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ABSTRACT

Studies in both modern and ancient Cordilleran-type orogenic systems suggest that processes associ-

ated with flat-slab subduction control the geological and thermal history of the upper plate; however,

these effects prove difficult to deconvolve from processes associated with normal subduction in an

active orogenic system. We present new geochronological and thermochronological data from four

depositional areas in the western Sierras Pampeanas above the Central Andean flat-slab subduction

zone between 27° S and 30° S evaluating the spatial and temporal thermal conditions of the

Miocene–Pliocene foreland basin. Our results show that a relatively high late Miocene–early Plio-
cene geothermal gradient of 25–35 °C km�1 was typical of this region. The absence of along-strike

geothermal heterogeneities, as would be expected in the case of migrating flat-slab subduction, sug-

gests that either the response of the upper plate to refrigeration may be delayed by several millions of

years or that subduction occurred normally throughout this region through the late Miocene.

Exhumation of the foreland basin occurred nearly synchronously along strike from 27 to 30° S

between ca. 7 Ma and 4 Ma. We propose that coincident flat-slab subduction facilitated this wide-

spread exhumation event. Flexural modelling coupled with geohistory analysis show that dynamic

subsidence and/or uplift associated with flat-slab subduction is not required to explain the unique

deep and narrow geometry of the foreland basin in the region implying that dynamic processes were

a minor component in the creation of accommodation space during Miocene–Pliocene deposition.

INTRODUCTION

In Cordilleran-type orogenic systems, the interaction

between shortening, crustal thickening and magmatism

during subduction processes produces predictable pat-

terns in the geology of the overriding plate (Decelles

et al., 2009, 2015). During periods of flat-slab subduction

coupling between the lower and upper plate change these

patterns (Coney & Reynolds, 1977; Jordan & All-

mendinger, 1986; Dumitru et al., 1991; Ramos & Fol-

guera, 2009); however, the effects of flat-slab subduction

on the organization, thermal regime and subsidence pat-

terns of the sedimentary basins overlying flat-slab sub-

duction zones are poorly understood. In particular, it is

difficult to distinguish between changes in surface geology

related to normal – albeit commonly episodic – orogenic

processes (Decelles & Graham, 2015) vs. dynamic effects

associated with flat-slab subduction (D�avila et al., 2010;
Liu et al., 2010; Painter & Carrapa, 2013; D�avila &

Lithgow-Bertelloni, 2015; Heller & Liu, 2016; Hu et al.,
2016).

The central Andean flat-slab subduction zone of the

Sierras Pampeanas is located in a region of well-preserved

Cenozoic sedimentary basins (Fig. 1). Present-day flat-

slab subduction can be observed in the Sierras Pampeanas

region using geophysical techniques (Fig. 1a) (Cahill &

Isacks, 1992; Anderson et al., 2007; Gans et al., 2011;
Ammirati et al., 2016); however, constraining the timing

of slab flattening proves more challenging and temporal

estimates of flat-slab initiation range from early Miocene

to Pliocene based on the timing of arc magmatism, basin

subsidence and reorganization and exhumation (Reynolds

et al., 1990; Jordan et al., 2001; Ramos et al., 2002;

D�avila & Astini, 2007; Carrapa et al., 2008; Kay & Coira,

2009; D�avila & Carter, 2013; Fosdick et al., 2015). The
availability of geophysical data coupled with well-pre-

served surface geology provides an opportunity to under-

stand the relationship between flat-slab subduction and

sedimentary basin evolution not only in the Central

Andes but also in other flat-slab subduction zones around

the world. Understanding the spatial and temporal ther-

mal regime in sedimentary basins in the Sierras
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Pampeanas region – and specifically understanding if it is

controlled by dynamic processes associated with subduc-

tion geometry – may be the lynchpin for more sufficiently

distinguishing which changes in upper plate geology can

be attributed to flat-slab subduction.

In the Sierras Pampeanas (Fig. 1), changes in thermal

conditions and subsidence patterns have been tied to

increase coupling between the upper and lower plate dur-

ing flat-slab subduction (Gutscher et al., 2000) which is

hypothesized to affect deformation in the fold and thrust

belt (Johnson et al., 1986), drive dynamic subsidence

and/or uplift in the basin (D�avila et al., 2010; D�avila &

Lithgow-Bertelloni, 2015) and refrigerate the overriding

plate (Collo et al., 2011, 2017; D�avila & Carter, 2013).

In particular, slab refrigeration is based on the assump-

tion that removal of a hot asthenospheric wedge during

periods of flat-slab subduction produces a uniquely low

geothermal gradient (ca. 10–20 °C km�1) above flat-slab

subduction zones (Dumitru, 1990; Dumitru et al., 1991).
This effect may be enhanced by the cold, flat subducting

slab during the coupling between the upper and lower

plates during flat-slab subduction (Collo et al., 2011,

2017; D�avila & Carter, 2013; D�avila & Lithgow-Bertel-

loni, 2015).

Low-temperature thermochronology is an effective tool

to constrain the thermal history of sedimentary basins

which in turn provides important insight into the tectonic

history of a region. When applied to sedimentary rocks,

low-temperature thermochronometers can reflect the

cooling history of the sediment source regions or cooling

and basin exhumation following sediment burial heating.

An elevated geothermal gradient coupled with significant

Fig. 1. (a) The tectonomorphic setting of the central Andes adapted from Ramos et al. (2002). The depth to slab is indicated relative
to these features. (b) A geologic map modified from Fosdick et al. (2017) of the sample locations in this study. Depositional areas in

this study are marked with empty circles. Locations of wells are marked with filled circles. In both figures, GN =Guanchin River

depositional area, RLT = Rio La Troya depositional area, VH = Valle Hermoso depositional area, VN = Vinchina depositional area,

LF = La Flecha depositional area, G = Guandacol, P = Pozuelos, M = Matagusanos.
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burial can be sufficient to reset low-temperature ther-

mochronometers such as apatite (U–Th–Sm)/He and fis-

sion track thermochronometers which have closure

temperatures of 55–80 °C and 80–120 °C respectively

(Green et al., 1989; Farley, 2000; Reiners & Brandon,

2006). Post-burial cooling can thus be used to constrain

the magnitude of burial, the palaeogeothermal gradient

and the timing of basin exhumation.

The goal of this study was to constrain the spatial and

temporal thermal history of the Mio-Pliocene foreland

basin (Fig. 1) located above the flat-slab subduction zone

using the (U–Th–Sm)/He (AHe) and fission track sys-

tems (AFT) on apatite and to evaluate if a low geothermal

gradient can be used as evidence for close coupling

between a flat subducting slab and the overriding plate

(Dumitru, 1990; Collo et al., 2011, 2017; D�avila & Carter,

2013; D�avila & Lithgow-Bertelloni, 2015). We combine

these results with new and existing flexural modelling to

evaluate if the proposed dynamic effects of flat-slab sub-

duction (D�avila & Lithgow-Bertelloni, 2015; Hu & Liu,

2016) are required during basin development and/or

exhumation.

GEOLOGIC BACKGROUND

The Central Andes between 27°S and 30°S are divided

into discrete tectonomorphic zones based on unique mor-

phological characteristics and deformation styles (Fig. 1a)

(Ramos, 2009). The Mio-Pliocene depositional areas in

this study straddle the boundary between two of these

tectonomorphic zones, the Precordillera fold and thrust

belt (Zapata & Allmendinger, 1996a,b; Allmendinger &

Judge, 2014; Fosdick et al., 2015) to the west and the

bivergent, basement-cored uplifts of the Sierras Pam-

peanas (Jordan & Allmendinger, 1986) to the east

(Fig. 1a). These depositional areas are interpreted to have

once been part of a regional foreland basin, extending over

400 km along strike, before being compartmentalized

during flat-slab subduction in the Miocene–Pliocene
(Ramos, 1970; Beer & Jordan, 1989; Jordan et al., 2001;
Reynolds et al., 2001; Carrapa et al., 2006, 2008; Ciccioli
et al., 2011).

