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The southern Patagonian Andes constitute the narrow, high-latitude end of the Andean orogen belt in

South America, where inherited basin paleogeography, subduction processes, retroarc crustal thicken-

ing, and late Cenozoic glaciation have collectively influenced their unusual tectonic and physiographic

evolution. New zircon and apatite (U–Th)/He thermochronology from the Patagonian Andes between

since early Miocene time. Zircon (U–Th)/He (ZHe) ages range from 44 to 10 Ma; oldest ages are

recorded in the Patagonian batholith and along the far eastern frontal foreland monocline. Regionally-

uniform ZHe ages between 22 and 18 Ma, located across a �75 km wide-zone of the Patagonian

retroarc thrust-belt indicate widespread early Miocene cooling through the ZHe partial retention zone.

Mesozoic sedimentary and volcanic rocks in this region have been exhumed from at least 5 to 6 km

depths. Early Miocene denudation of the thrust-belt, deformation, and increased foreland sedimenta-

tion rates coincided with opening of the Scotia Sea, suggesting a causal response of the foreland to

changes in plate dynamics. The apatite (U–Th)/He (AHe) ages from a similar region range from 11 to

3 Ma; the youngest ages (6–3 Ma) are spatially clustered within the more deeply-exhumed central

thrust domain. We interpret these AHe ages to record 41–2 km of erosional denudation associated

with late Cenozoic glaciation and fluvioglacial processes in Patagonia beginning ca. 7 Ma.

Zircon results indicate that since ca. 22 Ma, long-term exhumation rates have been highest across

the western and central thrust domains (0.22–0.37 mm yr�1), and significantly lower along the eastern

thrust front (0.10–0.17 mm yr�1). Since �7 Ma, apatite results from these same regions suggest

comparable and slightly higher denudation rates (0.14–0.46 mm yr�1), particularly within the eastern

thrust domain, consistent with efficient erosional processes acting in the retroarc region. These results

from the Patagonian retroarc region, particularly the predominance of o7–4 Ma AHe ages, provide a new

understanding for regional orogenic erosion models that are largely based on existing data from the

windward regions. We suggest that retroarc denudation was enhanced by widespread Miocene structural

uplift and unroofing of the fine-grained siliciclastic rocks of the marine Cretaceous Magallanes/Austral

foreland basin. Furthermore, its location at the southern tip of the orogen, may have allowed additional

moisture to reach the leeward side, leading to sustained late Cenozoic erosional denudation.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

The topographic development of mountain belts in convergent
settings is modulated by the interactions between tectonic defor-
mation and surface processes. Crustal thickening caused by bath-
olith emplacement and thrusting build topography while mass
removal by erosion and tectonic redistribution via extensional
processes reduce it. Numerous studies highlight the importance
of erosion on influencing strain distribution, thrust belt
All rights reserved.

osdick).
morphology, and patterns of rock exhumation (e.g., Dahlen and
Suppe, 1988, Beaumont et al., 1992; Brandon et al., 1998; Horton,
1999; Willett, 1999; Wobus et al., 2003; Cruz et al., 2008; Willett
and Brandon, 2002). Spatial and temporal variation in erosion rate
are key observable parameters that can be related to internal
deformation patterns within an orogenic wedge (Davis et al., 1983;
Dahlen, 1984; Willett et al., 1993; Koons et al., 2002; Hilley and
Strecker, 2004). Moreover, the correlation between erosion rate
and mean annual precipitation indicates that large-scale climate
patterns can also strongly respond to the physiography of mountain
belts and influence internal deformation within them (e.g.,
Montgomery et al., 2001; Zeitler, 1985; Horton, 1999; Reiners
et al., 2003; Thiede et al., 2005; Uba et al., 2009). For instance,
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orogenic belts that are situated orthogonal to the prevailing wind
direction act as orographic barriers to moisture, resulting in a rain
shadow with high precipitation and erosion rates on the windward
side and low precipitation and erosion rates on the leeward side
(e.g., Roe, 2005; Stern and Blisniuk, 2002; Reiners et al., 2003).
Numerical modeling predicts that the spatial distribution of exhu-
mation, thrusting, and location of the topographic crest are sensitive
to erosional intensity (e.g., Koons, 1989; Willett, 1999; Poage and
Chamberlain, 2002; Cruz et al., 2010). Similarly, in glaciated oro-
genic wedges, complex patterns of glacial excavation affect the
morphology and spatial patterns of deformation and exhumation
(Tomkin, 2007; Tomkin and Braun, 2002; Berger and Spotila, 2008;
Thomson et al., 2010).

While relationships between crustal deformation and surface
processes are becoming increasingly well-understood in convergent
settings, much of what is known has been learned from the central
portions of orogenic systems which exhibit the thickest crust and the
highest elevations (e.g., Willett, 1999; Horton, 1999; Barnes et al.,
2008, 2012; McQuarrie et al., 2008; Thiede et al., 2005). Far less
attention has been paid to the narrow ends of orogenic belts where
large-scale mountain systems terminate. There, the along-strike
deterioration of high topography, changes in lithospheric strength,
plate boundary interactions, and variable lithology can affect the
behavior of orogenic exhumation and deformation.

Southern Patagonia, situated at the high-latitude end of the
Andean Cordillera, north of the Drake Passage, offers an excellent
setting for examining interactions between tectonic deformation
and surface processes where a continent narrows to a more
readily deformed and exhumed orogenic wedge (Fig. 1). Since at
least middle Miocene time (Blisniuk et al., 2005), and possibly as
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Fig. 1. Tectonic and physiographic setting of the study area (black box) in the southern

and Scotia plates. The active Chile spreading ridge intersects the Chile Trench at the Tait

American margin are indicated by gray lines (after Cande and Leslie (1986)). The posi

Fosdick et al. (2011). High topography exists along the crest of the Patagonian Andes a

published paleoaltimetry study of Blisniuk et al. (2005). LOFZ¼Liquiñe-Ofqui fault zo

Willmott (1990). Digital Elevation Model was generated from SRTM 90-m data.
early as the Eocene opening of Drake Passage (Eagles et al., 2005;
Livermore et al., 2007; Barbeau et al., 2009; Lagabrielle et al.,
2009), the Patagonian Andes have been situated orthogonal to the
moisture-bearing southern hemisphere westerlies, giving rise to a
strong precipitation gradient across the orogen (Fig. 1) (Strecker
et al., 2007). In the leeward retroarc region, crustal shortening and
growth of the Patagonian fold-and-thrust belt commenced in Late
Cretaceous time, though significant Cenozoic structural short-
ening (Kraemer, 2003) and Miocene deep-seated thrusting has
accommodated crustal thickening and widening of the orogenic
wedge (Harambour, 2002; Radic et al., 2007; Fosdick et al., 2011).
More recently, the Patagonian Andes underwent significant
changes in climate regime with late Cenozoic glaciation and
expansion of the Patagonian ice sheet (Mercer and Sutter, 1982;
Zachos et al., 2001; Rabassa et al., 2005; Kaplan et al., 2009).

