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Abstract Quantifying mountain building processes in convergent orogens requires determination of the
timing and rate of deformation in the overriding plate. In the central Andes, large discrepancies in both
timing and rate of deformation prevent evaluating the shortening history in light of internal or external
forcing factors. Geologic map patterns, age and location of reset thermochronometer systems, and
synorogenic sediment distribution are all a function of the geometry, kinematics, and rate of deformation in a
fold-thrust-belt-foreland basin (FTB-FB) system. To determine the timing and rate of deformation in the
northern Bolivian Andes, we link thermokinematic modeling to a sequentially forward modeled, balanced
cross section isostatically accounting for thrust loads and erosion. Displacement vectors, in 10 km increments,
are assigned variable ages to create velocity fields in a thermokinematic model for predicting
thermochronometer ages. We match both the pattern of predicted cooling ages with the across strike
pattern of measured zircon fission track, apatite fission track, and apatite (U-Th)/He cooling ages as well as
the modeled age of FB formations to published sedimentary sections. Results indicate that northern Bolivian
FTB deformation started at 50 Ma and may have begun as early as 55 Ma. Acceptable rates of shortening
permit either a constant rate of shortening (~4–5 mm/yr) or varying shortening rates with faster rates
(7–10 mm/yr) at 45–50 Ma and 12–8 Ma, significantly slower rates (2–4 mm/yr) from 35 to 15 Ma and
indicate the northern Bolivian Subandes started deforming between 19 and 14 Ma.

1. Introduction

The central Andean Cordillera is the modern archetype of a retroarc fold-thrust-belt-foreland basin (FTB-FB)
system resulting from strain accumulated due to the westward motion of the South American plate over the
subducting Nazca plate (Allmendinger et al., 1997; DeCelles, 2012; Jordan, 1995). Interest in the geodynamic
evolution of FTB-FB systems stem from their intrinsic relationships with lithospheric deformation, crustal
rigidity, convergent plate margin evolution, FB hydrocarbon deposits, and high topography that may influ-
ence atmospheric circulation and precipitation (Barnes & Ehlers, 2009; Coney & Evenchick, 1994; DeCelles,
2012; Ehlers & Poulsen, 2009; Jordan, 1981; Mount, 2014; Song et al., 2010; Stockmal et al., 2007). The distribu-
tion of sediment in hinterland and foreland basins of the Bolivian Andes is controlled by the spatiotemporal
evolution of deformation in the Andean FTB (DeCelles & Horton, 2003; Jordan et al., 1997; McQuarrie et al.,
2005; Sempere et al., 1990). While many studies attempt to quantify the age of initiation, magnitude of defor-
mation, and rate of shortening, previous results are still contested due to the need for additional age
constraints on the deformation history (Allmendinger et al., 1997; Armijo et al., 2015; Eichelberger &
McQuarrie, 2015; Gillis et al., 2006; Horton et al., 2001; McQuarrie et al., 2008, 2005; Oncken et al., 2006).

Temporal aspects of deformation have previously been inferred through geochronology and provenance
analyses of FB and wedge-top sediment, and bedrock thermochronometer data. Synorogenic sediment geo-
chronology has been used to interpret the initiation of deformation in the Bolivian FTB. Initial studies pro-
posed the original pulse of deformation in the FTB occurred in the Oligocene (38–25 Ma) based on the age
of synorogenic wedge-top sedimentary rocks and cooling recorded in Triassic age plutons (Allmendinger
et al., 1997; Farrar et al., 1988; Jordan et al., 1997; Lamb & Hoke, 1997; Lamb et al., 1997; Oncken et al.,
2006; Sempere et al., 1997; Sempere et al., 1990). However, Maastrichtian through early Eocene (73–50 Ma)
sedimentary rocks preserved in the Bolivian Altiplano have been interpreted as a part of an early FB system,
driven by initial deformation in northern Chile and westernmost Bolivia in the Late Cretaceous (Coney &
Evenchick, 1994; DeCelles & Horton, 2003; Horton, 2012; Horton et al., 2001). In addition, recent
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thermochronometer analysis of K-feldspar 40Ar/39Ar (K-Fels), zircon fission track (ZFT), and apatite fission
track (AFT) systems from the Triassic age plutons indicate rapid cooling occurred in the Eocene (45–40 Ma)
and have been use to argue for early Eocene deformation-induced exhumation (Barnes et al., 2012;
Benjamin et al., 1987; Gillis et al., 2006; McQuarrie et al., 2008).

Deformation rates are dependent upon when deformation initiates as well as shortening magnitude.
Magnitudes of total shortening determined through balanced cross-section analyses of the central Andean
FTB range from ~200 to 400 km (Baby et al., 1995, 1997; Eichelberger & McQuarrie, 2015; Gotberg et al.,
2010; Kley, 1996; McQuarrie, 2002a; McQuarrie et al., 2008; Müller et al., 2002; Sheffels, 1990). While the total
amount of shortening and age of initial deformation provide a long-term rate of shortening, it is also likely
that the rate of shortening through the central Andes has varied with time (Echavarria et al., 2003;
McQuarrie et al., 2008, 2005; Oncken et al., 2006). The large discrepancies in proposed age, magnitude,
and rate of deformation prevent the accurate characterization of the shortening history of this retroarc
FTB-FB system, or relating that shortening history to internal or external forcing factors (DeCelles et al.,
2009; Hindle et al., 2002; Iaffaldano et al., 2006; McQuarrie, 2002b; Meade & Conrad, 2008).

In this study, we build on decades of structural and geochronologic studies of the region and contribute a
sequentially deformed, isostatically balanced, thermokinematic model of the northern Bolivian Andes
between 15 and 17°S to quantitatively link the geometric, kinematic, erosional, and sedimentary evolution
of a retroarc FTB that can be used to assess proposed geodynamic forcing factors for Andean Plateau. This
transect across the central Andes is chosen based on the concentration of published cooling ages for a suite
of different thermochronometers, dated FB stratigraphy and preserved wedge-top basins and an existing
cross section based on detailed geologic mapping. We evaluate permissible ranges in the age of initiation
and rate of deformation through forward kinematic modeling of a cross section through northern Bolivia
(McQuarrie et al., 2008) to both reproduce particle paths of exhumed, previously published, thermochron-
ometer data in the FTB and predict the location, age, and thickness of foreland and hinterland basins. We
understand that shortening rates as well as the loci of erosion, cooling, and sedimentation are strongly
dependent on the proposed cross-section geometry, and thus, different modeled cross sections may pro-
duce varying estimates for age and rate of deformation. However, we present this approach as a mechanism
for testing the validity and applicability of a given structural model and, in doing so, evaluate this models abil-
ity to match the measured data. This combined modeling technique identifies relationships between FTB
thermochronometry and synorogenic sediment data sets and illustrates the effects of structural geometry,
kinematics, erosion, isostasy, and thermal controls on Central Andean mountain belt formation over the
past 55 Ma.

2. Geologic Setting
2.1. The Central Andes

The central Andes reaches elevations of 4 to>6 kmwith crustal thicknesses up to 60–70 km (Beck et al., 1996;
Ryan et al., 2016) and records the highest shortening magnitudes along the ~8000 km long Andean moun-
tain chain (Allmendinger et al., 1997; Barnes & Ehlers, 2009; Kley & Monaldi, 1998; Kley et al., 1999; McQuarrie,
2002b). The central Andes are home to the Andean plateau, defined as the high elevation (>3 km) region
encompassing the Western Cordillera, Altiplano, and the Eastern Cordillera (Allmendinger et al., 1997;
Isacks, 1988; Lamb & Hoke, 1997). The Western Cordillera (WC) active volcanic arc reaches elevations
>6 km along the Pacific-Altiplano (AP) drainage divide (Allmendinger et al., 1997; Isacks, 1988). The
Altiplano (AP) is a low-relief, high-elevation (~3.7 km) internally drained basin that has collected up to
12 km of Tertiary sedimentary rocks (Horton et al., 2001, 2002). The bivergent, hinterland component of
the Andean FTB defines the Eastern Cordillera (EC) with elevations that reach 6.4 km. The EC contains thrusts
that root in lower Paleozoic strata producing narrow (5 km wide) anticlines and synclines that commonly
include concordant Mesozoic and early Cenozoic rocks (Horton, 2005; McQuarrie, 2002a; McQuarrie &
DeCelles, 2001). The Interandean zone (IAZ) is a region of tightly folded, predominantly Paleozoic units that
is characterized by a significant decrease in topographic and structural elevation compared to the EC (Kley,
1996; McQuarrie, 2002a). The Subandean zone (SAZ) is the actively deforming FTB characterized by long
(10–20 km) thrust sheets of Paleozoic through Tertiary rocks that produce synclines preserving 4–7 km of
Cenozoic synorogenic sediment (Baby et al., 1995; Dunn et al., 1995; Rodriguez & Fernando, 2002).
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The Beni basin is the actively accumulating FB with up to 4–5.5 km of Cenozoic sediment (Horton & DeCelles,
1997; Zubieta Rossetti et al., 1996) (Figure 1).

2.2. Shortening Estimates and Geometry

Many of the early estimates of shortening through the central Andes focused on the eastern portion of the
system in the IAZ and SAZ (Baby et al., 1997; Kley, 1996; Kley & Monaldi, 1998). Later studies that produced
detailed geologic maps and resulting cross sections through the entire Cordillera, particularly including the
west verging backthrust belt, substantially increased the documented shortening magnitudes
(Eichelberger et al., 2013; McQuarrie, 2002a; McQuarrie et al., 2008; McQuarrie & DeCelles, 2001; Müller
et al., 2002; Sheffels, 1990).

The critical structures that need to be matched by any cross section through this portion of the central Andes
are (1) broad, large wavelength (10–20 km) and deep 6.5–7 km synclinal basins separated by narrow zones
(1–5 km wide) of thrust-faulted anticlines (Baby et al., 1995; McQuarrie et al., 2008) in the SAZ; (2) rapid
increase in structural elevation (~12 km) in the IAZ in conjunction with closely spaced (3–10 km) but small
displacement (1–5 km) thrust faults that carry Paleozoic rocks and folds with wavelengths of 3–5 km
(McQuarrie et al., 2008); (3) folded Ordovician rocks throughout the EC with wavelengths of 1 km or less

Figure 1. Geologic map of northern Bolivian Andes with formation ages based on McQuarrie et al., 2008 (Kennan et al.,
1995; Geobol, 1994a, 1994b, 1995a, 1995b, 1996, 1997; Horton et al., 2001; McQuarrie et al., 2008); published thermo-
chronometers (Barnes et al., 2012, 2006; Benjamin et al., 1987; Gillis et al., 2006; Kay et al., 1998; Lease et al., 2016;
MacFadden et al., 1985; Marshall et al., 1992; McQuarrie et al., 2008; Safran et al., 2006); published geochronometers
(Gillis et al., 2006; Kennan et al., 1995; Leier et al., 2010; Mosolf et al., 2011; Murray et al., 2010); the Beni modeled cross
section with distances from foreland, synclines, significant thrust faults, boundaries between tectonomorphic zones, and
zone of uplift as determined by geomorphic indices (Whipple & Gasparini, 2014), draped over a hill shaded 30 m pixel
resolution digital elevation model (DEM) in WGS 1984. Tectonomorphic zone from west to east: Western Cordillera (WC);
Eastern Cordillera (EC); Interandean Zone (IAZ); Subandean Zone (SAZ). Synorogenic sediment geochronometer samples
are labeled by age (Ma) and formation: A, Aranjuez Formation; B, Beni Syncline; Ca, Cangalli Formation; Cal, Callapa tuff;
Co, Coniri Formation; P, Penas Formation; S, Salla Formation; T, Toba 76 tuff; and Ulloma tuff. Zircon U/Pb sample form
Oligocene plutons in the central EC are from the Quimsa Cruz granite (QC) and are labeled by age (Ma). Inset shows the
location of the study area in relation to plate boundaries and South American country boundaries.
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on the eastern side and a gently folded, undulating upper Ordovician surface that is broken by a few low
offset (0.5–2 km) faults on the western side; the amplitude of folding is 1–2 km with wavelengths of
10 km; (4) closely spaced faults (2–5 km) in the western EC with 2 to up to 12 km of displacement that
systematically repeat the Silurian through Devonian section and verge westward toward the Altiplano
(Figure 2); the close spacing, narrow wavelength and repeating lithologic package requires a relatively
shallow (with respect to the rocks at the surface), uniform decollement horizon; and (5) a 12 km
stratigraphic separation between the west verging backthrust belt and the Tertiary sedimentary rocks
preserved in the Altiplano. The balanced cross section by McQuarrie et al. (2008) argues that the
shortening accommodated by the multiple faults and tightly spaced folds in Silurian to Devonian rocks in
the backthrust belt (~120 km) is balanced by equal amounts of shortening in duplexed Ordovician rocks
immediately to the east producing the mapped, gently folded, undulating surface of upper Ordovician
strata in the overlying roof thrust (Figure 2). This geometry allows slip on the duplex to be transferred to
faults within the Silurian and younger strata in the back thrust belt to the west, so that the total amount of
shortening throughout the stratigraphic section is equal.

