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a b s t r a c t

In the northern part of the Calchaquí Valley (NW Argentina), Palaeogene Andean foreland sediments are
represented by a 1400-metre-thick continental succession (QLC: Quebrada de Los Colorados Formation)
consisting of claystones, siltstones, sandstones, and conglomerates representing sedimentation in fluvial-
alluvial plains and alluvial fan settings. To understand the main syn- and postsedimentary variables
controlling the clay mineral assemblages of this succession, we have studied the fine-grained clastic
sediments by X-ray diffraction and electron microscopy, along with a detailed sedimentary facies
analysis, for two representative sections. In the northern section, the whole succession was sampled and
analysed by XRD, whereas in the second section, a control point 15 km to the south, only the basal levels
were analysed. The XRD study revealed a strong contrast in clay mineral assemblages between these two
sections as well as with sections in the central Calchaquí Valley studied previously. In the northernmost
part of the study area, a complete evolution from smectite at the top to R3 illite/smectite mixed-layers
plus authigenic kaolinite at the bottom, through R1-type mixed-layers in between, has been recog-
nized, indicating the attainment of late diagenesis. In contrast, the clay mineral assemblages of equiv-
alent foreland sediments cropping out only 15 km to the south contain abundant smectite and micas,
subordinate kaolinite and chlorite, and no I/S mixed-layers to the bottom of the sequence. Early diage-
netic conditions were also inferred in a previous study for equivalent sediments of the QLC Formation
cropping out to the south, in the central Calchaquí Valley, as smectite occurs in basal strata. Burial depths
of approximately 3000 m were estimated for the QLC Formation in the central and northern Calchaquí
Valley; in addition, an intermediate to slightly low geothermal gradient can be considered likely for both
areas as foreland basins are regarded as hypothermal basins. Consequently, the attainment of late
diagenesis in the northernmost study area cannot be explained by significant differences in burial depth
nor in geothermal gradient in relation to the section 15 km to the south nor with the central Calchaquí
Valley. The formation of R3 mixed-layer I/S and authigenic kaolinite in the northern study area was most
likely controlled by the circulation of hot, deep fluids along the reverse faults that bounded the Calchaquí
valley. These faults were active during the Cenozoic, as evidenced by the syndepositional deformation
features preserved in the studied sediments. Stress could also have been a driving force in burial
diagenesis at the R3 mixed-layer I/S stage in these young continental sediments.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Variations in the clay mineral assemblages of ancient deposits
have been successfully employed to investigate long-term trends in
provenance and palaeoclimate of a variety of sedimentary succes-
sions all over the world (Adatte et al., 2002; Fagel et al., 2003;
Do Campo), nieto@ugr.es
ongn@aol.com (F. Hongn).

All rights reserved.
Suresh et al., 2004; Dera et al., 2009). Depending on the interplay
of several variables including climate, tectonics, source area li-
thology, and burial history, sediments can contain clay minerals of
detrital or diagenetic (neoformed and/or transformed) origin.
Detrital clay minerals are derived directly from the weathering of
crystalline rocks in the basin and drainage areas, but can also be
recycled from ancient sedimentary rocks. In successions that have
not been buried deeply, variations in clay-mineral assemblages are
frequently employed to reconstruct palaeoclimatic changes, based
upon the premise that the other variables play a secondary role
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Fig. 1. A) Satellite image of the northern Calchaquí Valley, sampling sites (Saladillo and Cerro Bayo) are shown. The location of Tin Tin basin, previously studied by Do Campo et al.
(2010), is also shown. B) Location and geological map of the northern Calchaquí Valley. C) Detailed geological map of the Saladillo area and location of stratigraphic log described in
Fig. 2.
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(Adatte et al., 2002; Saèz et al., 2003; Suresh et al., 2004; Fesharaki
et al., 2007). In this context, Chamley (1989) proposed the kaolinite/
muscovite ratio (Kln/Ms) as a palaeoclimatic indicator taking into
account that fined-grained white mica represents a product of
predominantly physical weathering typical of dry climates,
whereas kaolinite formation is favoured by wet climates and re-
quires a minimum temperature of 15 �C (Adatte et al., 2002).
However, such approaches must be used with caution because clay
minerals can only be used as a palaeoclimatic proxy when they
derive frommature and mineralogically differentiated soils formed
during the same sedimentary cycle (Thiry, 2000). Furthermore, in
active settings, tectonism can change the dominant composition of
the detritus carried to the basin since it can modify continental
morphology and produce changes in source areas.

On the other hand, when the clay assemblages are modified by
diagenetic reactions, clay minerals are useful to constrain a basin’s
thermal history (Dorsey et al.,1988; Arostegui et al., 2006; Collo et al.,
2011). The transformation of smectite to illite through illite/smectite
(I/S) mixed-layers is one of the main mineral reactions during the
burial diagenesis of mudstones (Merriman and Peacor, 1999). This
transformation has received considerable attention since the mid-
seventies not only due to academic interest but also because it is
closely associated with the initial steps of hydrocarbon generation
and its subsequent migration (e.g. Pollastro, 1993). Consequently,
numerous research papers have attempted to correlate the state of
reaction progress of the smectite-I/S-illite series with burial tem-
perature and also with organic indicators of basin maturity, such as
vitrinite reflectance (Bevins et al., 1996; Arostegui et al., 2006).

Even though the study of clay mineral assemblages in
conjunctionwith facies analysis has been established as a powerful
tool in basin analysis, this approach has been little used so far to
decipher the complex history of Andean foreland basins (Net et al.,
2002; Do Campo et al., 2010; Collo et al., 2011). As foreland basins
receive synorogenic sediments from fold-thrust belts, under-
standing their sedimentary and tectonic evolution could contribute
to understanding the history of the orogen itself.

As part of an extensive study on the evolution of Palaeogene
Andean foreland basins in NW Argentina, we have undertaken a
study of clay-mineral assemblages applying XRD, SEM, and
detailed sedimentary facies analysis for three representative sec-
tions in the northern (Saladillo and Cerro Bayo areas) and central
Calchaquí Valley (Tin Tin basin, Fig. 1). The results of the miner-
alogical and sedimentological study of a 1400-metre-thick Palae-
ogene succession of the Tin Tin basin had been presented in a
previous contribution (Do Campo et al., 2010). In that area,
smectite occurs in the basal siltstones of the foreland sediments,
thereby suggesting early diagenesis for the entire sequence, in
agreement with the burial depths of w3000 m estimated for the
sediment column. In contrast, in the northernmost part of the
Calchaquí Valley, a preliminary study evidenced I/S mixed-layers
in the basal levels (Do Campo et al., 2008), indicative of late
diagenesis. Moreover, the XRD study revealed a strong contrast in
kaolinite abundances between the central and northern regions of
the Calchaquí Valley. The present study has focused on the clay
mineral assemblages of Palaeogene foreland sediments, the Que-
brada de los Colorados Formation (QLC), cropping out in the
northern Calchaquí Valley (NW Argentina, Fig. 1). This 1400-
metre-thick continental succession constitutes the first filling of
the Andean foreland basin, recently defined as a broken foreland
(del Papa et al., 2013).

