
Earth and Planetary Science Letters 391 (2014) 263–273
Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Newly-formed illite preserves fluid sources during folding of shale and
limestone rocks; an example from the Mexican Fold-Thrust Belt

Elisa Fitz-Díaz a,b,∗, Antoni Camprubí b, Edith Cienfuegos-Alvarado b,
Pedro Morales-Puente b, Anja M. Schleicher a, Ben van der Pluijm a

a Department of Earth & Environmental Sciences, University of Michigan, 1100 North University Ave., Ann Arbor, MI 48109-1005, United States
b Instituto de Geología, Universidad Nacional Autónoma de México, Ciudad Universitaria, 04510 México DF, Mexico

a r t i c l e i n f o a b s t r a c t

Article history:
Received 24 May 2013
Received in revised form 25 October 2013
Accepted 16 December 2013
Available online xxxx
Editor: G.M. Henderson

Keywords:
illite
folds
veins
fluid inclusions
water
stable isotopes

We combine structural, fluid-inclusion microthermometry, illite-crystallinity, X-Ray Diffraction (XRD) and
O and H stable isotope analyses of authigenic illite to determine the source of local fluids interacting
with rock during folding in anchizonal shales of the Mexican Fold-Thrust Belt (MFTB). A well-exposed
train of mesoscopic, asymmetrical folds in a sequence of Cretaceous limestones interbedded with shale
was targeted for this study. We test the hypothesis that syn-folding vein minerals and clay minerals were
formed from the same fluids by comparing the δ2H composition of inclusion fluids in calcite and quartz
from veins, and from illite concentrates from sheared shale layers, and the sources of that fluid.
Five clay size-fractions (<0.05, 0.05–0.2, 0.2–1, 1–2, and <2 μm) were separated from eight shale
samples. In the 40 clay grain-size fractions analyzed, illite, calcite, kaolinite, smectite, chlorite and minor
quartz were identified by XRD analysis. Most samples show different proportions of various clay minerals,
except for the finer fractions in two of the samples (BL3 and BL4) were illite is the only clay phase
present. The discriminating potential of δ18O values of clay is generally masked by the abundance of
calcite in all samples. In contrast, samples containing chlorite and smectite show very low values in δ2H
(−75.9 to −53.9�), while samples containing illite and kaolinite or pure illite show relatively high δ2H
values (−33.1 to −50.1�). The latter fall within the δ2H range (−39 to −49�) determined in fluid
inclusions of syntectonic veins, indicating isotopic equilibrium between water, veins fillings and illitic
clay during deformation, according to fractionation factors at these temperatures (220–250 ◦C). The δ2H
values and fluid inclusion salinities in the sampled rocks indicate that water active during folding was
partly marine and partly meteoric and that the amount of such pore-water represented a small fraction
of the deformed rock volume. Our study demonstrates that the H-isotopic composition of anchizonal
illitic clays, commonly present in exhumed fold-thrust belts, can be used to determine the source(s) of
fluids that were active during deformation.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Fluids play an essential role in the evolution of sedimentary
sequences into fold-thrust belts by means of facilitating fracturing
and/or faulting on a range of scales (e.g., Hubbert and Rubey, 1959;
Ramsay, 1967; Engelder, 1984; Fyfe and Kerrich, 1985; Hudleston,
1989; Cosgrove, 1993; Bjørlykke, 1997; Sibson, 1997; Anastasio et
al., 2004; Evans and Fischer, 2012) and by supporting chemical re-
actions during pressure-solution and material transfer processes
(e.g., Durney, 1972; Rutter, 1983) within the rock volume. These
processes commonly involve soluble materials at low tempera-
tures, such as calcite and quartz, as well as the coeval formation
of clay minerals (Marshak and Engelder, 1984; Eslinger and Yeh,
1986; Ferket et al., 2003; Hilgers et al., 2006). Numerous studies
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based on comparative geochemical, structural and fluid inclusion
analyses of syntectonic veins that were formed in folded layers
or thrust zones, have allowed an understanding of fluid circula-
tion, and constraining pressure and temperature conditions dur-
ing deformation (Rye and Bradbury, 1988; Foreman and Dunne,
1991; Hodgkins and Stewart, 1994; Kirschner and Kennedy, 2001;
Richards et al., 2002; Travé et al., 2007; Fitz-Díaz et al., 2008;
Lacroix et al., 2011). The source of fluids active during defor-
mation of sedimentary sequences has been mostly investigated
by means of carbonate geochemistry and microthermometry of
fluid inclusions trapped in calcite and quartz of syntectonic veins
(Fischer et al., 2009; Fitz-Díaz et al., 2011; Evans et al., 2012;
Lacroix et al., 2012). The formation of authigenic illite is well
documented in basinal sequences and fold-thrust belts at very
low metamorphic grade (see Merriman and Frey, 1999, and ref-
erences therein), and fractionation factors of H and O isotopes
between water and illite or illite/smectite have been investigated
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Fig. 1. The studied rocks of the Zimapán Basin of the Mexican Fold-Thrust Belt. (a) Road cut exposure of folded limestone layers interbedded with chert bands and shale
layers. (b) Schematic representation of the asymmetrical folds, showing attenuation in the forelimb of folds, the distribution of syntectonic veins in dilation areas around the
fold and spots where some samples were collected for analysis of water trapped in fluid inclusions (white circles), clays from shale layers (black circles) and limestone layers
(black squares). To the right, photographs (c) and (d) show close-ups to sites FL1 and BL1 sampled in this study in an asymmetrical fold to the right of those in (a) but part
of the same train. Below (c) and (d), photomicrographs in (e) and (f) show evidence of strong internal deformation within the limestone layers, evidenced by distortion of
calcispherulid shells. The abundance of stylolites and pressure-solution seams suggests material transfer as a main deformation mechanism in these rocks.
over the last four decades (Savin and Epstein, 1970; James and
Baker, 1976; Eslinger et al., 1979; Yeh, 1980; Capuano, 1992;
Sheppard and Gilg, 1996; Chacko et al., 2001; Hyeong and Ca-
puano, 2004). However, only few studies use H and/or O sta-
ble isotopes from illite and illite–smectite to track the origin of
the fluid from which they precipitated (Eslinger and Yeh, 1986;
Compton et al., 1999). This paucity is due to several reasons, in-
cluding: (1) it is difficult to separate pure illitic clay from rocks
because their small grain size (<2 μm) complicates physical sepa-
ration from other phases and chemical separation can alter isotopic
compositions, (2) oxygen is present in calcite and quartz, which
are commonly found in association with clay minerals in sedimen-
tary rocks, thus rendering interpretation of δ18O of clays difficult,
(3) hydrogen, in contrast, is a main component of clay minerals
and is not present in other common minerals of shale (e.g., calcite,
quartz and hematite), except that organic matter present can affect
the isotopic composition of clay minerals, (4) the amount of struc-
tural water (OH in octahedral layers) in discrete illite is small com-
pared to atmospheric water that can be adsorbed on the clay sur-
face area during sample preparation, producing significant isotopic
shifts during measurements, so careful sample preparation (water
extraction in a vacuum line or fast drying and packing) is neces-
sary, and (5) discrepancies in fractionation factors of 2H between
illite/smectite and water reported in the literature (e.g., Yeh, 1980;
Capuano, 1992) can complicate the application of δ2H analysis to
constrain the source of fluid.

