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ABSTRACT

We present mineralogic, isotopic and thermochronologic analyses on psammopelitic and

tuffaceous levels from the Bermejo and Vinchina basins – both foreland depocentres of the

Central Andes of Argentina – that define a low-temperature regime for the crust akin to a slab

shallowing and flattening process. The contents of illite in illite/smectite interstratified (I/S)

show a progressive illitization into the deeper parts of both basins. The distribution of I/S is

compatible with theoretical simulations and predicted heat flow values of ca. 26 mW m�2 in the

8–3.4 Ma interval for the Vinchina Basin and ca. 42 mW m�2 since 9 Ma for the Bermejo

Basin. The latter shows heat flow values that are comparable to those reported by magnetotel-

luric analysis (36–40 mW m�2) in agreement with previously published heat flow calculations

along the modern Andean foreland. The Rb–Sr isochrones in psammopelites (<2 lm fractions)

show ages between 125 and 165 Ma, whereas the K–Ar ages decrease as the grain size is smaller

(136–224 Ma for 1–2 lm, 112–159 Ma for 0.2–1 lm, 76–116 Ma for <0.2 l and 39.3–42 Ma

for <0.1 lm). These ages are significantly older than the sedimentation in the basins (ca. 16 Ma

for the Vinchina Basin; U–Pb age), and can be explained by the presence of a significant

amount of detrital components, mainly illite, even in the finer fractions. The preservation of

detrital ages is consistent with the shallow diagenesis related to a low-temperature regime,

proposed here for the basins. Younger K–Ar ages (21.3–12 Ma) were obtained for a basal

tuffaceous level. Clay mineralogy and R0 ordering in the deepest part of the Vinchina Basin,

together with the evolution model of I/S with depth, suggest that the burial temperatures would

have not exceeded ca. 100°C in agreement with (U–Th)/He analyses performed on apatite

extracted from two tuffaceous units. Thermal indicators from both studied basins confirm the

existence of a low-temperature regime during flat subduction.

INTRODUCTION

The characterization of thermal regimes during the

time-spatial interval allow a simple estimation of the

temperatures reached by clastic basins, constituting a

powerful tool to understand their mechanical and ther-

mal properties, fundamental aspects in tectonic and

geodynamic reconstructions. Hence, the mineralogical

analyses on different clay fractions combined with their

geochronology using various techniques coupled with

low-temperature thermochronology are widely used for

estimating the time of the maximum temperature, cool-

ing and reheating episodes in sedimentary basins. In

particular, palaeo-thermometry and thermochronology

data from sedimentary successions may be useful to

track temperature changes in time and space related to

subsidence-exhumation history and possible heat flux

changes. Such techniques have proven powerful tools

for hydrocarbon exploration (Allen & Allen, 2005) as

well as for basin and geodynamic modelling studies that

require constraints on palaeo-heat flow and the palaeo-

thermal state of local crust (Pollack et al., 1993;

Gutscher et al., 2000; Husson & Moretti, 2002; Collo

et al., 2011).
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In this study, we used mineralogical and geochrono-

logical analyses of clay fractions, combined with apatite

(U–Th)/He thermochronometry to define the thermal

histories of Mio-Pliocene sedimentary rocks deposited

in two foreland basins with a thick stratigraphic section

located in the central Andes of Argentina, namely the

Vinchina and Bermejo basins. Exposures within the

Vinchina Basin, (Ramos, 1970; Jordan & Alonso, 1987)

show >10 km of synorogenic strata along the thrust

front, at the foothill of the Andes that were exhumed

<3.5–4 Ma ago (Collo et al., 2011 and references

therein). Vinchina rocks can be correlated with subsur-

face successions in the 6-km thick Bermejo Basin (Jor-

dan et al., 1993; Fig. 1). The Vinchina Basin subsided

during the Miocene flat slab regime (Anderson et al.,
2007) and was exhumed in the Pliocene when subduc-

tion became steeper along this segment (Fig. 1). By

contrast Miocene deposition in the Bermejo Basin, took

place during a normal subduction regime and today the

basin is located above the flat slab segment (Fig. 1).

Study of the palaeo-thermal regimes in these two

basins offers an opportunity to examine if and how

heat flow varied in time and space (along strike) in

association with slab shallowing and flattening

(Gutscher et al., 2000; Husson & Moretti, 2002; Collo

et al., 2011; among others) considering that the Juan

Fern�andez Ridge (considered the main mechanism for

driving slab buoyancy Kay & Mpodozis, 2002) shifted

southwards during subduction. In order to define burial

and exhumation histories and improve understanding

of the palaeo-thermal evolution of the Vinchina and

Bermejo basins during the main period of Andean

mountain building (i.e. last 20 million years) we dated

volcaniclastic levels (zircon U–Pb geochronology), char-

acterized the growth history of clay minerals (K–Ar
and Rb–Sr) and applied low-temperature ther-

mochronology (apatite (U–Th)/He) to samples from

the deepest parts of the basin.

GEOLOGYOF THE VINCHINA AND
BERMEJOBASINS

TheVinchina Basin

This synorogenic Neogene basin locally reaches a thick-

ness of ca. 10 km. Outcrops are relatively continuous in

the Sierra de los Colorados (28–30° LS) (Ramos, 1970), of

the La Rioja province of the Central Andes in Argentina

(see Fig. 1). The basin stratigraphy is represented by the

Vinchina and Toro Negro formations (Turner, 1964;

Fig. 2). Sedimentation occurred between the Early Mio-

cene and Pliocene (Ciccioli et al., 2005, 2014a,b; Collo
et al., 2011 and references therein). Magnetostratigraphic

studies (Reynolds et al., 1990; Re & Barredo, 1993) tied

to zircon fission track ages on tuff levels (Tabbutt, 1986),

as well as recent U–Pb chronology (D�avila et al., 2008;
Collo et al., 2011, 2014; Ciccioli et al., 2012, 2014b) con-
strain the deposition of sediments to between ca. 16 and

ca. 3.4 Ma. Subhorizontal conglomerates unconformably

lying on top of the dipping sequence of the Toro Negro
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and Vinchina formations indicate that erosion and

exhumation of the Vinchina Basin occurred after 3.4 Ma

ago (youngest age of Toro Negro Formation). Although

no radiometric ages are available for the horizontal con-

glomerates in the study area, equivalent units to the

northeast (in Fiambal�a, Punashotter conglomerates) were

recently dated between 3.77 and 3.05 Ma (Carrapa et al.,
2008) and eastward ones (in Famatina, Santa Florentina

Formation) were biostratigraphically constrained to the

Plio-Pleistocene (Lencinas, 1994). These ages indicate

that Vinchina Basin sedimentation lasted ca. 16 myr and

the residence time at maximum burial was short-lived

before its exhumation.

The Bermejo Basin

This basin is located to the south of the Vinchina Basin

and mainly outcrops along the Eastern Precordillera
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(30–33° LS, Fig. 1) except between the Precordillera and

the Sierra de Valle F�ertil where the sequence remains

buried (Fig. 3). Although the stratigraphy is known,

mainly by outcrop studies (see Jordan et al., 1993, 2001;
Milana et al., 2003; and references therein), seismic inter-

pretations and borehole studies (Zapata & Allmendinger,

1996) have allowed the correlation and comparison with

other synorogenic basins along the Andes, such as the

Vinchina Basin. The Bermejo stratigraphy has been

divided into three formations named Huachipampa, Que-

brada del Cura and Rio Jachal (Jordan et al., 1993).

