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[1] The Vinchina Foreland Basin, western Argentina, contains a ∼7 km thick nonmarine
stratigraphy, chronologically constrained within the Mio‐Pliocene (circa 19–3.4 Ma), and
where distribution of Illite/Smectite interstratified phases has shown a progressive
smectite‐illitization progress (R0 → R1 → R3), is consistent with an incipient burial
history. R0 represents randomly mixed‐layered illite/smectite normally found at shallow
depths, as this ordering is not stable at ∼120°C. In the Vinchina Basin, however, the R0 is
still persistent at ∼7 km depth, and its appearance even in the deepest levels is consistent
with previous interpretations of low burial temperatures based on thermochronologic
studies of detrital apatites. The maximum paleotemperature estimation and basin depth
imply geothermal gradient as low as ∼15°C/km, which allowed an estimate of heat flow
values between 33 and 42 mW/m2, that would rise to between ∼40 and 51 mW/m2 when
the sedimentation rate (thermal blanketing) is taken into account. These values were only
reported for cold basins and represent a paleothermal state of a refrigerated lithosphere. We
suggest the central Andes were dominated since the Miocene by heat transfer derived
mostly from crustal contributions with a minimum input from the asthenosphere. This
refrigerated lithosphere is typical of segments affected by flat subduction. Preliminary
thermal models based on previous geodynamic approaches support our conclusions.
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1. Introduction

[2] The crustal geothermal gradient is an important factor
in the evolution and maturity of sedimentary basins and
provides information about the tectonic setting and thermal
events that have affected a sedimentary fill. The thermal
modeling of ancient sedimentary basins requires, among
other geological data, an estimate of the past heat fluxes and
calculation of the paleotemperatures and conductivity
changes with depth and time. To do this we need to combine
various proxies for past heat flow as well as numerical
modeling [e.g., Husson and Moretti, 2002]. From Fourier’s
law, temperature gradient in boreholes and the thermal
conductivity are required in order to estimate heat flux
[Turcotte and Schubert, 2002].
[3] Three different approaches have been used in thermal

modeling of sedimentary basins: vitrinite reflectance, min-
eralogical and color indexes, and radiometric dating (ther-

mochronology) [Allen and Allen, 2005]. Because most
continental alluvial red‐bed successions, like those along the
Andean foreland, do not preserve organic matter and
radiometric dating is useful only between certain activation
temperatures, mineralogical approaches are likely the better
and more accurate method to study foreland basins thermal
evolution. Exploring mineralogical indexes, particularly
those of clay minerals, can be applied to detrital sequences
in order to determine basin maturity and geothermal gra-
dients during diagenesis [e.g., Hower et al., 1976;Merriman
and Peacor, 1999]. For example, the progressive transfor-
mation of smectite to illite (illitization) causes the illite/
smectite (I/S) ratio to increase as burial temperature
increases so the I/S ratio for a sedimentary record allows an
estimate of the paleotemperatures reached by a basin during
its burial history. The estimation of the paleothermal con-
ditions in a sedimentary basin can, in turn, help to under-
stand the geodynamic setting.
[4] There is an absence of data for geothermal gradient,

whether modern or ancient, in the sierras Pampeanas region.
In that absence, various previous studies [e.g., Jordan et al.,
1989; Sobel and Strecker, 2003; Carrapa et al., 2008;
Löbens et al., 2011] have assumed a conservative average
values of 20°–30°C/km for the Mio‐Pliocene geotherm.
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Available regional heat flow data [Muñoz and Hamza, 1996;
Springer and Förster, 1998; Hamza et al., 2005] and gra-
dients generated by modeling different basin settings served
as the main sources of information. Because of the
extraordinary depths of some foredeeps along the Andean
foreland, bottom temperatures in the anchizonal field (200–
300°C) should be expected if those assumed gradients were
correct. However, deep basins in the Andes (>5 km thick)
do not record features indicating intense diagenesis; and the
detrital apatite fission track (AFT) ages show a wide dis-
persion without significant postdepositional annealing
[Coughlin, 2002; Coutand et al., 2006; Carrapa et al.,
2006] suggesting the bottom of the synorogenic succes-
sions never reached the maximum apatite fission track an-
nealing temperature (120°C) [cf. Gleadow and Duddy,
1981; Naeser, 1979, 1981].
[5] In order to determine the burial history of the Central

Andean foreland of Argentina (Figure 1) and estimate the
Mio‐Pliocene paleogeothermal gradient for this region, we
evaluated the progressive illitization processes in one of the
thickest foredeep depocenters known in the Andes, the

Vinchina Basin (∼28° SL; Figure 2). This basin contains a
largely uninterrupted Miocene to Pliocene record of fine
to coarse‐grained synorogenic strata locally greater than
>12 km thick.
[6] Preliminary results [Nóbile et al., 2008; Collo and

Dávila, 2008] showed that burial diagenesis and paleo-
geothermal gradients were not consistent with the afore-
mentioned conservative average geothermal gradients. These
results are fully presented and discussed in this contribution.
Moreover, our study evaluates alternative causes of refrig-
eration in the basin, including tectonic scenarios. Relations
between interstratified clay mineral distribution and tem-
perature permit an estimate of the diagenetic history and the
maximum burial temperature reached for the sequence. New
U‐Pb detrital zircon ages are herein used to better constrain
depositional age and provenance of the basin which helps
reconstruct its depositional‐burial‐exhumation history and
geodynamic setting.