This orographic configuration is considered a ‘wet prowedge’
(cf. Willett, 1999), for which numerical modeling predicts maximum
exhumation within the orogen interior on the windward side of the
mountain belt and migration of the topographic divide toward
the retroforeland (Willett, 1999; Cruz et al., 2008). Regional low-
temperature thermochronology from the Patagonian Andes depict an
eastward migration of maximum denudation (Thomson et al., 2001;
Thomson, 2002). Additionally, these data characterize a pronounced
along-strike gradient in magnitude of exhumation interpreted as a
poleward decrease in Late Cenozoic erosional efficiency by glaciers
(Thomson et al., 2010). Southward, however, few of these data
capture the exhumation record on the retrowedge (leeward) side
of the orogenic belt, motivating further inquiry into orogenic exhu-
mation and deformation patterns across the whole southern Patago-
nian orogenic belt.
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Detailed constraints on the timing and magnitude of long-term
erosional flux are critical for understanding how exhumational
processes control and respond to tectonic events in orogenic belts.
Thermochronology conveys information about the redistribution of
heat in the Earth’s crust and provides an indirect means of quantify-
ing rock cooling and inferred crustal exhumation (Ehlers and Farley,
2003). Within the context of a convergent orogenic belt, thrusting-
induced erosional denudation can be recorded by thermochron-
ometers with mid-crustal temperature sensitivities (e.g., 150–200 1C
for zircon (U–Th)/He) (e.g., Lock and Willett, 2008; Metcalf et al.,
2009). In contrast, the lower temperature apatite (U–Th)/He system
(40–70 1C) is also sensitive to surface processes—such as erosion and
sedimentation—and the form of the earth’s surface (e.g., Reiners and
Brandon, 2006). This study reports apatite and zircon (U–Th)/He
thermochronology from the southern Patagonian Andes (Fig. 2) that
quantifies the distribution of crustal exhumation and elucidates
potential links between tectonic events and erosional denudation
at the southern end of the Andean orogenic belt.
2. Tectonic setting

The southern Patagonian Andes constitute a convergent orogenic
belt associated with the subduction of the oceanic Nazca, Antarctica,
and Scotia plates beneath the overriding and southward-narrowing
Fig. 2. Thermochronology results from the Patagonian Andes between 501300S and 51130

ages and are color-coded by age. Geology modified from Fosdick et al. (2011) and refe

Complex, GG¼Gray Glacier, ZG¼Zapata Glacier. Blue dashed line defines position of pres
South American plate (Fig. 1). At the latitude of the study area
between 501300 and 511300S, the present-day margin is characterized
by a low convergence rate (�20 mm yr�1), steeply subducting
oceanic crust, a narrow accretionary wedge, subduction erosion,
and oblique transpression within a segmented forearc basin (Cande
and Leslie, 1986; Polonia et al., 2007).

Within the field area, the Patagonian thrust-belt involves vari-
ably deformed fine-grained siliciclastic deposits of the Mesozoic
Rocas Verdes–Magallanes Basin (Katz, 1963; Dalziel et al., 1974;
Wilson, 1991; Fildani and Hessler, 2005; Romans et al., 2011).
Overall, we recognize five main lithotectonic domains based on
both the magnitude and style of deformation and stratigraphic age
of the siliciclastic rocks within the thrust sheets (e.g., Kraemer,
1998) (Fig. 2). From west to east these domains are: (1) the
Patagonia batholith that includes Jurassic–Neogene calc-alkaline
plutons and Paleozoic metasedimentary wall rocks (Hervé et al.,
2003, 2007a; Fanning et al., 2011); (2) the western thrust domain
that consists of the Sarmiento ophiolitic complex and volcanogenic
Tobı́fera Formation of the Late Jurassic–Early Cretaceous Rocas
Verdes backarc basin (Allen, 1982; Calderón et al., 2007, 2012);
(3) The central thrust domain, which exposes strongly deformed
Aptian–Turonian strata of the Magallanes foreland basin and iso-
lated exposures of the underlying Upper Jurassic volcaniclastic
succession; (4) the eastern thrust domain that consists of open
folding and minor thrust faulting within Coniacian–Maastrichtian
0S. Apatite (hexagons) and zircon (squares) correspond to weighted mean (U–Th)/He

rences therein. BGC¼Balmaceda granitic complex, TPIC¼Torres del Paine Intrusive

ent-day drainage divide. Cross-section line A–A0 is shown in Fig. 3.
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foreland basin-fill (Wilson, 1991; Harambour, 2002; Fosdick et al.,
2011); and (5) the frontal monocline which contains Paleocene–
Miocene foreland basin sediments.

The Magallanes foreland basin was an elongate trough that
formed in response to retroarc convergence and closure of the
Rocas Verdes backarc basin (Dalziel et al., 1974; Wilson, 1991;
Fildani and Hessler, 2005). Retroforeland shortening initiated in
our study area at ca. 100 Ma and produced a well-developed
subaerial retroforeland thrust-belt that provided sediment to the
deep-marine foredeep depocenter by 92 Ma (Fildani et al., 2003;
Fosdick et al., 2011). The basin was progressively filled with
predominantly deep-marine sediments and overlying shallow-
marine and fluvial-deltaic deposits (Natland et al., 1974;
Malumián and Caramés, 1997; Hubbard et al., 2008; Covault
et al., 2009). Significant crustal shortening occurred across the
thrust-belt during Late Cretaceous time (100–88 Ma), followed by
an episode of Paleogene shortening responsible for thin-skinned
deformation of the Upper Cretaceous foredeep sediments (Fig. 2)
(Kraemer, 1998; Klepeis et al., 2010). Miocene regional retrofore-
land uplift was accommodated by deep-seated thrust faults, such
as the Rincón and Toro thrusts (Fosdick et al., 2011) (Fig. 2). This
marked a change in structural style during Neogene time from
thin-skinned to thick-skinned deformation and reactivation of
Table 1
(U–Th)/He thermochronology sample locations and information. Refer to Data Reposit