The main objectives of this study are twofold: 1) link the vari-
ations in clay mineral assemblages across a north-south transect
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along the stratigraphic column.
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with variations in factors contemporaneous with sedimentation,
such as tectonism, source area lithology, and local palae-
oenvironmental conditions; and 2) unravel parameters controlling
the contrasting patterns in the diagenetic evolution of the I/S
mixed-layers of the foreland sediments using X-ray diffraction,
SEM, and TEM in conjunctionwith sedimentary facies analyses. We
aim to test the usefulness of clay mineral analysis in the under-
standing of complex Andean foreland basin evolution.

2. Geological framework

The Central Andes of Northwestern Argentina comprise five
morphotectonic provinces (Puna Plateau, Eastern Cordillera, Sub-
andean belt, Santa Bárbara system, and Sierras Pampeanas), each
characterized by different tectonic styles and stratigraphic succes-
sions (Jordan et al., 1983); all of them resulted from the subduction
of the Farallón/Nazca Plate beneath the South American Plate. The
Calchaquí Valley is located in the Eastern Cordillera, a
Table 1
Mineralogical composition of the clay fraction in the Saladillo area based on XRD results
employingMIF factors proposed byMoore and Reynolds (1997). The type of I/Smixed-laye
in bold were studied by SEM and/or TEM.
morphotectonic unit characterized by thick-skinned tectonics
comprising a basement of Neoproterozoiceearly Cambrian very
low-grade metamorphic rocks and a sedimentary cover grouped
into two main basins (Mon and Salfity, 1995; Allmendinger et al.,
1983): 1) Upper Cretaceous to lower Eocene sandstones and minor
limestone rocks of the Salta rift basin (Salfity and Marquillas, 1994;
Marquillas et al., 2005) and 2)middle Eocene to Pliocene sandstones
and conglomerates of the Payogastilla Group, representing the
infilling of the foreland basin (Díaz and Malizzia, 1983; del Papa
et al., 2004) (Fig. 1A). An angular unconformity separates the sedi-
ments of the rift basin infilling from the overlying Payogastilla
Group,whosebasal unit is theQuebradade Los Colorados Formation
(QLC Formation) (Díaz et al., 1987). This foreland basin has had a
complex evolution since its formation in themiddle Eocene (Hongn
et al., 2007, 2011), as evidenced by the spatial distribution of
depocentres, the wedge-shaped basin geometry, as well as intra-
basinal faults controlling sedimentation and local source areas
(Hongn et al., 2007; Payrola et al., 2009; Hongn et al., 2011).
. Semi-quantitative abundances of clay minerals and Kln/Ms ratios were calculated
r corresponds to those identified by deconvolutionmethods (see also Fig. 3). Samples
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Our study focuses on the northern Calchaquí Valley (Saladillo and
Cerro Bayo areas), a NeS striking depression bounded by upward-
convergent reverse faults defining a triangle geometry (Calchaquí
and Toro Muerto; Marrett et al., 1994; Fig. 1B). In this area, the QLC
Formation consists of a 1400-m-thick upward-thickening and
-coarsening continental succession of claystones, siltstones, sand-
stones, and conglomerates, representing sedimentation in fluvial-
alluvial plains and alluvial fan settings (del Papa et al., 2013)
(Fig. 2). Based on unconformities and abrupt changes in the sedi-
mentary facies patterns, three main depositional sequences have
been recognized in the Saladillo and Cerro Bayo areas: Los Colorados
I, Los Colorados II, and Los Colorados III (LC I, LC II, and LC III
respectively, Figs. 1 and 2) (del Papa et al., 2005; Hongn et al., 2007).
The basal strata of the study sections correspond to the Maíz Gordo
Formation (post-rift sequence of the Salta Group), which are overlain
in angular unconformity by the QLC Formation, constituting the first
filling of the foreland (Díaz and Malizzia, 1983; Figs. 1 and 2).

Considerable evidence of synorogenic deposition was identified
at Saladillo by Hongn et al. (2007) based on structural and sedi-
mentary facies analyses. These authors concluded that folding of the
Saladillo syncline was partially contemporaneous with deposition of
the QLC Formation; furthermore, the east-vergent Toro Muerto fault
was also active during sedimentation (Hongn et al., 2007). Defor-
mation events, and consequently fault activity, also took place in the
Neogene and Quaternary, as documented by the intersection of fold
axes (see Fig. 1 in Hongn et al., 2007) and by the dilatant zones
controlling the eruption of the Los Gemelos and Saladillo Quaternary
fault-related volcanic centres (Marrett et al., 1994).
3. Sampling and analytical techniques

Samples for X-ray diffraction (XRD) analysis of bulk samples and
clayemineral analysis of the <2 mm sub-fraction were collected in
Saladillo and Cerro Bayo in the northern Calchaquí Valley (Fig. 1). At
the Saladillo site, sampling covered fined-grained layers (clay-
stones, siltstones, and sandy siltstone beds) of the LC I, LC II, and LC
III sequences, representing sedimentation in an alluvial plain
setting (26 samples). In addition, with the aim of understanding the
burial history of the sequences cropping out in this area, the sam-
pling included not only the sediments of the foreland basin (QLC),
but also the underlying Maíz Gordo Formation (post-rift se-
quences). Samples selected according to XRD data were studied
with scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). Eight of these samples correspond to the
different steps of the smectite / I/S / illite transformation and
one (5-7-08-10W) corresponds to a kaolinite-rich bed. Additionally,
five samples of the basal fine-grained QLC beds were gathered at a
control point 15 km to the south (Cerro Bayo). Standard petro-
graphic analyses were carried out on all samples to determine
mineralogical composition and texture. Thin sections of pelites
Table 2
Mineralogical composition of the clay fraction in the Cerro Bayo area based on XRD resul
employing MIF factors proposed by Moore and Reynolds (1997).
were obtained after resin impregnation (DICAST LY 554) in order to
prevent break down. The mineralogical composition of 33
powdered samples was determined by X-ray diffraction (XRD) us-
ing a Philips PW1050 diffractometer (INGEIS). Clay sub-samples
(<2 mm) were prepared in accordance with the guidelines of
Moore and Reynolds (1997). Details about sample preparation and
diagram interpretation can be found in Do Campo et al. (2010). In
addition, the I/S mixed-layers in these sediments were studied in
depth in ten of the samples with an XRD step scan, using a PAN-
alytical X’Pert Pro diffractometer (CuKa radiation, 45 kV, 40 mA)
equipped with an X’Celerator solid-state linear detector (Departa-
ment of Mineralogy and Petrology, University of Granada). These
XRD traces were deconvoluted with the MacDiff software.