2. Geological Setting

[7] The Los Colorados range, immediately west of the
town of Vinchina in La Rioja Province (Figure 1) is com-
posed of an extraordinarily thick and continuous alluvial
synorogenic succession. The outcrop belt is interpreted to be
a thrust‐related extrusion of the Neogene Vinchina Basin
[Turner, 1964; Ramos, 1970] (Figures 2a and 3). The sub-
sidence of the basin has been traditionally related to an
intense topographic loading occurred in the High Andes
since the early Miocene [Cardozo and Jordan, 2001].
Nevertheless, recent flexural modeling has not been able to
reproduce this enormous thickness and alternative sub-
lithospheric mechanisms were invoked (e.g., dynamic
topography) [Dávila et al., 2005, 2007, 2010]. Two for-
mations were described in this range: the Vinchina and the
Toro Negro Formations. The Vinchina Formation (∼4.7 km)
is composed of a succession of predominantly red sandy
conglomerate strata interspersed with thin levels of mud-
stone and tuff. The Toro Negro Formation (∼2.4 km), con-
sists of a thick sequence of alluvial amalgamated
conglomerates with alternating sand levels at the base of the
unit [Ramos, 1970]. Upper Pliocene to Pleistocene flat lying
conglomerates (known as Punashotter conglomerates further
north [Carrapa et al., 2006, 2008] cover both formations
with angular discordance (Figure 2b). Although these
stratigraphic relationships come from the Sierra de Los
Colorados, they can also be traced further north to the lat-
itude of the Toro Negro range and to the south into the
Umango‐Punilla ranges, (Figure 2a), where crystalline
basement crops out at the base of the section as part of the
broken foreland of western Argentina. According to various
isotopic, paleogeographic and magnetostratigraphic studies,
the Vinchina and Toro Negro Formations at Sierra de los
Colorados accumulated between the Early Miocene and
Pliocene [Tabbutt, 1986; Tabbutt et al., 1989; Re and
Barredo, 1993; Ciccioli et al., 2005; Rodríguez Brizuela
and Tauber, 2006]. Particularly magnetostratigraphic stud-
ies [Re and Barredo, 1993] through this thick stratigraphy
and zircon fission track analysis on various tuffs constrained
by Tabbutt [1986], bracketed the sedimentation history of
the basin between ∼18 Ma and ∼3.4 Ma (Figure 4a).

Figure 1. Shaded topographic relief image (U.S. Geologi-
cal Survey), showing the Central Andean Foreland of
Argentina. The Precordillera, Frontal Cordillera, Main Cor-
dillera, Coastal Cordillera, and Puna Austral (PA) are
shown for regional reference. The areas affected by the
modern flat‐slab segment (MFSS) are shown [after
Barazangi and Isacks, 1976]. B, Bermejo Basin; NSP,
northern Sierras Pampeanas; CSP, central Sierras Pampea-
nas; ESP, Eastern Sierras Pampeanas. The white rectangle
shows the location of Figure 2. Modified from Dávila and
Astini [2007]. White solid line A‐B shows the location of
the cross section in Figure 3.
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Figure 2. (a) Geological map from the western region of the La Rioja Province, showing the distribution
of the Tertiary deposits within the Vinchina Basin (modified from Ramos [1999]). Dashed line boxes
show location of the studied transects. (b) Representative stratigraphic column of the basin at Sierra de los
Colorados section; the Vinchina and Toro Negro Formations are distinguished (modified from Ramos
[1970].
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[8] Subhorizontal conglomerates unconformably covering
the Vinchina and Toro Negro formations at Sierra de los
Colorados indicate that the exhumation and truncation of the
Vinchina Basin strata occurred after 3.4 Ma (youngest age
of Toro Negro Fm). Although no radiometric ages are
available for the undeformed conglomerates in the study
area, equivalent units to the northeast were recently dated
between 3.77 and 3.05 Ma (Punashotter conglomerates)
[Carrapa et al., 2008]. To the east (Santa Florentina For-
mation), similar conglomerates were biostratigraphically
constrained to the Plio‐Pleistocene [Lencinas, 1994]. These
ages indicate that the Vinchina Basin strata would have
remained only a relatively short time (less than 1 million
years) at maximum burial conditions.
[9] In the Cordón de La Flecha, Tertiary strata (Figure 2a)

have an approximate thickness of ∼6 km [Furque, 1972;
Reynolds et al., 1990]. In this section, strata correlated with
the Vinchina Formation (∼3.2 km thick) rest on the lower to
middle Miocene eolian beds of the Vallecito Formation
(∼1.2 km thick) [Borrello and Cuerda, 1968; Jordan et al.,
1993]. The Zapallar Formation (∼1.6 km thick) overlies the
Vinchina Formation and correlates lithostratigraphically
with the Toro Negro Formation exposed further north. This
is a typical progradational, coarsening‐upward alluvial
sequence formed by playa lake deposits at the base and thick
and coarse conglomerates at its top [Reynolds et al., 1990].
Magnetostratigraphic data complemented with zircon fission
track analyses on a tuff located at 2.3 km from the base of
the Vinchina Formation [Tabbutt, 1986; Reynolds et al.,
1990], indicate that the nonmarine strata at this section
span between ∼18 and ∼9 Ma. The contact between the
Vinchina and Zapallar Formations would locate at approx-
imately 12 to 12.5 Ma. The overall constraints previously
stated support previous arguments that filling of the basin
was highly diachronous along strike [Ramos et al., 1988].
More recent whole‐rock K‐Ar studies suggest a wider
interval of ages ranging from Eocene‐Oligocene for the
basal sections of Cordón de La Flecha [Tedesco, 2006], to
Late Miocene for the uppermost levels of Sierra de los
Colorados section [Ciccioli et al., 2005, 2008]. Nonetheless,
the tuffaceous beds of the Vinchina basin display a high
degree of detrital recycling from older units [Dávila et al.,
2008], so whole‐rock geochronology needs to be analyzed
accordingly.
[10] The broad stratigraphic evolution of the central

Andean foreland basin was divided into three major stages
[cf. Jordan et al., 2001]: two largely asymmetric “simple
foreland” [cf. DeCelles and Giles, 1996] stages, beginning at

∼20 Ma and ∼14 Ma, and a younger intermontane scenario
driven by foreland partitioning after ∼6 Ma. This evolution
was interpreted from coeval synorogenic successions
exposed further south in the Bermejo basin (∼30–29 SL),
within and east of the Argentine Precordillera [e.g., Beer
and Jordan, 1989; Jordan et al., 1993]. The depositional
history at the Vinchina Basin might have been somewhat
different than the general picture. An intermontane accu-
mulation scenario was suggested by the uplifting of the
Famatina basement ranges to the east since the early middle
Miocene [Dávila and Astini, 2007; Zambrano et al., 2011].
This protracted intermontane scenario likely triggered
development of relatively narrow and deep depocenters
acting as sediment sinks [Dávila and Astini, 2003a, 2003b].