Sample Latitude Longitude Ele
(m

ZIRCON

07-TP2 50152011.99039*S 07214005.06478*W 105

07-19 51110035.06761*S 072157048.05606*W 1

07-27 51107042.96416*S 072137052.67236*W 56

07-29 51107036.04824*S 072140037.88367*W 86

07-43 51117036.87712*S 072143027.58702*W 24

07-56 51104032.91957*S 073114047.33589*W 18

07-72 5110301.34767*S 073104047.20043*W 25

07-84 51114033.46481*S 07310104.77929*W 1

07-116 51105051.63338*S 073118027.56007*W 43

07-123 51120011.31818*S 072152059.09468*W 42

08-135 51133043.37841*S 074104023.29658*W

08-140 51118029.25917*S 073158013.65735*W 1

08-143 5112701.87598*S 073133012.17717*W 7

08-152 51129023.27866*S 073136016.40527*W 22

08-153 51129051.80582*S 07313504.06462*W 26

09-168 5112000.73633*S 07215304.75056*W 36

09-180 51122036.60392*S 072150044.97580*W 130

09-190 51118023.39763*S 073112053.13926*W 9

09-217 51119055.88453*S 072148040.77503*W 2

10-63 51104053.08739*S 072133039.86414*W 7

10-64 5110003.96273*S 072158050.52222*W 87

10-132 51126010.41495*S 073121018.71288*W

10-133 51126047.35618*S 073120053.60565*W 8

APATITE

LF05 51122045.25818*S 072125044.77123*W 5

CCS 51113055.62588*S 072120041.01598*W 2

CM1 50146052.31700*S 072139047.68329*W 10

CB1 51120014.03289*S 072139010.04292*W 78

F051 50142019.42974*S 072143029.04692*W 126

07-3 51109011.15534*S 073101050.41579*W 9

07-4 51108045.90444*S 073101021.79115*W 2

07-9 51101025.21210*S 073109026.02789*W 13

07-18 51107025.36996*S 07310504.55175*W

07-19 51110035.06761*S 072157048.05606*W 1

07-21 51102038.00985*S 072154052.60337*W 11

07-24 51101049.34818*S 07215205.86311*W 2

07-30 51107020.30778*S 072140032.75692*W 103

07-56 51104032.91957*S 073114047.33589*W 18

07-59 51106041.51140*S 073106054.78768*W 8

07-72 5110301.34767*S 073104047.20043*W 25

09-190 51118023.39763*S 073112053.13926*W 9

09-217 51119055.88453*S 072148040.77503*W 2
Mesozoic rifts (Harambour, 2002; Radic et al., 2007). Both the
Jurassic rift deposits and the Late Cretaceous Magallanes basin
have been intruded by Miocene calc-alkaline to alkaline backarc
plutons such as the Torres del Paine and Cerro Fitz Roy granitic
massifs (Michael, 1984; Sánchez et al., 2008; Ramı́rez de Arellano
et al., 2012). Lastly, late Cenozoic expansion of the Patagonian ice
sheet has strongly modified the physiography of the Patagonian
Andes by glaciofluvial processes (Clapperton, 1989; Rabassa,
2008; Lagabrielle et al., 2010; Solari et al., 2012).

3. Methods

Low-temperature (U–Th)/He thermochronology based upon rete-
ntion of 4He produced during the decay of radioactive 238U, 235U, and
232Th in zircon and apatite can be used to constrain the thermal
history of the upper crust (Zeitler et al., 1987; Wolf et al., 1996;
Farley, 2002; Reiners et al., 2004). At temperatures above �200 1C for
zircon and �75 1C for apatite, diffusivities are sufficiently high that
effectively all He diffuses from the U- and Th-bearing host. As
temperatures decrease when rocks approach the surface, He is
progressively retained within the crystal. The temperature range over
which this transition occurs is termed the ‘‘partial retention zone’’
(PRZ) and spans �170–200 1C for zircon (Reiners et al., 2004)
ory for single-grain ages.

vation No. of grains Lithostratigraphic interval
)

5 4 Coniacian–Maastrichtian sandstone

4 3 Cenomanian–Turonian sandstone

3 3 Coniacian–Maastrichtian sandstone

8 3 Coniacian–Maastrichtian sandstone

2 2 Cenomanian–Turonian sandstone

6 3 Jurassic rhyolite

2 3 Miocene gabbro (17 Ma)

10 2 Cenomanian–Turonian sandstone

1 4 Aptian sandstone

3 3 Jurassic rhyolite

1 3 Granodiorite (101 Ma)

30 3 Granodiorite (Cretaceous?)

5 3 Jurassic metatuff

1 3 Granodiorite (80 Ma)

8 4 Granophyre (150 Ma)

3 4 Jurassic metatuff

9 3 Cenomanian–Turonian sandstone

7 4 Cenomanian–Turonian sandstone

7 4 Albian volcanic tuff

5 2 Coniacian–Maastrichtian sandstone

3 3 Miocene granite (TPIC)

90 2 Jurassic metatuff

4 3 Jurassic metatuff

6 4 Coniacian–Maastrichtian sandstone

00 3 Coniacian–Maastrichtian sandstone

70 3 Coniacian–Maastrichtian sandstone

6 3 Coniacian–Maastrichtian sandstone

8 3 Coniacian–Maastrichtian sandstone

8 4 Cenomanian–Turonian sandstone

10 4 Cenomanian–Turonian sandstone

4 3 Cenomanian–Turonian sandstone

80 4 Cenomanian–Turonian sandstone

4 3 Cenomanian–Turonian sandstone

5 4 Coniacian–Maastrichtian sandstone

08 3 Coniacian–Maastrichtian sandstone

5 4 Coniacian–Maastrichtian sandstone

6 3 Jurassic rhyolite

3 3 Cenomanian–Turonian sandstone

2 2 Miocene gabbro

7 2 Cenomanian–Turonian sandstone

7 2 Albian volcanic tuff
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and �55–75 1C for apatite (Wolf et al., 1996; Farley, 2000; Flowers
et al., 2009). At lower temperatures, radiogenic He is quantitatively
retained.

