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ARTICLE INFO ABSTRACT

Quantifying age, rate, and lateral variation of deformation and exhumation in convergent systems relies on
integration of geologic map patterns, ag, and locations of reset thermochronometer systems, and synorogenic
sediment distribution. The central Bolivian Andes provide an ideal location to examine the influence of varia-
tions in shortening and stratigraphic architecture on the structural evolution of the mountain range due to
differential age and rates of shortening and distinct sedimentary basin geometries along strike. To quantify age
and rate of shortening, we link thermokinematic modelling of sequentially deformed, forward-modelled, ba-
lanced cross-sections to synorogenic and thermochronologic histories. The preserved basin history in the
Altiplano and Eastern Cordillera argues for an early fold-and-thrust belt located in the now-Western Cordillera,
with subsequent propagation of shortening eastward around 40-50 Ma. Flexural modelling incorporating iso-
stasy and erosion requires multiple basement thrust sheets with 35-97 km of displacement. A temporally
evolving effective elastic thickness, as well as imposed subsidence in the foreland and uplift in the hinterland, is
required to reproduce the surface geology, increase Subandean foreland basin depth, limit Altiplano sedi-
mentation, and facilitate Altiplano uplift to modern elevation. Thermokinematic modelling is compatible with
initiation of deformation at 50-40 Ma in a marked increase in Subandean velocities from ~5.5 to 8-10 mm/yr
from ~12-10 Ma to present. Out-of-sequence thrusting at the westernmost limit of the Subandes is required to
match measured young and partially reset zircon helium ages. Out-of-sequence faulting is supported by high Ksn
values, indicative of active uplift, and was likely promoted by the abrupt eastern edge of the Paleozoic basin
rocks, which limited forward propagation of structures, and/or increased erosion due to focused precipitation.
Our results highlight the importance of incorporating detailed structural modelling in differentiating the geo-
metry, kinematics, and timing of deformation to reproduce thermochronologic ages and basin histories.
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1. Introduction often depicted as applying to the Central Andes as an entity, the map-

view expression and style of structures, stratigraphy exposed at the

The Andes mountains, formed in response to compressional strain
driven by the subducting Nazca plate, is the modern archetype of a
retro-arc fold-thrust-belt-foreland basin (FTB-FB) system. The Central
Andes, located in northern Chile, Argentina, Bolivia, and southern Peru
is the widest portion of the mountain belt. Both proposed and observed
variations in timing and magnitude of deformation, exhumation, and
uplift across the Central Andes have generated questions about the
processes of lithospheric deformation, and delamination and crustal
growth, which are key to understanding the impact of Andean de-
formation on society from both natural hazards and hydrocarbon ex-
traction. Although results and models from one geographic location are

surface, age and magnitude of exhumation, and uplift show a lateral
variability along and across strike (Fig. 1) (Anderson et al., 2017;
Barnes et al., 2008; Garzione et al., 2014; Lease et al., 2016; McQuarrie,
2002; Saylor and Horton, 2014; Sundell et al., 2019). Map patterns of
rocks and visible structures are commonly used to understand the ex-
tent of subsurface faulting, as well as infer locations of lateral structures
(Boyer and Elliot, 1982; Kley, 1996). Additionally, integrative work
incorporating well-mapped geology, structural interpretations, rock
samples, and thermal and climate modelling can be used to help un-
derstand lithospheric processes and evolution (Garzione et al., 2017;
Horton, 2018a). While many previous studies have attempted to
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Fig. 1. Area Map with (a) Elevation, (b) geology and thermochronology sample locations, (c) Regional map highlighting basins and localities referenced in text, and
(d) precipitation, elevation and thermochronometer ages across the cross-section; shaded area is the min to max range, with the solid line being the average. Open
blue circles indicate samples with poor data quality (Table 1); open orange diamonds indicate mixed/partial reset ZHe samples. Dashed lines in (a-c) are tecto-

nogeomorphic zones.

delineate structural relationships, age of initiation of shortening, and
magnitude and timing of deformation, differing interpretations of the
existing data and associated uncertainties has led to conflicting inter-
pretations, such as predominantly west-verging surface and basement
structures at the western edge of the Eastern Cordillera (Armijo et al.,
2015; Miiller et al., 2002) or east-verging (Anderson et al., 2017;
McQuarrie, 2002), differing age and rate of SA shortening (Anderson
et al., 2018; Gubbels et al., 1993; Lease et al., 2016; McQuarrie et al.,
2005; Oncken et al., 2006, 2012; Rak et al., 2017), and the correlation
(or lack thereof) between shortening and uplift (Barnes and Ehlers,
2009; Garzione et al., 2008, 2017; Lamb, 2011). Our goal with this
contribution is to quantitatively link the structural evolution of the FTB
at 18°S with the resulting cooling ages and foreland basin history to
evaluate permissible geometries, kinematics, and rates. The process of

linking kinematic models of deformation derived from balanced cross-
sections to advection—diffusion thermal models in order to calculate the
evolving subsurface temperatures and predict cooling ages has been
explored recently by several research groups (Almendral et al., 2015;
Castelluccio et al., 2015; Chapman et al., 2017; Erdos et al., 2014;
Gilmore et al., 2018; McQuarrie and Ehlers, 2015; Mora et al., 2015;
Rak et al., 2017). We incorporate fault motion, isostasy, and erosion
predicted by a geologic cross-section with the predicted thermal evo-
lution in order to characterize the relationship between fault geometry,
timing and magnitude of shortening, exhumation, and sedimentation
(Gilmore et al., 2018; McQuarrie and Ehlers, 2015; Rak et al., 2017).
Although published cross-sections along the Bolivian Andes show
many similarities, there are also pronounced differences in the geo-
metry and location of basement structures and the proposed kinematics
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that link basement and surface deformation, exhumation and sedi-
mentation (Anderson et al., 2018; Armijo et al., 2015; Baby et al., 1997;
McQuarrie, 2002; McQuarrie et al., 2005, 2008a; Miiller et al., 2002;
Rak et al.,, 2017). In addition, across Bolivia, age and magnitude of
exhumation gleaned from apatite fission track (AFT) and apatite and
zircon (U-Th)/He (AHe, ZHe) thermochronology show significant var-
iations, with initiation of exhumation in the EC at 45-50 Ma near both
15-17°S and 18°S, but not until ~36-42 Ma at 19.5-21°S (Anderson
et al., 2018; Barnes et al., 2008, 2012). Interandean zone (IAZ) ex-
humation in the north began > 25Ma with a second pulse of ex-
humation ~15Ma to present (Barnes et al., 2006). In central Bolivia,
rapid IAZ exhumation was likely between 18 and 6 Ma, but exhumation
could have initiated as early as 40-50Ma (Barnes et al., 2012;
Eichelberger et al., 2013). A similar exhumation history exists for the
IAZ of southern Bolivia: a potential ~25-17 Ma start with rapid ex-
humation between 20 and 5Ma (Anderson et al., 2018; Barnes et al.,
2008). In the northern SA, exhumation and deformation started
~19-20 Ma (Barnes et al., 2008; Rak et al., 2017). In the central Boli-
vian Subandes (SA), exhumation initiated at 14 + 4 Ma (Barnes et al.,
2012; Eichelberger et al., 2013), and in the south, SA exhumation can
start potentially as early as 18 Ma (Barnes et al., 2008; Calle et al.,
2018), but reset AFT and AHe ages range from 11 to 6 Ma and 6-2 Ma
respectively (Anderson et al., 2018; Lease et al., 2016). The majority of
AP sedimentation in the Corque syncline finished around ~10 Ma, with
low rates of accumulation until ~5 Ma. Altiplano deformation initiated
between ~15 and 10 Ma and continued to ~5Ma. (Garzione et al.,
2006; Lamb, 2011; Lamb and Hoke, 1997; McQuarrie and DeCelles,
2001). Additionally, the San Juan del Oro paleosurface post-dates all EC
shortening and is dated at ~10 Ma (Gubbels et al., 1993).

Deformation rates depend on the timing of onset of deformation as
well as the magnitude of shortening. Shortening estimates in the central
Andes range from ~200 to 400 km (Anderson et al., 2017; Baby et al.,
1995, 1997; Eichelberger et al., 2015; Gotberg et al., 2010; Kley, 1996;
McQuarrie, 2002; McQuarrie et al., 2008a; Miiller et al., 2002; Perez
et al., 2016). With an onset of deformation at ~50 Ma, these shortening
magnitudes equate to 4-8 mm/yr at constant rates. While the magni-
tude of shortening and onset of deformation can provide an initial long-
term shortening rate, shortening rates in the Central Andes are likely
variable through time (Anderson et al., 2018; Echavarria et al., 2003;
Elger et al., 2005; McQuarrie et al., 2005, 2008a; Rak et al., 2017; Uba
et al., 2009). Active shortening in the Andes, recorded by GPS, is cur-
rently accommodated in the SA at ~9-13 mm/yr (Brooks et al., 2011),
notably higher than the long term average of 4-8 mm/yr, though
Quaternary estimates of convergence rates range from 7 to 11 mm/yr
(Echavarria et al., 2003; Uba et al., 2009).

The growing suite of structural, sedimentological, geomorpholo-
gical, and thermochronological data through the central Andes provides
an opportunity to evaluate if and how along strike changes in ex-
humation and sedimentation are related to proposed along strike
changes in the geometries of structures and the rates at which they
move. We assess the importance of along strike change by evaluating a
sequentially-deformed, isostatically balanced, thermo-kinematic model
of the central Bolivian Andes near 18°S (Fig. 1) and compare our results
to a similar modelling approach from 15 to 17°S and published geo-
metries and rates from 19.5 to 21°S. The combined modelling techni-
ques in this study allow us to evaluate the geometry and kinematic
sequence of faulting, permissible timing and rates of deformation, and
evaluate the validity of a published cross-section.

2. Geologic background
2.1. Central Andes
There are several distinct tectonogeomorphic zones in the Andes;

from west to east, these are: Western Cordillera (WC), Altiplano (AP),
Eastern Cordillera (EC), Interandean Zone (IAZ), and Subandes (SA).
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The AP is a low-relief, high-elevation (~3.7 km), internally drained
basin consisting of up to 12km thick Cretaceous and Tertiary synoro-
genic sedimentary rocks derived initially from sources west of the AP,
with upper portions being derived from the EC (DeCelles and Horton,
2003; Horton, 2005; Horton et al., 2001, 2002). The EC and IAZ host a
thick (~15km) continuous succession of Paleozoic marine siliciclastic
rocks, and a discontinuous section (2-4 km) of nonmarine Carboni-
ferous through Cretaceous rocks (Sempere, 1995) deformed in narrow
anticlines and synclines. These zones encompass a bivergent thrust belt
system that reaches 6.4km in elevation in the EC and decreases in
elevation towards the east with significant decreases in both topo-
graphic and structural elevation in the IAZ and SA. Both the EC and IAZ
are argued to be uplifted as the result of basement thrusts faults (Kley,
1996; Kley et al., 1999; McQuarrie, 2002). The SA is the actively de-
forming portion of the Andean fold-and-thrust belt (FTB), whose thrust
faults carry Cambrian through Cretaceous rocks and fold 4-7 km of
Tertiary foreland basin sedimentary rocks (Baby et al.,, 1995;
McQuarrie, 2002).

2.2. Shortening estimates and crustal thickness

Early estimates of shortening in the Central Andes documented
shortening amounts ranging from 191 to 231 km (Baby et al., 1995,
1997; Kley, 1996) that emphasized well-defined structures and detailed
shortening estimates in the eastern portions of the system. A wealth of
detailed mapping in the western portion of the eastern Cordillera, in-
cluding improved stratigraphic relationships and fault geometries, have
generated larger estimates of total shortening ranging from 265 to
326 km (Anderson et al., 2017; Eichelberger et al., 2013; McQuarrie,
2002; McQuarrie et al., 2008a; McQuarrie and DeCelles, 2001; Miiller
et al., 2002; Rak et al., 2017; and references therein). Estimates of
crustal shortening are directly related to the potential for accumulated
crustal thicknesses. In Bolivia, the crust ranges from 35 km thick in the
foreland to approximately 60 km under the EC and 65+ km thick under
the AP (Ryan et al., 2015). The Andean plateau, at 3+ km elevation, is
largely in Airy isostatic equilibrium, though shortening estimates and
volumetric analyses shown that the uniformly thick crust may be a
function of crustal flow from regions of high shortening and over-
thickening to areas of lower crustal shortening (Eichelberger et al.,
2015).

The balanced cross-section used in this study (original from
McQuarrie, 2002) argues that the Paleozoic shortening is balanced at
depth by long, ~10km thick, east-verging basement thrust sheets,
where slip along a mid-crustal detachment near the brittle-ductile
transition is transferred to upper décollement horizons in the Paleozoic
section. The emplacement of these thrust sheets up and over their as-
sociated footwall ramps impose a first-order control on topographic
uplift, focused exhumation, and thus the pattern of thermochronologic
ages (McQuarrie and Ehlers, 2015, 2017; Rak et al., 2017).

2.3. Regional thermochronology

Thermochronometer cooling ages are a function of the timing,
magnitude, and rate of exhumation, and thus directly related to the
paths the rocks take to the surface due to the influences of both vertical
and lateral transport along faults on the rate and magnitude of ex-
humation (Ehlers and Farley, 2003; Gilmore et al., 2018; McQuarrie
and Ehlers, 2017; Rak et al., 2017). Thus, subsurface structures impart
the first order pattern to cooling ages and can be used to verify or in-
validate a cross-section (Gilmore et al., 2018; McQuarrie and Ehlers,
2015). By requiring sequentially deformed balanced cross-sections to
produce predicted cooling ages that match measured thermo-
chronologic data, the modelled evolution of a mountain belt can be
adjusted to more accurately depict the structural evolution of the area.

Previously published low-temperature thermochronometer samples
in the FTB in Bolivia (Anderson et al., 2017; Barnes et al., 2006, 2008;
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Thermochronologic data used in this study. Sample IDs correspond to Fig. 1. All AFT ages are pooled ages. P(x?) > 5% and concordant. P(x?) < 5% discordant and
may not represent one geologic event. n = number of grains measured. MR = Mixed reset; PR = Partial Reset. Sources: 'Barnes et al., 2012; 2Eichelberger et al.,

2013; 3Lease et al., 2016.

Sample ID Sample # Latitude Longitude Elevation [m] Fm age AFT age [Ma] 20 error AFT AFT ZHe corrected age [Ma]
n P(x?)

AL1 B815-5 —18.49 —68.67 3950 Camb 83.5 + 20.8' 13! 0.1!

AL2 B815-1 —18.48 —68.67 4144 Camb 432 + 13.6 24! 59.2!

EC1 05JBBL070 —18.00 —66.95 3874 sil 17.7 = 21.2! 2! 75!

EC2 05JBBLO71 —17.88 —67.02 3684 sil 40.3 + 5! 38! 50!

