
Orogenic Wedge Evolution of the Central Andes, Bolivia (21°S):
Implications for Cordilleran Cyclicity
R. B. Anderson1 , S. P. Long1 , B. K. Horton2,3 , S. N. Thomson4, A. Z. Calle2,3, and D. F. Stockli2

1School of the Environment, Washington State University, Pullman, WA, USA, 2Department of Geological Sciences, Jackson
School of Geosciences, University of Texas at Austin, Austin, TX, USA, 3Institute for Geophysics, Jackson School of
Geosciences, University of Texas at Austin, Austin, TX, USA, 4Department of Geosciences, University of Arizona, Tucson, AZ,
USA

Abstract The Andes are an ideal setting to explore orogenic wedge evolution and the cyclical tectonic
processes in Cordilleran convergent-margin systems. Paleoaltimetry data suggest that the hinterland
plateau in southern Bolivia underwent rapid surface uplift at ~16–9 Ma, which is predicted to have induced
rapid thrust belt propagation. We integrate fission track and (U-Th)/He ages from zircon and apatite with a
sequentially restored cross section to quantify the timing and rates of thrust belt propagation in southern
Bolivia for the last ~43 Myr. These data show that retroarc shortening in the Eastern Cordillera propagated
westward from ~43 to 27 Ma as the wedge grew to attain critical taper and steady state. The thrust front then
advanced rapidly eastward from ~25 to 17 Ma across the western Interandean zone, where a weak
decollement modified the critical taper angle. The thrust front stalled for ~6 Myr but resumed eastward
advance into the eastern Interandean zone and Subandean zone by ~11–8 Ma, which we interpret as a
response to increased accretionary influx and rapid orogenic wedge expansion induced by eclogitic
delamination and corresponding hinterland surface uplift at ~13 Ma. Development of an orographic barrier
and wetter climatic conditions resulted in relatively steady state wedge conditions from ~8.5 to 1.5 Ma. Rapid
wedge growth after ~1.5 Ma may be attributed to mass accumulation in the orogen interior or a
weakened decollement. Our data reveal space-time variations in orogenic wedge evolution consistent with
models of Cordilleran cyclicity and lithospheric removal, with important additional influences of erosion,
climate, and rock rheology.

1. Introduction

Crustal shortening of the overriding continental plate in Cordilleran orogenic systems is invariably linked to
the degree of mechanical coupling with the subducting oceanic plate (e.g., Coney & Evenchick, 1994; Dewey
& Bird, 1970; Horton, 2018a; Jordan et al., 1983; Maloney et al., 2013; Schellart, 2008). Absolute plate velocity
and subducting slab geometry likely regulate the tectonic mode of the upper plate in a Cordilleran system
(e.g., contraction, extension, or neutral; Horton, 2018a; Ramos, 2009), but the linkage between fluctuating
rates of retroarc deformation and subduction-related kinematic parameters in the southern central Andes
are often unclear (e.g., DeCelles et al., 2015; Oncken et al., 2006). However, recent geodynamic models also
emphasize the important role that upper-plate processes play in controlling the overall evolution of such
orogens (e.g., DeCelles et al., 2009; Ducea et al., 2013). The mechanical behavior of a fold-thrust belt is com-
monly described as an evolving wedge that deforms to maintain a critical taper angle (Buiter, 2012; Dahlen,
1990; Dahlen & Suppe, 1988; Davis et al., 1983; Platt, 1986). In this regard, the space-time patterns of thrust
belt development can primarily be explained as responses to factors that influence or alter the taper of the
orogenic wedge (e.g., DeCelles & Mitra, 1995), such as changes to the frictional resistance of the basal
décollement (e.g., Davis et al., 1983; Wojtal & Mitra, 1986), changes in preexisting basin geometry or base-
ment architecture (Allmendinger et al., 1983; Boyer, 1995), erosional modification and climatic variation
(e.g., Dahlen, 1990; Horton, 1999; McQuarrie, Ehlers, et al., 2008; Willet, 1999), and the buildup and removal
of dense lower lithosphere (e.g., DeCelles et al., 2009; Garzione et al., 2006; Wells et al., 2012).

The Cordilleran cyclicity model, which is rooted in critical taper theory, posits that several first-order processes
operating within the continental plate (e.g., arc magmatism, rates of crustal shortening, foreland basin sedi-
mentation, surface uplift, and the buildup and removal of eclogite bodies) are all linked by cause-effect rela-
tionships that occur in a temporal sequence over an ~25- to 50-Myr period (DeCelles et al., 2009, 2015;
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DeCelles & Graham, 2015). In particular, accumulation and removal of eclogite bodies under the magmatic
arc or hinterland (e.g., Ducea, 2002; Ducea et al., 2015; Krystopowicz & Currie, 2013; Saleeby et al., 2003) is
interpreted to exert a strong control on the dynamics of the entire orogen. Removal of a dense root should
induce a rapid isostatic increase in hinterland surface elevation (Currie et al., 2015; Garzione et al., 2008;
Molnar et al., 1993) and/or create space for renewed underthrusting of material into the orogen (DeCelles
et al., 2009; McQuarrie et al., 2005). If surface uplift sufficiently increases gravitational potential energy, or if
renewed underthrusting perturbs the material flux balance by increasing the accretion rate, the frontal thrust
belt is predicted to respond through an increase in forward propagation rate in order to restore an equili-
brium surface slope (e.g., Dahlen, 1984; Garzione et al., 2006; Mourgues et al., 2014; Whipple & Meade,
2006). However, consequent changes in relief are related directly to erosion rates, and the growth of topogra-
phy may also indirectly influence erosional flux by potentially altering the regional climate (e.g., Horton, 1999;
McQuarrie, Ehlers, et al., 2008; Whipple, 2009; Willett, 1999). Furthermore, inherited features such as decolle-
ment strength and basin architecture may influence thrust belt propagation by changing the critical taper
angle, which would perturb the accretionary material influx rate (Dahlen, 1990). Thus, studies that document
the timing and rates of deformation, as well as characterize the factors that may influence this deformation,
are necessary to enhance our understanding of geodynamic models such as critical taper and Cordilleran
cyclicity (DeCelles et al., 2009; Whipple, 2009).

The central Andes have emerged as a focal point for debates over the processes affecting Cordilleran systems
and the growth of orogenic plateaus (DeCelles et al., 2015; Garzione et al., 2017). In the southern Altiplano in
Bolivia, isotopic and fossil data suggest that a rapid, ~2.5-km rise in hinterland surface elevation occurred
between ~16 and ~9Ma (Cadena et al., 2015; Garzione et al., 2014; Gregory-Wodzicki et al., 1998). This surface
uplift event has been attributed to multiple processes, including removal of eclogitic lithosphere (Garzione
et al., 2008; Hoke et al., 2007; Hoke & Garzione, 2008; Molnar & Garzione, 2007), ablative subduction of mantle
lithosphere (Pope & Willett, 1998), and lower crustal flow from overthickened regions (Husson & Sempere,
2003). However, geochemical and isotopic data from lavas in southern Bolivia (Kay & Coira, 2009), geophysical
data showing a lack of mafic lower crust (Beck & Zandt, 2002; Myers et al., 1998; Ryan et al., 2016), and mass
balance calculations that suggest missing crustal area (Anderson et al., 2017; Eichelberger & McQuarrie, 2015;
McQuarrie, 2002) all support the eclogitic removal scenario between ~20°S and 22°S (Garzione et al., 2017).

Rapid surface uplift and loss of an eclogitic root are predicted to have promoted wedge conditions that
resulted in rapid forward propagation of the thrust front (e.g., Garzione et al., 2006, 2008). However, the tim-
ing and rates of shortening and thrust front propagation in southern Bolivia (before, during, and after rapid
surface uplift) have not been determined with enough resolution to convincingly demonstrate a temporal
link between surface uplift and thrust belt evolution, and the deformation timing within several key portions
of the thrust belt remains debated (e.g., Barnes & Ehlers, 2009; Calle et al., 2018; Echavarria et al., 2003; Elger
et al., 2005; Gubbels et al., 1993; Isacks, 1988; Lamb & Hoke, 1997; Sempere et al., 1997; Uba et al., 2009). In this
study, we address this problem by focusing our efforts along a well-characterized transect across the Andean
thrust belt at ~21°S, where published cross sections constrain the geometry and magnitude of shortening
(Anderson et al., 2017; Elger et al., 2005). New and published thermochronologic ages are used to constrain
the timing of thrust-related cooling, and to construct a ~43-Myr history of deformation at this latitude. These
new timing constraints are integrated with forward modeling of thrust belt deformation, which allow us to
quantify records of shortening rates and thrust front propagation rates. This facilitates comparison to the
timing of events proposed to have influenced thrust belt evolution, most importantly the late Miocene rapid
hinterland surface uplift event (Garzione et al., 2014; Gregory-Wodzicki et al., 1998).

2. Geologic Setting

Subduction of the Nazca plate beneath the South American plate has driven the Late Cretaceous-Cenozoic
construction of the Andean orogen (e.g., Allmendinger et al., 1997; Coney & Evenchick, 1994; Isacks, 1988;
Russo & Silver, 1996). In the central Andes (~16–24°S), development of the mountain belt has been character-
ized by formation of a volcanic arc along the western margin of the continent, eastward migration of a retro-
arc fold-thrust belt and foreland basin system, and crustal thickening accompanied by topographic growth
(DeCelles & Horton, 2003; Horton, 2005; Horton & DeCelles, 1997; Lamb & Hoke, 1997; McQuarrie et al.,
2005; Sempere et al., 1997). Between these latitudes, the mountain belt reaches its maximum width
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(~500 km), total shortening in the fold-thrust belt is greatest (>300 km; e.g., Anderson et al., 2017; Arriagada
et al., 2008; Eichelberger & McQuarrie, 2015; McQuarrie, 2002), and crustal thickness is on the order of
60–75 km (Beck & Zandt, 2002; Ryan et al., 2016).

The central Andean fold-thrust belt has been divided into distinct tectonomorphic zones based on major
changes in topographic and structural elevation (Kley, 1996; McQuarrie, 2002). From west to east, these divi-
sions include the Altiplano, Eastern Cordillera (EC), Interandean zone (IAZ), Subandean zone (SAZ), and Chaco
Plain (Figures 1 and 2). The abrupt steps in elevation and structural level between these zones are interpreted
as a consequence of emplacement of thick basement thrust sheets, and the presence of large-scale footwall
ramps at depth (Kley et al., 1996; McQuarrie, 2002; Müller et al., 2002).

2.1. Stratigraphic Framework

The stratigraphy in the central Andean fold-thrust belt consists of an ~8- to 15-km-thick package of
Phanerozoic, predominantly siliciclastic sedimentary rocks (Sempere, 1995). However, stratigraphic thick-
nesses differ by several kilometers both along and across strike due in part to pre-Andean tectonism
(McGroder et al., 2015; Starck, 1995; Tankard et al., 1995), as well as variations in accommodation space during
development of the Cenozoic foreland basin (e.g., Cardozo & Jordan, 2001; Horton, 1999; Horton & DeCelles,
1997). The across-strike variability in the stratigraphic section at ~21°S is documented from field observations
and a restored cross section (e.g., Anderson et al., 2017).

