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Abstract

Regional- to outcrop-scale stratigraphic relationships within Mesozoic shallow marine carbonates and clastics at Sierra del Fraile anticlino-
rium in northeast Mexico play an important role in controlling the deformation distribution, strain history and kinematics during folding. Struc-
tural analyses of meso- and microscopic deformation features from all stratigraphic and structural positions within the anticlinorium allow for
the delineation of five regional-scale lithotectonic units. Kilometer- to decameter-scale stacking patterns of the preorogenic succession and the
meter-scale stacking patterns of individual shallowing-upward carbonate cycles are shown to influence deformation kinematics in predictable
ways. Mesoscopic faults and cleavage patterns along with penetrative strain from anisotropy of magnetic susceptibility (AMS) fabrics constrain
fold kinematics as progressive limb rotation about pinned anticlinal and synclinal hinges with constant limb length and a mobile basal décolle-
ment horizon within the evaporites of the Minas Viejas Formation that core the anticlinorium. AMS fabrics are shown to be a useful proxy for
nascent penetrative strain orientations in sedimentary rocks. Macroscopic differences in strain suggest strong lithologic facies control responding
to differences in bed thickness, grain size and carbonate content. At the regional scale, variation in deformation between the lithotectonic units
identifies décollement horizons coincident with lithotectonic boundaries in the Minas Viejas, upper Taraises, and Parras Formations.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Many fold and thrust belts are composed of stratigraphic
successions of mixed carbonate and clastic units deposited
above thick evaporitic strata (e.g. Carpathians, Jura, Zagros,
Pyrenees, Betics, Rif-Atlas, Salt Ranges, Sierra Madre Oriental).
In such orogens, décollement (detachment) folding predomi-
nates over thrust faulting and both folds and faults display
dual vergence (Dahlstrom, 1969, 1990; Jamison, 1987; Davis
and Engelder, 1985). Previous empirical and theoretical stud-
ies of décollement folds have investigated the implications
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of constant (Epard and Groshong, 1993, 1995) versus variable
(Dahlstrom, 1990; Epard and Groshong, 1995; Homza and
Wallace, 1995, 1997) décollement depth, and fixed (De Sitter,
1956; Ramsay, 1967; Fisher and Anastasio, 1994; Hardy and
Poblet, 1994; Epard and Groshong, 1995; Anastasio et al.,
1997) versus migrating (Mitra and Namson, 1989; Dahlstrom,
1990) hinges on the resultant fold geometry, strain distribu-
tion, and deformation kinematics. These studies showed that
geometry alone is insufficient to constrain fold kinematics.
Inherent in a discussion of the deformation of sedimentary
rocks is the relative roles that ductility or competency differ-
ences and the degree of anisotropy between folded layers
have on deformation kinematics (Willis, 1892; Currie et al.,
1962; Ramsay, 1967; Wood and Bergin, 1970; Johnson,
1980; Fischer and Jackson, 1999; Dixon, 2004).

Ductile and competent are terms often used by structural
geologists to describe the relative strength of rock types. A

mailto:diana.k.latta@exxonmobil.com
mailto:dja2@lehigh.edu
mailto:dja2@lehigh.edu
http://www.elsevier.com/locate/jsg


1242 D.K. Latta, D.J. Anastasio / Journal of Structural Geology 29 (2007) 1241e1255
ductile or incompetent rock penetratively deforms more read-
ily than its neighbors, undergoes more finite strain before frac-
turing and flows in response to imposed geometric constraints
(Elliott, 1981). Competent beds deform or flow less than in-
competent beds, record less penetrative deformation, and fault
before they fold (Dennis, 1967). For sedimentary rocks, the
anisotropy provided by bedding is of paramount importance
for the distribution of layer parallel shear during deformation.
For both clastic and carbonate rocks, grain size and bedding
thickness are related, with fine grain sizes in thin beds and
coarse clastics typically organized in thick or massive beds
(Pettijohn, 1975). Fine grained and thin-bedded rocks are
more ductile than coarse grained and massively bedded rocks
of the same composition (Ramsay, 1967). Lithologic heteroge-
neity is most easily organized in terms of sedimentary facies,
which can be defined in terms of characteristic bed thick-
nesses, mineralogy and grain sizes.

The exposed Jurassic and Cretaceous units in Sierra del
Fraile, Mexico vary in terms of their relative ductility. At
a bed-scale, strain heterogeneity and multi-layer folding in the
Mexican foreland suggests a typical lithologic competency se-
ries that decreases from dolomite, to limestone, sandstone, argil-
laceous limestone, shales, and evaporites. However, the stacking
of the individual lithologic units into outcrop-scale and larger
stratigraphy results in a lithotectonic stratigraphy that is not
well explained by current paradigms. Changes in the compe-
tency of layers within a sequence can be manifested by heterog-
enous strain distribution (e.g. Donath, 1962; Ramberg, 1963),
wavelength of folds during folding (e.g. Nickelsen, 1963;
Biot, 1964), boudinage geometry during extension (e.g. Ghosh,
1993), or the distribution and geometry of map-scale faults (e.g.
Woodward and Rutherford, 1989). Whereas, differences in the
anisotropy between layers, due to changes in bed thickness
and foliation orientation also show a relative control on the por-
tioning of strain (e.g. Donath, 1969; Williams, 1977). Stacking
patterns of strata influence the distribution of strain over a range
of spatial scales, from the kilometer-scale in an entire rift-drift
succession, to the meter-scale in an individual shallowing-
upward carbonate cycle, to the sub-meter scale of a single
shale-carbonate couplet. Despite the early research works of
Willis (1892) and Currie et al. (1962) there are relatively few
studies that investigated the role lithotectonic units play in con-
trolling strain distribution and folding. More recently, Fischer
and Jackson (1999) and Higuera-Diaz et al. (2005) investigated
the relationship between stratigraphy and deformation in a single
fold complex in the Monterrey Salient, northeast Mexico.