Given the importance of knowledge of fluid sources for a
range of geologic phenomena and to examine whether illite
is able to preserve the signature of fluids, we analyzed dif-
ferent size-fractions of clays in eight shale samples from a
continuously-exposed sequence of multilayer, mesoscopic chevron
folds. These folds were the result of flexural slip/flow (Ramsay,
1967; Hudleston, 1989) with associated veining in the hinges
and attenuated forelimbs, and a strong shear parallel to bedding
in bentonitic shale layers, but also evident in limestone layers
by thickness variations and distortions of calcispherulids shelves
on the microscopic scale (Fig. 1). Fluids provided the means for
pressure-solution and material transfer during folding, allowing
stylolite formation and vein precipitation within limestone layers
and illite growth in shale layers. The isotopic signature of au-
thigenic illite-bearing shale should be in agreement with that of
water trapped in fluid inclusions of syntectonic veins at the tem-
perature of deformation, using the fractionation factor of Capuano
(1992) for temperatures >200 ◦C. In previous work (Fitz-Díaz et
al., 2011) a well-constrained range of δ2H values for water from
primary and pseudosecondary fluid inclusions trapped in syntec-
tonic veins was determined. Temperatures of homogenization (160
to 190 ◦C) were also obtained from these fluid inclusions, which,
after pressure correction (Goldstein and Reynolds, 1994), provided
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Fig. 2. Correlation between temperature and difference in δ2H values for illite/smectite–illite, kaolinite and chlorite, based on fractionation factors reported in the literature.
This plot predicts isotopic compositions of clays in equilibrium with water at a given temperature. On the right side of the figure we show the predicted compositions for
clays in the analyzed outcrop, based on a temperature of deformation of 225–250 ◦C, and δ2H = −44� wrt VSMOW for water active during deformation.
temperatures of trapping between 220 and 250 ◦C. With this in-
formation we adopt the fractionation factor for hydrogen between
structural water (which excludes water in smectite interlayers) in
illite/smectite and pore water of Capuano (1992) over that of Yeh
(1980), from which different results would be obtained (Fig. 2). The
fractionation factor of Capuano (1992) takes into account samples
below the uppermost 3 kilometers from the Gulf Coast basin, in
which illite is poorly crystalized and is interlayered with smectite,
and samples that experienced geopressurized conditions (more
than 3 km of cover) where discrete illite prevails (see Hyeong and
Capuano, 2004, for further discussion). The shale layers targeted in
this study contain discrete illite as the dominant phase and were
similarly exposed to geopressurized conditions, as indicated by the
abundance of veins confined within and among layers. Whereas
kaolinite, chlorite, and smectite are also present in different pro-
portions in some of the samples, we target discrete illite as the
main focus of this study, because Ar/Ar ages of illite from a sam-
ple in this outcrop demonstrate that it grew during deformation
(Fitz-Díaz et al., in press).

