay-size fractions and was typi-
cally considered detrital in origin, whereas finer, less-
ordered 1M, illite was grown during subsequent dia-
genesis and/or deformation. Based on these assumptions,
ages of detrital and authigenic illite end-members can be

0 20 40 60 80 100
% 2M1 illite

Figure 6. Illite age analysis plots of % 2M; vs. age. On the upper left, Ar-degassing spectra indicating retention age (RA) used in the
plot on the right. On the lower left, best fit between the experimental XRD pattern from the analysed sample and the pattern from a
mixture of muscovite (38% of Owl Creek muscovite standard) and 1My illite (72%). On the right, % 2M; vs. age plot of the fine-medium

size fraction of sample 5.
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determined using polytype quantification analysis of size
fractions (Appendices 1 and 2). We plot the Ar-illite age
vs. % 2MI1 illite for each analysed aliquot in Figure 6 and
calculate the ages at 0% 2M1 illite by using York regres-
sion, considering refinements by Mahon (1996) to deter-
mine the age of authigenic illite and corresponding
standard errors of these ages (analytical-1c and illite quan-
tification). This procedure has been referred to as illite age
analysis (IAA) (Haines and van der Pluijm 2008). The
resulting ages associated with each fold and shear zone,
along with local biostratigraphic ages of syn-tectonic sedi-
ments, are used to interpret the propagation of deformation
within and across the MFTB.

Results

The results of the analyses are listed in Table 2. Ar-age-
degassing spectra and high-resolution (0.1°/min) XRD
patterns used in illite polytype quantification (with
WILDFIRE model patterns) are shown in Appendices 1
and 2.

Mineralogy

There are no significant mineralogical variations from
limb to hinge to limb in Fold 1, as illite/smectite, illite,
kaolinite, calcite, and quartz occur in the three sampled
regions in similar proportions. The minerals from Fold 2
are dominantly illite, calcite, and minor chlorite, with
chlorite being less abundant in sample 2-FL, where
traces of smectite, apparently interbedded with 1Md
illite, were also detected in the finer fractions. For
Fold/SZ-3, one sample is in the shear zone in a forelimb
(3-FL) and one is outside in a backlimb (3-BL). 3-FL
contains illite, kaolinite, minor chlorite, quartz, and cal-
cite, while 3-BL contains smectite, calcite, quartz, illite/
smectite, kaolinite, and chlorite. The minerals in Fold 4
are illite, illite/smectite, kaolinite, and calcite and those
in SZ-5 are illite, illite/smectite, kaolinite, quartz, and
albite in the coarser fractions. In general, the propor-
tions of kaolinite, quartz, and chlorite increase as grain
size coarsens, while the proportions of calcite and illite/
smectite decrease. No phase containing potassium other
than illite was detected in any of the analysed samples
(see Figure 5 and Table 2 for sample location and
results, respectively).

Localized alteration could destroy illite in shale layers
and precipitate other clay minerals (e.g. discrete smectite,
vermiculite) if weathering or later fractures permit interac-
tion with surface water or hydrothermal fluids passing
through these rocks. However, no sign of alteration
younger than that related to folding was found in the
studied outcrops.

1llite properties

IC, CS, % smectite estimates, and % 2MI1 illite were
determined in all clay-size fractions described above.
The finest size fractions (<0.05 pum) of samples from
Folds 1 and 2 and SZ-5 could not be dated because the
concentration of illite was very low.

Illite is more crystalline (smaller IC) and has thicker
crystallites in the coarser size fractions than in the finer
size fractions, both for folds 1 and 2 (IC ~ 0.9/1.3 A26°,
CS ~ 60-90A) and for Fold 4 and SZ-3 and SZ-5 (IC
~ 0.2-0.57 A26°; CS ~140-300A) compared to samples
from folds 1 and 2 (IC ~ 0.9/1.3 A26°, CS ~ 60-90A).
Analyses of XRD patterns measured in air-dried and gly-
colated samples show the presence of two illite polytypes,
probably of discrete 2M; illite and smectite interstratified
with illite, which is commonly observed in the 1Mg-rich
samples. An average of 30-25% smectite was found in
samples from Fold 1, 10-20% in samples from Fold 2,
<10% for samples from SZ-3 and SZ-5 and practically
none in samples from Fold 4 (as determined from 001/002
and 002/003 reflections in glycolated samples — cf. Table
8.3 in Moore and Reynolds 1997).