We have performed (U–Th)/He thermochronology measurements
across the Patagonian orogenic belt between latitude 501300–511300S
(Fig. 2). This entailed analysis of 22 zircon samples (74 single grains)
and 18 apatite samples (57 single grains) (Table 1). Analytical
procedures and single-grain results are described in the Data Repo-
sitory. Our sampling coverage aimed to constrain exhumation pat-
terns across the major lithotectonic domains shown in Fig. 2; sample
collection from the interior of the western thrust domain was
hindered by field access and glacial ice cover. As indicated, most of
our (U–Th)/He samples are from the retroarc thrust-belt domains,
where Mesozoic sedimentary and volcanogenic rocks are vari-
ably deformed and low-grade metamorphosed (Figs. 2 and 3).
For sedimentary rocks, sampling was restricted to medium-
grained sandstones to help ensure that the grain sizes that
determine the He diffusive lengths scale and alpha-ejection
corrections were comparable to those that characterize the
crystalline rocks further west. During the active phases of the
thrust-belt, we assume that exhumation inferred from thermo-
chronology ages reflects erosional denudation during faulting.
In the absence of documented thrusting, we attribute exhuma-
tion to fluvioglacial processes.
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4. Results

Weighted mean (U–Th)/He cooling ages were calculated from
between two and six single-grain analyses per sample (data
repository Tables A-1 and A-2) (Fig. 2). For samples that yield a
spread of single-grain ages, such as partially-reset sandstones, we
report the range of single-grain ages. Fig. 3 shows the distribution
of single-grain (U–Th)/He ages across the Patagonian orogenic
belt. In general, zircon (U–Th)/He (ZHe) ages define a regional
‘J-shaped’ distribution of ages between 15 and 86 Ma with mini-
mum ages centered across the central thrust domain (Figs. 2 and 3).
Apatite (U–Th)/He (AHe) ages range from 10 to 4 Ma and are
uniform within samples (Table A-2).

4.1. Patagonian batholith

ZHe results from the eastern edge of the Patagonian batholith
yield ages between 44 and 20 Ma. The westernmost sample
(09-135) is a Late Cretaceous hornblende granodiorite that yields
single-grain ages that do not statistically overlap, but together
indicate ca. 22–28 Ma ZHe ages. To the north on Isla Evans,
sample 09-140 from a Jurassic granodiorite (Hervé et al., 2007a)
yields a ZHe age of ca. 44 Ma (Fig. 2). Single-grain ages for this
sample range from 39 to 54 Ma; we note a positive correlation
Rincon
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between age and grain-size that may reflect an underestimate of
alpha-ejection correction related to zoning in U and Th concen-
tration (e.g., Hourigan et al., 2005) (Table A-1). Farther east,
near the western margin of the western thrust domain, results
from sample 08-152 (ca. 80 Ma porphyritic granodiorite (Calderón
et al., 2012), yield ca. 20 Ma weighted-mean ZHe age.

4.2. Western thrust domain

Upper Jurassic granophyre, metatuff, and hypabyssal rhyolite
from the Tobı́fera structural duplex within the western thrust
domain yield a restricted range of single-grain ZHe ages between
24 and 17 Ma (Figs. 2 and 3). Sample 08-143 was collected from a
strongly sheared metatuff within the western flank of the duplex
and yields a 22.5 Ma weighted-mean ZHe age. Similarly, the eastern
side of the Tobı́fera structural duplex also yields weighted-mean
ZHe ages of 21 and 19 Ma (samples 10-132 and 10-133). Sample 07-
56 was collected from a rhyolite porphyry along the northeastern
edge of the western thrust domain (Fig. 2) and yields ca. 13 Ma and
7 Ma ZHe and AHe ages, respectively. Nearby, the overlying Lower
Cretaceous Zapata Formation exposed on the flanks of the Tobı́fera
structural duplex (sample 07-116) yields a 10 Ma ZHe age (Fig. 2).

4.3. Central thrust domain

All samples in the central thrust domain are characterized by
similar replicate single-grain ages within each sample, indica-
tive of complete helium degassing of the detrital grains during
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depositional burial heating history (tb).
post-depositional burial (Table A-1). Most ZHe ages from across
the southern portion of the central thrust domain are between 22
and 18 Ma. The youngest ZHe ages from the Central thrust
domain are located in the northern portion of the study area
and range from 13 to 10 Ma (Fig. 2). AHe ages from the central
thrust domain range from 8 to 4 Ma (Fig. 3). Most of these
samples are from the strongly faulted and folded Cenomanian
through Campanian siliciclastic rocks (Wilson, 1991). Late Cen-
ozoic AHe ages from the central thrust belt span �1200 m of
elevation and indicate a subtle positive correlation between age
and elevation across the study area (data repository Fig. A-1).

4.4. Eastern thrust domain

(U–Th)/He results from the eastern thrust domain yield rela-
tively older ZHe and AHe ages compared to the central thrust
domain (Fig. 2). These samples were collected from Coniacian–
Santonian foreland strata exposed in thrust sheets, at stratigra-
phically high positions in the Cretaceous sedimentary section
(Covault et al., 2009; Romans et al., 2011) (Table A-1). ZHe ages
show a spread of single-grain ages—most of which are younger
than depositional age—that likely reflect burial temperatures
to within the PRZ and partial-resetting of detrital ages. Sam-
ple JF-07-27 is from a Campanian sandstone and yields ZHe
ages between 34 and 72 Ma (n¼3) (Table A-1). Similarly, sample
JF-07-TP2A from a stratigraphically higher level yields 56–314 Ma
ZHe ages. For these samples with a range of single-grain detrital
ages, we denote then as PRZ symbols in Fig. 2. The oldest AHe
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J.C. Fosdick et al. / Earth and Planetary Science Letters 361 (2013) 504–517510
ages (10–8 Ma) in this study are recorded in the easternmost
Campanian–Maastrichtian foreland basin deposits exposed along
the frontal monocline of the Patagonian fold-thrust belt (Fig. 2).
Single-grain replicate AHe ages for these samples show excellent
reproducibility and indicate complete post-depositional helium
degassing of the foreland succession prior to Cenozoic cooling
(Table A-2).