EC3 05JBBL067 -17.71 —66.66 3998 Sil 43.0 + 4.8! 39! o!

EC3 Bol10-201 —-18.26 —-66.17 4150 0 36.1 + 562 1002 112

EC4 B611-5 -17.72 —66.61 3850 Dv 68.9 + 9.8! 37! 0!

EC5 66-7 —17.69 —66.51 3600 Ord 28.0 + 5.6 31! 59.8!

EC6 05JBBL065 —17.66 —66.45 3559 Dv 57.1 + 7.8 39! 0.01"

EC7 05JBBL064 —17.66 —66.43 3209 Sil/Ord 20.7 + 41! 37! 6.1

EC8 05JBBL062 —17.60 —66.36 2761 Ord 7.3 + 4.8 5! o!

1A1 05JBBLO60 —17.23 —65.89 3154 Ord 05 + 1! 2! 0! 471 + 118

1A2 05JBBL059 -17.17 —65.90 2772 ord 126 + 100 19 85! MR?

1A3 05JBBLO58 -17.19 —65.82 1787 Sil/Ord 8.1 + 3.6 27! 0! 21.0 + 5.3%

SA1 05JBBL056 -17.16 —65.74 1762 ord 5.6 + 2! 34! 65' PR®

SA2 05JBBLO55 -17.10 —65.68 882 ord 41 + 1.4 34! 35! MR?

SA3 05JBBL054 —17.06 —65.65 611 Camb 1.8 + 2.6' 14! 100* 8.9 + 1.2°

SA4 05JBBL052 —17.02 —65.55 410 Sil/Ord 10.0 + 1.4 30! 0.02!

Eichelberger et al., 2013; Gillis et al., 2006; Lease et al., 2016) have
been interpreted as the result of deformation-induced erosional ex-
humation (Barnes et al., 2012; Eichelberger et al., 2013; McQuarrie
et al., 2005, 2008b). We limit the thermochronometer data used in this
study to those located within 75 km of the cross-section to include all
potentially relevant cooing ages and exclude significant lateral varia-
bility in structure and timing of exhumation captured by the data
(Fig. 1, Table 1) (Barnes et al., 2012; Eichelberger et al., 2013; Lease
et al., 2016), and are projected along structure to the cross-section line.
Cooling ages and sample locations are shown in Fig. 1. Apatite fission
track (AFT) pooled ages and zircon (U-Th)/He (ZHe) cooling ages are
shown with 20 error (Fig. 1c, Table 1). AFT, which has a typical closing
temperature of ~110 * 10°C and a partial annealing range of
60-110 °C (Donelick et al., 2005), are typically reported as pooled ages
when concordant (P(x2) > 5%), and as mean ages when discordant (P
(x® < 5%), as the pooled age may not reflect a distinct geologic event
when samples are over-dispersed. However, the AFT data from Barnes
et al., 2012, is only available as pooled ages, regardless of whether they
are concordant or discordant, as a result of the non-Poissonian counting
process used in the LA-ICPMS (Barnes et al., 2006, 2008, 2012). Ages
classified as “poor” had n < 10 grains measured. Despite these lim-
itations on the quality of data, we use all published AFT data equally.
The AFT ages with n > 10 grains range from 1.8 to 8.1 Ma in the SA
and IAZ. In the EC, the youngest measured cooling ages have low grain
counts (7.3Ma, n =5; 17.7Ma, n = 2), and the youngest age with
n > 10 grains is 20.7 Ma (n = 37). From east to west, measured AFT
ages broadly increase to 68.9 Ma, then decrease to 17.7 Ma at the
western most edge of the EC (Barnes et al., 2012; Eichelberger et al.,
2013). ZHe cooling ages, with a typical closure temperature of
~180 = 10°C and partial retention zone of ~130-200 °C (Guenthner
et al.,, 2013; Reiners, 2005; Reiners et al., 2002, 2004; Wolfe and
Stockli, 2010), increase in age westward from 8.9 to 47.1 Ma over the
SA and IAZ (Lease et al., 2016) (Fig. 1c).

At 18°S, measured AFT cooling ages and associated modelling
(HeFTy) argues for onset of EC exhumation around 50-45 Ma (Samples
EC3, EC2) (Barnes et al., 2012), as the earliest possible deformation in
the EC, set by the age of the earliest fully reset thermochronometric age.
Sample EC3 and EC2 have AFT ages 43.0 + 4.8Ma and 40.3 = 5
(respectively) and modelling indicates onset of rapid cooling at
54-45Ma and 41-25Ma. Samples with older pooled ages (EC4 and
EC6) are best modelled with onset of rapid cooling at 45-35 Ma (EC6)
and 32-18 Ma (EC4) (Barnes et al., 2012). EC deformation lasts until

~25Ma (EC7) (Barnes et al., 2012).

Previous authors suggest that IAZ exhumation initiated as early as
~30 Ma with an acceptable fit, or 14-21 Ma with good fit, and con-
tinued exhumation through 2 Ma is supported by HeFTy modelling with
AFT and ZHe data (sample IA2) (Barnes et al., 2012; Lease et al., 2016).
The pooled AFT ages of samples IA1l (0.5 = 1Ma) and IA3
(8.1 = 3.6 Ma) are a function of the continuing, younger exhumation.
The mixed and partially reset ZHe ages are likely a function of sample
depth (IA2, SA2, SA1) (Lease et al., 2016) and/or presence around the
closure temperature for an extended period of time (IA2) (Barnes et al.,
2012). The best estimate for onset of exhumation is 6 = 2Ma from
integrated age-depth profiles (Lease et al., 2016), with rapid SA ex-
humation from 7 to 3 Ma supported by AFT and ZHe HeFTy modelling
(Barnes et al., 2012; Lease et al., 2016).

2.4. Regional sedimentology

2.4.1. Altiplano

The sedimentary section preserved in the AP records the transition
from pre-Andean sedimentation to an early foreland basin (Horton
et al., 2001). This includes the ~200-600 m thick El Molino Formation
(Fm.), a regionally extensive marginal marine sequence dated at
~72Ma that marks the end of marine conditions in the AP (Horton
et al., 2001; Sempere et al., 1997). This is topped by a mid-Paleocene,
eastward-sourced 50-300m thick Santa Lucia Fm. overlain by
20-100m of Potoco paleosols indicative of 15-20 Myr of reduced
(< 10mm/yr) sediment accumulations during mid-Paleocene to
middle Eocene (Horton et al., 2001). The paleosols are overlain by an
upper Eocene through Oligocene phase of rapid fluvial aggradation
(sedimentation rates up to 500 m/Myr) of the ~3000-6500 m thick
Potoco Fm (Horton et al., 2001). This transition is interpreted as fore-
deep migration over initial forebulge deposits. The Potoco Fm. is
broken into the westward-sourced ~3500-4000 m thick, upper Eocene,
Lower Potoco Fm., and the poorly-dated, eastern- and western-derived
~2500 m thick Upper Potoco Fm., dated at ~23-24 Ma via K-Ar/Ar on
biotite (Horton et al., 2001; Kennan et al., 1995), and thus requires
active deformation and exhumation in the EC prior to this time (Horton
et al., 2001; McQuarrie et al., 2005). However, 40-50 Ma cooling ages
from the EC from 15 to 18°S argue that deformation migrated into the
EC by 40 Ma at the latest (Barnes et al., 2012; Eichelberger et al., 2013;
Gillis et al., 2006; McQuarrie et al., 2008a; Rak et al., 2017) which
should have provided a new sediment source for the Altiplano from the
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east (McQuarrie et al., 2005), that are not seen in the lower Potoco Fm
(Horton et al., 2001). Preservation of that eastern derived material rests
on the distance between the EC uplift and the modern Altiplano basin,
as well as in the magnitude of sedimentary material that was recycled
as the EC continues to shorten (Rak et al., 2017). The uppermost units
of the section are the eastward-derived, early Miocene Coniri/lower
Totora Fms. (~1000 m thick) and up to 5000 m of volcanic-rich de-
posits of the upper Totora/Crucero Fms., late Miocene through Qua-
ternary in age (Horton et al., 2001; Lamb, 2011).

2.4.2. Eastern Cordillera

Sedimentology of the EC intermontane basins preserved in the
Camargo, Incapampa, Torotoro, and Morochata synclines (located
throughout the EC from 21.5°S to 17.5°S, Fig. 1c) is also interpreted to
record the transition from backbulge to forebulge to foredeep (Horton,
2005). These rocks include the Paleocene to early Eocene, eastward-
sourced Santa Lucia Fm. topped by ~80 m thick paleosols of the Early
Eocene Impora Fm., the overlying eastward-sourced Cayara Fm., and
the westward-sourced, > 2km thick Camargo Fm. with a clear EC
source (DeCelles and Horton, 2003; Horton, 2005). The interpreted
depositional environments require that a proto-FTB, initially active
west of the AP, produced the backbulge and forebulge depozones
identified in the AP and EC. Deformation jumped eastward in the Eo-
cene, encapsulating the AP as a piggyback basin and provided the se-
diment source for the Camargo Fm. (DeCelles and Horton, 2003;
Horton, 2005; McQuarrie et al., 2005). Deformation in the far-west EC
is also recorded in the onlapping sedimentary basins in the Lago Poopo
(18°S) and Salla (17.5°S) regions. These depocenters contain synoro-
genic sediments sitting directly on Silurian-Devonian age rocks. The
synorogenic sedimentary rocks show growth strata and are dated at
28 Ma (Salla; (Gillis et al., 2006; Leier et al., 2010)) and ~25 Ma (Lago
Poopo; (Lamb and Hoke, 1997)) requiring erosion of Devonian and
younger rocks prior to 25 Ma (Leier et al., 2013; McQuarrie, 2002) with
modest amounts of shortening post 29-25 Ma. The flexural kinematic
modelling shown in this paper predicts both magnitude of erosion and
flexural basin formation for each increment of modelled shortening that
we can directly compare to measured cooling ages and basin strati-

graphy.
3. Approach/methods

In order to quantitatively link the geometry and kinematics of de-
formation with the associated sedimentation and thermal histories to
derive the age and signal of exhumation in this region, we created a
sequentially deformed, flexurally loaded, forward modelled cross-sec-
tion, as well as thermo-kinematic models for four different kinematic
variations.

3.1. Kinematic modelling

McQuarrie (2002) published a balanced cross-section through
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central Bolivia at 18°S. Using the 2D Kinematic Module in the modelling
software Move (Midland Valley), the restored section was deformed
sequentially using the Fault Parallel Flow Algorithm and using the
passive wedge option for emplacement of the basement thrust sheets
underneath the EC backthrust belt. Exact amounts of shortening on
each fault are modified to best match the geometry of the structures
using the imposed algorithms and differ slightly from the balanced
cross-section (in McQuarrie, 2002) due to the limited ability of the
software to precisely replicate structures and deformation processes
documented in the region (e.g. McQuarrie and Davis, 2002).

3.2. Sequential deformation and isostasy

3.2.1. Model setup

To replicate proposed foreland basin geometry and deposition in the
AP and EC, we used Move2015.2 (Midland Valley) to model an initial
scenario wherein 200 km of shortening in the WC produced a migrating
flexural basin. Modelled accommodation space created by flexure per-
mitted 1.1-3.2km of back bulge, forebulge, and initial foredeep de-
position in the AP, (representing the El Molino, Santa Lucia, and some
of the basal Potoco), and ~1.3 km of backbulge and forebulge deposi-
tion in the eastern EC, (the Santa Lucia and Impora formations) (Fig. 2),
similar to the method in (Rak et al., 2017). Because we evaluate a suite
of different ages (40, 45, 50 Ma) for initiation of EC deformation, the
initial deposition of the westward-derived ~40 Ma Potoco Formation
(Horton et al., 2001) could predate (models that start < 40 Ma), coin-
cide with (model start of ~40 Ma), or postdate (models that start >
40 Ma) early deformation in the EC. This beginning scenario is not
thermally modelled and is used simply to create initial model condi-
tions that are consistent with the proposed locations and magnitude of
forebulge and backbulge depozones that are interpreted to precede
deformation in the EC (DeCelles and Horton, 2003; McQuarrie et al.,
2005).

Our methods for sequential deformation and isostasy build on pre-
vious work (Gilmore et al., 2018; McQuarrie and Ehlers, 2015, 2017;
Olsen et al., 2019; Rak et al., 2017) and was initially accomplished in
~20 km deformational increments (Fig. 3). Following each deformation
step, the flexural-isostatic load is calculated from the difference be-
tween the deformed topography and the previously undeformed topo-
graphic surface using the Move2015.2 2D Decompaction module that
employs a bulk density, and a spatially uniform effective elastic thick-
ness (EET) (Fig. 3c, Table 2). For thrust loading, the bulk density is
assigned to the space that defines the load (difference between the
deformed topography and the previously undeformed topographic
surface) and is hereafter referred to as the load density (pjoaq)-The
equations used in Move to model the flexural response follow Turcotte
and Schubert (1982) to compute the deflection of the lithosphere
caused by the load. Flexural-kinematic modelling is an iterative process,
and EET, load and sediment density, and erosion angle (typically be-
tween 1 and 3°) are varied systematically for a suite of models to op-
timize the fit of the final model to the observed surface geology,
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Fig. 3. Schematic of kinematic-flexural modelling steps. (a) undeformed state, (b) deformation along fault, (c) loading due to isostasy, (d) erosion at critical angle, (e)
erosional unloading, (f) loading due to sedimentation, and (g) general shape of imposed uplift and subsidence.

Table 2
Move model parameters for all kinematic variations tested.
Parameter Value
Pload 2500 kg/m>*
Psed 2100 kg/m?
Pantle 3300 kg/m?
Young's modulus 70 GPa
Shortening/step ~6km
EET during deformation in: E. EC/IAZ 40km
W. EC 15-45km
AP 100 km
AP + SA 100 km
SA 100 km
Imposed uplift and subsidence Under AP +7.2km
Under IAZ —2.7km
Under SA —1.3km

@ On steps with only AP loading, p = 2300 kg/m® was used.

foreland basin depth, sedimentary history, and surface thermo-
chronology (Gilmore et al., 2018; McQuarrie and Ehlers, 2015, 2017;
Olsen et al., 2019; Rak et al., 2017). A flexural basin in both the hin-
terland and foreland is created response to this loading. The previous
elevation horizon, representing the erosional or depositional surface
across the model, subsides in these basins in response to the isostatic
load. These horizons create a modelled stratigraphy though time. A new
eroded surface was modelled following critical taper theory, such that
the topography was eroded at a specified angle, a, from the deforma-
tion front. The new topographic profile followed the existing topo-
graphy below the westward-increasing angle while any rocks exposed
above the new topographic profile were eroded (Fig. 3d). Regions that
subside below 0 km are filled with sediments up to 0 km. Sedimentation
does not occur above 0 km with the exception of the AP, where sedi-
mentation is allowed in topographic lows above sea level, of up to
0.5 km of sediment accumulation per step. The preservation and accu-
mulation of sedimentation is traced throughout the model in these
flexurally created basins and can be compared to chronostratigraphic
constraints. Elevations are restricted to 6.5 km in the eastern EC, 5km
in the western EC, and 4 km in the AP based on the upper limits of the
modern landscape. Westward facing slopes were allowed to increase to
45° when structural deformation locally rotated the topographic slope.
Isostatic unloading of eroded material was calculated following the

same algorithm, density, and elastic thickness as the loading step,
which typically results in ~0.1-0.5 km of additional erosion (Fig. 3e)
due to isostatic rebound. In order to preserve strata in the western EC
(backthrust belt), the calculated topographic surface was preserved and
was not eroded in the post-isostatic unloading step. This is consistent
with a dry, less erosive climate. Sediment loading was also included to
account for the accumulation of sediments in foreland and hinterland
flexural basins. Using a sediment-appropriate density, calculations are
performed with the same elastic thickness to calculate the load asso-
ciated with the new basin fill (Fig. 3f; Table 2).

