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This study assesses the impact of fold-thrust belt driven deformation on the topographic evolution, 
bedrock exhumation and basin formation in the southeastern Peruvian Andes. We do this through a flex-
ural and thermokinematically modelled balanced cross-section. In addition, published thermochronology 
samples from low-elevation (river canyons) and high-elevation (interfluves) and Cenozoic sedimentary 
basin datasets along the balanced cross-section were used to evaluate the age, location, and geometry of 
fault-driven uplift, as well as potential relationships to the timing of ∼2 km of canyon incision. The in-
tegrated structural, thermochronologic, and basin data were used to test the sensitivity of model results 
to various shortening rates and durations, a range of thermophysical parameters, and different magni-
tudes and timing of canyon incision. Results indicate that young apatite (U-Th)/He (AHe) canyon samples 
from ∼2 km in elevation or lower are consistent with river incision occurring between ∼8–2 Ma and are 
independent of the timing of ramp-driven uplift and accompanying erosion. In contrast, replicating the 
young AHe canyon samples located at >2.7 km elevation requires ongoing ramp-driven uplift. Replicat-
ing older interfluve cooling ages concurrent with young canyon ages necessitates slow shortening rates 
(0.25–0.6 mm/y) from ∼10 Ma to Present, potentially reflecting a decrease in upper plate compression 
during slab steepening. The best-fit model that reproduces basin ages and depositional contacts requires 
a background shortening rate of 3–4 mm/y with a marked decrease in rates to ≤0.5 mm/y at ∼10 Ma. 
Canyon incision occurred during this period of slow shortening, potentially enhanced by Pliocene climate 
change.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons .org /licenses /by-nc -nd /4 .0/).
1. Introduction

The balance between climate and tectonics in shaping mountain 
morphology continues to be debated in the Central Andes of South 
America (e.g., Jeffery et al., 2013; Lease and Ehlers, 2013; Masek et 
al., 1994; Montgomery et al., 2001; Whipple and Gasparini, 2014). 
In the southern Peruvian Andes, high broad interfluves appear to 
be extensions of the northern Andean Plateau. These interfluves 
are separated by deep fluvial canyons carved into both the eastern 
and western edges of the plateau. Previous studies have suggested 
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that this incision is driven by marked changes in climate (Jeffery 
et al., 2013; Lease and Ehlers, 2013), by large-scale plateau sur-
face uplift via loss of dense lithosphere or addition of lower crustal 
material (Garzione et al., 2017; Hoke et al., 2007; Schildgen et al., 
2007), or by capture of an endorheic basin (Gérard et al., 2021a,b). 
These processes may also be accompanied by structurally-driven 
uplift due to subsurface ramps or surface-breaking faults, poten-
tially increasing erosional exhumation (e.g., Whipple and Tucker, 
1999; Gasparini and Whipple, 2014). Disentangling the relative 
contributions of these drivers remains challenging and is the fo-
cus of this study.

Flexural and thermal kinematic models tied to thermochrono-
metric cooling ages can help differentiate between proposed 
drivers of exhumation. Flexural kinematic models of deforma-
tion seek to replicate the observed geology at the surface, mea-
sured foreland basin thickness, age and location, and topography 
that reflects structural uplift variations in space and time (Mc-
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Quarrie et al., 2019; Braza and McQuarrie, 2022; Ghoshal et al., 
2023). For both structurally-driven uplift and/or climate-driven in-
cision, flexural kinematic models are required to reproduce both 
modern topography and the geology exposed at the surface. Mis-
matches in topography, particularly elevations at the eastern edge 
of the plateau, may indicate large-scale, plateau uplift is needed 
to achieve modern elevations of ∼4 km (Kar et al., 2016). The 
across-strike pattern of thermochronologic ages (Falkowski et al., 
2023), is also predicted to vary systematically based on the dom-
inant driver of exhumation. Structurally-driven uplift is predicted 
to yield the youngest ages at a surface-breaking fault, or over an 
active thrust ramp with ages increasing in the direction of trans-
port (Lock and Willett, 2008; McQuarrie and Ehlers, 2017; Rak et 
al., 2017). This exhumation signal will be recorded by both canyon 
and interfluve samples. In contrast, incision driven by drainage 
basin capture, large-scale plateau surface uplift or a climatic shift 
from warmer and dryer Pliocene to cooler but wetter present-day 
(Lease and Ehlers, 2013; Mutz et al., 2018) is predicted to have 
apatite (U-Th)/He ages <5 Ma only in the deepest portions of 
the canyon, while interfluves would record older ages from the 
last phase of structurally-driven exhumation. Upper portions of 
the canyon (<1.5 km beneath interfluve) and higher-temperature 
thermochronometers would record an integrated signal of both.