Although parts of the basin have been affected by thrust-

ing, most boreholes show a continuous Tertiary sequence

ca. 6000-m thick (Fig. 4). The basin history is similar to

Vinchina, consistent with eastward Andean foreland

migration since ca. 20 Ma ago (Jordan et al., 1993, 2001).
Jordan et al. (2001) recognized three main sedimentation

stages across this basin: The first two, between 20 and

7 Ma, associated with the evolution of a flexural foreland,

mainly controlled by the Cordilleran loading by thrusting,

and a third stage that would correspond to a broken fore-

land, from 7 Ma to present.

In both basins, deposition, burial and exhumation

occurred during a single orogenic phase, in association

with thrust migration and widening of the Cordillera and

Precordillera thrust belt (Jordan et al., 2001). Today, the
Vinchina Basin places within the northern transitional

zone with respect to the flat slab segment of Chile–Argen-
tina (Fig. 1). However, the burial history would have

occurred during a stage of flat subduction (Kay &Mpodo-

zis, 2002; D�avila & Astini, 2007). The correlative Bermejo

Basin would have occupied a transitional segment during

the Late Miocene, located over the flat slab since that time

(by comparison with the Kay &Mpodozis, 2002 model).

THEORETICAL FRAMEWORK

The evolution of clay minerals helps in understanding the

palaeo-thermal history of a region as the percentage of

smectite in interstratified I/S from clastic sequences and

the appearance of illite and white mica are a proxy of the

maturity of a basin and the geothermal gradients prevail-

ing during the burial of a succession (e.g. Arostegui et al.,
2006; Nieto & Abad, 2007; Srodon, 2007). The propor-

tion of smectite in interstratified I/S decreases with depth

and, where the geothermal gradients are well known,

changes in expandability of I/S and temperature can be
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associated. For instance, under high-thermal gradients,

>40°C km�1 (e.g. South Central Texas basin, Velde &

Vasseur, 1992; Awwiller, 1993), the content of smectite in

the I/S decreases promptly, reaching concentrations of

<50% at 2.5-km depth. In contrast, in basins subjected to

low-gradients, <25°C km�1 (e.g. Shimiogarshi and Los

Angeles basins; Velde & Vasseur, 1992), >50% smectite

in I/S remains at 5-km depth. Consequently, illitization

progress along the sedimentary record allows a simple

inference of the palaeo-temperatures reached by the

basins.

The isotopic characterization of clay minerals, in turn,

allows assigning an age to each of the identified mineral

growth episode, such as in K–Ar and Rb–Sr analyses. As
burial and temperature increase in sedimentary basins,

clay minerals begin to grow and, if the succession does

not exceed the closure temperatures of the system, the

ages obtained by the K–Ar method reflect the time that

K+ has been in crystal from its growing. Because in clay

minerals a complete loss of 40Ar occurs at ca. 260 � 30°C
(Hunziker et al., 1986), ages of newly formed phases can

be obtained from those samples that have not exceeded
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the anchizone–epizone field. Moreover, a consistent

interpretation of the isotopic results depends on a proper

characterization of the mineral fraction to be analysed.

Different neoformed clay mineral phases represent differ-

ent genetic events in the mineral evolution of a succession,

so the separation and characterization of that fractions

with grain sizes <2 lm and of several different sub-frac-

tions is substantial (Uysal, 1999; Uysal et al., 2000;

Clauer, 2007). The effect of contamination due to the

presence of detrital phases carrying K+ (see Clauer &

Chaudhuri, 1999) should also be tested. For a successful

isotopic dating, it is essential that any K+ carrying parti-

cle, with the exception of authigenic clay minerals, is not

present in the fraction analysed. This premise is difficult

to achieve because most of the clay size fraction separated

from the whole rock is heterogeneous. In this regard, the

function that explains the relationship between detrital–
authigenic mixed ages can be obtained from the

correlation between these ages and the absolute (�Srodo�n,
1999) or relative (Pevear, 1992) concentrations of detrital

and authigenic components from different clay phases.

Ages may also be related to the chemical composition of

the analysed phases, assuming the concentration of some

elements such as Na+, has a direct relationship with the

proportion of detrital grains (Sant’ Anna et al., 2006).
Another complexity is related with the amount of radio-

genic argon accumulated in younger samples, which is

significantly low. In these cases the “Peak comparison

method” allows detecting small amounts of radiogenic
40Ar diluted by 40Ar from atmospheric contamination.

This method compares the signal of 40Ar extracted from

an aliquot of the sample to a signal of the same level mea-

sured from pure atmosphere under rigorously identical

analytical conditions (Gillot et al., 2006 and references

therein).

As illite clay minerals contain Rb, the Rb–Sr system is

also frequently used for dating. The partial or complete

homogenization of the Rb–Sr system during the burial

history of a succession takes place in the anchizone–epi-
zone interval (200–300°C; Cordani et al., 1978, 2004).
Consequently, below the anchizone this system behaves

like the K–Ar system. To obtain diagenetic ages, the best

results are supplied by “internal isochronous”, con-

structed from analyses of authigenic fractions (<2 lm),

leachates (with dilute HCl) and residues (Cordani et al.,
2004).

Low-temperature thermochronology, such as the (U–
Th)/He system and fission tracks in apatite and zircon,

allows constraining the time-temperature history for dif-

ferent rock types in near-surface conditions (<10 km)

(Reiners et al., 2005). These methods are commonly used

to constrain the time, amount and rate of cooling/ex-

humation associated with mountain building, crustal

deformation and extensional tectonic (e.g. Brown et al.,
1994; Ehlers & Farley, 2003; Fitzgerald et al., 1995;

Farley et al., 1996 Stockli et al., 2003). Given that this

method records the thermal history of mineral grains,

providing time–temperatures, it also allows interpreting

the heating/burial rates of sedimentary accumulations

that underwent diagenesis. This technique constitutes an

extraordinary complement for the previously described

isotopic techniques (K–Ar and Rb–Sr). In general, the He

in apatites is retained at temperatures below 40°C and is

removed from the crystal at temperatures as low as 80°C
(Wolf et al., 1996; Flowers et al., 2009). This range of

temperature (40–80°C) is known as the He partial

retention zone (HePRZ) in apatite.

SAMPLING ANDANALYTICAL
PROCEDURES

The Vinchina Basin was sampled across the Sierra de Los

Colorados along two main creeks, the Quebrada de la

Troya Norte (ca. 7-km thick) to the north and Quebrada

de la Troya Sur (ca. 5-km thick; Figs 2 and 4) to the

south. Twenty-four psammopelitic and volcaniclastic

levels were sampled every ca. 500 m. Each sample was

stratigraphically located following previous studies

(Ramos, 1970; Limarino et al., 2001; D�avila & Astini,

2007; N�obile et al., 2008). For the Vinchina Basin, three
samples every 5 cm were taken (in the same level) for

Rb–Sr isotopic determinations, following the recommen-

dations of Thomaz-Filho & Lima (1981). In the

subsurface Bermejo Basin (San Juan province) two bore-

holes were sampled (cutting), the YPF.SJ.P.es-1

(Pozuelo, 5132 m) and Matagusanos E-1 (Matagusanos,

5996 mts) (Figs 3 and 4). Cutting material was collected

every 200 m.

