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The Argentine Precordillera is an archetypal retroarc fold-and-thrust belt that records tectonics associated
with changing subduction regimes. The interactions between exhumation and faulting in the Precordillera
were investigated using apatite and zircon (U-Th-Sm)/He and apatite fission track thermochronometry
from the Precordillera and adjacent geologic domains. Inverse modeling of thermal histories constrains
eastward in-sequence rock cooling associated with deformation and erosion from 18 to 2 Ma across the
Central Precordillera tracking thrusting during this time. The youngest AHe ages (5-2 Ma) and highest
erosion rates are located in the eastern and western extremities of the Precordillera and indicate that
recent denudation is concentrated at its structural boundaries. Moreover, synchronous rapid Pliocene
cooling of the Frontal Cordillera, Eastern Precordillera, and Sierra del Valle Fértil was coeval with
initiation of basement-involved faulting in the foreland. Detrital zircon U-Pb geochronology from the
ca. 16-8.1 Ma Bermejo foreland basin strata suggests fluvial connectivity westward beyond the Frontal
Cordillera to the Main Cordillera and Coast Range followed by an important shift in sediment provenance
at ca. 10 Ma. At this time, we suggest that a substantial decrease in Permo-Triassic igneous sources
in the Frontal Cordillera and concurrent increase in recycled zircons signatures of Paleozoic strata are
best explained by uplift and erosion of the Precordillera during widening of the thrust-belt. Bedrock
thermochronology and modeling indicate a 2-6 Myr lag time between faulting-related cooling in the
hinterland and the detrital record of deformation in the foreland basin, suggesting that for tectonically
active semi-arid settings, bedrock cooling may be more sensitive to onset of faulting. We suggest that
high erosion rates in the Frontal Cordillera and Eastern Precordillera are associated with increased
interplate coupling during shallowing of the subducting Nazca plate that may concentrate stress along
weak structural boundaries of the Precordillera.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

able records of changes in erosion of source areas, and the time
and rates of deformation and exhumation. Deciphering causal re-

The physiography of contractional mountain belts is largely
controlled by the interaction between lithospheric thickening and
the erosional removal and redistribution of mass from steepened
highlands to adjacent basins (e.g., Beaumont et al., 1992). One
of the most influential advances in our knowledge of the tec-
tonic development of mountain belts is that erosion can influence
the location of strain and thus the overall geometry and out-
ward growth of orogenic belts (e.g., Koons and Kirby, 2007). At
the same time, foreland basin sedimentary archives remain invalu-
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lationships and potential feedbacks between faulting and erosion
thereby rely on robust temporal constraints and our understanding
of time lags between deformation, rock uplift, cooling and ero-
sion, and sedimentation at 10® yr timescales (e.g., Burbank, 2002;
Lock and Willett, 2008).

In thin-skinned retroarc fold-and-thrust belts, the structural de-
velopment is modulated largely by the mechanical behavior of
the basal decollément and modification of the surface slope by
accretion or erosion (Davis et al., 1983). However, in retroarc set-
tings characterized by complex subduction zone dynamics such as
shallow subduction, both the deformational and exhumational be-
havior may be more complex. For instance, shallow subduction
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Fig. 1. (A) Tectonic setting of the Argentine Precordillera and adjacent provinces in the southern Central Andes. White lines denote depth in km to the Wadati-Benioff zone
(Cahill and Isacks, 1992). (B) Geologic map of the study area in the Precordillera with Cenozoic thrust faults and thermochronology sample locations. Black bar labeled Huaco
section denotes location of detrital geochronology sample suite. Fault nomenclature modified after Jordan et al. (2001). Cross-section X-X' is depicted in Fig. 2. Geology and
cross-section modified from Zapata and Allmendinger (1996), Furque et al. (2003), and new mapping from this study. FC = Frontal Cordillera, AP = Argentine Precordillera,

and SVF = Sierra de Valle Fértil.

of oceanic lithosphere may increase interplate coupling between
the subducting slab and the overriding plate by long distance
transmission of compressional stress across the foreland (e.g.,
Gutscher et al, 2000). Reactivation of basement heterogeneities
(e.g., Hilley et al., 2005; Ramos et al.,, 2002) in flat slab settings
may also promote reverse faulting and uplift of crystalline base-
ment, such as in the Laramide ranges of North America and the
Sierras Pampeanas of Argentina (Jordan and Allmendinger, 1986;
Ramos et al,, 2002). In contrast to relatively well-studied faulting
in basement-cored uplift blocks, the response of the thin-skinned
thrust belt domain to changes in subduction geometry is unclear:
how do exhumation rates vary across different structural styles?
Do extinct hinterland structures become reactivated during shal-
low subduction? Do detrital and bedrock cooling records resolve
synchronous deformational histories across the thrust belt?

The Pampean flat slab segment of the southern Central An-
des (between 27°S and 33°30'S) is the ideal place to investigate
the impact of shallow subduction and upper plate orogenic pro-
cesses on deformation and erosion of retroarc fold-and-thrust belts
(Fig. 1, Table 1). The Precordillera is an important player in Andean
tectonics because it records the structural and exhumational re-
sponse to a changing tectonic regime during the transition from
Oligocene-Miocene steep subduction to Late Miocene-Pliocene
flat subduction and thick-skinned deformation (Jordan and All-
mendinger, 1986; Jordan et al., 1993). With its well-preserved
intermontane and foreland basin stratigraphy, the Precordillera is
often cited as one of the best dated thrust belts in the world
(Fig. 2). However, less is known about its exhumational history,
and how the kinematic evolution of the individual thrust sheets
during shallow slab subduction has impacted erosion. To eval-
uate the exhumational response of the Precordillera to changes
in plate interactions and to investigate relationships between
faulting and erosion across different structural styles, we per-
formed low-temperature thermochronology, thermal modeling,
and detrital zircon geochronology in the Precordillera and adja-
cent provinces.