4.5. Inverse thermal modeling

We modeled the time–temperature histories of four samples
from the thrust-belt using a Monte-Carlo inversion algorithm of
HeFTys (Ketcham, 2005) in order to evaluate the magnitude and
timing of thrust-belt cooling in relationship to geologic events in
Patagonia. In addition to the ZHe and AHe data, the ranges of
possible thermal histories are constrained by sample depositional
age (td) and a wide temperature window of foreland burial
temperatures (tb) during foreland burial prior to unroofing
(Fig. 4). Model results for the Mesozoic sedimentary rocks
represent post-depositional burial during Paleogene time, con-
sistent with complete outgassing of detrital zircon and apatite
(U–Th)/He ages. For the southern samples (Fig. 4A–C), self-
consistent thermal paths from ca. 22 to 0 Ma suggest uniform
cooling from temperatures above 180 1C. By contrast, model
results from rocks located near the Torres del Paine intrusion
require a younger closure through ZHe PAZ ca. �12–11 Ma
(Fig. 4D), which we attribute to local magmatic heating (discussed
below).
5. Discussion

Interactions between tectonic and surface processes exert
complex and evolving relationships between the distribution of
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deformation within the thrust wedge, morphology (width, eleva-
tion, drainage organization), and long-term erosional processes.
We examine the Cenozoic exhumational record across the Pata-
gonian Andes within the regional tectonic, depositional, and
climatic context of its position along the southern end of a major
orogenic belt. Of particular importance to consider throughout
the discussion are the first-order physiographic changes along the
South America continent, whose width narrows southward
by a factor of nearly three, crustal thickness decreases from
�40–80 km in the central Andes (Zandt et al., 1994; Yuan et al.,
2006; Fromm et al., 2004) to �28–36 km across Patagonia
(Robertson Maurice et al., 2003; Lawrence and Wiens, 2004),
and high topography decreases southward. South of �321S, the
Patagonian retroforeland resides in a modern-day orographic
rainshadow in the lee of the high Cordillera. Additionally, the
foreland basin record along southern Patagonia reflects its exten-
sive Mesozoic backarc rift-basin history and predominantly deep-
marine foreland depositional systems (e.g., Fildani et al., 2008)
compared to the mostly continental sedimentation within fore-
land basin depocenters in the central Andes (e.g., Horton, 1999).
Finally, the southern edge of the South American continent is
subject to oblique plate interactions with the Scotia and Antarctic
plates, giving rise to complex plate boundary stress configurations
during the Cenozoic evolution of the orogenic belt (e.g., Barker,
2001; Lagabrielle et al., 2009; Barbeau et al., 2009).

5.1. Exhumation patterns across the Patagonian Andes

Our thermochronology results suggest that the Patagonian
retroarc thrust-belt has undergone significant foreland burial
and subsequent exhumation characterized by spatio-temporal
variations in Cenozoic time. (U–Th)/He ages determined from
crystalline basement rocks are generally interpreted in terms of
regional cooling as bedrock approaches the surface in response to
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erosion or tectonic processes (Ehlers, 2005). In the case of
sedimentary or volcanic rocks of the thrust-belt, the situation is
more complicated because detrital zircon and apatite retain
radiogenic He when burial temperatures were within or below
the PRZ. This ambiguity applies to the Patagonian Andes where
Upper Jurassic–Cretaceous sedimentary rocks within the thrust-
belt exhibit spatially variable partial-to complete-resetting of detri-
tal zircons and complete resetting of detrital apatite (Tables A-1
and A-2).

Below we discuss the thermal history of the Patagonian thrust-
belt in relation to major tectonic and climatic events shown in
Fig. 5. The spatially uniform distribution of invariant single-grain
ZHe ages ca. 22–18 Ma from across Patagonian Cordillera and the
central thrust domains indicate that burial temperatures achieved
during thrusting exceeded �180 1C (white and light grey stars in
Fig. 5). Numerical modeling results of the ZHe and AHe ages for
samples from the central thrust domain reveal rapid cooling
through the zircon PRZ beginning ca. 22 Ma (Fig. 4). Such elevated
temperatures are consistent with the observed regional sub-
greenschist facies metamorphism that occurred during tectonic
burial of the Upper Cretaceous basin-fill (Fildani and Hessler,
2005). The observation that ZHe ages are invariant across both the
western and central thrust domains (Fig. 3) requires that the
Tobı́fera duplex and hanging walls of the Rincón and Toro thrust
faults resided at crustal temperatures greater than the ZHe PRZ
prior to rapid cooling 22–18 Ma (Figs. 4 and 5).

Toward the foreland, within the eastern thrust domain, the
older ZHe ages, with larger spread of partially-reset single-grain
ages, (Fig. 3) yield evidence for Paleogene thrust burial and
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22–18 Ma, calculated from zircon (U–Th)/He ages. Includes conceptual aspects of Sand
Eocene exhumation. One sample yields invariant single-grain
ages ca. 44–43 Ma, while stratigraphically higher samples yield
a range of ages, the youngest of which are �35–44 Ma (Table 1).
Since no single-grain ages from these samples are younger
than latest Eocene–early Oligocene, we use 35 Ma as a nominal
constraint for when these strata cooled below the ZHe PRZ.
This interpretation is validated by detrital thermochronology data
from the Cenozoic basin record, where post-depositional heating
of the overlying Paleocene deposits likely ceased by ca. 40–30 Ma
(Fosdick, 2012). The Paleogene deformational record at this
latitude in the Andes is obscured by sparse temporal constraints
on faulting, leading to reliance on data from Tierra del Fuego,
where structural and geo-thermochronologic studies report
Paleogene internal deformation, structural uplift, and exhumation
(Klepeis, 1994; Kohn et al., 1995; Kraemer, 2003; Klepeis et al.,
2010). Because much of the Paleogene sedimentary record is
missing in our study area, many workers have interpreted that
erosional denudation occurred during the Paleogene and that this
coincided with eastward migration in basin depocenter (e.g.,
Biddle et al., 1986; Malumián et al., 2000; Fosdick et al., 2011).
We accordingly interpret the Paleogene ZHe ages as recording
cooling in response to thrusting-induced erosional denudation at
this time (Fig. 5).