U–Pb dating

In order to constrain the maximum depositional ages,

zircons extracted from three tuffaceous layers, two at the

Quebrada de la Troya Norte and one at Quebrada de la

Troya Sur, were analysed using the U–Pb LA-ICP-MS

method. Zircons were separated from crushed rocks

(3–5 kg) using conventional and heavy liquid and mag-

netic techniques. For each sample about 50–80 zircons

were dated (see Appendix S1). Cathodoluminescence

(CL) images of zircons were obtained using a Quanta 250

FEG electron microscope equipped with Mono CL3+
cathodoluminescence spectroscope (Centaurus) at the

Geochronological Research Center in S~ao Paulo

University, Brazil. U–Pb analyses by LA-MC-ICP-MS

were carried out using the Finnigan Neptune coupled to

an excimer ArF laser (k = 193 nm) ablation system also

at the Geochronology Research Center of the S~ao Paulo

University. Ages were plotted using ISOPLOT 3.0

(Ludwig, 2003). Sample characterization included

scanning electron microscope (SEM LEO 440I of the

Institute of Geosciences – University of S~ao Paulo, IGc/

USP, with secondary electrons images and equipped with

an Oxford Instruments micro-X-ray analyser) to pro-

duce textural images of grains of suitable size for micro-

qualitative analysis.
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XRDanalyseson clayminerals

Separation of different clay minerals fractions (<2 lm;

2–1 lm, 1–0.2 lm, <0.2 lm, <0.1 lm, in more than 20

samples) was carried out following the recommendations

of Moore & Reynolds (1997). The mineralogy of the dif-

ferent fractions was determined and semi-quantified

through XRD analyses in oriented samples. For the clay

minerals characterization (evolution of I/S with depth) of

both the relationship between the content of illite and

illite/smectite and the illite proportions in the I/S were

established for all samples in each of the sections (see

Appendix S1). In addition to XRD analysis, the different

clay fractions (<2 lm, 2–1 lm, 1–0.2 lm, <0.2 lm and

<0.1 lm) were evaluated using a laser particle analyser

(Horiba LA-950).

TEMand chemicalanalyses

In order to complement and support the characterization

of texture and composition of clay mineral phases at dif-

ferent levels, transmission electron microscope (TEM)

analyses were performed on some samples using a Philips

CM200 transmission electronic microscope. The textural

analyses were carried out to detect the entire grain size

spectrum. AES semi-quantitative analyses were carried

out in approximately 20 grains per fraction using a

scanning area of ca. 1000 9 200 �A (see Appendix S1).

Chemical analyses using the metaborate/lithium tetrabo-

rate fusion procedure were done on approximately 0.1 g

of each fraction. The major elements (including Rb, Sr

and K) were analysed by ICP/OES (at Actlabs

laboratories). Two fractions were separated: (1) those pre-

treated for removal of carbonates and organic matter (for

K–Ar analyses) and those untreated (separated for Rb–Sr
analyses).

Rb–Srand K–Aranalyses

Rb–Sr and K–Ar isotopic analyses in separate fractions

were performed at the Geochronological Research Center

of IGc-USP (see Appendix S1). K–Ar ages were deter-

mined by PCM (Peak Comparison Method) in an

ARGUS and a MAP-215-50 spectrometers. This method

uses the 36Ar atmospheric calibrator contained in a reser-

voir spectrometer, and allows calculating radiogenic 40Ar

in presence of until 99% of atmospheric 40Ar (Gillot

et al., 2006) and detecting small amounts of radiogenic
40Ar diluted by 40Ar from atmospheric contamination.

I/S evolutionmodelling

Theoretical kinetics of smectite to illite transformation,

for each of the studied sections, was based on the burial

and thermal trajectories of Vinchina and Bermejo basins,

previously established through the PetroMod 1D IES

GmbH software (Collo et al., 2011) constrained by the

U–Pb zircon stratigraphic ages from the Vinchina Basin

(Collo et al., 2014, this work). The model proposed by

Huang et al. (1993) was used to characterize the kinetics

of transformation of smectite to illite (see Appendix S1

for more details).

(U–Th)/Heages

Six individual grains of apatite from two volcaniclastic

samples were analysed by the U–Th/He method. Data

were modelled to extract probable thermal histories

using inverse modelling of the AHe ages with the

HeFTy v1.8.0 software (Ketcham, 2005; Ketcham

et al., 2007). Wide model constraints based on the age

of deposition, surface temperatures and AHe ages of

individual grains, were used. Inverse models were run

until 100 statistically good fit paths were achieved. If

not possible, at least 100 acceptable paths were calcu-

lated. See Appendix S1 for more details on analytical

procedures.

RESULTS

U–Pb dating

Figure 5 shows the U–Pb zircon ages (Appendix S2)

obtained for the three tuff layers. For the stratigraphi-

cally lowest tuffaceous sample (TRT3 at ca. 5500 m

depth), from the Quebrada de la Troya Norte, 78 grains

were analysed and 60 yielded concordant ages (between

125% and 75%; Fig. 5a). Two main Tertiary (Andean)

populations were detected at 12.62 � 0.4 Ma (n = 3,

5%) and 20.84 � 0.39 Ma (n = 4; 7%), with Th/U

ratios between 0.30 and 2.2. Although this is the same

tuffaceous level analysed by D�avila et al. (2008) and

Collo et al. (2011), the population at 12.7 Ma had not

been previously identified. For the uppermost tuff

(TRT4 at ca. 750 m depth), 77 grains were analysed and

54 yielded concordant ages (between 160% and 85%;

Fig. 5b). This sample has a unique Tertiary (Andean)

population of 5.25 � 0.23 Ma (n = 15, 28%) with Th/

U ratios between 0.41 and 0.96. In both levels, the

youngest ages were interpreted as good estimates of the

sedimentation ages. The tuff from the bottom of section

at the Quebrada de la Troya Sur (RLT4T2), produced

16 concordant ages (between 161% and 80%; out of 26

analyses). The youngest from a Tertiary (Andean) popu-

lation of 16.3 � 1.2 Ma (n = 7, 44%) (Th/U ratios

between 0.3 and 0.7) is interpreted as the maximum sedi-

mentation age. This age is comparable to that obtained

by Ciccioli et al. (2014b) for the base of the Vinchina

Formation at La Cueva section (15.6 � 0.4 Ma). More-

over, the pool of ages supports reworking and high detri-

tal contribution of the analysed tuffaceous samples.

Other detrital populations present in the samples occur

at 460 and 480 Ma (Ordovician) with minor peaks at

40–43, 225–341, 371–446, 493–542, 570–953 and 1013–
1.155 Ma. These ages, present in all tuffaceous layers,

show a noticeable age gap between the Late Triassic and

© 2015 The Authors
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Palaeocene although this absence could be due to the low

number of dated zircon grains.

Petrographyand claymineralogy

The bulk rock mineralogy of psammopelitic levels was

established by X-ray diffraction and is summarized in the

Appendix S3. The composition is similar to that deter-

mined by light and electron microscopy. Fine-grained

white mica is the dominant phase among the mineral

matrix assemblage, where quartz and plagioclase are also

identified and a smaller amount of chlorite is also com-

mon. For samples from the Vinchina Basin sections (la

Troya Norte and la Troya Sur), the potassium feldspar

content is scarce. The content of this mineral is also vari-

able in cutting samples from the Bermejo Basin. Most

samples show weak diagenesis with only minor generation

of argillaceous phases. There is an increase in flat contacts

and corroded grains with increasing depth. From the

SEM analyses, authigenic smectites are scarce (identified

by their characteristic honeycomb-like morphology), and

interstratified I/S and illite (neoformed?) are common in

all samples. Among the matrix minerals detected by the

SEM, the most abundant are: phengite, quartz and

plagioclase. The abundant cement minerals observed

under SEM are: analcime, heulandite and scarce smectite,

interstratified I/S and iron minerals.