Comparison of experimental XRD patterns from ran-
domly oriented preparations with model WILDFIRE pat-
terns (Haines and van der Pluijm 2008) shows that the
discrete illite in the samples is the well-ordered polytype
(2M1) and that I/S-rich samples and/or fine-size fractions
contain mostly the low-ordered polytype (1Mg). In sam-
ples from Fold 1, 2M, illite is practically absent in the fine
and fine—medium fractions, while representing approxi-
mately 7% in the medium—coarse and up to 9-10% in
the coarse fractions. In the samples from Fold 2, it is
about 2-5% in the finer fraction and up to 24% in the
coarser fraction. It is worth noting that in samples free of
2M1, the illite polytype observed is dominantly 1M,
which is Mg rich and more ordered than 1My form of
illite, which is only common in hydrothermal systems. In
the coarser size fraction of samples 3-FL, 4-FL, 4-H, 4-BL
and SZ-5, 80-100% of the illite is 2M, while in the finer
fractions of these samples only 20—40% is 2M;. Little 1M4
illite was found in any size fraction of sample 3-BL. In
general, CSs of illite and 2M, illite increase from Fold 1 to
SZ-5, while smectite content decreases. Such features
indicate that the illite maturity increases westward along
the cross-section of Figure 2, in agreement with predic-
tions from thermal conditions (Fitz-Diaz et al. 2011a).

Ar-illite ages

Ar step-heating spectra show degassing paths, and amount
of recoil (*°Ar released from illite crystals during neutron
irradiation) varies as a function of grain size (diameter and
crystallite thickness). Recoil varies between 0.44 (for aver-
age crystallite thicknesses of 6 nm and diameter of less
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than 0.05 pm) and 0.05 of the fraction of gas released (for
average crystallite thicknesses of 25-30 nm and diameter
between 1 and 2 um), which are consistent with predic-
tions from models of illite degassing by Dong et al. (1995,
1997) and Hall ef al. (2000). Ar TGAs and model RAs of
the 41 dated samples are listed in Table 2, and the values
in bold indicate the ages used in IAA. Based on prior
studies of Ar-illite dating, we use Ar TGA for samples
where thicknesses of illite crystallites are <10 nm, as is the
case of samples from the TMB (Fold 1 and Fold 2). Model
RAs are used for illite with thicknesses >10 nm, as is the
case for samples from the ZB and the Toliman area (Fold
4, SZ-3 and SZ-5).

For samples 1-FL, 1-H and 1-BL, taken in the fore-
limb, hinge, and backlimb of Fold 1, respectively, Ar
TGAs range from 48.7 to 45.5 Ma, from 47.9 to
43.9 Ma, and from 48.3 to 45 Ma, with analytical errors
of less than or equal to 0.7 Ma. For samples 2-FL, 2-H,
and 2-BL, taken in the forelimb, hinge, and backlimb of
Fold 2, respectively, Ar TGAs range from 71.8 to 62.7
Ma, from 76.2 to 71.3, and from 73.5 to 68.6 M, with
errors of less than 0.4 Ma. For sample 3-FL, RAs of the
three coarser fraction range from 77 to 75 Ma (£0.5 Ma).
The Ar-degassing spectrum for the finest clay-size fraction
of this sample shows a high amount of recoil and a
bimodal degassing spectrum that suggest only a small
amount of illite and the additional contribution to Ar (at
the highest temperatures) of another mineral phase.
Similar characteristics are found in all size fractions of
sample 3-BL and in the finest fractions of samples 4-BL
and 4-H. Because of this, these results were no longer used
in the regional analysis. RAs of all other samples from
Fold 4 are consistent with a range of ages between 80 and
91 Ma, with a unimodal distribution that averages
83.5 Ma + 2.5 Ma (lo) with an analytical error estimate
of 0.6 Ma. Finally, the RAs obtained in the three aliquots
from sample SZ-5 range between 85.6 and 81.7 Ma, with
analytical error estimate of 0.6 Ma (Table 2).