The depositional areas in this study are located along

the boundary of an Ordovician suture zone where the

Famatinian arc terrane defines the eastern boundary and

the Laurentian-affinity Cuyanian terrane defines the

western boundary (Thomas & Astini, 1996; Ramos, 2010)

(Fig. 1). The complex tectonic history of the region has

affected the flexural rigidity of the crust (Cardozo & Jor-

dan, 2001; P�erez-Gussiny�e et al., 2007, 2008; Tassara

et al., 2007) and flexural modelling by Cardozo & Jordan

(2001) finds that variable effective elastic thickness best

explains the geometry of Miocene sedimentary basins

between 32° S and 29° S.

The initiation of foreland basin sedimentation in the

Eastern Cordillera to the north (ca. 27 °S) of the study

region started in the Palaeogene (Decelles et al., 2011;
Carrapa et al., 2012) and to the south near the Huaco area

in the Bermejo foreland ca 30 °S (Fig. 1) as early as the

Eocene (Fosdick et al., 2017). This study focuses on six

separate depositional areas (Figs 1 and 2) located along a

350-km stretch above the flat-slab subduction zone in the

San Juan, La Rioja and Catamarca Provinces. From north

to south these depositional areas are the Guanchin River

and Rio La Troya depositional areas in the Fiambal�a
basin, the Valle Hermoso and Vinchina depositional areas

in the Vinchina basin, and the La Flecha, and Huaco

depositional areas in the northern Bermejo basin (Fig. 1).

The stratigraphic nomenclature of these successions var-

ies geographically and a chronometric summary across

localities is detailed in Fig. 2. Although local hetero-

geneities are present, all of the depositional areas in this

study are dominated by fluvio-alluvial coarsening upward

sequences with limited lacustrine strata (Fig. 2). Con-

straints on the depositional age of fluvial–alluvial strata in
each depositional area vary along strike; however, these

variations also reflect disparities in geochronometric sam-

pling (Fig. 2). Strata in the Huaco area are constrained to

depositional ages between ca. 14 Ma and 2 Ma (Johnson

et al., 1986; Beer, 1990), in the La Flecha depositional

area between ca. 18 Ma and 12 Ma (Reynolds et al.,
1990), in the Vinchina area between ca. 19 Ma and 2 Ma

(D�avila et al., 2008; Ciccioli et al., 2014; Amidon et al.,
2016; Collo et al., 2017), and in Fiambal�a depositional

area between ca. 9 Ma and 3 Ma (Carrapa et al., 2006,
2008) (Figs 1 and 2). The Valle Hermoso depositional

area currently contains no geochronologic constraints

(Fig. 2). Aeolian deposits of the ca. 33–23 Ma Vallecito

Formation (Tripaldi & Limarino, 2005; Ciccioli et al.,
2014; Fosdick et al., 2017) have been identified through-

out the study area below the fluvio-alluvial succession

(Fig. 2) and are identified here in the Valle Hermoso

depositional area (Fig. 1).

The onset of Neogene flat-slab subduction in the cen-

tral Andes (Fig. 1) is attributed to subduction of the Juan

Fernandez Ridge (Gutscher et al., 2000), a ca. 40- to 60-

km-wide hot spot trace with buoyant, over-thickened

oceanic crust. Although presently subducting east-north-

east (von Huene et al., 1997), plate reconstructions and

palaeomagnetic records indicate that Juan Fernandez

Ridge has a northeast-oriented dog leg geometry that

caused the locus of ridge subduction to propagate from

north to south in the Miocene (Pilger, 1981, 1984; Y�a~nez
et al., 2001). Assuming coupling between lower and

upper plate, the corollary of this reconstruction requires

that the manifestation of flat-slab processes preserved in

the surface geology should also migrate north to south.

In this study, we use the term flat-slab subduction to

refer to areas where the subducting slab is horizontal. We
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differentiate a horizontal flat slab from subduction angles

that are subhorizontal, but more shallow than 30°, the
average dip of the Nazca plate along the Andean subduc-

tion zone. Subhorizontal subduction is typically observed

along the margins of a horizontal segment. In geologic

time, subhorizontal subduction may occur during periods

of incipient or waning flat-slab subduction. Temporal

estimates of the initiation of flat-slab subduction in the

southern Central Andes range from ca. �17 to 15 Ma

(D�avila et al., 2004; D�avila, 2010) to ca. 12–10 Ma (Rey-

nolds et al., 1990; Kay & Abbruzzi, 1996; Kay & Mpodo-

zis, 2002), and ca. 6–5 Ma (Carrapa et al., 2008; Fosdick

et al., 2015). Today, the subducting slab is flat between

ca. 33° S and 32° S (Fig. 1); however, the depth to slab

remains anomalously shallow (subhorizontal) between lat-

itudes of approximately 33–27° S (Fig. 1) (Cahill &

Isacks, 1992; Anderson et al., 2007; Gans et al., 2011).
Constraining the timing of flat-slab subduction is criti-

cal for understanding mechanisms driving basin subsi-

dence in the mid Miocene–early Pliocene (D�avila et al.,
2010; D�avila & Lithgow-Bertelloni, 2015; Hu & Liu,

2016; Hu et al., 2016) as well as for reconstructing the

mechanisms driving flat-slab subduction (Schepers et al.,
2017). Hu et al. (2016) suggested that dynamic suction

Fig. 2. Simplified stratigraphic sections from the five depositional areas investigated in this study. The Huaco stratigraphic section is

adapted from Johnson et al. (1986). The La Flecha stratigraphic section is adapted from Reynolds et al. (1990). The stratigraphic sec-
tion from the Guanchin River transect (in the Fiambal�a basin) is adapted from Carrapa et al. (2008). Sections are arranged so that left
to right correlates with north to south. Formation names are indicated on each section. Chronostratigraphic correlations are shown by

dashed coloured lines.

© 2017 The Authors
Basin Research © 2017 John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists4

A.L. Stevens Goddard and B. Carrapa



forces drive coupling between the upper and lower plate

during flat-slab subduction. D�avila & Lithgow-Bertelloni

(2015) suggested that flat-slab subduction may cause

dynamic uplift. Evidence for the onset of dynamic mecha-

nisms is based on an extremely low (ca. 15 ̊ C km�1)

geothermal gradient, attributed to refrigeration of the

upper plate by the cold, shallowly subducting oceanic slab

(Collo et al., 2011, 2017; D�avila & Carter, 2013; D�avila &
Lithgow-Bertelloni, 2015).

Previousworkonbasin thermalhistory

The modern geothermal gradient can be estimated using

temperatures measured in boreholes. However, this

method, when applied to wells drilled using water and/or

mud typically underestimates true rock temperatures by

ca. 10–15 °C, thus geothermal gradients calculated using

borehole temperatures are only minimum estimates

(Deming, 1989). The modern geothermal gradient mea-

sured near the Guandacol borehole just southeast of the

La Flecha depositional area, drilled using water, (Fig. 1b)

yields an uncorrected (minimum) geothermal gradient of

ca. 24 � 5 °C km�1 (F. Fuentes, personal communica-

tion). Slightly lower geothermal gradients have been cal-

culated by Collo et al. (2017) from bore hole

temperatures farther south in the Pozuelos and Matagu-

sanos boreholes (Fig. 1b) which have uncorrected (mini-

mum) geothermal gradients of ca. 21 and 18 °C km�1.

Drilling conditions are not described for these boreholes

by Collo et al. (2017), but results from other studies

suggest errors are likely ca. � 4 °C for these boreholes

(Deming, 1989).

The transformation from smectite to illite, a kinetically

controlled process that occurs at temperatures between 70

and 250 °C (Perry, 1970; Pytte & Reynolds, 1989; Huang,

1993) has been used to constrain maximum burial temper-

atures in the Vinchina, La Flecha and Huaco depositional

areas (Collo et al., 2009, 2011, 2017). The degree of ther-
mal maturity of strata as deep as 7 km leads Collo et al.
(2011, 2017) to suggest a geothermal gradient of ca.
15°C km�1. Only one thermochronometer, AHe, was

conducted in the Vinchina depositional area to test such a

hypothesis (Fig. 2) (Collo et al., 2017). Samples taken at

depths of ca. 5500 m contain single grain cooling ages

(6.9 � 0.4 Ma, 3.4 � 0.2 Ma) younger than the deposi-

tional age of the host strata (ca. 12 Ma) consistent with

significant post-depositional thermal resetting.