3. Theoretical Framework

[11] The proportion of smectite (S) in I/S has been observed
to decrease with depth and the changes of I/S with tempera-
ture have been well constrained in basins where the modern
geothermal gradient is known [e.g., Sucha et al., 1993]. The
series involving dioctahedral clay minerals is smectite that
converts to mixed‐layer illite/smectite, which converts to
illite. Under high‐geothermal gradients, >40°C/Km (e.g.,
South Central Texas basin [Velde and Vasseur, 1992;
Awwiller, 1993]), the S content in I/S decreases sharply with
depth (less than 50% at ∼2500 m depth). In basins with a low‐
thermal gradient, < 25°C/Km (e.g., Shimiogarshi and Los
Angeles basins [Velde and Vasseur, 1992]), a ratio of S in I/S
greater than 50% persists at ∼5000 m depth).
[12] Most of the studies related to smectite illitization are

based on XRD analyses. They describe the I/S inter-
estratified clays present in interlayer arrangements from
random (R0) to short‐range ordered (R1), to long‐range
ordered (R3), where R is the Reichweite parameter
[Jagodzinski, 1949] and the I contents in the I/S are between
0 and 50%, 50–80% and 80–100%, respectively. According
to literature [e.g., Hoffman and Hower, 1979;Weaver, 1989;
Lindgreen, 1991; Pollastro, 1993; Abid et al., 2004], illiti-
zation of smectite begins at ∼50°C and the transition of
R0 to R1 occurs at 100 ± 20°C, whereas R3 develops at
higher temperatures.

4. Methods

[13] Two transects were systematically sampled through
the Los Colorados Range, in the Sierra de los Colorados and
in the Cordón de la Flecha (28°43′S, 68°16′W and 29°20′S,

Figure 3. Regional cross section (A‐B) [from Fauque and Caminos, 2006]. See the location in Figure 1.
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68°38′W, respectively; in La Rioja Province) (see auxiliary
material).1 Specimens of siltstones/mudstones were col-
lected for petrographical and clay mineral analysis. Sampled
levels were localized in a stratigraphic column reconstructed
on the base of previous studies [Ramos, 1970, Limarino
et al., 2001] and our own recent sedimentological surveys
[Nóbile et al., 2008]. The column in Figure 2b (Sierra de los
Colados section) is transformed into a vertical section, i.e.,
with zero indicating surface level (as in a borehole) with the
maximum thickness of >7000 m at the base. This allows
easier comparison of our results with borehole data else-
where and along the Andean foreland (e.g., Bermejo basin)
and to run the thermal modeling programs.
[14] Petrographic analyses on thin sections were carried

out in order to identify diagenetic features, as grain contacts
and cements. The whole‐rock mineralogy was determined
through X‐ray diffraction (XRD) from randomly orientated
powders of the bulk sample carried out in an X PANalytical
X’Pert PRO diffractometer at the Facultad de Ciencias
Químicas, Universidad Nacional de Córdoba (Argentina).
Diffraction data were analyzed using Philips X’Pert soft-
ware coupled to an International Centre for Diffraction Data
(ICDD) database. Clay‐size mineral phases were identified
by XRD in < 2mm fractions of 9 selected samples. Sample
runs were made at 40 kV and 40 mA, 1°/min, between 3 and
30° 2�. Samples were prepared following the recommenda-
tions of Moore and Reynolds [1997].
[15] Relative proportions of interstratified I/S within the

neoformed phases were established from decomposition in
the 5°–11° 2� angular interval of XRD patterns of air‐dried
(AD) and ethilenglycol solvated (EG) routine oriented
samples [cf. Lanson and Velde, 1992; Lanson, 1997], using
the ProFit1.0c software. Through this process, the presence
of interstratified I/S with different proportions of smectite
was determined, discriminating the R0, R1 and R3 order-
ings. Semiquantitative analyses of the interstratified I/S were
carried out following the method proposed by Moore and
Reynolds [1997].
[16] Two samples located at 1.25 and 7 Km (RT5 and

RT1; Figure 4 and auxiliary material) depth were chosen for
transmission electron microscope observations in order to
characterize clay mineral phases and support XRD data
interpretations. Powders were mounted in Au grids and
observations on dispersed grains were carried out with a
Philips CM‐20 scanning transmission electron microscope
(STEM) equipped with an ultrathin window EDX detector
(Centro de Instrumentación Científica, C.I.C., Granada
University, Spain). Quantitative AEM analyses were
obtained from thin edges, using a 1000 × 200 Å scanning
area. Counting times of 15 s and 100 s minimized alkali‐loss

problems as short counting times improve reproducibility
for K+ and Na++ [Nieto et al., 1996]. Standards used to
obtain the K‐factors for the transformation of intensity ratios
to concentration, following the methods of Cliff and
Lorimer [1975] and Champness et al. [1981], were albite,
biotite, spessartine, muscovite, olivine and titanite. The
structural formulas were calculated considering 22 negative
charges and 0.25 Fe2+/Fe3+ ratio given the presence of iron
bearing phases as hematite in most of the samples [cf.
Guidotti et al., 1994].
[17] In order to test the influence of the geodynamic

scenario in the burial and thermal history of the Vinchina
Basin, we used PetroMod 1D Express Basin Modeling
(from IES GmbH, Schlumberger) in combination with the
geodynamical approaches of Gutscher et al. [2000a] and
Yáñez et al. [2001]. PetroMod runs numerical simulations
involving parameters from each stratigraphic interval such
as thickness, lithology and age, defined depositional and
erosional events, and fixing paleowater depth (PWD), sea-
water interface temperature (SWI), and heat flow (HF)
values. The HF trend was estimated from the Gutscher et al.
[2000a] study, which calculated a thermal evolution for
different subduction scenarios. The Gutscher et al. [2000a]
scenarios treat the subduction angle as the major driving
control. Our study region, the Vinchina Basin, is at present
located in a transitional zone between flat and normal sub-
duction [see Cahill and Isacks, 1992; Anderson et al., 2007].
We followed the Yáñez et al. [2001] historical reconstruc-
tion of the central Andes to estimate the subduction geom-
etry below the Vinchina Basin during the Miocene and
Pliocene. According to this work, the region would have
been affected by normal subduction before 13 myr and
more recently than 6 myr; in a transitional situation between
flat and normal subduction between 13 and 11 myr as well
as 8 and 6 myr; and underlain by flat subduction between
11 and 8 myr Heat flows were estimated considering con-
ditions from Gutscher et al.’s [2000a] model at ∼300 ±
50 km from the trench (taking into account shortening).
The specific heat flows used are: normal subduction stage,
30°C/km (77.7 mW/m2); transitional subduction stage,
15°C/km (38.85 mW/m2); flat subduction stage, 10°C/km
(25.9 mW/m2). The thermal conductivity used to transform
thermal gradients into heat flow values was 2.59 W/(mK)
(from the software).