2. Tectonic setting

The southern Central Andes is subdivided into several mor-
photectonic domains based on structural style, physiography, and
foreland basin configuration (Ramos, 2009). Between 28°S and
33°S, the Pampean (Chilean) flat slab segment of the Nazca Plate
subducts subhorizontally beneath South America (Cahill and Isacks,
1992). The Andean orogen from west to east consists of the Coastal
Cordillera, the Main and Frontal Cordilleras, the Argentina Pre-
cordillera, and the Pampean ranges, with intervening Neogene
foreland basins (Fig. 1A). Shallowing of the Pampean flat slab has
been attributed to southward propagating subduction of the aseis-
mic Juan Fernandez Ridge in the Nazca Plate beginning ca. 18 Ma
(Ramos et al., 2002; Yafiez et al., 2001) and is reflected by a cessa-
tion of arc magmatism and initiation of basement-involved defor-
mation in the Sierras Pampeanas (Jordan and Allmendinger, 1986;
Kay et al, 2005). The initiation of shallow subduction at the
latitude of the study area (30°S) is constrained by magmatic
and sedimentary records at ca. 10-5 Ma (Jordan et al., 1993;
Kay et al., 2005).

The Argentina Precordillera is a north-south trending, ~50 km
wide orogenic wedge involving Paleozoic through late Cenozoic
sedimentary rocks uplifted in six major east-verging thrust sheets
(Fig. 1B) (Allmendinger et al., 1990; Jordan et al., 1993; Ramos
et al., 2002). These Andean structures have resulted in substan-
tial shortening and offset of Cenozoic basin infill (Allmendinger
and Judge, 2014), although debate exists regarding the extent to
which some of the Precordillera deformation is related to early
Paleozoic events later overprinted by Cenozoic high-angle faulting
(e.g., Alonso et al., 2014; Alvarez-Marr6n et al.,, 2006). The Pre-
cordillera is subdivided into three structural domains. The West-
ern and Central Precordillera are characterized by highly deformed
Paleozoic sedimentary rocks and intermontane Neogene basins
(Allmendinger and Judge, 2014; Furque et al., 2003; Jordan et al.,
1993). The Eastern Precordillera consists of a thick-skinned trian-
gle zone developed in crystalline basement with Pliocene syntec-
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Table 1
Thermochronology and detrital geochronology sample locations.
Sample name Latitude Longitude Elevation Formation/lithology and location ZHe AHe AFT DZ
(°S) (°W) (m)
FCO1 —30.14146 —69.52620 3073 Permian granite; Frontal FC hangingwall . .
FC03 —30.16638 —69.48009 2858 Permian granite; Frontal FC hangingwall .
JT01 —30.15287 —68.56559 1046 Silurian argillite; Niquivil thrust hangingwall .
JTo7 —30.20958 —68.88860 1378 Silurian argillite; Blanco thrust hangingwall . .
JT10 —30.21938 —68.99572 1508 Silurian argillite; Tranca thrust footwall . .
JT12 —30.25276 —68.78512 1295 Permian sandstone; Blanquitos thrust hangingwall .
JT15 —30.17494 —69.12577 1563 Silurian argillite; Western AP; Cerro Negro . .
SVFO01 —30.15897 —68.05082 857 Carboniferous sandstone; SVF thrust hangingwall . .
RH10 —30.14859 —68.52666 1024 Vallecito Fm (Oligocene); Niquivil thrust footwall .
RF11 —30.62882 —68.78916 1383 Cuculi Fm (Miocene); Rio Francia .
HCO1 —30.16201 —68.46432 966 Quebrada del Jarillal Fm (Miocene); Las Salinas .
HCO02 —30.16406 —68.46072 1053 Quebrada del Jarillal Fm (Miocene); Las Salinas . .
HC04 —30.16332 —68.45181 972 Huachipampa Fm (Miocene); Las Salinas anticline . .
HC06 —30.16606 —68.44112 943 Quebrada del Cura Fm (Miocene); Las Salinas .
HCO07 —30.15923 —68.43294 924 Rio Jachal Fm (Miocene); Las Salinas anticline . .
@ Thermochronology data
300 T T T T T T T T
note different -69.2° -68.8° -68.4° -68.0°
. y-axis scale
2 250 ¢
° ) .
=) ﬁ .
< 200 Protracted Permian through detrital <5
4 Early Jurassic cooling AFT
[ —
1501 ) @ Zircon He
40
_ ¢ Apatite FT
eastward younging of
© FCo3 faulting and exhumation Apati
S 307 patite He
: out-of-sequence O Duration of
2 204 O thrusting El El 1To7 JT01 thrusting
JT12 RF11
\ I:l é SR triangle SVFO1
] FCO1 RH10 zone
K & JT15 % |:| 5 |:| 5 D
Blg
o Dg HC02 — SVF
N Na Sa
Simplified structural cross-section
Frontal Iglesia | Argentine Precordillera B . Sierra de
Cordillera Basin Western Central Eastern S;";f’,{o Valle Fertil

o

Depth (km)
S

N
o

Choyoi Grou

Permo-Triassic

Silurian-Devonian
basinal rocks

E Cambrian-Ordovician
platform limestone

Ordovician basinal
p and igneous rocks

E:I Neogene foreland Carboniferous-

basin deposits Triassic deposits

l:l Cuyania basement - icégi)vlits:i?gcks

Fig. 2. (A) Thermochronometric data from the Precordillera and adjacent provinces.

Diamonds show single-grain zircon and apatite (U-Th)/He dates, with weighted mean

ages for each sample shown by hexagons (apatite) and squares (zircon). AFT ages are shown by pink circles. Published chronology of Cenozoic thrust motion (gray boxes) is
based on Jordan et al. (2001) and Allmendinger and Judge (2014). Refer to Fig. 1 for legend and cross-section information. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

tonic growth strata that are well imaged by seismic-reflection data
(Vergés et al., 2007; Zapata and Allmendinger, 1996). East of the
Precordillera, basement rocks overlain by Paleozoic and Mesozoic
strata are exposed in the west-verging Sierra de Valle Fértil in the
Sierras Pampeanas Province (Fig. 1B).