We test if discrete illite satisfies predicted values from the frac-
tionation factor of Capuano (1992), by considering the composition
of water active during deformation (trapped in fluid inclusions)
and the temperature range of deformation. Then, we examine the
implications of the measured isotopic compositions in terms of
fluid origin (i.e., metamorphic, formational, meteoric), fluid bud-
get and fluid circulation within the folded carbonate horizons of
the evolving fold-thrust wedge.

2. The studied outcrop

The train of mesoscopic asymmetrical chevron folds studied in
this paper is well-exposed and involves a sequence of 20–50 cm
thick limestone layers interbedded with thin layers of bentonitic
shale and chert bands of the Tamaulipas Formation, which is
the characteristic unit of the Cretaceous Zimapán Basin in cen-
tral eastern Mexico (Suter, 1987; Fig. 1a). The folds are roughly
oriented NW–SE and have axial planes and cleavage/stylolites that
dip steeply to the SW (Fitz-Díaz et al., 2012), and show attenuated
forelimbs compared to backlimbs. This geometry mimics the gen-
eral orientation of the Zimapán Basin and is consistent with SW–
NE directed shortening. The sedimentary sequences in the Zimapán
Basin consist of about 800–1200 m of Cretaceous basinal carbon-
ate rocks, where 300–500 m of those correspond to the Tamaulipas
Formation. This basin was confined between two relatively rigid
carbonate platforms during deformation and accommodated about
60% shortening, dominantly by folding and by pressure solution
and material transfer (Fitz-Díaz et al., 2012). No major thrusts or
reverse stratigraphic offsets have been recognized within the basin.

Prior studies that were carried out in this outcrop provided rel-
evant information to the present study. δ13C and δ18O comparative
analyses in calcite from syntectonic veins and host rock showed
identical isotopic values (Table 1), thus indicating that most of
the vein calcite was derived from the host rocks through exten-
sive fluid–rock interaction between limestone and water, and/or
the possibility that a limited amount of non-formational water was
involved in the deformation of these rocks (Fitz-Díaz et al., 2011).
δ2H analyses of water trapped in primary and pseudo-secondary
fluid inclusions gave an average δ2H value of ∼−44 ± 5� for the
water active during deformation, which is very similar among the
four samples collected across the outcrop (Table 1, Fig. 1b). Mi-
crothermometry of fluid inclusions in these veins indicated that
they belong to the H2O–NaCl system, with salinities that range be-
tween 8 and 9 wt.% NaCl equivalent, and no other fluids present.
Temperature of deformation varies between 220 and 250 ◦C. Lastly,
Ar–Ar geochronology of the same clay size-fractions used from
sample FL1 in this study (sample SZ3-FL in Fitz-Díaz et al., in
press) shows that these minerals precipitated during deformation
in the Late Cretaceous (76.5 ± 1.0 Ma).

3. Methods

We combine existing isotopic and microthermometric studies in
fluid inclusions from veins (Fitz-Díaz et al., 2011) to examine if il-
litic clays preserve the same isotopic composition of water during
deformation. For this purpose we centered our analysis on 4 sam-
ples collected in the forelimb (FL samples) and 4 samples in the
backlimb (BL samples, Table 2) of asymmetrical folds in outcrop,
matching sample locations of previously analyzed veins (Fig. 1b).
We collected 300 grams of shale samples in both limbs to test if
strain history or disposition/dip of the layers has an effect on min-
eralogical variations and/or isotopic compositions. In these sam-
ples, five different size-fractions were separated by centrifugation,
to separate illite from other phases in the different size-fractions,
to obtain isotopic signatures of illite.
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Table 1
Stable isotope data measured in calcite and water sources used in the present analysis. On the left, δ13C and δ18O measured in calcite from limestone layers and syntectonic
veins, and δ2H measured in water trapped in fluid inclusions in calcite and quartz. Some of this water was extracted from calcite at 400 ◦C at once or in 100 ◦C steps of
heating (these data were previously reported in the Annex of Fitz-Díaz et al., 2011). VSMOW = normalized with the Vienna Standard Mean Ocean Water; PDB = normalized
with the Pee Dee Belemnite standard.
3.1. Clay characterization