The synorogenic sedimentation modelled by the process described
above created a basin that is 10 km thicker than that preserved in the
Altiplano (i.e. overfilled) with a topographic surface that remained at
Okm elevation throughout the model. Additionally, deformation-in-
duced loading throughout the model process described above does not
produce the necessary subsidence of the foreland basin, resulting in
basin that was ~1 km too shallow. To correct AP overfill and SA un-
derfill, imposed uplift (over the AP) and subsidence (over the SA) was
incorporated by applying a long-wavelength sinusoidal curve and un-
folding the section to this new shape, with maximum subsidence oc-
curring under the SA and maximum uplift occurring under the eastern
edge of the AP in order to match modern EC elevation and foreland
basin depths (Fig. 3g) (Rak et al., 2017). This adjustment is required
because the Move model isostatically accounts for only thrust and se-
diment loading and erosional unloading. It does not account for the
accumulation of mid- to lower-crustal thickness inherently associated
with the modelled upper-crustal shortening. A range of both docu-
mented and inferred geodynamic processes in the Andes affect accu-
mulation of crustal rock (and thus thicknesses), accumulation of litho-
sphere, and surface elevations through time and these cannot be
flexurally modelled. Dynamic subsidence related to viscous coupling of
the mantle wedge can increase the foreland basin load, thus increasing
the accommodation space available, particularly in cordilleran orogens
(Catuneanu, 2004; DeCelles, 2012; Gurnis, 1993; Mitrovica et al., 1989;
Rak et al., 2017). Uplift related to mantle delamination has been in-
voked to account for rapid elevation change of the Andean Plateau
(Garzione et al., 2006), and arguments against flexural support of the
plateau, such as Airy isostasy due to a thick crustal column (Beck et al.,
1996) and thickening of the EC and AP due to lower crustal flow from
east to west (Eichelberger et al., 2015; Isacks, 1988; Lamb, 2011), have
been proposed as necessary to maintain AP and EC elevations in the
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absence of active structurally induced uplift (Rak et al., 2017).

3.3. Thermal modelling

A 0.5km X 0.5km grid of unique points was placed over the extent
of the undeformed flexural-kinematic model (following McQuarrie and
Ehlers, 2015). The grid extends to the bottom of the basement thrust
décollement and above 0km in locations where basins form. The grid
extends a total of 780 km, including 65 km beyond the cross-section
extent at the eastern and western edges to ensure that the thermal
model boundary conditions do not influence the thermal gradient near
sample locations. The grid was deformed following the same steps as
the final successful flexural model, but with ~10km sequential de-
formation steps (to more accurately capture the behavior and evolution
of loading, unloading, and the kinematics of the fault geometry). The
grid and surface topography were exported at each step. These de-
formed grids produce vectors of displacement at each grid point that are
converted to velocity fields by differencing the locations and assigning
an age at each step. These velocities and topographies, in combination
with thermal parameters, were input into a modified version of the
thermal advection-diffusion software Pecube (Braun, 2002, 2003;
McQuarrie and Ehlers, 2015; Whipp et al., 2009) (Table 3). This
modified version of Pecube solves the three-dimensional heat transport
equation to simulate the evolving crustal thermal field based on the
input thermal parameters and velocity fields to derive the time-tem-
perature (t-T) history of exhumed rocks based on their transport paths
(McQuarrie and Ehlers, 2015; Rak et al., 2017). Model-predicted ages at
the surface for individual thermochronometer systems uses thermo-
chronometer kinetics described in Ehlers (2005) and Braun (2003).
Measured AFT and ZHe ages, and the associated HeFTy models, were
not used as an input to Pecube thermal models. The predicted cooling
ages from Pecube are compared directly to measured ages. Matches
between measured and modelled ages were identified if the modelled
age, with a + 1 Ma and * 2km error, fell within any portion of the
measured age and its error. The match of measured to modelled cooling
ages are used to constrain which thermal and velocity parameters
provide the best fit.

The thermal model extends to a base depth of 110 km with a tem-
perature of 1300 °C, and up to the surface, where the temperature at sea
level is 23 °C (Santa Cruz yearly average), and decreases at 5.3 °C/km,
the mean lapse rate measured in Bolivia (Gonfiantini et al., 2001). The
model holds the temperature at the surface and base constant. The
thermal model is permitted 50 Myr to equilibrate crustal temperatures
prior to initiation of Andean shortening. We tested two different
methods for modelling the crustal thermal profile; the first applies
constant radiogenic heat production (A, = 0.6-1.0 yW/m?) to the en-
tire crustal section, while the second applies a surface radiogenic heat
production (A, = 3.0-4.0 yW/m>) that decreases exponentially with

Table 3

Pecube thermokinematic modelling properties.
Parameter Input value
Crustal volumetric heat production (A,) 0.5-4.0 yW/m?
e-folding depth (ef) 0, 12, 15km
Thermal conductivity 2.5W/m/K
Specific heat 800 J/kg/K
Model base 110 km
Temperature at base 1300°C
Temperature at surface 23°C
Atmospheric lapse rate 5.3°C/km
Kinematic grid spacing 0.5km x 0.5km
Displacement increment ~8-10km
Model domain 780km X 110km X 5km
Horizontal node spacing 0.5km
Vertical node spacing 1.0km
Model start time (thermal initiation) 100 Ma
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depth (e-folding depths of 12 or 15 km).

4. Results
4.1. Flexural-kinematic model

Using the kinematic sequence portrayed in McQuarrie (2002), we
produced over 40 different flexural-kinematic models in which EET,
erosion angle, density, kinematics, and geometry were varied. Initial
models tested with space- and time-invariant EET (four models, a
through d, with temporally uniform EETs = 25, 30, 40, and 50 km,
respectively) and density (pjoaq = 2900 kg/mg), without calculating the
load of sediments filling the basin. Results from these flexural-kine-
matic models that produced a dramatic mismatch between observed
data and model results are described below but not depicted in figures.
Models a and b resulting in overfilling the AP (by ~10 km) and under-
filling of the FB (only ~2 km thick). Models c and d had over-erosion of
the Paleozoic sedimentary cover in the EC that occurred during the
initial 10-30 km of basement thrust sheet motion, as well as under-
filling of the SA basin (~3km thick) and overfilling of the AP (by
~5-7 km). Thus, this kinematic sequence (from McQuarrie, 2002) was
refined to split the second basement thrust sheet into two thrust sheets,
to prevent over-erosion of the Paleozoic sedimentary cover. The loca-
tion of the new basement footwall ramp was chosen such that the
material overlying it had the deepest erosion level in the Paleozoic
section. However, this new split basement only resolved over-erosion of
the Paleozoic cover, and subsequent models with time-invariant EET
still resulted in overfilling of the AP and underfilling of the SA. Thus, we
modelled an evolving EET that started at low values (15-40km,
Table 2) at the initiation of the model, which gradually increased to
50 km throughout deformation in the backthrust belt. Once deforma-
tion in the AP initiates, an EET of 100 km is maintained throughout the
model (the maximum in Move2015.2). The EET evolution presented
here was necessary to accurately reproduce the cross-section and may
be representative of changing lithospheric strength such as the transi-
tion from an initial weak, faulted lithosphere to one supported by the
Brazilian craton.

We iteratively tested another series of flexural-kinematic models
which evaluated a suite of temporally varying EET values as well as
different load and sediment densities with the goal of matching the
surface geology and basin depths (AP and SA), with the most critical
constraint to not over erode strata that is currently exposed across the
EC and replicating the modern AP and EC elevations. Flexural models
with a split basement thrust sheet and time-varying EET still could not
replicate the modern AP elevations, nor the SA basin depths. The
modern AP elevations were unable to be replicated because once active
deformation in the AP ceases, there is no further mechanism of uplift,
and the AP rapidly sinks to at or below 0 km elevation. Imposed uplift
(500 m increments) was implemented across the AP and western EC to
provide non-flexural support after AP deformation ceases. Imposed
subsidence (100 m increments) provided SA accommodation space. The
final successful models increase EET from 15 to 100 km, have a load
density of 2500 kg/m>, sediment density of 2100 kg/m> and a total of
up to 7.2km of imposed uplift under the AP and western EC and up to
1.3 km of imposed subsidence under the SA (Fig. 11f, Table 2).

We then evaluated a series of kinematic scenarios with the goal of
replicating the measured thermochronology data in addition to
matching the mapped surface geology and measured basin depths
(Fig. 4); all kinematic models have the same EET, density, and imposed
uplift and subsidence (Table 2). All models have ~2km of OOS motion
in far-west EC (to match Lago Poopo erosion and sedimentation his-
tory). The models varied in their SA kinematics and include: (1) in-
sequence deformation, (2) ~3 km of OOS on IAZ/SA boundary fault, (3
& 4) ~15km of OOS motion on IAZ/SA boundary, that is accom-
modated by two different sequences of faulting.
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Fig. 4. Kinematic Variations tested, (1) a-d Model 1- in sequence, (2) a-d Model 2- some OOS motion on IAZ/SA boundary, (3) a-d Model 3 —some OOS on IAZ/SA
boundary fault, (4) a-d Model 4- Same amount of OOS as Model (3) but on different IAZ/SA boundary fault. (a-d) Vertical arrow tracks deformation front through
time. Bolded fault is most recently active. Black circles are thermochronology sample locations through time. Large numbers next to arrows on left indicate total

amount of shortening [km]. (d) Thermochronology sample names.

4.2. Modelled cooling ages
4.2.1. Sequential deformation  and
thermochronology ages

In order to understand the effect of geometry on modelled ther-
mochronology ages, we model the evolution of the FTB and predicted
cooling ages through time. For samples with sufficient burial tem-
peratures, the earliest possible cooling age is a function of when
structures initiate, elevate topography, and facilitate exhumation. If
burial was not enough to fully reset the sample, then the partially reset
age will be between the age of the detrital sample and the age of ex-
humation that accompanies motion on a given structure. The initial
model uses a constant rate of shortening, approximately 5.7 mm/yr, to
accommodate 287 km of shortening since 50 Ma (Fig. 5). This allows for
the initiation of deformation to predate the oldest fully reset cooling
ages in the EC. The model runs from 100 Ma to present and allows an
initial 50 Myr for the thermal model to equilibrate crustal temperatures;
at the time deformation initiates (t = 50 Ma, Fig. 5a), all thermo-
chronometers are 50 Ma in age. Samples that have already cooled
through the closure temperature age with the passage of model time,
such that the unreset AFT ages, present at the surface at t = 42 Ma, are
~58 Ma (Fig. 5b). At t = 42 Ma, shortening is accommodated from west
to east through a series of décollement levels. First, exhumation in the
WC is driven by uplift over a basement ramp 0 near ~650 km (Fig. 5b);
this basement ramp in the WC drives loading in the AP and provides a
source of uplift and exhumation to produce western-derived sediments
found in the AP. Moving eastward, slip is transferred on a décollement
approximately ~20 km in depth to the next basement ramp, where the
basement thrust sheet 1 drives exhumation of the overlying cover and
exposes reset predicted AFT ages over the basement ramp (470-490 km,
Fig. 5b). The modelled reset ages form a characteristic U-shaped cooling
pattern, with the youngest ages pinned at the ramp (~0.5Ma at
~490 km) and gently increasing in age in the direction of transport to
the tip of the hangingwall ramp (~5 Ma at ~470 km), where there is a
break in age and the modelled ages at the surface are no longer reset
(Fig. 5b) (McQuarrie and Ehlers, 2015, 2017; Rak et al., 2017). Sub-
sidence due to isostatic loading forms a flexural basin in front of and
behind basement thrust sheet 1 (~440 km, ~510 km), that fills with
accumulated sediments and buries the far-western EC (Fig. 5b). Slip is
transferred further eastward on a décollement at the base of the Or-
dovician section, approximately 10 km in depth. Duplexing of the Si-
lurian age rocks and shortening in the upper Paleozoic section and the
associated exhumation that accompanies it exposes partially reset AFT

development  of  modelled

from ~110-160 km (Fig. 5b). As each individual fault only has a small
amount of motion on it (~2km), there is not enough deformation to
induce exhumation of fully reset AFT ages; the youngest partial reset
age exposed (~38 Ma at 160 km) is on the hinterland (west) side of the
duplex, as this has the deepest exhumation, and tapers to an unreset age
of ~60 Ma at 110 km (Fig. 5b).

At t = 27 Ma (Fig. 5¢), uplift and exhumation in the WC is ongoing
due to active basement ramp 00, which continues to provide sediments
to the AP. Slip along the basement décollement has propagated further
east to the next basement ramp where emplacement of basement thrust
sheet 2 and associated erosion exhumes fully reset AFT ages in a broad-
wavelength, U-shaped cooling pattern. The youngest AFT ages,
~0.5Ma, are pinned at the ramp at ~360 km, and gently increase in
age eastward to the tip of the hangingwall ramp to ~20Ma, near
~275km (Fig. 5¢). The locus of deformation, and thus isostasy, jumped
forward with the emplacement of basement thrust 2. The rocks initially
overlying this ramp experienced the highest amount of exhumation in
the Paleozoic cover, eroding Cretaceous through upper Silurian rocks.
The deepest exhumation is seen in the reset ZHe cooling signal, which is
~22 Ma near the tip of the hangingwall ramp (~275 km), due to ero-
sional exhumation over the basement ramp, and at ~360 km, driven by
both the basement ramp uplift and OOS motion in the far-west EC
Paleozoic section (Fig. 5¢). As motion continues over this basement
ramp, flexural subsidence increases, deepening the décollement and
creating flexural basins in front of and behind the ramp, promoting AP
and foreland basin sedimentation all the way into the IAZ and burying
the previously deformed and exhumed strata near ~110-160 km. This
flexural subsidence dampens the amount of subsequent erosional ex-
humation over the ramp, limiting the extent of reset ZHe ages to only
above the hangingwall and footwall ramps of basement thrust sheet 2
(250-350 km) (Fig. 5¢). In front of basement sheet 2, westward-pro-
pagating shortening in the Paleozoic section provides a mix of partial
reset and unreset ages driven by small amounts of deformation on in-
dividual faults.