The chronology of deformation in the Precordillera at the lati-
tude of Jachal is based on the sedimentation history in the geneti-
cally linked Bermejo retroarc foreland and Iglesia piggyback basins
(Allmendinger and Judge, 2014; Jordan et al., 2001, 1993). Well-
dated changes in sediment provenance, depositional facies, subsi-
dence rates, and crosscutting relationships (e.g., Beer et al., 1990;

Johnson et al., 1986; Jordan et al, 2001, 1993) depict an in-
sequence deformational history beginning ca. 20 Ma in the West-
ern Precordillera, with Pliocene reactivation of faulting in the Igle-
sia basin and basement uplift along the Eastern Precordillera as
evidenced by displaced Pliocene sedimentary rocks and subsur-
face imaging of faults (Beer et al., 1990; Zapata and Allmendinger,
1996). Most of the crustal shortening in the Andes at this latitude
is accommodated by the Western and Central Precordillera. Recent
revisions to the kinematic restorations of structural cross-sections
of the Precordillera indicate ~ 90 421 km of upper crustal short-
ening since 13 Ma, most of which is interpreted to have accrued



76 J.C. Fosdick et al. / Earth and Planetary Science Letters 432 (2015) 73-83

Detrital AHe data

[A] simplified Stratigraphy

64 6
Mogna Fm. detrital
AHe
5 4 peaks
Rio Jachal 4
= Fm.
]
53
12}
3
% 3 Hco7 1
£ QOS> <
5 i
2 Quebrada del
& Cura Fm. 2 -
i ]
8
17
Huachipampa 1 HCo4
Fm. 1 4 :
Quebrada - HCO2
del Jarillal i
Fm. 0 4y __
O
20 15 10 5 0
s borehole data Apatite He date (Ma)

@ Geo/thermochronology sample

Conglomerate

Cross-bedded sandstone®> Apatite He date (+ 20)

1
D Sandstone 1 Depositional age of sample

1
E Siltstone

.l Pre-Cenozoic units

Fig. 3. A) Generalized stratigraphy of the Huaco section (after Jordan et al., 2001)
showing detrital thermochronology and geochronology sample positions. B) Detrital
apatite (U-Th)/He thermochronometric data from HCO02, HC04, and HCO7. Samples
exhibit down-section increase in the degree of thermal resetting, resulting in AHe
dates younger than depositional age. HC02 yields fully reset AHe dates that record
Pliocene unroofing of the Huaco section.

between 12 and 9 Ma (Allmendinger and Judge, 2014). Paleoal-
timetry data of the intermontane basins within the Precordillera
indicate a southward transition in the magnitude of surface up-
lift along the Precordillera, and present-day elevations at the lati-
tude of the Iglesia Basin were attained prior to 9 Ma (Hoke et al.,
2014a), consistent with the crustal shortening history (Jordan et
al.,, 2001, 1993). Pliocene deformation is evident in both the Igle-
sia basin and the Eastern Precordillera triangle zone (Zapata and
Allmendinger, 1996) (Fig. 2). Active deformation is expressed by
extensive crustal seismicity (Alvarado et al.,, 2007), including sev-
eral historic large magnitude (M > 6.0) earthquakes in the San
Juan Province of Argentina.

The Neogene Bermejo Basin stratigraphy is well-exposed in the
Sierra de Huaco near Jachal (Fig. 2) as a result of Pliocene de-
formation and uplift of the basin infill (Zapata and Allmendinger,
1996). The Huaco section is one of the thickest accumulations
of Neogene sediments in the area, and consists of conglomer-
ate, sandstone, siltstone, and rare air-fall volcanic tuff, deposited
in a semi-arid continental setting (Fig. 3) (Johnson et al., 1986;
Jordan et al, 1993). Sedimentological studies of these deposits
suggest an evolution in a semi-arid depositional setting from a
through-going, low-relief braided fluvial system to an ephemeral
distributary channel and alluvial fan system (Johnson et al., 1986).
This relatively complete section spans ca. 16-2 Ma and affords
the opportunity to track provenance unroofing patterns during this
time.

3. Methods and results
3.1. (U-Th-Sm)/He thermochronology

Low-temperature thermochronological techniques are well-
suited to investigate the thermal history of thrust sheets and
sediments during orogenesis (e.g., Lock and Willett, 2008; Reiners
and Brandon, 2006). The (U-Th)/He thermochronology method is
based upon thermally controlled retention of “He gas produced
during the decay of radioactive 238U, 235U, 232Th and '4’Sm in
accessory minerals such as apatite and zircon (e.g., Ehlers and Far-
ley, 2003). At low temperature, He diffusivities are sufficiently low
that He is retained within the host mineral, whereas at high tem-
peratures, He is diffusively lost from the crystal. The temperature
transition over which this occurs for He is called the partial reten-
tion zone and ranges from ~160-200 °C for zircon and ~55-80°C
for apatite (Reiners and Brandon, 2006 and references therein).
Analytical methods, references, and data are reported in the Sup-
plementary Information.

We performed (U-Th-Sm)/He analysis (He thermochronology)
on five zircon samples (14 single grains) and 10 apatite samples
(37 single grains) collected from the Precordillera and adjacent
provinces. Our sampling strategy targets the ramp-flat reset zone
above the hangingwall (Lock and Willett, 2008) or proximal to
the fault tip in the footwall block to maximize detection of ther-
mal histories related to faulting. Sample lithologies include Per-
mian granite from the Frontal Cordillera, metamorphosed Silurian-
Carboniferous sandstone units exposed in the Precordillera and
Sierra de Valle Fértil, and synorogenic Oligocene-Miocene sub-
arkoses and litharenites from the Bermejo Basin.