In southern Bolivia, the EC deforms an ~8- to 11-km-thick section of upper Cambrian to Ordovician, low-grade
metasedimentary rocks (Egenhoff et al., 2002; Jacobshagen et al., 2002; Müller et al., 2002), which is overlain
by>3 km of unmetamorphosed Mesozoic-Cenozoic rocks (DeCelles & Horton, 2003; Horton, 1998). Mesozoic
rocks consist of a ~0.5-km-thick section of Late Cretaceous marine strata that are regionally correlative across
the EC and Altiplano (Horton et al., 2001; Sempere et al., 1997; Welsink et al., 1995), and locally include>1 km
of Jurassic rift-related deposits in the central EC (Sempere et al., 2002). Cenozoic rocks include ~3 km of

Figure 1. (a) Generalized geologic map of the retroarc thrust belt of southern Bolivia (~21–22°S; after Anderson et al., 2017; Servicio Nacional de Geologica y
Minera (SERGEOMIN), 2003) with locations of thermochronometry samples shown. Locations of geologic maps in the SI that show individual sample numbers
(Figures S1–S3) are denoted by boxes. The bold line A-A’ marks location of the cross section in Figure 2. (b) Topography of the central Andes (constructed from a
Shuttle Radar Topography Mission 90-m digital elevation model); dashed gray lines mark the boundaries of Andean tectonomorphic zones.
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Paleogene synorogenic deposits (DeCelles & Horton, 2003) and ~0.5–2.5 km of Neogene intermontane basin
deposits (Horton, 1998, 2005; Müller et al., 2002).

At the EC-IAZ boundary, the Paleozoic section transitions eastward from an ~8-km-thick section of Cambrian-
Ordovician rocks in the eastern EC to a ~4.5-km-thick section of Silurian-Permian rocks in the IAZ (Anderson
et al., 2017; Kley, 1996). Gravimetric modeling and crustal velocity data suggest that Silurian rocks in the IAZ
and SAZ likely overlie crystalline basement rather than the thick package of Ordovician-Cambrian metasedi-
mentary rocks observed in the EC (Kley et al., 1996; Schmitz & Kley, 1997). Mesozoic-Cenozoic rocks are not
preserved in the IAZ (Figure 1). However, Neogene apatite fission track (AFT) ages and thermal modeling indi-
cate that at least ~3 km of Mesozoic-Cenozoic rocks were deposited in the IAZ but were subsequently eroded
(Ege et al., 2007).

The Silurian-Permian section thickens eastward from ~4.5–5 km in the eastern IAZ to ~6–6.5 km in the SAZ
and Chaco Plain (Anderson et al., 2017; Baby et al., 1992; Dunn et al., 1995; Uba et al., 2009). Conversely,
Mesozoic rocks thin eastward from 1.2–1.8 km in the western SAZ (Anderson et al., 2017) to <0.2 km in
the eastern SAZ and Chaco Plain (Dunn et al., 1995; Uba et al., 2009). In the SAZ and Chaco plain, >4 km of
Oligocene-Quaternary, synorogenic sedimentary rocks disconformably overlie Jurassic-Cretaceous rocks
(Calle et al., 2018; Uba et al., 2005, 2009).

2.2. Thrust Belt Structure, Shortening, and Kinematic Development at ~21°S

The Altiplano is bound on the west by the volcanic arc (the Western Cordillera) and on the east by the EC
(Figure 1b). At ~21°S, the western part of the Altiplano is characterized by two doubly vergent thrust systems,
and the eastern part is an E-vergent thrust system linked to the EC (Elger et al., 2005).

In southern Bolivia, the EC is divided into a western backthrust zone and an eastern forethrust zone
(Anderson et al., 2017; Müller et al., 2002), centered about an axis along a proposed Mesozoic rift system

Figure 2. (a) Across-strike distribution of reset cooling ages in the Eastern Cordillera (EC), Interandean zone (IAZ), and Subandean zone (SAZ) between 21 and 22°S.
White asterisks denote samples with inverted AHe and ZHe ages. (b) Balanced cross section through the EC, IAZ, and SAZ (simplified from Anderson et al., 2017),
showing the locations of zone-specific cross sections in Figures 3–5.
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(Sempere et al., 2002; Figure 2). The EC is structurally elevated ~6 km relative to the adjacent Altiplano and
IAZ (Anderson et al., 2017) and is bound on the west by the W-vergent San Vincente thrust and on the east
by the Cuesta de Sama anticlinorium (Figure 2; Kley, 1996; Kley et al., 1997; Müller et al., 2002). Thrust faults in
the EC detach the thick Cambrian-Ordovician section above a ~10 km deep, subhorizontal décollement
located at the basement-cover interface (e.g., Allmendinger & Zapata, 2000; Anderson et al., 2017; Schmitz
& Kley, 1997; Wigger et al., 1994).

At the EC-IAZ boundary, the basal décollement cuts upward from Cambrian-Ordovician rocks at the
basement-cover interface to a regional décollement within Silurian shale, which persists below both the
IAZ and SAZ (Baby et al., 1992; Dunn et al., 1995). The IAZ consists of a western backthrust system and an
eastern forethrust system (Figure 2; Anderson et al., 2017). Thrust faults are closely spaced, with 2- to
4-km-thick thrust sheets exposing mainly Silurian-Devonian rocks (Anderson et al., 2017; Kley, 1996).

The SAZ consists of four major E-vergent thrust sheets defined by 10- to 20-km wavelength, 4- to 6-km-
amplitude, fault-bend folds deformed above a 10- to 12-km-deep décollement in Silurian rocks, with
secondary detachment levels in Devonian and Triassic rocks (Baby et al., 1992; Dunn et al., 1995).

The Chaco Plain is the locus of active deformation and modern foreland basin sedimentation (Brooks et al.,
2011; Horton & DeCelles, 1997). Gentle folds (5–15° limb dips) and low-offset (~1–5 km) thrust faults are con-
cealed beneath Quaternary sedimentary cover between the topographic front of the mountain belt and the
active, emergent thrust front ~60 km to the east (Baby et al., 1992; Brooks et al., 2011; Dunn et al., 1995;
Horton & DeCelles, 1997; Uba et al., 2009).

Much of the kinematic development of the fold-thrust belt in the central Andes has been tied to the east
vergent stacking of two ~10- to 15-km-thick basement thrust sheets (e.g., Anderson et al., 2017;
Eichelberger et al., 2013; Horton, 2005; McQuarrie, 2002; McQuarrie et al., 2005, McQuarrie, Barnes, &
Ehlers, 2008; Rak et al., 2017). Shortening of the sedimentary cover in the EC, IAZ, and eastern Altiplano at
~21°S is linked to emplacement of the upper basement thrust sheet, whereas deformation in the SAZ is
linked to motion on the lower sheet (Figure 2) (Anderson et al., 2017). In the EC and eastern Altiplano, the
upper basement sheet was wedged eastward along a floor thrust as slip was fed into overlying sedimentary
cover by a W-vergent roof thrust system located at the basement-cover interface (Anderson et al., 2017;
Horton, 2005). Conversely, the sedimentary cover in the IAZ was imbricated in front of the eastward advan-
cing upper basement thrust sheet (Anderson et al., 2017). Similarly, the sedimentary cover in the SAZ was
deformed in front of the lower basement thrust sheet, as the rocks in the EC and IAZ were passively translated
eastward (Anderson et al., 2017; Kley, 1996). The SAZ-IAZ boundary throughout the central Andes is kinema-
tically defined at the surface as the easternmost thrust sheet in the sedimentary cover sequence that the
upper basement thrust sheet feeds slip into (Anderson et al., 2017; Eichelberger et al., 2013; McQuarrie,
2002; McQuarrie, Barnes, & Ehlers, 2008). In the western Altiplano, slip was fed into the sedimentary cover
via distributed basement deformation or by a basement thrust sheet with a footwall ramp located below
the Western Cordillera (Elger et al., 2005).

A balanced cross section estimate of total shortening for the retroarc fold-thrust belt at ~21°S is 337 ± 69 km
(36 ± 7%), which accounts for 90–118% of the crustal area observed today (Anderson et al., 2017). The
Altiplano accounts for only ~65 km (23%) of the total strain (Elger et al., 2005), with the majority of shortening
accommodated in the EC (120 km), IAZ (70 km), and SAZ (82 km; Anderson et al., 2017). Total shortening at
this latitude is similar to published estimates between ~18 and 20° S (Eichelberger et al., 2013; McQuarrie,
2002), which suggests a general consistency in kinematic development of the thrust belt between 18°S
and 21°S (Arriagada et al., 2008; Eichelberger & McQuarrie, 2015).

2.3. Published Deformation Timing Constraints

AFT ages record the initiation of exhumation-related cooling and inferred contractional deformation
between ~36 and 40 Ma in the central EC at 21.5°S (Ege et al., 2007). Westward and eastward expansion of
deformation from the central EC occurred between ~33 and 27 Ma, reaching the EC-Altiplano boundary by
~27 Ma and the EC-IAZ boundary by ~30 Ma (Ege et al., 2007; Müller et al., 2002). The transition from rapid
sediment accumulation in a foredeep depositional environment to slow sediment accumulation in an inter-
montane setting at ~25 Ma marks diminished deformation in the EC (Horton, 2005). Oligocene to Miocene
intermontane basins in the central and western EC record localized sedimentation and low magnitude
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out-of-sequence deformation that began by ~26 Ma (Horton, 2005) but was completed prior to the ~12- to
10-Ma development of the San Juan del Oro erosional surface (Gubbels et al., 1993; Hérail et al., 1996; Horton,
1998; Kennan et al., 1997; Müller et al., 2002). In the Altiplano, Cenozoic sediments and AFT cooling ages
record deformation at ~30–27 and ~19–8 Ma (Ege et al., 2007; Elger et al., 2005).

The onset of shortening in the IAZ can only be broadly inferred from the ~25-Ma shift in sedimentation rates
that marks the migration of deformation out of the EC (Horton, 2005), and a single ~18 Ma AFT age in the
western IAZ (Ege et al., 2007). Maximum depositional ages of Neogene growth strata indicate that deforma-
tion arrived in the eastern IAZ no earlier than ~20 Ma (Calle et al., 2018).

In southern Bolivia, the rapid increase in accumulation rates of synorogenic sediment between ~12.5 and
~10.5 Ma is inferred as the timing of initial deformation in the western SAZ (Uba et al., 2007, 2009). This is
consistent with new cooling ages at 20°S that suggest an 11 ± 3-Ma onset of deformation in the SAZ
(Lease et al., 2016). In the eastern SAZ, growth relationships define active shortening in the frontal-most anti-
cline at ~2.1 Ma (Hulka, 2005; Uba et al., 2009). The majority of shortening in the Chaco Plain occurred after
2.1 Ma (Brooks et al., 2011; Costa et al., 2006; Uba et al., 2009).

3. Methods

Exhumation-related cooling in contractional mountain belts is the result of thrust-induced rock uplift acting
in concert with erosion (e.g., Willett & Brandon, 2002). Therefore, cooling ages in fold-thrust belts are com-
monly interpreted to record the vertical erosional component of transport toward the surface, and to track
the onset of deformation (e.g., Barnes et al., 2006, 2008; McQuarrie, Barnes, & Ehlers, 2008; Reiners &
Brandon, 2006; Willett, 1999; Willett & Brandon, 2002). In the central Andes, total Cenozoic exhumation is
on the order of 8–10 km or less (Barnes et al., 2008; Reiners et al., 2015), and regional Cenozoic cooling is
limited to temperatures below 240 °C (Barnes et al., 2008). Therefore, we utilize apatite (U-Th)/He (AHe),
AFT, zircon (U-Th)/He (ZHe), and zircon fission track (ZFT) thermochronometry as they provide details on
the timing and rates of cooling over a temperature range of ~40–240 °C and crustal depths of ~2–12 km
(Reiners et al., 2005).

Paleozoic-Mesozoic sedimentary units were sampled along an E-W transect between 20°450S and 21°450S,
which spans from the modern deformation front to the Altiplano (Figures 1 and supporting information
S1–S3). Here we present 59 new AHe ages, 20 new ZHe ages, 19 new AFT ages, and 2 new ZFT ages from 67
samples, along with 22 published AFT ages (Ege, 2004; Ege et al., 2007; Tawackoli et al., 1996; Tables 1–3). All
samples are placed within a detailed structural context, as determined from geologic mapping and a
balanced cross section constructed through the thrust belt at this latitude (Anderson et al., 2017).