The pronounced changes in structural elevation between the SAZ, IAZ, EC, and AP are imaged in geophysical
surveys of the region (e.g., Ryan et al., 2016) and have always been interpreted as a function of basement
thrust sheets in crustal-scale cross sections (Baby et al., 1997; Kley, 1996, 1999; Kley et al., 1996; McQuarrie,
2002a; McQuarrie et al., 2008; McQuarrie & DeCelles, 2001; Müller et al., 2002). The notable difference
between these cross section interpretations is the thickness, geometry, and vergence of the basement thrusts
(e.g., Baby et al., 1997; McQuarrie, 2002a; Müller et al., 2002). Baby et al. (1997) show basement thrust faults,
~20 km thick that repeat the entire basement package in a series of eastward verging and eastward younging
faults. The interpretation of Müller et al. (2002) is more complicated with basement faults that range in thick-
ness from 8 to 15 km and verge both to the east (in the eastern EC and IAZ) and west (western EC). McQuarrie
(2002a) argued for two large (~10–12 km thick) east verging basement thrust sheets that used the brittle
ductile transition zone (where the strength contrast in the crust is the largest) as a midcrustal detachment,
a concept originally proposed by Hatcher and Hooper (1992) for crystalline thrust sheets.

Again, for balance, the shortening accommodated by these basement thrusts must equal the amount of
shortening accommodated by faulting of sedimentary rocks exposed at the surface (as defended by the
match between the proposed cross section structures and the structures identified in geologic maps)
(supporting information Figure SI 1). We contend that the size of these proposed basement structures
(8–20 km thick) and their first-order control on the pronounced changes in structural elevation in the Andes
(i.e., the depth to which rocks are erosionally exhumed, exposing lower Ordovician rocks in the EC and
Devonian through upper Silurian in the IAZ) strongly suggest that they should also exert a first-order control
on the cooling history of the overlying rocks. Thus, the viability of basement structures can be evaluated by
comparing the predicted age and distribution of thermochronometers imparted by the structures geometry

Figure 2. Balanced cross section through the Andean fold-thrust belt in Northern Bolivia (from McQuarrie et al., 2008). The line of section is shown in Figure 1 and
supporting information Figure SI 1. Note that structures and their accompanying stratigraphy are projected above topography (heavy black line) to indicate amount
of displacement through erosion surface. The stratigraphic sections for wedge-top, foreland, and hinterland basins and the associated geochronology that are used
to constrain age of deformation are shown above and adjacent to their locations on the cross section (a) Beni Basin, (b) Cangalli Basin, (c) Salla/Luribay Basin, and (d)
Altiplano Basin. Geochronologic references are provided in the text and supporting information (section S5).
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and kinematics to measured ages through the region. For this study, we use the cross section of McQuarrie
et al. (2008) because of its colocation with a comprehensive suite of published cooling ages and well-dated
foreland and wedge-top basin sedimentary rocks to evaluate the control the proposed basement structures
exert on the cooling ages and the location and age of synorogenic sedimentation.

2.3. Cenozoic Foreland and Hinterland Basin Deposits

Synorogenic sediments were deposited on top of undeformed Paleozoic and Mesozoic rocks in the Altiplano
and Beni basins throughout the Cenozoic in conjunction with FTB deformation (DeCelles & Horton, 2003;
Horton, 2005; Horton et al., 2001; McQuarrie et al., 2005) (Figure 2). Early Tertiary sedimentation in the AP con-
sisted of ~1–2 km of mostly nonmarine mudrock, sandstone, and carbonate lithologies deposited in distal
fluviolacustrine systems (Horton et al., 2001, 2002; Kennan et al., 1995). Separated from this lower section
by a thick layer of paleosols, the late Eocene-Oligocene Potoco Formation (3–6 km) records a paleocurrent
direction initially from eastward directed channel systems draining the WC to both east and to west directed
systems in the upper portions of the formation (Hampton & Horton, 2007). The basin forming mechanism for
these early Tertiary rocks is proposed to be a flexurally induced backbulge, forebulge, and foredeep due to
the evolution and eastward migration of a Paleogene FTB located west of the Altiplano (DeCelles &
Horton, 2003; Horton, 2005; Horton et al., 2001, 2002). The Miocene age Coniri Formation (and equivalents;
~3 km) is dominated by sediments from the east, indicating the significant sediment source was focused
in the EC (Horton et al., 2001, 2002). Sedimentation continued through the late Miocene depositing
1–4 km thick sandstones, conglomerates, and volcaniclastic rocks (Garzione et al., 2006). The entire
Cenozoic package is approximately 12 km thick and represents a proposed foreland to hinterland basin
sequence that preserved sediment derived from deformed rocks on the western and eastern flanks of the
AP. Age constraints in this basin are sparse for the early history. A biotite geochronology age from an inter-
bedded tuff sample was collected in the eastern limb of the Corque Syncline from the eastern derived Coniri
Formation (Kennan et al., 1995). The sample yielded two biotite K-Ar/Ar ages (23.9 ± 1.3 Ma and 23.0 ± 0.8 Ma)
that are projected along the Corque Syncline to the Beni modeled section (Figure 1, label Co 23.5). The late
Miocene tuffaceous sandstones and mudstones contain multiple dated tuff horizons. We use the
10.35 ± 0.06 Ma (Ulloma tuff), 9.03 ± 0.07 Ma (Callapa tuff), and 5.35 ± 0.003 Ma (Toba 76 tuff) 40Ar/39Ar ages
of sanidine (Marshall et al., 1992) associated with the stratigraphic section of Garzione et al. (2006) (Figure 1,
labeled U 10.35, Cal 9.03, and T 5.35). Additional information regarding geochronology and thermochrono-
metry samples is provided in the supporting information (Tables SI 1–SI 3).

Initial deposition in the Beni basin and the SAZ is inferred to be 27–30 Ma based on vertebrate and leaf fossils
in the basal, conglomeratic Bala Formation (Baby et al., 1995). Thick sedimentary accumulations in SAZ
synclines range from 4 to 7 km thick with lower units composed of FB deposits overlain by interbedded con-
glomerates from increasingly proximal thrust faults (Baby et al., 1995; Rodriguez & Fernando, 2002). Laser
total-fusion 40Ar/39Ar ages from sanidine collected from an interbedded tuff produced a geochronology
age of 22.1 ± 0.18 Ma (Mosolf et al., 2011). The sample was collected from the western limb of the Beni
Syncline and is located between the axis of the syncline and the contact between Tertiary and Paleozoic rocks
(Figure 1, label B 22.1).

2.4. Wedge-Top Formations

Wedge-top sediments, deposited on deformed and eroded Paleozoic rocks in the EC constrain the timing of
deformation in the FTB. The Oligocene Salla Formation is located just south of the Beni cross section in the EC
backthrust belt (Leier et al., 2010; McFadden et al., 1985; McRae, 1990) (Figures 1 and 2). Three interbedded
tuff samples form the Salla Formation were dated: two using 40Ar/39Ar step heating of biotite and produced
ages of 28 ± 0.68 Ma and 24.59 ± 0.39 Ma (Gillis et al., 2006) and one using biotite K/Ar mass spectrometry
produced an age of 26.4 ± 1.0 (Figure 1, labeled S; MacFadden et al., 1985; Kay et al., 1998). The gently
deformed Salla Formation was deposited from 29 to 24 Ma, with youngest detrital-zircon U-Pb ages of
28.3 ± 0.6 Ma, from strata immediately below the Salla formation in the Luribay Conglomerate, a coarse
synorogenic conglomerate deposited unconformably above deformed and eroded Devonian and Silurian
strata (Leier et al., 2010). Subcrop maps of the Paleozoic section underlying the Salla Formation and
Luribay conglomerates suggest 4.5–6 km of material was removed prior to deposition (Leier et al., 2013).
The Peňas and Aranjuez Formations (sanidine laser total-fusion ages of 27.41 ± 0.06–25.29 ± 0.04 Ma) are also
in unconformable contact with deformed Devonian rocks in the EC backthrust belt and are located northwest
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and southeast of La Paz, respectively (Figure 1, labels P and A) (Murray et al., 2010). The unconformable con-
tact beneath the Oligocene units requires both deformation and erosion in this region of the EC backthrust
belt prior to their deposition. The late Miocene Cangalli Formation, located in the eastern EC forethrust zone,
unconformably overlies Ordovician strata near the town of Mapiri (Mosolf et al., 2011) (Figures 1 and 2). Three
interbedded tuff deposits, yielding individual sanidine laser total-fusion 40Ar/39Ar ages of 9.12 ± 0.07 Ma,
7.59 ± 0.51, and 7.41 ± 0.52 Ma (Figure 1, label Ca) (Mosolf et al., 2011), were collected in conjunction with
a measured section, indicating deposition of this wedge-top formation was underway by ~10 Ma (Mosolf
et al., 2011). Similar to Silurian and Devonian units in the backthrust belt, deformation and erosion of the
Ordovician strata beneath the Cangalli Formation in the forethrust belt must predate its deposition.

2.5. Regional Thermochronology

Previously published low-temperature thermochronometry samples from the northern Bolivia FTB record the
cooling of rocks through different closure temperatures and have been interpreted to represent
deformation-induced exhumation (Figure 1) (supporting information Figure SI 1 and Tables SI 1 and SI 2)
(Barnes et al., 2006; Benjamin et al., 1987; Gillis et al., 2006; McQuarrie et al., 2008). Early AFT and ZFT work
on the Triassic plutons in the EC backthrust belt, northeast of La Paz, record 5–15 Ma AFT ages and a cluster
of 30–45 Ma ZFT ages (Benjamin et al., 1987). Additional data, including AFT, ZFT, and K-Fels 40Ar/39Ar,
revealed an onset of initial exhumation at 45–40 Ma with a deceleration in the rate of cooling from
25–11 Ma (Gillis et al., 2006). Young AFT ages (15–5 Ma) argue for rapid cooling from ~10 Ma to present
(Barnes et al., 2012, 2006; Benjamin et al., 1987; Gillis et al., 2006; Safran et al., 2006). Integration of these cool-
ing ages and systems with a balanced cross section suggests a significant deceleration in the rate of deforma-
tion occurred between 25 and ~15–8 Ma (McQuarrie et al., 2008). The young pulse of rapid exhumation
(~10 Ma to present) has been linked to both active uplift in the EC, (Whipple & Gasparini, 2014) as well as
enhanced orography due to the mountain range reaching a critical elevation that amplifies precipitation
(Barnes et al., 2012). Active deformation in the SAZ is confirmed by young 6 ± 2 Ma exhumation recorded
by apatite U-Th/He (AHe) (Lease et al., 2016).