AHe has also been applied to Miocene strata in the

Huaco and La Flecha depositional areas (Fig. 2) (Fosdick

et al., 2015; Collo et al., 2017). In the Huaco area, strata

buried to depths of 4–5 km yield cooling ages younger

than the depositional age, whereas strata with burial

depths of ca. 2 km produce partially reset cooling ages

suggesting that the sample spent significant time in the

partial retention zone (PRZ) (see methods for explanation

of PRZ) (Fosdick et al., 2015). Collo et al. (2017)

reported that in the La Flecha depositional area, a sample

buried to a depth of ca. 4.5 km has been fully reset (Far-

ley, 2000).

One tuff sample in the Vinchina Formation was anal-

ysed by Tabbutt et al. (1989) using zircon fission track

(ZFT) thermochronology, a system that is reset at tem-

peratures between 190 and 220 °C (Zaun & Wagner,

1985; Bernet, 2009). The ZFT sample, taken from a bur-

ial depth of ca. 8 km, yields a cooling age of 7.3 � 1.3

Ma. The original purpose of this study was to constrain

the maximum depositional age of the strata in the Vin-

china depositional area (Tabbutt et al., 1989); however,
subsequent work indicates that the depositional age of this

strata is likely between 14 and 12 Ma (Ciccioli et al.,
2014; Collo et al., 2017) introducing the possibility that

instead of a depositional age, the ZFT sample actually

records a partially reset age or cooling post deposition.

In the Fiambal�a basin (ca. 28° S), the northernmost

extent of the Bermejo basin (Carrapa et al., 2008; Safi-
pour et al., 2015), a stratigraphic section logged along the

Guanchin River (Figs 1 and 2) contains ca. 4.5 km of

Miocene–Pliocene fluvio-lacustrine and alluvial strata. At

this location, samples at the top of the ca. 9–5.5 Ma Tam-

beria Formation (covered by ca. 2–2.8 km of section)

were fully reset for AHe but not for AFT thermochronol-

ogy (Carrapa et al., 2006; Safipour et al., 2015) suggesting
that burial temperatures were greater than 80 °C, but less
than 120 °C (Green et al., 1989; Farley, 2000). Tabbutt
et al. (1989) also analysed a sample from near the base of

the Tamberia Formation for ZFT which yielded a cooling

age of 5.7 � 0.8 Ma, consistent with thermal resetting.

METHODS

New samples of medium-grained sandstone were col-

lected from four Mio-Pliocene depositional areas above

the flat-slab subduction zone in the La Flecha, Vinchina,

Valle Hermoso and Rio La Troya areas (Figs 1 and 2) for

detrital zircon geochronology and low-temperature ther-

mochronology. In the La Flecha and Rio La Troya depo-

sitional areas, the stratigraphic age of samples was

constrained by existing geochronologic constraints from

measured sections in the area (Fig. 2). Chronostratigra-

phy in the La Flecha depositional area is constrained by

palaeomagnetic data from the Las Juntas section from

Reynolds et al. (1990), and in the Rio La Troya deposi-

tional area by geochronological and thermochronological

analyses in the Fiambal�a basin from Carrapa et al. (2006,
2008) and Safipour et al. (2015). In the Vinchina deposi-

tional area, we augment existing geochronological con-

straints (Ciccioli et al., 2014; Amidon et al., 2016; Collo
et al., 2017) to better determine the depositional age of

the strata. In the Valle Hermoso depositional area, we use
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detrital zircon U–Pb geochronology to provide the first

stratigraphic controls on the age of this section.

U–Pbgeochronology

Where the depositional age of the stratigraphic section

was poorly constrained, samples were collected for U–Pb
geochronology on detrital zircons. This method relies on

the presence of volcanogenic material within sandstone

derived in part from the active Andean arc, to provide a

constraint on the maximum depositional age of sedimen-

tary strata (Decelles et al., 2007; Dickinson & Gehrels,

2009).

We analysed five stratigraphic intervals (Fig. 2) for

detrital zircon geochronology in the Vinchina depositional

area (Fig. 2). Four samples are from the Vinchina Forma-

tion (VN15-1-01, VN8-01, VN3-2020 and VN3-4032)

and one sample is from the Toro Negro Formation (VN6-

287). We analysed one sample from the Vallecito Forma-

tion in the Valle Hermoso depositional area (VH-01)

(Fig. 2). Between 100 and 300 zircon grains were ran-

domly analysed from each sample at the Arizona Laser-

Chron Center using laser ablation on an Element2 HR

ICPMS and a Nu HR ICPMS. Analytical methods are

described in the supplementary information. Maximum

depositional ages were calculated using the youngest age

group in the detrital zircon samples using a refined

methodology from Dickinson & Gehrels (2009) described

in the supplementary information.

Low-temperature thermochronology

Low-temperature thermochronology is an effective tool

to evaluate the thermal history of sedimentary basins

(Naeser et al., 1989; Armstrong & Chapman, 1998; Arm-

strong, 2005). Thermochronometers reset after deposition

in the basin should record a cooling age younger than the

depositional age of the hosting strata. Alternatively, ther-

mochronometers with cooling ages older than the deposi-

tional age of the sample reflect the thermal history of the

mineral’s provenance source. Resetting thermochronome-

ters is a function of both maximum temperature and the

length of exposure time to temperatures higher than the

closure temperature of a given thermochronometer (Dod-

son, 1973), and thus in sedimentary systems, constraining

basin thermal history is critical to interpreting ther-

mochronological data. The primary interest of this study

was to determine the heating (burial) and cooling (ex-

humation) history of basin strata and not to derive the

thermal history of detrital minerals source region; conse-

quently, this study does not attempt to interpret the ther-

mal history of minerals unreset by basin heating.

Our sampling strategy targeted sandstone originally bur-

ied to a minimum of 2,000 m in intervals between 500 and

2,000 m to evaluate thermal conditions at different

stratigraphic depths (Fig. 2). In the La Flecha depositional

area, we applied AHe thermochronology to two samples

including one from the La Flecha Member (RLF-25) and

one from the La Cay�o Member (RLF2-610) of the Vin-

china Formation (Fig. 2). In the Vinchina depositional

area, we analysed two samples from the Vinchina Forma-

tion for AHe thermochronology (VN3-2020 and VN3-

4032) and three samples for AFT thermochronology

(VN3-2020, VN3-4032 and VN4-704) (Fig. 2). In the

Valle Hermoso depositional area, two samples were anal-

ysed for AHe thermochronology (Fig. 2) including one

sample from the Vallecito Formation (VH-01) and one

sample from the Vinchina Formation (VH2-365). Three

samples were analysed in the Valle Hermoso depositional

area for AFT thermochronology including VH-01 from

the Vallecito Formation and VH-612 and VH2-365 from

the Vinchina Formation (Fig. 2). In the Rio La Troya

depositional area, samples were collected from the Tambe-

ria Formation (Fig. 2). Sample TR1-10 was analysed for

AHe thermochronology and samples TR1-10 and TR1-

813 were analysed for AFT thermochronology (Fig. 2).

Apatite fission track

Fission track thermochronology utilizes the crystallo-

graphic imperfections created in a mineral during the

spontaneous fission of 238U (Price & Walker, 1963). In an

apatite grain, spontaneous fission tracks are preserved at

temperatures below 80–120 °C (Green et al., 1989); how-
ever, in the temperature range between 80 and 120 °C,
known as the partial annealing zone (PAZ), fission tracks

begin to anneal (Fleischer et al., 1975; Wagner et al.,
1989). At temperatures above the PAZ, fission tracks are

fully annealed. The number of spontaneous tracks relative

to the original concentration of 238U in the grain can be

used to calculate the time when the mineral passed

through the PAZ (Price & Walker, 1963). Samples were

analysed for AFT at the University of Arizona using the

external detector method (Hurford & Green, 1983).

Where possible we counted between 25 and 50 grains per

sample (Donelick, 2005). Detailed methodology can be

found in the supplementary information.