3.1. (U-Th)/He Thermochronometry

In apatite and zircon, helium retention is sensitive over a range of temperatures known as the helium partial
retention zone (PRZ; Farley, 2002; Wolf et al., 1998). For apatite the helium PRZ is located between tempera-
tures of 40–80 °C (Farley, 2002), and for zircon the helium PRZ is between temperatures of ~130–200 °C
(Wolfe & Stockli, 2010). However, for typical orogenic cooling rates (~10 °C/Myr) and grain sizes between
~65 and 100 μm (e.g., Reiners et al., 2005), the simplified concept of closure temperature can be applied
(Dodson, 1973). The closure temperature ranges for the AHe and ZHe systems are ~65 ± 5 °C (Farley, 2000;
Flowers et al., 2009; Shuster et al., 2006) and ~180 ± 10 °C (Guenthner et al., 2013; Reiners et al., 2004;
Wolfe & Stockli, 2010), respectively. Analytical procedures, supporting data, and individual grain ages for
(U-Th)/He analyses are reported in the SI, and mean sample ages are reported in Tables 1–3.

3.2. Fission Track Thermochronometry

Fission tracks within apatite and zircon are partially retained over a range of temperatures referred to as the
partial annealing zone (PAZ; Gleadow et al., 1986). The AFT PAZ is between temperatures of ~60–120 °C, and
the AFT system has a nominal closure temperature of ~110 ± 10 °C at orogenic cooling rates (Gleadow et al.,
1986; Gleadow & Duddy, 1981; Green et al., 1986; Ketcham et al., 2007). However, apatite with higher Cl con-
tent or etch pit diameter (Dpar) are more resistant to annealing and have a higher closure temperature
(Donelick et al., 2005). Though such compositions are relatively rare, variable annealing of individual grains
may explain some mixed ages (Armstrong, 2005). Laboratory experiments indicate that the ZFT PAZ is
between temperatures of ~262–330 °C (Yamada et al., 2007), but field-based estimates of the ZFT nominal
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closure temperature are lower (~240 ± 10 °C) at oro-
genic cooling rates of ~10 °C/Myr (Bernet, 2009;
Brandon et al., 1998).

For fission track samples, the χ2 statistic is com-
monly utilized as a measure of variance of the grain
age distribution in a sample (Galbraith, 1981; Green,
1981). Samples with a low age variance [P (χ2)> 5%]
are classified as homogenous (i.e., confirming the
null hypothesis that all grains belong to a single
age population) and the sample cooling age is
reported as a central age (e.g., weighted mean of
the log normal distribution of single grain ages;
Galbraith, 2005; Gallagher et al., 1998). For overdis-
persed AFT ages [P (χ2) < 5%], we employed radial
plots (Galbraith, 2005) using RadialPlotter software
(Vermeesch, 2009) to resolve different age popula-
tions present in the sample, which can be used to
define a young, reset component (e.g., Lease et al.,
2016) and to provide context for the position of
the sample relative to the PAZ (e.g., Armstrong,
2005; O’Sullivan & Parrish, 1995). An age distribution
on a radial plot that is characterized by predomi-
nantly young grains with only a minor population
of older grains more resistant to annealing is charac-
teristic of a stratigraphic position near the base of
the PAZ and will most closely approximate the onset
of rapid cooling in the absence of a fully reset and
homogenous age (O’Sullivan & Parrish, 1995).
However, the young component age for samples
that were located within the middle and upper part
of the AFT PAZ only provides a maximum time con-
straint for the onset of cooling (O’Sullivan & Parrish,
1995). Fission track ages and χ2 values are shown
in Tables 1–3, and individual grain data are reported
in the supporting information (Table S2).

3.3. Sample Classification

We classified cooling ages as reset, mixed reset, par-
tially reset, or unreset by post-depositional burial
and reheating (e.g., Barnes et al., 2006; Enkelmann
et al., 2015; Lease et al., 2016). Reset samples consist
of a single age component younger than the deposi-
tional age, mixed reset samples contain multiple age
components that are younger than deposition, par-
tially reset samples exhibit age components that
are both younger and older than deposition, and
unreset samples are defined by age components
that predate deposition (Barnes et al., 2006). Reset
samples that yielded a Cenozoic cooling age are
interpreted to record erosionally driven exhumation
during Andean orogenesis (e.g., McQuarrie, Barnes,
& Ehlers, 2008). In the central Andes, reset samples
with the oldest Cenozoic cooling ages areTa
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commonly interpreted to reflect the onset of thrust-related deformation (e.g., Barnes et al., 2006, 2008, 2012;
Carrapa & DeCelles, 2015; Ege et al., 2007; Eichelberger et al., 2013; Gillis et al., 2006; Lease et al., 2016;
McQuarrie, Barnes, & Ehlers, 2008). However, erosional exhumation can continue after active deformation
(e.g., Barnes et al., 2008; McQuarrie, Barnes, & Ehlers, 2008), may represent exhumational steady state
(Willett & Brandon, 2002), or erosion may be decoupled from tectonic activity altogether (e.g., Lease &
Ehlers, 2013). Therefore, we employ age-depth analysis (e.g., Stockli, 2005) and thermal modeling (e.g.,
Ehlers, 2005; Ketcham, 2005) in order to interpret our cooling ages and to better understand the processes
that drove exhumation and cooling.

4. Results
4.1. Ages in the EC

In the EC, we report 42 new cooling ages from 28 samples of Cambrian-Devonian sedimentary rocks (Table 1
and Figure 3), which are supplemented by 17 published AFT ages (Ege et al., 2007; Tawackoli, 1999). Two sam-
ples from the stratigraphically deepest Cambrian rocks along the transect (ECO93,ECO61), located within the
core of the Cuesta de Sama anticlinorium (Figure 3), yielded Cretaceous (136.8 ± 7.1 Ma) and Jurassic
(146.9 ± 7.4 Ma) ZFT ages. Although both samples are homogenous and reset (Table 1), relatively low counts
per individual grain (Table S2) often mean the χ2 test may not be reliable, such that it may pass at the 5%
level, but the high single grain age uncertainties can hide a true age mixing or partial resetting (Galbraith,
2005). Nevertheless, any subsequent reheating or maximum burial event that resulted in reset or partial reset
ZFT ages can be no younger than the youngest ZFT individual grain age (~92.1 ± 20.6 Ma, Table S2). Given
the lack of any Cenozoic individual grain ages from these samples (Table S2), burial temperatures for rocks
at the deepest exposed levels of the EC likely did not exceed ZFT PAZ conditions (~230–250 °C) after the
Late Cretaceous.

Mean ZHe ages in the EC vary from reset to mixed reset, and range from ~346.5 to ~24.1 Ma (Table 1 and
Figure 3). Samples were collected primarily from Cambrian to Devonian rocks in the Cuesta de Sama anticli-
norium, though three samples of Ordovician rocks were collected west of the Camargo syncline (Figure 3).

Table 3
Summary of Subandean Zone Apatite (U-Th)/He and Apatite Fission Track Data

Sample Formation

Coordinates
AHe mean
age (Ma)

Error
(2σ)

n
(a,m)

AFT central
age (Ma)

Error
(1σ) Na

P
(χ2)%

AFT young
comp. (Ma)

Error
(1σ)Longitude (°S) Latitude (°W)

SAZ63 Cz. Petaca Fm. �64.1006 �21.4477 90.8pr 45.6 (6,6) — — — — — —
SAZ62 Ipaguazu Fm. �64.0818 �21.4460 5.6 1.2 (6,5) 37.7mr 11.9 20 0 13.7 4.4
SAZ61 C. San Telmo Fm. �64.0603 �21.4449 7.0 0.2 (6,2) 29.4mr 10.4 20 <0.01 12.3 1.7
BE26a upper Carboniferous �64.0520 �21.3963 - — — 28.6mr 9.8 30 <5 7.37 0.67
SAZ60 Ipaguazu Fm. �63.9981 �21.4210 7.1 1.6 (6,4) — — — — — —
SAZ54 Cz. Petaca Fm. �63.7635 �21.0486 41.4pr 30.5 (6,4) — — — — — —
SAZ53 K. Castellon Fm. �63.7651 �21.0611 35.1mr 16.5 (6,6) — — — — — —
SAZ52 K. Tapecua Fm. �63.7565 �21.0678 67.9mr 34.4 (4,4) — — — — — —
SAZ51 P. Viteacua Fm. �63.7526 �21.0714 3.4 0.6 (6,4) — — — — — —
SAZ50 C. Escarpment Fm. �63.7490 �21.0737 3.8 0.6 (6,6) 37.9mr 10.8 15 0 7.2 2.0
SAZ43 Cz. Petaca Fm. �63.7297 �21.2196 174.5pr 144.5 (6,4) — — — — — —
SAZ42 C. Escarpment Fm. �63.7041 �21.1847 3.8 0.4 (6,4) — — — — — —
SAZ41 C. Tupambi Fm. �63.6982 �21.1799 3.6 1.0 (6,5) — — — — — —
SAZ40 D. Iquiri Fm. �63.6960 �21.1796 4.0 0.6 (4,4) 6.3 1.5 13 98 — —
SAZ06 C. Tarija Fm. �63.7734 �21.6071 3.5 1.8 (6,3) 136.7pr 26.3 20 <0.01 10.7 2.2
SAZ09 P. Vitiacua Fm. �63.7616 �21.6368 110.5mr 51.8 (6,6) — — — — — —
SAZ21 K. Ichoa �63.4200 �20.7878 55.3mr 22.2 (6,6) — — — — — —
SAZ13 C. Tarija Fm. �63.6961 �21.8789 1.6 0.4 (6,5) — — — — — —
SAZ15 D. Iquiri Fm. �63.4025 �20.7972 2.4 1.4 (6,4) 22.3mr 6.4 11 <0.01 15.2 2.9

Note. See supporting information data file SM1 for individual (U-Th)/He aliquot data and supporting information data file SM2 for fission track single grain age
data. n (a,m): number grains analyzed, grains used in mean age; na: number of grain ages for AFT or ZFT.
aEge (2004). prPartial reset. mrMixed reset.
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Mean reset ZHe ages (n = 9) range between 39.2 and 24.1 Ma but are limited to the core of the Cuesta de
Sama anticlinorium. Three of the deepest samples returned mean reset ZHe ages between 39.2 and
34.9 Ma; given that homogenous Mesozoic ZFT ages were obtained here, rocks from these depths did not
exceed ~230–250 °C after the Cretaceous but were above ZHe closure (~170–190 °C) prior to Cenozoic
exhumation. Thus, the Eocene ZHe ages presumably record the onset of Andean deformation in the
eastern EC. Samples collected at shallower stratigraphic depths (< 4 km below the Late Cretaceous
unconformity) in the eastern EC yielded mean mixed reset and unreset ZHe ages between ~346 and ~86 Ma.

West of the Camargo syncline, Ordovician samples from depths between ~2 and 5 km below the Late
Cretaceous unconformity yielded mean ZHe ages between ~347 and ~180 Ma (Table 1 and Figure 3). A third
sample (ECO21) yielded a mean reset ZHe age of 26.6 ± 2.8 Ma but is suspect because it restores to a shal-
lower stratigraphic position than mixed and unreset ZHe ages from proximal samples (see SI for further dis-
cussion). Thus, maximum Cenozoic burial temperatures in the western EC likely did not exceed ~130–170 °C,
even at depths of ~5 km below the Late Cretaceous unconformity.

In zircon with very high doses of sustained radiation damage, helium retention starts to decrease, lowering
the closure temperature in zircon (Guenthner et al., 2013). Of the 13 mixed reset ZHe samples across the
EC, nine samples display negative age-eU correlations (Table S1), a proxy for radiation damage (e.g.,
Guenthner et al., 2013). However, the youngest individual grains in all but one of these samples (ECO22)
are greater than 68 Ma, indicating that these shallow samples did not experience elevated temperatures cap-
able of fully resetting even radiation-damaged zircons after the Mesozoic.