Interpretation of retroarc exhumation is more complicated for
some of the younger (12–10 Ma) ZHe samples in the northern
part of the central thrust domain, located near the ca. 12.5 Ma
Torres del Paine Intrusive Complex (TPIC; Michel et al., 2008).
Transient heating related to Torres del Paine magmatism may
account for the younger (12–10 Ma) ZHe ages compared to those
lith
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collected further south (Fig. 5). The TPIC laccolith is thin (o1 km),
with a shallow emplacement depth of 2–3 km (Putlitz et al.,
2001) and thus a probably limited source of magmatic heat.
However, it is possible that latent heat liberated from Miocene
pluton rock
at greater depth could have elevated the local thermal gradient,
thereby accounting for the 12–10 Ma ZHe ages from nearby
bedrock samples (Fig. 5).

While the hinterland of the thrust-belt including the Patago-
nian Batholith have undergone the deepest levels of exhumation
within the overall Andean orogenic belt at latitude 511S, the
timing of this exhumation is older than that exhibited by the
thrust-belt. Thermobarometry of Late Jurassic plutons along east-
ern edge of the batholith (Fig. 2) suggest crystallization occurred
at 420 km depth (Massonne et al., 2004). Further east in the
western thrust domain, the Tobı́fera Formation also records
comparably deep levels of exposure (16–22 km), based on syn-
tectonic upper greenschist facies metamorphic mineral assem-
blages (5–7 kb; 230–350 1C) (Hervé et al., 2007b; Calderón et al.,
2012). Calderón et al. (2012) report that these rocks cooled below
the phengite 40Ar/39Ar retention zone (400–300 1C) between ca.
85 and 80 Ma.

Our early to middle Miocene ZHe ages across the orogen
generally agree with a regionally observed eastward migration
of denudation documented within the forearc region (Thomson,
2002; Thomson et al., 2001) (Fig. 3). The batholith was exhumed
through apatite fission-track closure temperatures (110–60 1C)
starting in Paleocene time in the west, followed by eastward-
younging cooling until 12–8 Ma at the present-day topographic
divide (Fig. 3) (Thomson et al., 2001, 2010). Our study extends
this pattern east of the drainage divide with ZHe and AHe sample
coverage of the retroarc region. Young (o10 Ma) AHe ages on the
retroarc thrust-belt demonstrate that late Cenozoic denudation
was concentrated on the eastern side of the Patagonian Andes
(Fig. 3).

5.2. Rates of retroarc exhumation and orogenic mass balance

In order to evaluate temporal changes in exhumation rate
within the thrust-belt domains, we compare the HeFTy modeling
results with a simple calculation of time-averaged exhumation
rates from samples with both ZHe and AHe ages. In the simplest
case, this method requires an assumption of a constant geother-
mal gradient as well as the bulk closure temperature for each
thermochronometer. For the Patagonian retroarc region, with
high heat flow (�75 mW/m2 after Hamza and Muñoz (1996))
associated with a Cenozoic history of asthenospheric slab window
formation, we use a geothermal gradient of 30 1C km�1. Nominal
closure depths are inferred between �601 and �180 1C bulk
closure temperatures for apatite and zircon crystals, respectively,
using 60 mm effective radius, 10 1C surface temperature, and
10 1C km�1 uniform cooling rate (Farley, 2000; Reiners et al.,
2004) (data repository Table C-1). For all three samples collected
from the central thrust domain (samples 07-19, 09-190, and 09-
217), we calculate �5–6 km exhumation depth and long-term
exhumation rates of �0.22–0.35 mm yr�1 since ca. 22 Ma. These
nominal estimates are consistent with the cooling paths derived
from the HeFTy numerical modeling (Fig. 4A–C).

The long-term morphologic behavior of the Patagonian thrust-
belt is considered here by comparing the structural development
of the thrust-belt and its exhumational record, based on the
premise that the orogen size is modulated by accretionary and
erosional fluxes (e.g., Dahlen and Suppe, 1988; DeCelles and
DeCelles, 2001; Whipple and Meade, 2006; McQuarrie et al.,
2008) (Fig. 6). First, we estimate the magnitude of erosion from
the western and central thrust domains (a distance of �75 km),
across which nearly all ZHe ages fall between 22 and 18 Ma
(Fig. 6). Using a �5.3–5.9 km closure depth calculated from the
thermal parameters described above (Table C-3), we estimate
�394–441 km3 per strike length of upper crustal rocks have been
eroded since early Miocene time (Fig. 6).

By contrast, we approximate a minimum of �2122 km3 per
strike length of rocks accreted to the orogenic wedge
(e.g., DeCelles and DeCelles, 2001; McQuarrie et al., 2008). This
value is the sum of 478 km3 of rock accreted via shortening since
Late Cretaceous time and 1644 km3 of rock accreted by wedge
propagation (Fig. 6) along an 8–12 km deep decollément
(Harambour, 2002; Fosdick et al., 2011). We note that most of
this accretion occurred during Late Cretaceous and Paleogene
stages of deformation, whereas early Miocene and younger
accretion accounts for �1082 km3 (Fosdick et al., 2011). These
mass flux calculations demonstrate that erosional processes have
removed �36–40% of the accretionary volume over the past
22 Myr, leaving relatively less mass to build topography in the
thrust-belt since early Miocene time (Fig. 6). Most erosion has
occurred within the interior of the thrust-belt (the western and
central thrust domains), whereas the final stage of mass accretion
(ca. 22–10 Ma) was accommodated by thrust propagation and
wedge-widening with relatively less shortening.

5.3. Synchronous deformation, retroarc exhumation, and

sedimentation

Overall, we interpret ZHe data from the Patagonian Andes to
reflect synchronous regional exhumation across the orogen
between 22 and 18 Ma, focused on the Tobı́fera structural duplex
and Upper Cretaceous strata in the central thrust domain (Fig. 3).
In the retroforeland, thrust faults that are seated in pre-Jurassic
basement have uplifted the thin-skinned thrust-belt by �5 km
above regional basement depths (Fig. 3). Seismic-reflection data
and geologic mapping characterize several 30–351 west-dipping
faults that flatten into a decollément at 8 km depth, thereby
passively folding older thin-skinned faults across regional
hanging-wall anticlinal structures (Harambour, 2002; Fosdick
et al., 2011). Although available subsurface data do not extend
far west beneath the central thrust domain, this basement
geometry, coupled with the presence of Upper Jurassic rocks
exposed in the Rincón thrust sheet, suggest structural uplift and
associated unroofing along similar structures.