Zircon He thermochronology (ZHe) samples yield single grain
dates between 187 Ma and 275 Ma (Fig. 2A). All bedrock samples
show relatively poor intrasample reproducibility based on analyti-
cal precision (for n = 3 grains per sample), although they are still
likely within real uncertainty of each other taking into account the
uncertainty of Fp correction for small grains. ZHe dates do not
exhibit a strong correlation to eU, although there is an inverse cor-
relation between grain size and ZHe date (Fig. A-1).

Apatite He thermochronology (AHe) dates from the AP and
intervening foreland deposits range between 58 Ma and 2 Ma,
with all Paleozoic thrust sheet samples falling exclusively be-
tween 20 Ma and 2 Ma (Fig. 2). Single-grain dates from the Pre-
cordillera display reasonably good reproducibility within samples,
from which we calculate weighted mean ages (Fig. 2). Weighted
mean AHe ages display a broad bell-shaped distribution across the
AP, with young ages (5-4 Ma) at Cerro Negro, north of Rodeo, in
the Iglesia Basin, the Frontal Cordillera, and in the Sierra de Valle
Fértil. Spanning the Central Precordillera, ages progressively young
eastward from ca. 14 Ma to 6 Ma (Fig. 2). The youngest AHe ages
(2 Ma) are centered in the Eastern Precordillera.

Detrital AHe data from the exhumed Bermejo Basin strata show
variable post-depositional resetting as a function of stratigraphic
position and burial depth (Fig. 3). Oligocene-Middle Miocene strata
yield invariant AHe dates within each sample, all of which are
younger than depositional age. In contrast, Upper Miocene samples
yield detrital AHe dates (n = 18) that mostly predate depositional
age indicating a lower degree of thermal resetting post deposition
(Fig. 3B). Sample HCO7 from the Upper Miocene Rio Jachal Forma-
tion contains prominent detrital signatures at 5 Ma and 13 Ma,
with lesser AHe dates between 42-55 Ma (Fig. 3B). Positive cor-
relation between AHe dates and effective uranium concentration
(eU) may indicate that burial heating was sufficient to partially re-
set the low eU apatites (Fig. A-1).



J.C. Fosdick et al. / Earth and Planetary Science Letters 432 (2015) 73-83

@ Frontal Cordillera

77

Central AP

0 0
40 FC01 ZHe, AHe 40 JT07 ZHe, AHe
14 good, 61 acc paths 9 good, 40 acc paths
£ s0 € 80
® e
p=} =]
§ 120 ©120
) )
g £
160 160
S i
200 200
240 240
300 275 250 225 200 175 150 125 100 75 50 25 300 275 250 225 200 175 150 125 100 75 50 25 O
Time (Ma) Time (Ma)
Western AP IE Sierra de Valle Fertil
0
40 JT15 ZHe, AHe

71 good, 294 acc paths

80

120

160

Temperature (°C)

200

SVF01 ZHe, AFT, AHe
52 good, 221 acc paths

240
LA T T LA} T LA T T T LI A b | T T T T T
300 275 250 225 200 175 150 125 100 75 50 25
Time (Ma)

240
LA A A I I R A R R R A A |
300 275 250 225 200

LIRS RAAY RARS LAY RARS RN RARE LALE RAR) RALE RARY RAAI RAAY RARI LM

175 150 125 100 75 50 25 0
Time (Ma)

Fig. 4. Inverse modeling results for (A) FCO1 Frontal Cordillera, (B) JF15 Cerro Negro, (C) JTO7 Central AP, and (D) SVFO1 Sierra de Valle Fértil. The results are displayed as
temperature-time (T-t) paths for good (black) and acceptable (gray) fit histories. Each model attempted 100,000 T-t paths. Dark gray squares represent the imposed T-t

constraints.
3.2. Apatite fission track thermochronology

Our AHe results are supplemented by apatite fission track ther-
mochronology (AFT) data that broadly constrain regional cooling
across the study area (Fig. 2). The fission track method is based
on the accumulation of linear damage trails in the crystal lattice
formed by the spontaneous fission decay of 238U. In apatite, these
tracks are completely annealed, or erased, at temperatures above
~120°C, and retained below ~60°C (Green et al., 1989), a temper-
ature range termed the partial annealing zone. Analytical methods,
references, and data are reported in the Supplementary Informa-
tion. AFT was attempted on all samples, although low apatite yield,
combined with low U concentration, produced limited results.
Sample FCO3 from a Permian granite in the Colangiiil batholith in
the Frontal Cordillera yields a pooled AFT age of 31.2+ 7.7 Ma. In
the Eastern AP, sample HCO7 shows mixed AFT ages with a central
age of 152.3 5.9 Ma. We interpret these limited results as detri-
tal ages and suggest that the basin infill has not been sufficiently
buried to reset AFT ages. Farther west in the Sierra de Valle Fértil
hangingwall foothills, sandstone from the Carboniferous Guandacol
Fm. yields an AFT age of 5.8 + 0.8 Ma, which is within uncertainty
of its AHe date (Fig. 2B).

3.3. Inverse modeling of thermochronometric data and interpretations
We inverse modeled the T-t histories of key samples with AHe,

AFT and ZHe data using the HeFTy modeling program (Ketcham,
2005) to evaluate plausible cooling histories for the Precordillera

and adjacent provinces (Fig. 4). All models with older ZHe dates
are characterized by late Paleozoic - early Mesozoic cooling to be-
low ~140°C, followed by extended residence between ~140-80°C
until Cenozoic time (Fig. 4). Model results for the Blanco Thrust
(JTO7) in the Central Precordillera are consistent with rapid cooling
through the AHe PRZ at ca. 16-14 Ma followed by slow cooling to
present-day. In contrast, the hangingwall of the Cerro Negro thrust
in the Western Precordillera (JT15) underwent later rapid cooling
at ca. 8-2 Ma (Fig. 4). Cooling paths for the Colangiiil pluton in
the Frontal Cordillera (FCO1) show onset of initial cooling at ca.
10-8 Ma followed by rapid Pliocene cooling to present day. Lastly,
model results from the Sierra de Valle Fértil hangingwall thrust
block (SVFO1) depict Paleozoic-Mesozoic post-depositional burial
heating to temperatures within and above the AFT PRZ, followed
by rapid cooling since ca. 10-8 Ma. Taken together, the inverse
modeled T-t histories depict overlapping Late Miocene cooling
through the AHe PRZ for rocks sampled from the Frontal Cordillera,
Eastern Precordillera, and Sierra de Valle Fértil. Notably, the ther-
mochronometric data for the Central Precordillera samples satisfy
an earlier Middle Miocene cooling history (Fig. 4).