5. Results

5.1. Petrography and Whole‐Rock Mineralogy
of Fine‐Grained Rocks

[18] The fined‐grained rocks are mostly composed of
millimeter‐scale laminated, reddish‐brown siltstones and
claystones that alternate with fine‐grained sandstones
(sandstones to the sum of siltstones and claystones ratio

Figure 4. The distribution of mixed‐layer clays (interstratified I/S) in the stratigraphic columns of the (a) Vinchina Basin at
Sierra de Los Colorados and (b) Cordón de la Flecha. To the right of each column are shown decomposition of EG‐XRD
diagrams of each sample: blue curves represents measured diagrams, black curves are decomposition curves and red curves
are theoretical diagrams obtained after decomposition. Note the clear decrease, but without disappearing, of R0 I/S from top
to bottom of the succession. Magnetostratigraphic ages (*1, Re and Barredo [1993];*4, Reynolds et al. [1990]), zircon
fission track ages in tuffaceous levels (*2, Tabbutt [1986]; *5, Reynolds et al. [1990]), and U‐Pb detrital zircon age (*3, this
work) obtained for the Sierra de los Colorados and Cordón de la Flecha section, are also shown.

1Auxiliary material is available in the HTML. doi:10.1029/
2010TC002841.
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ranges throughout section between 2:1 and 5:1). The silt-
stones are composed of quartz, plagioclase, potassium
feldspar, lithic fragments, iron‐rich opaque grains (hematite)
and detrital muscovite, biotite and chlorite. Siltstones and
fine‐grained sandstones show iron‐oxide coatings predating
compaction. These coatings are responsible for the red color
of the units and are recorded along the entire column. Cal-
citic cement is abundant at the upper levels and disappears at
∼5.9 km below the surface (b.s.) in Sierra de los Colorados
section and ∼3.3 km (b.s.) in Cordón de la Flecha section.
The weakly indurated claystones are relatively homoge-
neous through all the sequence and contain fine grained
white mica, fine‐grained quartz (with iron‐oxide coatings),
detrital white mica (0.003–0.05 mm) and plagioclase, with
subordinated chlorite and k‐feldspar grains. Some zeolite
phases such as analcime and heulandite were also identified
through XRD (Table 1) from ∼4.7 km (b.s.) in the Sierra de
los Colorados section and from ∼3.3 km (b.s.) in Cordón de
la Flecha section, although textural relations with the other
cements could not be established through petrography.
Expandable clay minerals are not abundant in XRD bulk
rock analysis.
[19] Although samples from the Toro Negro and Vinchina

formations have a similar composition, suggesting similar
detrital contributions, XRD bulk rock analysis shows that
shallower levels contain higher amounts of k‐feldspar and
minor amounts of cristobalite (derived from tuff levels),
whereas deeper levels in the Vinchina Formation contain
analcime and heulandite (Table 1). These differences are
probably related to postdepositional‐burial diagenetic min-
eralogical changes. Although the origin of zeolites could be
related with alteration of the abundant volcanic material
present within the units, more textural and mineralogical
analyses need to be made to elucidate their origin as well as
the textural relations with the neoformed clay minerals.

5.2. Clay Mineralogy (<2 mm)

[20] The dominant neoformed clay mineral phases iden-
tified through XRD are smectite, interstratified I/S, illite‐
mica in variable proportions and lesser amounts of chlorite
(Table 1 and Figure 4). The simple and traditional charac-
terization of I/S, using the positions of 001/002 and 002/003

reflections to estimate I% [Moore and Reynolds, 1997], is
difficult to apply in these samples given the mixture of the
illite‐mica phase and the overlapping reflections. Moreover,
comparisons between AD and EG XRD suggest the pres-
ence of multiple expandable I/S phases with different S% in
each sample. Detailed decomposition analyses of both XRD
diagrams show the coexistence of interstratified I/S with R0,
R1 and R3 orderings (Figure 4). R0 presents spacing that
ranges from 13.13 to 15.54Å in AD diagrams and 16.08 to
17Å in EG diagrams. R1 and R3 show a lower spacing as
well as a minor difference between AD and EG diagrams,
ranging from 11.32 to 12.60Å to 11.98–13.71Å and 10.47–
11.12Å to 10.59–11.20Å, respectively. This coexistence is
reinforced by results from SEM (Figure 5) and TEM anal-
yses carried out in two of the samples (RT5, RT1; Figure 6
and auxiliary material).
[21] The clay mineral assemblage of the shallowest sample

(RT5) along the Sierra de los Colorados (Figure 4; ∼1.25 km
depth, uppermost section in the Toro Negro Formation) is
dominated by R0 (∼70%), R1 and illite‐mica phases, with
absence of R3 ordering. The I/S structural formula, calcu-
lated from AEM analyses on the basis of 11 oxygens, shows
compositional variations with Si contents ranging from 3.41
to 3.94 a.p.f.u., layer charges between −0.25 and −0.74 and
K, Na and Ca as interlayer cations. The appearance of
R3 within the Vinchina Formation, absent in the above Toro
Negro Formation, takes place at ∼5 Km depth (e.g., 5 km
from the uppermost part of the preserved basin) and, like-
wise, R1 and illite show an increase toward the base of the
unit. Although R0 clearly decreases to the deeper levels,
significant proportions (∼30%) are still present in the low-
ermost analyzed sample (RT1, ∼7 Km depth). The R0
persistence to 7 km depth is confirmed by the AEM that
indicates phases with Si contents of 3.91 a.p.f.u. and layer
charges of −0.28 (Figure 6).
[22] In the section at Cordón de la Flecha (Figure 2a), the

shallowest sample RLT11 (in the Zapallar Formation) are
dominated by R0 (∼88%), with subordinated illite‐mica and
chlorite. R1 phases are recorded from ∼2.8 km downward,
within the Vinchina Formation (RLT8, RLT7 and RLT6),
and R3 ordering was identified only in the two deepest
levels below ∼3.4 km (RLT7 and RLT6). As in the Sierra de

Table 1. Whole Rock Mineralogy and Clay Mineral Phases From Both Sections

Depth
(m) Sample

Whole Rock Mineralogy Clay Fraction Mineralogy, <2 mm (%)