At t = 24 Ma (Fig. 5d), uplift in the WC due to basement ramp 00 is
ongoing, continuing to provide a western sediment source for the AP.
Basement thrust sheets 1 and 2 are no longer actively deforming, as
deformation propagated eastward again with the emplacement of
basement thrust sheet 3, producing reset AFT ages between 200 and
220 km (Fig. 5d). Because rocks in this region had already undergone
deformation-induced exhumation which exposed partially reset AFT
ages (Fig. 5¢, ~210km), the AFT signal due to emplacement of base-
ment thrust sheet 3 has a broad-wavelength pattern driven by the
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Fig. 5. Structural and thermochronologic evolution sequence in the central Bolivian FTB using model (1) kinematics and constant velocity. The (a) restored cross-
section is (b)-(h) sequentially deformed with the top panel displaying the modelled thermochronology (AFT & ZHe) and the bottom panel showing the geometry of
the deformed model. (h) circles indicate AFT samples, diamonds indicate ZHe samples (Table 1). Sedimentary basins: Corque (C), Lago Poopo (LP), Morochata (M),

Incapampa (I), Foreland (F).
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diamonds indicate locations of samples with mixed/partial reset ages, (b) AFT modelled and measured ages; open markers indicate samples with poor data re-
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basement ramp, with narrower wavelength patterns set by previous
shortening and exhumation focused in Paleozoic age rocks. This creates
a mix of fully (~10Ma) and partially reset AFT (~40Ma) and ZHe
(~50-70 Ma) ages at t = 4 Ma (Fig. 5d, 200-220 km). Exhumation in-
duced by westward-propagating deformation in Paleozoic rocks above
the hanging wall of basement thrust 2 predicts a reset AFT signal and
partially reset ZHe signal between 240 and 250 km (Fig. 5d). The pre-
dicted ZHe and AFT signals between 250 and 310 km experience no
additional exhumation and thus age with model time.

At t = 19 Ma (Fig. 5e), the predicted AFT signal due to exhumation
induced by the emplacement of basement thrust sheet 1 is dampened by
onlapping sedimentation in the AP (320-330 km, Fig. 5e). Shortening in
the westernmost EC drives erosional exhumation of ~3 km of synoro-
genic sediments and the model predicts partially reset (~40 Ma) AFT
ages at 315-320 km (Fig. 5e). Westward-propagating shortening in the
Paleozoic cover overprints and narrows the signal from the emplace-
ment of basement thrust sheet 2, resulting in a mix of partially reset
(~50-60 Ma) and fully reset (~10-20 Ma) AFT ages between 310 and
260 km (Fig. 5e). This westward-propagation displaces the thin-skinned
cover to the west, shifting the signal of ages reset due to emplacement
of basement thrust sheet 3 to the west. The final emplacement of
basement thrust sheet 3 drives exhumation in the previously deformed
overlying Paleozoic cover between 200 and 250 km, predicting younger
populations of partially (~35-40 Ma) and mostly unreset (~70 Ma)
AFT ages (Fig. 5e). The ZHe signal across the entire section remains
unchanged, as deformation in this step is insufficient to drive ex-
humation deep enough to expose rocks with reset ZHe ages.

At t = 10 Ma (Fig. 5f), modelled shortening in AP, first on the east
and then west side of the Corque syncline, drives erosion and exhumes

reset AFT and ZHe ages (385-375 and 330-320 km, respectively). De-
formation in the EC has ceased, and thus the modelled thermo-
chronology signal present in the EC in Fig. 5e is increasing in age. At
t = 10 Ma, emplacement of basement thrust 4 has been ongoing for
~4 Myr, and uplift over the SA ramp at ~70 km exhumes reset AFT ages
between 60 and 80 km, with the youngest ages (~0.5 Ma) at the ramp
at ~80 km, increasing gently in age to ~4 Ma at 60 km (Fig. 5f). The
predicted ZHe signal is partially reset to 40 Ma in the center of the U-
shaped AFT pattern where the erosion level is the deepest at ~70 km
(Fig. 5f).

At t = 3Ma (Fig. 5g), continued emplacement of basement thrust
sheet 4 over ramps in basement (~100 km), Paleozoic (~80 km), and
Tertiary (—~40 km) strata exhumes the reset AFT signal between 90 and
38 km. The AFT signal is reset between 90 and ~45 km due to the ramp
through Cambrian and Ordovician rocks at 90km in a westward-
younging U-shaped pattern, with the youngest ages (~0.5Ma) in-
creasing gently to ~3Ma at ~45km (Fig. 5g). The easternmost SA
ramp, located at ~40 km, reset AFT to ~0.5Ma at 30-40 km. The ZHe
signal is reset between 90 and ~45 km due to deformation over the SA
ramp at ~90 km inducing the deepest exhumation levels in the Paleo-
zoic strata (Fig. 5g). The break between predicted fully reset (~0.5 Ma)
and unreset (> 80 Ma) ages is pinned at 30 km by the surface breaking
fault.

At t = 0 Ma (Fig. 5h), the final 17 km of shortening in the SA brings
thrust sheet 3 up and over the active basement ramp at ~120 km, which
drives additional exhumation in the Paleozoic cover, resetting the AFT
signal to ~20 Ma at 100-110 km (Fig. 5h). Shortening in the SA and
continued emplacement of thrust sheet 4 exhumes the fully reset ZHe
signal between 50 and 75km to ~3-6Ma (Fig. 5h). The final SA
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shortening, within the Tertiary foreland basin, does not produce en-
ough exhumation to expose reset ZHe ages, and only exhumes partially
reset AFT ages at ~14km to ~42 Ma because of limited displacement
on individual faults (Fig. 5h).

4.2.2. Kinematic variation and modelled thermochronology ages

We evaluated the effect of in-sequence and out-of-sequence (OOS)
faulting on the predicted ages in the SA and IAZ by testing four different
kinematic models, while holding velocity and radiogenic heat produc-
tion constant. All models have IAZ and SAZ deformation from 10.4 to
0Ma (Fig. 6). Model 1 has all of the SA and IAZ faults deform in-se-
quence, propagating from west to east, while models 2-4 have OOS
motion as shown in Fig. 4.

4.2.2.1. Subandes and Interandes. At the front of the Subandean belt
where the structures deform foreland basin deposits, all 4 models show
partially reset AFT ages (~3-12km from the deformation front,
Fig. 6b). Exhumation is largely focused over the fourth SA fault (at
12km) with predicted ages as young as 45 Ma, with less exhumation
and older ages (80-90 Ma) over the second and third SA faults (2.5 and
9.5 km, respectively). In-sequence deformation (Model 1) predicts the
youngest ages in this region, with similar ages predicted by Model 2
which has limited (3km) of OOS motion. The larger amount of OOS
motion in Models 3 and 4 post-date all but 1.9 km of motion on the
frontal faults. The shift from active exhumation to subsidence in front of
the OOS fault depresses the predicted AFT ages. At 19km from the
deformation front in Model 4 and 22 km in Models 1-3, the AFT signal
shifts from unreset (~100 Ma) to fully reset (~0.5Ma). These young
predicted AFT ages extend to ~75-80 km from the deformation front
(Fig. 6). The westward shift in the location of partially to fully reset
ages, at 19 km for model 4 and 22 km for models 1-3, is controlled by
both the amount of OOS motion and the specific SA/IAZ boundary fault
that is last active. Model 4 has 15km of OOS motion, with the final
motion of OOS on the fault that breaks the surface 20 km from the
deformation front. This amount of deformation and accompanying
erosion exposes fully reset AFT cooling age behind the fault, such that
sample SA4 is in front of the fault on the transition to unreset AFT ages.
Models 1-3 have this transition from unreset to fully reset near ~22 km
because of no additional OOS motion on the fault at 20 km.

The modelled ZHe signal is completely unreset in the frontal
~20 km of the cross-section but exhibits partially reset ages ~55-80 Ma
(Fig. 6a) over the proposed OOS fault. Model 4, with the largest and
youngest component of OOS motion produces the youngest modelled
cooling ages in this region. All four models predict young reset cooling
ages of 8 Ma at ~30 km from the deformation front. The predicted ZHe
ages are fully reset (~8-10Ma) until ~45km (Model 4), ~63 km
(Model 3), ~66 km (Model 2), and 70 km (Model 1), where the pre-
dicted cooling ages increase to significantly older ages, with the ex-
ception of narrow excursions of partially reset ~55 Ma ages at 55 and
53km (for Models 2 and 3). Model 4 produces a more complicated
predicted pattern of cooling ages with younger ~20 Ma ages at ~55 km
before predicted ages continue to irregularly increase to ~55Ma at
70 km from the deformation front.

Though all four kinematic models result in the same surface geology
and erosion level in the end, the paths and erosion level through time
are different (Fig. 4). This is particularly important for capturing the
ZHe signal for samples IA1 and IA3. All four models are uplifted over
ramps located at ~80, ~63, and ~30km from the deformation front
during SAZ deformation but the kinematic order controls which ramp is
active when. Model 1 (in-sequence) predicts a smooth, fully reset ZHe
signal set by the most recent shortening occurring only on the ramp at
~80 km, while Models 2 and 3 have a more complicated ZHe pattern
imparted by recent exhumation over the ramp at ~62 km during OOS
faulting (Fig. 6). The kinematics of Model 4, specifically no motion on
the fault that repeats the upper Ordovician and Silurian strata, limits
erosion early on in the sequence (Fig. 4 (iv) c), with final uplift towards
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the end of the model in a combination that allows the modelled ZHe
ages corresponding to samples IA1 and IA3 to rest in the partial re-
tention zone resulting is a suite of mixed and partial reset ages. While
each kinematic model produces a different pattern of predicted ZHe
ages from 35 to 75 km, the strong uplift signal over the ramp at from 30
to 40 km reproduces the young 8 Ma ZHe age of sample SA3 at ~33 km
in all four kinematic models. The predicted ZHe ages to the west
(35-75 km) are unique, allowing us use to samples IA1 and IA3, located
58 and 52 km from the deformation front, respectively, to differentiate
between the viability of the kinematic models (Fig. 6a). From 70 to
80km from the deformation front (Fig. 6), the modelled AFT signal
highlights the effect of varying the most recent active ramp locations
(bolded lines, Fig. 4 (i-iv) d). Model 1, which has in-sequence SA mo-
tion only, has the predicted young AFT signal pinned to near 80 km
because this signal is driven by motion over the most recent ramp,
which for Model 1 is located at ~80 km. However, Models 2—4 predict
the young AFT signal near 75 km (Fig. 6); this is because these models
have OOS motion that continues up the SA ramp near 62 km, which
overprints the signal from the ramp at ~80 km. Model 4 best captures
the ZHe signals in samples IA1-SA3 (Fig. 6a), and is the only kinematic
model to accurately represent AFT sample SA4.

4.2.2.2. Eastern Cordillera. For all four of the proposed kinematic
variations, the deformation in the EC is exactly the same, yet the
predicted cooling ages in the EC have subtle variations due to different
kinematics of IAZ and SAZ deformation that postdate deformation and
exhumation in the EC. The EC has a low total amount of exhumation,
making it particularly sensitive to small variations in erosion. This is
highlighted by modelled ZHe ages that are never fully reset and only
show slight resetting at 160-170 and ~190 km along the cross-section
line. The youngest predicted ZHe ages are at 230 km, directly above the
footwall ramp of basement thrust 3 (Fig. 5h; Fig. 6a). Individual faults
that displace Paleozoic strata in the EC have small magnitudes of
displacement and thus the primary exhumation is imparted by motion
of basement structures and the associated erosion as illustrated in
Fig. 5.

Modelled reset EC AFT ages are concentrated in 3 bands from
~110-135, ~150-175, and ~190-230 km (Fig. 6). The final modelled
cooling ages in the eastern portion of the EC are a function of two
periods of exhumation: initially as partially reset ages due to de-
formation-induced exhumation from shortening of the Paleozoic section
(Fig. 5c¢, 240-250km), and then exhumed further with the emplace-
ment of basement thrust sheet 3 (Fig. 5d, e, 200-215 km). The central
band of predicted reset ages was exhumed as west-vergent thrusting in
Paleozoic rocks allowed for thrust propagation over the hanging wall
ramp of basement thrust sheet 2 driving erosional exhumation (Fig. 5d,
e). The western most band was exhumed and cooled due to the motion
of basement thrust sheet 2 over its footwall ramp concentrating the
youngest reset AFT ages in this region. Because of this shared history,
there are only minor differences in the predicted cooling ages between
the 4 different kinematic models in the two western most populations of
reset AFT ages in the EC. Larger variations in the predicted ages from
the four different kinematic models are present in the eastern popula-
tion of reset ages between 110 and 135 km from the deformation front.
This region is located at the edge of the critical wedge of increasing
topography in response to uplift of basement thrust sheet 4 and SA
shortening, and the timing of erosion is controlled by the timing of
propagation of the deformation front. The deformation front of Model 1
(in-sequence) propagates forward slower than that of Model 4, resulting
in older ages (Model 1: ~80 Ma vs Model 4: ~20 Ma) due to exhuma-
tion earlier in Model 1 between 110 and 135 km (Fig. 4, Supplementary
Fig. 1). The amount of OOS motion, and on which fault, the pattern of
modelled AFT ages in the EC between 110 and 135 km. Specifically,
SAZ OOS motion affects the age of the partially reset AFT system, and
where that resetting occurs, due to the region's sensitivity to variation
in deformation front propagation and differences in loading associated
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with different kinematics. Modelled ZHe is unreset, or nearly unreset
at > 90 Ma, in all kinematic models across the entire EC (80-210 km).

Two regions have particularly limited exhumation: 80-100 km,
where foreland basin sedimentary rocks are preserved, and
135-150 km, where there is preservation of nearly the full thickness of
a Paleozoic thrust sheet. The sedimentary layers accumulated in a
foredeep/wedgetop position of the growing FTB (160-180 km, Fig. 5b-
d), that experienced maximum subsidence during motion and loading
from basement thrust 2 as well as initial loading from basement thrust
3. The partially reset AFT (40-80 Ma) ages at ~80-110 km (Fig. 6) are
due to both the preservation of sedimentation as well as lack of ex-
humation as the basin is never fully exhumed over basement thrust
sheet 3 (160-180 km, Fig. 5e), nor is the uplift over basement thrust
sheet 4 enough to exhume the full thickness of synorogenic sediments
(80-110 km, Fig. 5g). The basin preserved at 80-100 km in our model is
not present at 18°S, however, similar basins preserving the Cretaceous
through Tertiary sedimentary section exist further south (e.g., the In-
capampa basin). Similarly, between 135 and 150 km, the clusters of
partially reset ages (~60-80 Ma) were located in a region of low ex-
humation between basement thrust 2 and basement thrust 3 (Fig. 5d)
and was never displaced over the footwall ramp of basement thrust 3
(Fig. 5d, 210-225 km) limiting exhumation. Additionally, these struc-
tures deformed early on in the EC backthrust sequence, and thus never
had synorogenic sedimentation from Andean deformation deposited on
top. This combination of lack of burial and lack of exhumation pre-
serves nearly two full thicknesses of Paleozoic strata and leads to the
cluster of partially reset ages (~60-80 Ma) between 135 and 150 km
(Fig. 6).