The mineral intensity factors of Moore and Reynolds (1997)
were employed to estimate the relative abundances of micas,
kaolinite, and chlorite. The ratio of kaolinite and mica (Kln/Ms)
abundances, proposed as a palaeoclimatic index by Chamley
(1989), was then calculated. The semi-quantitative analysis of I/S
mixed-layers and smectite was performed selecting their re-
flections around 14e17�2q; peaks in the low-angle region were
only employed when the others were absent (Moore and Reynolds,
1997). Furthermore, the textures and mineralogy of selected clay-
stones and siltstones were examined by SEM employing polished
thin sections using back-scattered electron imaging and X-ray
dispersive (EDS) analysis with a ZEISS DSM 950 scanning electron
microscope (Scientific Instrument Centre, University of Granada,
CIC). Unprocessed chips of the same samples, coated with 50 �A of
carbon, were examined with a FEI, Quanta 400 environmental-
pressure scanning electron microscope using secondary electrons
(CEAMA) (see Do Campo et al., 2010 for image acquisition and
chemical analysis methods). To determine the morphology and
composition of individual I/S mixed-layer particles, we studied four
samples by TEM with a Philips CM-20 working at 200 kV (Univer-
sity of Granada) on scattered powders on gold grids using the same
methods as described in Drief and Nieto (2000). Chemical analyses
were performed with an EDAX microanalysis system. Atomic con-
centration ratios were converted into formulae according to stoi-
chiometry. Accordingly, the structural formulae of I/S mixed-layers
was calculated on the basis of 22 negative charges O10(OH)2. The
tetrahedral sites were filled with Al to make Si þ Al ¼ 4 and the
remaining Al was assigned to octhaedral positions. All the iron was
assumed to be ferric and all Mg was assigned to octahedral sites.
4. Results

4.1. Clay mineralogy

The mineralogy of the clay fraction for the Saladillo and Cerro
Bayo areas is summarized in Tables 1 and 2, respectively. At Sal-
adillo, the Maíz Gordo Formation comprises illite-muscovite, I/S
ts. Semi-quantitative abundances of clay minerals and Kln/Ms ratios were calculated
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mixed-layers, and subordinate kaolinite (Fig. 3G). Deconvolution
discriminates between I/S R3 (y 85e90% illite layers) and subor-
dinate I/S R1 (Fig. 3G right). The lower beds of the overlying QLC
Formation have a similar composition to theMaíz Gordo Formation.
However, less than 50 m upsection, the dominant I/S form is R1,
with subordinate R3 type (Fig. 3F). Then, from the middle of LC I
(around 150 m from the base of the unit), the I/S mixed-layers are
mainly ordered to weakly ordered R1, in general with minor R0
(Table 1, Fig. 3D right). For the same sample (411-4), a deconvolu-
tion performed in the zone of 16e17�2q (not shown) revealed two
peaks (at 5.31 and 5.16) that indicate illite contents of around 65%
and 85% in R1 I/S respectively, according to the Moore and Rey-
nolds’ method (1997). To the top of the LC I sequence, deconvolu-
tion performed on two samples indicates complex mixtures of R0,
R1, and R3 (Table 1, Fig. 3C). In addition, a sharp increase in kaolinite
abundance is recorded towards the middle of LC I, reaching Kln/Ms
peak values of 1.00 and 1.08 in two strata, one of which does not
contain I/S or smectite (Figs. 3E and 2B). Around 50 m upsection, an
abrupt decrease in kaolinite abundance and in the Kln/Ms ratio is
seen in LC I, linked with the reappearance of I/S mixed-layers
(Table 1). The first pelitic bed of LC II has a sharp increase in
kaolinite abundance and Kln/Ms ratio compared to the underlying
LC I levels; however, this is an exception because kaolinite is absent
or very scarce in the overlying pelitic beds in LC II (Fig. 2B). In LC II, I/
S are represented by weakly ordered R1 associated with I/S R0
(Table 1), which becomes the dominant form 380 m from the base
of the unit (Fig. 3B). Then, a pelitic bed in sequence LC III (ca. 750 m
from the unit base) contains abundant micas and smectite, together
with I/S mixed-layers and subordinate kaolinite. Deconvolution
indicates that the latter do not have a unique component; in
contrast, discrimination between I/S R0 and subordinate I/S R1 was
possible (Fig. 3A right). Finally, 930 m from the base of LC III, I/S is
absent, whereas smectite abundance increases (Table 1).

In contrast, the basal beds in sequence LCI at the Cerro Bayo site
contain abundant smectite and micas, subordinate kaolinite and
chlorite, and no I/S mixed-layers (Table 2).

4.2. SEM and TEM

Five samples from the QLC Formation were studied under SEM,
and three were selected for TEM-AEM analysis. In addition, two
samples from the Maíz Gordo Formationwere observed under SEM
and TEM respectively.

According to XRD data, the siltstone of the Maíz Gordo Forma-
tion contains illite-rich I/S R3 (Fig. 4A and B, and Table 3), which
frequently occurs in thematrix in close associationwith illite grains
of similar length that could only be distinguished from each other
by their composition (Fig. 4A and B, EDS 7/1 to 7/10 in Table 3).
Nevertheless, the structural formulae calculated from EDS micro-
analyses do not always permit a clear differentiation between I/S
and illite-like compositions. Likewise, the detrital or authigenic
nature of the illite grains could not be irrefutably determined at the
SEM scale. This siltstone matrix also contains kaolinite, which in
some cases is intermixed with tiny illite grains having extremely
FeeMg-poor and Al-rich compositions (Fig. 4C, EDS 5-2 in Table 3)
that probably resulted from kaolinite layers interleaved at a small
scale. Kaolinite also partly replaces large mica laths, showing dis-
placive precipitation along the cleavage planes, leading to ’fanning’
along the edges of the mica flakes (Fig. 4A) (De Ros, 1998; Arostegui
Fig. 3. Representative X-ray air-dried (a.d.) and ethylene-glycol (E.G.) solvated patterns of
(obtained with MacDiff) of ethylene-glycol solvated patterns for samples containing I/S mixe
sample 5-7-08-4E. D and E), QLC, middle LC I sequence, samples 411-4 and 5-7-08-10W resp
7-08-1W.
et al., 2001). However, kaolinization of micas is only partial and
relatively fresh micas are also common (Fig. 4C). Kaolinite has also
replaced tabular idiomorphic grains (Fig. 4B, lower left), and is the
main component of pelitic lithoclasts up to 200 mm long (Fig. 4A).

TEM examination of clay-sized material from the uppermost
mudstone of the Maíz Gordo Formation and the basal bed of the
QLC revealed dominant thin, irregular platy particles less than 1 mm
in diameter, with scarcer thick platy particles more than 3 mm long.
AEM microanalyses evidence compositions that could correspond
to illite rich-I/S or illite, which is in agreement with the I/S R3 (85e
90% illite layers) indicated by XRD analysis. Illite grains depicting
markedly FeeMg-poor and Al-rich compositions is another feature
in common with the underlying siltstone 5-7-08-1W (Table 3).

In the lower beds of the QLC (Kln/Ms ¼ 0.07), kaolinite occurs as
an alteration product of K-feldspar, with platy and rarely hair-like
morphologies (Fig. 4D) or forming the rock matrix (Fig. 4E). Illitic
phases, which according to microanalysis and XRD correspond to I/
S, were also identified in the matrix or as an alteration product of
plagioclase (Fig. 4D, upper left, EDS 5/4 in Table 3). Scarce quartz
crystals showing embayments and skeletal forms, with I/S filling
the voids, were identified in this sample. Dolomite and minor
calcite cements are closely associated with clay minerals. Chips of
sample 411-4 (sequence LC I) were observed in fresh cut under SEM
(Fig. 4F); mixed-layer I/S occurs as delicate curled foils resembling
the rose-like morphology of smectite grains from the southern
basin (Do Campo et al., 2010), suggesting an authigenic origin.