Clay mineral fraction from psammopelitic samples

from the la Troya Norte section (Vinchina Basin) is

mainly composed of illite, I/S, chlorite, quartz and

plagioclase, with minor proportions of feldspar, haematite

and zeolites (Fig. 6a; Table 1). The deepest samples

show no K-feldspar that could be associated with the

generation of I/S and illite. The K-feldspar, however, is

present in the whole rock analysis, indicating that it was

not completely broken down due to diagenetic processes.
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The volcaniclastic layers are mainly composed of

interstratified I/S (Fig. 6a). Furthermore, in the fractions

between 1 and 2 microns minor amounts of quartz and

plagioclase were identified. In the la Troya Sur section

(Vinchina Basin) the clay size fractions are mainly com-

posed of illite, I/S and chlorite. Similar to the rocks of the

la Troya Norte section, K-feldspar is present in the whole

rock analysis, indicating that it was not totally consumed.

Clay single grains from one psammopelite and one

tuffaceous (RT108 and TRT3, respectively) were anal-

ysed with TEM and SEM (Appendix S4; Figs 6b and 7).

In RT108 structural formulas of the analysed grains are

compatible with compositions ranging from interstratified

I/S to illite, with interlaminar charges between 0.26 and

0.99 and Si contents between 3.09 and 3.99 a.p.f.u. Theo-

retical compositions of montmorillonite and illite (end

members of the dioctahedral serie) indicate interlaminar

charges of 0.27 and 0.8 respectively. According to that,

the results point to the presence of interstratified I/S,

with R0, R1, R3 ordering types, and illite in the four frac-

tions. The relationship between interlaminar charges and

the size of each grain are disclosed (see Fig. 6b). Grains

are between the beidellite and montmorillonite aluminic

fields. The tuffaceous sample fractions have silica con-

tents that exceed 4 a.p.f.u., inconsistent with smectite,

smectite/illite, illite or mica compositions. A tentative

interpretation, supported by the texture of the analysed

grains, is an uncompleted smectitization of the original

volcanic glass, with Si, Ca and Na rich vitreous intercala-

tions within the clay layers. This is also compatible with

the higher Na and Ca contents and the S and Cl traces

recorded in several grains of this tuffaceous level.

Table 2 shows the estimation of illite and I/S propor-

tions, and smectite in the I/S contents obtained for each

of the fractions analysed. Generally there is a continuous

increase in illite content in I/S with depth. It should be
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noted that many samples have a content >40% illite in the

I/S. �Srodo�n method (1981) shows illite values higher than

those obtained by the decomposition of the XRD pat-

terns, which allowed discriminating the presence of WCI,

PCI and interstratified R3 ordering type. Table 2 shows

the grain size distribution for each sample. Mean values

are close to those of the fraction intended to be separated,

and show that the procedure was more satisfactory in fine

fractions. It is generally observed a normal type distribu-

tion, although some fractions showed two different popu-

lations.

Kineticmodellingof claymineralogy

The kinetic modelling of the I/S evolution with depth in

the Vinchina and Bermejo samples, considering different

thermo-tectonic models of the basins (based on Collo

et al., 2011 and the modifications in sedimentation rates

from Collo et al., 2014, this work) is shown in Fig. 8.

Distribution of measured I/S expandibilities for each

sample is also shown.

Modelling with Petromod included the thermal flux

conditions of ca. 300 � 50 km from the trench, taking

into account the crustal shortening. The thermal

parameters for the normal subduction stage

(30°C km�1; 77.7 mW m�2), the transitional stage

(15°C km�1, 38.85 W m�2) and the flat subduction

stage (10°C km�1, 25.9 mW m�2) were taken from

Gutscher et al. (2000).

Vinchina Basin

For la Troya Note section the following sedimentation

intervals were assumed: 16 to 12.6 Ma, 1500 m, 12.6 to

5.25 Ma, 4650 m; 5.25 to 3.40 Ma, 750 m. These sedi-

mentation intervals are based on palaeomagnetic analysis

and sedimentation rates established by Reynolds et al.
(1990) and Re & Barredo (1993) and U–Pb zircon ages

from Collo et al. (2011, 2014).
Model 1: Simulates the Neogene subduction dynamics

in the Central Andes (Argentina) (cf. Ya~nez et al., 2001),
and includes the recovery for a normal subduction regime

from 6 Ma to the present.Model 2: reproduces the Model

1 with a decrease in the geothermal gradient of ca. 25%
following the isotherms model of Gutscher et al. (2000)
for the continental crust. Model 3: reproduces the Model

1 but with an incomplete recovery of the geometry of the

normal subduction regime, with a transitional scenario

between the normal and flat subduction for the region

between 8 and 3.4 Ma. Model 4: combines the conditions
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Table 2. Illite and I/S proportions in the samples determined by the method proposed �Srodo�n (1981) and proportions of illite in I/S
determined by the Rettke (1980) and Lanson (1997) methods

Depth Sample Fraction

�Srodo�n (1981)
Rettke

(1980) Lanson (1997)

Mean size*

Standard

deviation*%I/S %illite

%smectite

in I/S WCI PCI

%

R3

%

R1

%

R0

Vinchina Basin – La Troya Norte

750 RT100

(tuffaceous)

<0.2 lm

TRT4

(tuffaceous)

<0.2 lm
0.2–1 lm 90 10 68

1–2 lm 78 22 61

Toba2

(tuffaceous)

RT100

(psamopelite)

<0.2 lm 66 34 58 38 8 6 49

0.2–1 lm 0 100 46 54 11 17 18

1–2 lm 13 87 59 58 7 11 23

1300 RT5

(psamopelite)

71 59 0 6 35

1900 RT101

(psamopelite)

3400 RT102

(psamopelite)

4550 RT103

(psamopelite)

<0.1 lm 13 6 0 22 59 0.12935 0.0269

<0.2 lm 21 79 48 28 23 13 8 29 0.18322 0.12

0.2–1 lm 12 88 58 36 18 9 11 26 0.38034 0.7423

1–2 lm 11 89 49 47 18 10 8 18 3.60225 0.4388

RT4

(psamopelite)

20 80 56 63 10 6 20

4750 RT3

(psamopelite)

29 71 62 43 11 5 41

5400 RT104

(psamopelite)

5500 TRT3

(tuffaceous)

<0.2 lm 100 61 – – – 18 82

0.2–1 lm 100 59 – – – 32 68

1–2 lm 100 46 – – – 33 67

5800 RT106

(psamopelite)

<0.2 lm 0 100 46 59 22 8 11

0.2–1 lm 0 100 0 0 0 0

1–2 lm 27 86 58 37 31 12 20

5900 RT2

(psamopelite)

21 89 61 69 10 4 17

RT1

(psamopelite)

53 43 24 5 29

7000 RT108

(psamopelite)

<0.1 lm 13 6 0 22 59 0.13701 0.0262

<0.2 lm 9 91 47 38 28 19 3 12 0.20991 0.2416

0.2–1 lm 12 88 54 33 31 13 5 18 0.71426 0.6321

1–2 lm 16 84 50 53 19 13 4 11 2.9761 0.9713

Vinchina Basin – La Troya Sur
0 RLT13

255 RLT12

790 RLT11 82 18 91 12 0 0 88

1408 RLT10

1580 RLT9

2780 RLT8 31 69 62 80 0 2 18

3340 RLT7 18 82 63 38 15 7 40

4220 RLT6 64 54 8 7 31

4420 RLT5

4580 RLT4 <0.2 lm 33 67 55 35 12 0 8 46 0.24013 0.26

1–0.2 lm 17 83 56 37 14 0 16 33 0.509295 0.5947

1–2 lm 21 79 37 10 13 17 23 2.859965 0.98785

(continued)

© 2015 The Authors
Basin Research © 2015 John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 13

Isotopic evidence of extremely cold lithosphere



of the models 2 (decrease of ca. 25%) and 3. Model 5:
reproduces the Model 2 but with an incomplete recovery

of the geometry of the normal subduction regime, with a

flat subduction regime for the region between 8 and

3.4 Ma. Model 6: considers the conditions of Model 4 in

Bermejo Basin (see below).