In this study, we evaluate the timing, rate, and location of 
structural shortening in the deeply incised San Gabán canyon in 
southern Peru through a sequentially-deformed, flexural-kinematic 
balanced cross-section integrated with a thermo-kinematic model. 
This approach predicts a topographic and sedimentary basin evo-
lution that facilitates the comparison of published thermochrono-
metric and basin ages to modelled ages resulting from balanced 
cross-section geometry and kinematics. We use this model to 
constrain the location, magnitude, and age of fault-driven uplift, 
evaluate permissible shortening rates, and assess whether defor-
mation alone is sufficient to explain both modern topography 
and thermochronometric ages or whether potential plateau uplift 
and/or climate-enhanced incision is also required to match ob-
served datasets.

2. Background

2.1. Geologic framework

The Central Andes in southern Peru are NW-trending, ∼400 
km wide, and consist from west to east of a subduction trench, 
Neogene Western Cordillera (WC) magmatic arc, largely internally 
drained plateau (the Altiplano - AP), Eastern Cordillera (EC), Suban-
dean Zone (SA), and modern foreland basin. Southern Peru marks 
the northern extent of the Central Andean Plateau, defined as the 
>3.5 km elevation region encompassing the AP, EC, and WC. The 
low relief AP contains 4–6 km, and locally up to 10 km, of syn-
orogenic Cenozoic sediment in Peru (Fig. 1) (Carlotto, 2013; Hor-
ton, 2018; Horton et al., 2015; Perez and Horton, 2014; Sundell 
et al., 2018). The EC, a hinterland fold-and-thrust belt with sur-
face exposures of Paleozoic–Mesozoic strata, encompasses several 
distinct structural zones (Figs. 1, 2). The backthrust belt primar-
ily exposes Cretaceous strata in Peru in a series of tight folds and 
faults. The Macusani Structural Zone, which has an oblique orien-
tation of faults and folds in Carboniferous–Permian strata, has been 
attributed to Andean-age re-activation of late Paleozoic rift struc-
tures (Clark et al., 1990; Sempere et al., 2002; Perez et al., 2016a). 
Finally, in the Cordillera de Carabaya, broadly folded Ordovician 
and Devonian exposures, intruded by a suite of Permo-Triassic 
plutons, mark the northeastern extent of the EC. The SA is a thin-
skinned frontal belt with the most recent deformation, exposing 
the Cretaceous through Cenozoic strata. The potential subsurface 
2

geometry of southern Peru (13–15◦S) was presented in a balanced 
cross-section by Perez et al. (2016b) (Fig. 2; Text S1).

3. Previous related work

3.1. Regional sedimentary basin synthesis

Synorogenic sedimentation in the Altiplano of southern Peru 
is preserved in several segregated basins that show components 
of a shared depocenter history as well as unique depozones with 
respect to age, thickness, and composition (Carlotto, 2013; Hor-
ton, 2018; Horton et al., 2015; Kar et al., 2016; Perez and Horton, 
2014; Saylor and Horton, 2014; Sundell et al., 2018). The Ayaviri 
Basin (Horton et al., 2015) is subdivided into the Llalli and Tina-
jani sub-basins and separated by the Pasani Fault (Figs. 1, 3). In the 
Llalli sub-basin, the oldest Andean synorogenic deposits are sed-
iments of the western-derived >3–5 km-thick Eocene–Oligocene 
San Jeronimo (Puno) Group, which unconformably overlay Cre-
taceous strata (Horton et al., 2015). Further east, in the Tina-
jani sub-basin, the ∼1.3-km-thick Puno Group is dated between 
∼29 and 24 Ma. The Puno Group is in depositional contact with 
the Jurassic–Cretaceous Muni Formation and the Silurian/Devonian 
Chagrapi Formation at its eastern and northeastern edges (Perez 
and Horton, 2014). On the southwestern side of the Tinajani sub-
basin, the Tinajani Formation is in contact with the Lower Or-
dovician San Jose Formation (Perez and Horton, 2014). Overlain 
on the Puno Group in the Tinajani sub-basin is the Neogene Tina-
jani Formation, which accumulated >1.1 km thickness between 24 
and 17 Ma. Several angular unconformities are preserved in ex-
posures in the Ayaviri Basin (28–26 Ma) and Tinajani (18–16 Ma) 
sub-basins that highlight faulting and associated differential uplift 
during those times (Perez and Horton, 2014).