Apatite (U–Th–Sm)/He

AHe thermochronology is based on the a- particles emit-

ted during the radioactive decay of the elements 238U,
235U, 232Th and 147Sm that occur naturally in minerals

such as apatite and zircon (Farley et al., 1996; Ehlers &
Farley, 2003). At high temperatures, a- particles escape
the crystal lattice of the mineral, whereas at low tempera-

tures the a- particles are retained. For apatite, the transi-
tion from a- particle retention to loss occurs at

temperatures between 55° and 80 °C (Farley et al., 1996;
Farley, 2000), a temperature range known as the partial
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retention zone (PRZ). We analysed five single apatite

grains per sample from seven sandstones (locations

described in Fig. 2). Analytical methods are described in

the supplementary information.

Thermal modelling

Both the maximum temperature and duration of burial-

induced heating control if a detrital thermochronometer

is reset (Dodson, 1973). We use geological constraints

including burial depth and depositional age of strata from

this study (obtained by U–Pb geochronology) as well as

chronostratigraphic constraints from other studies (John-

son et al., 1986; Reynolds et al., 1990; Carrapa et al.,
2008; Ciccioli et al., 2014; Collo et al., 2017) to produce

time-temperature histories that resolve both the magni-

tude and the duration of burial and subsequent cooling

throughout the study area. These time-temperature his-

tories can be evaluated using the forward modelling soft-

ware, HeFTy (Ketcham et al., 2007), to test if they

match the analytical AHe and AFT data. In forward

modelling mode, HeFTy can predict the AHe and AFT

cooling age of a sample for a given time-temperature his-

tory using the experimentally derived kinetic model for

the used thermochronometric system. Three geothermal

gradients, 15, 25 and 35 °C km�1, were used to create

forward models for a generic stratigraphic section that is

similar to the stratigraphic sections in the depositional

areas throughout the basin. The stratigraphic section is

8 km in depth and the sedimentation rate matches those

observed in the depositional areas in this study (Jordan

et al., 2001). Detailed forward model inputs are

described in the supplementary information. Results

from these models provide a quantitative evaluation of

the stratigraphic levels where AFT and AHe systems

should be reset given the unique time and temperature

conditions of the depositional areas in this study.

Flexuralmodelling

We use a 2D flexural model to evaluate if flexural loading

can account for the observed accommodation space of as

high as 8.5 km, the thickest sedimentary package

observed in the Mio-Pliocene depositional areas in this

study. We apply the general equation for elastic flexure

of the lithosphere from Turcotte & Schubert (2014) with

a Young’s Modulus of 70 GPa and Poisson’s ratio of 0.25

(Turcotte & Schubert, 2014). We use a mantle density of

3300 kg m�3 with the infilling sediment density of

2700 kg m�3. Studies indicate that the topographic load

in the Andean Precordillera by the end of the late Mio-

cene was similar to the modern geometry (Val et al.,
2016). For our model, we use a Precordilleran topo-

graphic load with an elevation of 2–2.5 km, and density

of 2700 kg m�3, modelled using rectangular loads along

a line-load width of 125 km adjacent to the basin. We

argue that this represents a minimum load considering

that modern elevations in the Precordillera are up to

>4 km. We use the results from Cardozo & Jordan (2001)

to anticipate variable effective elastic thickness which

corresponds to variations in crustal strength associated

with the Cuyania-Famatina terrane boundary (Thomas &

Astini, 1996; P�erez-Gussiny�e et al., 2007, 2008). Values
of effective elastic thickness used in this study range from

20 to 5 km consistent with geophysical estimates (Tas-

sara et al., 2007). We prescribe a 60-km-wide zone of rel-

atively lower effective elastic thickness and evaluate the

effect of this variable at four separate locations beneath

both the depositional area and the topographic load. We

use three model runs with combinations of effective elas-

tic thickness values of 15 km and 5 km, 20 km and

10 km, and 20 and 5 km.

Geohistoryanalysis

Geohistory analysis, or 1D backstripping, quantifies the

respective effects of tectonic forces and sedimentary and

water loading on basin subsidence (van Hinte, 1978; Allen

& Allen, 2009). The shape and magnitude of subsidence

curves provide insight into the mechanism driving basin

subsidence (e.g. Xie & Heller, 2009; Heller & Liu, 2016).

We are specifically interested in distinguishing if subsi-

dence in the investigated Miocene–Pliocene depositional

areas reflects flexural subsidence or dynamic processes.

This study follows the procedure described in Allen &

Allen (2009) to conduct backstripping analysis on four

stratigraphic sections including from the La Flecha and

Vinchina depositional areas measured in this study. Input

parameters and stratigraphic constraints are reported in

the Supplemental Information.

RESULTS

U–Pbgeochronology

In the Vinchina depositional area, the maximum deposi-

tional age of strata determined by zircon U–Pb
geochronology consistently youngs upsection (Fig. 3).

Sample VN15-1-01 located at a covered contact at the

base of the section in the Vinchina Formation has a maxi-

mum depositional age constrained by three grains of

18.6 � 0.4 Ma (Fig. 3). Intervals sampled from the Vin-

china Formation at 1000 m (VN8-01), 3220 m (VN3-

2020) and 5220 m (VN3-4032) above the base of the

stratigraphic section yield maximum depositional ages of

13.8 � 1.7 (n = 4), 9.2 � 0.5 (n = 18) and 9.3 � 0.4

(n = 4) respectively (Fig. 3). These results combined

with existing geochronometers (Ciccioli et al., 2014; Collo
et al., 2017) suggest that sedimentation rates in the Vin-

china Formation reached ca. 1.0 mm yr�1. Sample VN6-

© 2017 The Authors
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287 sampled from the Toro Negro Formation has a maxi-

mum depositional age of 8.9 � 2.5 Ma constrained by

five grains (Fig. 3).

The distribution of detrital zircon ages from the Vin-

china and Torro Negro formations (Fig. 4) is largely sim-

ilar to distributions previously published by Ciccioli et al.
(2014), Collo et al. (2017) and Amidon et al. (2016) with a
range of Precambrain grains between ca. 1400 and

1000 Ma, major populations between 600 and 420 Ma,

380 and 250 Ma, and a Neogene population that

decreased in age upsection.

In the Valle Hermoso depositional area, the maximum

depositional age obtained from the Vallecito Formation at

the base of the stratigraphic section constrained by 14

grains is 16.0 � 0.3 Ma (Fig. 3). This is the youngest

depositional age yet obtained from the Vallecito Formation

(Jordan et al., 1993; Tripaldi & Limarino, 2005; Fosdick

et al., 2017). The distribution of detrital zircon grains in

VH-01 has significant populations between 1250 and

1000 Ma, 600 and 420 Ma, and 350 and 230 Ma (Fig. 4).

Apatite fission trackand (U-Th-Sm)/He
thermochronology

La Flecha depositional area

Two samples were analysed from the Vinchina Formation

in the La Flecha depositional area (Fig. 2) for AHe ther-

mochronology. Sample RLF-25 located 25 m from the

base of the section (estimated depth, 5, 00 m) yielded four

Mio-Pliocene cooling dates between 5.7 � 0.6 Ma and 3.4

� 0.1 Ma associated with eU values ranging from 6.5 to

156.2 ppm (Fig. 5, Table 1). One Oligocene cooling date

of 27.0 � 0.53 Ma has an eU value of 17.8 ppm (Fig. 5,

Table 1). In contrast, sample RLF2-610 located 1570 m

from the base of (estimated depth 3000 m) the strati-

graphic section produced five dissimilar grain ages with

cooling dates of 114.2 � 1.9 Ma, 33.6 � 0.6 Ma, 17.0 �
0.3 Ma, 14.0 � 0.3 Ma and 7.0 � 0.2 Ma, with eU val-

ues ranging from 19.5 to 34.5 ppm (Fig. 5, Table 1).