3. Methods

The goals of this study are to (1) evaluate the time when deformation initiated in the EC (55, 50, 40, or 30 Ma);
(2) examine permissible rates of deformation; that is, are there time periods such as 50–35 Ma, 35–25 Ma, or
10–5 Ma that deformation is notably faster? and (3) assess the validity of a published cross section by obser-
ving the relationship between basement geometry, predicted cooling ages, and basin formation and depth.
In essence, we evaluate if a proposed cross-section geometry can reproduce the measured cooling ages in
the region. Addressing these questions requires sequentially forward modeling the cross-section deforma-
tion while taking into account the flexural loading imparted by thrust faults, an estimation of how topogra-
phy evolves with time, the associated magnitude of erosion (and flexural unloading), and the resulting
magnitude and location of sedimentation. In the following section we present the methods, assumptions,
and input parameters that are necessary to perform the kinematic and flexural modeling (section 3.1); the
thermokinematic modeling (section 3.2); and our methods for comparing the modeled sedimentation loca-
tion, magnitude, and age to measured stratigraphic sections (section 3.3).

3.1. Sequential Deformation and Isostasy

Depending on when deformation began in the EC, initial deposition of the westward derived Eocene Potoco
Formation (Horton et al., 2001) could predate initiation of deformation in the EC (30 Ma), be concurrent with
deformation in the EC (40 Ma), or have a significant period of sedimentation postdate the initiation of EC
deformation (50 or 55 Ma). To obtain the initial conditions for the kinematic models that specifically focus
on deformation east of the Altiplano, we usedMove (Midland Valley) to model two initial condition scenarios,
one in which 200 km of shortening in the proto-WC produced a 2–4.4 km sedimentary basin (Potoco
Formation) in the proto-Altiplano, and one in which 100 km of shortening produced 470 m thick
Paleocene to early Eocene foreland basin before deformation jumped eastward. These initial kinematic mod-
els are not thermally modeled and simply set up two potential early Cenozoic basins in the Altiplano. Initial
isostatic and topographic parameters used for these steps are presented in the supporting information.
Sequential deformation and isostatic modeling of the cross section was performed in Move using both initial
Cenozoic basin geometries. The sections were deformed via the fault-parallel flow algorithm, flexural
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isostastatic loading (and unloading), and using the kinematics pro-
posed by McQuarrie et al. (2008). A 0.5 × 0.5 km grid of unique points
were displaced in ~10 km increments of shortening to produce
vectors of displacement at each grid point that are converted to velo-
city fields by assigning time to each deformation step. After each
~10 km shortening step, the flexural isostatic load is calculated from
the difference between the deformed topography and previously
undeformed topographic surfaces (Figures 3a and 3b). The deformed
and isostatically loaded topographic surface is used to estimate a new
topographic surface by approximating topography as a westward
increasing slope which initiates at the deformation front (point where
the frontal thrust meets the surface; red dot, Figure 3c) (Dahlen, 1990).
In the Bolivian Andes, this slope (α) has been shown to vary between 1
and 3° (Horton, 1999; Masek et al., 1994). Thus, the new calculated
topography increases at an angle α where structural uplift has
occurred and follows the previous topographic surface where it has
not (Figures 3c and 3d). Basins are filled to 0 elevation and maximum
elevation limits are applied when necessary in the EC, AP, and WC.
Based on modern elevation maximums, elevations are limited to
6.5 km in the eastern EC, 5 km in the western EC, 4 km in the AP,
and 6.5 in the WC. Therefore, topography in the eastern EC and east-
ern WC is reproduced by an average topographic slopes (α) of 1–3°
(Horton, 1999; Masek et al., 1994) and 4° (Hoke & Garzione, 2008),
respectively. Western facing slope angles are controlled by the foot-
wall ramps and seldom exceed 15°. The maximum topographic angle
on west facing slopes is limited to 45°, when structural rotation locally
increases the modeled topographic slope. Material that lies above the
new topographic surface (typically material above thrust ramps) is
removed, and this erosion is isostatically balanced (light gray area;
Figure 3c).

The dip of the modern décollement fault (indicated as β in critical wedge theory; e.g., Dahlen (1990) is a
function of both the original sedimentary taper of the Paleozoic and Mesozoic strata (e.g., Boyer, 1995;
Mitra, 1997) and the progressive load of the fold-and-thrust belt, which increases the dip of the
décollement angle (β) through time (Stockmal et al., 2007; McQuarrie & Ehlers, 2015, 2017) (Figure 4).
The 4° angle of the modern décollement is determined by seismic reflection, gravity, and well data
(Watts et al., 1995; Baby et al., 1995; Zubieta Rossetti et al., 1996; Rodriguez & Fernando, 2002).
Recreating this décollement dip and associated depth of the foreland basin occurs as the thrust load, cal-
culated after each deformation step/increment, systematically depresses the grid in the foreland.
Sedimentation is approximated by filling this basin to 0 km when the new topographic surface is estimated
(Figures 3 and 4). By assigning an age to each kinematic step, the distance between paleosurface lines and
their prescribed age becomes a predicted rate of deposition in the sedimentary basins that can be evalu-
ated against measured data. Basins formed early in the model become incorporated into the FTB and
erode, while the FB as a whole migrates toward the modern foreland. Basin accommodation is a function
of the location of ramps (which facilitate structural uplift and isostatic loading), topographic height, the
density of material, and the effective elastic thickness (EET) of the lithosphere. The final kinematic model
reproduced the foreland and hinterland basin thickness, angle of the decollement in the foreland, and
the modern geology and the topography along the line of section.

Multiple iterations of the flexural model were conducted to evaluate the parameters needed to most accu-
rately reproduce the exposed surface geology, the depth of the FB, and the dip of the modern decollement
by adjusting crustal density and EET in each iteration. During the emplacement of the first basement thrust
sheet, EET was kept low (30 km) to preserve Ordovician units exposed at the surface, but systematically
increased throughout the model (up to 90 km) to enhance the amount of sediment accumulation in flex-
ural basins. Flexural models were performed with and without accounting for an additional sediment load

Figure 3. Illustration of deformation and isostatic compensation modeling
sequence. Images show a (a) simplified restored cross section. (b) Motion on a
fault (dashed line) and isostatic loading (black polygons) of material that is
driven above the previous topographic surface by faulting. (c) Generation of new
topography using critical wedge angle (α) that originates at the deformation
front (red dot) and erosional unloading (grey polygons). (d) The new deformed,
eroded cross section with predicted topographic surface and flexural basin (blue
lines) is produced in each model step.
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for each increment of basin created. The upper limit of permissible loads was determined by loads that
produced too little erosion (the correct geology is not exposed at the surface at the end of model) or
sedimentation (topography of FTB is below SL) across the FTB. Because the flexural solution is
nonunique, models that only accounted for thrust loads were able to approximate those with additional
sediment loads by using higher thrust load densities (2900 kg/km3) and EET (90 km) to lengthen the
load distribution (Figure 5). Accounting for sediment loads modestly increased the depth (160–230 m)
and width (~10 km) of the foreland basin (see supporting information section S2). Regardless of the load
combinations, final simulations produced SAZ synclines that were 2 km too shallow and significantly
lower topography (> 3 km) in the EC and AP than modern topography.

To match the measured sedimentary basin depth and modern topographic height an imposed, long-
wavelength uplift and subsidence (dynamic load) was applied to the EC and FB, respectively, to facilitate thick
FB deposits and the high topography in the EC and AP. Adjustments were made incrementally at each 10 km
step during the latter portion of the restoration, with the inflection point (between subsidence and uplift)
located at the top of the modern ramp. Total magnitudes ranged from �3.3 km in the FB to 5.5 km in the
hinterland (Figure S2). Geodynamic arguments in support of both dynamic subsidence of the FB and non-
flexurally derived uplift/support for the Andean plateau are robust (Catuneanu, 2004; DeCelles, 2012;
Eichelberger & McQuarrie, 2015; Garzione et al., 2006; Gurnis, 1993; Isacks, 1988; Lamb, 2011; Mitrovica
et al., 1989; Ramos & Folguera, 2009) and elaborated on in section 5. However, the initiation of dynamic sub-
sidence and uplift is unconstrained. We test the sensitivity of our results to when dynamic subsidence is
initiated in two models. In the late subsidence (LS) model, dynamic adjustments initiate in conjunction with
motion on basement sheet B. The timing of initiation of dynamic subsidence in the LS model ranges from
19.6 to 8 Ma depending on the velocity models tested, with the majority of simulations initiating LS between
19.6 and 12 Ma. In the early subsidence (ES) model, dynamic adjustments begin earlier, preceding a period of
late Oligocene magmatism along the axis of the EC (Gillis et al., 2006; Sandeman et al., 1995). This time period
has been interpreted as a shift from shallow to normal slab subduction (James & Sacks, 1999; Ramos &
Folguera, 2009), coincident with the last stages of shortening in the EC-backthrust belt. Dynamic subsidence
initiation ranges from 31.5 to 16.6 Ma for the ES model, with most of the models initiating ES between 31.5
and 25.6 Ma.

Figure 4. Box diagram describing modeled geologic processes in the FTB-FB system. Topographic surface is defined by a
modified critical wedge theory with angle α originating at the deformation front (a) and defining the area above which
erosion occurs, and angle β defined by the angle of the décollement flat. Sediment is accumulated in the FB (b) through
isostatic loading and wedge-top sediment accumulation upon eroded surfaces (c). The model is pinned in the foreland
allowing temporal evolution of the décollement through changing ramp locations and increasing décollement dip (β) by
isostatic adjustments of thrust load. The location of ramps (R) and flats (F) strongly impact the timing of exhumation
and thermochronometer cooling in Pecube. Subsurface material motion in the system deflects isotherms (dashed lines; T1,
T2, and T3) in the model relative to the rate of deformation.
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3.2. Thermokinematic and Erosion Modeling

Displacement vectors and surface topographies from the kinematic model were input into a modified
version of the thermal-kinematic and erosion model Pecube (Braun, 2003, 2005; McQuarrie & Ehlers, 2015;
Whipp et al., 2009). The modified version of Pecube simulates the evolving subsurface thermal field based
on input thermal parameters and the velocity fields determined from the sequentially deformed cross
section (section 3.1) to derive the time-temperature (t-T) history of exhumed rocks based on their transport
path (Figure 4). Predicted cooling ages of mineral systems along the model surface use thermochronometer
kinetics described in Ehlers et al., (2005).

The 2-D model extends 900 km and represents the South American margin, after 100–200 km of shortening
in the proto-Western Cordillera. It includes>80 km of length on the eastern and western edge to assure that
the zero flux thermal boundary condition on the sides of the model does not influence thermal gradients
near sample locations. The model extends to a depth of 110 km and maintains constant temperature bound-
aries at the surface and 1300°C at its base. Temperatures at the surface at sea level are 23°C (Santa Cruz yearly
average, Deutscher Wetterdient (1991) and decreases with elevation at a rate of 5.3°C/km, the mean lapse
rate measured in Bolivia (Gonfiantini et al., 2001). Radiogenic heat production (Ao) was varied from 0.5 to
1.0 μW/m3. Values modeled for thermal conductivity and the specific heat capacity were 2.5 W/m K and
800 J/kg°K, respectively, in accordance with global averages of crustal rocks (Ehlers, 2005). All model para-
meters are summarized in Table 1 and expanded on in the supporting information. We evaluated the original
geometric model proposed by McQuarrie et al. (2008) and a second, modified geometry including both the
ES and LS dynamic subsidence models. All model results show that sedimentation in the foreland imparts a
downward advection of the isotherms due to the deposition of sediments at surface temperatures that are
then buried (e.g., Husson & Moretti, 2002), and isotherms that are advected upward by thrust faults, ramps,
and associated erosion (e.g., Lock & Willett, 2008; Rahn & Grasemann, 1999; Shi & Wang, 1987) (Figure 4).