Crs Sa Qtz Pl Kfs Ms Chl Cal Hul Anl Hem Illite I/S R3 I/S R1 I/S R0 Chl

Los Colorados
Toro Negro Fm. 500 RT100 (tuff) X X X X X

500 RT100 X X X X X ? X
1300 RT5 X X X X X X ? X 26 0 2 72 X
1900 RT101

Vinchina Fm. 4500 RT4 62 11 6 21 X
4750 RT3 X X ? X X X X X 41 11 5 43 X
5900 RT2 X X ? X X X 69 10 4 17 X
6900 RT106 X X ? X X X X X
7000 RT1 X X X X X 42 23 5 30 X

La Flecha
Zapallar Fm. 790 RLT11 X X X X ? X X 12 0 0 88 X

Vinchina Fm. 2780 RLT8 X X X X X X ? 62 0 2 36 X
3340 RLT7 X X X X X X X X X 38 15 7 40 X
4220 RLT6 X X X X X X X 52 9 7 32 X
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los Colorados, R0 ordering is still recorded at around 4.6 km
depth (RLT6).
[23] The increase of R1 ordering and illite with depth, the

appearance of R3 ordering at ∼3–3.5 km and the persistence

of R0 ordering at the base of the Vinchina Formation, are
characteristics of both localities. They also show an increase
of illite downward in the section, associated with a dis-
placement of the 001 reflection toward the higher degrees

Figure 5. Scanning electron micrographs show differing textures of I/S and Illite in the different levels at
Sierra de los Colorados. (a) Detail of honeycomb R0 I/S interstratified at ∼500 m, (b) honeycomb R0 I/S
interstratified at ∼2000 m, (c) I/S flakes developed over quartz overgrowths at ∼3500 m; (d) detrital mica
plate and contrasting I/S and illite neoformed flakes at ∼6000 m, (e) detail of neoformed phases from the
previous photomicrograph; and (f) I/S and illite at ∼7000 m. Note the persistence of honeycomb texture
typical of R0 interstratified.
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and a decrease in the peak width at half height. It is
important to note that small proportions of illite‐mica exist
at the shallowest levels of both sections, likely reflecting a
detrital contribution. Chlorite appears in similar proportions
throughout all the sequence.

5.3. Thermal Modeling

[24] Several thermal models were carried out with Petro-
Mod in order to test the thermal conditions of the basin
during de Neogene. The thermal evolution of the Vinchina
Basin at Sierra de los Colorados and Cordón de la Flecha
were reconstructed under four different conditions (see
Figures 7 and 8 for further explanations): (1) considering the
Neogene subduction dynamic proposed by Yáñez et al.
[2001] and the thermal parameters calculated by Gutscher
et al. [2000a] for different subduction scenarios, (2) con-
sidering a decline in the geothermal gradient taking into
account that the isotherms of Gutscher et al. [2000a] should
be placed lower, (3) considering the study region behaved as
a transitional subduction scenario between 8 and 3.4 Myr,
and (4) combining conditions 2 and 3.

[25] As shown in the Figures 7 and 8, the maximum
calculated temperatures vary between 90 and 225°C in the
Sierra de los Colorados and between 105 and 150°C in the
Cordón de la Flecha section. The maximum temperatures
would have been reached at the base of the entire sedi-
mentary section at ∼3.4 Ma in the Sierra de los Colorados
section and between 3 and 3.6 km depth at ∼12–13 Ma in
Cordón de la Flecha section.
[26] For the Cordón de la Flecha, the four models were

also run considering continuity of sedimentation until 3.4 Ma
and with a sedimentation rate of ∼540 m/myr (rate between
∼12.2 and ∼9 Ma [Reynolds et al., 1990]; see auxiliary
material). In these models the maximum burial tempera-
tures would have been between 120 and 300°C at 8 km
depth.

5.4. Detrital U‐Pb Ages

[27] The analyzed volcanogenic sample from the lower-
most section (∼6900 m depth) of the Vinchina Fm at Sierra
de los Colorados (Figures 2a and 9 and auxiliary material)
comes from a very thick (1.5 m) whitish to grayish laminated
tuffaceous sandy bed, composed of lithic and volcaniclastic

Figure 6. Diagrams showing wide dispersion in the chemical compositions of the I/S and illite phases
even in the sample at ∼7000 m depth. Some of the measured spots are shown with circles in the TEM
images to the right.
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components and interpreted to be a reworked tuff. Tephra
components are slightly recrystallized and silicified includ-
ing variously cuspate to planar glass shards and conchoidal
fragmented quartz, plagioclase, k‐feldspar, amphibole and
micas (mainly euhedral biotites). Accompanying rounded
quartz and feldspars, biotite and muscovite flakes are also
common as well as a few accessory transparent heavy
minerals including prismatic zircon grains. The lithics are
volcanic, metamorphic and equigranular (microgranites).
Locally it is possible to recognize a poorly developed
groundmass of fine‐grained microcrystalline siliceous mate-
rial (derived from glass devitrification) and patchy calcitic
cement. In outcrop, this horizon shows cross and trough
lamination, locally with deep incisions, indicating turbulent
flow. Sedimentological features and composition suggests
some reworking for this well‐known thick tuff level that was
analyzed by Tabbutt [1986]. Whole rock XRD analysis
shows that the k‐feldspar is mainly of sanidine type, and
mordenite appears as the main zeolitic phase presumably as
neoformed cement.
[28] U‐Pb ages on detrital zircons indicate a wide age range,

from Proterozoic to Cenozoic (∼1912.6 Ma to ∼19.1 Ma, n =
75; Figure 9 and auxiliary material). The younger four zircons
tightly average at ca. 19 Ma and show a mean age of 19.4 ±
0.7 Ma (MSWD = 0.53, 2s errors). The density plot shows
six distinct major populations at 19 Ma, 288 Ma, 463 Ma,
504 Ma, 547 Ma and 1141 Ma. Minor peaks are recorded at
1464 Ma and 1842 Ma. In cathodoluminescence images the
Proterozoic‐Paleozoic zircons are rounded to subrounded,
whereas Tertiary zircons are prismatic and zoned and are
likely cogenetic with volcanism. This allows interpreting a
maximum sedimentation age of ca. 19 Ma for the primary
volcanic components in the tuffaceous bed. The rest of the
detrital grains, as inferred from independent sedimentological
features, indicate stream‐related recycling and a mixed
provenance from local basement and early and late Paleozoic
plutons and sedimentary cover.