Clay separation involved rock crushing, dispersion of powder
in de-ionized water in an ultrasonic bath, separation of different
clay size-fractions (<0.05 μm, fine; 0.05–0.2 μm, medium-fine;
0.2–1 μm, medium-coarse; 1–2 μm, coarse and <2 μm, bulk clay
size-fraction) by centrifugation, and sample drying. Randomly ori-
ented preparations of the <2 μm clay size-fraction samples were
created to characterize the mineralogy by scanning from 2◦–50◦
2θ (Cu Kα) at a rate of 1◦ per minute. This allowed verifica-
tion that no other phases containing hydrogen were present in
the clay size-fractions. Oriented clay slurry mounts with a con-
centration of at least 3 mg/cm2 of the five separated size-fractions
were prepared (by sedimentation onto glass slides) and measured
from 2 to 30◦ 2θ under air-dried and glycolated conditions and af-
ter heating the samples at 550 ◦C for 2 hours (Fig. 3). Air-dried
and heated samples were measured at a rate of 1◦/min, while
XRD measurements of glycolated preparations were carried at a
speed of 1◦/20 seconds. Mineralogical identification, the presence
of discrete smectite and smectite, possibly interlayered with il-
lite and/or chlorite, was identified by comparing XRD patterns in
air-dried and glycolated preparations as described by Moore and
Reynolds (1997). Comparison of peak heights of the basal reflection
of 001-kaolinite and 002-chlorite and 002-kaolinite/004-chlorite in
air-dried and heated conditions showed the occurrence of kaolinite
in the presence of chlorite (Brindley and Brown, 1980). Although
these analyses do not permit full clay quantification, they allow
identification of discrete and mixed phases, and comparing rela-
tive abundances among the different samples.
In order to test temperature of deformation determined from
fluid inclusions, we measured the illite crystallinity (IC) or Kübler
index (Kübler, 1967 and 1968) of clays. The IC corresponds to the
full width (�2θ angle) at the half maximum of the 001 basal re-
flection of the 1 nm peak of illite in the XRD pattern of an oriented
preparation, which gives a measure of the ordering/thickness of il-
lite crystallites. This property of illite has been attributed to the
temperature of formation (Kübler, 1967 and 1968). Calibration of
the IC followed the procedure of Warr and Rice (1994) and tem-
perature estimated considering data reported in Kisch and Merri-
man (1991), Merriman and Peacor (1999) and Merriman and Frey
(1999). Those obtained by fluid inclusion microthermometry, are
discussed below.

Scanning Electron Microscopy (SEM) allowed high-resolution
optical imaging of textural features of the samples. Minerals and
their topographic expression were studied in rock-chips coated
with gold and analyzed in the secondary electron mode; min-
eral phases were analyzed by Energy Dispersive X-ray Spectroscopy
(EDS). SEM images showed the distribution of large clay grains
(pieces of which could be present in the larger clay size-fractions
analyzed) with respect to cleavage or pores fillings.

3.2. Stable isotope analysis

Five size-fractions (bulk, coarse, medium-coarse, fine-medium
and fine) from each of the eight shale samples, for a total of 40
aliquots, were analyzed. After air drying, part of the samples were
used for XRD characterization and part of them for stable isotope
analyses.
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Table 2
Composition of analyzed samples, illite crystallinity (IC) and δ2H and δ18O measured in different clay minerals concentrated in different grain-size fractions: B � 2 μm,
C = 0.2–1 μm, MC = 1–0.2 μm, FM = 0.2–0.05 μm and F � 0.05 μm (analytical errors are in the order of ±3�).
In order to verify that no atmospheric water was absorbed on
the clay surface prior to isotopic measurements, the samples were
first dried at room temperature, and then at 60 ◦C for 24, 48 and
168 hours in an oven, and were packed in silver capsules. The sam-
ples that were dried this way for more than 48 hours showed the
best reproducibility and the most positive values, suggesting that
atmospheric water adsorbed on clay surface was minimal. There-
fore, we repeated this procedure for all samples and measured
duplicates in each case. After quickly packing 2–3 mg of dried clay
size-fractions in silver capsules, they were immediately measured
or temporarily stored in a vacuum line to prevent any atmospheric
water adsorption on the silver capsule before their analysis. Be-
cause of the temperature conditions of deformation (>200 ◦C), we
targeted discrete illite in this study, which has virtually no inter-
layered smectite, as confirmed by XRD analyses. We consider that
extraction of interlayered water from smectite in a vacuum line
prior the analysis of δ2H of illite unnecessary since, unlike in sam-
ples analyzed by Yeh (1980) and Capuano (1992), where illite in
most samples was interlayered with smectite, the samples here
contain only discrete illite.

The δ2H and δ18O analyses were done at the Instituto de Ge-
ología of the Universidad Nacional Autónoma de México, using a
TC/EA reduction unit at 1400 ◦C with a Conflo III unit as inter-
face to a Finnigan MAT 253 mass spectrometer. Packed samples
and silver-packed water standards were pyrolized at 1400 ◦C in a
glassy carbon reaction tube. The gas thus released was separated
in a heated GC column and admitted online into the spectrom-
eter along with the international standards (VSMOW, SLAP, GISP
and NBS-22 in silver tubes made by the USGS at the Reston Sta-
ble Isotope Laboratory) and NBS-22 and IAEA-CH7 in silver capsule,
which were analyzed before, during, and after the samples in this
study. All isotopic results in this study are reported as permil de-
viations with respect to the VSMOW-SLAP standard (Coplen, 1988
and 1994).