The model-predicted EC AFT signal has multiple broad wavelength
patterns primarily controlled by the emplacement and eastward pro-
pagation of basement thrust sheets, as illustrated in Fig. 5h and Fig. 6.
This signal is augmented by smaller wavelength patterns that are a
function of individual thrusts in the Paleozoic section. However, due to
the lower overall amount of exhumation, this signal is overprinted by
time since exhumation. As Model 4 is best able to capture the ZHe
measured ages in the SAZ and IAZ and is equally good at capturing the
AFT ages throughout the model space, we use kinematic Model 4 in
subsequent sections.

4.2.3. Effect of Radiogenic Heat Production on modelled thermochronology

The effect of radiogenic heat production on the predicted cooling
ages was evaluated using kinematic Model 4, and by modelling two
different estimates of how heat production changes with depth; the first
has a constant radiogenic heat production (A, = 0.6-1.0 uW/rns)
through the entire crustal section, while the second applies a radiogenic
heat production (A, = 3.0-4.0 yW/m>) that decreases exponentially
with depth (e-folding depths of 12 or 15 km). Measured A, values in the
lower crust are difficult to obtain, and variation with in the lower crust
is not negligible (Ashwal et al., 1987; Jaupart and Mareschal, 2011;
Ketcham, 1996). In the Andes, surface heat flow measurements change
significantly from the foreland (~35-60 mW/m?) to the AP
(70-140 mW/m?), with an average surface heat flow across the FTB
between 60 and 80 mW/m? (Ehlers, 2005; Henry and Pollack, 1988;
Jaupart and Mareschal, 2011; Mareschal and Jaupart, 2013). Previous
studies have found that surface heat flow modelled by a constant A,
applied to the entire crust (A, = 0.9 yW/m>) or an exponentially de-
caying A, (A, = 3.0 yW/m>, ef = 0 km) produce nearly identical sur-
face heat flow of ~56 mW/m? (Springer, 1999). Similarly, thermal
models that use an e-folding depth require a higher heat production
value to produce the same modelled ages as a thermal model that ap-
plies a constant heat production value to the entire crust (Fig. 7). In-
creasing A, or e-folding depth (ef) in the crust raises geothermal gra-
dients and results in younger modelled thermochronometer ages.

The modelled AFT pattern is most sensitive to changes in heat
production in the EC (70-210 km, Fig. 7b), while ZHe is most sensitive
in the IAZ and SA (18-70km). With the highest heat production
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(A, =1.0 pW/m3) the AFT signal becomes fully reset (17-30 Ma) across
the entire EC, except for 90-100 km due to basin preservation and
135-150 km due to the kinematics discussed in Section 4.2.2. (Fig. 7b).
Decreasing the heat production in the crust reduces the width of the
cooling signal imparted by the basement thrust sheets, and instead al-
lows visualization of the effect smaller scale structures have on cooling
ages. Changes in heat production have the largest effect on the pre-
dicted cooling ages where the magnitude of exhumation is the least,
such as between 70 and 160 km. Model-predicted ages become older
with lower heat production as well as more variable (e.g. between 150
and 100km, Fig. 7b). The cooling ages are predominantly partially
reset (—~40-80 Ma), with small wavelength fully reset ages (20-30 Ma)
over individual Paleozoic structures (Fig. 7b). This same effect on
predicted cooling ages, where model-predicted ages become older with
cooler heat production, is also present in models with an e-folding
depth. The warmest of these models, A, = 3.0 yW/m?, ef = 15km,
produces a more variable pattern, containing more partially reset ages,
than that of the hottest model (A, = 1.0 pW/rns). This warmest e-
folding depth model similarly highlights exhumation on smaller scale
structures in the Paleozoic rocks (like A, = 0.6 yW/m®), though with
younger partially reset ages. Reducing the heat production by de-
creasing the e-folding depth by 3km, from 15 to 12km, with
A, = 3.0uW/m?, produces the same pattern of small-structure depen-
dent AFT ages, but with the overall magnitude of ages shifted older by
up to ~16 Ma (Fig. 7b). A comparable result is seen by decreasing A,,
from 3.5 to 3.0 yW/m?, with the same ef = 12 km, where ages are less
reset via cooler temperatures in the crust (Fig. 7). The coolest model
without an e-folding depth, A, = 0.6 yW/m®, produces similar mod-
elled AFT ages, in both pattern and magnitude, as the coolest model
with an e-folding depth, A, = 3.0 uW/m?, ef = 12km (Fig. 7b).

For the ZHe system, the warmest modelled heat production,
A, = 1.0 yW/m?, fully resets the entire SA and IAZ predicted ages to
~7 Ma (Fig. 7a), analogous to the predicted age pattern of Model 1 with
in-sequence kinematics (Fig. 6a). Decreasing the available heat in the
crust produces increasingly older populations of partial reset ages in the
IAZ and on the western edge of the SA (from 40 to 70 km). Decreasing
the e-folding depth by 3km, from 15 to 12km, for the same
A, = 3.0uW/m>, produces similar patterns of ZHe ages, with the
overall magnitude of ages shifted older by up to ~34 Ma (Fig. 7a). Si-
milarly, decreasing A, from 3.5 to 3.0pW/m® with ef = 12km in-
creases the predicted ages to ~37 Ma, but retains the cooling age pat-
tern prescribed by exhumation on individual structures.

As discussed in Section 4.2.1, modelled ages are primarily con-
trolled by the emplacement of basement thrust sheets, while changing
heat production changes the magnitude of the ages and to which
cooling signal the predicted ages are the most sensitive. High heat
production values (e.g. A, = 1.0uW/m?®) highlights the control that
basement thrust sheets impart on the exhumation. As heat production
values are reduced, second order features become amplified as only
individual structures (1-5 km in width), that focus exhumation, predict
reset ages, separated by narrow regions of partially reset ages.

Models with constant radiogenic heat production simplify the
thermal regime by applying this input radiogenic heat value across the
whole crustal column. However, as radiogenic minerals tend to be at
higher concentrations in the upper crust than in the lower crust (Heier
and Adams, 1965; Jaupart et al., 2016), it is reasonable to wonder if
this simplification may affect cooling ages. Therefore, to test the effects
of this variance in crustal thermal structure, we compare models of a
constant heat production versus those that have an exponential decay
from the surface radiogenic heat value. For modelled AFT ages at the
surface, the difference between A, = 0.6 yW/m® with no e-folding
depth and is negligible for an individual AFT chronometer (compare
dashed to the two lighter grays, Fig. 7b). Using an e-folding depth
produces cooler A, values with depth and thus the difference in the
predicted ages using surface heat production values and an e-folding
depth or a constant heat production value is seen in the ages of the
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deeper chronometers like ZHe. In our model, this is reflected as a
greater span in ages between the predicted AFT and the predicted ZHe
ages using an e-folding depth than at constant heat production values.

Cooler crustal temperatures can be produced by decreasing the e-
folding depth or lowering A, This lower heat predicts older AFT and
ZHe ages, which better capture AFT sample EC6 and ZHe samples IA1
and IA3. Additionally, at depth, the temperatures achieved with
A, = 0.6 yW/m> and no e-folding depth are unrealistic for crustal
temperatures. For example, the crustal temperatures for A, = 0.6 yW/
m? is ~720 °C at 40 km depth under AP, while with an e-folding depth
of 12km and A, = 3.5 uW/m?>, the crust is only ~533 °C (nearly 200 °C
cooler).

Some portions of the model are, to a first-order, insensitive to the
small changes we evaluated in how heat in the crust is distributed; the
modelled AFT ages do not change in the SA (between 20 and 70 km), or
in the western half of the EC (150-220 km). AFT samples EC1, EC2,
EC5, and all IAZ and SA samples do not differentiate between heat
production values. Both EC3 AFT samples are only predicted by the
warmest heat production values (A, = 0.6 puW/m3, and A, = 3.5 uW/
m?>, ef = 12 km within error). Only the coolest AFT models match EC6
(A, = 3.0uW/m3, ef = 12km; A, = 0.6 yW/m?), while none of the
models are warm enough to predict ages that match EC8, though this
may be due to an anomalously young measured age. The AFT measured
ages, while not a strong distinction, are best fit by models with cooler
heat production.

Modelled ZHe ages are unaffected in the frontal portion of the SA
between 30 and 40 km (Fig. 7). Because much of the EC has not ex-
humed enough to reset ZHe ages, these predicted ages are also in-
sensitive to changes in heat production. However, from 40 to 70 km, the
ZHe modelled ages are responsive enough to changes in radiogenic heat
production that with increased heat production the sensitivity to the
kinematics (Fig. 6) is removed. ZHe sample SA3 does not distinguish
between heat production, but samples IA1 and IA3 are only predicted in
the coolest heat production values (A, = 3.0 yW/m>, ef = 12km and
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A, = 3.5uW/m>, ef = 12km, respectively). Predicted AFT and ZHe
modelled ages provide the best fit to measured thermochronology
samples when using a thermal heat production slightly warmer than the
lowest shown in Fig. 7; therefore, A, = 3.2 and an e-folding depth of
12 km is used in subsequent sections.

4.2.4. Effect of shortening rate on modelled ages

We evaluated the effect of changing shortening rate on model-pre-
dicted thermochronology ages by analyzing a suite of velocity models,
including constant velocity (i, ~5.8 mm/yr), SA fast deformation (iii, vi-
ix: 6-10mm/yr), a hiatus in EC deformation during 40-20 Ma (i,
~4mm/y), and variations on a rapid pulse of deformation (iv:
11.5mm/yr, 6-2Ma; ii, x: 8-12mm/yr, 16-6Ma; v: 10mm/yr,
11-5Ma, 4 mm/yr 5-0 Ma) on kinematic model 4 (Fig. 8a, Table 4,
Supplementary Fig. 2).The most important result is that velocity
changes do not significantly alter the across-strike cooling pattern, as
that is controlled by kinematics. Instead, velocity changes can shift the
ages older or younger, broaden the suite of reset ages, flatten the slope
of ages, and reduce (or amplify) the appearance of second-order pat-
terns in cooling ages. In this section, we present three velocity frame-
works to show the effect of shortening rate on modelled ages. The
simplest velocity framework, constant deformation through all Andean
deformation, is here compared to two variable velocity frameworks to
test their effects on modelled ages, particularly during SA deformation.
All three velocity frameworks shown in Fig. 9 have the same initial
deformation rate, ~5.8 mm/yr, at model start time. However, they
differ in the shortening rate during SA deformation. Velocity i remains
at a constant ~5.8 mm/yr during the entire SA deformation, which
begins at ~10 Ma. Velocity v has an initial rapid (10 mm/yr) pulse of SA
deformation from ~12 to ~10 Ma, and then decreases to 4 mm/yr from
~10Ma till present. Velocity viii has a ~10 mm/yr shortening rate
during the entire SA emplacement, which begins at ~6 Ma (Fig. 9).

4.2.4.1. Subandes and Interandes. At the front of the SA, all velocity
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Table 4

Summary of velocities modelled, SA velocities and ages, and percentage fit.
Bold is age of SA initiation. Modelled thermochronology error is =+ 1Ma
and *+ 2km along section. Percent Fit is computed by number of measured
samples that fall within the model error divided by the total number of mea-
sured samples. Note: the first ~11.4 km of SA shortening is interfingered with
the last 11.5 km of AP shortening. The * full rate given in column is partitioned
between AP and SA shortening.

Velocity framework SA rate Percent fit
AP + SA SA Model 1  Model 4
50 Ma start
i All @ 5.8mm/yr  1.8-4.6 mm/y 5.78 mm/yr 52.38%  47.62%
(“Constant”) * 14.48-11.81 Ma 11.81-0 Ma
ii Hiatus 40-20 Ma,  3.8-8.0 mm/yr 6-10 mm/yr 47.62%  52.38%
SA + AP @ 11.53-10.12Ma 10.12-0 Ma
10-12 mm/yr *,
SA 6-10 mm/y
iii SA @ 8 mm/y * 1.65-4.2 mm/yr 8 mm/yr 57.14%  71.43%
11.52-8.54 Ma 8.54-0 Ma
iv  6-2Ma @ 1.65-4.2mm/yr  9-11.5mm/yr 52.38%  61.90%
11.5 mm/yr, 9.24-6.26 Ma 6.26-0 Ma
2-0Ma @ 9 mm/
yr*
v 11-5Ma @ 1.8-4.6 mm/y 4-10 mm/yr 42.86%  52.38%
10 mm/yr, 15.79-13.11Ma  13.11-0Ma
5-0Ma @ 4 mm/
y*
45 Ma start
vi SA + AP @ 2.4-6.4 mm/yr 8 mm/yr 47.62%  71.43%
8 mm/y * 10.22-8.54 Ma 8.54-0 Ma
vii  SA @ 8mm/y * 1.8-4.6 mm/y 8 mm/yr 57.14%  71.43%
11.21-8.54 Ma 8.54-0 Ma
viii SA @ 10mm/y * 1.8-4.6 mm/y 10 mm/yr 52.38%  71.43%
9.51-6.83 Ma 6.83-0 Ma
40 Ma start
ix SA@ 8 mm/y * 2.16-5.44mm/yr 8 mm/yr 57.14%  71.43%
10.81-8.54 Ma 8.54-0 Ma
X SA + AP @ 3.8-8.0 mm/yr 6-10 mm/yr 57.14%  61.90%
10-12mm/yr, SA  11.53-10.12Ma 10.12-0 Ma

6-10 mm/y *

frameworks shown exhibit partially reset AFT ages (~75-87 Ma) due to
deformation-induced exhumation consistent with Model 4 (Fig. 9b,
~3-12km). Both velocity frameworks with slow SA deformation,
velocities i and v, show slightly younger partially reset ages across
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this region (~75-92Ma, ~3-12km) than the fast SA velocity model
(viii) (~88-95Ma). Between 20 and 75km, all velocity frameworks
produce fully reset AFT ages, with the youngest reset ages (2-4 Ma)
corresponding to the fastest SA emplacement (velocity viii), and the
oldest reset ages (~5-12Ma) corresponding to the slowest SA
emplacement (velocity v). Faster rates during entire SA deformation
young the AFT cooling ages, both because the timing of deformation is
younger and faster rates produce flatter cooling curves (Fig. 9.