Vinchina depositional area

Two intervals in the Vinchina Formation from the Vin-

china section were sampled for AHe thermochronology

(Fig. 2). Sample VN3-2020 located 3220 m from the base

of the section (estimated depth of 5500 m) yields five cool-

ing ages between 6.5 � 0.4 Ma and 3.5 � 0.2 Ma with

eU values between 3.3 ppm and 2.1 ppm (Fig. 5,

Table 1). Sample VN3-4032 yields four cooling dates

between 6.3 � 0.2 and 1.6 � 0.1 Ma, with eU values

between 13.5 and 4.8 ppm (Fig. 5, Table 1). VN3-4032

also yields one slightly older AHe of 11.6 � 0.3 Ma with

69.6 ppm eU (Fig. 5, Table 1).

Fig. 3. Maximum depositional ages of the six sandstone sam-

ples analysed for detrital zircon U–Pb geochronology. Horizon-

tal lines indicate the maximum depositional age calculated

following the method described in the text. Grey bars indicate

error associated with the maximum depositional age. Filled cir-

cles represent grains used to calculate maximum depositional

age, and open circles represent grains not used to calculate maxi-

mum depositional age.

© 2017 The Authors
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Three intervals from the Vinchina Formation were

analysed for AFT thermochronology (Fig. 2). Sample

VN3-2020 located 3,220 m from the base of the section

(estimated depth of 5,500 m) (Fig. 2) yields an AFT

cooling age of 8.9 � 3.5 Ma (Fig. 5, Table 2). Sample

VN3-4032 located 5,220 m from the base of the section
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Fig. 4. Detrital zircon distributions for the six sandstone samples analysed for this study. The inset shows Phanerozoic detrital zircon

distributions. Black bars are histograms and grey lines are kernel density estimates. Complete samples are plotted using bandwidth of

5 Ma and a bin width of 20 Ma and Phanerozoic samples are plotted using a bandwidth of 5 Ma and a bin width of 5 Ma.
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(estimated depth of 3,500 m) produces an AFT cooling

age of 6.9 � 1.5 Ma (Fig. 5, Table 2). The AFT cooling

age from the shallowest sample located 5,750 m from the

base of the section (estimated depth of 3,030 m), VN4-

704, is 20.6 � 2.6 Ma (Fig. 5, Table 2).

Valle Hermoso depositional area

Two intervals in the Valle Hermoso stratigraphic section

from the Vallecito and the Vinchina formations were sam-

pled for AHe thermochronology (Fig. 2). Sample VH-01

is located at the base of the stratigraphic section in the

Vallecito Formation and sample VH2-365 is located at the

top of the stratigraphic section, 1000 m above sample

VH-01 in the Vinchina Formation (Fig. 2). The total bur-

ial depth at this location is unknown. Five apatite grains

from sample VH-01 have AHe cooling dates ranging from

8.1 � 1.0 Ma to 3.2 � 0.1 Ma with eU values between

3.0 ppm and 9.0 ppm (Fig. 5, Table 1). In sample VH2-

365, AHe cooling dates range in age from 9.6 � 0.2 Ma

to 3.5 � 0.2 Ma (Fig. 5, Table 1). The eU of grains in

sample VH2-365 range from 6.7 to 2.3 ppm.

(a)

(b)

Fig. 5. (a) A summary diagram of the chronologic history of the six depositional areas in this study organized from south (left) to

north (right). Depositional age is determined using geochronological constraints (maximum depositional age of detrital zircons and

magnetostratigraphy) and indicated by a grey envelope. AFT and AHe thermochronometers are plotted relative to depositional age to

distinguish between samples that have been reset by basin burial (younger than the depositional age) and those that have not been reset

by burial (older than the depositional age). Existing data sets are indicated by numbers where 1 = Collo et al., 2017; 2 = Amidon

et al., 2016; 3 = Carrapa et al., 2008; 4 = Johnson et al., 1986; 5 = Reynolds et al., 1990; 6 = Fosdick et al., 2015; 7 = Safipour

et al., 2015. (b) A kernel density distribution and histogram of total AHe analyses shown in (a). The majority of AHe cooling ages are

concentrated in the latest Miocene–early Pliocene.
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Three samples were analysed in the Valle Hermoso

locality for AFT thermochronology (Fig. 5, Table 2). In

the Vallecito Formation, sample VH-01 produced an

AFT cooling age of 6.8 � 2.3 Ma (Fig. 5, Table 2). In

the Vinchina Formation, sample VH-612 (located 612 m

from the base of the stratigraphic interval) yielded a cool-

ing age of 6.1 � 1.4 Ma and VH2-365 (located at the top

of the section) yielded a cooling age of 6.5 � 1.5 Ma

(Fig. 5, Table 2).

Rio La Troya depositional area

One interval from the Tamberia Formation in the La

Troya depositional area in the southern Fiambal�a basin

(south of the Guanchin section of Carrapa et al., 2006,
2008 and Safipour et al., 2015) was sampled for AHe

thermochronology. Sample TR1-10 is located 10 m from

the base of the section (estimated burial depth of 3,300 m

calculated by projecting the stratigraphy along the

Table 1. AHe Results

Sample Latitude Longitude

Diameter

(lm)

U

(ppm)

Th

(ppm)

Sm

(ppm)

eU

(ppm)

Raw

Age

Corrected

Age

Error

(�1r)

RLF-25

1 �29.37556 �68.64417 36.02 121.60 147.44 537.90 156.24 3.5 5.7 0.1

2 �29.37556 �68.64417 37.66 19.07 19.75 480.29 23.71 2.1 3.4 0.1

3 �29.37556 �68.64417 33.96 4.02 10.51 154.31 6.49 2.6 4.5 0.6

4 �29.37556 �68.64417 51.81 13.12 19.96 584.46 17.81 19.5 27.0 0.5

5 �29.37556 �68.64417 43.48 15.00 31.91 467.55 22.50 3.8 5.7 0.6

RLF2-610

1 �29.38139 �68.66583 48.63 17.29 29.53 627.29 24.22 80.5 114.2 1.9

2 �29.38139 �68.66583 71.90 14.04 24.73 375.45 19.85 13.5 17.0 0.3

3 �29.38139 �68.66583 53.11 16.03 26.35 445.83 22.22 24.4 33.6 0.6

4 �29.38139 �68.66583 58.52 24.02 44.71 581.53 34.52 10.5 14.0 0.3

5 �29.38139 �68.66583 50.49 13.78 24.18 342.56 19.46 5.0 7.0 0.2

VN3-2020

1 �28.73424 �68.26292 98.75 0.94 5.09 84.53 2.14 3.6 4.3 0.2

2 �28.73424 �68.26292 72.58 0.94 5.84 74.13 2.32 2.8 3.5 0.2

3 �28.73424 �68.26292 90.36 1.45 7.88 124.92 3.30 4.8 5.8 0.4

4 �28.73424 �68.26292 68.69 1.12 6.50 80.17 2.64 3.9 5.0 0.3

5 �28.73424 �68.26292 100.16 1.05 5.58 92.19 2.37 5.5 6.5 0.4

VN3-4032

1 �28.71101 �68.27615 45.72 3.33 11.38 64.89 6.00 2.1 3.1 0.3

2 �28.71101 �68.27615 49.81 4.71 11.17 152.18 7.33 2.1 2.9 0.2

3 �28.71101 �68.27615 60.32 8.53 21.08 171.04 13.49 1.2 1.6 0.1

4 �28.71101 �68.27615 97.27 2.54 9.70 80.59 4.82 5.3 6.3 0.2

5 �28.71101 �68.27615 41.22 68.80 3.38 170.97 69.59 7.7 11.6 0.3

VH-01

1 �28.37528 �68.05222 62.64 6.22 8.88 50.04 8.30 2.6 3.4 0.3

2 �28.37528 �68.05222 50.66 7.12 7.94 77.76 8.98 2.3 3.2 0.1

3 �28.37528 �68.05222 60.64 4.26 4.24 74.77 5.26 3.7 4.9 0.3

4 �28.37528 �68.05222 36.64 1.66 5.61 15.80 2.98 4.9 8.1 1.0

5 �28.37528 �68.05222 61.91 6.06 7.37 56.67 7.80 3.3 4.4 0.4

VH2-365

1 �28.37583 �68.06111 48.77 33.68 5.91 45.35 35.07 6.8 9.6 0.2

2 �28.37583 �68.06111 51.23 5.63 5.11 48.61 6.83 3.1 4.3 0.2

3 �28.37583 �68.06111 34.48 14.08 5.81 28.49 15.45 5.0 8.4 0.3

4 �28.37583 �68.06111 36.69 29.00 49.49 263.08 40.63 2.6 4.2 0.3

5 �28.37583 �68.06111 40.01 11.12 25.14 327.33 17.03 2.3 3.5 0.2

TR1-10

1 �27.87541 �67.70104 46.01 48.18 3.64 131.52 49.04 166.7 239.0 3.5

2 �27.87541 �67.70104 40.74 5.38 65.66 193.28 20.81 0.4 0.6 0.1

3 �27.87541 �67.70104 35.27 7.20 53.06 196.75 19.67 1.1 1.9 0.1

4 �27.87541 �67.70104 40.99 10.20 98.97 345.56 33.46 0.5 0.7 0.0

5 �27.87541 �67.70104 44.84 4.41 39.39 197.67 13.67 0.6 1.0 0.1
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Guanchin river along strike) (Fig. 2). Four grains record