Early Miocene regional exhumation of the central thrust
domain coincides with a phase of foreland deformation along
the Toro thrust (Fig. 2) and activation of a deeper basal decollé-
ment ca. 22 Ma (Fosdick et al., 2011). Limited geologic data are
available to constrain the timing of Toro faulting. Open folding of
the Upper Cretaceous stratigraphic section within the hanging-
wall of the Toro thrust occurred after intrusion of a 21 Ma
gabbroic sill and during 22–18 Ma synorogenic foreland sedi-
mentation (Fosdick et al., 2011). We interpret our ZHe data and
modeling results (Fig. 4) to reflect thrust-related unroofing across
the Toro thrust and out-of-sequence thrusting along the Rincón
thrust and possibly other basement structures beneath the central
thrust domain (Fig. 2). Finally, we note that coeval 22–18 Ma ZHe
ages exhumation ages also occur further west across the western
thrust domain, where the Late Cretaceous (�85 Ma) sub-vertical
Canal de las Montañas shear zone (CMSZ) accommodates east-
directed thrusting within the Sarmiento ophiolitic complex and
Tobı́fera duplex (Calderón et al., 2012). Paleomagnetic data
indicate �301 of westward horizontal-axis rotation of the ophio-
litic complex along deep-seated structures such as the CMSZ
(Rapalini et al., 2008). Early Miocene exhumation inferred from
our ZHe results may in fact be associated with this out-of-
sequence deformation.
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The sedimentary record from the Magallanes foreland basin is
consistent with an early Miocene increase in erosion rates across
the thrust belt, reflected by an increased sediment flux from the
Oligocene/early Miocene shallow-marine Centinela Formation to
the high-energy fluvial–alluvial early-middle Miocene Santa Cruz
Formation (Malumián and Caramés, 1997; Blisniuk et al., 2005;
Parras et al., 2008). Previous workers have interpreted the Santa
Cruz Formation as synorogenic fill associated with the main phase
of Andean uplift (Ramos, 1989, 2005) between 22 and 14 Ma
(Blisniuk et al., 2005). In the thrust-belt, our ZHe results demon-
strate regional denudation coeval with continental foreland
sedimentation (Fig. 5).

We propose that the synchronicity of early Miocene thrust-
belt deformation, exhumation, and foreland sedimentation events
in the retroarc region occurred in response to a tectonic plate
reorganization at the southern end of South America and opening
of the Scotia Sea ca. 23–20 Ma (Cunningham et al., 1995; Barker,
2001; Lagabrielle et al., 2009) (Fig. 5). Since Oligocene time,
transpressional deformation and associated wrench tectonics
have strongly modified the shape of the tip of the continent
(Ghiglione and Ramos, 2005). Between 23 and 20 Ma, growth of
the submerged North Scotia Ridge and Tierra del Fuego, orthogo-
nal to the Patagonian thrust-belt (Cunningham et al., 1995;
Barker, 2001; Eagles et al., 2005) (Fig. 1), could have transmitted
stresses westward into the Patagonian foreland (Lagabrielle et al.,
2009). In this view, regional stress configurations promoted deep-
seated thrusting, rock uplift, and unroofing of the Patagonian
thrust-belt in early Miocene time (Fig. 5). These events ca.
23–20 Ma could also be more broadly linked to a change in
tectonic plate motion from oblique to orthogonal convergence
between the Nazca and South American plates beginning ca.
26 Ma (Cande and Leslie, 1986; Pardo-Casas and Molnar, 1987).
Sustained early-middle Miocene erosion of the growing thrust-
belt would have provided ample sediment to east-flowing river
systems, such as the Santa Cruz Formation, and prograding
subaqueous deltas into the Atlantic Ocean.

Some workers have proposed a causal relationship between
retroarc contractional deformation and collision of the Chile
Ridge, an oceanic spreading center obliquely subducting beneath
the South American margin (Suárez et al., 2000; Ramos, 2005;
Lagabrielle et al., 2010). Plate reconstructions and backarc mag-
matism signal the subduction of the Chile at the latitude of our
study area ca. 14–13 Ma (Cande and Leslie, 1986; Ramos and Kay,
1992; Gorring et al., 1997; Ramos, 2005; Breitsprecher and
Thorkelson, 2009) (Fig. 5). Our thermochronology ages do not
directly coincide with the timing of the Chile Ridge collision at
14–13 Ma (Gorring et al., 1997) (Fig. 5). Rather, the ZHe ages are
significantly older and thermal modeling results are consistent
with cooling beginning as early as ca. 22 Ma (Fig. 4). For the
lower-temperature chronometer, AHe ages (8–4 Ma) post-date
ridge subduction and appear to be more closely timed with late
Cenozoic changes in climate and erosional regime (Fig. 5).
However, we also consider the possibility that the older AHe ages
(10–8 Ma) could reflect delayed response (e.g., Guenthner et al.,
2010) to reheating of the overlying lithosphere following ridge–
trench collision.

5.4. Late Cenozoic fluvioglacial erosion of the Patagonia retroarc

region

Late Cenozoic glaciation and exhumation history of the Pata-
gonian orogen bears on our interpretation of the apatite (U–Th)/He
results, which are particularly sensitive to surface processes and
changes in erosion rate. Lagabrielle et al. (2010) summarize the Mio-
Pliocene glacial record of Patagonia, which includes evidence for
glacial processes as early as 7 Ma in the north (Mercer and Sutter,
1982; Ton-That et al., 1999) and 10 Ma near 491S (Wenzens, 2006).
These glacial archives are consistent with increased sedimentation
rates at ca. 7 Ma documented in the Chile trench (e.g., Bangs and
Cande, 1997; Melnick and Echtler, 2006), in addition to higher
erosion rates along the Patagonian Andes since ca. 10 Ma (Thomson
et al., 2010).

Our AHe age results from the Patagonian retroarc region
appear to document coeval erosional denudation related to
glaciation between 8 and 4 Ma (Fig. 5). While foreland shortening
and associated thrust-driven exhumation may be as young as
�14–10 Ma along the eastern edge of the thrust-belt (Fosdick
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et al., 2011), the paucity of late Mio-Pliocene or younger struc-
tures in the central thrust-belt argues against a tectonic driver for
the late Mio-Pliocene erosion at this latitude. Instead, erosional
bedrock glacial troughs, areal scouring, and extensive glacial
striations are common features in the western and central thrust
domains, suggesting major modification to the landscape by
glacial processes (Solari et al., 2012). Geomorphic and structural
studies in the Lago Argentino area to the north demonstrate
an important transition of a broad, low-relief landscape that
becomes deeply incised by glacial valleys ca. 3 Ma (Lagabrielle
et al., 2010; Scalabrino et al., 2011). In our study area, some of our
youngest AHe ages may reflect similar coeval glacial-incision of
the thrust-belt.