We compare the predicted ages to published ages to identify the range of velocity histories that reproduced
the observed thermochronometer ages along the structural cross section. Specific groups of thermochron-
ometers were omitted from the comparison including samples with ages older than the initiation of model
(>55 Ma), AFT samples associated with Tertiary plutonism in the central EC, and two samples along the Rio
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Figure 5. (a) Flexural loads produced by applying a load of 2,900 kg/m3 to the rocks in the thrust belt with an EET of 90 km
(lower topography line) when compared to applying a load of 2,600 kg/m3 to the rocks in the thrust belt and a load of
2,300 kg/m3 to the accumulated sediment in the produced basins with an EET of 80 km (Figure 5a; upper topography line).
(b) The difference in sediment produced over the deformation in the model is a maximum of 400 m near the deformation
front and thins with increasing distance. (c) Results from multiple tests of thrust and sediment loads and EET show the
differences in accumulated sediment thicknesses in the modeled foreland basin.
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La Paz river associated with recent incision (supporting information section S6 and Tables SI 1–SI 3). Velocity
models ability to intersect published thermochronometers (within their errors) for three models (ES-0.7 Ao,
ES-0.6 Ao, and LS-0.6 Ao) is used as a metric to compare models independent of initiation of dynamic
subsidence and Ao. The range of fits determined by the thermochronometric modeling is combined with
the chronostratigraphy model fit (section 3.3) to attain a total goodness of fit metric for each velocity
model (section 4.5).

3.3. Basin Chronostratigraphic Constraints Used

When new topography is generated in the kinematic model, the FB elevation, as well as the Altiplano Basin
elevation, is set to 0 km. The Altiplano basin forms at sea level until deformation initiates in the region. To
continue sedimentation with deformation in the Altiplano, sediment is preserved in topographic lows up
to the level of the bounding ranges or a maximum of 1 km during each deformation step.

As the isostatic load is accounted for, the previous elevation horizon, which represents the depositional
surface of the basins at that time, subsides creating a modeled stratigraphy. These modeled stratigraphic
ages, as determined by the applied velocity model, were compared to published chronostratigraphy to deter-
mine temporal relationships between modeled thermochronometer cooling and sediment accumulation
(Figure 6). The stratigraphic location of dated ashfall beds in the hinterland and foreland (section 2.2) was
compared to modeled sediment ages in each of the velocity models. Samples were placed in the strati-
graphic column by using their mapped locations and orientations (Figure 2). Uncertainty related to assigning
the map location of the sample into a projected stratigraphic section results in a sample placement error of
±500m and is further discussed in supporting information section S5. The error in sample locations correlates
to a 1 km thick package of modeled stratigraphy, which has different age estimates for the upper and lower
bounds depending on the model velocities (Figure 6).

The timing of wedge-top sediment deposition (section 2.3) was determined by assuming deposition must
occur after deformation and erosion have initiated, but before deformation has totally ceased in the area.
The lower age limit is set by the magnitude of shortening needed to deform and erode Paleozoic formations
to the level of exposed strata preserved immediately below the wedge-top formations (up to 5–7 km erosion
see Leier et al., 2010, 2013). Upper bounds are set by the magnitude of shortening needed to produce prox-
imal deformation that could cause structural damming, facilitate deposition, and impart the modest defor-
mation observed in the preserved strata (Leier et al., 2010; Mosolf et al., 2011). It is assumed that localized
downslope deformation could cause structural barriers, facilitating ponding and sediment accumulation

Table 1
Pecube Thermokinematic Modeling Properties

Input values Reference

Material properties
Crustal volumetric heat production 0.5–1.0 mW/m3 Lucassen et al. (2001), Ehlers (2005), Springer (1999),

Babeyko and Sobolev (2005), and Tassara (2005)
e-folding depth None
Thermal conductivity 2.5 W/m K Lucassen et al. (2001), Ehlers (2005), Hamza et al.

(2005), Springer (1999), Babeyko and Sobolev (2005),
Arndt et al. (1997), and Tassara (2005)

Specific heat 800 J/kg K Ehlers (2005), Springer (1999), Babeyko and Sobolev (2005),
and Arndt et al. (1997)

Numerical properties
Model base 110 km McQuarrie and Ehlers (2015)
Temperature at base 1300°C McQuarrie and Ehlers (2015)
Temperature at surface 0 km 23° Deutscher Wetterdient (1991)
Atmospheric lapse rate 5.3°/km Gonfiantini et al. (2001)
Kinematic grid spacing 0.5 km
Displacement increment ~10 km
Model domain 900 × 110 × 5 km
Horizontal node spacing (numerical model) 0.5 km
Vertical node spacing (numerical model) 1.0 km
Model start time 100 Ma
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(Leier et al., 2010; Mosolf et al., 2011). Velocity models are described as matching the wedge-top sediment
data if geochronology samples fall between deformation-induced erosion of the unit below the wedge-
top formation and prior to the cessation of local deformation in the area. Erosion of local fault induced uplifts
provided the sediment source for deposition (Leier et al., 2010). While wedge-top sediments are not specifi-
cally reproduced in the modeling process, the time windows in which they may be deposited are defined by
the velocity model applied (Figure 6).

4. Results
4.1. Sequential Deformation and Evolving Cooling Ages

The initial kinematic model is based on the geometry and kinematics proposed by McQuarrie et al. (2008). To
illustrate the effect of geometry on the predicted cooling ages, we examine the evolution of the FTB and the
predicted cooling ages through time. Although the kinematic model reproduces the geometry and pattern of
deformation of the cross section (compare Figures 2 and 8a), the algorithms used byMove to deform the sec-
tion prevent a perfect match between the original andmodeled sections. Because of this, the initial kinematic
model has 8 km less shortening (268 km) than the McQuarrie et al., 2008 section (276 km). For the initial
model we apply a constant velocity model with the start of deformation at 50 Ma so that initiation of defor-
mation predates the oldest cooling ages measured in the EC (Benjamin et al., 1987; Eichelberger et al., 2013;
Gillis et al., 2006). The 268 km of shortening over 50 Myr provides a shortening rate of 5.36 mm/yr. At 45 Ma,
the emplacement of basement thrust sheet A (Figure 7) focused exhumation above the footwall and hanging
wall basement ramps and reset thermochronometers. The initial modeled U-shaped cooling patterns above
basement ramps (after 26 km of shortening) (Figure 7b, 45 Ma) display age patterns that are the youngest at
the top of the basement footwall ramp and show a gentle increase in age toward the tip of the hanging wall
ramp before the steep increase in ages that represent a suite of partially reset to nonreset ages. As basement
sheet A continues to be emplaced, two U-shaped patterns in ages develop as a result of motion of material
over the footwall ramp in the west and the hanging wall ramp in the east (Figures 7c and 7d). The shape of
these curves is a function of the distribution of unreset (prestart of model), partially reset (the steep limbs of
the U-shape), and reset cooling ages (Lock & Willett, 2008; McQuarrie & Ehlers, 2017). Thus, the oldest fully
reset ages (indicating age and location of initial thrusting) are centered on the EC and young toward the west
and east (Figure 7e, 25 Ma). Sediment accumulation in flexural basins to the east and the west of the base-
ment thrust fault preceded (in time) the deposition of rocks currently preserved in the Beni FB (east) and
Altiplano basin (west). These early basin sediments are eroded and redeposited farther away from the initial
locus of deformation in the EC. Isostatic loading of the model depressed the modeled grid in the FB with
respect to the topographic surface, imparting sequentially cooler thermal histories to these points. The acti-
vation of thrust sheet B focused exhumation above the new basement ramp (160–180 km) and in select SAZ
thrust sheets in front of the basement thrust sheet (Figure 7f, 14 Ma). The emplacement of the basement
sheet B resets lower temperature AFT and AHe systems above its footwall ramp, which moves west relative
to the pinned FB (Figure 7g, 5 Ma). Synclinal basins fill as isolated fault sheets reach the erosional surface in
the SAZ. At the final model step (Figure 7h, time 0), low-temperature AFT and AHe systems are variably reset
in the SAZ thrust sheets and display a younging trend from the IAZ to the active ramp under the EC. The pre-
dicted cooling spectra display the oldest reset ages in the center of the EC and younger ages to both the east
and west producing a prominent triangle pattern of reset ages. The pattern is a direct consequence of motion
of rocks over the large (~10 km) hanging wall and footwall ramps of basement thrust sheet A. The young AFT
and AHe predicted cooling signatures in the eastern EC increase in age toward the IAZ and are the result of
material moving over the footwall ramp associated with basement sheet B. The youngest reset AFT and AHe
ages in the SAZ are located at the base of thrust sheets that have been significantly eroded.

The youngest predicted AFT ages in the EC are not colocated with the young AFT measured ages in that
region (Figure 7i). The predicted young AFT ages are >10 km to the east, associated with active uplift occur-
ring over the SAZ basement ramp. The colocation of the ramp and youngest predicted ages strongly suggest
that the active ramp is located west of its interpreted location for the measured ages to match the predicted
ages. The simplest way to move the footwall ramp farther west than where it was initially proposed by
McQuarrie et al. (2008) is by increasing shortening in the SAZ and thereby increasing the displacement over
the ramp. A modified kinematic scenario was developed to account for increased shortening in the SAZ and
IAZ that still matches the geological relationships preserved at the surface. The increased shortening in the
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SAZ facilitated the westwardmovement of the decollement ramp tomatch thermochronometer cooling data
in the EC (Figure 8).

4.2. Revised Geometry and Imposed Subsidence

The geometry and the resulting kinematics proposed by McQuarrie et al. (2008) were altered to enable the
westward shift of the basement decollement ramp. Westward movement of the active basement ramp
was facilitated by both increasing SAZ shortening and increasing the total amount of displacement on base-
ment thrust B. Increased slip must be distributed to SAZ thrust sheets that do not have preserved hanging
wall ramps, allowing for additional fault motion at these locations. Revised total shortening along the
balanced cross section is 285 km, 9 km more than the McQuarrie et al. (2008) section, but 17 km more than
the initial kinematic model (SI Figure S4). The kinematics and associated erosional exhumation are similar to
those described in the sequential deformation section (section 4.1) with the exception of an increase in exhu-
mation in the eastern EC and on select SAZ thrust sheets. The increased shortening causes additional material
to move over the active ramp in the EC and extends the young predicted AFT trend farther west (Figure 8). In
addition, the increased shortening in the SAZ causes younger predicted AHe ages in that region. Modeling of
central Andean orocline rotation also suggests an increase in SAZ shortening (~20 km) in northern Bolivia due
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Figure 6. Basin sediment correlation diagram showing uncertainty envelopes associated with each sample. The four
sedimentary basins (a) Cangalli and (b) Salla/Luribay, (d) Beni, and (e) Atiplano described in Figure 2 are shown with
respect to their (c) position in the FTB. Wedge top basins (a) Cangalli and (b) Salla/Luribay are plotted above the cross
section with age on the vertical axis. Published geochronologic ages of wedge-top formations are plotted with age error
bars in a simplified stratigraphic column. Colored bars extend across permissible wedge-top deposition windows between
age of Paleozoic formation erosion and age of localized deformation (providing sediment dams) modeled deposition
initiation, and completion. Bars are shown as (1) acceptable start model (green), (2) a model that is too old (blue), and (3) a
model that is too young (red). Gray bands highlight acceptable windows between the end of erosion and the end of
wedge-top deposition. Modeled bars that plot outside of grey bands are considered an unacceptable fit. Foreland and
hinterland basins, (d) Beni and (e) Atiplano, are plotted below the cross section with depth (in km) on the vertical axis.
Published geochronologic ages are shown with the error bars (±500 m), associated with each basin sample location in a
simplified stratigraphic column. The modeled stratigraphic columns are plotted adjacent to the simplified stratigraphic
section. The two modeled stratigraphic columns left of the Altiplano section represent (1) deposition of the Potoco
Formation that preceded deformation in the EC and (2) deposition of the Potoco Formation that was concurrent with EC
deformation. The bar and ball symbols on the modeled stratigraphic sections represent the depth at which that sample
(geochronologic measured age) would plot in the modeled chronostratigraphy. Acceptable start models (green) plot
within the grey bands highlighting a permissible depth range. An early model start (blue) places the modeled ball and
bar symbols high in the stratigraphic section, while amodel start that is later (red) places the symbol low in the stratigraphic
section. Note that for Altiplano samples, early start ages are plotted only on the graph with minimal (<0.5 km) predefor-
mational Potoco Formation and late start ages are plotted on the graph with 2–4 km of predeformational Potoco
Formation.
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Figure 7. Structural and thermochronometric evolution diagram for of the northern Bolivian FTB using kinematic scenario
1 (McQuarrie et al., 2008). Sequential set of cross sections colored by formation age (Figure 1) and cooling signatures
predicted from the Pecube model surface at each interval. The (a) restored cross section is (b–h) sequentially deformed
with each panel displaying the geometry of the deformed model, prediction of thermochronometer cooling signatures,
time (t), and amount of shortening (s). Sedimentation is denoted by a black dashed line; erosion of Paleozoic formations
occur after the previous time step but before time of basin shown. Sediment accumulation is denoted by letter repre-
senting basin or formation name: Potoco (P), Beni Basin (B), Salla (S), Coniri (Co), and Cangalli (Ca). (h) AFT cooling ages are
separated into young component cooling ages (AFT Young Comp.), old component ages (AFT Old Comp.), HeFTy modeled
good match to the initiation of rapid cooling (AFT HeFTy Good; from Barnes et al., 2012), and pooled ages (AFT). (i) An
enlarged plot of the EC AFT data and the predicted cooling signature.
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to vertical axis rotation that is similar to the increase in shortening needed to fit the EC thermochronometer
trends in this study (Eichelberger & McQuarrie, 2015).