Bermejo Basin

For the entire basin the following sedimentation intervals,

based on sedimentary rates from Huaco section (Jordan

et al., 1993) were assumed: 14–10.3 Ma, 800 m, 10.3–
8.4, 700 m, 8.4–6.7, 1100 m, 6.7–2.6, 2600 m, 2.6–2.3,
800 m.

Model 1: Considers the dynamics of Neogene subduc-

tion proposed by Ya~nez et al. (2001) and thermal parame-

ters calculated by Gutscher et al. (2000) for different

subduction contexts. Importantly, no significant differ-

ences in terms of heat flow were observed between this

model and the proposal by Ramos et al. (2002) for the

regional development. Model 2: considers an increase of

about 30% in the thermal parameters Gutscher et al.
(2000). This increase was considered as temperatures

obtained in Model 1 are not enough to reach current max-

imum temperatures recorded from analyses of well log-

ging in the region (see Fig. 8).

Model 3: Considers that the current thermal gradient

(ca. 20°C km�1) existed in this sector of the basin since

9 Ma (model proposed by Ramos et al., 2002). Model 4:

Considers a heat flow of 42 mW m�2 from 9 Ma in order

to obtain an adjustment to final temperatures recorded in

the borehole data.

Claygeochronology

Rb–Sr dating

Table 3 summarizes the Rb–Sr results. The 87Rb/86Sr

versus 87Sr/86Sr diagram shows a linear relationship

between residue and untreated aliquots from <2 lm frac-

tions whereas the leachates present variable disturbance

(87Sr/86Sr between 0.70693 and 0.740270; Fig. 9). Iso-

chrones in this psammopelites (<2 lm fractions) show

ages between 125 and 165 Ma, except for M2 sample

(Matagusanos) that yields an age of 234 Ma. For RT106

sample (psammopelite), the 87Rb/86Sr–87Sr/86Sr dia-

grams (leachate, residue and untreated alicuots for each

fraction) show good alignment, and produce three linear

arrays: ca. 176 � 6 Ma (bulk rock, initial 87Sr/86Sr:

0.70927 � 0.00039, MSWD: 1.7), 167 � 57 Ma (0.2–
1 lm fraction, initial 87Sr/86Sr: 0.7079 � 0.0078,

MSWD: 3) and ca. 100 � 7 Ma (<0.2 lm fraction, ini-

tial 87Sr/86Sr: 0.7082 � 0.0020). The tuffaceous level

TRT3 (<0.2 and 0.2–1 lm fractions) depicted an iso-

chron of 6 � 1.4 Ma (initial 87Sr/86Sr: 0.70836 �
0.00031, MSWD: 1185?), whereas the coarser fraction

yielded a significantly older isochron of 29 � 0.35 Ma

(initial 87Sr/86Sr: 0.70834 � 0.00001).

K–Ar dating

Table 4 presents the K–Ar ages for the different fractions
for each sample. The younger K–Ar ages of the pelitic

levels correspond to finer fractions (Fig. 10, 136–224 Ma,

for 1–2 lm; 112–159 Ma, for 0.2–1 lm; 76–116 Ma, for

Table 2. (continued)

Depth Sample Fraction

�Srodo�n (1981)
Rettke

(1980) Lanson (1997)

Mean size*

Standard

deviation*%I/S %illite

%smectite

in I/S WCI PCI

%

R3

%

R1

%

R0

4580 RLT3 76 8 5 11

Bermejo Basin – Pozuelos
250–255 SJP1 54 46 71 67 10 6 17

1175–1178 SJP2 75 24 6 15 55

2018–2022 SJP3 22 78 64 24 6 15 55

3000–3340 SJP4 24 76 58 44 8 17 30

3336–3340 SJP5 41 59 68 28 7 15 50

4900–4902 SJ1 <0.2 lm 33 67 56 29 8 5 18 40 0.14904 0.26

0.2–1 lm 27 73 59 24 13 8 6 50 0.63283 0.562

1–2 lm 100 47 38 21 – – 41 3.09472 1.0986

4948–4952 SJ2 45 50 12 10 29

5122–5128 SJP6 25 75 49 49 13 10 28

Bermejo Basin –Matagusanos

4865 M1 <0.2 lm 29 71 64 27 6 0 16 51 0.21038 0.29

0.2–1 lm 24 76 62 22 8 7 11 51 0.73087 0.7454

1–2 lm 23 77 40 14 15 0 32 3.87428 0.4721

4923–4926 M2 46

SJM1

SJM2

*Mean size and standard deviation of the grains present in each fraction are expressed in microns.
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<0.2 lm and 39.3–42 Ma, for <0.1 lm). Atmospheric
40Ar ranges between 2.7 to 16.6 and 24.1% to 63%. In the

tuffaceous level, the same relation between grain size and

age is observed, but obtained ages are substantially

younger than those in psammopelitic levels (21.3–
12 Ma). Atmospheric 40Ar concentrations are much

greater than those from psammopelites (27%, 30% and

85%). Ages for the same clay fraction show a similar

bracket, with a slight decrement of the values with depth

(Fig. 10). In addition to clay fractions, biotite grains

separated from the tuffaceous level TRT4 (top of the Vin-

china Fm. at la Troya Norte section) were dated by this

method supplying an age of 6.4 � 0.5 Ma.

Apatite (U–Th)/He (AHe) thermochronology

Tables 5 and 6 present the He results for two tuffaceous

samples from the bottom sections in Vinchina Basin. The
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Table 3. Analytical Rb–Sr data in the analysed fractions (L, leached fraction; R, residue)

Sample Aliquot Depth Rb (ppm) Sr (ppm) Rb87/Sr86 Error Sr87/Sr86 Error

Isochron

Age

(Ma) Error

Vinchina Basin – La Troya Norte

RT100 Psamopelite <0.2 lm –U 750 125.20 55.0 6.6030 0.1030 0.71829 0.000037 111 2

L 0.70 27.0 0.0751 0.0012 0.70818 0.000100

R 160.79 38.2 12.2108 0.1013 0.72741 0.000140

RT103a Psamopelite <2 lm –U 4550 170.87 166.2 2.9778 0.0239 0.71334 0.00006 130 51

L 0.36 28.5 0.0367 0.0006 0.70777 0.00009

R 191.03 148.4 3.7279 0.0420 0.71450 0.00005

RT103b Psamopelite <2 lm –U 181.44 167.7 3.1333 0.0252 0.71381 0.00007 133 5

L 0.39 30.2 0.0370 0.0007 0.70803 0.00010

R 193.22 152.7 3.6655 0.0411 0.71494 0.00006

RT103c Psamopelite <2 lm –U 181.92 163.3 3.2259 0.0262 0.71478 0.00005 153 7

L 0.34 34.5 0.0289 0.0005 0.70783 0.00017

R 197.73 138.8 4.1278 0.0457 0.71674 0.00007

TRT3 Tuffaceous <0.2 lm –U 5500 118.31 338.0 1.0129 0.0081 0.70845 0.00007 6 1.4

L 83.80 247.3 0.9810 0.0079 0.70834 0.00005

R 162.28 165.0 2.8470 0.0499 0.70861 0.00005

Tuffaceous 0.2–1 lm –U 128.00 1321.0 - - 0.70855 0.00005 29 0.35

L 0.98 195.6 0.0144 0.0002 0.70837 0.00003

R 135.92 529.1 0.7436 1.0102 0.70841 0.00003

Tuffaceous 1–2 lm –U 117.00 1256.0 0.0830 0.0007 0.70826 0.00005

L 0.80 237.3 0.0097 0.0002 0.70834 0.00007

R 66.84 796.1 0.2430 1.0125 0.70844 0.00005

RT-106 Bulk rock/Psamopelite –U 5800 193.80 180.5 3.1110 0.0320 0.71705 0.000051 176 6