AFT ages across the EC (2 new, 17 published) range from ~36.7 to ~18.2 Ma (Table 1 and Figure 3; Tawackoli,
1999; Ege et al., 2007). Nearly all AFT ages are reset and have a single age population, which indicates that all
Paleozoic rocks were at burial temperatures above ~100–120 °C prior to Cenozoic exhumation. Given the
mixed and unreset ZHe ages west of the Camargo syncline, the AFT ages give the best estimate for the mini-
mum onset of cooling in the western EC. The oldest AFT ages (31.5–36.7 Ma) are located between the
Camargo syncline and the town of Tupiza. West of Tupiza, AFT ages range from 27.7 to 21.5 Ma.

Figure 4. Cooling ages from the Interandean zone (IAZ) projected onto deformed (a) and restored (b) cross sections simplified from Anderson et al. (2017).
SG = single grain age; U = unreset age; P = partial reset age; mr = mixed reset age; YC = young component age; ER = Entre Rios. Samples modeled in Figure 8
are outlined in red.
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Samples in the EC yielded mean reset AHe ages (n = 18) between ~34.9 and 11.8 Ma (Table 1 and Figure 3).
Samples with multipart cooling histories (ECO61/EC81 and ECO35/EC30) show that rocks within the central
part of the Cuesta de Sama anticlinorium cooled relatively rapidly from ~180 to ~65 °C between ~30 and
22 Ma, while samples along the eastern flank of the anticlinorium generally record younger cooling ages
(~25–12 Ma). West of the Camargo syncline, nearly all mean AHe ages are between ~20 and 12 Ma, except
at the EC-Altiplano boundary. AHe and AFT ages from a sample in the hanging wall of the San Vincente thrust
(ECO293/EC64) define rapid cooling from ~110 to ~65 °C between ~28 and 27 Ma.

4.2. Ages in the IAZ

In the IAZ, 33 new cooling ages were obtained from 21 samples of Silurian-Cretaceous sedimentary rocks
(Table 2 and Figure 4), along with two published AFT ages (Ege, 2004; Ege et al., 2007). A single mean ZHe
age of 374.9 ± 14.4 Ma obtained from a Carboniferous sample in the central IAZ (IAZ56) indicates that
postdepositional burial temperatures were less than ~170–190 °C. All AFT samples but one (IAZ58) are homo-
genous and reset (Table 2), indicating postdepositional burial temperatures greater than ~110 ± 10 °C for
samples at stratigraphic levels below the Triassic, followed by widespread cooling between ~19 and 8 Ma
(Figure 4). The AFT ages generally become younger eastward across the IAZ but can be divided into two dis-
tinct age groups (Figure 2). AFT ages within the western IAZ range between ~19 and 15 Ma (n = 8), and
between ~11 and 8 Ma (n = 4) in the eastern IAZ (excluding the partially reset sample IAZ58).

Reset mean AHe ages in the IAZ (n = 21) range from ~38 to 5 Ma (Table 2 and Figure 4). The AHe data are from
samples that span from the Silurian to the Mesozoic section. The shallowest Mesozoic samples (IAZ58, IAZ57,
and IAZ54) yielded fully reset mean ages between ~6.3 and 5.3 Ma, indicating that Neogene burial was suffi-
cient to reset rocks that were at the surface prior to deposition of synorogenic strata (Figure 4). The 10 sam-
ples in the IAZ with paired AHe-AFT ages show that the samples cooled through ~110 °C between ~19 and
8 Ma, and through ~65 °C between 14 and 5.5 Ma. However, three samples (IAZ23, IAZ27, and IAZ52) yielded
mean AHe ages (38.1, 20.5, 19.0 Ma, respectively) that are older than any of the other observed AHe ages and
are older than any AFT age (~19–15 Ma range) in the western IAZ. We assume that these anomalously old
AHe ages are likely due to erroneous α-ejection correction resulting from uncharacterized zoning of parent
nuclide or excess helium from fluid or mineral inclusions (see SI for additional discussion). Excluding these

Figure 5. Cooling ages from the Subandean zone (SAZ) projected onto deformed (a) and restored (b) cross sections simplified from Anderson et al. (2017).
SG = single grain age; P = partial reset age; mr = mixed reset age; YC = young component age. Samples modeled in Figure 8 are outlined in red.
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old AHe ages, mean AHe ages from samples in the western IAZ vary between ~14.5 and ~7.8 Ma (n = 9), and
between ~10.0 and ~5.3 Ma (n = 9) in the eastern IAZ (Figures 2 and 4).

4.3. Ages in the SAZ

In the SAZ, we report 24 new cooling ages from 18 samples, accompanied by one published AFT age (Ege,
2004; Table 3). Samples were collected from Devonian to Oligocene rocks (Figure 5), which were buried
beneath ~2–4.5 km of synorogenic rocks. AFT ages (n = 7) range from ~6 to ~137 Ma. All AFT ages are over-
dispersed with mixed reset ages that are significantly younger than their depositional age, except sample
SAZ40, which yielded a reset age of 6.3 ± 1.5 Ma. This sample was collected from the stratigraphically deepest
level (~8.3 km of total burial) exposed in the central SAZ. All of the other mixed reset AFT ages indicate PAZ
thermal conditions for samples that restore to stratigraphic depths between ~3.5 and 6.5 km. However, using
age distributions on radial plots (Figure 6), the young age components from these samples can still provide
an estimate for timing of onset of exhumation across the SAZ.

AFT youngest component ages resolved from radial plots for SAZ samples range between 7.37 and 15.2 Ma
(Table 3 and Figure 6). Samples BE26 and SAZ61 (Figure 6c), the two deepest samples in the western SAZ,
display a well-defined population of predominantly young grains. The remaining samples have radial plot
distributions showing a broad mixture of young and old grains (SAZ50, SAZ62, and SAZ15), characteristic
of the middle part of the PAZ (Figure 6b), and a distinct population of older grains (SAZ06) characteristic of
the upper portion of the PAZ (Figure 6a). Onset of AFT cooling in the western SAZ can be no older than
the 13.7 ± 4.4 Ma young component age from the sample SAZ62. Thus, the best estimate for the onset of
AFT cooling in the western SAZ is between ~7 and ~12 Ma, as defined by the young component ages of
BE26 (7.37 ± 0.67 Ma) and SAZ61 (12.3 ± 1.7 Ma). The onset of rapid cooling in the central SAZ is constrained
by the 6.3 ± 1.5 Ma reset AFT age from sample SAZ40, which overlaps within error with the 9.6 ± 1.9 Ma young
component age of the stratigraphically shallower sample SAZ50. In the eastern SAZ, the AFT young compo-
nent ages place a maximum constraint on the onset of exhumation (10.7 ± 2.2 to 15.2 ± 2.9 Ma), given that
these samples were likely within the middle to upper part of the PAZ. However, middle Miocene exhumation
in this part of the thrust belt is unlikely given that synorogenic sedimentary burial was active in the eastern
SAZ from ~12.4 Ma until at least ~3.5 Ma, and there are no documented sedimentary growth strata in
Cenozoic rocks in the anticlinal ranges of the central SAZ at this latitude (Calle, 2013; Uba et al., 2007).

Mean AHe ages in the SAZ (n = 18) vary from 1.6 to 175 Ma (Table 3 and Figure 5). Dispersion of AHe ages
greater than analytical uncertainty is common and typically results in anomalously old ages (Flowers et al.,
2009; Murray et al., 2014). For samples in the SAZ where exhumational cooling is most recent, mean AHe ages
calculated using apatite grains with radiation damage or excess helium due to uncharacterized inclusions,
zonation, or grain boundary phases would result in a much older estimate than the true onset of cooling.
For overdispersed data or grains that are uncharacterized, the youngest individual age can be treated as
the sample’s maximum cooling age (Murray et al., 2014). Following this approach, we find that the youngest
individual grain ages for all samples in the SAZ range between 9.4 and 1.0 Ma (Table S1 and Figure 2). This is
consistent with the mean reset ages (n = 11), which are clustered between 7.1 and 1.6 Ma (Table 3 and
Figure 5). Therefore, we interpret the mean reset AHe ages as relevant estimates for the timing of cooling
through the AHe closure temperature in the SAZ. Mean ages young eastward, ranging from 5.6 to 7.1 Ma
in the western SAZ, 3.4 to 4.0 Ma in the central SAZ, and 1.6 to 3.5 Ma in the eastern SAZ. At shallower strati-
graphic levels, mixed reset and partial reset ages in the SAZ were obtained from Jurassic-Cretaceous to
Oligocene rocks. In the western SAZ, the transition from fully reset to partial reset AHe ages occurs at burial
depths between ~2.5 and 3.5 km, and in the central and eastern SAZ, this transition occurs at burial depths
between ~5 and 6 km.

4.4. Age-Depth Analysis

Age-depth analysis evaluates the apparent age pattern of thermochronologic data as a function of structural
paleodepth using the concept of exhumed fossil partial retention and annealing zones (e.g., Gleadow et al.,
1986; Stockli, 2005). We compiled published estimates of modern and paleogeothermal gradients across the
EC, IAZ, and SAZ of southern Bolivia (Table 4) and take advantage of the well-defined fossil ZHe and AHe
PRZ’s exposed in the EC and SAZ (respectively) in order to estimate paleogeothermal gradients and depths
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to the total annealing and total helium diffusion isotherms (e.g., Gleadow et al., 1986; Stockli, 2005). A detailed
discussion of assumptions is included in the SI.

Based on proximal borehole measurements between 20°S and 22°S, the modern geothermal gradient in the
EC is ~27 ± 11 °C/km (Table 4; Henry & Pollack, 1988). Published estimates of Oligocene paleogeothermal gra-
dients in the EC (western EC: 27.5 ± 10.5 °C/km; eastern EC: 23 ± 8.5 °C/km) and IAZ (26 ± 9 °C/km) fall within
the range of modern estimates (Ege et al., 2007; Table 4). The modern geothermal gradient in the SAZ ranges
between 18 ± 4 (Henry & Pollack, 1988) and 22 ± 4 °C/km (Springer & Forster, 1998), and depth profiles of AFT
cooling ages across the SAZ at 19.5°S suggest a Miocene paleogeothermal gradient <15 °C/km (Barnes
et al., 2008).

Figure 6. Radial plots of overdispersed apatite fission track (AFT) ages [P (χ2) < 5%] in the Subandean and eastern Interandean zones using RadialPlotter software
(Vermeesch, 2009). Age-elevation graph from O’Sullivan and Parrish (1995) shows the idealized distribution of AFT grain ages on a radial plot depending on where it
resided relative to the partial annealing zone (PAZ). Colored graphs show radial plots from this study along with measurements of grain Dpar. (a) Sample SAZ06,
characteristic of residence in the upper part of the PAZ. (b) Samples SAZ50, SAZ62, and SAZ15, characteristic of residence in the middle part of the PAZ. (c) Samples
SAZ61, BE26, and IAZ58, characteristic of residence near the base of the PAZ. (d) Sample SAZ40, characteristic of complete annealing.
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In the eastern EC (Figure 7a), sample depths are plotted relative to the top of the Mesozoic-Cenozoic
sedimentary section, which has a minimum measured thickness of 3.2 km in the Camargo syncline
(DeCelles & Horton, 2003). Because there are no documented growth strata, and the wedge-top portion of
the synorogenic rocks in the Camargo syncline has been eroded (DeCelles & Horton, 2003), depths shown in
Figure 7a are minimum peak burial depths. The age-depth plot of the ZHe ages shows that the transition
from reset to mixed reset ages occurs between 7.0 and 6.7 km. Using the range of paleoisotherms for the
ZHe data (170–200 °C, see SI for a discussion of assumed paleoisotherms), the estimated preexhumational
geothermal gradient in the eastern EC was ~27–23 °C/km, which is consistent with modern measurements
and other paleogeothermal gradient estimates and is consistent with the unreset ZFT ages obtained from
samples at ~9- to 11-km depths.