6. Discussion

6.1. Detrital U‐Pb Ages: Deposition and Provenance

[29] The U‐Pb ages not only assist to constrain the
depositional age but also help to determine the origin and

provenance of the tuffaceous level exposed at the base of the
Vinchina Formation. Although the youngest detrital age in a
sedimentary rock is, by definition, a maximum age, it is
noteworthy that there are no grains younger than 19 Ma.
Given that volcanism was very active from Early Miocene
to Pliocene time in this region, it is reasonable to interpret
that the ca. 19 Ma (Early Miocene) peak might be close to a
depositional age. This suggests that the base of the Vinchina
Formation at Sierra de los Colorados was deposited at ca.
19 Ma, instead of the 14.5 Ma proposed by Re and Barredo
[1993], and is consistent with the magnetostratigraphic
study on the correlative section of Cordón de la Flecha
carried out by Reynolds et al. [1990] that constrained the
base of the Vinchina Formation at ∼18 Ma.
[30] The zircon age results also have implications

regarding the source area of the foreland basin strata. The
lack of Mesozoic and Early Tertiary detrital zircons suggests
that Choiyoi (Triassic) and the earliest Andean (Paleogene)
records exposed today along the main cordillera [Astini et al.,
2009] were not sources for the lowermost Vinchina Fm.
Although paleocurrent studies show general paleoslopes to
the east [Ramos, 1970; Tripaldi et al., 2001], given the
abundance of Neoproterozoic and early and late Paleozoic
detrital ages we cannot discard the possibility of an early
supply from adjacent provinces like the Precordillera, Sierras
Pampeanas or Puna, where some of these ages are also
present. Alternatively, because regional paleocurrents are
toward the east from the beginning of the sedimentation,
detrital ages may demonstrate that the Triassic to Paleogene
interval was not unroofed along the High Cordillera,
although this contradicts thermochronological analysis in
Chile [e.g., Nalpas et al., 2005] that show three major
cooling ages (Mid‐Cretaceous to Paleogene in the coast,
Eocene in the Central Valley region and Oligo‐Miocene
close to the Argentina‐Chile border). According to our
results, the erosion and transport of Mesozoic to Paleogene
rocks had to occur younger than 19 Ma, following deposition
of the analyzed tuffaceous sandstone, and likely during the
deposition of the Mio‐Pliocene coarse conglomerates of the
overlying Toro Negro Fm. Another alternative is a source
area located to the north, in the southern Puna plateau, as
previously suggested by Coughlin [2002] and Carrapa et al.
[2005] based on detrital apatite fission track analysis.

Figure 7. Thermal modeling for the Vinchina Basin at Sierra de los Colorados section using PetroMod 1D Express soft-
ware. Given the Vinchina basin is nonmarine, PWD is zero and SW1 is ∼20°C. Heat flows estimated considering conditions
at ∼300 ± 50 km from the trench (taking into account shortening): normal subduction stage, 30°C/km (77.7 mW/m2); tran-
sitional subduction stage, 15°C/km (38.85 mW/m2); flat subduction stage, 10°C/km (25.9 mW/m2) [from Gutscher et al.,
2000a]. Thermal conductivity used to transform thermal gradients in heat flow values: 2.59 (W/mK) (from the software).
Modeling includes blanketing effects related to sedimentation and exhumation rates. Sedimentation stages for the Sierra de
los Colorados: 19–7.30 myr, 1100 m; 7.30–4.30 myr, 3650 m; and 4.30–3.40 myr, 2250 m. (a) Considering the recovery to
normal subduction geometry. Time intervals from Yáñez et al. [2001]: normal subduction stage, before 13 myr; transitional
subduction stage, 13–11 myr; flat subduction stage, 11–8 myr; transitional subduction stage, 8–6 myr; and normal sub-
duction stage, between 6 and 3.4 myr. (b) Considering a decline in the thermal gradient (∼25%) taking into account that the
isotherms of Gutscher et al. [2000a] should be placed lower: normal subduction stage, 22.5°C/km (58.275 mW/m2);
transitional subduction stage, 11.25°C/km (29.1375 mW/m2); and flat subduction stage, 7.5°C/km (19.425 mW/m2).
(c) Considering an incomplete recovery of normal subduction geometry. Time intervals are normal subduction stage, after
15 myr; transitional subduction stage, 15–11 myr; flat subduction stage, 11–8 myr; and transitional subduction stage,
between 8 and 3.4 myr. (d) Considering a decline in the thermal gradient proposed by Gutscher et al. [2000a] together with
an incomplete recovery of normal subduction geometry.
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6.2. Postdepositional Processes

6.2.1. Progress of Illitization and Estimate of Ancient
Thermal Gradients
[31] The distribution of I/S interstratified phases through

the succession (Figure 4) shows a progressive smectite‐
illitization process (R0 → R1 → R3 → I) directly related to
the sedimentary burial history of the late Tertiary succes-
sion. Although part of the smectite and I/S in the < 2 mm
fraction from the shallower levels may have been derived
from the source area (as well as illite‐mica and chlorite), the
increment in the I/S ordering and illite content from the top
to the bottom of the section and the strong correlation
between the degree of illitization and the stratigraphic
position of the rocks shows that, at least in the deepest
levels, I/S phases (including the R0) are neoformed and
transformed grains. These are related consequently to dia-
genetic transformations. AEM data (Figure 6) also demon-
strate a coexistence of R0, R1, R3 and Illite phases in the
deepest sample, eliminating the possibility that the
expandable phases as result from rock alteration following
exhumation, which generally generates contrasted end‐
members populations. The distribution of I/S is compatible
with the typical trajectory found in modern and ancient
clastic basins affected by “incipient burial metamorphism”
[e.g., Velde and Vasseur, 1992, and references therein], and
allow avoiding stratigraphic duplication or tectonic thick-
ening in the succession.
[32] The presence of R0 randomly mixed‐layered I/S with

>50% content of smectite at ∼7 km depth in the Sierra de los

Colorados and at ∼4.8 km depth in the Cordón de la Flecha,
suggests that the base of the section in the Vinchina basin
did not exceed the diagenetic field [cf. Frey and Robinson,
1999]. Consequently we can confidently propose that the
Vinchina Basin behaved as an immature and cold basin. The
persistence of minor amounts of potassium feldspar even in
the deepest samples (∼7 km depth) implies that the delay in
the smectite to illite transformation was not related to the
low concentrations of potassium bearing minerals, as sug-
gested for the clay mineral evolution in sequences as the
Gulf Coast or Central Basin of Poland [Srodon and Eberl,
1984].
[33] Because R0 becomes unstable over temperatures of