L 1.49 50.7 0.0857 0.0839 0.71057 0.000820

R 186.26 75.7 7.1323 0.0567 0.72718 0.000070

Psamopelite <0.2 lm –U 229.90 60.0 11.1130 0.3300 0.72393 0.000029 100 7

L

R 280.37 38.4 21.2204 0.1742 0.73825 0.00009

Psamopelite 0.2–1 lm –U 237.10 63.1 10.9090 0.2120 0.73311 0.000046 167 57

L 0.45 12.4 0.1060 0.0025 0.70824 0.000110

R 235.66 50.7 13.5012 0.1095 0.74027 0.000060

RT108a Psamopelite <2 lm –U 7000 197.95 119.9 4.7839 0.0380 0.71841 0.00009 159 4

L 0.53 46.5 0.0327 0.0022 0.70766 0.00014

R 207.55 78.7 7.6487 0.0660 0.72487 0.00007

RT108b Psamopelite <2 lm –U 193.25 155.1 3.6100 0.0291 0.71607 0.00007 165 7

L 0.53 70.2 0.0218 0.0075 0.70729 0.00041

R 200.01 89.9 6.4476 0.0575 0.72265 0.00007

RT108c Psamopelite <2 lm –U 165 6

L 0.43 71.1 0.0174 0.0030 0.70750 0.00027

R 197.85 82.4 6.9620 0.0609 0.72379 0.00006

Vinchina Basin – La Troya Sur
RLT4a Psamopelite <2 lm –U 4580 196.90 211.9 2.6904 0.0213 0.71377 0.00005 125 9

L 0.40 46.4 0.0251 0.0007 0.70919 0.00020

R 213.82 169.0 3.6650 0.0357 0.71565 0.00010

RLT4b Psamopelite <2 lm –U 197.71 208.1 2.7514 0.0222 0.71381 0.00006 141 7

L 0.44 46.6 0.0272 0.0017 0.70832 0.00015

R 208.15 161.7 3.7282 0.0382 0.71572 0.00005

RLT4c Psamopelite <2 lm –U 173.97 216.0 2.3319 0.0188 0.71274 0.00007 131 55

L 0.43 62.8 0.0196 0.0002 0.70828 0.00010

R 209.58 176.5 3.4392 0.0394 0.71461 0.00005

Bermejo Basin –Matagusanos

M2 Psamopelite <2 lm –U 4923–4926 142.20 695.1 0.5922 0.0048 0.70957 0.00009 234 18

L 1.66 – – – 0.70891 0.00009

R 168.41 241.4 2.0209 0.0442 0.71433 0.00007

(continued)
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corrected AHe ages yielded ages from 3.3 Ma to 7.4 Ma.

These ages are younger than the U–Pb depositional ages

suggesting a post-depositional resetting (temperatures

between 40°C and 80°C, Wolf et al., 1998, Stockli et al.,
2003), likely due to burial. Mean ages are similar for both

samples with values of 5.8 � 0.7 (TRT3) and 5–6 � 0.7

(RLT4T2). A positive but nonlinear correlation between

(U–Th)/He date and eU is observed. Modelling results

are illustrated in Fig. 11 (one grain of the TRT3 in

Fig. 11a and two grains of the RLT4T2 in Fig. 11b). For

TRT3 the weighted mean path shows maximum tempera-

tures of ca. 75°C at ca. 4.75 Ma while best-fit model

shows maximum temperatures of ca. 58°C at ca. 0.5 Ma,

just before the beginning of exhumation. For RLT4T2,

mean path maximum temperatures of ca. 83°C between

ca. 7 and 6 Ma and the best-fit model provides maximum

temperatures of ca. 73°C at ca. 2.8 Ma.

DISCUSSION

Geocrhonologic and thermochronologic
interpretations

Considering that sedimentation in the Vinchina and Ber-

mejo basins started at approximately 16 and 20 Ma,

respectively (U–Pb data, Ciccioli et al., 2014b; sample

RLT4T2 this work; Jordan et al., 2001), the Rb–Sr iso-
chron ages might reflect a mixture of diagenetic and detri-

tal material. Sample RT106 shows younger ages with

decreasing particle size in agreement with the presence of

a greater proportion of diagenetic material, as suggested

by the XRD analysis and the mineral chemistry of the

material. The recurrence of ages ca. 150 Ma might indi-

cate the signature of a relatively homogeneous source area

for both the Vinchina and Bermejo basins during the

Neogene. Moreover, the outcrops currently exposed near

these basins have different ages (see Pastillos and

Fiambial�a geological maps) and provenance analysis show

variable contribution from the Western Sierras Pam-

peanas (Toro Negro and Umango Ranges), Cordillera

Frontal and Precordillera from Miocene to early Pliocene

(Ciccioli et al., 2014b). The 87Sr/86Sr ratios for leachate

are between 0.70693 and 0.710570, and likely reflect a

mixture of detrital signatures from a heterogeneous

source area or the influence of isotopic characteristics of

the continental depositional environment of the studied

sequences. This heterogeneity is also revealed by the

broad distribution of detrital zircon ages of the tuffaceous

and psammitic levels of la Troya Norte and la Troya Sur

sections (Vinchina Basin, Collo et al., 2014, this work).

The isochron age of the psammopelite M2 (in Matagu-

sanos, see location in Fig. 3) is ca. 100 Ma older than the

rest of the samples, which could be interpreted as a differ-

ent source area supply during the Miocene in this region.

The K–Ar ages show similar patterns to the Rb–Sr
data, i.e. ages older than onset of sedimentation. This is

Table 3. (continued)

Sample Aliquot Depth Rb (ppm) Sr (ppm) Rb87/Sr86 Error Sr87/Sr86 Error

Isochron

Age

(Ma) Error

Bermejo Basin – Pozuelos
SJ2 Psamopelite <2 lm –U 4948–4952 133.45 887.1 0.4357 0.0035 0.70919 0.00006 153 560

L 0.70 42.5 0.0478 0.0023 0.70693 0.00034

R 176.44 234.3 2.1809 0.0315 0.71210 0.00009
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similar to the Rb–Sr data for the RT106 sample, which

reinforces the idea of a higher contribution of detrital

components for the coarser fractions. The K–Ar ages of
the tuffaceous bed (TRT3) are consistent with a lower

contribution of detrital material, whereas the fine fraction

might be associated with a timing of diagenesis (Fig. 10a).

The relationship between the obtained ages and the

relative (�Srodo�n, 1999) or absolute (Pevear, 1992) concen-
trations of detrital and authigenic components (Table 4)

can be used to calculate the mixed ages. A possibility is

that all of the I/S is representative of the diagenetic

component and that illite ratios represent the detrital

component (Pevear, 1999; Van der Pluijm & Haines,

2008; among others). The method of Lanson (1997), con-

sidering the R1, R3 and illite set as detrital and R0 as the

diagenetic phase, demonstrates a good correlation. How-

ever, any reasonable diagenetic ages could be estimated

from the regression curves for each sample (Fig. 10b).