We also applied vertical adjustments based on dynamic subsidence and uplift to the revised kinematic
model. Both the LS and ES models produce the same total exhumation; however, the age of that exhumation
differs. In the LS model, exhumation in the EC initiates earlier, predicting AFT ages that are ~5 Myr older in the
central EC (150–180 km, Figures 8c and 8d) than the predicted ages from the more recent ES exhumation.
Evaluation of the effects of age of deformation, velocity, and thermal parameters on cooling ages in the
following sections utilize the ES and LS revised kinematic models for thermokinematic modeling.

4.3. Effects of Radiogenic Heat Production on Cooling Ages

Using a constant velocity model initiating at 50 Ma, a range of thermal parameters were used to investigate
the sensitivity of the model to different thermal states of the crust. Reported Ao values for the upper crust in
the Andes range from 0.85 to 1.30 μW/m3 with lower crustal measurements and modeled estimates that
range from 0.3 to 0.85 μW/m3 (Babeyko & Sobolev, 2005; Ehlers, 2005; Lucassen et al., 2001; Syracuse et al.,
2010). In this study, crustal Ao values are varied from 0.5 to 1.0 μW/m3 to identify the range in predicted
thermochronometer cooling ages with different thermal states of the crust. All velocity models presented
in sections 4.1 use Ao = 0.6 μW/m3.

Six different Ao values (0.5–1.0 μW/m3) are evaluated for the ES, 50 Ma start constant velocity model to eval-
uate themagnitude of change inmodeled cooling ages with changes in Ao. Increased heat production values
promote elevated thermal gradients and result in younger predicted thermochronometer cooling ages
because sample points cool through their closure temperatures later in the model. To a first order, the
predicted AFT ages show minimal variations due to changes in Ao. The notable exception is a younging of
predicted AFT ages with increased radiogenic heat production in the SAZ at 10–50 km and the central EC

(km)

K-Fels Ar/ Ar

ZHe
AFT

ZFT

AFT Old Com.
AFT Young Com.
AFT HeFTy Good
AHe
ZFT ES
ZHe ES
AFT ES
AFT LS
AHe ES

b.

A
B

d.

(km)a.

K-Fels Ar/ Ar

ZHe
AFT

ZFT

AFT Old Com.
AFT Young Com.
AFT HeFTy Good
AHe
ZFT
ZHe
AFT
AHe

c.

Figure 8. Predicted thermochronometer cooling spectra (a) for model that utilized kinematics fromMcQuarrie et al. (2008) and (b) for the modified kinematic model
with increased shortening in the SAZ and IAZ ES model spectra and LS model AFT cooling signature. (c and d) Close-up of the central EC AFT and AHe predicted
cooling trends. Difference in cooling trends at 150–200 km is related to increased motion of material up the footwall ramp (dashed line; Figure 8b).
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at 150–180 km (Figure 9a). Predicted AFT cooling ages are 15–17 Ma older for the 0.5 μW/m3 than for the
1.0 μW/m3 in the central-EC and 40–50 Ma older for samples in the SAZ (Figure 9a). Predicted ZFT ages
show a similar degree of variability with changes in Ao. Predicted ZFT ages in the eastern EC (Figure 9b;
150–180 km) decreases by 15–20 Ma with increasing radiogenic heat production. For the constant velocity
model, both predicted AFT and ZFT samples provide the best fit to observations when using Ao = 0.7,
which is used as a preferred radiogenic heat production value.

4.4. Testing Deformation Age and Velocity

An optimal onset of deformation was determined by testing constant rate velocity models with different
onset times for deformation (30–55 Ma) and comparing chronostratigraphy and predicted thermochron-
ometer data sets. Rates of shortening increase with decreasing age of initiation, ranging from 5.2 to
9.5 mm/yr (grayscale lines Figure 10). Three different hiatus models (representing step functions in velocity),
25–15 Ma, 25–12 Ma, and 25–8 Ma, were tested to understand the chronologic constraints on post-15 Ma
deformation in northern Bolivian Andes (McQuarrie et al., 2008). The hiatus models are based on the
observed deceleration in the rate of cooling from 25 to 11 Ma within the EC (Gillis et al., 2006), synorogenic
sedimentary rocks that limit EC deformation younger than 25 Ma (Gillis et al., 2006; Leier et al., 2010; Murray
et al., 2010) and debate on the age of SAZ initiation (Garzione et al., 2008; Lease et al., 2016; McQuarrie et al.,
2008; Oncken et al., 2006). These models partition significant SAZ deformation into decreasing windows of
time, 15, 12, or 8 Ma, each with increased rates of shortening (violet and blue lines Figure 10). Two variable

rate models, which resemble sine curves (green lines Figure 10), are
presented to showmore complex velocity model fits to the chronologic
data, such as evaluating the upper and lower limits of permissible velo-
cities and velocity change. These variable velocity models were tailored
to match wedge-top constraints and ZFT trend in the EC. Each velocity
model is evaluated based on the predicted thermochronometer
cooling and match to geochronologic data, based on age and basin
thickness (Figures 6 and 11).
4.4.1. Fit of Velocity Models to Geochronology
The predicted age and depth of the modeled sedimentary basins can
be compared to their measured equivalents (Figure 11). We compare
the age and depth of dated strata from the Altiplano and Beni basins
(Figures 1 and 2) to that predicted by the kinematic model, using a
range of possible velocities. In addition, we compare the ages of the
Salla and Cangalli wedge-top deposits (Figures 1 and 2) to that
predicted by different velocity models. Published geochronologic ages
of synorogenic strata are plotted with error bars that represent the
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Figure 9. Predicted thermochronometer cooling spectra ((a) AFT and (b) ZFT) for the ES, constant velocity, and 50 Ma start model using different radiogenic heat
production (Ao) values.
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Figure 10. Velocity model plot illustrating the range of tested velocities.
Constant velocity models (solid) exhibit an increase in rate with decreasing
start date. Hiatus velocity models (dashed) display a decrease in rate at 25 Ma
and an increase at 15, 12, or 8 Ma. Variable rate models resemble a sine curve
with the 50 Ma model displaying greater amplitude variations in rate.

Tectonics 10.1002/2016TC004440

RAK ET AL. THERMOKINEMATIC MODELING NORTH CENTRAL ANDES 15



range in permissible depth (±500) in their measured sections (Figures 2 and 11). These ages are plotted again
at their equivalent age in the modeled pseudostratographic sections. (Figure 11). Data points that are plotted
higher in the pseudostratographic column than the equivalent data point location is in the measured
stratigraphic column means that the age of basin formation (for that velocity model) is older than the
measured age. If the data points are plotted lower in the pseudostratographic column, then the predicted
basin is younger than the measured basin age. If the error bars overlap (between the measured and
modeled sections), then we consider the modeled age an acceptable fit to the measured age. (Figures 2, 6,
and 11). Models are described as matching wedge-top geochronology samples if the modeled ages, which
bracket the time between erosion and structural damming, overlap the measured ages and associated
error bars (Figures 2, 6, and 11). Bars representing constant velocity models with older start dates
(50–55 Ma) intersect the error bars for both basin and wedge-top geochronology samples indicating the
predicted age of the stratigraphy from the model matches the measured stratigraphic age. The 50 Ma start
model intersects both basin samples but the 55 Ma start model predicts an AP basin age that is too old to
match the measured 10.35 Ma age of the Ulloma tuff (Figure 11). Lines representing velocity models with
younger start dates (40–30 Ma) exhibit decreasing fits to the geochronology samples, with the 30 Ma
model predicting basin ages that are significantly younger than the measured ages except oldest AP basin
sample (23.5 Ma) (Figure 11). The hiatus models diverge from the constant velocity models at 25 Ma and
thus differ in their match to the Cangalli Formation samples and the younger AP samples. Models with
older SAZ initiation (15 Ma) intersect young wedge-top sample ages; however, velocity models with a
younger (12 and 8 Ma) SAZ start predict increasingly younger basin ages for both of the Cangalli
Formation samples. Both the 50 and 55 Ma start variable velocity models were tailored to match early ZFT
and AFT cooling ages in the EC, Oligocene wedge-top erosion and sedimentation windows in the western
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EC, and AFT cooling and wedge-top erosional constraints in the IAZ and eastern EC. The two variable velocity
models display a cyclic pattern in the rate of shortening to match theses geochronologic constraints.
4.4.2. Fit of Constant Velocity Models With Published Thermochronometer
Thermochronometer samples, with their error estimates, have been plotted along the structural cross section
with dashed lines representing times of rapid cooling identified in HeFTy models (Barnes et al., 2012). These
data are compared to predicted cooling signatures with a 1 km horizontal resolution (Figures 12–14).
Predicted thermochronometer ages were three-point averaged and plotted using a 1 Ma thick line and

Figure 12. Predicted thermochronometer cooling plots for constant velocity models with different ages of initiation: (a, b) 55 Ma start, (c, d) 50 Ma start, (e, f) 40 Ma
start, and (g, h) 30 Ma start.
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illustrate the match between modeled cooling signatures, errors of samples and HeFTy modeled rapid
cooling along the modeled cross section. Models are rated by their ability to intersect samples’ errors
and HeFTy modeled rapid cooling along the modeled section. We plot lines representing the results
from both ES-0.7 Ao and LS-0.6 Ao models together to illustrate a window of acceptable predicted
thermochronometer cooling ages for each velocity model. The ES model and higher Ao values both
produce younger cooling ages, while the LS model and lower Ao values produce older ages. This
method was employed to interrogate the effects of velocity on cooling ages while acknowledging the
uncertainty related to Ao and the initiation of subsidence.