3.2. San Gabán thermochronology

Published thermochronology data throughout southern Peru (59 
samples and 104 ages; Table S1) are sourced from Ordovician age 
quartzites (n=5), Permo-Triassic plutons (n=36), Permo-Triassic 
volcanic rocks (n=10), Cretaceous strata from the SAZ (n=4) and 
the western EC (n=1), and synorogenic rocks in the AP (n=2) 
and SAZ (n=1) (Fig. 1). Nearly 65% of the data are concentrated 
in the ∼2 km-deep canyons that dissect the plateau edge (Clark 
et al., 1990; Falkowski et al., 2023; Farrar et al., 1988; Kontak et 
al., 1987, 1990a; Lease and Ehlers, 2013; Perez, 2015; Perez et al., 
2016b). Samples from high elevation interfluves (n=12; Falkowski 
et al., 2023; Perez et al., 2016b) provide similar structural posi-
tions, but contrasting elevations to canyon samples (Figs. 1, 4). 
Thermochronometers used in this study include apatite and zir-
con (U-Th)/He (AHe and ZHe), apatite and zircon fission track (AFT 
and ZFT) and biotite 40Ar/39Ar (BAr) ages. These samples broadly 
record cooling through 68 ◦C (Farley, 2000), 110 ◦C (Ketcham et al., 
2007), 180 ◦C (Reiners et al., 2004), 240 ◦C (Brandon et al., 1998), 
and 350 ◦C (Grove and Harrison, 1996), respectively. BAr (49–36 
Ma) and ZFT (29–36 Ma) ages (Kontak et al., 1990b; Falkowski 
et al., 2023) from canyon plutons argue for exhumation initiat-
ing between 50 and 40 Ma. BAr ages between 89 and 122 Ma 
are interpreted to represent partial resetting between pluton age 
(∼260–200 Ma; Kontak et al., 1990a) and the onset of exhuma-
tion. Reset ZHe ages range from 48 Ma to 6 Ma. Partially reset and 
detrital ZHe ages are from the western EC (73–248 Ma) and Neo-
gene SA (26–284 Ma). Reset AFT and AHe ages range from 50–7.3 
Ma and 32–1.9 Ma, respectively (Fig. 4; Table S1).

4. Methods

The cross-section of Perez et al. (2016b) was modified and 
extended westward to account for the geometry of structures 
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Fig. 1. (a) Topographic map (based on ASTER GDEM) of the study area with bolded 4500 m contour and drainage divide between systems that drain northward and southward, 
I=interfluve, C=canyon. (b) Geologic map (modified from Sánchez and Zapata (2003), Cerrón and Chacaltana (2003), Monge Miguel and Montoya Pérez (2003) and Perez et 
al. (2016b) with published thermochronology sample locations (Clark et al., 1990; Falkowski et al., 2023; Farrar et al., 1988; Kontak et al., 1987, 1990a; Lease and Ehlers, 
2013; Perez, 2015; Perez et al., 2016b) (inset box corresponds to Fig. 4). Black lines in (a) and (b) represent balanced cross-section lines. The lines are proximal to field 
observations and oriented normal to the structural trend, which changes from ∼N 20 E to N 60 E in the Macusani Structural Zone (Perez et al., 2016a), resulting in multiple 
breaks in the section. Breaks are positioned at major structures (Perez et al., 2016b). (c) Digital topography of the Central Andes, WC is Western Cordillera, AP is Altiplano, 
EC is Eastern Cordillera, SA is Subandean Zone. White box marks location of (a) and (b).
in the AP (Figs. 2, 3). Flexural-kinematic modelling sequen-
tially displaced each fault and associated strata to reproduce 
the cross-section geometry, sedimentary basins, and topogra-
phy. The successful flexural-kinematic model is input into ther-
mal models to predict thermochronometric ages (Braza and Mc-
Quarrie, 2022; Buford Parks and McQuarrie, 2019; Rak et al., 
2017).
3