Predicted ZHe ages are all partially reset from ~18-26 km. Slower
velocities i and v (~32-73 Ma) predict ages up to 32 Myr younger than
those of the fastest velocity viii (~64-90 Ma) because the faster rate on
the OOS fault dampens the predicted age pattern (i.e. restricts ex-
humation) in front of it (~20km) (Fig. 9a). Predicted ZHe ages are
completely reset west of the OOS fault at ~22km in all frameworks.
Cooling ages range from ~6 Ma (viii) to ~10-14 Ma (i and v). Between
33 and 75km, model i predicts increasingly older ZHe partially reset
ages (~75-90 Ma), while velocities v and viii remain completely reset
until ~42 km, where predicted ages show a more complicated partially
reset age pattern (~15-55 Ma) that has a zone of younger partially reset
ages between 50 and 60 km.

Velocities v and viii have a nearly identical pattern of predicted ages
between ~25 and ~70km, offset by ~6 Myr, that do not overlap in
time because the signal is set by initial SAZ fault motion at 10 mm/yr,
regardless if that rate starts at ~7 Ma or at 13 Ma. These two frame-
works have the exact same velocities during EC and AP emplacement,
and differ only in velocity for the most recent ~42 km of shortening.
This portion of the ZHe signal is collocated with samples IA1, IA3 and
SA4, whose ages we argue are replicated in the signals of velocities v
and viii, within error, but not in that of constant velocity i. Thus, the
shape of the pattern of ZHe reset ages requires velocities greater than
~5.8 mm/yr (that of model i), and that, the timing of this fast empla-
cement of models v and vii within model error are equivalent, but that
model viii is on the outer edge of this error envelope.

4.2.4.2. Eastern Cordillera. Across the EC, velocity frameworks v and
viii have more fully reset AFT ages and younger partially reset ages than
the constant velocity i particularly between 100 and 135 km; though
the bulk of this pattern is controlled by kinematics, the faster velocities
result in more fully reset ages by driving younger exhumation that
occurs during SAZ deformation (particularly between 100 and 135 km,
Supplementary Fig. 1). Velocity viii has EC ages ~3 Myr younger than
those in v, as the duration of rapid shortening in the SA results in the
timing of deformation in the EC being younger.

4.3. Best fit velocity models

Modelled thermochronologic ages predicted by various velocity
structures for two kinematic variations (in-sequence, model 1, and OOS,
model 4) were compared based on their ability to reproduce the mea-
sured thermochronology (AFT, ZHe) ages, all of which were given equal
weight. Matches between measured and modelled ages were identified
if the modelled age, with a = 1 Ma and + 2 km error, fell within any
portion of the measured age and its error. The total percent fit is
computed by dividing the number of matches by the total number of
samples (Table 4, Supplemental Fig. 5). For constant velocity, Model 1
(in-sequence deformation) matches better (i, 52%) than Model 4 (i,
47%) (Table 4). However, for all other velocity frameworks, Model 4
consistently produces better results than Model 1, by 5-19%.

Sensitivity to model start times (50, 45, 40 Ma) was tested with the
same SA velocity frameworks (8 mm/yr, ~8-0Ma, Supplementary
Fig. 3), but with three different rates during EC and AP deformation
(5.2, 5.8, and 6.8 mm/yr). All three models match the thermo-
chronology data equally well (71%, models iii, vii, ix; Table 4), though
velocity ix lies on the outer edge of the error envelope (40 Ma start).
This sensitivity to model start suggests that the EC is relatively in-
sensitive to variation between ~5 and ~7 mm/yr deformation rates or
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age of initiation between 40 and 50 Ma, with a slightly better fit at >
5.2 mm/yr and model start > 40 Ma. Additionally, velocity ii, with EC
deformation occurring at 4 mm/yr, has a lower percentage fit than
velocity x whose EC deformation occurs at 5.7 mm/yr (52% vs 62%)
and the 40 Ma start of deformation just barely captures the younger
error limit for sample EC2. These observations highlight the critical
velocity for EC thermochronologic fit as at least 5.2 mm/yr while the
youngest permissible age of deformation is 40 Ma.

Velocity frameworks with greater than 55% fit for kinematic Model
4 were used to define an acceptable velocity envelope, shown in Fig. 8b.
The best fit velocity frameworks (65% or greater match) require the SA
to be 8-10mm/yr (Table 4), and EC deformation at 5.2mm/yr or
greater. Five velocities result in the same percentage fit: iii, vi, vii, viii,
and ix with a fit of 71.43%. As velocities iii, vii, and ix all have the same
shortening rate during SA deformation (8 mm/yr) but different de-
formation (50, 45, 40 Ma) start times, we compare velocities vi, vii, and
viii (all with a 45 Ma initiation of deformation) to remove any variation
in modelled thermochronology due to variation in model start time. For
ZHe sample [A2, velocity vi provides a better fit, rather than at the edge
of the model error envelope (Fig. 10d). For ZHe sample SA3 and AFT
samples IA3, SA1, SA2, and SA4, models vi and vii provide a better fit
than viii (Fig. 10e-g). Model viii only provides a better fit than vi or vii
for AFT samples IA1 and SA3 (Fig. 10f). As velocity vi best predicts the
measured ages of the majority of SA thermochronology samples within
a smaller error envelope than the other two velocities, velocity vi is
used for modelled sedimentology ages in Fig. 11.

4.4. Modelled sedimentology

As flexural loading, due to the generation of new topography by
crustal shortening in the kinematic model, is accounted for, the pre-
vious depositional horizon subsides creating a modelled stratigraphy.
These flexurally-created foreland and hinterland basins initially form
by deposition up to 0 km elevation. To continue sedimentation during
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and after deformation in the AP, sediment was accumulated in topo-
graphic lows up to 0.5 km per step. We compare the model-predicted
age and thickness of stratigraphy in five distinct regions to their cor-
relative published strata using our best-fit velocity model (Fig. 11).
Model-associated ages are listed on the left, while the measured for-
mations corresponding to thickness are listed on the right (Fig. 11

(a)-(e)).

4.4.1. Corque

Modelled synorogenic sedimentation in the Altiplano produced a
westward thickening 1.1-3.2km total of backbulge, forebulge, and
foredeep sediments prior to thermal model initiation due to 200 km of
shortening in the proto-WC FTB. These modelled strata may be corre-
lative to the Santa Lucia, El Molino Fms, and basal Potoco (Fig. 2,
Fig. 5a) depending on the start of EC deformation (early 50 Ma starts
precludes the ~40 Ma base of the Potoco Formation as part of these
early synorogenic strata). As modelled deformation in the EC begins,
uplift over two basement ramps, one west and one east of the AP,
provides a sediment source and loading mechanism for the AP. This
shortening is transferred up these two basement ramps and into the
Paleozoic section, which shortens initially eastward, and then propa-
gates back west through the EC (Fig. 5b—e). The Corque syncline is si-
tuated between these two loci of deformation (e.g. basement ramps)
and has ~4.5km of modelled hinterland sediment accumulated by
~36 Ma, corresponding to the Eocene Lower Potoco, and ~4km of
modelled synorogenic sediment by ~28 Ma corresponding to the Oli-
gocene Upper Potoco (Fig. 11a).

The modelled subsidence was restricted due to imposed isostatic
uplift which slowed accumulation, resulting in only ~4 kms more of
accumulated sediment by ~11.6 Ma (Fig. 5f), and ~2 km more by 0 Ma
restricted to the topographic lows in the core of the syncline only,
corresponding to the lower Miocene Coniri and upper Miocene to
Quaternary upper Totora and Crucero Fms (Fig. 5h, Fig. 11a).
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4.4.3. Morochata
The 0.3 km of modelled backbulge sedimentation corresponding to

4.4.2. Lago Poopo
Lago Poopo modelled sedimentation initiated around ~25 Ma after

0OO0S motion allowed erosional removal of up to ~6 km of synorogenic
and the Cretaceous through Devonian overburden (Fig. 5d). Flexural-
induced subsidence, due to shortening in the adjacent AP, allowed
4.8 km of synorogenic sediment accumulation between ~22 and 6.5 Ma
(Fig. 5f), with 0.4 km more between 6.5 and 0 Ma (Fig. 11b). The re-
stricted subsidence 6.5-0 Ma is primarily due to the locus of deforma-
tion, and thus subsidence, shifting ~170 km towards the foreland, with
a secondary component due to imposed isostatic uplift.

the bulk of the Santa Lucia and El Molino Fms formed prior to the in-
itiation of thermal modelling (Fig. 2, Fig. 5a). At the initiation of de-
formation, Morochata lies in a forebulge position (Fig. 5a). As de-
formation initiates in the modern FTB, Morochata lies between two loci
of deformation, the eastward propagating deformation in Paleozoic
rocks to the east and the basement ramp located to the west (Fig. 5b).
As the isostatic response is dominated by the loading associated with
the basement ramp, the remaining sedimentation occurs in the position

©
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Fig. 11. (a)-(e) Sedimentary basins and associated model ages [Ma]; Ticks every kilometer for vertical scale; bold every five. (a) Variation in modelled sedimentology
ages. (f) Schematic depiction of imposed uplift and subsidence showing locations of uplift and subsidence. (g) Final flexural-kinematic model showing (a)-(e) with no
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of the foredeep/wedgetop, with 0.3 km forming by ~43 Ma and 0.2 km
more by ~40 Ma (Fig. 11c).

4.4.4. Along strike with Incapampa

Although initial modelled deformation in the Paleozoic strata of the
FTB starts on the eastern edge of the EC (Fig. 5b), as the basement
thrusts propagate eastward and the overlying deformation propagates
westward into the EC, the EC/IAZ boundary is a region of subsidence
and basin formation (Fig. 5c, d). The modelled subsidence in the region
is limited prior to ~34 Ma, as the loading is controlled by the empla-
cement of basement thrust sheets 1 and 2 and thus focused in the
hinterland. This results in a very condensed section of sedimentation of
only 0.1 km between 50 and 34 Ma (Fig. 5b). However, as the FTB
grows and the décollement deepens in response to continued, eastward-
propagating shortening of the basement thrust sheets, the eastern edge
of the EC transitions to a more proximal foredeep location in front of
basement thrust 3 and accumulates ~2.7 km of modelled synorogenic
sediment by 22 Ma (Fig. 5d, e, Fig. 11d). No sediments are preserved
after this time due to erosional removal from uplift and emplacement of
basement thrust sheet 4 (Fig. 5g). As described in Section 4.2.2, our
model preserves this sedimentary section that is not preserved in the
FTB at 18°S due to insufficient exhumation over basement thrust sheets
3 and 4.

4.4.5. Foreland Basin

Modelled sediments in the foreland initially accumulate quite slow,
with only ~0.35km of sedimentation occurring between the model
start and ~10 Ma due to the hinterland focus of shortening and weak
initial lithosphere not forcing flexural subsidence far from the locus of
deformation (Fig. 5a-e). As the deformation front propagates forward
and shortening is focused in the IAZ and SA, the FB transition to
proximal foredeep (Fig. 5f). The bulk of the FB sedimentation, the re-
maining ~4 km, occur between ~10 and 0 Ma due to flexural and im-
posed subsidence in the proximal foredeep of the FTB (Fig. 5f-h,
Fig. 11e).

5. Discussion

5.1. Basement thrust sheet controls on kinematics, exhumation, and cooling
signals

The pronounced changes in structural elevation between the SA,
IAZ, and EC, in combination with the projected décollement depth,
leaves a large space to be filled between the depth of the Paleozoic
strata underneath the SA and its projection towards the hinterland and
the exposed Paleozoic rocks at the surface in the IAZ and EC. These
pronounced structural elevation changes have been interpreted as a
function of basement thrust sheets in crustal scale cross-sections
(Anderson et al., 2017; Baby et al., 1997; Kley, 1996; Kley et al., 1999;
McQuarrie, 2002; McQuarrie et al., 2008a; Miiller et al., 2002; Rak
et al., 2017), although the geometry of the basement thrusts may differ.
While duplexing of sedimentary rocks would fill the space, it would
significantly increase the magnitude of shortening (McQuarrie, 2002),
and require substantial removal of crustal rocks (Eichelberger et al.,
2015). Provided there is an appropriate strength contrast between
strong basement rocks and weak rocks due to the brittle-ductile tran-
sition, emplacement of a long basement thrust sheet requires less work
than duplexing (Hatcher and Hooper, 1992; Mitra and Boyer, 1986).
The initial cross-section geometry in this study (from McQuarrie, 2002)
used three basement thrust sheets (with one very long thrust sheet) as a
balance between the need for structural elevation and reduction in the
amount of work necessary to deform. However, the initial geometry
placed the hangingwall/footwall cutoff of basement thrust sheet 2 un-
derneath a preserved thrust of Paleozoic through Cretaceous strata
(near ~300km in Fig. 5a). Basement thrust sheet 1 has ~33km of
displacement, and the majority of loading in the initial FTB is focused
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within ~50 km of this uplift (275-400 km, Fig. 5b). As displacement
propagates forward and shortening begins on thrust sheet 2, the Cre-
taceous strata (preserved in modern times) are located near the surface
(~0km elevation) (~260-300 km, Fig. 5b). The initial basement thrust
sheet 2 ramp was located directly below this and uplifted the previous
topographic surface to > 10 km in elevation, regardless of EET tested.
Any viable estimate of topographic elevation resulted in erosional re-
moval of Cretaceous through the middle of Ordovician section. In order
to preserve these Cretaceous through Ordovician strata present in the
modern FTB, the basement thrust sheet was split into two and the ramp
location was shifted to lie under the deepest erosion level with the
majority of the cross-section remaining unchanged. Due to the strong
relationship between basement thrust propagation and erosion, an ob-
vious way to test the new basement geometry is to see if its predicted
ages agree with measured ages though the region. The match between
predicted and measured cooling ages as well as the flexurally produced
basins all support basement thrusts as a viable method for transferring
slip from deeper décollement levels up to the thin-skinned surface
thrusting seen in the Central Andes. The incorporation of flexural
modelling of basement thrust sheets imparted a new constraint to
evaluating the viability of a cross-section and cross-section kinematics
and highlights the large effect basement thrusts have on the location of
exhumation.

Differences in the geometry and location of basement structures, as
well as the proposed kinematics and vergence, should impart notably
different mineral cooling ages. Baby et al. (1997) show two cross-sec-
tions through northern (15-18°S) and southern (21-22°S) Bolivia. Both
sections show four to five eastward stepping basement thrusts similar to
the four eastward stepping basement thrusts we propose for our section
at 17-18°S. Notable differences include: 1) the thickness of these thrust
sheets, the Baby et al. (1997) basement structures involve the entire
thickness of the basement (20-25 km) compared to the ~12km thrust
sheets in the cross-sections we model, and 2) the location of the pro-
posed modern, active ramp. The southern section of Baby et al. (1997)
depicts a steep, active basement ramp located near the center of the EC.
This steep basement ramp would produce a modern westward-younging
signal similar to the signal basement thrust sheet 2 produced at
~24-27 Ma (Fig. 5c, d). The northern cross-section (15-18°S) has the
active ramp even farther to the west. The young 0.5-8.1 Ma AFT ages
between 20 and 60 km from the deformation front at 18°S (Fig. 10f,
Table 1) requires that the active ramp at this latitude is located near the
EC-IAZ boundary (Fig. 1).