3.3. Determining the temperature of deformation

Primary fluid inclusions trapped in calcite and quartz from syn-
tectonic veins were selected for microthermometric studies (e.g.,
Fig. 4 in Fitz-Díaz et al., 2011) by using the petrographic dis-
crimination criteria of Goldstein and Reynolds (1994) and Touret
(2001); post-trapping modifications were avoided. All the analyzed
fluid inclusions were liquid-rich with neither daughter minerals
nor presence of immiscible liquids at room temperature (Fitz-Díaz
et al., 2011). Temperatures of homogenization (Th) and tempera-
tures of ice melting (Tmi) were obtained from fluid inclusions by
using a Linkam THMSG 600 thermal stage (available at the Insti-
tuto de Geología, Universidad Nacional Autónoma de México) that
was calibrated with synthetic fluid inclusions, with an estimated
analytical precision of ±0.2 ◦C and ±2 ◦C at low and high tem-
perature determinations, respectively. The analyzed fluid inclusions
corresponded to the H2O–NaCl system, as suggested by tempera-
tures of melting ice −5.2 to −4.5 ◦C, a salinity of 8–9 wt.% NaCl
equiv., and the isochores were calculated with the equations of
state of Bodnar and Vityk (1994) from temperatures of ice melt-
ing and temperature of homogenization. The obtained tempera-
tures of homogenization (160–190 ◦C) correspond to temperatures
of trapping between 220 and 250 ◦C by applying pressure correc-
tion (Goldstein and Reynolds, 1994), for which lithostatic condi-
tions (since veins are confined to layers), an average geothermal
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Fig. 3. Examples of XRD patterns of two samples: FL3 is rich in smectite, and BL4 is rich in illite and smectite, and chlorite free. XRD measurements were carried out
in oriented preparations of four different clay size-fractions for each sample. Patterns in black correspond to XRD measurements in air-dried samples, grey patterns were
obtained after glycolation, and dotted patterns after heating samples at 550 ◦C for 2 hours. The characteristic basal spectra of clay minerals are indicated in each pattern.
gradient of 28 ◦C/km in foreland basins (Blackwell et al., 1999) and
a geobaric gradient of ∼26 MPa/km (assuming an average rock
density of 2.7 g/cm3) were used. This range of temperature is in
good agreement with the anchizonal conditions at which the ob-
served illite was formed, supported by illite crystallinity data (e.g.,
Merriman and Peacor, 1999).

4. Results

4.1. Mineralogical characterization of shale samples

The clay mineral phases that contain H are illite, kaolinite, chlo-
rite and smectite, and occur in samples that also contain calcite
and quartz (Table 2). Samples FL1, BL3 and BL4 and BL2 contain
illite as the main clay mineral, followed by kaolinite, and in the
coarser fraction only recognizable traces of chlorite. BL4 is the only
sample where chlorite and smectite are completely absent in all
size-fractions (Fig. 3, Annex, Fig. A1). In contrast, samples BL1, FL2,
FL3 and FL4 show considerable amounts of smectite and chlorite,
particularly concentrated in the coarser fractions (Fig. 3, Fig. A1). In
samples FL3, FL4 and BL1, and only in coarser size-fractions of BL2
and BL3 smectite seems to be interlayered with chlorite, accord-
ing to the shifts observed in the 001 basal reflection of smectite
in the air dried and glycolated preparations (Moore and Reynolds,
1997). With exception of finest fractions in BL1, significant shifts in
the 001 reflection of illite were observed in the samples, indicat-
ing that most of the illite present in the samples is discrete illite
(not interlayered with smectite, Moore and Reynolds, 1997). Full
mineralogical determinations were not possible in the finest grain
size-fraction in most cases, because clay minerals are scarce.

The illite crystallinity index (IC) was determined in 40 oriented
preparations, with confident measurements from well-defined
peaks of the illite 10 Å reflection in the coarser fractions (<2 μm,
coarse and medium coarse) and with lower confidence in the
finer fractions (fine-medium and fine). After instrument calibration
of measurements using the approach by Warr and Rice (1994),
the IC measurements and IC∗ (calibrated IC) range in the an-
alyzed samples from 0.4 to 0.9�2θ , generally smaller in the
coarser fractions than in the finer fractions (Table 2). The small-
est IC∗ of 0.4 indicates that temperatures of deformation exceeded
200 ◦C (Kisch and Merriman, 1991; Merriman and Frey, 1999;
Merriman and Peacor, 1999), matching the temperatures ob-
tained by microthermometry of fluid inclusions. Four size fractions
(<0.05, 0.05–0.2, 0.2–1, and 1–2 μm) from samples BL1 and FL1
were dated with Ar–Ar; only the three coarser fractions of FL1 had
sufficient illite and therefore Ar to produce reliable ages in a nar-
row range between 74.6 and 77.1 Ma (these results are reported in
Fitz-Díaz et al., in press, where sample FL1 is coded as SZ3). The
facts that (1) all illite ages are younger than rock deposition and
contemporaneous to deformation (Fitz-Díaz et al., 2012), (2) the
dominant illite polytype (2M1) is consistent with the T of defor-
mation, and (3) well-crystallized illite in the coarser fractions is
aligned in the axial plane cleavage, as observed in SEM images
(Fig. 4), demonstrate that illite is authigenic.