3.4. Detrital zircon U-Pb geochronology

In order to assess changes in sediment provenance during de-
formation of the Precordillera and foreland basin evolution, we
performed LA-ICPMS U-Pb geochronology on four detrital zircon
samples from Miocene strata in the Huaco section (Johnson et al.,
1986; Jordan et al., 2001). Sandstone samples were collected from
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well-characterized and dated (by magnetostratigraphy) levels at ca.
16.0 Ma, 12.4 Ma, 9.6 Ma, and 8.1 Ma (Fig. 3) (after Johnson et
al., 1986, with revised geomagnetic timescale of Cande and Kent,
1995). We also collected detrital zircon U-Pb data from the Per-
mian Patquia Formation (RF08) to assess the recycled provenance
signature from strata exposed in the Central Precordillera. Detrital
zircon U-Pb results are displayed as cumulative probability dis-
tributions and histograms with corresponding probability distribu-
tions in ascending stratigraphic order (Fig. 5). Analytical methods,
Concordia diagrams, and analytical data are reported in the Sup-
plementary Information.

Detrital zircon U-Pb ages from the ca. 16 Ma lower Quebrada
del Jarillal Fm. (HCO1) range from 13 to 2180 Ma (n = 99). Promi-
nent zircon age groups occur between 850-1420 Ma, 460-575 Ma,
and 240-450 Ma, with fewer grains between 70-150 Ma and
13-14 Ma.

The ca. 12.4 Ma upper Quebrada del Jarillal Fm. (HC02) yields
detrital zircon U-Pb ages between 34 and 2596 Ma (n = 74), with
age populations between 900-1375 Ma, 400-515 Ma, 250-325 Ma,
and 34-40 Ma. Key age peaks are 37 Ma, 272 Ma, 478 Ma,
1025 Ma, and 1120 Ma.

Detrital zircon U-Pb results from the ca. 9.6 Ma Huachipampa
Formation (HC04) range from 10 to 1606 Ma (n = 92), with the
youngest resolved age peak overlapping in time with depositional
age. Broadly defined age groups are 10-36 Ma, 215-770 Ma, and
930-1295 Ma. Prominent age peaks occur at 270 Ma, 310 Ma,
415 Ma, 495 Ma, and 1046 Ma.

The ca. 8.1 Ma Quebrada del Cura Fm. yields detrital zircon
U-Pb ages from 13 to 3383 Ma (n = 80). Most zircon ages fall be-
tween 220-695 Ma and 1020-1310 Ma, with prominent age peaks
at 303 Ma, 316 Ma, 464 Ma, 540 Ma, and 1188 Ma.

Detrital zircons from the Permian Patquia Fm. (RFO8) range in
age from 282 to 3354 Ma (n = 99), with most zircons between
345-280, 435-660, and 1275-920 Ma. Prominent age peaks occur
at 299 Ma, 316 Ma, 528 Ma, 1071 and 1111 Ma.

4. Discussion
4.1. Structural influence on thrust belt erosional behavior

Thermochronological results from the Precordillera highlight
important temporal correlations between deformation and ero-
sion during orogenic wedge development, as well as nominal con-
straints on the magnitude of pre-Andean exhumation. The highest
temperature thermochronometer yields an old (>187 Ma) suite of
zircon He dates from across the study area (Fig. 2). Thermal mod-
eling of these data requires the present-day erosional level of this
region - spanning the Frontal Cordillera foothills, Precordillera, and
Sierra de Valle Fértil - to have resided at temperatures below He
closure in zircon (~180°C) and corresponding ~8-9 km closure
depth since early Mesozoic time (Fig. 4). Zircon He dates over-
lap in time with the development of the Permo-Triassic Choiyoi
magmatism and intraplate extension across Chile and Argentina
(Mpodozis and Kay, 1992). We therefore interpret these data to
reflect regional bedrock cooling associated with Late Paleozoic -
Early Mesozoic intraplate extension of the crust, consistent with
the tectonic history of the region (e.g., Ramos, 2009).

In contrast to the pre-Cenozoic ZHe results, Oligocene through
Pliocene dates from the lower temperature AHe and AFT ther-
mochronometers constrain >2-3 km of erosion during concur-
rent deformation in the Andean retroarc region. AFT data, though
sparse, corroborate a general eastward shift in the locus of erosion
since Oligocene time (Fig. 2). AHe dates young eastward across the
Central Precordillera from 16-14 Ma and broadly overlap in space
and time with the onset of faulting (Allmendinger and Judge, 2014;
Jordan et al., 2001). Taken together, our findings indicate that the

most rapid denudation occurs in areas of most recent faulting.
Notably, the structural margins of the Precordillera have under-
gone the most recent bedrock cooling compared to its internal
domain (Fig. 4). Our analysis resolves a pronounced signal of cool-
ing and inferred erosion beginning at 8 Ma along the Cerro Negro
thrust in the Iglesia piggyback basin, coeval with out-of-sequence
sinistral transpressional deformation during orogenic construction
(Alvarez-Marroén et al., 2006; Beer et al., 1990) (Fig. 2).