In this paper, we characterize extensional fractures (joints
and veins), shear fractures, stylolites and cleavage throughout
the Sierra del Fraile anticlinorium (26�N 100�300W) in the
foreland of the Sierra Madre Oriental fold belt, in northeast
Mexico. Sierra del Fraile is a large décollement fold, with
a w4.5 km thick clastic and carbonate section, deformed above
a thick evaporitic sequence. Uncertainty exists in the thickness
of the Mesozoic evaporite basin with estimates varying for
w1e2 km in the Monterrey Salient (Goldhammer et al.,
1991) to<5 km thick in the La Popa Basin in the orogenic fore-
land (Wilson, 1990; Gray et al., 2001). Evaporites thicknesses
surely varied across the basin much like today where salt welds
and diapirism in La Popa basin bear evidence of halotectonics
(Giles and Lawton, 2002). In the core of Potrero Garcia >3 km
of evaporites were penetrated by an exploration well that did
not reach the base of the section (Wall et al., 1961).

Mechanical stratigraphic units (sensu Donath and Parker,
1964), equivalent to lithotectonic units (sensu Currie et al.,
1962) and structural lithic units (sensu Willis, 1892) refer to
packages of sedimentary rock that display characteristic
deformation features resulting from lithologic differences.
Recognition of mechanical stratigraphy allows for better inter-
pretations of fold geometry, cross section construction and res-
toration (Mountjoy, 1960; Dahlstrom, 1969; Wiltschko, 1979),
and evaluation of reservoir quality (Mitra, 1987). The objec-
tives of this paper are to: (1) describe the distribution and
orientation of deformation features at the outcrop and grain
size-scales throughout the anticlinorium in order to constrain
fold kinematics, (2) use deformation distribution to define
the lithotectonic units and differentiate scales of mechanical
stratification, and (3) explore how lithologic variations and
stratigraphic patterns affect strain history.

2. Geologic setting

In northeast Mexico, passive margin carbonates and clastics
accumulated from the Late Jurassic through Middle Creta-
ceous in association with the opening of the Gulf of Mexico
(Dickinson and Lawton, 2001). Clastic deposition continued
into the Tertiary in response to the Sevier-Laramide orogeny
(Longoria, 1998). Uplifted Paleozoic basement blocks and in-
tervening grabens associated with continental rifting during
the opening of the Gulf of Mexico (w210e165 Ma), played
an important role in controlling depositional patterns along
the Mexican Gulf Coast (Wilson, 1990; Dickinson and Law-
ton, 2001). At Sierra del Fraile, the Coahuila block influenced
evaporite and carbonate facies distribution patterns and stratig-
raphy throughout the Early Cretaceous (Wilson, 1999).

Syn-rifting, thick sequences of Callovian age evaporites were
deposited gulf wide; in northeast Mexico they comprise the
Minas Viejas Formation (Pindell, 1985; Salvador, 1987). The
mechanically weak evaporite deposits played an important
role in controlling the geometries of Late Mesozoic-Early
Cenozoic compressional structures associated with the Sevier-
Laramide orogeny (Gray and Johnson, 1995; Marrett and
Aranda-Garcı́a, 1999). Folding in the foreland of the Sierra
Madre Oriental fold belt, in the Coahuila Marginal Folded Prov-
ince, is characterized by a series of NW-SE oriented, upright,
roughly symmetric, doubly-plunging anticlines and synclines
(Wall et al., 1961). The first order anticlines in the Coahuila
Province are cored by the Minas Viejas Formation (Wall et al.,
1961; Wilson et al., 1984). An exploratory well drilled in the
hinge area of Potrero Garcia in Sierra del Fraile penetrated
610 m of gypsum and anhydrite, followed by 274 m of interbed-
ded gypsum, anhydrite, and halite, all over 2134 m of pure halite
without penetrating the entire section (Wall et al., 1961).

Jurassic age, medium- to thick-bedded limestones of the
Zuloaga Formation lie unconformably above the Minas Viejas
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evaporites, and conformably below the thin-bedded shales and
limestones of the La Casita Formation in Sierra del Fraile
(Fig. 1b,c). The Cretaceous age, thin-bedded shales and lime-
stones of the Taraises Formation lie conformably above the La
Casita Formation and grade conformably into thick-bedded
limestones of the Cupido Formation, marking the onset of wide-
spread carbonate platform development along the Gulf Coast
margin (Wilson, 1999). By the earliest Cretaceous, extensive
carbonate platforms developed around the entire Gulf of Mexico
(Wilson, 1999). In northeastern Mexico, these platforms are rep-
resented by the Barremian-Aptian age Cupido Formation and
the Albian age Aurora Formation each comprising a series of
cyclic shallowing upward parasequences. The Aptian and Albian
thick-bedded, reef sequences represent two distinct upward
shoaling second-order megacycles separated by a second-order
transgressive sequence within the cyclic carbonates of the upper
Cupido Formation, and the thin-bedded, deeper-water shales of
the La Pe~na Formation (Goldhammer et al., 1991) (Fig. 1b,c).

Conformably overlying the massive limestones of the
Aurora Formation are the thin-bedded limestones and
organic-rich shales of the Cuesta del Cura Formation, which
lie conformably below the thin-bedded limestones and shales
of the Indidura Formation (Fig. 1b,c). The deposition of the
thin-bedded shales and thin interbedded sands of the Parras
Formation mark the decline of the Cretaceous carbonate plat-
forms around the Gulf of Mexico. The Parras Formation out-
crops along the flanks of the Sierra del Fraile anticlinorium
and in the surrounding synclinal valleys and is assumed to
have covered the entire foreland of the Sierra Madre Oriental
fold belt (McBride et al., 1974).