cooling ages between 1.9 � 0.1 and 0.6 � 0.1 Ma which

are younger than the depositional age of the strata with

eU values between 14 ppm and 33 ppm (Fig. 5,

Table 1). A fifth grain records a cooling age much older

than the age of the strata, 239.0 � 3.5 Ma with an eU

value of 49 ppm. AFT thermochronology of two samples

at located 10 m (TR1-10) and 800 m from the base of the

section (TR1-813) indicate AFT cooling ages of

3.5 � 0.8 Ma and 29.7 � 2.7 Ma respectively (Fig. 5,

Table 2). Estimated burial depths of 3,300 m (TR1-10)

and 2,500 m (TR1-813) are calculated by projecting

stratigraphy along the Guanchin river along strike.

Thermal modelling

Figure 6a illustrates the forward models designed for a

generalized stratigraphic section using the results from

both U–Pb geochronology and AFT and AHe ther-

mochronology as described in the methods section. For

simplicity, we assume a constant sedimentation rate of

1.0 mm yr�1 in this stratigraphic section which is consis-

tent with sedimentation rates measured in the deposi-

tional areas considered in this study (Johnson et al., 1986;
Reynolds et al., 1990; Jordan et al., 2001; Carrapa et al.,
2008). Deposition and surface exposure young progres-

sively upsection. Constant burial continues until the onset

of basin exhumation which in this model is at 8 Ma, a

conservative value that is consistent with the cooling ages

from both the AHe and AFT systems in each of the inves-

tigated depositional areas.

Figure 6b illustrates the output of the forward models.

Using the time-temperature history described above and

illustrated in Fig. 6a, for a geothermal gradient of

15 °C km�1, we predict that strata must be buried to a

depth of 6 km to fully reset the AFT system and buried

to a depth of 4 km to fully reset the AHe system. A

geothermal gradient of 25 °C km�1 requires burial at

depths of 4 km to fully reset the AFT system and 3 km to

fully reset the AHe system. For a geothermal gradient of

35 °C km�1, a burial depth of 3 km is required to fully

reset the AFT system and a burial depth of 2 km is

required to fully reset the AHe system.

Flexural modelling

The results from flexural modelling of a Precordilleran

load on crust with variable effective elastic thickness pro-

duce a series of solutions with sufficient accommodation

space to explain the observed basins thickness of up to 8–
9 km (Fig. 7). A weak zone with an effective elastic thick-

ness (Te) of 5 km produces greater total deflection than a

weak zone Te of 10 km (Fig. 7). However, the location of

the weak zone is the strongest control on the total magni-

tude of deflection. A weak zone located partially or com-

pletely under the load of the Precordillera produces the

greatest magnitude of deflection both under the load and

in the adjacent basin in all three simulations (Fig. 7).

Geohistory analysis

Geohistory analysis of four depositional areas in this

study has tectonic subsidence curves (Fig. 8) that pro-

duce the magnitude of subsidence observed in the study

depocentres. Maximum tectonic subsidence accounts for

ca. 3.5 km of accommodation space in the Vinchina depo-

sitional area and ca. 1.5 km of accommodation space in

the Huaco, La Flecha and Guanchin River depositional

areas (Fig. 8). The slightly convex up shape of the subsi-

dence curves for the La Flecha and Huaco depositional

areas is consistent with a foreland basin (Decelles & Giles,

1996; Xie & Heller, 2009; Allen & Allen, 2009). In the

Vinchina area, the subsidence curve is roughly linear,

whereas in the Guanchin River depositional area, the sub-

sidence curve is slightly concave upward. Deviations from

the typical convex upward shape of foreland basins in

these locations may reflect the short sampling period (10–
4 Myr) of these data sets relative to classical models

Table 2. AFT Results

Sample Latitude Longitude Rho D Nd Ns Ni

Uranium

Concentration

(ppm)

Number of

Grains

Pooled

Age (Ma)

Error

(Ma)

VN3-2020 �28.734 �68.263 2.332E+06 4658 7 319 1.0 34 8.93 3.50

VN3-4032 �28.711 �68.276 2.351E+06 4658 23 1437 8.0 20 6.57 1.49

VN4-704 �28.710 �68.301 2.370E+06 4658 129 2551 8.7 50 20.56 2.57

VH-01 �28.375 �68.052 9.167E+05 2714 9 215 2.9 25 6.82 2.34

VH-612 �28.377 �68.056 9.271E+05 2714 22 588 5.9 30 6.16 1.36

VH2-365 �28.376 �68.061 9.167E+05 2714 22 548 7.1 26 6.54 1.45

TR1-10 �27.875 �67.701 1.342E+06 2949 21 1413 6.4 46 3.54 0.79

TR1-813 �27.874 �67.709 1.354E+06 2949 180 1455 11.8 28 29.70 2.65

Zeta for analyst ALS = 355.4 � 13.2.
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(a)

(b)

Fig. 6. (a) The time-temperature histories of three samples (black shapes) taken from different locations in a stratigraphic section.

Each time-temperature history includes burial at a rate of 1 mm yr�1 and exhumation at 8 Ma. The sample is completely exhumed in

this model by 2 Ma. The time-temperature history of the sample controlled by the geothermal gradient. Three geothermal gradients

illustrated by coloured lines show variations in a sample’s time-temperature history with geothermal gradients of 15 °C km�1,

25 °C km�1, and 35 °C km�1. (b) The predicted distribution of AFT and AHe cooling ages given the time-temperature history in

(a). Polygons indicated the predicted cooling ages given the assumed range of geothermal gradient (labelled at the top of each diagram).

Vertical lines highlight the highest stratigraphic level of thermally reset sandstone for a given geothermal gradient. Details of this out-

put are discussed in the text.

© 2017 The Authors
Basin Research © 2017 John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists 13

Thermal history above Andean flat-slab



which sample from 50 to 100 Myr (Xie & Heller, 2009).

Slow subsidence typical of early foreland sedimentary

records is not documented in our study, but new work in

the Bermejo basin at ca. 30°S identifies an earlier, Eocene

period of foreland sedimentation (Fosdick et al., 2017).
This record, if present in the Vinchina and Guanchin

River depositional areas, would add a convex component

to the subsidence curves in this study making the curve

more consistent with traditional foreland basin subsidence

curves.

Dynamic processes are predicted to produce a maxi-

mum subsidence of <1 km over 10 Myrs and the shape of

the subsidence curve is predicted to be concave up (Heller

& Liu, 2016). Although we recognize that a dynamic con-

trol on a flexurally driven basin would be difficult to rec-

ognize, our data suggest that such component is not

necessary to explain basin subsidence.