Young AHe dates are also observed in the Frontal Cordillera
foothills on the western edge of the Iglesia Basin, where the reset
5 Ma AHe date from Permian granite indicate Pliocene exhuma-
tion coeval with flat-slab subduction. Although no active thrust
fault is mapped or imaged along the base of the Frontal Cordillera
at this latitude (Allmendinger et al., 1990; Beer et al., 1990), the
5 Ma cooling ages and associated relatively high erosion rates
likely reflect the removal of thick sedimentary cover in the Igle-
sia Basin once the Rio Jachal incised through the Precordillera, as
suggested by Beer et al. (1990). We interpret the Oligocene AFT age
from the Frontal Cordillera to likely reflect exhumation and cool-
ing related to incipient deformation during early stages of Bermejo
foreland basin evolution. In contrast, the tectonically active Frontal
Cordillera farther south between 33-34°S yields unreset AHe ages
suggestive of limited (<2-3 km) exhumation during faulting (Hoke
et al., 2014b). These findings together with our data from the Igle-
sia Basin, suggest that the magnitude and rates of erosion are not
only controlled by along-strike changes in faulting history, but also
by the amount of sediment burial and subsequent removal during
reorganization of drainage basins.

In the Eastern Precordillera, contractional deformation and up-
lift of ~3 km during growth of the Salinas Anticline, in the thick-
skinned triangle zone occurred after ca. 2.6 Ma, based on the depo-
sitional age of syngrowth strata (Zapata and Allmendinger, 1996).
Correspondingly, ca. 2 Ma AHe ages from Middle Miocene strata
sampled directly over the anticline (HC02) indicate rapid post-
depositional burial heating followed by unroofing during deforma-
tion (Fig. 2). Farther east in the Sierra de Valle Fértil, rapid cool-
ing through the ~120-60°C temperature window suggests high
Pliocene cooling rates (Fig. 4) associated with faulting and erosion
of the Sierra de Valle Fértil hangingwall block (Jordan et al., 2001;
Ortiz et al., in press).

We compare the deformation history with erosion rates in-
ferred from AHe thermochronometric cooling ages following the
method of Willet and Brandon (2013), using a geothermal gra-
dient of 20 &+ 5°Ckm™' and accounting for +2¢ uncertainty
in age. Bedrock cooling paths suggest onset of cooling between
18-14 Ma for the Central Precordillera (Fig. 4), with moderate
(0.33-0.49 mmyr~!) rates of erosion since then (Fig. 6). In con-
trast, the structural margins of the Precordillera have undergone
more recent rock cooling and deeper exhumation, with high ero-
sion rates (1.52-2.58 mmyr—!) in the Frontal Cordillera foothills
and Iglesia Basin, and highest (>3.0 mmyr~!) in the Eastern Pre-
cordillera triangle zone since 3 Ma (Fig. 6). Moreover, AHe ther-
mochronology of the Miocene Huaco section yields some of the
youngest reported dates observed in the foreland region compared
to pre-Cenozoic data within this sector of the Andean retroarc re-
gion (e.g., Davila and Carter, 2013 and references therein). This
finding suggests the thermal conditions in the Huaco area during
basin burial were sufficiently hot to reset Miocene detrital apatite
and point to more complex (e.g., higher) Neogene geothermal gra-
dient variations across the Andean foreland region than previously
considered.

Taken together, calculated erosion rates from thermochrono-
metric data indicate that the highest erosion rates are present
along the margins of the Iglesia basin in the west and in the east-
ernmost toe of the Eastern Precordillera. The synchroneity between
deformation and erosion along the tectonically active boundaries
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of the Precordillera (this study), and flattening of the Nazca plate
beneath the region (Kay et al.,, 2005; Ramos et al., 2002) suggest
that erosional processes responded to deformation and changes
in stress conditions in the foreland region. Notably, deformation
styles within these margins of the Precordillera depart from purely
orthogonal deformation and exhibit sinistral transpression (in the
west) and strike-slip faulting and involvement of basement struc-
tures (in the east) that may be a manifestation of stresses trans-
ferred to the upper plate by flat slab subduction (e.g., Japas et al.,
2015; Siame et al., 2005).

This long-term deformation and unroofing history is compat-
ible with Quaternary faulting and seismicity patterns. For in-
stance, Quaternary thrust fault scarps along the Niquivil thrust
are described in the eastern toe of the Central Precordillera
(Allmendinger and Judge, 2014), and the Pleistocene strike-slip El
Tigre fault (Bastias and Bastias, 1987) and other fault scarps in the
Iglesia Basin (Alvarez-Marrén et al.,, 2006) indicate active deforma-
tion to the west of the Precordillera. There is generally a high rate
of seismicity in the Cuyania terrane (e.g., Alvarado et al., 2007),
and 30°S latitude, and most seismicity is concentrated beneath the
eastern toe of the Central Precordillera, the Eastern Precordillera,
and the terrane boundary with the Sierras Pampeanas (Siame et al.,
2005; Smalley et al., 1993). We note that geodetic measurements
show no changes strain gradient across the Iglesia Basin, whereas
there is a decrease in strain rate observed across the structural
boundary between the Eastern Precordillera and the Sierras Pam-
peanas (Allmendinger and Judge, 2014; Brooks et al., 2003).

4.2. Basin provenance record of thrust belt deformation and
exhumation

Eastward directed paleoflow indicators point to the Precordillera
and the Frontal Cordillera as primary contributors of sediment
for the Bermejo Basin, although the relative proportions of Pre-
cordillera versus Frontal Cordillera contribution has been difficult
to quantify in the past (e.g., Jordan et al., 1993). Dominant litho-
logic types in the Frontal Cordillera are mostly volcanic and plu-
tonic rocks, whereas the Precordillera consists of marine to conti-
nental metasedimentary rocks. Our detrital zircon geochronological
data complements existing provenance information and illumi-
nates the evolution of source areas that provided sediment to the
Bermejo Basin (Fig. 5). We categorize the analyzed zircons from
the Miocene basin infill at Huaco into five major U-Pb age pop-
ulations that are representatives of primary igneous sources and

potential recycled sedimentary units in Paleozoic-Mesozoic strata
(Fig. 5):

(1) Late Jurassic - Miocene granitoids and volcanic rocks of the
Andean magmatic arc are presently located in the coast
range of Chile. These source rocks include the Jurassic Pan-
guipulli batholith (180-160 Ma), the Paleogene Cogoti group
(64-38 Ma), and Neogene plutons that young eastward across
the arc from 27-18 Ma to 7-0 Ma (Parada, 1990). Spatio-
temporal migration of Neogene magmatism reflects progres-
sive shallowing of the Pampean flat slab and cessation of arc
magmatism (e.g., Kay et al., 2005; Ramos et al., 2002).