Armijo et al. (2015) depict an orogen scale cross-section located at
21°S. In contrast to the eastward-verging basement structures proposed
by Baby et al. (1997) and this study, the basement structures are pre-
dominantly west-verging (Armijo et al., 2015). The proposed westward-
verging and westward-younging basement thrusts would provide uplift
and exhumation in the eastern cordillera form 40 Ma to 10 Ma with the
youngest ages (10 Ma) above the active ramp in the western EC. This
kinematic scenario and timing are hard to reconcile with the measured
thermochronology in the area (Anderson et al., 2018; Calle et al., 2018;
Ege, 2004; Ege et al., 2007; Tawackoli, 1999). However, Armijo et al.
(2015) additionally provide surface observations of west-vergent
structures west of the WC that accommodate 10's of kilometers of
shortening. These west-vergent structures are not incompatible with the
predominantly east-verging WC basement ramps that facilitate 100's of
kilometers of shortening in the EC, IAZ, and SA that we present here.

The focused uplift imparted by basement ramps produce locally
high topography and an increase in erosional exhumation (Fig. 5). In
our model, basement thrust sheets are the primary driver of uplift and
exhumation, and thus impart the youngest ages above the active ramps
(see Fig. 5c). Shortening over the hinterland footwall ramp due to
emplacement of basement thrust sheet 2 produces the westward-
younging AFT reset signal recorded by the two furthest west EC samples
(180-250 km, Fig. 5h). Eastward propagation of this basement thrust
sheet forms a crustal-scale, passive roof duplex which produces an
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eastward-younging cooling signal as westward propagation of the EC
backthrust belt move material up and over the hangingwall ramp
(Fig. 5d). These two patterns, when combined, have the oldest ages
near the center of the EC (~160-150km), bordered by westward-
younging and eastward-younging patterns such that the youngest ages
are on the outer edges of the EC (Fig. 5h). This pattern is slightly ob-
fuscated by low exhumation (most notably at 180 km), where the pat-
tern of basement faulting is only seen in the youngest reset ages (Fig. 5,
Fig. 7), but can be augmented by increased heat production or velocity
(Figs. 7 and 8). Low exhumation imparts a saw tooth pattern of reset
and partially reset ages with a higher frequency (shorter wavelength)
that highlights the exhumation induced by deformation on individual
Paleozoic structures, complementing the broad wavelength cooling
signal imposed by basement thrust sheets. We argue that this combi-
nation signal is recorded in our measured AFT ages where adjacent
samples can have a difference in age of 25-30 Myr (e.g. samples EC3
and EC4), a range replicated between reset and partially reset ages in
our model. Further eastward propagation of deformation emplaces the
final basement thrust up and over its basement ramp and cuts through
the full Paleozoic through Cenozoic section where it breaks the surface
at ~20 km (Fig. 5h, Fig. 6b). This series of ramps produces a shallowly
sloped westward-younging signal where the western edge is pinned at
the ramp through the lower Paleozoic section (~75km, Fig. 5g). Su-
perimposed on this westward-younging signal are young ages that are a
function of the OOS fault and the frontal ramp through the SA foreland
basin. This combination of predicted signals matches the measured
thermochronology.

5.2. Sedimentary Basin Formation

Sedimentary basins in retroarc systems encapsulate an important
record of crustal shortening, flexure, and accumulation histories that
are formed in isostatic response to the load created by FTB shortening
(Angevine et al., 1990; Beaumont, 1981; Horton, 2018a; Jordan, 1981,
1995; Stockmal et al., 2007). The sedimentary history preserved in the
Corque syncline provides a long-lived hinterland basin record of the
duration of Andean mountain building, while the Chaco foreland basin
contains only the youngest stage of Andean history (DeCelles and
Horton, 2003; Horton, 2018a; McQuarrie et al., 2005). Incorporation of
kinematic and flexural modelling allows us to investigate the structural
controls on sedimentation and preservation. In our model, ramps
through basement rocks double a crustal section of ~12-15km, pro-
ducing a much larger uplift signal (and thus topographic load) than
shortening in the Paleozoic section, which typically repeats a ~3-5 km
stratigraphic section. The basins produced due to basement loading
(e.g. ~375-575km, Fig. 5b) are broader and deeper than those pro-
duced by shortening in the Paleozoic section (e.g. ~50-225 km, Fig. 5b)
because of the contrast in load imparted by larger ramps. Thus, the
location and magnitude of crustal deflection (and thus accommodation
space) is a function of the loads imparted by basement thrusts. These
flexurally subsiding regions are filled with sediments shed from the FTB
and elevated topography to the west and can form on both hinterland
and foreland sides of the load.

Our model tracks the accumulation of sediments through time and is
able to reproduce the thicknesses of synorogenic sedimentation found
in Cenozoic basins throughout the region (Fig. lc, Fig. 11). Sedi-
mentation in the AP initiates as a flexurally-induced backbulge through
foredeep environment prior to model initiation due to deformation in
the proto-WC FTB (Fig. 2). This initial sedimentation, of only ~1.5km,
is a small portion of the overall preserved AP sedimentation in the
Corque syncline (~15 km). Depending on the age of deformation in the
EC this sedimentation predates 50-40 Ma and thus precedes or coin-
cides with the deposition of the ~40 Ma Potoco Formation. As the FTB
propagates eastward and shortening in the modern FTB initiates, the AP
forms a flexurally induced hinterland basin that fills with Cenozoic
synorogenic strata (‘C’, Fig. 5) sourced primarily off of the uplifted flank
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of the deep basement thrust sheet in the west (~615 km, Fig. 5b), with
additional sedimentation possible from the east either from basement
thrust sheet 1 (in sequence basement deformation) or basement thrust
sheet 2 (a potential OOS basement thrust order) (Supplementary Fig. 4).
In sequence basement thrust sheets would argue that the lower 4 km of
Potoco Formation preserved in the eastern limb of the Corque syncline
potentially were derived from the east. However, the predicted topo-
graphy over the uplifted basement thrust 1 shows a steep westward
facing topographic slope with limited drainage area defined by the
uplifted topography. A steep western slope and a broad gentle eastern
slope may limit sediment contribution from the east to within
~5-10 km of the uplift (Leeder, 1995) that is then eroded as the Corque
syncline deforms. Alternatively, initial motion on basement thrust 2
limits the contribution to the Corque syncline from eastern sources by
moving the potential source area farther to the east (Supplementary
Fig. 4), promoting western-derived sediments in the lower 4 km of the
Potoco Formation (Horton et al., 2001). The thickness and age range of
the Potoco Fm is reproduced by our flexural model and matches the
measured rate of sedimentation, within error, when we use our best fit
velocities (Table 4, Fig. 11a), and the sediment sources predicted by our
models do not conflict with the predominant eastward paleoflow
measured in the lower 4 km of the Potoco Formation (Horton et al.,
2001). The measured rate of sedimentation and sedimentary ages re-
quires rapid subsidence and argues for more than just a foreland basin
sedimentation history (Horton, 2018a) preserved in the AP. We argue
that this rapid sedimentation rate and the Eocene to modern thickness
of sedimentation in the AP is generated as a function of a double load
imparted by two basement ramps. A double load, and thus rapid sub-
sidence, is perhaps a unique feature of hinterland basins (Horton, 2012,
2018a).

Along the AP/EC border, thrust-induced exhumation associated
with motion over the footwall of basement ramp 2 removes the
Cretaceous through Silurian strata. Loading of the FTB due to continued
uplift over a WC basement ramp (Fig. 5¢) and eastward emplacement of
basement thrust sheets in the EC and SA, as well as AP shortening,
drives subsidence of the AP/EC between 25Ma and present (‘LP’,
Fig. 5e-h). Thus, our model reproduces the erosional and sedimentary
history found in Lago Poopo (McQuarrie and DeCelles, 2001).

In the EC, the pre-Andean FTB in our model drove backbulge
through forebulge sedimentation at the location of Morochata (Fig. 2).
As deformation propagates eastward into the modern FTB, Morochata
lies between the locus of deformation on the western edge due to
basement thrust sheet emplacement, and the thin-skinned shortening in
the Paleozoic cover to the east. Isostatic loading and erosion from this
proximal thin-skinned thrusting initiated sedimentation in the Mor-
ochata basin east (‘M’, Fig. 5b). Initial loading from basement sheet 2
dominated the isostatic load, and the resulting sedimentation in the
basin kept Morochata in a foredeep/wedgetop position. This sedi-
mentation history of Morochata broadly matches the measured thick-
nesses, ages, and sedimentary environments of sediments preserved in
measured sections along strike but farther to the south in the Camargo
Syncline (Fig. 11c) (DeCelles and Horton, 2003).

On the far eastern edge of the EC, our model preserves basin sedi-
mentation not found in the section at 18°S. These sedimentary strata
formed initially in a backbulge location with restricted sedimentation,
but as the FTB migrated eastward and increased subsidence in the re-
gion between Oligocene and early Miocene, the bulk of the sedi-
mentation occurred in proximal foredeep environments similar and
adjacent to Morochata (‘I', Fig. 5b—d). Though this basin is not pre-
served at 18°S, similar captured Cretaceous through Miocene sedi-
mentary basins (Incapampa (Fig. 1c) and Tarabuco) are found along
strike south of this section (DeCelles and Horton, 2003; Horton, 2005).
These basins are preserved in front of the hangingwall of the eastern-
most EC basement thrust sheet. These are separate from the Camargo,
Torotoro, and Morochata basins, by a structural high of predominantly
Ordovician age rocks (Horton, 2005) that place the Camargo, Torotoro,
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and Morochata basins behind (west) of the basement thrust sheet
hangingwall cutoff (Eichelberger et al., 2013; McQuarrie, 2002). In
geology of the region and in the kinematics of the original cross-section,
the modelled basin remnant at the far eastern edge of the EC would
have been erosionally removed though the uplift associated with fault-
bend-fold hanging wall steepening (Suppe, 1983) of basement thrust 3,
a deformation process Move is not able to model without perfectly flat
décollements. The inability to reproduce this deformation, forces the
basin to remain caught between the eastern basement thrust hanging
wall and the SA basement thrust, a position that has preserved these
basins in the fold-thrust belt farther to the south. The preservation of
this basin argues for the basement ramp associated with basement
thrust sheet 3 to be located further east. This would force the toe of the
hangingwall of thrust sheet 3 farther under the EC/IAZ boundary,
providing structural elevation allowing for erosional removal of the
basin.

For the majority of the model time, our modelled modern FB (i.e.
the SA) receives little to no subsidence due to its location far from the
locus of shortening (‘F’, Fig. 5a-e). However, as SA shortening initiates
in the Miocene, the bulk of the ~4.5km of FB sediments form in re-
sponse to a flexurally-driven foredeep driven by the SA basement thrust
(Fig. 5f-h) predicting basal foreland basin sediments that are ~10 Ma.
This lack of Paleocene and Eocene strata, as well as the thickness of
produced Miocene synorogenic sedimentation, match the measured FB
strata (Fig. 11) (Marshall et al., 1993; Marshall and Sempere, 1991; Uba
et al., 2005, 2009).

The primary driver of loading and thus accommodation space
throughout our model is the location and emplacement of basement
thrusts. These exert a first-order control on accommodation space and
the partitioning of basins.

5.3. Lateral variability in structure, kinematics and velocity

5.3.1. Structural and stratigraphic variability

Across the Bolivian Andes, many authors have noted lateral varia-
bility in age and location of strata exposed at the surface; as a result,
they have interpreted subsurface structural changes in the geometry of
the FTB to be the cause of these surface variations (Fig. 12) (e.g. Baby
et al., 1995; Kley, 1999). The first order geometry of a FTB is set by
preexisting structures, crustal weaknesses, and the sedimentary mate-
rial available to deform (Boyer, 1995; McQuarrie and Ehlers, 2017;
Mitra, 1997). In the Bolivian Andes, there are several pre-existing
structural weaknesses that may have been reactivated or have driven
significant variations is sedimentation imparting a control on FTB de-
formation and resulting in laterally varying map patterns: Late Per-
mian-Jurassic rift structures (Sempere et al., 2002), Early Cretaceous
rifting (Sempere et al., 1997), basement highs (Baby et al., 1994, 1995;
Williams, 1995). These, in combination with changing tectonic, cli-
matic, and transport conditions influenced the shape and contributed to
the variability of the Paleozoic sedimentary basins (Baby et al., 1995;
Sempere et al., 1997, 2002). Lateral variability in the sedimentary
strata and basement geometry can alter what horizons act as ramps and
flats.

The IAZ is broadly defined as the portion of the FTB whose rocks at
the surface (primarily Devonian) require a marked change in structural
elevation from the SA. This structural elevation is imparted by the
easternmost, and thus most recent, basement thrust sheet (Kley, 1996,
1999; McQuarrie, 2002). As the FTB continues to deform and thrusts
propagate outward to the SAZ, the rocks of the IAZ are uplifted and
passively transported on this basement thrust sheet. Via a balanced
cross-section, basement thrust sheets are restored to determine their
ramp locations. These basement structures, both thrust sheets and
ramps, exert a first order control on the location and expression of the
IAZ.

At 18°S (Fig. 12,ii), Ordovician and Cambrian strata are at the
surface in the IAZ (Fig. 12a). Topographically, the elevations along
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strike are relatively consistent and cannot explain the presence of
deeper stratigraphy present at the surface. To the northwest of our
study area, there is a southwest-northeast trending contact, perpendi-
cular to fault orientation, between the Ordovician-Silurian and Devo-
nian strata (Fig. 12,ii). This transition from Cambrian strata at the
surface to Carboniferous and Permian strata at the surface ~75km
northwest illustrates a rapid decrease in structural elevation (Fig. 12a)
[and erosion level (Fig. 13c)]. There is a similar decrease in structural
elevation along strike to the southeast, where Carboniferous rocks are
present again ~150 km southeast (Fig. 13c).

As a result of a series of coarsening upward sedimentary sequences
(Baby et al., 1995; Sempere, 1995), there are multiple décollement le-
vels which transfer slip and accommodate shortening at various stra-
tigraphic levels in the Bolivian Andes. Between 15 and 17°S (Fig. 13b),
the base of the Ordovician section acts as the décollement in both the
SA and IAZ, with a secondary décollement at the bottom of the Devo-
nian strata (McQuarrie et al., 2008a). At 18°S, the bottom of the Or-
dovician and Devonian sections are still décollements in the SA, how-
ever, the bottom of the Cambrian section is also a décollement
(McQuarrie, 2002). At 19°S, the primary décollement has moved to the
top of the Ordovician section in the SA, as the shallow dip and FB
thickness does not permit carrying the additional stratigraphy
(Eichelberger et al., 2013). The SA at 18°S are narrow, likely due to the
edge of the Paleozoic basin and/or the Chapare basement high (Baby
et al., 1994, 1995), which limited and promoted the propagation of the
FTB into the foreland (i.e. a forward lateral boundary) and likely pro-
moted the presence of exposed Cambrian rocks at the surface. This
unique presence of Cambrian rocks in the map pattern requires a
change in geometry to facilitate the increase in structural elevation
required by these older, deeper rocks at the surface (Fig. 12d). The
adjacent cross-sections show the basement thrust at the lowest décol-
lement level either above or below the Ordovician (Eichelberger et al.,
2013; McQuarrie et al., 2008a; Rak et al., 2017). These constraints
require lateral structures, either in the hangingwall, footwall or both,
between this study and the adjacent cross-sections in order to permit
the variation in map pattern and cross-section geometry.