At Sierra del Fraile a majority of the w4.5 km Mesozoic
preorogenic succession is exposed providing an ideal setting
to investigate the influence of stratigraphic packaging on strain
accommodation during contractional deformation (Fig. 1). De-
formation of the units exposed at Sierra del Fraile occurred at
depths between 4.0 and 7.0 km, based on the maximum thick-
ness of the Upper Cretaceous and Tertiary units interpreted
above the anticlinorium, and temperatures less than 150 �C,
based on fluid inclusion data from the Lower Cretaceous
Cupido Formation in Potrero Garcia (Gray et al., 2001).
Fig. 1. (a) Index and hill shade maps showing the location of the Sierra del Fraile anticlinorium in the Coahuila Marginal Folded Province (CMFP) in the foreland

of the Sierra Madre Oriental fold belt (SMO), northeast Mexico. Inset index map locates the study area with respect to the thin-skinned (solid) and thick-skinned

(dashed) deformation fronts. The regional-scale fold consists of two anticlines, Potrero Chico to the north and Potrero Garcia to the south. (b) Stratigraphic column

of Mesozoic deposits that outcrop in the Sierra Madre Oriental foreland. Formation thicknesses are based on field measurements and published sections

(Goldhammer et al., 1991). (c) Cross section through the Sierra del Fraile anticlinorium drawn perpendicular to the strike of the average fold axes determined

from bedding poles throughout the anticlinorium (V ¼ H).
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3. Methods

In order to constrain the kinematic history of Sierra del
Fraile, the geometry of the anticlinorium was constructed
from field mapping (525 km2 area at a 1:25,000 scale), aerial
photographic analysis, and variably oriented cross sections
(Latta, 2005) (Fig. 2a). Sierra del Fraile is a domal anticlino-
rium composed of two doubly plunging anticlines, Potrero
Chico to the north and Potrero Garcia to the south. Potrero
Chico (w19 km long) has a fold axis that trends NW-SE
(Fig. 2b), while the hinge line of Potrero Garcia (w22 km
long) curves from a roughly E-W orientation to a roughly
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Fig. 2. (a) Simplified geologic map of Sierra del Fraile and Las Ventanas based on 1:25,000 scale field mapping (Latta, 2005). (b) Cross section along the fold axis
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NW-SE orientation to the east (Fig. 2c). The dome plunges
40e50� at both ends, with bedding dipping w80� on the outer
fold limbs. The two anticlines are separated by the Arista
syncline to the west and the Escobedo syncline to the east.
Cross-sections (Figs. 1c, 2b,c) characterize the regional-scale
geometry of the anticlinorium and provide a framework to
interpret mesoscopic- and microscopic strain data, which are
used to constrain fold kinematics and to define lithotectonic
units. Depth-to-detachment calculations assuming equal cross
sectional area (Epard and Groshong, 1993) were completed
using the massive Cupido Formation as reference (Fig. 1c).

During folding, layered rocks accumulate discrete (flexural
slip) or distributed (flexural flow) simple shear, whose magni-
tude increases with distance from pin lines and bedding dip.
Alternatively, folding accommodated by orthogonal flexure re-
sults in maximum strains in fold hinges along layer boundaries
and minimum strains within the layer and along fold limbs
(Ramsay, 1967). During folding, hinges can be pinned or mi-
grating, and characterization of shear sense and magnitude can
be used to establish pin positions (Suppe and Namson, 1979;
Fischer and Woodward, 1992; Anastasio et al., 1997; Homza
and Wallace, 1997; Salvini and Storti, 2004). The location
of pin lines and the orientation, distribution, and sense of
layer-parallel shear constrains the appropriate fold kinematic
model. Mesoscopic structures, including extension and shear
fractures, stylolites, and cleavage, were measured in diverse
lithologies in both limb and hinge positions and analyzed for
sense of shear to locate pin lines. These mesoscopic structures
were also used to validate the use of anisotropy of magnetic
susceptibility (AMS) as a proxy for penetrative tectonic strain
orientations.

The geometry of penetrative strain was determined by mea-
suring the AMS on oriented samples from limb and hinge po-
sitions in multiple facies in the thin-bedded shales of the La
Casita, La Pe~na, and Cuesta del Cura Formations, and the
thick-bedded carbonates of the Cupido and Taraises Forma-
tions. Shale units were preferentially chosen since they are
likely to record greater and more uniform strains than other li-
thologies as AMS is sensitive to phyllosilicate (paramagnetic)
grain fabrics (Ramsay and Huber, 1987; Parés and van der
Pluijm, 2002). AMS is a measure of the bulk fabric of all mag-
netic minerals within a rock, where the anisotropy is a function
of the preferred mineral orientation (Borradaile, 2001). AMS
is described by a second order symmetric tensor analogous
to the finite strain tensor and is represented geometrically by
an ellipsoid with principal axes kmax � kint � kmin. AMS
axes orientations were demonstrated to show a one-to-one cor-
relation with principal strain directions (i.e. X ¼ kmax, Y ¼ kint,
Z ¼ kmin) (Kligfield et al., 1981; Borradaile, 1991; Borradaile
and Henry, 1997). Since carbonates are alloclastic deposits
they tend to have less depositional fabric than siliclastic sedi-
ments and typically lithify with less compaction, therefore, the
susceptibility ellipsoid is dominated by the tectonic strain.
This is important in low strain rocks, where depositional and
diagenetic fabrics can obscure the tectonic strain. Evans
et al. (2001) showed that AMS ellipsoids are sensitive re-
corders of strain orientation and magnitude in Paleozoic
limestones in the central Appalachians, despite the fact that
calcite is diamagnetic, and that carbonates consequently often
have low or negative magnetic susceptibilities. Likewise,
Burmeister et al. (2004) argued that AMS is a better tool for
resolving fabric orientations and strain history than Fry or
Rf/f methods in the low strained rocks of the Hudson Valley
fold and thrust belt, northern Appalachians. In this study,
only the orientation of the AMS fabric ellipsoid is considered,
since the magnitude of magnetic susceptibility varied between
carbonate facies from the same structural position. AMS
fabrics were measured on an Agico KLY-3s Kappabridge at
Lehigh University.