MIOCENEGEOTHERMALGRADIENT

The thermochronological data produced in this study

combined with previous work by Fosdick et al. (2015) in
the Huaco depositional area, Collo et al. (2017) in the La

Flecha and Vinchina depositional areas, as well as Carrapa

et al. (2006, 2008) and Safipour et al. (2015) in the

Fiambal�a basin constrain the spatial and temporal thermal

regime of the Mio-Pliocene strata above the flat-slab sub-

duction zone (Figs 5 and 6). At five depositional areas

with complete stratigraphic sections, Huaco, La Flecha,

Vinchina, La Troya and Guanchin River, we directly

calculate the minimum geothermal gradient using AFT

and AHe cooling ages at varying depths. Estimates of

maximum palaeodepth for each sample assume that strata

have not been removed above the preserved stratigraphic

sections. The young (ca. 4–6 Ma) depositional ages from

the top of all but the Rio La Flecha section match the

youngest (ca. 4–6 Ma) dates from thermochronometers

buried in the section suggesting if additional strata was

deposited, it was concurrent with basin exhumation and

did not further bury the sample. The consistency among

thermochronology cooling ages in the La Flecha section

and other sections suggests the preserved section here was

not significantly eroded. To calculate a geothermal gradi-

ent, we assume that AFT and AHe samples with cooling

ages younger than the depositional age of the strata have

been exposed to temperatures above the PAZ and PRZ,

respectively, whereas samples with cooling ages older

than the depositional age of the strata have not been

exposed to temperatures in the PAZ and PRZ. For the

AHe system, we assume that samples with cooling ages

both above and below the depositional age of the strata

have been exposed to temperatures in the PRZ (Farley,

2000; Flowers et al., 2009).
Our calculations described below are summarized in

Table 3. In the Huaco depositional area, sample HC-07

buried to a depth of 2.2 km is partially reset by the AHe

system suggesting that it was exposed to temperatures in

the PRZ between 80° to 55 °C (Fosdick et al., 2015).
These conditions imply a maximum geothermal gradient

of 36.4 °C km�1 and a minimum geothermal gradient of

25.0 °C km�1 (Table 3). Similarly, in the La Flecha

Fig. 7. Three sets of flexural models measuring the deflection of the Andean Precordillera (black load) on crust of variable effective

elastic thicknesses (Te). Each model includes a 60-km-wide zone of lower effective elastic thickness which is migrated through the

foreland and beneath the load. The location of this weak zone is colour coded with its respective profile of deflection. From left to

right, we test deflection with Te of 15 km and 10 km, Te of 20 km and 10 km, and Te of 20 and 5 km. Location of the foreland basin

in each model is shown by a grey rectangle.
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depositional area, sample RLF2-610 buried to depths of

3 km yields AHe dates consistent with exposure to the

PRZ. These constraints produce a maximum geothermal

gradient between 26.7 and 18.3 °C km�1 (Table 3). In

the Vinchina depositional area, the AFT system in sample

VN3-4032 (3.3 km depth) is completely reset, whereas

sample VN4-704 is unreset. Assuming, conservatively,

that 3.3 km depth is the last stratigraphic interval reset by

the AFT system and knowing that this interval was

exposed to temperatures between 120° and 80 °C allows

us to calculate a geothermal gradient between 36.4 and

24.2 °C km�1 (Table 3). In the La Troya depositional

area, the AFT system is completely reset in sample TR1-

01 (3.3 km depth) but not in TR1-813 (2.5 km depth).

Again assuming conservatively that 3.3 km is the upper-

most stratigraphic interval reset by the AFT system in the

La Troya depositional area, results in a maximum

geothermal gradient of 36.4 °C km�1 and a minimum

geothermal gradient of 24.2 °C km�1 (Table 3). In the

Guanchin River transect, the AHe system is completely

reset in samples buried to 3.0 km depth (Safipour et al.,
2015). We note that possible growth strata in this transect

(Carrapa et al., 2008) indicate that sedimentation may

have been coeval with exhumation making total burial

depth difficult to constrain. Assuming that temperatures

must have exceeded temperatures of the PRZ (55–80 °C)
produces a minimum geothermal gradient of

26.7 °C km�1. AFT samples from the Tamberia Forma-

tion (buried by ca. 4 km; Carrapa et al., 2006) are not

reset producing a maximum geothermal gradient of

30 °C km�1. In summary, the geothermal gradients mea-

sured across Miocene–Pliocene depositional areas along

the Central Andes and within the Sierras Pampeanas are

remarkably consistent despite the fact that these

Fig. 8. Geohistory analysis from four

Miocene–Pliocene depositional areas in
the southern Central Andean flat-slab

subduction zone. Subsidence curves most

closely match subsidence curves from

flexural foreland basins. A generalized

dynamic subsidence curve adapted from

Heller & Liu (2016) illustrates the poor

match with the subsidence curves in this

study.
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depositional areas are located over 350 km along strike

from each other (Table 3). These results are also consis-

tent with forward thermal models (Fig. 6) and together

suggest that the geothermal gradient in the late

Miocene–early Pliocene was not lower than 25 °C km�1

and likely was between 25 and 35 °C km�1. These results

are consistent with the modern geothermal gradient

whose minima range from ca. 24 � 5 °C km�1 near

Guandacol (F. Fuentes, personal communication) to ca.
21 � 4 °C km�1 and ca. 18 � 4 °C km�1, in the Pozue-

los and Matagusanos boreholes respectively (Collo et al.,
2017).

DISCUSSION

LateMiocene–Pliocene geothermalgradient

The thermal history of Miocene–Pliocene basins above

the Central Andean flat-slab subduction zone is a subject

of debate. A mid-late Miocene geothermal gradient

between 25 and 35 °C km�1 derived from ther-

mochronometers contradict proposals by Collo et al.
(2011, 2017) that the base of the Vinchina depositional

area could not have reached temperatures over 100 °C,
and suggesting a geothermal gradient between 12 and

18 °C km�1. The discrepancy between the ther-

mochronometic and the illite/smectite geothermometer

data used by Collo et al. (2011, 2017) may be explained by

the presence of undetected sand-sized grains in the clay

matrix which can more readily host fluids, a condition

that can inhibit the transformation from smectite to illite

(Pytte & Reynolds, 1989) following existing kinetic mod-

els (Huang, 1993). The consistency of our results from

both AFT and AHe thermochronometers across strati-

graphic sections supports a normal geothermal gradient

between 25 and 35 °C km�1, as opposed to refrigerated

and anomalously cool.

The late Miocene–Pliocene geothermal gradient is

higher than expected for a retroarc flat-slab subduction

zone where the removal of the asthenospheric wedge is

hypothesized to reduce the geothermal gradient to ca. 10–
20 °C km�1 (Dumitru, 1990). Minimum modern

geothermal gradients range from 24 � 5 °C km�1 to

18 � 4 °C km�1 (Collo et al., 2017; Astini et al., 2005;
F. Fuentes, personal communication) match those

recorded by our study in the late Miocene. Dumitru et al.
(1991) suggested that a reduction in the regional geother-

mal gradient during flat-slab-induced refrigeration has a

lag time of 5–10 Myr following the inception of shallow

subduction. This study, however, does not provide any

evidence for a reduction in the geothermal gradient since

the Miocene. This may indicate that regional refrigeration

does not accompany flat-slab subduction or that the lag

time for refrigeration is longer than previously supposed.

Table 3. Estimation of geothermal gradient using low-temperature thermochronology

Location

Total

Section

Thickness

(km) System Assumption

Maximum

Closure T (°C)
Minimum

Closure T (°C)

Maximum

Geothermal

Gradient

(°C km�1)

Minimum

Geothermal

Gradient

(°C km�1)

Guanchin

River

4.5 AHe (1) Sample RS.10.15 (3.0 km

depth fully reset by AHe)

cooled at temperatures

greater than PRZ

NA 80 30 26.7

La Troya 4.5 AFT (1) Projection of Fiambal�a
basin stratigraphy from

Guanchin River places TR1-

01 at 3.3 km burial depth.