Discussion

The changes in clay mineralogy observed from east to
west across the MFTB reflect the known progression of
the metastable transformation smectite—illite—muscovite
as temperature increases (Warr ef al. 1991, 1996;
Jaboyedoff and Cosca, 1999; Merriman and Peacor
1999; Merrimar and Frey 1999; Brime et al. 2001). In
the study area, this occurs, as expected, with depth and
from foreland to hinterland. The reaction illite—smectite
(Fold 1), IMy/1M to some 2M; illite (Fold 2), and finally
to dominantly 2M; illite (Fold 4, Fold/SZ-3, and SZ-5) is
consistent with estimates of palacotemperature conditions
at each locality (see Figure 2 and Figure 2.1 in Merriman
and Peacor 1999), supporting the notion that temperature
is the main factor for illite transformations (from 1My to

2M)) in the studied section. In the sections, we discuss
how deformation plays in this scenario, in the light of Ar-
illite ages and field structural observations.

Interpretation of age of deformation from 14A

The approach taken is analogous to the successful method
used to date deformation in fault rocks (van der Pluijm
et al. 2001). We plot % detrital (2M,) illite vs. age for each
sample (Figure 6) and use York analysis (with improve-
ments by Mahon 1996) to determine lower and upper
intercept ages (with errors) that represent authigenic and
detrital illite, respectively.

The nine analysed samples (three size fractions from
each of three locations) from Fold 1 fall along an age
mixing line with a positive slope, with a lower intersection
at 43.5 = 0.5 Ma (Figure 7), which we interpret to be the
age of authigenic illite produced during deformation. The
other end of the mixing line represents the age of detrital
illite. Importantly, there is no distinction between results
from limbs and hinge, despite the fact that the shear is
localized in the limbs. We propose that neo-illite precipita-
tion started at the onset of shortening, thus affecting the
entire clay layer, hinge zone, and limb equally, before
significant fold amplification. The generation of folds to
which Fold 1 belongs affects the angular unconformity at
the K-T boundary as well as Palacogene—early Eocene
rocks. These folded rocks are unconformably covered by
Oligocene deposits. Therefore, the calculated age of Fold
1 is consistent with the constraints of local stratigraphy in
the easternmost MFTB (Figure 2; see seismic sections in
Alzaga-Ruiz et al. 2009).

For Fold 2, which like Fold 1 displays no significant
differences between limbs and hinge, we proceed in a
similar manner and plot all data on a single % 2M; vs.
age plot. This gives us a mixing line with a lower intercept
at 63.9 £ 2.2 Ma (Figure 7). Interpreted as the age of
deformation, this age is consistent with the stratigraphic
evidence that Late Cretaceous rocks, as young as 65 Ma
(top of Méndez Formation, Loépez-Oliva et al. 1998,
Figure 2), are involved in the deformation in this part of
the TMB. The age of Fold 2 also coincides with the
emergence above the sea level of the VSLPP to the west.

In the case of Fold/SZ-3, the data are only reliable for
the forelimb (3-FL) and they are distributed along an
almost horizontal line on the % 2M; vs. age plot
(Figure 7), with an intercept at 76.9 + 0.8 Ma for 0%
2M;. The absence of 2M, illite and limited amount of
IMy in the undeformed backlimb (3-BL) in the same
layer supports the idea of illitization during the develop-
ment of this shear zone. We surmise that smaller crystals
of 1My illite precipitated and transformed to larger 2M;
illite crystals, possibly through Ostwald ripening, which
is assumed to occur during a relatively narrow time
window and/or with no argon loss (e.g. Merriman and
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Figure 7. Plots of % 2M; vs. age of size fractions of samples from three folds (1, 2 and 4) and two shear zones (Fold/SZ-3 and SZ-5).
Above, the locations of the analysed folds and shear zone are indicated on the cross-section. In plots for samples from folds 1 and 2 (from
the Tampico-Misantla Basin, TMB), TGAs were used because illite crystallites are thinner than 90A (see Table 2), while RAs were used
in samples from the Zimapan basin (ZB) and SZ-5 (Toliman sequences), since illite crystallites in these samples are thicker than 14 nm
(Dong et al. 1995). All obtained ages are younger than the deposition ages of the sampled clay-rich rocks. TGAs in the TMB and RAs in
the ZB and in the Toliman sequences make good sense with deformation constraints based on local biostratigraphy of syn-tectonic
turbidites. Hollow circles correspond to samples from the backlimb, solid circles come from samples collected in the forelimb and squares

come from the hinge zone, in each sampling site.