4. Results

Complexly deformed evaporites of the Minas Viejas For-
mation outcrop in the anticlinal hinge of Potrero Chico. The
overlying limestones of the Zuloaga Formation are exposed
in scattered outcrops within the core of both folds and are mes-
oscopically folded and faulted, exhibiting numerous gypsum
veins that vary widely in orientation (Fig. 3, stations 9, 13).
Surface deposits blanket much of the area underlain by the
La Casita Formation and older units (Fig. 2). Observations
from a single outcrop of the La Casita Formation on the north-
ern limb of the anticlinorium indicate a strong bedding fissility
in the shale layers. Both joints and veins vary in orientation
but most are oriented perpendicular to bedding with moderate
to steep (42e78�) dips (Fig. 3, station 8). Cleavage is roughly
parallel to bedding. Shear fractures were not observed. AMS
fabrics from samples of the La Casita Formation on the north
limb of the anticlinorium record an oblate fabric, where
kmax z kint > kmin. The results further indicate a foliation
fabric that is steeply inclined and dipping shallowly away
from the axial surface (Table 1, Fig. 4, station 5).

The Taraises Formation consists of interbedded shales and
limestones. Mesoscopic deformation features on the limbs of
the anticlinorium vary in abundance and orientation in associa-
tion with changes in lithology and bed-thickness (Fig. 3, sta-
tions 6, 7, 12). Deformation patterns in the thin-bedded (0.2e
0.5 m thick) limestones and shales of the lower 80% of the
unit (w420 m) are distinct from deformation in the thicker-
bedded (0.5e1.0 m thick) limestones in the top of the unit
(w70 m). The upper and lower portions of the Taraises Forma-
tion on each limb are separated by a 1e2 m protocataclasite
interval. In the upper portion of the Taraises Formation
mesoscopic deformation features are sparse, with only a few bed-
perpendicular fractures. In the lower portion of the Taraises For-
mation, bed-bounded, bed-perpendicular fractures are abundant
in the limestone layers, while shales display a strong bed-
parallel fissility. Bed-parallel faults in the shale layers indicate
a top towards the hinge sense of displacement based on calcite
mineral accretion steps in shear fibers. In the northern limb, the
minimum shortening direction measured from extension and
shear fractures agrees (105�/10�) (Fig. 3, station 6), as do the
maximum shortening direction measured from shear fractures
and that recorded by the AMS fabric (215�/70�) (Fig. 3, station
6, Fig. 4, station 4). In an outcrop on the south dipping limb of
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Fig. 3. Summary equal area, lower hemispheric, stereographic projections of principal strain axes. X (squares), Y (triangles), Z (circles) from shear fractures (filled

symbols), X from extension fractures (open squares), Z from cleavage surfaces (open circles), are plotted with average bedding as a great circle and pole to bedding

(diamond) throughout Sierra del Fraile. White star indicates study site in the Cupido Formation illustrated in Fig. 6.
Potrero Chico, beds from the lower portion of the Taraises
Formation are highly deformed (Fig. 3, station 7). The outcrop
contains multiple sets of joints, veins, and shear fractures both
parallel and oblique to bedding. Here, a thrust fault and fault-
related folds indicate displacement toward the anticlinal hinge
of Potrero Chico. In addition to the numerous minor faults
and folds, penetrative deformation is heterogeneous at the
sub-meter scale. A coarse-grained, w1.0 m thick unit of bio-
herm facies has no cleavage, while a finer-grained, 0.5 m thick
lagoon bed exhibits moderate to strong cleavage oblique to bed-
ding, and the overlying coarser-grained, shoal unit exhibits
weaker disjunctive cleavage perpendicular to bedding (Fig. 5a).

AMS collected from a w0.5 m thick carbonate layer in the
Taraises Formation on the north-dipping limb of the fold indi-
cates an oblate fabric with the flattening plane oriented oblique
to bedding and moderately inclined towards the axial surface
(Table 1, Fig. 4, station 4). AMS in samples collected from
the southern limb of Potrero Chico records an oblate fabric
oriented nearly parallel to bedding or moderately steeper, indi-
cating a top towards the anticlinal hinge sense of shear (Table 1,
Fig. 4, station 7).

The massively-bedded carbonates of the Cupido Formation
contain few mesoscopic deformation features (Fig. 3, stations
1, 5, 11). Bed-parallel stylolites are scattered throughout the
unit and are preferentially located at the interface between
coarser and finer-grained facies (e.g. between bioherm and la-
goon, and shoal and tidal flat facies). Stylolites near the base
of the formation in Potrero Garcia indicate varying degrees
of shear towards the anticlinal hinge (Fig. 6). Extension frac-
tures also indicate strong facies control within the upward
shallowing, meter-scale carbonate cycles that characterize
the formation. Extensional fractures tend to be localized in
coarser-grained, carbonate-rich shoal and build up facies,
where they are often bed bounded within the 1e2 m thick
layers. Most fractures are perpendicular to bedding and frac-
ture spacing varies with bed thickness, where wider spaced
fractures are preferentially located in the thicker beds
(Fig. 3, stations 5, 11). Sparse bed-parallel faults are found
near the base of the formation on the southern limb (Fig. 3,
station 11). At the top of the unit, brittle-ductile shear zones
cross cut bed-parallel stylolites and some bed-perpendicular
fractures indicate a right-lateral sense of shear. On the south
dipping limb, faults at the base of the unit indicates hingeward
shear (Fig. 3, station 11).

The lower Cupido Formation is exposed in the hinge of the
Sierra del Fraile anticlinorium (Fig. 3, station 1). The shallow-
dipping (w10�) beds of the Cupido Formation represent the
uppermost unit exposed in the hinge and contain few meso-
scopic deformation features. The steepness of the exposure
limits our observations to a narrow stratigraphic interval where
rare, bed-perpendicular joints are bed-bounded in the coarser-
grained shoal and build-up facies, but no bed-parallel stylolites
or faults, or other mesoscopic evidence of penetrative shear
were observed.

AMS in the Cupido Formation was measured in samples
from both limb and hinge positions where each records an
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oblate fabric (Fig. 4, stations 3, 7, 11). Limb samples contain
foliation perpendicular to bedding (Table 1, Fig. 6). Near the
hinge, AMS samples each record flattening planes parallel to
bedding with kmin axes nearly perpendicular to bedding. On
the south dipping limb, AMS agrees with principal strain
axes determined from populations of shear fractures with
kmax oriented 171�/21�, kint oriented 273�/29� and kmin ori-
ented 051�/53� (Fig. 6). Here, fabric orientations in the Cupido
Formation are consistent with up-dip shear to the northeast,
coincident with shear toward the nearby anticlinal hinge.