(2) Permo-Triassic Choiyoi igneous province that consists of

230-280 Ma granitoids and silicic volcanics that formed dur-

ing intraplate extension and magmatism (Mpodozis and Kay,

1992). The Choiyoi Group and associated rift basins are ex-

posed across a broad area of western Argentina including

the Frontal Cordillera, the San Rafael block, and the Main

Cordillera.

Pre-Choiyoi Carboniferous - Permian Chilean batholiths in-

clude 290-330 Ma calc-alkaline granitoid plutons exposed

in the Frontal Cordillera and Main Cordillera (Mpodozis and

Kay, 1992). These igneous units include the 290-310 Ma

Elqui Complex and intra-arc basins in Chile and the Colangiiil

batholith. The Late Carboniferous Coastal Batholith of Chile is

another potential primary igneous source for zircons of this
age range. We note that Carboniferous-Permian zircons are

a dominant component of sediment in the Paleozoic accre-

tionary basins in Chile (Bahlburg et al., 2009).

(4) Sierras Pampeanas magmatic arcs and crystalline orogens in-
clude the Carboniferous post-orogenic granites in the Sierra
del Velasco (330-360 Ma; Grosse et al., 2009), the Ordovician
Famatinian arc (460-495 Ma; Ducea et al., 2010); the Cam-
brian Pampean arc (525-550 Ma) and other Neoproterozoic
rocks (525-600 Ma) of the Eastern Sierras Pampeanas orogens
and Brasiliano belts (Ramos, 2009). Pampean zircons are also
present in the Paleozoic accretionary basins in Chile (Bahlburg
et al., 2009) and the Cambrian-Ordovician strata in the Pre-
cordillera (Finney et al., 2005; Gleason et al., 2007).

(5) Proterozoic zircon sources include the Late Mesoproterozoic -
early Neoproterozoic the Cuyania Grenvillian basement be-
neath the Precordillera (900-1200 Ma; Ramos, 2004), the Sun-
sds magmatic belt 900-1200 Ma, and various Amazonia cra-
tonic blocks (Bahlburg et al., 2009). Paleoproterozoic crys-
talline sources include the Rio de la Plata Craton and asso-
ciated Amazon cratonic sources in eastern Argentina (Ramos,
2009) and Neoproterozoic Brasiliano belts. Zircons of these
ages are reported in the Paleozoic accretionary basins in Chile
(Bahlburg et al., 2009) and the Cambrian-Ordovician strata in
the Precordillera (Finney et al., 2005; Gleason et al., 2007).

(3

—

In the following section, we highlight the important patterns
and upsection trends in these major detrital zircon U-Pb age popu-
lations. First, there is general similarity between detrital signatures
from the Quebrada del Jarillal Fm. (ca. 16-12.4 Ma). The notice-
able upsection increase in the Permo-Triassic Choiyoi population
likely reflects the added contribution of sediment derived from
the Frontal Cordillera (Fig. 5B), consistent with high percentage of
lithic volcanic grains in the basin infill (Jordan et al., 1993). We
also note that the detrital zircon signature of the lower Quebrada
del Jarillal Fm. is strikingly similar to the Permian Chilean accre-
tionary basins (Bahlburg et al., 2009) and Lower Permian Patquia
Fm. in the Precordillera (this study), all of which contain promi-
nent Carboniferous-Permian zircons ca. 390-320 Ma and simi-
lar Sierras Pampeanas and Sunsas/Grenvillian zircon populations
(compare pink to bold gray and bold black lines in Fig. 5A). To-
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gether, with the presence of Paleogene Andean arc zircons, these
findings support fluvial connectivity through the Frontal Cordillera
to the Main Cordillera and Chilean coastal range during deposition
of the Quebrada del Jarillal Fm.

The most important shift in sediment provenance occurs be-
tween 12.4 and 9.6 Ma: the Permo-Triassic Choiyoi population
decreases substantially, whereas the Carboniferous-Permian peak
dominates the detrital signature from 9.6-8.1 Ma. Over this transi-
tion, the proportion of Pampean zircons increases (blue and green
lines in Fig. 5A), whereas the Grenvillian/Sunsas zircons and Ceno-
zoic Andean arc populations decrease. In comparison to the de-
trital zircon signature of the Cambrian-Ordovician strata in the
Precordillera, which is dominated by Mesoproterozoic and Neo-
proterozoic grains (red line, Fig. 5A), we suggest that the upsec-
tion increase in the Sierras Pampeanas grains can be explained by
added sediment contribution from the Precordillera due to unroof-
ing of the lower Paleozoic strata in the Central Precordillera by
9.6 Ma (i.e.,, compare zircon signatures of the Cambro-Ordovician
formations from Finney et al.,, 2005 and Gleason et al., 2007). The
detrital zircon U-Pb results are consistent with the appearance of
limestone clasts and an increase in lithic sedimentary grains at ca.
10 Ma that represent the earliest surface exposure and faulting of
Cambro-Ordovician strata in the Central Precordillera (Jordan et al.,
1993). Detrital studies farther south in the Precordillera intermon-
tane basins near San Juan (Fig. 1) record a slightly earlier sediment
provenance shift to predominantly Precordillera source areas at ca.
14-12 Ma, based on upsection increasing trends in sedimentary
clasts and zircon U-Pb geochronology (Levina et al., 2014).