(2) Sample TR1-01 (3.3 km

depth, fully reset by AFT) is

the top of the PAZ

120 80 36.4 24.2

Vinchina 8.5 AFT (1) Sample VN3-4032 (3.3 km

depth, fully reset by AFT) is

the top of the PAZ

120 80 36.4 24.2

La Flecha 4.9 AHe (1) Sample RLF2-610 (3 km

depth, partially reset by

AHe) is in the PRZ

80 55 26.7 18.3

Huaco 5.2 AHe (1) Sample HC-07 (2.2 km

depth, partially reset by

AHe) is in the PRZ

80 55 36.4 25.0
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Spatio-temporal basin evolution in the
Precordillera and Sierras Pampeanas
regions

Cooling ages from low-temperature thermochronometers

that have been reset by sediment burial reflect the timing

of basin exhumation (Fig. 5). Within a given stratigraphic

section from this study, thermochronometers young with

depth (within error) as expected by increasing burial tem-

peratures (Fig. 5). The difference in cooling ages for sam-

ples in the same depositional area, but at different

stratigraphic levels is less than ca. 4 Myr for both AFT

and AHe samples (Fig. 5) indicating rapid cooling and

exhumation of individual depositional areas.

The distribution of cooling ages across depositional

areas can be used to reconstruct the spatio-temporal evo-

lution of deformation-related exhumation. Ther-

mochronometers from all stratigraphic levels in the

Huaco, La Flecha, Vinchina, Valle Hermoso and Guan-

chin River depositional areas display remarkable similar-

ity despite the lateral separation of these depositional

areas by ca. 250 km along strike (Fig. 5b). For these

stratigraphic sections, reset AFT cooling ages are all

between 9 and 6 Ma; reset AHe cooling ages are between

7 and 2 Ma (Fig. 5b). Cooling ages do not young system-

atically either north or south within these basins. AFT

and AHe thermochronometers from the Rio La Troya

depositional area are slightly younger than in other depo-

sitional areas. Here the single reset AFT sample is

3.5 � 0.8 Ma and AHe ages are between 2 and 0.5 Ma.

The striking homogeneity in AFT and AHe cooling

ages combined with similar late Miocene–early Pliocene

geothermal gradients in the depositional areas provides

constraints on the timing and location of the flat-slab

during this time. Specifically, the north to southward

migration of Juan Fernandez Ridge from ca. 27°S to

32° S suggested by Pilger (1981, 1984) and Y�a~nez et al.
(2001) between ca. 14 Ma and 9 Ma would predict a

younging of basin exhumation to the south which is

not observed (Fig. 5). Nor does the predicted north to

southward sweep of flat-slab subduction manifest itself

in spatially differentiated geothermal gradients

(Table 3). Instead, exhumation is uniform and concen-

trated between ca. 8 and 4 Ma in depositional areas

between 30° S and 28° S. The geothermal gradient

across depositional areas between 30° S and 27° S is

within error.

Assuming that the basin history record is at least par-

tially a response to flat-slab subduction, several alterna-

tives could explain the uniform spatio-temporal

distribution of thermal regimes and late Miocene–Plio-
cene basin exhumation: 1) The southward migration of

the Juan Fernandez Ridge, and concurrent flat-slab sub-

duction occurs too rapidly to be resolved by

thermochronology data (< 1 Myr). 2) The north-to-

southward sweep occurred more recently (5–0 Ma) than

proposed and the record of ridge migration is not yet

manifested in the surface geology. 3) Subduction of the

Juan Fernandez Ridge instigated flat-slab subduction that

synchronously controlled basin exhumation along a wide

range of the Andean margin, between 30° S and 27° S; in

this case, the recent (< 10 Myr) flat-slab event has not

had sufficient time to reduce the regional geothermal gra-

dient (Dumitru et al., 1991).
A final scenario (4) may also explain the temporal

basin exhumation pattern identified in this study. Late

Miocene to early Pliocene basin exhumation and canni-

balization due to eastward migration of the retroarc fold

and thrust belt has been observed throughout the Cen-

tral Andes of western Argentina at latitudes of flat-slab

subduction, ca. 30°S to 28°S (Zapata & Allmendinger,

1996a,b; Jordan et al., 2001; Carrapa et al., 2011, 2014;
Allmendinger & Judge, 2014; Fosdick et al., 2015) as

well as latitudes north of the flat-slab subduction zone

ca. 27° to 22° S (Echavarria et al., 2003; Decelles et al.,
2011). The lateral extent of thrust belt migration beyond

the Miocene–present flat-slab subduction zone intro-

duces the possibility that thrust belt migration is not

related to slab angle.

The advance of the deformation front between 30°S
and 22° S may be linked by a shared mechanism; how-

ever, we propose that the propagation of foreland basin

exhumation may have been additionally facilitated

between ca. 28° S and 30° S by flat-slab subduction.

For example, Fosdick et al. (2015) propose that out-of-

sequence thrusting in the southern Precordillera (ca.
30° S) at ca. 5 Ma is driven by flat-slab subduction.

Jordan et al. (2001) document a change in the drainage

system in the same area between 7 Ma and 4 Ma that

may be accompanied by uplift during the transition

from conventional to broken foreland basin system.

Carrapa et al. (2010) also suggest that a regional drai-

nage reorganization observed in the Guanchin River

depositional area (part of the Fiambal�a basin) at ca.
6 Ma is related to flat-slab subduction. This evidence

suggests that although an advancing deformation front

may have controlled basin exhumation as early as

10 Ma, exhumation was further enabled by the onset

of flat-slab subduction by ca. 5–6 Ma. Our basin analy-

sis shows that the dynamic effects of the slab subduc-

tion on subsidence are not necessary during deposition

between ca. 18 Ma and 5 Ma; however, dynamic uplift

proposed by Jordan et al. (2001) and modelled by

D�avila & Lithgow-Bertelloni (2015) could have facili-

tated basin exhumation. The timing of exhumation

constrained by this study between 7 Ma and 4 Ma may

indicate that flat-slab subduction did not occur until

this time.
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Implications for flat-slab subduction
processes

In the Sierras Pampeanas, a prevailing low Miocene–Plio-
cene geothermal gradient (10–20 °C km�1) interpreted to

be associated with flat-slab subduction has been used to

explain the abundant Mesozoic and Palaeozoic cooling

ages from low-temperature thermochronometers in the

region (D�avila & Carter, 2013). These basement-cored

ranges bounded by steep reverse faults (Allmendinger

et al., 1990) are hypothesized to have been exhumed and

at least partially uplifted in the mid-late Miocene coinci-

dent with flat-slab subduction (Allmendinger et al., 1983;
Jordan & Allmendinger, 1986; Ramos et al., 2002; Car-
rapa et al., 2008; Kay & Coira, 2009; Ramos & Folguera,

2009; Fosdick et al., 2015). In the absence of a low

geothermal gradient, it will be important to revisit ranges

with abundant pre-Neogene thermochronometric cooling

ages to document the magnitude of Miocene exhumation

relative to pre-Cenozoic exhumation and uplift events

using a geothermal gradient between 25 and 35 °C km�1.

If so, this revised palaeogeography will be an important

consideration for reconstructing the organization of

Cenozoic and even Mesozoic basins. Furthermore, decou-

pling the cause-and-effect relationship between flat-slab

subduction and thick-skinned style deformation is an

important advance in our understanding of the geologic

manifestations of flat-slab subduction.

CONCLUSIONS

The Sierras Pampeanas has been used to investigate flat-

slab subduction processes, and the geology of the region

has been used to interpret processes associated with the

slab angle in modern and ancient subduction zones

around the world. Our work in the region has important

implications for understanding the relationships between

the lower and upper plate during flat-slab subduction.

Although eastward migration of the deformation front

through the region may have facilitated basin exhumation,

the timing of rapid exhumation at 27°S to 30°S between

7 Ma and 4 Ma supports the role of flat-slab subduction

on upper plate deformation. However, modelling results

from this study indicate that the basin subsidence

observed in Miocene–Pliocene basins within the region

can be explained by flexure and that dynamic mechanisms

are not necessary to explain basin accommodation space.

The normal (25–35 °C km�1) late Miocene–Pliocene
geothermal gradient throughout the region supports the

initiation of flat-slab subduction no earlier than 10–5 My

ago. The absence of both a north to south younging of

basin exhumation and a change in the regional palaeo-

geothermal gradient as predicted by a southward migra-

tion of flat-slab subduction indicates that either this

sweep occurred more rapidly and/or recently than previ-

ously proposed (Y�a~nez et al., 2001) or that the geometry

of the Juan Fernandez Ridge does not strongly control the

spatial distribution of the flat-slab through time. Further

work is required to distinguish between these different

alternatives.
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