On age-depth profiles, the lower inflection point that defines the base of the fossil PRZ or PAZ can be inter-
preted as the age of onset of rapid exhumation (e.g., Gleadow et al., 1986; Stockli, 2005). In the eastern EC, the
~7-km depth to the base of the ZHe PRZ is well defined for samples collected across the Cuesta de Sama anti-
clinorium. However, the age of the inflection point cannot be precisely defined because three of the four dee-
pest ZHe ages define an older inflection point at ~39–40 Ma, while the remaining five reset ZHe ages define
an inflection point at ~28–30 Ma (Figure 7a). At depths <7 km, AHe and AFT ages are deflected toward
younger ages. The overlap of AHe and AFT ages between ~7- and 3.2-km depths suggests a later stage of
rapid exhumation between ~18 and 15 Ma.

Sedimentological data provide some constraints on the magnitude and timing of diachronous peak burial
of samples in the SAZ (Figure 7b). In the western, central, and eastern SAZ, Neogene synorogenic rocks
representing distal (~27–14 Ma Petaca Fm.) through proximal foredeep (~19–2 Ma Guandacay Fm.) depos-
its lack any evidence of growth strata (Calle et al., 2018; Uba et al., 2005, 2006, 2009) and are therefore
inferred to have accumulated prior to active thrusting in each thrust sheet. Thus, the age-depth plots are
graphed relative to the top of the preserved Guandacay Formation, and total burial depths determined
from the restored position of each sample on Figure 5 are assumed to be the minimum peak burial depths.
The timing of peak burial in the western SAZ is inferred to closely follow the maximum onset of deforma-
tion, which occurred between ~19 and 9 Ma in the adjacent thrust sheet to the east (Calle et al., 2018), and
the ~9–8 Ma minimum age of the Guandacay Formation in the eastern IAZ-western SAZ (Hulka, 2005; Uba
et al., 2009). In the eastern SAZ, peak burial and exhumation can be constrained between a 3.8 ± 0.1 Ma ash
horizon near the top of the Guandacay Formation within the immediate footwall of the Mandiyuti Thrust
(Figure 5, central eastern SAZ boundary; Calle, 2013) and ~2 Ma growth strata between the Guandacay
Formation and overlying Emborozu Formation to the east of the frontal anticline (Uba et al., 2009). The peak
burial timing of the central SAZ is therefore inferred to have occurred at sometime between ~8 and 3.8 Ma.

Plotting AHe age-depth by individual thrust sheet, it appears that the paleogeothermal gradient differs
across the SAZ (Figure 7b). In the western SAZ, the depth to the lower inflection point is ~3.6 km below
the top of the Neogene section, and ~6 km in the central and eastern SAZ. In all three SAZ thrust sheets there
is an ~1- to 1.5-km gap between the AHe ages that define the lower and upper inflection points, and it is
uncertain whether the AHe PRZ was moving or static before exhumation (e.g., Bernet, 2009). Therefore, a
range of possible paleogeothermal gradients is determined by assuming that the 85 °C paleoisotherm was

Table 4
Geothermal Gradients (°C/km)

EC

IAZ

SAZ

Time frame SourceWestern Eastern Western Eastern

— — — 22 ± 4 Modern Springer and Forster (1998)
27 ± 11 — 18 ± 4 Modern Henry and Pollack (1988)
32–23 ± 6 19–27 ± 4.5 26 ± 9 — Oligocene Ege et al. (2007)
— — 27 ± 11a < ~15 Mid-Miocene Barnes et al. (2008)
— 27–23 — 24–14 10.5–14.5 Mid-to late-Miocene This study

Note. Geothermal gradients are calculated using mean annual surface temperatures of 10 °C in the Eastern Cordillera (EC), 15 °C in the Interandean zone (IAZ), and
23 °C in the Subandean zone (SAZ; Instituto Geografico Militar, 2000; Springer & Forster, 1998).
aTemperature gradient is assumed to be similar to measurements in the EC.

10.1029/2018TC005132Tectonics

ANDERSON ET AL. 15



located at any depth between the reset to unreset ages. Using these constraints, a 17–24 °C/km
paleogeothermal gradient range is estimated for the western SAZ, and 12–10.5 °C/km is estimated for the
central and eastern SAZ (Table 4 and Figure 7b). The AFT data show that the deepest samples in the SAZ
are located within the proposed 120 °C paleoisotherm ranges constructed from the AHe PRZ (Figure 7b)
and may be interpreted as the maximum depth to the lower inflection point of the AFT PAZ. The
paleogeothermal gradient can also be estimated by comparing the relative difference in depth and the
35 °C temperature difference between the AHe PRZ and AFT PAZ (e.g., Stockli et al., 2002), which yields
23–14 °C/km for the western SAZ and 14.5–11 °C/km for the central eastern SAZ, which are consistent with
the AHe PRZ values listed above.

Crustal thermal gradients in an orogen are likely to evolve through time due to redistribution of mass by ero-
sion and sedimentation (Ehlers, 2005). The geothermal gradients in the SAZ are expected to be lower than in
the EC-IAZ because development of the foreland basin and sedimentation on the eastern flank of the moun-
tain belt since the early Miocene should have advected cooler surface temperatures downward (e.g., Ehlers,

Figure 7. Cooling ages plotted against preexhumational paleodepth relative to the top of Cenozoic rocks. Relative depths used for preexhumational geothermal
gradient calculation shown with black arrows. (a) Age-depth plot of cooling ages in the eastern Eastern Cordillera (Cuesta de Sama anticlinorium) showing a
well-defined inflection point at a paleodepth of ~7 km for ZHe data. (b) Age-depth plot of cooling ages in the Subandean zone (SAZ) that show well-defined
inflection points for AHe data at differing depths between the western SAZ and central eastern SAZ. Geothermal gradient calculations are estimated from the depth
difference between the top of the Cenozoic section and the possible range of the AHe partial retention zone (PRZ), as well as the depth difference between the AHe
PRZ and apatite fission track (AFT) partial annealing zone (PAZ).
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2005). However, the significant difference in the paleogeothermal gradients between the western SAZ and
central eastern SAZ over such a short horizontal distance should be viewed with caution because the
samples were not collected from a true vertical transect and thus may be subject to local variation due
topographic effects (e.g., Reiners et al., 2015), and there is some uncertainty associated with unknown
original stratigraphic thickness immediately above each sample location. Nevertheless, the range of values
for the western SAZ (24–14 °C/km) do partially overlap with the lower temperature values in the central
eastern SAZ (14.5–11 °C/km) and therefore provide a broad but useful constraint for peak burial conditions
in the thermal models discussed below.

The age of the inflection point is subject to far less uncertainty from transient topography than the depth
to the inflection point on an age-depth analysis (e.g., Stockli et al., 2002). Thus, the more important finding
from the age-depth profiles is the onset time of uplift and erosion in each major thrust sheet in the SAZ,
which provides information on the rate of propagation of the deformation front. In the western SAZ, the
onset of rapid exhumation defined by the ~3.5-km-deep AHe PRZ inflection point is interpreted at ~7 Ma,
consistent with the suggested ~7- to 10-Ma PAZ inflection point inferred by the AFT young component ages
at ~5-km depth. In the central SAZ, the ~6-km-deep AHe PRZ inflection point is interpreted at ~4 Ma, and the
~8-km-deep AFT PAZ inflection point is defined by a 6.3 ± 1.5-Ma reset AFT age from the deepest structural
level. In the eastern SAZ, the ~6-km-deep AHe inflection point is interpreted at ~2 Ma.

4.5. Thermal Modeling

Sample data that best represent each tectonomorphic zone were inverse modeled to provide more quanti-
tative estimates of the onset of rapid exhumation and cooling rates. We used the program HeFTy (Ketcham,
2005), which employs a Monte Carlo approach to generate a large number of time-temperature (t-T) cooling
paths from which thermochronologic data are predicted according to published FT annealing and He diffu-
sion models (see SI for detailed methods and model parameters). The resulting predicted data for each t-T
path are compared to the measured cooling ages of each individual sample and reported as envelopes clas-
sified as good (0.5) or acceptable (0.05) using a probability of fit calculated with a Kuiper’s statistical test
(Ketcham, 2005). We manually impose constraints on the peak burial conditions in each model because
allowing the inverse model to solve for the peak burial conditions often resulted in predicted t-T paths that
violated known geologic and thermal constraints from sedimentological data, age-depth profiles, and the
reset and unreset thermochronologic ages in a particular sample. The timing of peak burial prior to exhuma-
tion in each model was determined from published sedimentological constraints (e.g., Calle, 2013; Calle et al.,
2018; Elger et al., 2005; Horton, 2005; Hulka, 2005; Uba et al., 2006, 2009). The peak burial temperature con-
ditions were calculated using the depth of the sample below the top of the Cenozoic section and the range of
paleogeothermal gradients in Table 4.

In the EC, we modeled samples ECO61/EC81 and ECO35/EC30 from the Cuesta de Sama anticlinorium, and
sample ECO293/EC64 at the EC-Altiplano boundary (Figure 8a). Good fit t-T paths show that sample
ECO61/EC81 cooled rapidly (~10 °C/Myr) from >~180 °C beginning at 43–32.5 Ma, followed by more moder-
ate cooling (~4 °C/Myr) after ~25 Ma. Good fit t-T paths for the adjacent sample ECO35/EC30 show rapid cool-
ing (~11 °C/Myr) from>~145 °C beginning at 33–28Ma, followed by slow cooling (3 °C/Myr) after ~22–20 Ma.
For sample ECO293/EC64, good fit t-T paths show rapid cooling (~21 °C/Myr) from ~150 to 80 °C starting at
~29–27.5 Ma, followed by slower cooling (~2 °C/Myr) after ~20 Ma.

Samples ECO-IAZ03 from the EC-IAZ boundary and IAZ13 from the central IAZ were modeled (Figure 8b). The
good fit t-T paths for sample ECO-IAZ03 showed rapid cooling (~13 °C/Myr) from >~147 °C starting at
~25–18.5 Ma, followed bymoderate to slow cooling (~4 °C/Myr) from ~97–21 °C to surface temperatures after
~17.5–15 Ma. Sample IAZ13 shows rapid cooling (~15 °C/Myr) from >~90 °C beginning at ~19.5–17 Ma, fol-
lowed by moderate to slow cooling (3 °C/Myr) from ~45 °C after ~14–7 Ma. In the eastern IAZ, we modeled
(from west to east) samples IAZ11, IAZ347, and IAZ58 (Figure 8b). No good fit t-T paths were found for
IAZ11, but acceptable fit paths show that this sample underwent rapid cooling (8–9 °C/Myr) from >~90 °C
beginning at ~10–11 Ma. Good fit t-T paths for sample IAZ347 are consistent with IAZ11 and show rapid
cooling (~9 °C/Myr) from >~80 °C beginning between ~15 and 10.5 Ma. For sample IAZ58, located at the
IAZ-SAZ boundary, good fit paths define slow cooling (4 °C/Myr) from>~70 °C as early as ~14 Ma, with rapid
cooling (9 °C/Myr) from >~62 °C starting at ~9.5–7 Ma.
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Samples SAZ61, SAZ40, and SAZ15 were modeled from the western, central, and eastern SAZ, respectively
(Figure 8c). For SAZ61 and SAZ15, no t-T paths could be found when the partially reset AFT data were
included in the inverse model, so only the AHe data were modeled in these two samples. Good fit t-T paths
show that SAZ61 cooled rapidly (11 °C/Myr) from>~65 °C beginning at ~7–8Ma. Acceptable paths show that
SAZ40 cooled rapidly (~9 °C/Myr) from >~90 °C starting at 6.1–5.3 Ma and that SAZ15 began slow cooling
(~3 °C/Myr) from ~90 to 98 °C beginning by ~2.5 Ma and cooled rapidly (>100 °C/Myr) from ~90 °C
after ~1.5 Ma.