Peacor 1999; Verdel et al. 2011). The age of the illite in
the forelimb of the fold — localized as deformation asso-
ciated with SZ-3 — overlaps with a sedimentation gap and
palacokarst development (Santonian—early Campanian)
on the western side of the VSLPP (Suter 1990; Omafia-
Pulido 2012).

The ages for all samples from Fold 4 are distributed
along an almost horizontal line that yields an age of illite
growth, interpreted as the age of folding, of
82.0 = 0.5 Ma, regardless of grain-size fraction. As for
SZ-3, we conclude that progression of fine 1My illite to
better-ordered 2M; illite represents grain-size increase
during progressive growth.

The results obtained for samples from SZ-5 are dis-
tributed along an almost horizontal line with a lower
intersect at 83.5 = 1.5 Ma (Figure 7). The ages of SZ-5
and Fold 4 are consistent with the youngest stratigraphic
age of sedimentary deposition (Coniacian-Campanian) of
syn-tectonic turbidites (Soyatal Formation) in the ZB and
EDP (Figures 1 and 2). It is safe to assume that the tuff
from SZ-5 did not contain detrital illite, and since the %
2M; vs. age relationships for samples from SZ-5 are
similar to those for Fold 4 and SZ-3, we conclude that
detrital illite was likely absent for the latter samples also.
This is in accordance with palacogeographical reconstruc-
tions of Mexico during the Aptian—-Cenomanian, which
show that most of the Mexican territory was under the
sea, and there were very restricted sources of sediment,
mainly reworked tuffs or bentonite from western Mexico

(Goldhammer 1999; Eguiluz de Antufiano et al. 2000).
This scenario would explain the absence of detrital illite in
the analysed Albian/Aptiano folded horizon.

Deformation history in an evolving orogenic wedge

The information obtained from five locations across the
MFTB allows examination of the regional timing of defor-
mation and its progression, with integration of strati-
graphic and new geochronologic data. Figure 8 is a
schematic model of the evolution of the MFTB in central
Mexico that places the new ages in the context of an
evolving, heterogeneous tectonic wedge with carbonate
platforms and depositional basins (Figure 8a). Colouring
on the sections shows those parts that are active within the
wedge for the indicated time range (colour is coded with
respect to the respective dated fold or shear zone). Syn-
tectonic turbidites deposited within each time range are
coloured in red. Grey and black colours are used for
tectonically inactive or deactivated structures.

The western segment was the first to be activated
(SZ-5 = 83.5 + 1.5, Fold 4 = 82 + 0.5), generating
sufficient topography in the Toliman area and EDP to
provide clastic calcareous turbidites to the ZB since the
middle Turonian with an increase in clastic material in the
Coniacian, and onto the VSLPP in the early Santonian.
The oldest syn-tectonic sediments of the Soyatal
Formation suggest deformation started somewhat earlier
and probably further west than the deformation recorded
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Figure 8. Schematic model of propagation of deformation of the Mexican Fold—Thrust Belt in central Mexico based on results in this
article and existing geologic constraints. Deformation affected rocks of the Toliman sequences on the western most part of the section in
the Coniacian. Then, deformation propagated to the Zimapan basin causing folding (F1) until the early Campanian. In the same rocks in
the middle Campanian, a second horizontal shortening pulse sub-parallel to the previous one caused attenuation of high-angle inverted
forelimbs of asymmetrical folds and re-folding. On top of the VSLPP, syn-tectonic turbidites were deposited in the Coniacian—Santonian,
and then upper Campanian—Maastrichtian clastic sediments were deposited directly on the platformal carbonates. The absence of a
Santonian—early Campanian sedimentary record on the VSLPP implies emersion and erosion of the platform during this time, possibly
caused by tectonism. Ar-illite ages suggest that folding (presumably F2) affected the westernmost TMB rocks in the upper Maastrichtian/
Palacocene, which makes good sense with the fact that these folds involve the Méndez Formation, which is as young as upper
Maastrichtian. A folded unconformity separates intensely folded/foliated Campanian—Maastrichtian turbidites from less deformed
Palacogene deposits in the foothills. Folding was propagated to the foothills (coastal plain of the Gulf of Mexico) until the middle