In the fine sandstones from themiddle of the LC I sequence (5-7-
08-10W, Kln/Ms ¼ 1), kaolinite mainly comprises rounded or sub-
hedral pelitic lithoclasts up to 200 mm long, frequently in close
association with dolomite (Fig. 5A,B,C and D) and less frequently
with calcite (Fig. 5B and C). Kaolinite also replaces albite with
embayments (Fig. 5A and C) or tabular idiomorphic grains (Fig. 5C);
additionally, it seldom replaces detrital mica lamellae along with
displacive precipitation along the edges of mica flakes (Fig. 5A).
Very scarce I/S (Fig. 5D, EDS 1e8 in Table 3), not identified by XRD,
is also present in the matrix. The silty sandstones from the upper
part of sequences LC II show fresh plagioclase and K-feldspar clasts,
as well as unaltered mica laths (Fig. 6A); the matrix is mainly
composed of I/S mixed-layers and subordinate smectite (Fig. 6A),
although tiny illite grains also occur. The basal strata of sequence LC
III also have fresh plagioclase and K-feldspar clasts, as well as un-
altered mica laths (Fig. 6B and C). In these levels, the matrix is
mainly composed of smectite andmicas, with subordinate kaolinite
and I/S (Fig. 6C and D).

4.3. AEM-EDS results

Mixed-layer I/S cannot be differentiated from illite and smectite
based on structural formulae alone because their respective
compositional ranges overlap each other. Therefore, the assignment
of each microanalysis to one phase or the other depends upon
textural evidence (grain size, morphology) as well as the clay
assemblage determined by XRD analyses. However, AEM-EDS an-
alyses suggest the occurrence of subordinate phases not previously
identified by XRD; for example, minor smectite along with R1 or R0
mixed-layer I/S in the upper strata of the Saladillo sequence.
Therefore, assignment to one particular phase is subject to a sig-
nificant error and consequently conclusions based on differentia-
tion among single grains of the same sample could be circular. We
<2 m sub-samples. The right column shows decomposition of the low-angle region
d-layers. A) QLC, LC III, sample 412-2. B) QLC, LC II, sample 5-7-08-7E. C) QLC, upper LC I,
ectively. F) QLC, LC I sequence, sample 5-7-08-6W. G) Maíz Gordo Formation, sample 5-



Fig. 4. BSE images AeC: sample 5-7-08-1W, Maíz Gordo Formation. A) Laths of detrital mica showing pseudomorphic replacement of the lamellae and additional displacive
kaolinite precipitation between the cleavage planes (upper left), rounded detrital grain mainly composed of kaolinite (centre) and mixed-layer I/S in the matrix. B) Detrital mica lath
associated with mixed-layer I/S in the matrix and tabular idiomorphic grain pseudomorphically replaced by kaolinite (lower left). C) Kaolinite intermixed with tiny illite grains in
the matrix. D) Hairy kaolinite growing in a pore, rounded albite grain replaced by mixed-layer I/S in the borders (upper left) (sample 5-7-08-6W, LCI sequence). E) Dolomite
rimming a detrital albite grain, kaolinite in the matrix (lower left) (5-7-08-6W). F) Secondary electron image showing mixed-layer I/S occurring as delicate curled foils (sample 411-4
sequence LC I). Abbreviations of minerals according to Kretz (1983) and updated by Whitney and Evans (2010).
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address possible means to avoid this problem by examining the
chemical compositions of mixed layers in the various samples
based on their predominant I/S phase as determined by XRD ana-
lyses, including all the analysed grains, with the sole exception of
obvious detrital micas. Accordingly, we first depict the composition
of mixed layers sample by sample, but in the following discussion
we have arranged them into three groups: smectite-I/S R0, I/S R1,
and I/S R> 1.We are aware that these criteria increase the apparent
compositional overlap among different phases, but we expect that
general trends can be identified.
Mixed-layer I/S shows a broad compositional range with Si
contents from 3.14 to 3.84 atoms per formula unit (apfu), a sum of
interlayer charges from 0.24 to 0.81 apfu, and Fe þ Mg contents
from 0.00 to 0.83 apfu (Table 3). The FeeMg-poor and Al-rich I/S
corresponds to the siltstones from the Maíz Gordo Formation and
the overlying 5-7-08-3W (QLC, LC I sequence). Such anomalous Al-
rich compositions are frequently accompanied by high octahedral
occupancy and low interlayer charge, probably resulting from
interlayered kaolinite at a small scale, which is in agreement with
SEM observations (Fig. 4A and C). Consequently, such analyses,



Table 3
Representative structural formulae for I/S according to EDS and AEM data; predominant I/S type in each sample, according to XRD, is indicated. Analyses were normalized for 10 O and 2 (OH). Samples 411-4 and 1611-1 were
analysed by AEM, the rest by EDS. *Analyses contaminated with kaolinite.

I/S R3

5-7-08 1W 5-7-08-2W 5-7-08-3W

1/4 2/7 2/8 3/4 4/1 4/5 5/2* 6/8 6/9 6/10 7/1 7/2 7/3 7/4 7/5 7/6 7/9 7/10 6/1 6/2 6/3 6/4 6/5 6/6 6/7 21* 23 2* 6* 9* 13* 18 2 3* 10 19 20

Si 3.28 3.24 3.41 3.38 3.26 3.20 3.14 3.28 3.29 3.30 3.23 3.25 3.27 3.29 3.28 3.25 3.26 3.24 3.23 3.20 3.24 3.26 3.24 3.25 3.30 3.40 3.38 3.47 3.30 3.26 3.34 3.52 3.43 3.26 3.51 3.26 3.41
AlIV 0.72 0.76 0.59 0.62 0.74 0.80 0.86 0.72 0.71 0.70 0.77 0.75 0.73 0.71 0.72 0.75 0.74 0.76 0.77 0.80 0.76 0.74 0.76 0.75 0.70 0.60 0.62 0.53 0.70 0.74 0.66 0.48 0.57 0.74 0.49 0.74 0.59
AlVI 1.62 1.65 1.67 1.47 1.57 1.54 2.00 1.59 1.57 1.56 1.58 1.62 1.56 1.57 1.73 1.74 1.55 1.56 1.64 1.63 1.55 1.54 1.60 1.58 1.62 1.92 1.58 1.99 2.06 1.83 2.10 1.52 1.77 1.94 1.85 1.56 1.53
Fe 0.22 0.20 0.19 0.30 0.24 0.29 0.00 0.23 0.26 0.25 0.24 0.22 0.24 0.25 0.20 0.17 0.24 0.23 0.21 0.21 0.28 0.28 0.25 0.23 0.22 0.04 0.27 0.00 0.00 0.07 0.00 0.18 0.10 0.00 0.14 0.32 0.37
Mg 0.16 0.13 0.17 0.20 0.20 0.21 0.00 0.21 0.17 0.19 0.20 0.17 0.19 0.18 0.08 0.10 0.18 0.19 0.14 0.12 0.23 0.23 0.16 0.19 0.16 0.11 0.25 0.00 0.00 0.16 0.00 0.37 0.16 0.14 0.00 0.27 0.25
Ti 0.03 0.05 0.02 0.01 0.04 0.03 0.00 0.04 0.03 0.04 0.03 0.03 0.05 0.04 0.00 0.02 0.07 0.07 0.04 0.06 0.00 0.02 0.04 0.04 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P