∼120°C in siliciclastic sequences [Jennings and Thompson,
1986; Sucha et al., 1993; Uysal et al., 2000], the maximum
average paleogeothermal gradient reached by the Vinchina
basin fill at depths of ∼7 km, and considering surface tem-
peratures of ∼20°C, would be in the order of ∼15°C/Km
(Figure 10). This value is consistent with thermo-
chronological studies that suggest the sequence would not
have exceeded the AFT partial annealing zone temperatures
of ∼120°C at these depths in the Sierra de los Colorados
section [Coughlin, 2002]. No Tertiary AFT ages were
recorded, at least for this segment, as expected for a con-
servative thermal gradient at 7 km depth. It is noteworthy
that our temperature values are also consistent with heat
flow studies in the modern Andean foreland [see Muñoz,
2005; Hamza et al., 2005] that reported gradients as low
as 17°C/km in the Chaco Plains of Paraguay and Brazil.

Figure 9. (a) U‐Pb detrital zircon ages of the lowermost volcanogenic bed exposed in the Vinchina For-
mation, Sierra de Los Colorados. The inset at the left‐top corner is depicting the age dispersion of the
youngest zircons that provided the minimum age for the units in ∼19 Ma. (b) Dated tuff layer within
the Vinchina Formation.

COLLO ET AL.: THERMAL HISTORY OF THE VINCHINA BASIN TC4012TC4012

13 of 18



6.2.2. Implication of the Thermal Estimates
[34] Estimated depositional age for the basal section of the

Vinchina Formation, both geochronologically and magne-
tostratigraphically, together with ages of the uppermost Toro
Negro Formation [Tabbutt, 1986], confirms that sedimen-
tation of the Vinchina Basin at Sierra de los Colorados
occurred between ∼19 and 3.4 Ma (Early Miocene–Pliocene).
In turn, geochronology and magnetostratigraphy at Cordón
de la Flecha section [Reynolds et al., 1990] indicate that
sedimentation of Vinchina and Zapallar Formations occurred
between ∼18 – 9.3 Ma (Early to Late Miocene).
[35] The established maximum average geothermal gra-

dient for the Vinchina Basin (∼15°C/km), together with
thermal conductivities between 2.2 and 2.8 W/(mK)
[Turcotte and Schubert, 2002; Hamza et al., 2005], give
average values between 33 and 42 mW m−2 for the Early
Miocene–Pliocene Vinchina Basin. This agrees with heat
flow studies along modern flat slab segments that show
values between 20 and 70 mW m−2 (e.g., Peru flat slab
segment [Henry and Pollack, 1988; Gutscher, 2002;Muñoz,
2005; Hamza et al., 2005]) and with temperature informa-
tion recorded in five deep oil‐industry boreholes (>4000 m
depth) located further south along the Bermejo Valley, and
above the flat‐slab segment (e.g., 29°–34° SL [Cahill and
Isacks, 1992; Pardo et al., 2002; Anderson et al., 2007,
Collo et al., 2010]). The corrected temperatures, following
the American Association of Petroleum Geologists [1976]
recommendations, give geothermal gradients of 16–17°C/km.
In steep slab segments of the Central Andean region of
northern Chile and southern Bolivia, high heat flow values
(∼50 to120 mW m−2) are recorded [Henry and Pollack,
1988; Gutscher, 2002; Hamza et al., 2005], as well as in

the Neuquén Basin with values generally over ∼46 mW m−2,
and an average of ∼163 mW m−2 [Hamza et al., 2005].
[36] Although low heat flows might be the main cause of

the retarded progression of the I/S ordering and of the per-
sistence of R0 even at 7 km depth within the Vinchina
Basin, possible alternative explanations could be (1) a
blanketing effect [cf. Husson and Moretti, 2002], (2) a short
“residence time” of the complete succession at maximum
burial conditions, (3) a lateral migration of the depocenter
associated with strong syndepositional deformation, this
might have created the false impression that the Vinchina
Formation was deeply buried, when instead the successively
younger horizons might have offlapped to the west such that
the older units were never deeply buried, and/or (4)
groundwater circulation, a phenomenon that could prevent
the attainment of a steady state geotherm. Kinetic reaction
modeling [Eberl and Hower, 1976; Cuadros and Linares,
1996; Berger et al., 1997] suggests that a full smectite to
illite transformation at ∼120°C takes ∼104 yr. This would
allow discarding the second alternative. Moreover, the lack
of growth unconformities and the uninterrupted sedimenta-
tion within the Vinchina and Toro Negro/Zapallar forma-
tions (encompassed in the Neogene Vinchina Basin) drives
us to reject the third alternative of depocenter shifting.
Analysis of thermal control related to groundwater circula-
tion carried out in foreland basins suggests that rocks at
depth can be cooled below the recharge area, but with only
a local development of high‐amplitude thermal anomalies
(a temperature decrease of 10 to 15°C at 3 km depth) [cf.
Husson and Moretti, 2002]. Furthermore, the local inci-
dence of fluid circulation is difficult to model.
[37] The blanketing effect (first alternative [Lucazeau and

Le Douaran, 1985; Deming, 1994]) is produced by rapid sedi-
mentary accumulation and causes the reduction of the steady
state thermal flux. High sedimentation rates (∼1000 m/Ma),
accompanied by rapid subsidence, induces cooling and could
disturb the thermal field reducing the heat flow by 10–20%,
taking more than 30 myr to restore the normal flux [Husson
and Moretti, 2002]. In the Pliocene‐Pleistocene Coastal
Range basin of eastern Taiwan, for example, high percen-
tages of smectite at 6 km depth (up to 65% in the I/S) were
interpreted as a combination of high sedimentation rates
(>5 km/myr), low paleogeothermal gradient (14°C/km) and
kinetic limitations related to short duration of the maximum
burial (about 100°C for less than 1 myr [Dorsey et al., 1988]).
Three major depositional episodes can be inferred for the
Vinchina Basin in the Sierra de los Colorados from avail-
able geochronological data: from 19 to 7.3 Ma with a rate
∼95 m/myr (considering the new age at the base of the
unit), from 7.3 to 4.3 Ma with a rate of ∼1216 m/myr, and
between 4.3 and 3.4 Ma with a rate of ∼2500 m/myr. In turn,
in the Cordón de la Flecha section, the rate of accumulation
varies from a minimum of ∼300 m/myr at the base, to a
maximum of 1000 m/myr in the middle, and then 400 m/myr
at the top [Reynolds et al., 1990]. These values allow esti-
mating a heat flow reduction of around 15–20% [cf. Husson
and Moretti, 2002] by blanketing disturbances. The avail-
able geochronological analyses suggest that the deposition‐
exhumation trajectory of the Vinchina Basin occurred in a
time interval of ∼16 myr in the Los Colorados section,
which seems not to be enough to restore the steady state
thermal field.