Eocene.

in SZ-5. After ~65% shortening in the ZB (Fitz-Diaz et al.
2012), the western part of the MFTB became a source for
turbidite deposition in the TMB during the late Santonian.
Figure 8b shows the wedge shape by the end of D1 at about
82 Ma, with deformation restricted to the western part of
the section. Such behaviour has been convincingly shown
in analogue models involving resistant (carbonate) platform
blocks with stratified sequences in adjacent basins (see
MOI14-1IV and MO16-1V, Figure 3 in Dixon 2004).

A second episode of deformation and shortening
within the belt at 77 Ma tightened early folds in the ZB
and localized shear on appropriately oriented limbs of
asymmetrical folds, and in addition transferred deforma-
tion to the eastern, thick VSLPP (Figure 8c). This event
appears to have ended deformation in the ZB, and the
western segment TA, EDP, and ZB of the section became
locked. The stratigraphic gap on the VSLPP between 83.5

and 71.5 Ma (Omafia-Pulido 2012) reflects partial emer-
gence/erosion of the platform likely due to tectonic thick-
ening. The segment TA, EDP, and ZB plus the deforming
VSLPP eventually became the backstop that transferred
deformation eastward to the sedimentary rocks in the
TMB. Delayed propagation of deformation may have
been due to the presence of the rigid VSLPP between
the basins, as observed in the analogue models by Dixon
(2004).

Turbidites of Campanian—Maastrichtian ages were
deposited in the TMB, and these rocks are intensely folded
(Pessagno 1969; Suter 1990; Loépez-Oliva et al. 1998).
Fold 2 gives a minimum age estimate of 64 + 2 Ma for
deformation, which is consistent with stratigraphic corre-
lations. Whether the shortening event that caused folding
in this part of the section is related to a delayed propaga-
tion of deformation from the ZB to TMB, as suggested
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above, or represents a third, separate shortening pulse,
cannot be determined with the present data set. For this
reason, we designate the first and most important folding
event in the TMB as D2’ (Figure 8d). If Fold 2 was formed
as part of a continuous D2, it took about 12 Ma for
deformation to be transferred from one basin to the other.
At the eastern edge of the section, Fold 1 represents
the youngest pulse of deformation affecting Cretaceous
rocks at the toe of the MFTB, with an age of
43.5 + 0.5 Ma. Because folds of this generation are
open, asymmetric with vergence towards the east,
restricted to the foothills, and affect the angular unconfor-
mity of the K-T boundary, involving strata as young as
early Eocene (Alzaga-Ruiz et al. 2009), we interpret these
structures as the result of a third, less intense, shortening
pulse D3 in the MFTB (Figure 8e¢). Seismic sections from
the foothills to the Gulf of Mexico show that similar folds
in the foothills die out in the subsurface of the coastal
plains, where they are buried under undeformed
Oligocene—Pleistocene clastic deposits (Alzaga-Ruiz
et al. 2009; Roure et al. 2009). Whether this deformation
was induced from a subduction-related push from the
west, as a continuation of wedge development, or was
the result of local gravity-driven slip towards the Gulf is
not clear. In any case, the local detachment surface
(Santiago Formation) is locally tilted slightly to the east.
The critical taper model of thrust belt development
assumes that material in the wedge is everywhere at the
point of failure as the wedge grows. Thus, although the
strata involved in the growing wedge get progressively
younger towards the tip, other parts of the wedge should
remain involved in deformation as the wedge grows. This
can be seen in active accretionary fold—thrust belts such as
Taiwan, where seismicity within the prism reflects
ongoing deformation (Dahlen 1990; Saffer and Tobin
2011). The absence for ‘out-of-sequence’ deformation
ages in the MFTB section suggests that either the rocks
hardened with deformation and/or that the younger tec-
tonic events were localized in widely spaced zones. The
fact that deformation in the ZB and TMB is accommo-
dated largely by chevron-style folding is supportive of the
possibility that the rocks hardened, as chevron folds tend
to lock as the folds tighten (Ramsay 1974). It should also
be noted that in some numerical models of fold-thrust
belts, segments of a developing tectonic wedge may
remain relatively undeformed after first being incorporated
into the wedge (see models of Stockmal et al. 2007).