oct. 2.02 2.02 2.05 1.99 2.06 2.07 2.00 2.06 2.03 2.04 2.05 2.04 2.03 2.05 2.01 2.02 2.04 2.05 2.03 2.03 2.06 2.07 2.05 2.05 2.04 2.06 2.09 1.99 2.06 2.06 2.10 2.07 2.03 2.08 1.99 2.15 2.15
K 0.79 0.69 0.55 0.85 0.69 0.71 0.84 0.62 0.67 0.61 0.72 0.69 0.64 0.64 0.70 0.72 0.69 0.69 0.71 0.69 0.77 0.74 0.68 0.65 0.63 0.53 0.55 0.57 0.50 0.61 0.37 0.41 0.64 0.65 0.54 0.57 0.40
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.05 0.00 0.00 0.12 0.00 0.23 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.04 0.02 0.00 0.02 0.02 0.00 0.05 0.05 0.03 0.03 0.03 0.04 0.03 0.04 0.02 0.02 0.02 0.03 0.04 0.02 0.00 0.03 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S int. 0.79 0.77 0.59 0.85 0.73 0.76 0.84 0.71 0.77 0.73 0.77 0.76 0.77 0.71 0.78 0.76 0.72 0.73 0.77 0.78 0.81 0.74 0.74 0.76 0.68 0.53 0.60 0.57 0.50 0.73 0.37 0.64 0.64 0.65 0.54 0.57 0.40
Altot 2.34 2.42 2.26 2.09 2.31 2.33 2.86 2.31 2.27 2.26 2.35 2.36 2.28 2.28 2.45 2.49 2.30 2.33 2.41 2.44 2.31 2.28 2.36 2.34 2.32 2.52 2.19 2.52 2.76 2.57 2.76 2.01 2.33 2.68 2.34 2.30 2.12
Fe þ Mg 0.37 0.32 0.36 0.50 0.45 0.50 0.00 0.43 0.43 0.44 0.44 0.39 0.42 0.43 0.28 0.27 0.42 0.42 0.35 0.33 0.51 0.51 0.41 0.42 0.38 0.14 0.51 0.00 0.00 0.23 0.00 0.55 0.26 0.14 0.14 0.58 0.61

I/S R1

5-7-08-6W 10W 1611-1 411-4

5/4 6/4 8/1 8/2 8/3 8/4 3 2/4 5/13 5/14 1/8 1 2 3 4 6 8 9 10 11 12 13 15 2 3 5 6 9 11 13 14 15 16 18 20 21 22

Si 3.56 3.53 3.45 3.53 3.56 3.58 3.65 3.36 3.57 3.55 3.55 3.45 3.80 3.55 3.58 3.81 3.61 3.47 3.84 3.61 3.27 3.45 3.52 3.41 3.45 3.56 3.45 3.32 3.57 3.56 3.67 3.46 3.38 3.42 3.64 3.41 3.41
AlIV 0.44 0.47 0.55 0.47 0.44 0.42 0.35 0.64 0.43 0.45 0.45 0.55 0.20 0.45 0.42 0.19 0.39 0.53 0.16 0.39 0.73 0.55 0.48 0.59 0.55 0.44 0.55 0.68 0.43 0.44 0.33 0.54 0.62 0.58 0.36 0.59 0.59
AlVI 1.63 1.37 1.38 1.38 1.41 1.41 1.45 1.45 1.32 1.36 1.57 1.61 1.60 1.80 1.61 1.57 1.56 1.59 1.63 1.46 1.40 1.57 1.50 1.63 1.68 1.72 1.66 1.56 1.66 1.72 1.70 1.71 1.74 1.59 1.63 1.58 1.94
Fe 0.08 0.37 0.37 0.36 0.35 0.31 0.26 0.29 0.37 0.33 0.27 0.18 0.12 0.04 0.23 0.14 0.23 0.19 0.12 0.21 0.52 0.19 0.18 0.23 0.14 0.21 0.12 0.26 0.19 0.19 0.12 0.17 0.17 0.21 0.16 0.19 0.03
Mg 0.36 0.24 0.25 0.25 0.25 0.22 0.24 0.24 0.27 0.28 0.15 0.28 0.28 0.18 0.23 0.31 0.26 0.28 0.29 0.35 0.23 0.33 0.33 0.26 0.31 0.21 0.30 0.28 0.24 0.19 0.23 0.19 0.23 0.26 0.23 0.30 0.16
Ti 0.00 0.03 0.04 0.03 0.00 0.05 0.03 0.02 0.03 0.04 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
P

oct. 2.07 2.01 2.04 2.02 2.00 1.98 1.98 2.00 2.00 2.01 2.01 2.07 2.00 2.01 2.06 2.02 2.05 2.07 2.04 2.04 2.15 2.11 2.05 2.12 2.14 2.14 2.08 2.11 2.09 2.10 2.05 2.08 2.14 2.06 2.01 2.08 2.13
K 0.11 0.50 0.58 0.56 0.46 0.55 0.52 0.72 0.54 0.55 0.23 0.44 0.19 0.28 0.23 0.12 0.26 0.35 0.21 0.26 0.37 0.26 0.35 0.38 0.31 0.24 0.46 0.47 0.29 0.21 0.12 0.31 0.24 0.33 0.23 0.35 0.12
Na 0.43 0.08 0.00 0.00 0.11 0.00 0.04 0.07 0.02 0.02 0.00 0.12 0.12 0.30 0.07 0.21 0.14 0.16 0.12 0.21 0.12 0.17 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.19 0.10 0.10 0.14 0.16 0.21 0.14
Ca 0.03 0.04 0.04 0.04 0.06 0.05 0.03 0.03 0.06 0.04 0.15 0.04 0.09 0.00 0.09 0.05 0.05 0.05 0.00 0.07 0.02 0.05 0.07 0.05 0.07 0.00 0.07 0.09 0.05 0.03 0.05 0.03 0.03 0.09 0.09 0.05 0.05
S int. 0.59 0.66 0.66 0.64 0.68 0.64 0.62 0.84 0.67 0.67 0.54 0.63 0.48 0.58 0.47 0.43 0.50 0.61 0.33 0.61 0.52 0.54 0.63 0.49 0.45 0.24 0.60 0.65 0.40 0.33 0.42 0.49 0.42 0.65 0.56 0.67 0.37
Altot 2.07 1.84 1.93 1.85 1.86 1.83 1.79 2.09 1.75 1.80 2.02 2.16 1.80 2.25 2.03 1.77 1.95 2.12 1.78 1.86 2.13 2.11 1.98 2.22 2.23 2.16 2.22 2.25 2.09 2.16 2.03 2.25 2.36 2.17 1.99 2.18 2.52
Fe þ Mg 0.44 0.61 0.62 0.61 0.59 0.53 0.50 0.53 0.65 0.61 0.42 0.46 0.40 0.21 0.45 0.45 0.49 0.47 0.42 0.56 0.75 0.52 0.51 0.49 0.45 0.41 0.42 0.54 0.43 0.38 0.35 0.37 0.40 0.47 0.38 0.49 0.19