Constant velocity models display variation in predicted thermochronometer ages based on model initiation
age (Figure 12). There is a decreased match with younger age start models with ZFT and AFT in the EC and
AFT in the IAZ. The older age start constant velocity models (50–55 Ma) match six of the seven ZFT samples
in the EC (Figures 12b and 12d). The 40 Ma start model matches five, and the 30 Ma start model only
matches two of the ZFT samples in the EC (Figures 12g and 12h). Older start date (50–55 Ma) models
predicted AFT cooling signatures for the EC backthrust belt (200–280 km Figures 12b and 12d) that intersect
two of the four samples and both modeled HeFTy cooling windows. Younger start date models (30–40 Ma)
also match two of the four AFT samples but only intersect one of the two HeFTy modeled cooling windows
(Figures 12f and 12h). In the central EC (from150 to 190 km) all models predict cooling ages that match the

Figure 13. Predicted thermochronometer cooling plots for 55 Ma start hiatus models with different SAZ age of initiation:(a, b) 15 Ma SAZ initiation, (c, d) 12 Ma SAZ
initiation, and (e, f) 8 Ma SAZ initiation.
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measured ages (Figures 12b, 12d, 12f, and 12h). The largest difference in predicted ages in this region is the
wider range of predicted ages with the slower shortening rates. The older start models predict older AFT
ages in the models with earlier exhumation (LS) and lower heat production values (Ao). The faster
shortening rates due to younger start dates produce modeled ages that are much less sensitive to the
dynamic subsidence model (LS or ES) or heat production values. Thus, the predictive window of cooling
between the ES-0.7 Ao and LS-0.6 Ao models is much narrower (Figure 12). In the IAZ (from 90 to
110 km), the 50 and 55 Ma start models matched 10 of the 12 AFT samples, while the 40 and 30 Ma start
models matched 8 and 7 of the 12 samples, respectively (Figures 12a, 12c, 12e, and 12g). The AFT cooling
signals in the SAZ are indistinguishable and all produce matches to two of the three samples in all
constant velocity models tested. The westernmost thrust sheet (50 km) does not match the measured
AFT sample in any of the velocity models, suggesting that additional 1–2 km out-of-sequence thrusting
may be necessary on this fault to account for this reset age. In the SAZ, models with younger start dates
(40–30 Ma) match both of the AHe samples, while models with older start dates match only one of the
two samples (Figures 12a, 12c, 12e, and 12g). As a whole, older initiation age constant velocity models
have a greater match to thermochronometer cooling ages.
4.4.3. Fit of Variable Velocity Models With Published Thermochronometer Data
Hiatus velocity models show the differences in thermochronometer cooling signals that are controlled by
the age of SAZ deformation (Figure 13). When comparing hiatus models, a slight increase in the match of
thermochronometers (especially in the IAZ) is found with hiatus models with older (12 and 15 Ma) SAZ initia-
tion. Because the hiatus models’ velocities are the same from 55–25 Ma, older cooling signals (specifically in
the EC) are identical (Figures 13b, 12d, and 12f). The models diverge in their predictive cooling signatures in
the central EC, IAZ, and SAZ based on the initiation of the SAZ deformation (15, 12, and 8 Ma). The IAZ shows
a clear decrease in fit as the SAZ initiation becomes younger and the predicted ages intersect less of the
measured AFT samples (95–105 km; Figures 13a, 13c, and 13e). Surprisingly, our modeling showed no
difference in the predicted AFT or AHe cooling signals in the SAZ between the hiatus models tested
(Figures 13a, 13c, and 13e). Both variable velocity models tested result in nearly identical thermochron-
ometer cooling signal fits (Figure 14). The variable velocity models differ in the EC with the 55 Ma start vari-
able velocity model intersecting more of the ZFT and AFT in the EC (Figures 14b and 14d).

Figure 14. Predicted thermochronometer cooling plots for variable velocity models with different ages of initiation: (a, b) 50 Ma start variable velocity and (c, d)
55 Ma start variable velocity.
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4.5. Best Fit Models

Velocity models were compared based on their ability to match the thermochronometry and geochronology
data along the modeled section with equal weight given to each sample (Table 2). The total percent fit for
each model was calculated by dividing the amount of chronologic samples intersected by the total samples
along the modeled section. Matches were evaluated using both the models’ ability to match the geochrono-
logic ages (section 4.4.1) as well as the number of modeled thermochronometer ages that intersected mea-
sured cooling ages. Velocity model fits were evaluated using predicted thermochronometer cooling
signatures from the ES kinematic model with Ao of 0.7 and 0.6, and the LS kinematic model with Ao of 0.6.
These models define the boundaries of, and plot within, the window of acceptable fits determine through
varying age of exhumation (ES and LS models) and radiogenic heat production (Figures 13–15). The range
of fits to all three models are shown in Table 2. Older start times in the constant velocity models (55 Ma
and 50 Ma models) have the best fits (41–52% and 45–53%; Table 2). Younger start constant velocity models
(40 Ma and 30 Ma models) do not fit the data as well (44–48% and 28–41%; Table 2). The older SAZ initiation
hiatus velocity model (Hiatus 15 Ma) has the best fit (45–51%; Table 2), with lower fits for models with a Hiatus
at 12 Ma and at 8 Ma (40–42% and 41–42%; Table 2). Variable velocity models specifically match all of the

geochronology data points and have fits of 45–52% (55 Ma variable)
and 47–52% (50 Ma variable) (Table 2). The ES kinematic model with
Ao of 0.7 has the highest percentage fit in nearly every velocity model
tested (Table 2), except for the hiatus 25–15 Ma model where ES mod-
els with Ao of 0.6 intersects more of the older ages in the cluster of EC
AFT samples (Figure 13b). The highest fit models tested were used to
define a range of optimal velocity models. Models with fits of 50% or
greater have been used to define an envelope of acceptable velocity
of deformation for northern Bolivia. This fit was chosen because
multiple models have matches of 50% or greater and there is a larger
break in fit between 51% and the next best fit, 48%. The acceptable
velocity envelope is composed of the variable and constant velocity
models with 55 and 50 Ma start dates and the 15 Ma Hiatus velocity
model (Figure 15). The envelope of acceptable deformation suggests

Table 2
Comparison of Model-Predicted Chronology to Thermochronometer and Geochronology Samples

Thermochronometers Synorogenic sediments

SAZ-AHe SAZ-AFT IAZ-AFT EC-AFT W-EC-AFT EC-ZFT
Salla

Formation
Cangalli
Formation SAZ AP Total

Total % fit
Total % fit
ES 0.7 Ao

Total samples

Location/type 2 3 12 47 4 7 3 2 1 4 85

Constant velocity
55 Ma 0–1 1–2 7–9 11–16 2–3 4–6 3 2 1 3 35–44 41–52% 52%
50 Ma 0–1 1–2 8–10 13–16 2–3 5–6 3 1 1 4 38–45 45–53% 53%
40 Ma 1–2 1–2 7–8 12–16 2 3 3 1 0 4 37–41 44–48% 46%
30 Ma 1–2 1–2 4–8 12–18 1–2 1–3 0 0 0 1 24–35 28–41% 33%

Hiatus velocity
Hiatus 25–15 Ma 1–2 0–2 7–8 12–16 2 4–5 3 1 1 4 38–43 45–51% 45%
Hiatus 25–12 Ma 1–2 1–2 4–5 13–15 1–2 4–5 3 0 1 4 34–36 40–42% 42%
Hiatus 25–8 Ma 1 2 0–4 14–18 2 4–6 3 0 1 4 35–36 41–42% 41%

Variable velocity
55 Ma variable 0–1 1–2 7–8 12–17 3 3–5 3 2 1 4 38–44 45–52% 52%
50 Ma variable 0–1 1–2 8–9 13–16 3 4–5 3 2 1 4 40–44 47–52% 52%

Note. Predicted thermochronometer ages are plotted with 1 Ma thick lines and must intersect age of sample or within its error or HeFTy onset of rapid cooling
windows. Predicted ages of synorogenic sediment samples are also plotted with a 1 Ma thick line and must plot within the error of each sample. Range of
thermochronometer values indicate matches for LS 0.6 Ao, ES 0.6 Ao, and ES 0.7 Ao modes. The total fit is attained by dividing numbers of chronometers that
fit the model by the total chronometers along the modeled sections.
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Figure 15. Shortening rate versus time graph showing envelope of acceptable
rates of deformation for the northern Bolivia modeled cross section.
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deformationmay have occurred at a constant pace from 50–55Ma or rapid shorteningmay have a periodicity
of ~40 Ma separated by times of low shortening.

5. Discussion
5.1. Cooling Signals Imposed by Large Basement Thrust Sheets

Cooling ages in the Bolivian Andes to a first order reflect the emplacement of basement thrust sheets. In our
model the location of basement ramps through time focuses uplift, producing high topography, causing con-
centrated erosion, exhumation, and thermochronometer cooling. The motion of material up the hinterland
footwall ramp imparts the westward younging cooling signal recorded in EC backthrust belt samples
(Figures 8a and 8b, 250–300 km). The eastward propagation of the basement (sheet A) hanging wall ramp
forms a crustal-scale passive-roof duplex producing an eastward younging cooling pattern in the EC as mate-
rial moves over this frontal hanging wall ramp (Figure 7h, 200–300 km). The combination of these basement
ramps produces a triangular cooling pattern with the youngest predicted ages in the east and west that
matches the measured thermochronometer ages across the EC (Figures 8a and 8b). The clustering of young
(<15 Ma) AFT cooling ages in the central EC is a function of the active basement ramp, which is linked to
shortening in the SAZ. Previous interpretations of this recent cooling expressed as young AFT ages include
active deformation manifested as surface breaking faults or subsurface accretion (Norton & Schlunegger,
2011), focused erosion driven by an increase in precipitation (Barnes et al., 2012; Gillis et al., 2006; Lease &
Ehlers, 2013), and uplift over a basement ramp (Whipple & Gasparini, 2014). Our modeling shows that the
motion of crustal material over the basement sheet B ramp focuses 5–8 km of exhumation in this region
resetting cooling signals in a westward younging pattern.