The best fit t-T paths generated using HeFTy are consistent with the general distribution of reset ages
observed across the thrust belt (Figure 2) and are in good agreement with the estimates for the onset of rapid
exhumation determined from age-depth analysis (Figure 7). Comparison of the weightedmean cooling paths
for all models (Figure 8d) illustrates the general onset of exhumation at ~40 Ma in the EC and the overall east-
ward younging of the onset of rapid cooling as the thrust belt advanced toward the foreland, as well as the
progressive eastward decrease in peak temperature that samples were exhumed from.

Figure 8. Inverse models of t-T cooling envelopes (modeled in HeFTy; Ketcham, 2005) for samples in the (a) Eastern Cordillera, (b) Interandean zone (IAZ), and (c)
Subandean zone (SAZ). Peak burial constraints were calculated from burial depths on the restored cross sections and the geothermal gradients in Table 4. Where
available, modeled cooling envelopes are compared to the onset of rapid cooling estimated from age-depth profiles. (d) Compiled weighted mean paths for all
models grouped by tectonomorphic zone: pink = EC, dark purple = western IAZ, light purple = eastern IAZ, and blue = SAZ.
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5. Refined Deformation Chronology

The cooling ages presented here build upon an existing chronologic framework for deforma-
tion across the Andean retroarc and refine the timing of deformation-driven exhumation in the
IAZ and SAZ, where published constraints are minimal (Table 5). Initial Andean deformation
was focused along the western margin of the South American continent beginning between
~100 and ~70 Ma (Arriagada et al., 2006; Bascuñán et al., 2016; Horton, 2018b) but made a
major eastward jump into the EC by the Eocene (e.g., DeCelles & Horton, 2003; McQuarrie
et al., 2005; Sempere et al., 1997). Initiation of deformation in the eastern EC between ~43
and 40 Ma is supported by reset ZHe ages as old as ~39 Ma, onset of exhumation at ~40 Ma
interpreted from age-depth analysis, and thermal modeling that shows rapid cooling begin-
ning possibly as early as ~43 Ma. Following this, deformation propagated westward through
the central EC between ~40 and 36 Ma (Ege et al., 2007) and reached the EC-Altiplano bound-
ary (San Vincente thrust) by ~29–27.5 Ma (Figure 8a). This east to west progression of acceler-
ated cooling is consistent with the model of backthrust development via tectonic wedging of a
basement thrust sheet that has been proposed for the central Andes (e.g., Anderson et al.,
2017; Horton, 2005; McQuarrie, 2002; Rak et al., 2017).

Diminished deformation in the EC and eastward migration of the thrust front into the IAZ was
inferred by a transition from foredeep sedimentation to development of intermontane basins
in the central and western EC after ~25 Ma (Horton, 2005). This is consistent with our thermal
modeling of samples in the EC, which show a change from rapid (~24–10 °C/Myr) to slow
cooling rates (~2–4 °C/Myr) after ~25–20 Ma, and the onset of rapid cooling in the western
IAZ beginning between ~25 and 18.5 Ma. Development of Oligocene-Miocene intermontane
basins and ~26–21 Ma AFT ages in the central and western EC record out-of-sequence defor-
mation that began by ~26 Ma (Ege et al., 2007; Horton, 2005) and was completed prior to the
~12–10 Ma development of the San Juan del Oro erosional surface (Gubbels et al., 1993; Hérail
et al., 1996; Kennan et al., 1997; Horton, 1998; Müller et al., 2002). Thus, our ~20–12 Ma AHe
ages from the central and western EC reflect the waning stages of out-of-sequence deforma-
tion, as they predate the ~12–10 Ma San Juan del Oro erosion surface. Sequential restoration
of deformation in the central and western EC indicates that a second, out of sequence phase
of shortening occurred between ~15.7 and 10 Ma (Anderson et al., 2017), consistent with the
majority of our AHe ages in this region, which range from 15.2 to 12.1 Ma.

The across-strike distribution of AFT ages illustrates two periods of widespread cooling and
eastward migration of the deformation front, with ~19–15 Ma ages limited to the western
IAZ and ~11–8 Ma ages in the eastern IAZ. Our thermal modeling shows that rapid cooling
began at the western margin of the IAZ by 25–18.5 Ma and reached the central IAZ by 19.5–
17 Ma. Migration of rapid cooling from the EC into the IAZ may also be reflected by the shal-
lower AHe and AFT samples on the age-depth profile of the Cuesta de Sama anticlinorium,
which show a later stage of rapid exhumation between ~18 and 15 Ma (Figure 7a). Eastward
migration of rapid cooling defined by the AFT ages in the central IAZ apparently paused for
~6 Myr, but resumed by ~11–10 Ma and reached the IAZ-SAZ boundary by ~9.5–7 Ma.
Though the across-strike trend of AHe ages from the central IAZ to the western SAZ are more
continuous, a steep age versus distance trend (Figure 2) is consistent with diminished eastward
propagation of the thrust front (e.g., Reiners et al., 2015; Thomson et al., 2010) over a similar ~6-
Myr time frame. This is consistent with rapid forward propagation of the thrust belt at
11 ± 3 Ma inferred from thermochronologic data at ~20°S (Lease et al., 2016).

Further to the west, in the Altiplano, Cenozoic sedimentary rocks and AFT ages record two
phases of thrust faulting that occurred at ~30–27 and 19–10 Ma (Ege et al., 2007; Elger et al.,
2005). The first phase of shortening coincided with the westward migration of cooling across
the EC, and the second phase was synchronous with the period of distributed, out-of-sequence
shortening in the EC and the eastward migration of cooling across the IAZ. Though 85% of the
total shortening accommodated in the Altiplano occurred during the younger phase, the
majority of deformation was accomplished before ~10 Ma (Elger et al., 2005), coinciding with
development of the San Juan del Oro erosional surface.Ta
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Our modeling and inflection points from age-depth analysis show that rapid cooling began at ~8–7 Ma in the
western SAZ, and at ~6.3–5 Ma in the central SAZ. In the eastern SAZ, stratigraphic growth relationships
between the Guandacay Formation and the overlying Emborozu Formation on the eastern flank of the topo-
graphic front indicate active shortening in the frontal-most anticline after ~2.1 Ma (Hulka, 2005; Uba et al.,
2009). Our modeling and age-depth data are in agreement with this estimate and show that rapid cooling
began between ~2 and 1.5 Ma. Growth relationships documented in seismic reflection profiles indicate minor
out-of-sequence shortening between ~6 and 2.1 Ma on a blind thrust fault located east of the topographic
front (Horton & DeCelles, 1997; Uba et al., 2009). However, the majority of shortening and thrust propagation
between the modern topographic front and the active thrust front (Mandeyapecua thrust; Figure 1) occurred
after 2.1 Ma (Brooks et al., 2011; Costa et al., 2006; Uba et al., 2009).

6. Shortening and Propagation Rates From Cross Section Forward Modeling

Using the deformation timing constraints discussed above (summarized in Table 5), we performed forward
modeling of the cross section using the program Move (Midland Valley), in order to track cumulative short-
ening and the thrust front position through time (Figure 9). The model was constructed from the balanced
and restored cross section in Anderson et al. (2017), and based on the kinematics of basement thrust sheet
emplacement summarized in section 2.2 in this paper. The cross section is deformed using the fault parallel
flow and trishear algorithms in Move (e.g., McQuarrie, Barnes, & Ehlers, 2008), but isostatic loading and topo-
graphy were not accounted for in our sequential models. The forward model is shown in eight sequential
steps defined by the revised deformation chronology (Table 5), though some steps include multiple phases
of deformation when the order of shortening in different sectors of the thrust belt is not resolved individually
because of chronological overlap (e.g., Figure 9e: 19–8 Ma Altiplano shortening, 16- to 12-Ma EC shortening,
and 11- to 8-Ma IAZ shortening). Shortening magnitude was measured using the change in length of the
cross section between each subsequent increment of deformation, whereas propagation magnitude was
determined by measuring the distance that the thrust front migrated in each step. We used the range of tim-
ing estimates within each zone discussed in the preceding section to assign a general error bound for each
point on the graph (Figures 10a and 10b) and then calculated rates with formal errors in Isoplot (Ludwig,
2012) using a robust linear regression (including a ±10% uncertainty for shortening and propagation magni-
tudes) when more than two age constraints were available (Figure 11). When only two age constraints were
available, a rate with symmetric errors was found using the maximum and minimum bounds of the timing
estimate (Figure 10). Though shortening magnitudes are shown by individual tectonic zone (Figure 10a),
we only assigned error to the cumulative shortening graph because it is easier to determine when shortening
was accomplished in zones with overlapping deformation chronologies and attribute error bounds (e.g., all
Altiplano and EC deformation complete by 10 ± 2 Ma).

Although the shortening and thrust front propagation rates vary through time (Figure 11), a few general
trends stand out on the cumulative shortening and thrust front propagation graphs (Figures 10a and
10b). After ~27 Ma, the shortening rate is double that of the earlier history of the thrust belt
(Figure 10a). Trends in thrust front propagation can be divided into three major phases (Figure 10b): (1)
an early period of rapid westward propagation from ~43 to 27 Ma, (2) a period of slower eastward propa-
gation from ~25 to 17 Ma, and (3) a period of rapid eastward propagation that began at ~11 Ma and per-
sists to the present.

In detail, deformation initiated in the Cuesta de Sama anticlinorium at ~43–40 Ma and propagated westward
to the EC-Altiplano boundary by ~27 Ma, first at a rate of 14.1 + 2.1/�1.1 mm/year, then increasing to
37.6 + 11.9/�6.1 mm/year (Figures 9a–9c and 11). Shortening rates during this period were slow, at
4.5 + 0.9/�0.5 mm/year. Between ~28 and 17 Ma (Figure 9d), shortening rates increased to 8.4 + 4.5/
�0.4 mm/year, as shortening was accommodated in the EC from ~28 to 21 Ma and in the IAZ from ~25 to
17 Ma. During the first phase of out of sequence shortening in the EC (~28–25 Ma), propagation rates
decreased, likely to rates<~5 mm/year. The onset of deformation in the IAZ marked the renewal of the east-
ward advance of deformation, with the thrust front propagating from the Cuesta de Sama anticlinorium to
the central IAZ at a rate of 16.1 + 2.5/�1.3 mm/year.

Following the first phase of IAZ deformation (Figure 9e), propagation rates fell to zero as the eastward
advance of the thrust front stalled in the central IAZ from ~17 to 11 Ma. This is consistent with early to
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middle Miocene stalling of forward deformation inferred from thermochronologic data in central and
northern Bolivia (Barnes et al., 2006, 2008; McQuarrie, Barnes, & Ehlers, 2008). Shortening rates decreased
slightly during this period to 7 ± 3.5 mm/year as ~55 km of out-of-sequence shortening was accommodated
in the Altiplano between ~19 and 8 Ma, and a final ~12–15 km of shortening was accommodated in the wes-
tern EC between ~16 and 12 Ma. Eastward advance of the thrust front resumed at ~11 Ma (Figure 9e), pro-
pagating from the central IAZ to the IAZ-SAZ boundary by ~8 Ma at a rate of 27.8 + 1.2/�0.6 mm/year,
concurrent with an increase in shortening rate to 15.4 + 10.5/�0.3 mm/year.