I/S R1 I/S R0 e Sm

411-4 411-9 412-2

23 24 25 27 29 31 3/9 4/3 4/4 4/7 2/3 2/4 6/12 8/13 9/16 9/17 1/3 1/4 1/5 1/8 1/10 2/4 2/8 2/12 3/2 3/4 3/5 2/7 3/4 4/1 4/2 4/3 4/4 5/1 5/2 5/5 6/5

Si 3.61 3.33 3.44 3.30 3.50 3.34 3.52 3.76 3.47 3.61 3.57 3.52 3.51 3.52 3.66 3.65 3.59 3.55 3.57 3.49 3.43 3.47 3.79 3.50 3.54 3.56 3.53 3.59 3.50 3.50 3.50 3.53 3.63 3.58 3.60 3.48 3.80
AlIV 0.39 0.67 0.56 0.70 0.50 0.66 0.48 0.24 0.53 0.39 0.43 0.48 0.49 0.48 0.34 0.35 0.41 0.45 0.43 0.51 0.57 0.53 0.21 0.50 0.46 0.44 0.47 0.41 0.50 0.50 0.50 0.47 0.37 0.42 0.40 0.52 0.20
AlVI 1.59 1.54 1.69 1.66 1.66 1.68 1.22 1.42 1.18 1.23 1.22 1.17 1.21 1.25 1.24 1.24 1.31 1.35 1.38 1.25 1.16 1.27 1.29 1.28 1.31 1.33 1.40 1.24 1.36 1.50 1.52 1.28 1.26 1.51 1.51 1.53 1.33
Fe 0.21 0.25 0.17 0.21 0.21 0.18 0.32 0.22 0.36 0.38 0.39 0.42 0.35 0.33 0.38 0.34 0.30 0.29 0.27 0.34 0.41 0.38 0.28 0.32 0.33 0.33 0.24 0.41 0.27 0.22 0.20 0.37 0.40 0.21 0.23 0.19 0.31
Mg 0.29 0.33 0.24 0.19 0.26 0.28 0.42 0.32 0.35 0.31 0.37 0.37 0.47 0.37 0.37 0.37 0.41 0.39 0.37 0.39 0.42 0.39 0.39 0.44 0.41 0.38 0.44 0.36 0.35 0.33 0.32 0.41 0.32 0.35 0.33 0.28 0.32
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.03 0.14 0.08 0.03 0.03 0.03 0.05 0.03 0.06 0.03 0.02 0.02 0.06 0.04 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.02 0.00 0.00 0.01 0.03
P

oct. 2.09 2.12 2.11 2.06 2.13 2.13 2.04 1.99 2.03 2.00 2.01 1.99 2.07 2.00 2.03 2.00 2.04 2.04 2.04 2.04 2.04 2.05 1.99 2.08 2.07 2.07 2.10 2.04 2.01 2.08 2.07 2.08 2.01 2.08 2.07 2.01 2.00
K 0.14 0.37 0.24 0.51 0.16 0.37 0.50 0.40 0.46 0.49 0.43 0.50 0.44 0.52 0.44 0.42 0.48 0.52 0.46 0.48 0.49 0.43 0.34 0.49 0.48 0.46 0.42 0.50 0.61 0.44 0.43 0.49 0.48 0.30 0.30 0.65 0.41
Na 0.17 0.12 0.10 0.05 0.16 0.11 0.00 0.00 0.00 0.00 0.03 0.05 0.04 0.03 0.01 0.09 0.00 0.00 0.00 0.00 0.15 0.09 0.08 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.04 0.00 0.05 0.00 0.00 0.06 0.00
Ca 0.05 0.07 0.07 0.07 0.03 0.04 0.10 0.08 0.10 0.06 0.14 0.15 0.12 0.13 0.07 0.07 0.10 0.09 0.09 0.13 0.10 0.11 0.10 0.10 0.07 0.07 0.07 0.07 0.09 0.07 0.06 0.06 0.06 0.12 0.12 0.02 0.04
S int. 0.42 0.63 0.49 0.70 0.38 0.54 0.71 0.56 0.65 0.62 0.74 0.85 0.71 0.82 0.59 0.64 0.67 0.69 0.65 0.74 0.84 0.74 0.61 0.68 0.62 0.61 0.60 0.64 0.79 0.58 0.58 0.62 0.64 0.54 0.53 0.75 0.50
Altot 1.98 2.22 2.25 2.35 2.16 2.34 1.70 1.65 1.70 1.62 1.65 1.65 1.70 1.73 1.58 1.59 1.72 1.80 1.81 1.76 1.73 1.80 1.50 1.78 1.77 1.77 1.87 1.65 1.86 2.00 2.02 1.75 1.63 1.93 1.91 2.05 1.54
Fe þ Mg 0.50 0.58 0.42 0.40 0.47 0.46 0.74 0.54 0.71 0.69 0.76 0.79 0.82 0.70 0.75 0.70 0.71 0.68 0.64 0.73 0.83 0.77 0.67 0.76 0.74 0.72 0.68 0.77 0.62 0.56 0.52 0.78 0.72 0.56 0.56 0.47 0.63
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Fig. 5. BSE images AeD: Kaolinite occurring in different textural sites in sample 5-7-08-10W (LC I sequence). As subhedral or rounded pelitic lithoclasts composed entirely of
kaolinite (A centre right), or of kaolinite in close association with dolomite (A, centre, B upper right, C centre left, D centre), and less frequently with calcite (B: centre; C: white
arrows, impure calcite: black arrow), forming the matrix (A, D), replacing tabular idiomorphic grains (C, lower right), replacing albite crystals with embayments (A, upper right); less
frequently, kaolinite appears as a pseudomorphic replacement of detrital mica lamellae (A, white arrow). This sample also contains albite grains without evidence of alteration (D
centre) and subordinate I/S in the matrix (D centre).
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identified with an asterisk in Table 3, will not be considered in the
discussion below. On the other hand, Fe þ Mg contents of over
0.77 apfu probably reflect contamination with a ferromagnesian
silicate.

Mixed-layer I/S is widely scattered in the SieFe þ Mg diagram
(Fig. 7A); however, variations along a hypothetical phengite vector
are not significant. At least in part, the data scattering may derive
from a significant Feþ3 content and the Al by Si substitution due to
the smectitic component.

As can be seen in the plots (Fig. 7B and C), when the samples are
grouped according to their predominant I/S phase, the composi-
tional fields of the three groups partially overlap.

Even though the compositional range for all the elements is
wide, clear differences in their trends can be noted in Table 3 and
Fig. 7B. First, as the type of predominant I/S phase, from I/S R3, to
R1, and then to R0, varies gradually from bottom to top, a significant
change obviously occurs in the chemical composition of mixed-
layer I/S with depth.