Fig. 13 highlights the location of the décollement and stratigraphy
that is immediately above and below it along the border of the IAZ and
SA (orange dashed line, Fig. 12a,b). The figure shows variations in
stratigraphic thickness as well as marked changes in the hangingwall
and footwall stratigraphy (Fig. 13a). From south to north, the décolle-
ment, between 19 and 18°S, changes from the top of a potentially
thinner Ordovician section at 19°S to the top of the Silurian at 18°S A
lateral footwall ramp separating these two sections can be ~1km to
~3km depending on if the thickness of the Ordovician changes gra-
dually or abruptly (solid and dashed line between 19°S and 18°S,
Fig. 13b). Between 18 and 15-17°S the décollement steps down
(~1km) to the top of the Ordovician. While variations in hangingwall
stratigraphy from 19 and 18°S are minimal with both sections showing
the basement cut off immediately above the décollement, hanging wall
stratigraphy between 18 and 15-17°S shows a much more dramatic
change from basement at 18°S to the Devonian section 15-17°S. This
marked change in stratigraphy argues for a ~5 km hangingwall lateral
ramp. The lateral ramp is highlighted in the map pattern at 17°S. In this
location, the trend of fold and faults are northwest, perpendicular to the
shortening direction, while the stratigraphy at the surface changes from
Cambrian to Carboniferous strata over a 10-20 km distance perpendi-
cular (i.e. with contacts parallel) to the shortening direction, and 90° to
expected (and ubiquitous) stratigraphic changes which are generally
parallel to the transport direction. Thus, the more deeply exposed
stratigraphy at 17-18°S is a function of both a hanging wall geometry
carrying basement rocks farther east than sections to the north as well
as a change in the footwall geometry where the décollement above
thinner Ordovician strata allows for less structural uplift and less ex-
humation to the south.
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Fig. 12. (a) Simplified geologic map of Bolivia

Bolivia

--= Figure 13

(modified from (FEichelberger et al, 2013;
McQuarrie, 2002)); (b) Structural elevations due to
basement thrusts and tectonogeomorphic zones
(Paleozoic cover not shown; modified from (Kley,
1999; McQuarrie and DeCelles, 2001)); thin lines are
locations of studies referenced herein (from N-S: (i)
Rak et al., 2017 and McQuarrie et al., 2008a; (ii)
McQuarrie, 2002, this study; (iii) Eichelberger et al.,
2013; (iv) McQuarrie, 2002; (v) Anderson et al.,
2017, 2018); simplified cross-sections highlighting
basement (thick lines) and SA (thin lines) geometry:
(c) representative of the majority of Bolivia; (d) re-
presentative of 18°S. Dashed line indicates approx-
imate location of Fig. 13.
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5.3.2. Kinematic variability

OOS faulting in this region of Bolivia was first proposed by Whipple
and Gasparini (2014) based on the location and pattern of steep river
channels (Ksn, a measure of channel slope normalized to drainage
area). High Ksn values associated with active uplift and can be related
to surface breaking thrust faults or uplift over subsurface ramps
(Gasparini and Whipple, 2014; Kirby and Whipple, 2012; Wobus et al.,
2006). Thus, high Ksn would be expected over the active basement
ramp and at the deformation front in our model (if deformation was
occurring in-sequence). However, the highest Ksn values located west
of the deformation front are not collocated with our basement ramp.
Instead, these high Ksn values are immediately west-southwest of the
thrust that breaks the surfaces at ~20 km in our model (Fig. 10), pro-
viding support for an out-of-sequence thrust in this location. Our
modelling results show that in-sequence deformation does not produce
the best fit to measured data, and instead highlights the efficacy of an
00S model at reproducing the measured thermochronology (Fig. 6,
Table 4). Our modelled OOS thrust is permitted by the map pattern and
there are several mechanistic arguments in support of OOS thrusting in
this portion of the Bolivian Andes, including focused erosion, either due
to increased climatic effects or tectonically-controlled topographic
driving orographic rainfall (Dahlen, 1990), and pre-existing structural
controls limiting forward propagation of the FTB. Propagation of the
thrust front is limited when more work is required to slip along the
basal décollement than to ramp upsection (Boyer, 1995; Dahlen, 1990;
Mitra, 1997). While it is possible that the high precipitation gradient in
the region has focused erosional removal of material and promoted a
hinterland increase in topography prior to further propagation, the
modern-day high precipitation gradient could be an orographic

response to OOS thrusting.

5.3.3. Variability of velocity along and across section

Many previous authors have proposed variable shortening rates in
the central Andes (Anderson et al., 2018; Eichelberger et al., 2013;
Elger et al., 2005; Hindle et al., 2005; Hindle and Burkhard, 1999;
McQuarrie et al., 2005; Oncken et al., 2006; Rak et al., 2017). Spatial
and temporal variation in shortening rate can be affected by con-
vergence rate and coupling between the subducting and overriding
plate (Babeyko and Sobolev, 2005; Horton, 2018a, 2018b), the angle
and rate of slab subduction, possibly related to full or partial mantle
convection (Faccenna et al., 2013; Royden, 1993; Schellart, 2017), an
upper plate response to accumulation and loss of mantle lithosphere
(DeCelles et al., 2009), and the lithologic and stratigraphic variability
altering the work required to deform (Mitra, 1997). Rates of deforma-
tion have been determined from a variety of data sources, and initial
velocity estimates in the Central Andes frequently relied on the San
Juan del Oro surface (~10 Ma) to constrain the end of EC deformation,
and the initiation of SA deformation (e.g. Gubbels et al., 1993). Sedi-
mentation ages and rates are frequently used to constrain the timing of
shortening (Echavarria et al., 2003; Espurt et al., 2008; Uba et al.,
2009); however, poor age control (DeCelles and Horton, 2003) and the
disconnect between age of sedimentation and age of deformation (Rak
et al., 2017) can affect the reliability of these shortening rates. Newer
methods of determining rates of deformation incorporate exhumation
ages determined by low-temperature thermochronology (Anderson
et al., 2018; Barnes et al., 2006, 2012; Lease et al., 2016; McQuarrie
et al., 2008a), but require a cautious approach because the age of ex-
humation recorded by a given chronometer system may not be the age
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Fig. 13. Structural and Stratigraphic variation along the IAZ/SA boundary. Line
of section along IAZ/SA border (Fig. 12). (a) initial stratigraphic variation in
thickness between 15 and 17°S and 19°S (thicknesses measured from
McQuarrie, 2002; McQuarrie et al., 2008a and Eichelberger et al., 2013. (b)
depiction of footwall structure with alternate (dashed) geometry; (c) depiction
of hangingwall structure and erosion level.

of deformation. This is particularly important in the central Andean FTB
as exhumation over basement ramps provides a first-order control on
exhumation and thus can overwrite an initial deformation history (Rak
et al., 2017; this study). Young AFT samples from the IAZ and AFT (at
18°S) that record rapid exhumation at 6 + 2Ma have been used to
argue for an initiation of SA deformation at this time (Lease et al.,
2016); however, as shown in Fig. 5f-g, exhumation in the IAZ occurs
again at ~10Ma due to uplift over basement structures, and the re-
sulting IAZ and SA modelled ages fall within the published AFT ther-
mochronology range of 2-9Ma (Fig. 10f). The period of rapid ex-
humation is not directly equivalent to the start of IAZ or SA
deformation, as exhumation induced by the emplacement over the ac-
tive basement ramp associated with SA shortening overwrites the initial
IAZ ages such that the measured thermochronology ages only record
the last stage of shortening.

Our model results for 18°S suggests that the shortening rate asso-
ciated with initial Andean deformation was relatively stable at
~5.2-6.8 mm/yr during EC, IAZ, and the majority of AP emplacement
(~50 to ~12-9 Ma), and that shortening rate increased to 8-10 mm/yr
between 12 and 9 Ma (black, Fig. 14b). The shortening rate during in-
itial Andean deformation is roughly in agreement with the ~7 mm/yr
approximate shortening rate predicted from balanced cross-section and
low-temperature thermochronology just to the south (19°S,
Eichelberger et al., 2013, Fig. 14b). In northern Bolivia (15-17°S), the
acceptable velocity envelope identified in previous studies in-
corporating thermokinematic modelling permits a constant 5-7 mm/yr
velocity over the entire 50-55Ma shortening history, with possible
windows of increased shortening rates between 50 and 42 Ma (up to
11 mm/yr) and between 15 and 5 Ma (up to 12 mm/yr) (Fig. 14a) (Rak
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Fig. 14. Proposed shortening rates across Bolivia. (a,b,c) thick gray dashed line:
bulk thermochronology data with AP, EC, and IAZ averaged shortening rate
separate from SA shortening rate; (a,b) Black area acceptable velocity envel-
opes, white line selected velocity models from coupled thermokinematic
modelling; (c) gray line estimated shortening rate with light gray area error
estimate on shortening rate(Anderson et al., 2018); black line (Oncken et al.,
2006), from thermochronology, sedimentology, and kinematic restoration.
Black dashed line SA shortening rate (Uba et al., 2009) from sedimentology.
Note different vertical axis limits on (c).

et al., 2017). This pulse of rapid SA deformation starts earlier than our
preferred shortening rate (white line, Fig. 14b). To match measured
cooling ages and basin data, SA shortening in northern Bolivia has to
decrease to 7 mm/yr from ~5Ma to present. In contrast, shortening
rates remain at 8-10 mm/yr to the present in our study region sug-
gesting lateral variability in shortening rates in the SA.

Authors incorporating balanced cross-section and low-temperature
thermochronology, approximate the shortening rate at 19.5°S to be
9 mm/yr from ~40-15 Ma during EC, AP, and IAZ shortening (Fig. 14c,
Barnes et al., 2008) with rates decreases to ~5mm/yr from 15 Ma to
present during SA shortening (Barnes et al., 2008). However, a detailed
study incorporating U-Pb dating and sedimentology in the SA between
19.5 and 21.5°S found that SA shortening may have initiated closer to
~13-10 Ma at rates increasing up to ~11 mm/yr between 5 and 3 Ma
(Uba et al., 2009). In far south Bolivia (20.5-22°S), authors proposed a
FTB shortening rate incorporating low-temperature thermochronology
exhumation ages, sedimentation, and balanced cross-section deforma-
tion estimates (Anderson et al., 2018; Oncken et al., 2006). The pro-
posed rate by Oncken et al. (2006) increases from ~0 mm/yr at 50 Ma,
to ~7 = 2mm/yr from 33 to 10 Ma, and finally to 13 + 4 mm/yr
between 10 Ma and present (Fig. 14c). Anderson et al. (2018) proposed
that deformation occurred in a series of pulses, with a background
shortening rate of ~3-5 mm/yr, and pulses of 9-13 mm/yr, 15-27 mm/
yr and 9-16 mm/yr during 28-18 Ma, 11-7 Ma, and 2-0 Ma, respec-
tively (Fig. 14c). The proposed shortening rates are strongly influenced
by the San Juan del Oro paleosurface and synchronous IAZ populations
of AFT and AHe ages (10-20 Ma, Anderson et al., 2018). Due to these
factors, the proposed timing pulses may overpredict shortening rate for
~10Ma to present compared to 15-17°S and 18°S. Synchronous po-
pulations of thermochronometers from multiple thermochronometer
systems in the IAZ at 21-22°S require that a large exhumation event
occurred (McQuarrie and Ehlers, 2015, 2017) at ~10Ma and
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potentially as early as 20 Ma, likely due to the initiation of motion on
the most recent basement ramp with associated uplift and exhumation
(Rak et al., 2017; this study). A 13-10 Ma initiation of SAZ deformation
would produce 4-8 mm/yr rate of deformation, with possible faster
rates from 2 Ma to present.

6. Conclusions

The research presented here highlights the importance of thermal,
flexural, and kinematic modelling as additional constraints to test the
validity of balanced cross-sections. While low exhumation amounts can
present additional challenges, the methodology presented herein allows
a mensurable link between balanced cross-sections, synorogenic sedi-
mentation, and thermal histories. Derivation of particle paths from
detailed flexural and kinematic models allow us to quantitatively link
balanced cross-sections with modelled thermal ages and the formation
of sedimentary basins through time which they produce. The location of
a basement thrust ramp proposed by McQuarrie (2002) resulted in
over-erosion of the sedimentary cover, while relocation of this ramp
successfully replicated surface geology.

Significantly low AP elevations predicted by initial flexural model-
ling required the incorporation of a long-wavelength, imposed uplift to
prevent excess subsidence and raise the AP to its modern elevations.
Inadequately thick SA deposits additionally argue for imposed sub-
sidence to increase the accommodation space available. The require-
ment for imposed subsidence in the foreland may suggest the im-
partation of a signal due to viscous coupling between the mantle wedge
and subducting oceanic plate (DeCelles, 2012). The need for imposed
uplift of the AP could be representative of mantle delamination
(Garzione et al., 2006), Airy isostasy attainment (Beck et al., 1996),
and/or lower crustal flow (Eichelberger et al., 2015; Isacks, 1988;
Lamb, 2011), and is consistent with arguments to maintain elevation in
the absence of deformation-induced uplift (Rak et al., 2017).

Mismatch between modelled and published ages informs us as to
how cross-section kinematics and deformation rates can be revised to
create a more accurate solution to known constraints. In-sequence ki-
nematics and constant (~5.8 mm/yr) deformation rates resulted in a
mismatch between published and modelled ZHe data, while increasing
SA deformation rates and revising the SA kinematic order to in-
corporate OOS thrusting provides a necessary pause in uplift and ex-
humation over doubled SA ramps in order to match published ZHe data.
While the geometry and kinematics set the pattern of permissible
cooling ages, changes in velocity controls the absolute ages recorded
and changes to radiogenic heat production alter which patterns of
cooling are recorded in which thermochronometer. Our model is in-
sensitive to model start times tested (50, 45, 40 Ma), and requires at
least 5.2 mm/yr shortening rate during EC emplacement. While a peak
velocity of up to 12 mm/yr during initial SA emplacement, slowing to
~6 mm/yr at present, provides an acceptable fit (> 55% fit), the best fit
(> 65% fit) has deformation rates of 8-10 mm/yr during the entire SA
emplacement.
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