Figure 10. Schematic burial‐exhumation history proposed
for the Vinchina Basin fill.
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[38] Even considering a blanketing effect with reductions
of 20% in the Neogene heat flow, maximum steady state
values related to the burial of the Vinchina Basin would still
be extremely low (between ∼40 and 51 mW m−2). It is
important to note that the average heat flow transferred by
decay of crustal radiogenic isotopes is ∼40 mW m−2

[Turcotte and Schubert, 2002]. This flux value matches
relatively well with our results, suggesting that the thermal
transport from the mantle was extremely low (up to 11 mW
m−2), and is in agreement with a relative cold foreland
scenario resting on a refrigerated lithosphere. Such a situa-
tion is common in shields and old cratons but can also be
explained by elimination of the mantle wedge during a slab
shallowing stage in subduction. Given that this basin would
have developed at the foothill of the Early Miocene Andes,
we prefer a flat subduction scenario to explain the low
geotherm. This is also coherent with geological, geophysical
and geochemical studies from the Oligocene to Present
[Yáñez et al., 2001; Kay and Mpodozis, 2002; Dávila et al.,
2004].
[39] The thermal modeling of the Vinchina Basin, devel-

oped to fit the dynamics of the subduction history (Figures 7a
and 8a), shows maximum temperatures (135–150°C in the
Cordón de la Flecha and 210–225°C in Sierra de los Col-
orados) exceeding the temperatures documented by the
preservation of expandable clay mineral phases in the bottom
of the successions (<120°C) and from detrital thermo-
chronological studies [Coughlin, 2002]. The alternative of
considering that the isotherms of Gutscher et al. [2000a]
should be placed lower, which would drive to a decline in
the thermal gradient and consequently in the heat flow
(Figures 7b and 8b), seems to fit with the evolution of the
basin at Cordón de la Flecha section but, even reducing
the heat flow values by ∼25%, modeled temperatures for the
bottom of the Vinchina Basin at Sierra de los Colorados are
still higher, between 150 and 165°C. A third alternative
result of the PetroMod thermal model is shown in Figures 7c
and 8c, where we run the experiment considering the region
behaved as a transitional subduction scenario between 8 and
3.4 Ma. If this were the case, the steady state thermal regime
would have not been completely restored at the moment of
the exhumation of the sedimentary sequence. This model
supplied maximum temperatures between 105 and 120°C at
7 Km depth in Sierra de los Colorados, which are consistent
with the temperatures recorded through clay mineralogy.
Consequently, the best fit to explain the evolution of both
sections is to consider a decline in the thermal gradient
proposed by Gutscher et al. [2000a] and an incomplete
recovery of normal subduction geometry, at least until the
exhumation of the basin (Figures 7d and 8d). The models
also allow discarding the influence of an old lithosphere on
the Neogene thermal regime, given that average heat flow
values for Proterozoic and Early Paleozoic terranes vary
between 49 and 61 mW m−2 [Pollack et al., 1993; Rudnick
et al., 1998] and are too high when compared with our
results.
[40] The inferred thermal regime, with extremely low‐heat

flow values between ∼20 and ∼30 mW/m2, may be due to
the fact that the average subduction dip in this region of the
Central Andes is the lowest among all other subduction‐
related forelands (300 km subhorizontal slab at 80 km depth
[Gutscher et al., 2000a, 2000b; Syracuse and Abers, 2006]).

In these flat‐slab regions the thermal structure of the margin
is completely altered with cold oceanic lithosphere beneath
the upper lithosphere, where typically hot asthenosphere is
present.
[41] Further evaluation of the steady state and transient

heat flow regimes elsewhere along the Andean region, both
in exhumed and still buried Miocene to present successions,
may allow reinforcing our interpretation and testing the
control of flat‐slab segments in low‐heat flows and refrig-
erated temperatures. We also expect to analyze the influence
of groundwater in the modern basin, like the Chacopar-
anaense Basin (M. Bonich, manuscript in preparation,
2011), in order to account for the geotherm reduction by
groundwater flow.

7. Conclusions

[42] The location of the Vinchina Basin is within a sug-
gested flat subduction segment of the Andean thrust belt and
broken foreland during the Miocene [cf. Kay et al., 1988;
Kay and Mpodozis, 2002; Dávila et al., 2004]. The cold
burial history is consistent with the absence of an asteno-
sphere wedge below the crust here. Consequently, it is
reasonable to infer that the very low geothermal gradient
could be associated with refrigeration of the lithosphere,
related to the decreasing volume of the astenospheric wedge
[Dumitru, 1991], with the flattening process contributing to
declining bulk heat flux. Progressive transformations in the
ordering of the clay fraction within a thick geochronologi-
cally constrained foreland basin stratigraphy in the Central
Andes, aides our understanding of burial history and thermal
maturity within a flat‐slab subduction segment. Low‐heat
flows and a refrigerated lithosphere under the exhumed
stratigraphy of the Vinchina Basin, considered a strongly
subsiding depozone, and the same, still buried, equivalent
stratigraphy analyzed from exploration wells further south in
the Bermejo Basin are interpreted to be strongly controlled
by the geometry of subduction and the lack of a significant
astenospheric wedge.
[43] Despite the extraordinary thickness of the studied

synorogenic alluvial succession, our results show an
incomplete illitization prograde process typical of an
incipient burial in an immature cold basin. Persistence of
R0 clay ordering at > 6 km depth is consistent with previous
thermochronologic studies indicating very low geothermal
gradients, ∼15°C/km, and maximum temperatures under
120°C. Although low paleogeothermal gradients have been
attributed to varying accumulation/unroofing rates or
deformation processes, according to our interpretation the
geometry of subduction seems to be the principal factor
controlling heat flow and thermal maturity in the Vinchina
Basin and perhaps in other analogous retroforeland sedi-
mentary basins.
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