SEM observations show more porous textures in samples FL2
and FL4 (Fig. 4e, f), containing strongly altered, pseudo-hexagonal
illite growing adjacent to altered chlorite. Very small grains of
illite–smectite and/or smectite grow as pore-fillings, suggesting
that smectite is a product of secondary, late alteration. This is
also supported by the fact that smectite is unstable at the mea-
sured temperature of deformation (see Fig. 2.1 in Merriman and
Peacor, 1999), so it cannot be coeval with discrete 2M1 illite. In
contrast, samples BL4 and FL1 (Fig. 4a–d) show relatively large il-
lite grains (2–10 micron in average size) with pseudo-hexagonal
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Fig. 4. SEM secondary electron images showing textural aspects of the studied samples: (a) surfaces of BL3 samples showing a homogeneous granular texture and spaced
cleavage domains with illite grains oriented parallel; (b) close-up of cleavage domains in (a); (c) pervasive cleavage in FL1 defined by elongate grains of calcite and quartz
enveloped by illite grains; (d) close-up of (c); (e) mostly random distribution of illite, smectite and chlorite in the porous shale sample FL2; (f) aspect of a pore in the porous
sample FL4.
crystal shapes and some irregular sutured crystal edges, locally
defining a homogeneous, anastomosing fabric that is sub-parallel
to cleavage domains. Quartz and calcite grains are located between
the illite crystals.

4.2. Stable isotope analyses in clay size-fractions

The δ2H and δ18O values determined in 40 clay concentrates
are listed in Table 2. These data constitute average values of du-
plicate measurements, and these pairs are consistent with the es-
timated analytical error of ±3�. The δ18O values vary between
−6.9 and 20.9�, and all samples show the same behavior, with
the lowest values in the coarser size-fractions and the highest
values in the smallest size-fractions. δ2H results are as follows:
(1) in general, samples with one or two clay phases (e.g., illite
and kaolinite) exhibit the best reproducibility (up to 1� differ-
ence among measurements), (2) samples that contain chlorite and
smectite show a poorer reproducibility (within 5�), and (3) bulk-
size-fractions show in general the lowest values (with respect to
other size-fractions in the same sample) and the weakest repro-
ducibility (up to 10�), which probably reflects the mineralogical
heterogeneity of these fractions. The exceptions are samples that
contain illite as the predominant clay phase, notably the BL4 sam-
ple, where isotopic values are close in all size-fractions. For this
reason the bulk-size-fractions were excluded from further analy-
ses. Samples with high smectite and chlorite contents show the
lowest isotopic values, which range between −75.9 and −53.9�,
whereas illite- and kaolinite-dominated samples show the highest
isotopic values, ranging between −33.1 and −50.1� (Table 2 and
Fig. 5).

5. Discussion

5.1. Reproducibility/reliability of stable isotope data in clay concentrates

We examine δ2H and δ18O data obtained in each clay size-
fraction in the context of mineralogical composition of these sam-
ples, from which we make the following observations:
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Fig. 5. Stable isotope compositions of clay size-fractions. (a) δ18O measured in four different size-fractions of the eight analyzed samples; note the increase of δ18O as grain
size decreases and calcite concentration increases. (b) δ2H size-fraction from samples rich in illite and kaolinite; circled data contain illite as the main clay component;
other components (calcite and little quartz) do not affect the δ2H composition. (c) δ2H size-fraction from samples rich in smectite and chlorite. The predicted δ2H values for
chlorite and illite in equilibrium with water is about −44� at 225 ◦C, based on the fractionation factors by Graham et al. (1984, 1987) and Hyeong and Capuano (2004).
1) δ18O values vary from −6.9 in calcite-poor samples (coarser
fractions) to 20.9� in calcite-rich samples (finer size-fractions,
Table 2, Fig. 5, and Fig. A1), which is close the 26.4� value
that corresponds to the average composition of the Cretaceous
limestone layers in the study area (Fitz-Díaz et al., 2011). This
suggests the role of Cretaceous carbonates in all the analyzed
clay concentrates. In addition to calcite, the presence of mul-
tiple clay phases and quartz add complexity to the determina-
tion of δ18O values for pore water, even when a homogeneous
pore water reservoir at the outcrop scale is assumed. There-
fore, δ18O data are not able to discriminate the sources of
water involved during deformation.

2) The bulk clay size-fractions (<2 μm) show considerable vari-
ability and the lowest values in δ2H, which reflects the hetero-
geneous nature of this fraction and the high contents in chlo-
ritic clay, whose fractionation factor in 2H with water differs
from that of kaolinite and illite within the relevant tempera-
ture range (Fig. 2). Therefore, these data were excluded from
further discussion of fluid sources.

3) The smallest clay size-fractions (i.e. 2–1, 1–0.2, 0.2–0.05, and
<0.05 μm) yield better mineralogical sorting than merely the
clay size-fraction <2 μm; in general, chloritic and smectitic
clay are enriched in the coarser fractions, and illitic and
kaolinitic clay in the finer fractions. These compositional vari-
ations are reflected in the δ2H values, which are higher in
the illite- or kaolinite-rich samples, when compared to the
chlorite- or smectite-rich samples (Table 2 and Fig. A1) and
are in good agreement with predicted δ2H values from the
fractionation factors of Lambert and Epstein (1980), Graham
et al. (1984 and 1987), and Capuano (1992) for the illite-
water, kaolinite-water and chlorite-water systems, respectively
(Fig. 2). This indicates that illite, chlorite and kaolinite pre-
cipitated from the same fluids and “remember” its isotopic
signature.

4) Porous samples (i.e., soft in hand specimen) display the high-
est content of smectite, reflecting secondary alteration, adding
complexity to the interpretation of δ2H values in these sam-
ples. Indeed, this later generation of fluids is not likely as-
sociated with deformation and shows similar values to local
meteoric fluids (Fitz-Díaz et al., 2011).