As stated in section 1, different cross section geometries (particularly basement geometries) would impart
different predicted cooling ages (Figure 16). In the following we describe how the pattern of cooling ages
and basement deformation in three proposed crustal cross sections (Baby et al., 1997; McQuarrie et al.,
2008; Müller et al., 2002) would differ. The primary influence of basement structures on cooling ages is that
basement ramps focus exhumation (and thereby the location of the youngest ages) at different locations
across a section, as well as over different widths across the section (i.e., narrow versus distributed exhumation
above the basement structures). In Figure 16, we show the modeled cooling ages for the McQuarrie et al.
(2008) section and hypothesize what the predicted cooling ages may look like for crustal sections from
Baby et al. (1997) andMüller et al. (2002) based on the geometry of the basement structures and a 50 Ma start
of deformation. For example, in the crustal cross section of Baby et al. (1997), a 20 km thick stack of repeating
eastward verging and eastward younging basement thrust faults is proposed. With this geometry and the
patterns in cooling ages over structures gleaned from section 4, we would expect that the oldest ages would
be above the western most ramp, located at the western edge of the EC (Figure 16b) and that the ages would
get younger over each successive ramp toward the east. Similar to our section (Figure 16a), the amount of
SAZ displacement is tied to the amount of displacement on the hanging wall and footwall of the youngest
ramp. Thus, the youngest predicted cooling ages would be located at the top of that ramp, and be associated
with motion on the SAZ (Figures 16a and 16b). A key difference is that the Baby et al. (1997) active basement
ramp is shallow (~15°) and long (~ 60 km), and thus, the vertical component of rock uplift, erosion, and cool-
ing associated with it would be lower than our geometry, and the width of reset ages broader (cf. Lock &
Willett, 2008). This difference in basement geometry is reflected in the different patterns of cooling ages
(compared cooling ages over EC in Figures 16a and 16b). As a second example, the interpreted basement
geometry of Müller et al. (2002) is shown in Figure 16c. In this geometry, the basement faults range in thick-
ness from 8 to 15 km and verge both to the east (in the eastern EC and IAZ) and west (western EC). The colo-
cation of both the early east verging EC ramp and the SAZ ramp (Figure 16c) would suggest the deepest
exhumation of reset cooling ages there (orange line Figure 16c), as well as the youngest lower temperature
chronometers (blue and green lines Figure 16c). The younger component of exhumation will also make the
ages recorded by deeper exhumed cooling ages younger than their initial cooling age (e.g., Figures 8 and 16).
The predicted ages imparted by the basement thrusts would be the youngest in the center (where ramps of
both east and west verging basement faults are focused) and get older to the west (with the west verging
basement faults) and to the east (with the east verging basement faults). Only the rocks that have not been
uplifted by basement faults (western most EC and SAZ) will have cooling age signals that track motion on
smaller offset thrust faults in Paleozoic and younger rocks (Figure 16c).
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Figure 16. Mechanisms for basement accommodation of shortening in the Bolivian Andes, (a) predicted or (b, c) hypothesized thermochronometer cooling patterns
based on basement structure and kinematics, and published thermochronometer ages in the EC and IAZ. Cross sections are fromMcQuarrie et al. (2008) (Figure 16a),
Baby et al. (1997) (Figure 16b), and Müller et al. (2002) (Figure 16c). Thermochronometer ages (2σ error) are from the compilation presented in this study (Figures 16a
and 16b; see supporting information Tables SI 1 and SI 2) and Scheuber et al. (2006) (Figure 16c). Arrows indicate the top of the youngest (active) footwall ramp.
Similarities in all three sections include basement thrust faults (8–20 km thick) that accommodate tens of kilometers of displacement and account for abrupt changes
in structural elevation. Key differences are the location of basement ramps and the kinematics of deformation. The predicted (solid) and hypothesized (dashed)
age curves are based on assuming a 50 Ma start to deformation and a constant deformation rate. Predicted ages for Figure 16a show the effect of full SAZ sedi-
mentation on cooling signal in the SAZ (ES scenario) but the misalignment of predicted (green line) and measured (green squares) AFT ages in the eastern EC
because the basement ramp proposed by McQuarrie et al. (2008) is too far east. Hypothesized ages for Figure 16b match the western AFT ages (due to the 50 Ma
start), but the age of basement thrusting gets younger to the east. We suggest that the younger age of each successive thrust sheet and the additional uplift over the
youngest SAZ ramp would result in predicted cooling ages (orange dashed line) that are too young to match the 45–35 Ma ZFT ages in the EC (orange squares).
The overlap of at least three west verging footwall ramps and two east verging footwall ramps in Figure 16c will promote the maximum amount of uplift, exhu-
mation, and young ages in the center of the EC, even though the proposed start of deformation is 50 Ma. The colocation of two, 10 km high footwall ramps, the
youngest of which accommodates SAZ deformation, suggests that the predicted AFT cooling ages from the IAZ to the western edge of the active ramp should be
young (~15–8 Ma).
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For all three cross sections in Figure 16, the predicted cooling ages in the IAZ match the age that deformation
initiated in the SAZ with cooling ages that young to the west as a function of the eastern basement thrust
sheet moving up and over a ramp. The distinguishing signal between these different basement geometries
is the predicted age of cooling in the EC. Baby et al. (1997) requires that the western EC ages are the oldest
and get younger to the east. The Müller et al. (2002) section requires EC cooling ages associated with base-
ment deformation to be youngest in the center and get older to the east and the west in the direction of
transport. The McQuarrie et al. (2008) section predicts the oldest ages are in the center of the EC and young
toward the ramps in the east and west.

5.2. Cooling Signal Imparted by Basin Subsidence

Deposition of cold, low-conductivity sediments advects isotherms downward in sedimentary basins thereby
decreasing thermal gradients (Carslaw & Jaeger, 1959; Husson & Moretti, 2002; Lucazeau & Le Douran, 1985).
Modeling studies have shown that even moderate sedimentation rates (~0.2 mm/yr) lower the heat flow in
sedimentary basins (Ehlers, 2005; Theissen & Rüpke, 2009). The thermochronometric modeling presented
here indicates different exhumation magnitudes are necessary to reset the same thermochronometer based
on the location of the sample in the FTB-FB system, and the associated foreland basin history. For example,
AFT samples in the EC backthrust belt that are never covered with significant FB sediment are partially reset
with as little as 3.4 km of exhumation (Figure 8b) and fully reset with 4 km of exhumation (Figure 8c).
However, in the SAZ with no imposed subsidence (and thus smaller foreland basins), 4 km of exhumation just
starts partial resetting of the eastern most AFT system in the SAZ (easternmost SAZ thrust sheet Figure 7h).
When a long-wavelength subsidence is imposed, the subsidence magnitude is increased and foreland basin
thicknesses and subsequent exhumation magnitudes experienced by samples later exposed at the surface
must increase as well. However, even with the increased magnitudes of exhumation (5.7–6.0 km), the
predicted ages still show partial resetting of the AFT system (Figure 12) because active sedimentation cools
the geothermal gradient. The predicted AFT ages in the SAZ become fully reset only when including early
subsidence, slow SAZ deformation (17–19.5 Ma initiation of SAZ deformation), and higher heat production
(Ao = 0.7). The slower rate and longer window of time for sedimentation allows crustal heating to keep pace
with sedimentation. Due to this effect, velocity models with low rates of deformation (and sedimentation)
predict increased appearance of reset AFT ages in SAZ thrust sheets (Figure 13).

5.3. Long-Wavelength Imposed Uplift and Subsidence

The discrepancy between the thickness of measured FB fill in the SAZ to the thickness of modeled FB strata
produced solely by thrust loads highlights the need for alternative subsidence mechanisms. When account-
ing for sediment load in subsidence models (using thrust and sediment loads of 2,400 kg/m3 with an EET of
75 km) only a 3% increase in basin depth was observed when compared to the parameters used without
accounting for sediment load (thrust loads of 2,900 kg/m3 and no sediment load, with an EET of 75 km)
(Figure 5) (section 3.1 and supporting information section S2). We suggest that the discrepancy between
the magnitude of FB subsidence produced by viable thrust loads and EET (<5 km) and the observed depth
of the SAZ basins (7 km) indicates the presence of dynamic subsidence in this region. In addition, in a purely
flexural system, topographic elevation is obtained and maintained by thrust faulting. Once thrust faulting
ceases in the region, that region gradually subsides with time due to loading from uplift along distal ramps.
Thus, modeled elevations in the EC decrease slowly through time and do not match modern EC elevations
mandating imposed uplift to match the modern elevation profile.

In retroarc FB systems, dynamic subsidence, related to viscous coupling of the mantle wedge, can increase
the load experienced by the foreland, facilitate the increased preservation of FB sediment and alter the depth
and location of FB deposits (Catuneanu, 2004; Davila et al., 2007; DeCelles, 2012; Gurnis, 1993; Mitrovica et al.,
1989). Accumulation of sedimentary packages in the North American Cordillera strongly suggests a compo-
nent of dynamic subsidence in addition to flexural subsidence related to thrust-fault loading (Gurnis, 1992,
1993; Painter et al., 2013). Subsidence of 200–300 m was imposed on the model in the Beni synclines during
selected deformation steps adding 2 km of increased subsidence (supporting information Figure S2) during
SAZ deformation to reproduce the thickness and extent of post-Oligocene basin fill.

Imposed uplift in the EC and AP was necessary to maintain the high elevations present in the hinterland of
the Andes today. Several arguments against flexural support of the Andean Plateau have been proposed
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including Airy isostatic compensation due to a thick crustal column (Beck et al., 1996), the presence of weak
lower crust (Isacks, 1988), delamination processes invoking recent (<4 Ma) rapid uplift (Garzione et al., 2006;
Babeyko & Sobolev, 2005), and thickening of the EC and AP by lower crustal material displaced to the west
due to SAZ shortening (Eichelberger et al., 2015; Husson & Sempere, 2003; Isacks, 1988; Lamb, 2011).
Crustal thicknesses of ~70 km beneath the AP are consistent with Airy-type isostasy indicating the high ele-
vations in the hinterland are supported by thick crust and not the EET of the lithosphere (Beck et al., 1996).
Additionally, the high magnitude of documented upper crustal shortening in the Bolivian Andes
(Eichelberger et al., 2013; McQuarrie, 2002a; McQuarrie et al., 2008) must be balanced by lower crustal short-
ening (not specifically modeled in this study) and thickening producing an excess of lower crust that must be
accounted for (e.g., delamination or lower crustal flow) (Eichelberger & McQuarrie, 2015; Garzione et al., 2006;
Leier et al., 2013). Since these processes responsible for themodern elevation of the hinterland of the Bolivian
Andes cannot be flexurally modeled, an approximately 500 m imposed uplift in the EC and AP is implemen-
ted during selected steps of SAZ deformation to reproduce the modern topographic expression of the FTB
and maintain high elevation in the hinterland (supporting information Figure S2). This vertical adjustment
does not change the relationship of modeled particle paths to the surface but only changes the absolute ele-
vation of the hinterland in the model after the initiation of imposed uplift. Cooling ages frommodels with EC
and AP imposed uplift are nearly identical when compared with the same model without the hinterland
adjustment and are driven by surface temperature differences due to the model atmospheric lapse rate.

5.4. Comparison of Modeled Deformation Rates to Published Data

The sensitivity of modeled thermochronologic data to the age at which deformation initiates indicates that
northern Bolivian EC started deforming at 50–55 Ma. This initiation age is largely insensitive to the basement
geometry (Figure 16) in that basement deformation in the northern Bolivia EC would need to initiate early
enough to produce the measured 45–50 Ma cooling ages regardless of geometry (Figure 8 and Tables SI 1
and SI 2). This initiation date is>15 Ma earlier than interpretations that dominantly rely on synorogenic sedi-
ment data (Allmendinger et al., 1997; Jordan et al., 1997; Sempere et al., 1990). Whenmodeling a sequentially
deforming FTB and an evolving FB system, it becomes apparent that sediments shed from the earliest defor-
mational phases are rarely preserved in the associated FB systems, especially if shortening magnitudes are
large (DeCelles, 2012). Therefore, synorogenic sediment ages in FTB systems should not be interpreted as
indicators of the initiation of deformation. However, when combined with cross section kinematics and
associated FB evolution models that calculate thrust loads, and the resulting age, location, and thickness
of basins, dated synorogenic sedimentary rocks provide critical age constraints on deformation.

The early initiation of crustal shortening suggested in this study also predates deformation age predictions
made using AFT, ZFT, K/Ar, and 40Ar/39Ar thermochronometer cooling ages from Triassic plutons exhumed
in the EC (Benjamin et al., 1987; Farrar et al., 1988; Gillis et al., 2006). Age elevation plots were used to identify
two ZFT trends that intersect at 45 Ma to argue for a change in exhumation rates at this time (Benjamin et al.,
1987). Biotite and muscovite K/Ar dates and 40Ar/39Ar step heating of EC samples identified minimum age
plateaus at 38 Ma which were interpreted as a regionally extensive (400 km along strike) thermal event asso-
ciated with early deformation in the core of the EC (Farrar et al., 1988; McBride et al., 1987). More comprehen-
sive analysis of 40Ar/39Ar and fission track thermochronology by Gillis et al. (2006) used the entire cooling
path experienced by the samples to corroborate interpretations that cooling began at 45–40 Ma. Some
amount of shortening is required to impose sufficient uplift, erosion, and exhumation to reset thermochron-
ometer cooling signals in the EC (Figure 7b). The delay between the onset of deformation and oldest reset
ZFT age is 8 Ma in the 50 Ma constant velocity model (Figure 7h).