Significant chemical changes from the top (smectite e R0 I/S) to
the bottom (R3 I/S e illite) can be summed up as follows:

- Si decreases from 3.8 to 3.2
- Al increases from 1.5 to 2.49
- Mg drops from 0.47 to w0.1
- Ca decreases from 0.15 to 0

Fig. 7C shows that awide variation in these chemical parameters
exists within each group; nonetheless, a consistent variational
trend from R0 to R3 (with R1 being intermediate) is also evident.
5. Discussion

5.1. Factors affecting variations in the Kln/Ms ratio

On a global scale, the Early Eocene has been recognized as a
period of optimal climate (EECO; Zachos et al., 1992; Hollis et al.,
2005); since then, the climate has become progressively more
arid. In the study area, in the southern Central Andes (and partic-
ularly in the Puna region), warm and humid conditions during the
Eocene are supported by palaeosols in the Maíz Gordo Formation
(White et al., 2010). Subsequently, well-documented aridity has
persisted from the Oligocene to the Present (Vandervoort et al.,
1995; Clarke, 2006; Strecker et al., 2007). Accordingly, a decrease
in the Kln/Ms ratio, compatible with progressively lower hydro-
lyzing conditions, should be observed (Chamley, 1989). However,
this is not the trend at the Saladillo site (Fig. 2 and Table 1), where
kaolinite abundance as well as Kln/Ms ratios vary sharply and in an
irregular zigzag pattern (Fig. 2 B). Nonetheless, as mentioned above,
kaolinite can only be employed in palaeoclimatic reconstruction
when it comes frommature andmineralogically differentiated soils
developed in the same sedimentary cycle (Thiry, 2000). In the
studied sediments, textural evidence indicates that kaolinite has
two predominant origins, diagenetic and inherited from previous
sedimentary cycles; kaolinite that formed coevally with QLC sedi-
mentation by intense weathering of bedrocks is subordinate or
absent. Diagenetic origin is attested by the occurrence of tabular
idiomorphic grains entirely replaced by kaolinite (Fig. 5A and C) in
beds with high Kln/Ms ratios. In these beds, kaolinite also occurs as
the main component of reworked fine-grained rocks (Fig. 5A).



Fig. 6. A) Unaltered mica laths and K-feldspar clasts in a matrix composed of I/S and subordinate smectite in sample 411-9 (upper part of LC II sequence). Micritic calcite occurs as
anhedral clasts but also mixed with clay minerals in the matrix; BeD: Sample 412-2 (LC III sequence). B) Unaltered grains of K-feldspar, abundant micritic calcite clasts, and minor
smectite in the matrix. C) Matrix detail comprising smectite, tiny detrital micas, and subordinate I/S. D) Lithoclasts of probable sedimentary origin mainly composed of quartz, K-
feldspar, plus a matrix of smectite and illite.
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Taking into account that palaeosol beds, almost smectite-free,
dominated by kaolinite and detrital micas, are characteristic of
the Maíz Gordo Formation (Do Campo et al., 2007; White et al.,
2010), these kaolinite-rich fine-grained lithoclasts are most likely
a consequence of the unroofing of this unit. This interpretation is in
agreement with the angular unconformity relation between Maíz
Gordo and LC I. Therefore, the sharp increase in kaolinite content in
several beds from the LC I and LC II sequences (Fig. 2) cannot be
interpreted in terms of palaeoclimatic changes but instead to the
reworking of palaeosol levels from the Maíz Gordo Formation. At
the same time, such smectite-free parentmaterial could explain the
near lack of I/S (only EDS 1e8 correspond to this phase in sample 5-
7-08-10W) and of smectite in the levels with the highest kaolinite
abundances. In contrast with the northern Calchaquí Valley, where
kaolinite is moderately abundant, towards the south kaolinite is
very scarce or absent (Do Campo et al., 2010). This is in agreement
with a source area dominated by very low-grade metamorphic
rocks and granites, as also deduced from provenance studies (Do
Campo et al., 2010).

5.2. Diagenetic changes

The vertical variation from smectite at the top to I/S R0 to R1, and
then R3 at the base of the QLC in the northernmost Calchaquí Valley
is a typical diagenetic burial pattern (Merriman and Frey, 1999 and
references therein). Moreover, authigenic kaolinite was docu-
mented by SEM images from the base of the Saladillo section
(Fig. 4A and D) up to circa 150 m upsection (Fig. 5BeD). Further-
more, I/S R3 with 85e90% illite layers, as well as diagenetic
kaolinite, have also been recorded in the underlying Maíz Gordo
Formation. It is highly probable that smectite would have been the
common precursor of all the different I/S stages in these sediments,
with their progressive differences throughout the sedimentary
column being a consequence of different degrees of diagenetic
evolution.

Using a combination of EDS and AEM, we have been able to
obtain a representative set of good-quality analyses with a stoi-
chiometry that is coherent with the smectite and illite possible
extreme compositions. The most relevant chemical changes from
the top (smectite - R0 I/S) to the bottom (R3 I/S e illite) are: (1) a
decrease in Si to Al exchange in the tetrahedral layer (Fig. 7B), and
(2) a decrease in Ca contents (Table 3). This compositional trend is
expected for a diagenetic smectite to illite transformation and has
been described in other studies (Nieto et al., 1996; Árkai, 2002).

I/S formation from a smectitic precursor is controlled by several
variables, primarily temperature, original lithology, and K avail-
ability (Abid et al., 2004; Arostegui et al., 2006). The temperatures
estimated for the transformation from I/S R0 to R1 in siliciclastic
sediments of different basins are 75e120 �C (Hoffman and Hower,
1979; Pollastro, 1993; Schegg and Leu, 1996), whereas the transi-
tion temperature from I/S R1 to ordered I/S R3 in sediments older
than 5 Ma would be approximately 175 �C (Pollastro, 1993). Late
diagenetic conditions are also suggested by the occurrence of
authigenic kaolinite in the lowest strata of the Saladillo site because
kaolinite consumption due to prograde reactions in the realm of
burial diagenesis or in geothermal systems occurs at temperatures
of around 200 �C (Boles and Franks, 1979; Merriman and Frey,1999;
Giorgetti et al., 2000).



Fig. 7. Compositional plots for I/S microanalyses. A) sample by sample, B and C) samples grouped according to the dominant type of mixed-layer I/S as determined by XRD analysis
(Table 2): R0 I/S-Sm, R1 I/S or R3 I/S. A) Si e Fe þ Mg plot. B) Si e total Al. C) triangular MR3þ-2R3þ-3R2þ diagram (Velde, 1985), theoretical compositions of muscovite, mont-
morillonite (Mnt) and beidellite (Bei) are included for comparison purposes. MR3þ: (Naþ þ Kþ þ 2Ca2þ), 2R3þ: (total Al þ Feþ3 e Int charge)/2, 3R2þ: (Feþ2 þ Mg2þ)/3 according to
Arroyo (2010).
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In contrast, the clay mineral assemblages of foreland sediments
cropping out at Cerro Bayo, only 15 km to the south, are dominated
by smectite to the bottom of the sequence (Table 2), which indicates
that they were only affected by early diagenesis. Furthermore, in
central parts of the Calchaquí Valley (Tin Tin Basin), previously
described by Do Campo et al. (2010), the basal levels contain
smectite and no I/S mixed-layers.