Also noteworthy is that there is a K–Ar correlation

between the age’s rejuvenation and depth of the sample

(Fig. 10a). Sample RT108 (from 7000-m depth, near the

bottom) shows the youngest ages and the smaller propor-

tion of R0 (12%) in the <0.2 fraction (<0.2). In both

basins, the main neoformed mineral contribution to the

K–Ar dating is from the bottom sections, i.e. the major

depths (see Fig. 10). The differences in ages between

shallow and deeper levels, as well as between different

grain sizes might be interpreted as related to the process

of clay mineral growth. If the time required for the

formation of a mineral is short, the closure would be

instantaneous. In this case, the average measured age

would be the age of the mineral growth and ages corre-

sponding to different grain sizes in a given sample would

be comparable. If the mineral continues growing for a

long time, the closure is long, the age would be an “inte-

grated age” or “mixed age”, whose value would depend

on the duration of the growth. In this case, the ages

obtained from different grain sizes fractions would tend

to be different. In general, the burial of sedimentary

sequences is a long term process, ranging from a few mil-

lion to tens of millions of years, and the obtained ages

should be treated as mixed ages. Consequently, a suitable

explanation might relate the distribution of age with grain

size of the analysed illites (�Srodo�n et al., 2002). In the

case of the Vinchina and Bermejo basins, long-lived

growth mechanisms, with higher contents of neoformed

clays, developed during the long basin subsidence and

burial with a progressive illitization process.

The best-fit as well as weighted mean temperature–
time paths from AHe data, yellow and black lines in

Fig. 11, are consistent with the subsidence history

deduced from sedimentation rate studies, constrained

with U–Pb ages (Ciccioli et al., 2014b; Collo et al., 2014)
and magnetostratigraphy (Reynolds et al., 1990; Re &

Table 4. Analytical K–Ar data in the analysed fractions

Sample Material % K~error 36Ar/38Ar Error 40Ar Atm (%) Error Age (Ma) Error

Vinchina Basin – La Troya Norte

TRT4 Biotite 8.00~0.01 3.4 0.6 57 3 6.4 0.5

RT100 1–2 Psamopelite 3.59~0.01 7 0.4 5.7 0.2 174 2

RT100 0.2–1 Psamopelite 3.58~0.01 7.6 0.6 8 0.2 154 2

RT100 0.2 Psamopelite 2.05~0.01 5.4 0.1 63 1 103 5

RT103 1–2 Psamopelite 3.95~0.01 6.1 0.5 4.3 0.2 181 3

RT103 0.2–1 Psamopelite 4.26~0.01 6.3 0.3 6 0.1 146 2

RT103 0.2 Psamopelite 3.98~0.01 6.1 0.2 16.6 0.4 76 1

RT103 0.1 Psamopelite 3.98~0.01 5.7 0.1 39.7 0.4 39,3 0,6

TRT3 1–2 Tuffaceous level 2.20~0.01 8 1 26.7 0.7 21.3 0.4

TRT3 0.2–1 Tuffaceous level 2.30~0.01 2.48 0.07 30 1 17 0.6

TRT3 0.2 Tuffaceous level 1.63~0.01 5.2 0.1 85 1 12 0.5

RT108 1–2 Psamopelite 4.34~0.01 5.6 0.3 2.7 0.2 136 2

RT108 0.2–1 Psamopelite 4.77~0.01 6 0.3 3.4 0.1 112 2

RT108 0.2 Psamopelite 4.87~0.01 8.2 0.4 5.6 0.3 79 2

RT108 0.1 Psamopelite 4.90~0.01 5.1 0.2 24.1 0.3 42 0.4

Vinchina Basin – La Troya Sur
RLT4 1–2 Psamopelite 3.30~0.01 6.2 0.5 6 0.2 163 2

RLT4 0.2–1 Psamopelite 3.79~0.01 5.4 0.2 7.4 0.1 144 2

RLT4 0.2 Psamopelite 3.13~0.01 5.7 0.2 15.3 0.3 90 1

Bermejo Basin –Matagusanos

M1 1–2 Psamopelite 2.61~0.01 6.1 0.6 4 0.1 224 3

M1 0.2–1 Psamopelite 3.05~0.01 4.9 0.2 4.7 0.1 159 2

M1 0.2 Psamopelite 3.07~0.01 5.3 0.2 10.2 0.2 116 2

Bermejo Basin – Pozuelos
SJ1 1–2 Psamopelite 2.38~0.01 67 60 6.6 0.2 151 2

SJ1 0.2–1 Psamopelite 2.81~0.01 5.2 0.1 12.3 0.3 138 2

SJ1 0.2 Psamopelite 3.11~0.01 5.34 0.06 35 0.6 82 1

© 2015 The Authors
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Barredo, 1993). This curves show a long residence time

(between 5 and 10 Ma) within the AHePRZ (Apatite

Helium Partial Reseating Zone) zone, with maximum

temperatures below 80°C. After this residence rapid

exhumation would occur between approximately 4 and

0.5 Ma. This is consistent with the deformation of the
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Table 5. Apatite (U–Th)/He data

Sample

4He

(ncc)

Mass

(mg)

U

(ppm)

Th

(ppm)

Th/

U ratio

Width

(lm)

Grain

length

(lm)

Raw

Age

(Ma) FT

Corrected

Age (Ma)

Error

(�1r)
Weighted

mean age

�2

sigma eU

TRT3

1 0.0088 0.0011 22.7 28.9 1.28 98 78 2.2 0.67 3.4 0.2 5.8 0.7 29.5

2 0.0189 0.0006 52.4 38.3 0.73 78 68 3.9 0.61 6.9 0.4 61.4

RLT4

1 0.0417 0.0015 24.3 174.8 7.20 120 75 3.4 0.70 5.1 0.3 5.6 0.7 65.4

2 0.0270 0.0006 28.0 249.1 8.90 90 54 4.1 0.60 7.4 0.5 86.5

3 0.0223 0.0007 37.2 259.5 6.98 89 60 2.7 0.61 4.8 0.3 98.1

4 0.0097 0.0005 38.3 243.3 6.35 80 53 1.7 0.57 3.3 0.2 95.5

Table 6. HeFTy modelling constraints

Sample

Depositional

Age (Ma)

Depositional

temperature °C
Burial Age

(Ma)

Burial

temperature

°C
Present

temperature °C
Grains

Modelled

Total

paths

Acceptable

paths

Good

paths

TRT3 12.7 20 5.5–0 20–150 20 1 4887 173 100

RLT4T2 16.3 20 9.2–0 20–150 20 3, 4 1184 118 100
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Mio-Pliocene Vinchina and Bermejo basins topped by

Plio-Pleistocene? conglomerates (see previous section).

This also correlates with AHe ages and eU. According

to Flowers et al. (2009), the RDAAM model predicts

a positive correlation for peak heating temperatures

between 30°C and 100°C as well as for prolonged resi-

dence in the AHePRZ. Temperatures are also consis-

tent with estimations from clay mineralogy and

isotopic analyses (see light blue line in Fig. 11). Fig-

ure 11a also illustrates the trajectory modelled with

Petromod considering the sedimentation rate, erosion

gaps, changes in the heat flow and mineralogy, which

is also strongly similar to the weighted mean model

estimated from thermochronology (HeFTy). However,

it should be noted that the apatite He modelling

results, with the available constraints, are also compati-

ble with higher temperature burial histories

(ca. 140°C) compared to the clay mineralogy (R0

ordering is not stable at ca. 120°C) and the AFT data

(Coughlin, 2002).