Rates of deformation in the northern Bolivian Andes are sensitive to the proposed cross-section geometry
and magnitude of shortening. The acceptable velocity envelope for the Beni modeled section (Figure 15)
shows that for this cross section, both constant rates of shortening through time (5–6 mm/yr), as well as per-
iods of rapid shortening (9–12 mm/yr) interspersed with slow shortening rates (2–3 mm/yr) fit measured
cooling ages. A period of rapid deformation is permissible when deformation initiates at ~50–55 Ma and
peaks at 45 Ma. This rapid shorteningmust be followed by slow deformation rates from 40 to 15Mawith rates
increasing at ~15 Ma and peaking at 10–12 Ma. Initiation of deformation in the SAZ is linked to the initial
motion of basement thrust sheet B (Figure 7g). Motion on this basement thrust sheet forces exhumation
above the hanging and footwall ramps and results in focused exhumation in the IAZ and westward
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migrating exhumation in the EC (Figures 7g and 7h). The 10–14 Ma cooling ages in the IAZ and easternmost
EC require basement-induced exhumation at or immediately preceding these ages. In addition, erosion of
Mesozoic through Ordovician strata at the eastern edge of the EC (interpreted as a result of motion on base-
ment sheet B) must predate the deposition of the Cangalli Formation at 9–7 Ma. Constant rates of shorten-
ing with SAZ initiating at 17–19.5 Ma with a rate of 5–6 mm/yr fit these constraints (Figure 11). Early SAZ
deformation at 18–20 Ma is consistent with previous HeFTy modeling indicating rapid exhumation between
4 Ma and 19 Ma (Barnes et al., 2006; McQuarrie et al., 2008). Models with variable deformation rates require
rapid deformation (9–12 mm/yr) soon after the initiation of SAZ shortening between 15 and 12 Ma to match
both the IAZ exhumation and the Cangalli Formation deposition constraints.

Using the Baby et al. (1997) shortening model, deformation initiating at 50 Ma would produce a shortening
rate of 3–3.5 mm/yr from 50 to 20–15 Ma. Because the westernmost basement thrust and associated defor-
mation in the Paleozoic rocks above it deform first, Salla synorogenic sedimentation does not limit defor-
mation continuing in the eastern EC post 25 Ma in the Baby et al. (1997) section; however, a 50–25 Ma
window of EC and IAZ deformation would increase shortening rates to 4 mm/yr. The age and rate of
SAZ shortening is limited by the same constraints used to model shortening in this study. Initiation of
SAZ deformation in the Baby et al. (1997) section would uplift the eastern most EC and IAZ and trigger
exhumation there. This SAZ deformation could initiate as early as 20 Ma or as late as 13 Ma and suggests
rates of 3.7 to 5.7 mm/yr.

The proposed elevated rates of shortening during SAZ deformation (9–12 mm/yr) falls within the range of
modern GPS rates of shortening in the SAZ (9–13 mm/yr) (Bevis et al., 2001; Brooks et al., 2011; Klotz et al.,
2001) and geologic rates determined for the SAZ in southern Bolivia that fluctuate between 0–5 mm/yr
and 11–13 mm/yr from 9 Ma to present (Echavarria et al., 2003). In contrast, acceptable SAZ start dates from
the velocity models range from 20 to 13 Ma, 11 to 4 Ma older than the 9 Ma start date suggested by
Echavarria et al. (2003) from sediment accumulation curves in southern Bolivia. Young AHe samples from
the SAZ that record rapid exhumation at 6 ± 2 Ma are also used to argue for a young start to SAZ deformation
(Lease et al., 2016); however, this period of rapid exhumation is accurately predicted by all velocity models
tested because it is a function of the final motion of material over a SAZ footwall ramp that occurs in all mod-
els between 7.5 and 5.5 Ma. A 15Ma start date, with rates of shortening peaking around 11Ma, may be a func-
tion of orographically enhanced exhumation (Barnes et al., 2012) linked to attainment of threshold elevations
(>75% of modern, Ehlers & Poulsen, 2009). The increase SAZ shortening rates would facilitate replacing
eroded material in the deforming SAZ wedge and thus enable the westward motion of the basement decol-
lement ramp. Erosion above the newly developed basement thrust sheet ramp (B) at the initiation of SAZ
shortening links exhumation signals in the IAZ and EC to SAZ thrust sheet emplacement and SAZ deforma-
tion. The age and location of this exhumation is the cooling signal that is most sensitive to the age and rate of
SAZ deformation (Figures 12–14).

Previous estimates of shortening rates are based on total shortening magnitudes and the estimated age
over which that shortening occurred. Using a section across southern Bolivia (Figures 16, 21°S) and combin-
ing cross section shortening estimates, synorogenic sediment accumulation curves preserved in the SAZ
and AFT cooling ages, Oncken et al. (2006) proposed shortening rates that varied through time
(Figure 17a orange line; Oncken et al., 2006). The proposed shortening rates are strongly influenced by
Oligocene (Sempere et al., 1990) and Miocene synorogenic deposits (Uba et al., 2006), as well as AFT data
across the EC and IAZ in southern Bolivia that range from 40 to 20 Ma, (Figure 16) (Scheuber et al., 2006).
Emphasis on the Oligocene basin deposits combined with the aerial extent of the 30–20 Ma AFT ages lead
the authors to propose high shortening rates during the Oligocene. SAZ shortening magnitude was quan-
tified at 21°S (90 km) but the age of shortening was taken from the well-dated section at 22.5°S, where
60 km of shortening occurs over the last 9 million years (Echavarria et al., 2003). Due to these factors,
the strain accumulation model (Oncken et al., 2006) underpredicts rates of shortening from 55–50 Ma to
33 Ma and overpredicts rates of shortening from 33 Ma to 15 Ma and 8 Ma to the present when compared
to the acceptable shortening rate envelope for northern Bolivia (15–17°S)(Figure 17a). Although this strain
accumulation model is centered 500 km south of our modeled section, the hypothetical cooling curves in
Figure 16 (assuming a 50 Ma start of deformation), compared to the cooling data from the region, highlight
potential conflicts between the proposed shortening rates, the geometry of the cross section, and the cool-
ing data from the region.
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5.5. Cyclicity in Cordilleran Systems

Episodes of rapid shortening separated by periods of limited compres-
sion to possibly extension were some of the original models proposed
for Andean orogenesis (e.g., Mégard, 1984; Mégard et al., 1984; Noble
et al., 1974; Steinmann, 1929) and based primarily on structural and
stratigraphic relationships in the Peruvian Andes. These observations
lead to named periods of deformation such as Incaic (~45–40 Ma),
Quechua 1 (~20–17 Ma), Quechua 2 (~10–8 Ma), and Quechua 3
(6–4 Ma) (Mégard et al., 1984) and drove research directed at finding
correlation (or lack thereof) between proposed pulses of deformation
and plate tectonic drivers (e.g., Jaillard & Soler, 1996; Pardo-Casas &
Molnar, 1987; Somoza & Ghidella, 2012). More recently, a cyclicity (alter-
nating rapid and sluggish shortening), inherent to Cordilleran systems,
was proposed based on observations that suggest upper and lower
crustal processes work in conjunction to impact magmatism, shorten-
ing rates, sediment accumulation, and orogenic isostasy (DeCelles
et al., 2009; DeCelles & Graham, 2015). The proposedmodel begins with
normal arc magmatism followed by an increase in retroarc shortening
that feeds lowermost continental lithosphere beneath the arc. The
influx of continental material seeds high-flux magmatism with strongly
negative ɛNd ratios and is hypothesized to leave a dense melt residue
that may promote delamination and rapid elevation gain. Times of
dense residue accumulation promote subcritical taper angles poten-
tially limiting FTB propagation while rapid delamination induced uplift
and resulting supercritical angles would promote deformation to jump
toward the foreland (DeCelles et al., 2009). Cyclicity in these processes
is suggested by oscillations in the concentration of ɛNd (Figure 17b;

DeCelles et al., 2009). DeCelles et al. (2009) use the Oncken et al. (2006) shortening rate curve to argue for
a 25–40 Myr delay between periods of rapid shortening and the resulting change in arc composition.
Comparing the Oncken et al. (2006) shortening rate curve to the values of ɛNd with time, rapid shortening
occurs while ɛNd values are high, necessitating the long lag time for the resulting change in arc composition.
Our revised rates of shortening provide a stronger support for the proposed cyclicity. The peak shortening
rates (48 Ma and 11 Ma) precede the lowest measured ɛNd value by ~8 Myr (Figure 17). Conversely, ɛNd
values increase during periods of decreased shortening rates.

6. Conclusion

This research focuses on how the geometry and kinematics of balanced cross sections can be used as inputs
for isostatic and thermochronometric models. Application of these coupled models provides a test for the
viability of proposed cross section geometry, constraints on the timing and rates of shortening, and insights
into the evolution of a FTB-FB system.

The method of deriving particle paths for thermokinematic models from sequentially deformed, isostatically
compensated, balanced cross sections facilitates the creation of an integrated model that predicts both ther-
mochronometer cooling in the FTB and the ages of modeled sediment in adjacent FB. The location of a base-
ment thrust ramp proposed by McQuarrie et al. (2008) resulted in a mismatch between predicted and
measured AFT cooling ages in the EC prompting the development of an alternate cross-section geometry
and kinematics. The revised kinematic model results in a modest increase in shortening (285 km) versus
the original 276 km proposed in the original balanced cross section (McQuarrie et al., 2008). This new
cross-section geometry moved the basement ramp ~14 km to the west and significantly improved the match
of predicted and observed AFT ages.

Insufficiently thick predicted SAZ basin deposits and predicted EC elevations that were significantly lower
than modern elevations produced in the first iteration of flexural models highlighted the need for long-
wavelength subsidence in the foreland and uplift in the hinterland. The need for this imposed subsidence
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Figure 17. (a) Shortening rate diagram with acceptable shortening rate envel-
ope (this study), modern GPS rates of shortening (pink box) (Bevis et al., 2001;
Klotz et al., 2001), andmodeled shortening rate from 21°S (red line; Oncken et al.,
2006). (b) Whole rock ɛNd values for the Bolivian Andes volcanic rocks over the
past 60 Ma (DeCelles et al., 2009).
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argues that a significant component of dynamic subsidence resulting from viscous coupling between the
mantle wedge and the subducting oceanic plate (DeCelles, 2012) influenced the central Andean foreland,
particularly over the last 20–30 Myr. Imposed uplift in the hinterland may be related to the attainment of
Airy isostasy (Beck et al., 1996), via lower crustal flow (Eichelberger et al., 2015; Lamb, 2011), delamination
rebound (Garzione et al., 2008), or a combination of both.

Model-predicted thermochronometer cooling patterns indicate that deformation initiated in the EC at
50–55 Ma, earlier than previously inferred. An early initiation is needed to reproduce EC 40–50 Ma AFT and
38–46 Ma ZFT sample ages in the EC, and to correctly predict the age of synorogenic sedimentary deposits.
A set of constant and variable rate deformation models were found to reproduce thermochronologic and
geochronologic constraints along the modeled cross section. These were combined to define an acceptable
rate of shortening envelope where the first pulse of shortening initiated around 50–55 Ma, peaked around
48–45 Ma, and was followed by a period of decreased shortening rates. A second pulse of rapid shortening
that defines acceptable SAZ rates, initiated between 15 and 13 Ma and peaked at 11–10 Ma before rapidly
declining. While these periods of rapid shortening are remarkably similar to the Incaic (~45–40 Ma) and
Quechua 2 (~10–8 Ma) orogenic phases proposed by Mégard (e.g., Mégard, 1984; Mégard et al., 1984), we
stress that these potential windows of more rapid shortening are separated by times of much slower defor-
mation (2–5 mm/yr) consistent with the idea of cordilleran cyclicity (DeCelles et al., 2009), but counter to the
hypothesis that compressional stresses were absent or replaced by extension (Mégard et al., 1984). Initiation
of SAZ deformation is ~15Ma inmost acceptable velocity models but may have occurred as early as 20 Ma, or
as recent as 13 Ma. The initiation of SAZ deformation determined in this study is concurrent with proposed
ages of SAZ initiation in Peru (Espurt et al., 2011; Eude et al., 2015; Perez et al., 2016); however, the age is
4–11 Myr earlier than ages identified in southern Bolivia (9 Ma, Echavarria et al., 2003), which are often used
in geodynamical models of the South American Cordillera (DeCelles et al., 2009; Garzione et al., 2008).
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