Previous workers have characterized this change in provenance
to correspond to a change in basin paleodrainage from through-
going streams to more distributary channel system interpreted
as a consequence of uplift of the Central Precordillera and for-

mation of an extensive mountainous area in the Precordillera
(Jordan et al., 2001). Our findings support the interpretation of
a mountainous Precordillera region and further suggest that the
Frontal Cordillera provided relatively little sediment input from
9.6 and 8.1 Ma, based on the paucity of Choiyoi Group zir-
cons. Furthermore, a comparison between long-term erosion rates
(0.33-0.49 mmyr~!) of the Central Precordillera and sediment ac-
cumulation rates (~0.30 mmyr~'; Jordan et al, 2001) at Huaco
during Middle Miocene time indicates a first-order balance be-
tween erosion and sediment accumulation. By 2 Ma, however, a
renewed sediment input from the volcanic-rich Frontal Cordillera
is evident in the Mogna Formation (Johnson et al., 1986).

4.3. Time lag between bedrock cooling and sedimentary signals of
faulting

Changes in sedimentary provenance and detrital thermochrono-
logical signatures are widely used to decipher the timing and rates
of deformation, and over Myr timescales, time lags between fault-
ing, surface uplift, erosion and deposition (e.g., Burbank, 2002).
However, given the pervasive challenge of directly dating fault
motion, few studies are able to quantify the lag times between
bedrock cooling and erosion. We find that bedrock cooling across
the Central Precordillera commenced between 18-14 Ma - as
much as 2-6 Myr prior to changes in sedimentary provenance
from the basin record (Fig. 7). This finding implies that lateral heat
advection and rock cooling occurs during construction of topogra-
phy, as suggested in other studies (Ehlers and Farley, 2003), of the
Central Precordillera thrust faults, particularly the Blanco Thrust,
which in turn was followed by erosion during continued thrusting.

Specifically to the Bermejo Basin, Jordan et al. (1993) noted
some degree of uncertainty on the timing of faulting constrained
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by provenance proxies because of the potential for a time delay
between faulting and surface exposure of the Cambro-Ordovician
limestone in the Central Precordillera thrust sheets. In tectonically
active settings within semi-arid environments, we suggest that,
bedrock cooling is a more sensitive measure of the onset of fault-
ing (via lateral cooling), followed by erosion of uplifted hanging-
wall blocks. Since bedrock cooling histories are difficult to relate to
a single thrust, the added presence of exceptionally well-preserved
growth strata and unconformable relationships in the Precordillera
together with our new data provide a more complete record of
tectonics.

Finally, we highlight the internal consistency in detrital records
and note that important shifts in both the detrital zircon geochro-
nology (i.e., reduction in Choiyoi and increase in recycled Paleozoic
grains) and modal sandstone composition (i.e., increase in sedi-
mentary lithic grains; Jordan et al., 1993) both rigorously record
the timing of major source area reorganization at ca. 10 Ma. In
light of paleoaltimetry constraints of surface uplift of the Pre-
cordillera after 10 Ma (Hoke et al., 2014a) and pronounced cooling
at ca. 10 Ma from detrital thermochronology (Levina et al., 2014)
in the southern Precordillera, we suggest that the 2-6 Myr lag
time between bedrock cooling (this study), surface uplift, and the
detrital records reflects the time necessary to build sufficient Pre-
cordillera topography and cause a major physiographic change in
upland source areas during the latest Miocene-Pliocene.

5. Conclusions

Low-temperature thermochronology from the Argentine Pre-
cordillera highlight eastward migration of the erosional front dur-
ing in-sequence structural growth between 18 Ma and 2 Ma. Most
rapid denudation corresponds to areas of most recent (Pliocene-
Quaternary) faulting, concentrated along the structural extremi-
ties of the Precordillera, specifically in the foothills of the Frontal
Cordillera and within the Eastern Precordillera triangle zone. Detri-
tal zircon geochronology from the Bermejo Basin at Huaco provides
more detailed provenance information on source drainage reorga-
nization at ca. 10 Ma. Specifically, our findings document igneous
sources from the Frontal Cordillera as well as connection to ex-
ternal sediment sources in the Main Cordillera and possibly the
Chilean Coast Range from 16-14 Ma. Between 12.4-9.6 Ma, detrital
geochronology reveals an important eastward shift in provenance
to the Precordillera and substantial reduction of sediment derived
from the Frontal Cordillera. By 9.6 Ma, the Precordillera was the
primary contributor of sediment to the Bermejo Basin at Huaco
and persisted as such until Pliocene time. The bedrock cooling his-
tory of the Central Precordillera suggests 2-6 Myr earlier onset of
faulting compared to previous chronology of deformation, suggest-
ing a time lag between bedrock cooling related to faulting and the
appearance of these tectonic signals in the detrital foreland basin
record.

Lastly, we suggest that increased erosion along the flanks of
the Precordillera was coeval with Pliocene out-of-sequence faulting
and basement faulting in the Sierras Pampeanas, which together
are likely a deformational response to changes in stress condi-
tions during Pampean flat subduction. In this view, reactivation
of basement structures and terrane boundaries (e.g., Ramos et al.,
2002) beneath the Eastern Precordillera and the Iglesia Basin may
be responsible for concentrating stress above the Pampean flat-
slab, enhancing erosion. Similar spatial patterns of deformation
have been observed in the Principal Cordillera hinterland, where
out-of-sequence faulting and reactivation of older structures in the
Aconcagua fold-and-thrust belt has been linked to flat slab sub-
duction (Ramos, 2009; Ramos et al., 2002). Moreover, high erosion
rates in the Frontal Cordillera point to a hinterland shift in lo-
cus of erosion since Pliocene time, which may be a previously

unrecognized signal of out-of-sequence deformation and changing
kinematics during flat-slab subduction.
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