4.1. Flexural-kinematic model

The modified Perez et al. (2016b) cross-section and a 0.5 ×
0.5 km grid of unique points were displaced in ∼10 km incre-
ments to track deformation in time and space (Fig. 5, Supplemen-
tary video). Following each deformation increment, the isostatic 
response of the uplifted topographic surface was calculated us-
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Fig. 2. Balanced cross-section modified from Perez et al. (2016b) (a) restored and (b) deformed. Dashed lines represent breaks in section (Fig. 1). The Altiplano portion of the 
section was added in this study. S signifies shortening magnitude.
Fig. 3. Geologic map of the Altiplano in southern Peru (modified from Sánchez and 
Zapata (2003), Cerrón and Chacaltana (2003), Perez and Horton (2014), and Perez 
et al. (2016b)). Location shown in Fig. 1.

ing the difference between the deformed and prior topographic 
surfaces. Post-isostatic loading, the new topographic surface is es-
timated by assuming topography increases from the deformation 
front at a westward increasing slope (α), everywhere that has un-
dergone surface uplift, typically 1–3◦ . Erosion occurs above the 
new topographic surface, and deposition below 0 km (McQuarrie 
and Ehlers, 2015; Rak et al., 2017; Gilmore et al., 2018). The result-
ing 2-D topographic profile following each deformation increment 
represents mean topography. For the last ∼17 km of deforma-
tion, we also track the highest potential topography (interfluve) 
and lowest (canyon). Tracking topographies representative of inter-
fluve and canyon elevations during the last ∼8 My of Subandean 
shortening allows us to evaluate the sensitivity of modelled ther-
4

Table 1
Thermal parameters for Pecube-D modelling. Details of these parameters are pro-
vided in the Supplementary Materials.

Parameter Input Value

Effecting Elastic Thickness (EET) 25–80 km
Crustal density 2500 kg/m3

Sedimentary basin density 2100 kg/m3

Mantle density 3300 kg/m3

Constant shortening rates 3 mm/y
Variable shortening rate 50–10 Ma 4 mm/y
Variable shortening rate 10–0 Ma 0.25–0.5 mm/y
Surface radiogenic heat production (Ao) 2.0–3.0 μW/m3

e-folding depth (Ef) 12 km
Thermal Conductivity 2.5 W/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 4.0 ◦C/km
Kinematic grid spacing 0.5 km x 0.5 km
Displacement Increment ∼8–10 km
Model Domain (xyz) 600 km x 5 km x 110 km
Horizontal node spacing 0.5 km
Vertical node spacing 1.0 km
Model start time (thermal initiation) 100 Ma
Deformation start time 50–40 Ma

mochronometric ages to elevation differences and when relief was 
established. A series of iterative flexural-kinematic models system-
atically altered load density, effective elastic thickness (EET), and 
fault kinematics to find a solution that reproduced mapped sur-
face geology and basin depths (Table 1; Text S2).