To test for facies based control on strain heterogeneity, de-
formation was measured in closely spaced samples across
a shear zone near the base of the Cupido Formation on the
south dipping limb of the anticlinorium (Fig. 6). The bed-
parallel shear zone is within a larger 60 m measured interval
in the Cupido Formation where sheared stylolites are observed
to be preferentially located in the coarser-grained, thick-
bedded (0.4e1.0 m thick) carbonate-rich build-up and shoal

Table 1

Bedding (S,D,DD) and AMS (T,P) orientations in geographic coordinates for

samples collected from both carbonate and clastic units at Sierra del Fraile

Bedding kmax kint kmin

La Casita 295/85 N 227/64 117/10 023/24

295/85 N 272/56 107/33 013/07

295/85 N 291/35 097/54 196/07

295/85 N 274/14 155/64 010/22

Taraises 287/78 N 311/16 141/74 042/03

287/78 N 231/68 141/00 051/22

111/48 S 329/16 183/71 062/10

111/48 S 330/27 217/36 087/42

111/48 S 208/71 168/14 075/11

Cupido 285/80 N 137/64 010/16 274/19

285/80 N 162/67 018/19 284/13

285/80 N 108/61 000/10 264/27

285/80 N 104/25 194/01 286/65

285/80 N 050/53 199/33 299/15

285/80 N 079/31 343/09 239/57

285/80 N 168/68 039/14 305/16

094/77 S 139/35 035/20 281/49

094/77 S 298/77 073/09 164/09

094/77 S 193/66 329/17 064/15

094/77 S 062/54 215/33 314/13

094/77 S 143/35 356/50 245/17

094/77 S 130/63 032/04 300/27

094/77 S 201/61 068/21 331/20

090/10 S 344/52 150/37 245/07

090/10 S 303/11 033/02 135/79

090/10 S 266/44 144/29 034/33

090/10 S 331/18 232/26 092/58

090/10 S 246/04 148/63 339/27

La Pe~na 278/78 N 112/21 017/12 260/66

Aurora 229/68 N 284/13 020/24 168/03

Cuesta 281/83 N 303/05 184/80 033/09

del Cura 281/83 N 279/74 108/16 018/03

281/83 N 245/72 084/17 352/05

281/83 N 294/45 066/34 175/26

152/43 W 232/41 326/05 061/48

Indidura 150/40 W 210/52 323/17 064/33

150/40 W 224/08 316/13 103/75
facies, whereas bed-parallel faults are located in the thin-
bedded (0.1e0.3 m thick), more argillaceous lagoon facies
(Fig. 5a). Here mesoscopic strain indicators exhibit a clear par-
titioning of discrete and penetrative strain as a function of
facies-based differences in competency and anisotropy between
beds. Originally perpendicular teeth of bed-parallel stylolites
in coarser-grained, carbonate-rich (i.e. more competent),
thick-bedded (i.e. less anisotropic) shoal and build up facies
record a mean rotation of �2 to �24� to the north, consistent
with layer-parallel shear towards the fold hinge. AMS fabrics
on the southern limb of Sierra del Fraile mimic the kinematic
patterns of mesoscopic deformation features. The finer-
grained, less competent and thin-bedded, more anisotropic la-
goon facies, which are bounded by discrete bed-parallel faults,
record AMS compaction fabrics. In contrast, rocks in a pene-
trative shear zone where stylolite fabrics record a maximum of
�36� rotation to the north, AMS principal axes correspond
well with the distribution and direction of shear (Fig. 6b).

Like the Cupido Formation, the La Pe~na Formation exhibits
rare deformation features. The 0.05e0.4 m thick shale beds
occasionally contain closely spaced bed-perpendicular frac-
tures in the more carbonate-rich layers towards the base of
the formation, where the principal shortening direction deter-
mined from fractures is oriented 087�/01� (Fig. 3, station 4).
The unit also contains scattered bed-parallel stylolites. A small
amount of bed-parallel shear is recorded by rare faults in the
thinner-bedded layers, where calcite shear fibers indicate
a top towards the anticlinal hinge sense of displacement
(Fig. 3, station 4). The AMS fabric in the La Pe~na Formation
is oblate with a flattening plane parallel to cleavage and per-
pendicular to bedding (Table 1, Fig. 4, station 1).

Similar to the Cupido Formation and the La Pe~na Forma-
tion, mesoscopic deformation features in the thick-bedded
(0.5e1.5 m) carbonates of the Aurora Formation are sparse
(Fig. 3, stations 3, 10, 17). Bed-parallel shear fractures on
the north and south dipping limbs each record hingeward shear
while bed-perpendicular faults display both right- and left-
lateral offsets (Fig. 3, stations 3, 10). Shear fractures along the
north-dipping limb of the Arista syncline are also consistent
with hingeward shear (Fig. 3, station 18). Isolated brittle-
ductile shear zones near the base of the formation indicate a
top towards the anticlinal hinge sense of shear. Bed-parallel
stylolites are less abundant in this unit as compared to the
Cupido Formation, as facies transitions are fewer.

Similar to the lower Taraises Formation, the shale and lime-
stone layers (0.2e0.4 m thick) of the Cuesta del Cura Forma-
tion contain abundant mesoscopic deformation. Shale layers
have pervasive fissility at a shallow angle to bedding (Fig. 3,
station 2). In addition, there are numerous bed-parallel faults
that display dip-slip motion. In the thicker-bedded limestone
layers, bed-perpendicular fractures are numerous and indicate
a left-lateral (east side to the north) sense of displacement
(Fig. 3, station 2). The Cuesta del Cura Formation also con-
tains minor kink folds. AMS data from the Cuesta del Cura
Formation records an oblate fabric parallel to bedding (Table
1, Fig. 4, station 2). Samples collected from fissile shale units
(0.1e0.2 m thick beds) record foliation inclined 0e18� from
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Fig. 4. Summary equal area, lower hemispheric, stereographic projections of principal axes [kmax (squares), kint (triangles), kmin (circles)] from AMS, are plotted

with average bedding as a great circle and pole to bedding (diamond) throughout Sierra del Fraile. White star indicates study site in the Cupido Formation illus-

trated in Fig. 6.