5) Independent of grain size, samples that show the best repro-
ducibility are compact in hand specimen and contain one or, at
most, two clay mineral phases. A good example of this is sam-
ple BL4, in which δ2H values from different clay size-fractions
(including bulk-size-fraction) are about the same within ana-
lytical error. Chlorite-free samples that contain illite and kaoli-
nite, such as the finest fractions of samples of FL1 and BL3,
showed similar values to those of sample BL4, thus suggesting
that the isotopic composition of kaolinite and illite are very
similar. The latter indicates that these minerals precipitated
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from the same fluid and “remember” its isotopic signature (see
circled data in Fig. 5b, and Table 2).

5.2. Composition of water during deformation

Water trapped in fluid inclusions hosted in calcite and quartz
from syn-folding veins was released by decrepitating the fluid in-
clusions at 100 ◦C heating steps in a vacuum line (200 to 400 ◦C
in calcite and 300 to 600 ◦C in quartz) and immediately trapped in
Pyrex tubes for δ2H analyses (Fitz-Díaz et al., 2011). No other fluid
that could affect the resulting δ2H values (e.g., hydrocarbons) was
detected or released during this procedure (see Vennemann and
O’Neil, 1993). We assume that water released at the lowest tem-
peratures came mostly from fluid inclusions trapped along healed
microfractures (secondary inclusions), whereas water released at
the highest temperatures (300 to 400 ◦C in calcite and 500◦ to
600 ◦C in quartz) came from pseudosecondary or primary fluid in-
clusions. The water released from secondary fluid inclusions yields
the lowest δ2H values (as low as −61.2�), whereas the water
released from assumed primary and pseudo-secondary fluid inclu-
sions provides the highest δ2H values within a consistent range of
−41.9 to −45.6� (Table 1). Considering the analytical error, we
constrain a relatively homogeneous composition for water active
during deformation between −39 and −49� across the studied
outcrop. The fact that secondary fluid inclusions show lower δ2H
values in either case indicates a later passage of fluids with a
dominant meteoric water component, which has been previously
recorded in other outcrops within the Zimapán Basin and across
the Mexican Fold-Thrust Belt (Fitz-Díaz et al., 2011).

The δ2H values of samples that contain only illite and kaolinite
(BL4, BL3 and FL1), and only illite in the finer fractions, vary be-
tween −37.7 and −50.2�, which is in good agreement with the
predicted δ2H compositions for illite and kaolinite considering the
composition of water within fluid inclusions. Such prediction ac-
counts for temperatures of deformation between 220 and 250 ◦C
in isotopic equilibrium between water and illite or kaolinite by
using the fractionation factors by Capuano (1992) and Lambert
and Epstein (1980), respectively (Fig. 2). This indicates that well-
preserved illitic clay precipitated in the anchizone from pore water
during folding. This is also in good accordance with Ar illite age
determinations in sample FL1 of 76.5 ± 1.0 Ma (Fitz-Díaz et al., in
press), and the preservation of the δ2H signature of water involved
in deformation. Isotopic equilibrium between authigenic kaolinite
and illite with pore water has also been well documented in sedi-
mentary basins during diagenesis (e.g., Longstaffe and Ayalon, 1987
and 1990), and between illite and chlorite and pore water in thrust
zones (Lacroix et al., 2012) basins, so we surmise that we are ob-
serving the same phenomenon.

5.3. Pore water and folding

Regional folding affecting a heterogeneous package of sedimen-
tary layers (including limestones, shales and cherts) in the middle
of the Zimapán Basin in spatially confined conditions, with (1) an
elevated pore water pressure (thus allowing fracturing), (2) water–
rock interaction (thus promoting pressure solution and material
transfer), and (3) restricted fluid flow during folding. These con-
ditions are deduced from the temperature of deformation, the in-
volvement of impermeable shale layers in deformation, the paucity
of thrust (as channels for fluid flow), and pervasive pressure-
solution cleavage and syntectonic veins in limestone layers across
the outcrop. In this scenario, pore water circulation occurs along
and across layers through syntectonic fractures/veins, thus allow-
ing a relatively homogeneous composition of the water during
deformation at the outcrop scale. This phenomenon of homoge-
nization and compartmentalization of fluid within a horizon has
also been observed on kilometer-scale folds (Anastasio et al., 2004;
Fischer et al., 2009; Evans and Fischer, 2012; Evans et al., 2012)
and is strongly controlled by stratigraphy and the lithological,
structural, geochemical and petrological variations of the fluid–
rock system. Fluid compartmentalization commonly involves the
presence of shale-rich sequences covering a permeable or semiper-
meable horizon, such as the sequence of Late Cretaceous turbidites
covering the Tamaulipas Formation in the Zimapán Basin (Suter,
1987). After removal of the relatively impermeable horizon by ero-
sion, and the subsequent decompression of the rocks underneath,
the progressive influx of meteoric fluids into the folded rock as-
semblage would have been favored. In the studied outcrop, this is
supported by lower δ2H values in secondary than in primary and
pseudosecondary fluid inclusions, and by lower δ2H values in late
smectite-rich than in illite- or kaolinite-rich samples.