In the study area, the maximum sedimentary thickness pre-
served above the basal deposits of the QLC Formation is approxi-
mately of 3000m, and so this value can be reasonably assumed as a
minimum for the burial depths of the QLC Formation. However,
burial depth could have been even lower for the Saladillo site as less
sedimentary thickness is recorded in this area, which is in agree-
ment with data indicating early exhumation as deduced from the
w10 Ma Negra Muerta andesite lava flow overlying the 13 Ma
Nevado de Acaymonzonite (Haschke et al., 2005; Riller et al., 2001).
In addition, an intermediate to slightly low geothermal gradient is
likely for the northern and southern basin since foreland basins are
regarded as hypothermal basins, depicting lower geothermal gra-
dients and heat flows than average values (Dorsey et al., 1988; Allen
and Allen, 2005). Therefore, the late diagenesis attested for the
sediments from the base of the study section up to the middle of
sequence LC I could not be explained by the estimated burial con-
ditions. This diagenetic grade also represents a significant contrast
with the early diagenetic conditions inferred for equivalent levels
cropping out towards the south (i.e. Cerro Bayo and Tin Tin basin).
The northern Calchaquí Valley is bounded by the Toro Muerto and
Calchaquí reverse faults, which are only 4 km apart in the Saladillo
area, whereas sampling points are less than 1 km from the fault
planes. These faults were active at several stages during the
Cenozoic, as evidenced by the syndepositional deformation fea-
tures preserved in the Palaeogene sediments studied, the Neogene
refolding of the Eocene folds, the related Quaternary volcanic
centres, and historical earthquakes (Marrett et al., 1994; Hongn
et al., 2007). These faults may have promoted the circulation of
deep fluids that would have favoured smectite illitization in the
proximity of the fault planes. The lack of I/S mixed-layers in the
basal beds of QLC in other areas of the basin, including a control
point only 15 km to the south (Table 2), demonstrates that the
attainment of late diagenesis for these successions is exceptional.
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This heterogeneous pattern of diagenetic evolution could be related
with the fact pointed out by Quinlan (1988) that the palaeo-
geothermal gradient in foreland basins could be heavily influ-
enced by large-scale fluid flow drived by different mechanisms.
According to a hydrological model formulated by Garven and
Freeze (1984), in foreland basins, meteoric water enters the sys-
tem near the foothill and is channelled along permeability
boundaries by the gravitational effect of the sloping water table.
Instead, it was suggested that the overburden pressure related with
the emplacement of orogenic thrust sheets squeezes fluid from the
sediments of the overridden margin, driving it to the foreland basin
(Oliver, 1986). In the case of the northern Calchaquí Valley, the
occurrence of permeable sandstone and conglomeratic sandstone
layers interbedded with siltstone levels may have facilitated fluid
flow in the proximity of the faults. Stress could also have acted as a
driving force that gathered burial diagenesis at the R3 mixed-layer
I/S stage in these continental sediments.

The link between areas depicting enhanced I/S evolution and
the activity of fluids in faulted zones has been mentioned previ-
ously for different basins (Uysal et al., 2000; Abid and Hesse, 2007).

In the case of the Bowen Basin (Queensland, Australia), con-
trasting stages of I/S evolutionwere identified between its northern
and southern areas (Uysal et al., 2000). This contrast could not be
explained by differences in maximum burial as the northern area,
showing enhanced I/S evolution, does not correspond with the
basin depocentre. On the other hand, the northern area of the
Bowen Basin was subjected to extensional tectonic activity during
the Late Triassic. Consequently, these authors postulated that faults
and permeable fracture zones facilitated deep penetration of
meteoric fluids; later, fluids carried heat upwards by convection,
generating local geothermal anomalies that would be responsible
for the intensified I/S evolution in the northern parts of the Bowen
Basin (Uysal et al., 2000).

In addition, Abid and Hesse (2007) have recently postulated the
key role of fluids channelled by faults as directly involved in
diagenetic reactions to explain anomalous areas of enhanced illi-
tization in the offshore Jeanne d’Arc Basin of Canada. This study
found that cross plots of %I in I/S against organic-matter maturation
(R0) are generally linear, supporting temperature control for illiti-
zation. However, these authors found a lack of linear correlation
between %I in I/S and (R0) in the Trans-Basinal Fault zone and part
of the Outer Ridge Complex, areas characterized by numerous
faults. Illitization is particularly rapid in the 30e70% illite range,
causing step-shaped depth profiles that support the supposition
that illitization was not temperature-driven (Abid and Hesse,
2007).

Two recent cases have also demonstrated the decisive role of
faults in diagenetic and very low-temperature metamorphic pro-
cesses in the Canadian Appalachians of Nova Scotia. In the late
Palaeozoic St. Mary’s Basin, the pattern of Kubler index and I/S
mixed-layers indicates a temperature increase towards the Che-
dabucto Fault, produced by two superposed events, the first at
high-anchizoneelower greenschist-facies conditions and the sec-
ond at retrogradeediagenetic conditions (Abad et al., 2010). In the
Silurian-Devonian Arisaig Group, where no correlation exists be-
tween the metamorphic conditions and either the stratigraphic
depth or the strain values measured by phyllosilicate orientation
analyses, the metamorphic grade generally increases towards the
Hollow Fault, and is highest in samples within a 1 km corridor from
the fault surface (Abad et al., 2012).

The data in our study do not allow us to conclude with certainty
whether fluids were directly involved in smectite illitization in
foreland sediments at the Saladillo site, or whether they acted as a
heat carrier circulating through permeable sandstone and
conglomeratic sandstone layers interbedded with siltstone beds.
This study demonstrates that the analysis of clay mineral as-
semblages beyond palaeoclimatic reconstructions is a valuable tool
to understand the complex evolution of foreland basins. Moreover,
the connection between areas with enhanced diagenetic evolution
and fault activity could be a key to search for oil-generating strata in
active basins that, due to shallow burial or low geothermal gradi-
ents, do not entirely reach organic matter maturation.

6. Conclusions

We were able to determine the origin of clay minerals for a
sedimentary succession employing XRD in conjunction with SEM
images. In this succession, kaolinite cannot be used as a palae-
oclimatic proxy; in contrast, sharp increases in kaolinite abundance
reflect a source area episodically dominated by kaolinite-rich
palaeosols that were reworked into the foreland basin.

On the other hand, the authigenic kaolinite plus R3 illite/
smectite mixed-layer assemblage in the basal 150m at the Saladillo
site indicates late diagenesis. The diagenetic grade indicated by clay
minerals is exceptional for a sequence that underwent shallow
burial (w3000 m) in a low geothermal gradient basin. The faults
that bounded the northern Calchaquí Valley (Toro Muerto and
Calchaquí reverse faults), active during the deposition of the QLC
Formation, may have promoted the circulation of hot, deep fluids
that favoured smectite illitization. Furthermore, the upward
convergence of the Toro Muerto and Calchaquí faults could have
promoted a stress concentration, particularly in narrower zones of
the valley such as those surveyed in this study. This stress could
have acted as a driving force that promoted burial diagenesis at the
R3 mixed-layered I/S stage in these continental sediments.
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