Fig. 5. Strain heterogeneity is observed on a variety of scales. (a) Meter-scale: lagoonal facies of the Taraises Formation displays cleavage (highlighted by black

lines), build-up facies show no cleavage and the shoal facies has developed weak disjunctive cleavage (black lines). Rock hammer for scale. (b) Millimeter-scale:

Indidura Formation, sub-millimeter thick chert stringers display bed-perpendicular fractures that truncate against the less competent carbonate layers where

deformation is dominated by pressure solution.
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Fig. 6. Distribution of discrete and penetrative strain in a section of the Cupido Formation Bedding dips w80� to the south. (a) Populations of sheared stylolite teeth

shown as a mean and standard deviation from bedding and discrete bed parallel faults (white star Figs. 3 and 4). (b) AMS measurements within a discrete shear

zone (white box near top of column in (a)). Strain heterogeneity is observed at fine scales in layers that display shear and unsheared stylolites (crooked lines at layer

tops) where AMS records a compaction fabric.
bedding while thicker-bedded (0.3e0.4 m thick) more carbon-
ate-rich units contain a foliation that is more steeply inclined
at w25�, from bedding. At a regional-scale, foliation forms
a divergent fan about the anticlinorium. The orientations of
principal extension from both fractures and from AMS fabrics
on the western plunging end of Potrero Garcia are consistent at
061�/48� (Fig. 4, station 9). In contrast, AMS fabrics collected
from the north-dipping limb (kmax ¼ 015�/03�, kint ¼ 285�/
05�, kmin ¼ 109�/85�) are inconsistent with mesoscale fabrics
(Fig. 4, station 2).

Isolated outcrops of the Indidura Formation, exposed along
the western plunging hinge area of Potrero Garcia, display de-
formation patterns similar to the Cuesta del Cura and the lower
Taraises Formations. The 0.4e0.7 m thick limestone layers
display bed-perpendicular joints, while the 0.2e0.3 m thick
shale beds display some evidence of bed-parallel shear
(Fig. 3, station 15). Poor preservation of shear surfaces pre-
vents identification of the sense of slip. AMS is inconsistent
with mesoscale fabrics where kmax is oriented 307�/05�, kint

is oriented 039�/16� and kmin is oriented 199�/74� (Fig. 4, sta-
tion 8).

The shales of the Parras Formation, which are exposed in
isolated outcrops along the limbs of Sierra del Fraile, record
more deformation than underlying units. The thin (0.05e
0.3 m) layers display pervasive pencil cleavage and minor
folds, making identification of bedding surfaces difficult
(Fig. 3, station 14). In some cases, cleavage is steep to
bedding, but orientations vary within and between outcrops.
There are also numerous bed-parallel faults within the shale
layers that display variable slip (Fig. 3, station 14). The
mean principal shortening direction from cleavage and the
principal extension direction from minor faults are parallel
to one another and nearly horizontal. Infrequent sandstone
units exhibit bed-perpendicular fractures.

5. Discussion

5.1. Mechanical stratigraphy at multiple scales

Differences in the orientation and abundance of deforma-
tion features between various lithologies highlight how rela-
tive differences in carbonate content, bed thickness and
grain size affect rock competency and how changes in bed
thickness and argillaceous content associated with carbonate
facies controls mechanical anisotropy. At the largest-scale,
Sierra del Fraile can best be described as two mechanical units
consisting of the 4.5 km thick stiff upper layer of the Jurassic
and Lower Cretaceous limestones and clastics over a >3 km
thick section of ductile evaporites of the Minas Viejas Forma-
tion. It is the ratio of these two layers that controls the décolle-
ment position and fold amplitude for a given amount of
shortening (e.g. Wiltschko and Chapple, 1977). The Minas
Viejas Formation accumulates in rising anticlines and evacu-
ates from beneath sinking synclines, thereby controlling the
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distribution of doubly-plunging structural ridges and valleys
across the Mexican foreland. Our analysis of the distribution
and orientation of mesoscopic deformation from the 10 map
units from around one such anticlinorium permits delineation
of five regional-scale lithotectonic units, hundreds of meters to
kilometers thick that display lithologic and deformation simi-
larities (Table 2).

Lithotectonic unit 1, the lowermost unit, consists of the
incompetent, isotropic evaporites of the Minas Viejas For-
mation (Fig. 1b). This unit, which is widely distributed
throughout the foldbelt, is locally >3 km thick, and is classi-
fied as its own lithotectonic unit, exhibiting disharmony with
overlying carbonates and clastics. The Minas Viejas Forma-
tion outcrops in Potrero Chico, but is absent in Potrero
Garcia. Beds in the overlying Zuloaga Formation do not ex-
hibit thinning or upturned beds, unconformities between beds
or changes in facies away from the salt, suggesting the evap-
orites were relatively stable during deposition of the lime-
stone units. Additionally, the overlying units lack evidence
for crestal extension or vertical shortening suggesting that
diapirism did not play a large role during fold formation
(e.g. Schwerdtner, 1990).

An increase in the competency and anisotropy of the thin-
bedded shales and limestones of the Zuloaga, La Casita and
lower 80% of the Taraises Formation, comprise lithotectonic
unit 2 (Fig. 1b). Bed-perpendicular joints in these formations
display similar patterns in the orientation and abundance
with bed-bounded joints in the more competent limestone
layers and bed-parallel shear fractures in the less competent,
highly anisotropic shale layers, which possess a strong bed-
ding fissility (Table 2). The inclusion of the lower portion of
the Taraises Formation in lithotectonic unit 2 is important in
that it signifies that lithotectonic units need not be coincident
with stratigraphic formations, which tend to be based on lithol-
ogy and outcropping characteristics.