Conclusions

The development of illite in bentonitic layers across the
central MFTB is related to changing conditions of tem-
perature across the belt, and the timing of illitization is
established by Ar dating. The age of illite growth can be
associated with the timing of deformation by folding or

localized shear, in a manner similar to what was done
previously for clays in fault zones (Haines and van der
Pluijm 2008).

The analysis presented here documents the progressive
development of deformation from west to east associated
with the growth of the fold—thrust belt. The ages determined
by Ar dating are consistent in all cases, with constraints
imposed by biostratigraphic relationships. The oldest struc-
ture dated in the west, a shear zone in the Toliman
sequence, occurred at about 83.5 Ma, and the youngest
deformation, a fold in the east, occurred at 43.5 Ma.

Illites from the samples collected on the eastern seg-
ment of the section are dominantly of the 1My polytype,
contain smectite, and are relatively thin crystallites (<9
nm), while illites from samples in the western segment
of the section are dominantly 2M; and are thicker crystal-
lites (15-30 nm). The metastable reaction sequence
smectite— 1My illite—2M; illite-muscovite from the fore-
land to the hinterland of the MFTB is observed in other
fold—thrust belts around the world (e.g. Warr et al. 1991,
1996; Jaboyedoff and Cosca 1999; Merriman and Frey
1999; Merriman and Peacor 1999; Brime et al. 2001),
reflecting progressively deeper exhumation towards the
hinterland.

Integrating geochronologic data with field structural
and stratigraphic relationships, we recognize three defor-
mational events that are associated with the propagation of
deformation from west to east: D1 affecting the rocks in
the Toliman area, EDP and ZB from 85-81.5 Ma; D2
localizing shear on the forelimbs of some folds in the
ZB and possibly also (D2’) propagating shortening in the
VSLPP and TMB, from 78 to 64 Ma and D3, which
affected rocks to the east of Tetitla Thrust, in the foothills
in the late Eocene at around 43 Ma (Figure 8).

Combining structural and geochronological observa-
tions allows the following general conclusions.

e The application of fold and shear zone dating across
a fold—thrust belt significantly improves the resolu-
tion of timing of deformation; furthermore, applying
the method in different segments allows an under-
standing of propagation of deformation.

e The MFTB did not evolve as a single orogenic
wedge that was at failure everywhere as the wedge
grew. Instead, ages show that rocks on the western
side of the orogen deformed first, and after short-
ening and thickening, locked up and became the
backstop that deformed rocks to the east.

e The MFTB represents a composite wedge that con-
tains three belts spatially and temporally distinct,
deformed during D1, D2 and D3. The distribution
of these belts was influenced by the presence of two
rigid platforms.

e Greater resolution of the timing of deformation will
allow estimates of strain rates across the belt to be



Downloaded by [141.213.236.110] at 12:14 20 March 2014

748 E. Fitz-Diaz et al.

made. In the case of the MFTB, the new data sug-
gest relatively fast deformation on the western side
of the section and in the ZB and lower deformation
rates to the east.
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Appendix 1

“0Ar/*?Ar-degassing spectra obtained in the (three and four)
different clay-size fractions from the 11 analysed samples col-
lected in four folds and one shear zone.
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Illite polytype characterization. Plots of experimental XRD pat-
terns vs. WILDFIRE model patterns of different mixtures of 2M1
and 1Md illite for each size fraction of the analysed samples.
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