After ~10–8Ma, all hinterland deformation ceased and the locus of shortening was focused along the eastern
flank of the mountain belt (Figures 9f–9h). Between ~8 and 6 Ma (Figure 9f), thrust front propagation
decreased to 20.9 + 1.5/�0.7 mm/year as deformation propagated through the western and central SAZ,
but shortening rates remained steady at 15.4 + 10.5/�0.3 mm/year. Growth strata interpreted from seismic
imagery indicate that the thrust front made a major eastward jump to the La Vertiente fault (Figure 5) at
~6 Ma (Uba et al., 2009). However, this eastward advance was likely a transient event given the low

Figure 10. Graphs of (a) cumulative thrust belt shortening, and (b) propagated distance of the thrust front. Paleoclimate
and paleoelevation data shown at bottom of figure are the same for Figures 10–12. EC = Eastern Cordillera;
IAZ = Interandean zone; SAZ = Subandean zone.
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magnitude of shortening accommodated by the La Vertiente fault (Figure 9f). Following this, deformation
then retreated to the west as our thermal models show onset of rapid cooling in the central SAZ between
6.3 and 5 Ma. Eastward migration of the thrust front from the central to the eastern SAZ continued
between ~5 and 1.5 Ma (Figure 9g) but slowed to a rate of 8.5 ± 2.5 mm/year, with shortening rates
decreasing to 6 ± 1.7 mm/year. After ~1.5 Ma (Figure 9h), the propagation rate increased significantly to
59 ± 17 mm/year as the deformation front migrated ~90 km eastward across the Chaco Plain to the
presently active Mandeyapecua thrust. Shortening rates increased to 12.4 ± 3.6 mm/year, which are
consistent with modern shortening rates of 9–13 mm/year determined from GPS measurements (Brooks
et al., 2011).

7. Discussion
7.1. Influence of Plate Interactions

Crustal shortening and associated thickening of the South American Plate is ultimately tied to the degree of
coupling at its interface with the subducted oceanic plate (e.g., Dewey & Bird, 1970; Jordan et al., 1983; Lamb
and Davis, 2003). The trench-normal absolute plate velocity of the South American continent likely exerts a
first-order influence on plate coupling, and therefore on the tectonic mode along the entire plate margin
(e.g., compression, extension, or stasis), whereas differences in slab dip at individual segments in the orogen
may result in second-order spatial and temporal variability in horizontal shortening and arc magmatism (e.g.,
Coney & Evenchick, 1994; Horton, 2018a; Maloney et al., 2013; Oncken et al., 2006; Ramos, 2009; Ramos &
Folguera, 2009). In Figure 11, we compare our calculated propagation and shortening rates for the retroarc
with the published trench-normal absolute plate velocity of South America as well as the trench-normal con-
vergence rate between South America and the subducting plate (~19°S) determined from a global kinematic
plate model (Maloney et al., 2013) to elucidate any link between plate interaction and the observed variability
in upper plate deformation.

Overall, the variation in retroarc shortening rates does not appear to be directly correlated with changes in
either the trench-normal plate velocity of South America or the convergence rate between South America
and the subducting slab (Figure 11). However, the major eastward jump of retroarc shortening into the EC
does correspond with a substantial increase in trench-normal absolute plate velocity of South America and
substantial decrease in trench normal convergence velocity at ~40 Ma. Thrust front propagation rates show
even less relation to plate kinematic parameters, except for a decrease in trench-normal absolute velocity of
South America that roughly corresponds in time with the switch from westward to eastward thrust front pro-
pagation at ~27 Ma.

Figure 11. Plate kinematic parameters graphed against retroarc deformation. (a) Periods of flat-slab subduction proposed for the central Andes (15–25°S). (b)
Trench-normal convergence velocity between South America and the Nazca slab and trench-normal absolute plate velocity of South America compared to calcu-
lated retroarc shortening rates and thrust front propagation rates.
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Flat slab subduction events between ~25 and 15°S are inferred primarily from periods of cessation or lulls in
magmatism and/or eastward migration of arc magmatism (James & Sacks, 1999; Kay et al., 1999; Kay & Coira,
2009; Ramos & Folguera, 2009). The phases of rapid eastward propagation of the deformation front in our
new record do not directly correspond to any of the proposed periods of flat slab subduction in the central
Andes, and lack the structural characteristics observed in modern flat slab regions (e.g., Ramos & Folguera,
2009). However, the early flat or shallow slab periods proposed at ~40–32 Ma (Horton, 2018a; James &
Sacks, 1999; Kay & Coira, 2009) are contemporaneous with the major eastward jump in retroarc deformation
and may explain the upper plate stress conditions that favored advancement of the deformation front into
the EC rather than the rheologically weak Altiplano (e.g., Beck & Zandt, 2002).

These observations are consistent with recent compilations of upper plate deformation, which also show an
unclear link between plate convergence rates and orogenic wedge propagation or shortening rates in the
central Andes (DeCelles et al., 2015; Maloney et al., 2013; Oncken et al., 2006). However, the middle Eocene
to earliest Miocene phase of flat slab subduction in the central Andes may have influenced the orogen-scale
compressional tectonic regime and sustained upper plate shortening that promoted early development of
wedge taper (e.g., Horton, 2018a; Ramos, 2009) but does not display a clear link to variable shortening and
propagation rates in the upper plate.

7.2. Implications of Shortening and Propagation Rates for Evolution of the Andean Orogenic Wedge

The lack of correlation between upper plate deformation and the kinematics of the subducting plate does not
preclude the fundamental influence that plate interaction has on orogenesis but does suggest that processes
operating within the upper plate may play an important role in thrust belt evolution, at least in the central
Andes (e.g., DeCelles et al., 2009, 2015). Therefore, here we interpret the deformation history of the thrust belt
in the context of wedge dynamics. A critically tapered wedge is a steady state system, subject to transient
perturbations to that state (Dahlen, 1990). Factors such as variation in décollement or wedge strength
(e.g., Davis et al., 1983; DeCelles & Mitra, 1995; Wojtal & Mitra, 1986), basin geometry and structural inheri-
tance (Allmendinger et al., 1983; Boyer, 1995), erosional and climatic effects (e.g., Willett, 1999; Horton,
1999; McQuarrie, Barnes, & Ehlers, 2008), or isostatic adjustment in response to buildup and removal of dense
lower lithosphere (e.g., DeCelles et al., 2009, 2015; Garzione et al., 2006) may influence deformation by either
altering the critical taper angle or perturbing the mass balance of the wedge (Dahlen, 1990; Whipple, 2009;
Whipple & Meade, 2006). Overall, the shortening rate within the thrust belt should be equal to the conver-
gence rate of the foreland crust (DeCelles & DeCelles, 2001), which itself controls the rate of accretionary
influx of material into the wedge (Willett, 1999). In contrast, the propagation rate of the deformation front
fluctuates with changes in wedge width (e.g., Reiners et al., 2015). If the wedge is critical and thus growing
or shrinking self-similarly, changes to wedge width, and hence, shortening and propagation rate reflect a per-
turbation in the mass balance between accretionary influx (FA) and erosional efflux (FE), or a change in the
wedge and/or detachment strength (Roe & Brandon, 2011; Stolar et al., 2006; Whipple, 2009; Whipple &
Meade, 2006). For example, increasing FE efficiency as FA remains constant should result in wedge shrinkage
or reduced wedge growth and correspond to a decrease in forward propagation rates relative to internal
shortening of the wedge in order to maintain taper, whereas increasing FA as FE remains constant should
result in wedge growth and an increase in forward propagation rates relative to internal deformation of
the wedge, even as overall shortening rates increase (e.g., Whipple & Meade, 2006). Because we do not mea-
sure FE directly, we interpret the state of the Andean orogenic wedge through time using changes to the
active wedge width measured from the forward modeled cross section, and the relationship between propa-
gation rate and shortening rate (Figure 12). The interaction between FE and FA is reflected in the ratio
between thrust belt propagation and shortening rates; thus, we use this ratio as a proxy to interpret the
self-similar shrinkage or growth of the wedge related to the mass flux balance (Figures 12b and 12c). At ratios
greater than 1, forward propagation outpaces internal shortening, which reflects self-similar wedge growth
to maintain critical taper (e.g., FA> FE). At ratios less than 1, forward propagation stalls as the wedge deforms
internally, reflecting cessation of wedge growth or reduction in self-similar wedge size (e.g., FA< FE). At ratios
close to one the wedge is at flux steady state and material is removed by erosion at approximately the same
rate at which it is accreting (FA = FE).

Following early shortening along the western margin of South America from ~100–45 Ma (e.g., DeCelles &
Horton, 2003; Horton, 2018b; Sempere et al., 1997), the deformation front made a major eastward jump
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toward the continent interior (McQuarrie et al., 2005). At ~21°S, the >500-km jump in the thrust front from
the Western Cordillera into the EC by ~43 Ma (Figures 9a and 9b) was accomplished by emplacement of
an ~11–12 km thick basement thrust sheet that fed slip eastward (Anderson et al., 2017) but resulted in a
subcritical wedge (e.g., McQuarrie, 2002; McQuarrie et al., 2005). The basement thrust sheet fed slip into
the overlying sedimentary cover via a décollement at the basement-cover interface (Figure 9). The impetus
for this remarkable advance of the deformation front is unclear but could be explained by transmission of
stresses due to (1) crustal rheology (strong Altiplano, weak EC), (2) reactivation of favorably oriented
Paleozoic or Mesozoic structures, or (3) flat slab subduction (e.g., McQuarrie et al., 2005). However,
geophysical data indicate that the rheology of the Altiplano crust is relatively weak compared to the EC
(Beck & Zandt, 2002), which favors the latter two scenarios as probable explanations.

Between ~43 and ~27 Ma, the active wedge width increased rapidly, achieving the highest ratios of pro-
pagation to shortening rate during the entire history of retroarc development (Figure 12). During initial
wedge growth, FE was less than the FA because the total erosional area of the orogen was originally small,
and the response time for a wedge to achieve flux steady state can be on the order of tens of million years
depending on total rainfall and erodibility of the wedge material (Hilley et al., 2004). Initial wedge growth
was accomplished by eastward wedging of the EC basement thrust sheet, and accompanying westward
propagation of deformation through the EC cover sequence (Figures 9a–9c). The abrupt decrease in

Figure 12. Orogenic wedge state through time at ~21°S. (a) Width of the deformed wedge through time. A positive slope represents wedge expansion, and a nega-
tive slope represents wedge shrinkage. (b) Ratio of thrust front propagation rate and thrust belt shortening rate. A ratio less than 1 represents wedge shrinkage as
accretionary influx (FA) < erosional efflux (FE), a ratio > 1 represents wedge expansion as FA > FE, and a ratio of ~1 represents a steady state wedge (FA = FE).
Instantaneous changes in propagation/shortening rate ratios are an artifact of the limited time resolution in our shortening reconstructions (Figure 9), and gradual
changes to the ratio are placed where there is uncertain overlap for deformation timing (e.g., 20–17 and 11–8 Ma; Figure 10b). (c) Schematic kinematic model of a
critically tapered wedge (modified from DeCelles and DeCelles, 2001; Whipple, 2009). Green and red lines show self-similar wedge growth or shrinkage, and
direction of propagation (P) as erosional flux (FE) or accretionary influx into the wedge (FA) are modified from steady state. S is the horizontal shortening rate of the
thrust belt, and Vc is the velocity of the underthrusted foreland crust. (d) Schematic model of delamination, rapid underthrusting, and resulting rapid wedge
propagation as FA increases relative to FE. Length of arrows is proportional to rate of Vc, S, and P.
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sedimentary thickness at the EC-IAZ boundary may have acted as a rigid backstop that limited further east-
ward propagation of slip along the basement-cover décollement (e.g., Couzens-Schultz et al., 2003), favor-
ing wedge growth by westward propagation of deformation in the sedimentary cover in the early stages of
the thrust belt. After the thrust front propagated to the EC-Altiplano boundary at ~27 Ma, a phase of out-
of-sequence shortening distributed across the EC (Figure 9d) resulted in a short-lived period of apparent
wedge shrinkage (Figure 12a). However, overlapping age uncertainties during this period make it difficult
to determine if actual wedge shrinkage occurred at this time, or if wedge growth was simply reduced to a
much lower rate. Nevertheless, the response time for wedge growth to achieve a sufficient size for FE to
balance FA and approach initial flux steady state occurs ~16–18 Myr after initiation of deformation at
~43 Ma (Figure 12b).