Thermalhistoryof Vinchinaand Bermejo
basins

The transformation of clay minerals along the alluvial

succession shows a distribution of I/S phases (in both
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sedimentary basins) that defines a progressive illitization

(R0 ? R1 ? R3 ? I) related to the burial history of the

succession and associated with an increase of ordering in

the I/S and illite content from the top to bottom (N�obile
et al., 2008; Collo et al., 2009, 2011). The degree of illiti-
zation and stratigraphic position show a strong correla-

tion. The presence of R0 even in deeper levels

(stratigraphically the lowest strata) demonstrate that the

base of both basins would have not exceeded the diage-

netic field (ca. 120°C cf. Frey & Robinson, 1999). If we

compare the I/S interstratified distribution in the

Vinchina Basin with simulated data, a heat flow of

ca. 26 mW m�2 results for the flat subduction regime

between 8 and 3.4 Ma (model 5 in Fig. 8). This model,

which takes into account the new sedimentation rate of

ca. 0.6 mm yr�1 that characterize the basin fill between

ca. 13 and 5 Ma, agrees with the maximum temperatures

reported by Collo et al. (2011) and the lack of Neogene

exhumation ages showed by D�avila & Carter (2013). In

the Bermejo Basin, the distribution of interstratified I/S

is compatible with a model that considers a heat flow of

42 mW m�2 since 9 Ma, with final temperatures similar

to those observed in boreholes (model 4 in Fig. 8). Also,

the heat flow values are comparable to those obtained for

the same basin from magnetotelluric analysis (36–
40 mW m�2; Borzotta et al., 2009) and agree with heat

flow calculations reported by Hamza et al. (2005) along
the modern Andean foreland. The results for the Vin-

china Basin, located today on the transitional segment

between normal and flat slab subduction, reinforce the

interpretation of a flat subduction thermal regime, i.e.

extremely cold, which would have not yet adjusted to a

normal subduction regime during the Pliocene, i.e. to hot-

ter situations (Collo et al., 2011). For the Bermejo Basin,

the thermal state estimated for the Neogene-present

interval is consistent with a low heat flow, but higher than

that proposed by Gutscher et al. (2000). It is important to

notice that, for the Bermejo model, the sedimentation

intervals were taken from studies on the exhumed Huaco

section (Johnson et al., 1986; Jordan et al., 1993, 2001).
The absolute ages (Rb–Sr and K–Ar) obtained for the

psammopelitic levels are older than the sedimentation

ages of the basins and, consequently, do not constrain the

thermal modelling. However, the high amount of detrital

grains even in the finest fractions at the deepest levels,

suggest a weak diagenesis and extremely low thermal flux

history for the region. This reinforces the idea of cold

foreland basins proposed by Collo et al. (2011), and cor-

roborated by others (D�avila & Carter, 2013; Richardson

et al., 2013; Bense et al., 2014; Hoke et al., 2014). Con-
sidering a deposition age of ca. 13 Ma for the TRT3 level

(U–Pb detrital zircons), the K–Ar ages of the tuffaceous
level show a detrital contribution, although in a lower

proportion. Hence, the K–Ar ages for the two coarsest

fractions should be considered mixing ages. The age of

the finest fraction (12 � 0.5 Ma, for <0.2 lm) is similar

to that obtained by the theoretical simulation (11.37 Ma,

based on thermo-stratigraphic evolution of the basin con-

sidering the model 5, Fig. 8) and could be interpreted as

diagenetic and representative of the long-lived growth

mechanisms within the basin. The age of ca. 21 Ma is

compatible with the age of the populations identified from

the U–Pb zircon analysis in the same level. This age is

likely associated with a former volcanic episode that

remobilized older zircons as well as volcanic glass at

ca. 13 Ma. In that case, the ages obtained for the fractions

analysed in TRT3 would be mixing ages between the two

volcanic events and the ages of the mineral neoformation.

The three main Andean volcanic episodes at ca. 5, 13 and
21 Ma interpreted from the U–Pb detrital ages, are con-

sistent with the Late Oligocene to recent magmatic pulses

reported along the Andean arc between 28.5 and 32.5

South Latitude (Kay & Mpodozis, 2002). Our detrital

ages from the Vinchina Basin strata clearly testify the

eastward shifting of magmatic activity from the Early

Miocene (Furque, 1963; Jordan et al., 1993; Limarino

et al., 2001; Verg�es et al., 2001; Kay & Mpodozis, 2002;

D�avila et al., 2004). This arc migration and widening has

been associated with subduction shallowing since about

18 Ma (Kay &Mpodozis, 2002; D�avila et al., 2004).
The AHe ages for the two volcaniclastic levels at the

Vinchina Basin cannot be interpreted conventionally, i.e.

to constrain the time, amount and rate of cooling/ex-

humation, given that they overlap (within the margin of

error) with the ages obtained for the volcaniclastic level

located at the top of the Vinchina Basin (Toro Negro

Fm., ca. 5.25 Ma). The best-fit models for the AHe ages

(Fig. 11) are compatible with the burial temperatures

indicated by the occurrence of R0 in the deepest part of

the basin. This is also consistent with an extremely cold

lithosphere likely associated with a flat slab subduction

regime (i.e. with no asthenopheric mantle heat contribu-

tion). Although in basin analysis low-geothermal gradi-

ents can also be attributed to variations in sedimentation/

exhumation rates (“blanketing effect”) or deformational

processes, we favour a change in the subduction setting,

from normal to transitional and flat, which would have

refrigerated the lithosphere.

Finally, some questions arise from comparison between

the two basins. Why does the thermal modelling in the

Vinchina Basin indicate colder thermal conditions than

those currently taking place where the slab is flat (Ber-

mejo Basin)? Modelling of the Miocene evolution of Vin-

china Basin that considered the thermal conditions

proposed for the Bermejo Basin (Model 6, see Fig. 8),

yielded basal temperatures and I/S evolution with depth

that are not compatible with interstratified I/S identified

in the two analysed sections. How fast do clay minerals

respond to increased heat? Could the migration of the

lithosphere be not recorded by clay minerals and apatites

and it is possible that disordered R0 I/S phases persist

even at temperatures higher than 165°C? Is it is possible
that the thermal regime that currently affects the flat slab

segment is not the same that would have taken place in

the flat Miocene slab regions? Would this depend on vari-

ations in the characteristics of the lithosphere and/or the

© 2015 The Authors
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geometry of the flat slab as it migrated over time? It could

be also possible that the Bermejo Basin has not yet cooled

down from the hotter stage as conductive loss of heat is

slow. By contrast, the Vinchina Basin could be formed in

a cold tectonic setting. Mantle heat flow contributions of

around 11–15 mW m�2 have been estimated for cratonic

regions (Mareschal & Jaupart, 2004; Furlong & Chapman,

2013). This contribution is comparable with the differ-

ence between surface heat flows estimated for the two

basins. Moreover, changes of crustal heat production, due

to the presence of different types of crust, could account

for the observed heat flow variations. Alternatively, higher

heat diffusion within the Vinchina Basin, associated with

a thicker crust to the north (seismic tomography data, see

Whitman et al., 1996), could have taken place. All these

questions remain to be answered.

CONCLUDINGREMARKS

Our clay mineral dating (ca. 154–39 Ma) is older than the

U–Pb sedimentation ages (<16 Ma). This reflects a mix-

ture of diagenetic and detrital material, according with

transformation of clay minerals that shows a progressive

illitization but at low temperatures, with occurrence of R0

even at deeper levels. This is in agreement with the

obtained AHe ages (3.3–7.4 Ma), which are younger than

the depositional ages and with the thermochronologic

modelling showing a long residence time (between 5 and

10 Ma) within the AHePRZ zone, and with isotopic anal-

yses and the subsidence histories. The modelling and

comparison of mineralogic, K–Ar and Rb–Sr isotopic and
thermochronologic data allow us to predict a heat flow of

ca. 26 mW m�2 for a flat subduction regime to the north

(Vinchina Basin) between 8 and 3.4 Ma, and 42 mW m�2

since 9 Ma to the south (Bermejo Basin). This supports

an extremely cold flat subduction thermal regime for both

basins from the Miocene to present.
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