5.4. Origin and budget of water active during deformation

Given the marine origin of the host rocks, the temperature
of deformation, and the absence of contemporaneous magmatism,
we identify two possible sources for water during deformation:
(a) marine to formational water, and (b) meteoric water, and their
mixtures. On one hand, if the fluid source were purely marine,
δ2H values around 0� would be expected, according to Eslinger
and Yeh (1986) and Compton et al. (1999); on the other hand,
for dominantly meteoric sources, δ2H values between −70 and
−60� would be expected, as indicated by the composition of wa-
ter extracted from karst-related late veins in the Zimapán Basin
(Fitz-Díaz et al., 2011). Such a range is also similar to that reported
for recent meteoric water in Mexico (Wassenaar et al., 2009).

The measured −38 to −50� range for δ2H values in the
present study requires a significant involvement of meteoric flu-
ids, as well as remnants of modified marine water, supported by
the presence of NaCl–H2O very diluted brines in fluid inclusions.
Specifically, the intermediate δ2H signature suggests that the me-
teoric water represented a significant fraction (50% or more) of
the active water during deformation. The primary porosity of shale
and limestone buried more than 5 km (assuming a surface T of
30 ◦C and a geothermal gradient of 28 ◦C/km) represents 5% or
less of the total volume (Schmoker and Gautier, 1989), as cemen-
tation seals a considerable amount of the original pore volume
(Bjørlykke and Hoeg, 1997). Thus, secondary, fold-related fractur-
ing likely increased the porosity of these rocks, following fracture
porosity models (e.g., Adams, 2000). The amount of meteoric water
that infiltrated the rocks of the Zimapán Basin during deformation
probably represented less than 5% of the rock volume, consider-
ing that this could have been the maximum pore volume after
diagenesis, that pore water is a mixture between formational wa-
ter (with a δ2H around 0�) and meteoric water (with δ2H as
low as −70�) and that the isotopic composition recorded in il-
lite and water from fluid inclusions is intermediate to those two
sources. This scenario of limited fluid and restricted circulation
contrasts with the vast amount of circulation through fracture net-
works that is proposed for ancient (Fisher et al., 1995) and active
accretionary fold-thrust wedges (Saffer and Tobin, 2011). However,
fluid flow analyses in kilometer-scale folds from structural, fluid
inclusions and geochemical analyses in fold-related veins have
shown that hydrology during deformation represent a dynamic
system (Sibson, 1997; Evans and Battles, 1999; Ferket et al., 2003;
Hilgers et al., 2006; Travé et al., 2007; Fitz-Díaz et al., 2011;
Evans and Fischer, 2012). It involves cycles of compression and
relaxation during which fracturing/veining can occur, thus facilitat-
ing fluid infiltration through repeatedly evolving fracture networks.
Some studies have also shown that stylolites and pressure-solution
seams allow fluid flow along them (Bjørlykke, 1997; Deschamps
et al., 2004), although fluid circulation through interconnected
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fractures/veins and stylolites or pressure-solution cleavage do-
mains is not as efficient in allowing fluid flow as major faulting.

6. Conclusions

We use an integrated approach to study fluid source(s) in de-
formed basinal sequences of northern mexico, including: (1) δ2H
values of water trapped in fluid inclusions of syn-folding veins,
(2) δ2H values of structural water of syn-folding illite in the same
train of mesoscopic folds, which are consistent with δ2H values
in inclusion fluids, (3) H isotope fractionation factors between il-
lite and water and well-constrained temperatures of deformation,
(5) salinity data from fluid inclusions microthermometry, (6) Ar–
Ar illite geochronology, which shows that illite was coeval with
local deformation, and (7) XRD based mineralogical data that al-
low discrimination between samples containing only discrete illite
from those containing multiple clay minerals. The results show
that discrete illite, formed in anchizonal bentonitic shale, is able to
preserve the isotopic composition of water from which it precip-
itated during deformation. The fractionation factor of 2H between
illite and water of Capuano (1992), which considers isotopic data
from illite under geopressurized conditions, works well for illite
that precipitated between 220 and 250 ◦C. The fractionation factor
by Yeh (1980), on the other hand, underestimates the 2H content
in illite with respect to water.

By applying our methodology to illite in folded layers of the
Mexican Fold-Thrust Belt we are able to constrain δ2H values be-
tween −38 and −50� for pore water active during their for-
mation in the Zimapán Basin. This suggests a homogeneous fluid
reservoir at the outcrop scale, which, based on fluid inclusion stud-
ies, contained formational brines. Deformation occurred at tem-
peratures that range from 220 to 250 ◦C, as determined from
microthermometry of fluid inclusions and the crystallinity index
of neoformed illite. The system was proportionally affected by
meteoric water inflow, likely through an evolving, dynamically-
connected pore, fracture and stylolite/cleavage network during
folding. Contrary to studies in accretionary prisms, where fluid ac-
tive during deformation represents multiples of the rock volume,
the amount of fluid that was active during deformation in these
rocks only represents a fraction of the rock volume. Combined with
high pore fluid pressure, this suggests productive rock/water inter-
action and reuse/recycling of pore water during pressure-solution
and material transfer associated with regional deformation.
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