By ~25 Ma, the thrust belt had grown into a large enough wedge to promote eastward advance of deforma-
tion in the sedimentary cover toward the foreland (Figure 9d). Between ~25 and ~17Ma, overall wedge width
continued to increase, even as overall shortening nearly doubled (Figure 12a). This increase in wedge width
can be attributed in part to a change to a weaker décollement, and hence, a lower critical taper angle, near
the IAZ-EC boundary, where strong Cambrian quartzite at the basement-cover interface transitions eastward
into weak Silurian shale (e.g., Kley, 1996). As a consequence of this reduced critical taper angle, the deforma-
tion front propagated rapidly eastward across the western IAZ. Shortening rates may have increased during
this period due to structural imbrication of a much thinner sedimentary section in the IAZ, which would
require higher shortening rates to maintain taper (e.g., Boyer, 1995). This is reflected in the development
of a backthrust system, a higher shortening magnitude (~70%), and reduced thrust spacing in the western
IAZ (Anderson et al., 2017).

Between ~17 and ~11 Ma, wedge expansion slowed considerably, growing from a width of ~410 to only
~450 km as the propagation/shortening rate ratio decreased to <1 (Figures 12a and 12b). The deformation
front stalled in the central IAZ, shortening rates decreased, and out-of-sequence deformation was distributed
across the hinterland (Figure 9e). The majority of shortening was focused in the Altiplano, with minor short-
ening in the Tupiza region in the western EC. This timeframe is also consistent with slowing of thrust belt
growth in central and northern Bolivia (Barnes et al., 2006, 2008; McQuarrie, Barnes, & Ehlers, 2008). We sug-
gest that negative buoyancy and crowding of the lower lithosphere associated with the buildup of a dense
eclogitic root (e.g., DeCelles et al., 2009) could explain this decrease in shortening rates, the focusing of defor-
mation in the Altiplano, and stagnation of the eastward migration of the thrust front (Figure 12d). Prior to
~16–13 Ma, the southern Altiplano and EC were apparently at low elevation, possibly <1 km (Cadena et al.,
2015; Garzione et al., 2014; Gregory-Wodzicki et al., 1998), despite ~65% of the total shortening of the retroarc
thrust belt being accomplished by this time (Figure 10a). This shortening should have resulted in isostatic sur-
face uplift due to crustal thickening (e.g., Hoke et al., 2007; Lamb, 2015). However, growth of an eclogitic root
beneath the arc and hinterland may have induced a regional isostatic depression of surface elevation that
resulted in stalling of the deformation front by promoting increased internal shortening (DeCelles et al.,
2009, 2015; Garzione et al., 2006). Accordingly, mass balance calculations derived from shortening estimates
indicate that the crustal thicknesses required to generate eclogitic phases from mafic lower crust (≥50 km;
e.g., Kay & Kay, 1993) below the southern Altiplano-EC may have been achieved before ~20 Ma (Anderson
et al., 2017; Eichelberger et al., 2015), and geochemical and isotopic data from lavas in southern Bolivia sug-
gest that a dense root was present below the Altiplano between ~16–11 Ma (Kay & Coira, 2009). Additionally,
crowding of the lithosphere may have impeded westward underthrusting beneath the orogen (DeCelles
et al., 2009; McQuarrie et al., 2005), which could perturb the flux balance of the wedge by reducing thrust belt
shortening rates, and thereby rates of frontal accretion. If FE remained the same as FA was reduced, then the
wedge should have responded with a slowing or cessation of propagation, with out-of-sequence deforma-
tion focused in the wedge interior to maintain taper (e.g., Whipple & Meade, 2006).

7.3. Orogenic Wedge Response After Middle Miocene Rapid Surface Uplift of the Hinterland

After ~11 Ma, the wedge width expanded rapidly from ~450 km to the present-day width of ~640 km
(Figure 12a). However, the propagation/shortening rate ratio was variable over this time period, increasing
initially at 11 Ma, and then primarily decreasing until ~1.5 Ma (Figure 12b). From ~11 to 8 Ma, a return to high
eastward propagation rates (~27 mm/year) was accompanied by relatively high shortening rates (~15 mm/
year), resulting in a propagation/shortening rate ratio that was only slightly less than 2. Wedge growth was
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renewed by rapid eastward propagation of the thrust front from the central IAZ to the IAZ-SAZ boundary, and
cessation of shortening in the EC-Altiplano (Figures 9e and 9f).

Stable isotope and paleobotanical paleoaltimetry data from southern Bolivia suggest 2.5 ± 1.0 km of surface
uplift for the Altiplano and EC between 16 and 13 Ma, and an additional 0.7 ± 0.6 km between 13 and 9 Ma
(Garzione et al., 2014; Gregory-Wodzicki et al., 1998). This is corroborated by giant tortoise and freshwater
chelid fossil discoveries in the Que Brada Honda that suggest that the EC was at an elevation <1 km prior
to ~13 Ma (Cadena et al., 2015), which narrows the time frame for surface uplift to ~13–9 Ma.
Delamination of dense eclogitic lower crust and mantle lithosphere has been called upon as a mechanism
to explain the absence of mafic lower crust in the hinterland of the central Andes (Beck & Zandt, 2002; Kay
& Coira, 2009; Ryan et al., 2016), as well as the trigger for rapid Miocene surface uplift events in the EC and
Altiplano (Garzione et al., 2006, 2008, 2014; Molnar & Garzione, 2007), and is a key prediction of the
Cordilleran cyclicity model (DeCelles et al., 2009, 2015).

The rapid eastward propagation of the wedge that we document starting at ~11–8 Ma closely corre-
sponds with the timing of surface uplift in the EC-Altiplano, particularly if the majority of uplift occurred
after ~13 Ma (e.g., Cadena et al., 2015), which suggests that the two processes are linked by a cause-and-
effect relationship. Rapid surface uplift can drive wedge expansion if the increase in surface slope is great
enough for the gravitational potential of the system to overcome the basal frictional resistance to sliding
(Dahlen, 1984; Garzione et al., 2006). Additionally, the foundering of an eclogitic root creates space for
increased underthrusting (Figure 12d; Currie et al., 2015; DeCelles et al., 2009, 2015), which should result
in an increase in FA and rapid wedge growth in order to maintain critical taper (e.g., Whipple &
Meade, 2006).

Themiddle Miocene increase in surface topography and uplift of the hinterland plateau altered the climate of
the central Andes (Ehlers & Poulsen, 2009). Pedogenic carbonates in the SAZ (~21–22°S) record a ~5%
decrease in δ18O values between ~12 and 8.5 Ma that are interpreted as an increase in rainout and precipita-
tion in response to the growing topography of the EC, followed by a ~3% increase in δ18O at ~8.5 Ma that
reflects increasing seasonality of rainfall (Mulch et al., 2010). As wedge width and surface elevation increases,
erosion should gradually occur over a wider area, allowing FE to eventually come back into balance with FA
after some response time, which is predicted to slow the propagation rate of the thrust front (Whipple &
Meade, 2006). Consistent with increasing precipitation rates interpreted between ~12 and 8.5 Ma, rapid out-
ward expansion of the wedge slowed and forward propagation rates began to decrease by ~8 Ma
(Figure 10b). From ~8 to 1.5 Ma, the forward propagation rate decreased to the point that the
propagation/shortening rate ratio approached a steady state value closer to ~1 (Figure 12b). The positive
δ18O increase in pedogenic carbonates is indicative of a further climatic shift to more seasonal precipitation
between ~9 and 8 Ma (Mulch et al., 2010) and likely occurred in response to the generation of an orographic
barrier as the EC-Altiplano attained critical elevations>3 km (Ehlers & Poulsen, 2009). A shift to more seasonal
precipitation and southward deflection of the South American low-level jet resulted in focused precipitation
and increased erosional efficiency along the eastern flank of the mountain belt, as reflected in the fourfold
increase in sedimentation rates in the Chaco foreland basin between ~8 and 6 Ma (Bookhagen & Strecker,
2008; Mulch et al., 2010; Strecker et al., 2007; Uba et al., 2009). Thus, changing climate conditions in response
to growing topography are interpreted to have slowed propagation rates by increasing erosional efficiency
and enhancing removal of material from the eastern flank of the thrust belt, which promoted steady state
conditions. The wedge attained an approximately full steady state for ~6.5 Myr whereby erosional removal
kept pace with material accretion, and shortening rates matched propagation rates, until ~1.5 Ma
(Figures 11 and 12).

After ~1.5 Ma, the propagation/shortening rate ratio increased to >4, indicating a significant increase in
wedge growth rate (Figure 12a). It is unclear what drove this rapid thrust front advance, though weaken-
ing of the basal décollement by increasing pore fluid pressure (e.g., Uba et al., 2009) or strain weakening
(e.g., Oncken et al., 2012) could be likely explanations. However, outward expansion of the orographic
barrier may have reduced the area over which effective erosion occurred on the flank of the wedge.
The ensuing increased aridification and reduced hinterland erosion (Sobel et al., 2003; Sobel & Strecker,
2003; Strecker et al., 2007) could have led to significantly lower erosional flux relative to accretionary
influx within the hinterland, promoting rapid self-similar wedge growth to maintain flux steady-state.
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Alternatively, the most recent period of deformation is a short-term transient phase, and similar phases
could have occurred during long-term wedge evolution, but the geological record may have insufficient
resolution to capture such perturbations.

8. Conclusions

1. Deformation initiated in the EC at ~43 Ma and propagated westward to the EC-Altiplano boundary by
~27 Ma. After ~27 Ma, deformation was distributed across the EC and Altiplano. Eastward advance into
the western and eastern portions of the IAZ occurred from ~25 to 17 Ma and ~11 to 8 Ma, respectively.
In the intervening period, out-of-sequence shortening was focused in the EC and Altiplano. SAZ deforma-
tion began at ~8–7 Ma and progressed eastward to the active thrust front in the Chaco Plain.

2. The thrust belt grew self-similarly first by westward propagation of deformation in the sedimentary cover
as the upper basement thrust sheet was wedged eastward between ~43 and ~25 Ma but switched to
eastward advance into the IAZ between ~25 and ~17 Ma. We attribute this switch to a reduction in decol-
lement strength, which reduced the critical taper angle and promoted rapid eastward propagation
through the sedimentary cover. Stalling of the deformation front in the central IAZ from ~17 to 11 Ma
corresponded to slowed accretionary influx, which we interpret to be related to lithospheric crowding.
Rapid hinterland surface uplift at ~13–9 Ma is attributed to eclogite removal and resulted in increased
accretionary influx and resumed rapid propagation across the eastern IAZ at ~11 Ma. Continued wedge
expansion after ~9 Ma, and additional surface uplift, is attributed to increased accretionary influx facili-
tated by eclogite removal. Wedge growth was counteracted by development of an orographic barrier that
induced a climatic shift at ~8.5 Ma, which enhanced erosional efficiency along the eastern flank of the
orogen, slowing propagation until ~1.5 Ma.

3. Our records appear to validate key predictions of the Cordilleran cyclicity model, where changes in surface
topography are related to the buildup and foundering of eclogite, which in turn affects the propagation of
the thrust front by perturbing the balance of mass flux into the orogen.
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