Lithotectonic unit 3 is the most competent unit. Mesoscopic
deformation features are sparse within lithotectonic unit 3,
which consists of the platform carbonates of the Cupido and
Aurora Formations, the intervening shales of the La Pe~na
Formation, and the upper 20% of the Taraises Formation
(Fig. 1b). It is important to note, that even though the
La Pe~na Formation is by itself incompetent and anisotropic,
it behaves similarly to the surrounding competent, thick-
bedded carbonates of the Cupido and Aurora Formations.
Deformation features in lithotectonic unit 3 consist mostly of
bed-perpendicular joints and veins, and occasional bed-parallel
faults, which are located near the upper and lower formation
contacts within and near the thinner-bedded facies (Table 2).
Lithotectonic unit 3 is the only mechanical unit that displays
bed-parallel stylolites. This unit is the dominant fold member
exhibiting the largest fold wavelength. The contact between
lithotectonic units 2 and 3 is based on a brittle deformation
zone in the upper Taraises Formation on fold limbs. On each
limb, layers below a protocataclasite interval contain more
joints, veins, and shear fractures, while layers above contain
fewer fractures. A change in the stratigraphic position of the
boundary between lithotectonic units 2 and 3 on the north
 T
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and south dipping limbs, respectively, is associated with a fa-
cies change to more carbonate rich, thicker beds at this strati-
graphic interval between outcrops that palinspastically restore
to w25 km apart.

Lithotectonic unit 4 contains prevalent bed-parallel faults in
shale layers and bed-perpendicular shear fractures in the lime-
stone layers. Unit 4 consists of a succession of relatively in-
competent and more anisotropic, thin- to thick bedded,
limestones and shales of the Cuesta del Cura and Indidura For-
mations (Fig. 1b). The abundance of bed-parallel cleavage
within the Cuesta del Cura Formation helps to distinguish
this mechanical unit from lithotectonic unit 3 (Table 2). Unit
4 is also distinct because of the disharmonic decameter- to me-
ter-scale kink folds in the Cuesta del Cura Formation.

The uppermost mechanical unit in Sierra del Fraile, litho-
tectonic unit 5, displays the greatest abundance of deformation
including minor folds, multiple bed-parallel faults and
pervasive pencil cleavage throughout the unit (Table 2). The
observed disagreement between penetrative strain and shorten-
ing direction determined by discontinuous fabrics may result
from strain heterogeneities or shifting strain direction through
time (e.g. Beach, 1982). Unit 5 consists of a thick succession
of mudstones within the incompetent Parras Formation
(Fig. 1b).

Although five lithotectonic units comprise the mechanical
stratification of Sierra del Fraile at a regional-scale, observa-
tions in outcrop and petrographically indicate stratigraphic
control on strain heterogeneity at smaller scales as well
(Fig. 5). On the south dipping limb of the fold, strain is parti-
tioned at the meter-scale in the Cupido Formation with dis-
crete bed-parallel shear in thin-bedded, fine-grained, less
competent, more anisotropic lagoon facies and penetrative
shear in the thicker-bedded, coarser-grained, more competent,
and less anisotropic shoal and build-up facies (Fig. 5a). Simi-
larly, on the southern limb of Potrero Chico, the Taraises For-
mation displays cleavage in the thin-bedded, finer-grained,
more argillaceous, less competent and more anisotropic la-
goon facies, whereas cleavage is absent in the thicker-bedded,
coarser-grained, more competent, less anisotropic shoal and
build-up facies that surround it (Fig. 5a).

In the Sierra Madre Oriental fold belt, Fischer and Jackson
(1999) used the distribution of deformation to define six lith-
otectonic units above the Minas Viejas Formation along the
northern limb of Nuncios fold. The mechanical units were di-
vided along formation boundaries and further subdivided
based on the distribution and orientation of strain features
into smaller-scale mechanical units. The study focused on
a single structural position and found that deformation patterns
vary widely across the stratigraphic succession. Our results
agree with the findings of Fischer and Jackson (1999) that de-
formation patterns vary within the Mesozoic section and fur-
thermore allow the following generalizations. Thin-bedded
units have better developed cleavage and more layer-parallel
shear fractures. Thicker-bedded carbonate rich units develop
bed-bounded joints and veins, generally at a high angle to bed-
ding. Agreement between AMS and mesoscale strain orienta-
tions is found more often in thin-bedded, finer-grained units
that have better developed cleavage and layer-parallel faults
than in thicker-bedded coarser units that contain sparse meso-
scopic deformation, and a higher percentage of carbonate.

Because deformation patterns vary with stratigraphy and
folding, reservoir properties are likewise expected to vary
with facies and deformation history. Our field observations
allow us to make the following generalizations. In the finer-
grained lagoon beds, where cleavage is more prominent,
porosity-based permeability will decrease with decreasing grain
size and increasing strain by diffusion creep. In shoal and
build up facies, the coarser-grained facies will have an inher-
ently higher porosity and throughgoing fractures will increase
permeability, while in regions of intense cataclastic flow both
porosity and permeability, and thus reservoir quality will de-
crease (e.g. Mitra, 1987). By characterizing the distribution
and orientations of deformation features at multiple structural
positions, we determined fold kinematics with the character-
ization of lithotectonic units.

5.2. Fold kinematics

AMS measurements in the La Casita, Cupido and Cuesta
del Cura Formations on the north limb, the Cupido Formation
on the south limb, and the Aurora Formation on the north dip-
ping limb of the Arista syncline all record fabric orientations
consistent with early layer parallel shortening (Table 1,
Fig. 4). These fabrics are similar to prefolding layer-parallel
fabrics observed in the Appalachian Valley and Ridge and
Plateau Provinces (Nickelsen, 1979; Geiser and Engelder, 1982;
Gray and Mitra, 1999), and the Umbre-Marche Apennines
(Tavarnelli, 1999). However, in the Mexican foreland, as com-
pared to the Appalachian and Apennine carbonate thrust
sheets, pressure solution strain has not produced visible cleav-
age. The cleavage front in the Spanish Pyrenees is coincident
with a principal shortening from pressure solution strain of
>5% at temperatures of >195�C (Holl and Anastasio,
1995), which are hotter than estimates from the Mexican fore-
land (Gray et al., 2001). AMS fabrics in the Taraises, Cupido,
La Pe~na and Aurora Formations agree with strain directions
inferred from discontinuous brittle features, suggesting strain
is homogeneous and that AMS is a sensitive recorder of low
temperature penetrative strain in these competent limestones
and less competent argillaceous limestones and shales. Addi-
tionally, AMS and mesoscale fabric orientations agree in the
Taraises and La Pe~na Formations on the north limb, and indi-
cate late fold flattening. Likewise, mesoscopic deformation
features from the La Casita, Cupido, and Aurora Formations
on the north limb, and the Taraises, Cupido, and Aurora For-
mation on the south limb are consistent with late flattening.