5.5. Comparison of along-strike interactions among exhumation,

lithology, and climate

Late Cenozoic erosional denudation is well-documented in the
Patagonian Andes by regional thermochronology along the length
of the orogen. We note that these regional datasets are largely
representative of the windward (prowedge) side of the Patago-
nian orogen, particularly south of 491S (Thomson, 2002; Thomson
et al., 2001, 2010) (Fig. 7). Published thermochronology datasets
characterize older (410 Ma) AHe ages south of 491S, compared
to younger (o10 Ma) AHe ages located north of this latitude
(Thomson et al., 2010). These general spatial patterns in
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denudation led Thomson et al. (2010) to propose a poleward
decrease in the efficiency of late Cenozoic glacial erosion, suggest-
ing that colder-based glaciers in the south are likely to shield the
landscape against erosional denudation, compared to their wet-
based and highly erosive counterparts in the north. In contrast,
our AHe results from the leeward side of the Patagonian orogen
record young ages (o10 Ma) centered between 6 and 4 Ma. We
interpret these young AHe ages to indicate significant late
Miocene and Pliocene denudation, consistent with efficient flu-
vioglacial erosion across the thrust-belt that has been focused on
the retrowedge rather than prowedge region (Fig. 7).

Since erosion intensity is related to both long-term global
climate patterns and physical properties of the rocks exposed at
the surface, we suggest that focused retroarc exhumation in
Patagonia may reflect a fundamental change in lithology and
physiographic structure towards the southern terminus of the
orogenic belt (Fig. 7). The northern Patagonian thrust-belt near
Lago Posadas, �400 km north of our study area, exposes erosion-
resistant Paleozoic and Mesozoic metamorphic basement and
large thrust-sheets of resistant Jurassic volcanic rocks (Fig. 7)
(Suárez, 1976; Ramos et al., 1982; Ramos, 1989). At this altitude,
stable isotope and sedimentology data from the foreland basin
record surface uplift and aridification ca. 16.5 Ma (Blisniuk et al.,
2005), broadly coeval with timing of Miocene deformation
observed in the south. Southward, however, the thrust-front
progressively uplifts the fine-grained Magallanes basinal rocks
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that are more susceptible to erosion than their crystalline
and coarse-grained counterparts to the north (Fig. 7) (Stock and
Montgomery, 1999; Sobel and Strecker, 2003; Hilley and
Strecker, 2004). In a recent synthesis, Hilley and Coutand (2010)
demonstrated that the surface exposure of different rock types,
and thus paleogeography, is strongly spatially correlated to
variations in long-term orogenic erosion rates. Given the paleo-
geographic extent of the southward-deepening, fine-grained
Magallanes foreland basin in southern South America (Katz, 1963;
Suárez, 1976; Biddle et al., 1986; Wilson, 1991), we consider these
factors as a geologic explanation for enhanced erosion intensity in
the Patagonian retroarc (Fig. 8). It follows that widespread structural
uplift of the Cretaceous foreland depocenter since ca. 22–18 Ma
could account for extensive exposure of easily eroded rocks, thereby
accentuating late Cenozoic exhumation signals in the retroarc region
(Fig. 8).

Sustained retroarc denudation in the southern Patagonian Andes
may be further explained by southward-deterioration of high topo-
graphy south of 471300S (Fig. 8), a configuration that could allow for
the precipitation gradient to broaden southward (Fig. 8). Modern
precipitation records reveal that, superimposed on the orographic
gradient across the Patagonian Andes, localized zones of high rainfall
extend eastward across the mountain belt as well (Legates and
Willmott, 1990) (Fig. 1). Furthermore, present-day deciduous eco-
tones south of 511S extend farther east than they do in the northern
sector (Moore, 1983; Hinojosa and Villagran, 1997), and leeward ice
accumulation areas still receive much of the moisture from westerly
precipitation (Glasser and Jansson, 2005). Finally, mammal faunal
assemblages suggest that wet and forested habitats extended to the
tip of the continent during Oligocene–middle Miocene time (Pascual
and Ortiz Juareguizar, 1990). While speculative, these emerging
denudation patterns motivate additional study of changes in climate,
topography, and exhumation along southern Patagonia.
6. Conclusions

In summary, thermochronology data from the southern Pata-
gonian Andes document regional exhumation across the retro-
foreland thrust-belt from �5 to 6 km depth belt since 22–18 Ma.
Along the eastern thrust domain, ZHe ages between 44 and 42 Ma
allude to an episode of Paleogene exhumation along the eastern
thrust domain, offering constraints on the nature of the regionally
developed foreland unconformity at this time. Although the
greatest overall denudation occurred in the Patagonia batholith,
our data suggest that exhumation shifted east by the Neogene and
has been concentrated in the retroarc region. This episode of
thrust-belt exhumation coincided with a deepening of the struc-
tural decollément beneath the thrust-belt and likely reflects a
retroarc manifestation of plate reconfigurations at the tip of South
America and middle Miocene transpressional emergence of the
North Scotia Ridge. We conclude that more recent denudation
characterized by young AHe ages post-dated deformation and
was primarily related to late Cenozoic fluvioglacial erosion,
accounting for �2 km of retroarc denudation since 10–4 Ma.

We propose that enhanced exhumation of the Patagonian
Andes since early Miocene time was the combined result of
widespread retroarc rock uplift (via deep-seated faulting) that
brought easily erodible rocks to the surface and subjected them to
erosional denudation (Fig. 8). We further suggest that retroarc
denudation at this latitude of the orogen—downwind of an
orographic barrier—was enhanced by widespread uplift and
unroofing of the fine-grained siliciclastic rocks of the marine
Cretaceous foreland basin ca. 22–18 Ma. More speculatively, its
position at the narrow, southern end of the Andean orogenic belt
may also facilitate access to additional moisture to the retroarc
and increase late Cenozoic erosional denudation. These observa-
tions suggest that exhumation patterns at narrow terminations of
orogens are likely to significantly deviate from the predictions of
Andean-type models of orogenic deformation and erosion that
feature a strong continental backstop, resistant lithology, and
two-dimensional orographic gradients.
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