The presence of bed-parallel faults, sheared stylolites, and
AMS data from the lower Cupido Formation, indicate that fol-
lowing early layer-parallel shortening, lithotectonic unit 3 de-
formed by a combination of flexural-slip and orthogonal
flexure, with discrete bed-parallel slip concentrated along bed-
ding surfaces in the less competent, more anisotropic facies
(Fig. 7c). Similarly, mesoscopic deformation features in litho-
tectonic units 2 and 4 indicate discrete strain partitioning along
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Fig. 7. Deformation history of the Mexican section (top blocks) and the corresponding strain history in the 5 lithotectonic units (lower blocks). (A) Pre-tectonic

compaction is followed by (B) layer-parallel shortening and then (C) buckling and finally (D) late flattening.
numerous bedding planes during folding (Fig. 7c). There is ev-
idence at both the mesoscopic and microscopic scale of late
fold flattening (Fig. 7d). This is not surprising given the over-
all tightness of the anticlinorium. Flexural processes are pro-
gressively inefficient in fold tightening and shortening as
limbs steepen beyond 45� dips (Ramsay, 1967; Woodward,
1997; Fischer and Jackson, 1999).
In Sierra del Fraile, the superposition of mesoscopic
structures suggests evolving kinematics during folding (e.g.
Gray and Mitra, 1999; Tavarnelli, 1999) (Fig. 7). Less com-
petent, more anisotropic lithotectonic units 2, 4, and 5 expe-
rienced compaction then flexural-slip folding, while the
more competent, less anisotropic lithotectonic unit 3 was
first compacted to generate bed-parallel stylolites, then
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Fig. 8. Sierra del Fraile kinematics and lithotectonic units (separated by bold dashed lines) of the Mexican foreland.
deformed by layer-parallel shortening, and finally folded by
a combination of flexural-slip and orthogonal flexure. At the
largest-scale, hingeward shear on opposing fold limbs
constrains pin lines at fold hinges (Ramsay, 1967)
(Fig. 8). A pinned anticline and syncline fold hinge argues
for constant limb length and requires a variable décollement
horizon within the Minas Viejas evaporites (Homza and
Wallace, 1995, 1997). Depth-to-detachment calculations
from Fig. 1c suggest basal décollement depths in the Minas
Viejas Formation could have varied between w7 km and
w4 km across the Coahuila Marginal Folded Province.

Deformation patterns within the five lithotectonic units in-
dicate multiple detachment horizons during folding. In addi-
tion to the regional décollement in the Minas Viejas
Formation, a greater amount of shortening in lithotectonic 5
than unit 4 indicates a décollement horizon in the Parras
Formation; a previously recognized décollement horizon in
the Coahuila Marginal Folded Province (Wilson, 1999;
Higuera-Diaz et al., 2005). Similarly, the strong discordance
between mesoscopic deformation patterns in lithotectonic
units 2 and 3 supports a décollement horizon at the boundary
between these units. This décollement is at a different strati-
graphic level in the Taraises Formation on each limb, due to
stratigraphic differences on the preorogenic platform. In
each case the décollement is located at the transition from
the finer-grained, thinner-bedded, deeper-water limestones
and shales, to the coarser-grained, thicker-bedded, shallower-
water limestones.

At Sierra del Fraile, individual shallowing upward carbon-
ate cycles show variations in anisotropy and competency
(Fig. 9). A lack of penetrative strain with an abundance of ex-
tension fractures dominate in massively bedded build up fa-
cies, while bedding-parallel faults and penetrative strain as
measured by AMS dominates in both shallow and deeper wa-
ter facies (i.e. lagoonal, shoal, basinal, etc.). This partitioning
of discrete and penetrative strain varies regularly as a function
of facies, which in platform carbonates are controlled by
changes in water depth.
Fig. 9. Individual shallowing upward carbonate cycles show both variations in anisotropy and competency as a function of lithology and bed thickness. This pattern

of discrete and penetrative strain varies regularly as a function of facies.
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6. Conclusions

Stratigraphy in the Sierra del Fraile décollement fold in
northeast Mexico controlled the partitioning of discrete and
penetrative strain, as well as fold kinematics. Differences in
competency and anisotropy of the carbonate section, largely
influenced by variations in detrital content and bedding thick-
ness, resulted in characteristic patterns of deformation at the
regional to outcrop scales. Décollement folding occurred by
limb rotation about fixed anticlinal and synclinal hinges,
with a mobile décollement horizon in the ductile evaporites
that core the anticlinorium. Deformation patterns allow for
the delineation of five lithotectonic units. The orientations of
AMS fabrics and mesoscopic deformation features generally
agree with one another and suggest that following initial com-
pactive stylolites in lithotectonic unit 3, several beds were sub-
jected to layer-parallel shortening. Continued shortening
resulted in flexural slip folding in lithotectonic units 2, 4,
and 5 and a combination of flexural-slip and orthogonal flex-
ure in lithotectonic 3, the stiffest member. Variations in orien-
tation and abundances of deformation features between the
lithotectonic units suggest regional décollement horizons in
the upper Taraises Formation between lithotectonic units 2
and 3, and the shales of the Parras Formation between lithotec-
tonic units 4 and 5, as well as in between lithotectonic units 1
and 2. The ability to predict deformation behavior and thus
fold kinematics in lithotectonic units allows for the prediction
of reservoir properties within the anticlinorium and by analogy
across an orogen.
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