4.2. Thermal model

To evaluate if the cross-section geometry can reproduce the 
measured thermochronometric ages in the region, the grid of 
unique points and surface topography from each step in the 
flexural-kinematic model was used, in combination with thermo-
physical parameters (Table 1), as the input for a modified version 
of the advection-diffusion thermal modelling code Pecube, Pecube-
D (Braun, 2002, 2003; McQuarrie and Ehlers, 2015; Whipp et al., 
2007; Ehlers, 2023). Pecube-D predicts thermochronometer ages 
based on modelled thermal histories and prescribed kinetic pa-
rameters (Text S3). The displacement grids from the Move model 
become velocity fields by assigning time to each deformation step. 
The velocity fields are used to calculate the advective component 
of heat transfer as a function of fold-and-thrust belt evolution. 
We evaluate the sensitivity of model results to 1) surface radio-
genic heat production (Text S3), 2) age of incision, 3) initiation 
ages of 50, 45 and 40 Ma based on 49–36 Ma BAr ages in the 
Cordillera de Carabaya (Kontak et al. 1990a, 1990b) (Figs. 1, 4), 
and 4) variations in shortening rate. Table 1 provides details of the 
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Fig. 4. Cross-sectional projection of thermochronology data in our study area; (a) topography (shades of brown) and normalized river steepness (Ksn- shades of red) from a 50-
km-wide swath (25 km on either side of the cross-section), and a concavity of 0.5 to calculate a running average of Ksn values (Eizenhöfer et al., 2019); (b) thermochronology 
data for biotite 40Ar/39Ar (BAr), zircon fission track (ZFT) zircon (U-Th)/He (ZHe), apatite fission track (AFT), and apatite (U-Th)/He (AHe) (Clark et al., 1990; Falkowski et al., 
2023; Farrar et al., 1988; Kontak et al., 1987, 1990a; Lease and Ehlers, 2013; Perez, 2015; Perez et al., 2016b); grayed markers identify individual grain ages where no mean 
age has been computed; (c) balanced cross-section. The x-axis on all three panels is the same. The region of high normalized channel steepness (Ksn), and youngest cooling 
ages are located at and directly NE of the basement footwall ramp (100–120 km).
model parameters, thermophysical properties, and boundary con-
ditions used (Text S2; S3). The thermal model was permitted to 
equilibrate crustal temperatures for 50 My prior to the initiation 
of deformation resulting in 50 Ma modelled ages before the initi-
ation of shortening (Fig. 5). Modelled ages are considered partially 
reset if their ages fall between the model start time (∼100 Ma at 
the end of the model) and the oldest age of deformation experi-
enced by that portion of the model (Fig. 5). The source code and a 
singularity container for the version of Pecube-D used in this study 
is freely available in Ehlers (2023).

We limit the thermochronometer data used in this study to 
within 50 km of the cross-section to exclude lateral variability in 
structural history. They are projected onto the section maintain-
ing their relationship to mapped structures (Fig. S6). When AHe 
and ZHe ages are reset, they are plotted as mean ages, when they 
are partially or unreset or do not represent a cohesive population, 
individual grain (single-grain) ages are plotted (Falkowski et al., 
2023). All ages are plotted with 2σ -error (Fig. 4) (Table S1). Al-
though plotted to highlight the location and age of early exhuma-
tion, the BAr ages are not modelled. Interfluve samples (n=16) are 
from elevations of 3700 to 5042 m and are within ∼750 m of the 
maximum elevation along strike. The canyon samples (n=33) were 
collected close to the Rio San Gabán and range in elevation from 
5

484 to ∼3300 m. They are at least 750 m lower in elevation than 
along-strike of the interfluve samples. The separation of interfluve 
and canyon ends when canyon-interfluve relief drops to <1.5 km. 
These samples, as well as samples collected below 750 m of max-
imum elevation are mean topographic samples (n=10).

5. Results

5.1. Balanced cross-section

The existing Perez et al. (2016b) cross-section covered the SA 
through the EC and stops at the Ayaviri Fault, the boundary be-
tween the EC and the AP. The original cross-section of Perez et 
al. (2016b) argued for 130 km (38%) of Cenozoic orogen shorten-
ing. We extended the Perez et al. (2016b) section southwestward 
by constructing the geometry and amount of shortening from the 
western edge of the AP to the Ayaviri Fault based on the available 
sedimentologic constraints and mapped geologic strata (Figs. 1–3). 
The SA geometry and shortening were also modified to make the 
cross-section geometry more consistent with mapping and avail-
able seismic reflection data (Perez et al., 2016b).

The updated cross-section proposes basement thrust sheets be-
neath the AP that are required to balance upper crustal shortening 
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Fig. 5. Sequential deformation and modelled thermochronometric ages as a function of a constant shortening rate (3 mm/y) and surface radiogenic heat production values of 
Ao = 2.7 μW/m3 and 12 km e-folding depth. D=Descanso region on panels c-e; P=Punquiri syncline on panel e.
(Fig. 2). The faulted footwall and hanging wall ramps of the north-
eastern basement faults under the Altiplano are constrained by the 
mapped unconformity between Tinajani and lower Ordovician on 
the border between the Tinajani and Llalli sub-basins (Fig. 3; Text 
S1). A second southwestern basement fault is interpreted south-
west of the Llalli sub-basin to provide the uplift needed to define 
the edge of the basin and to distribute shortening to the series 
of faults that repeat the Paleozoic through Cretaceous section and 
partition deformation in the sub-basins (e.g., Horton et al., 2015). 
A deeper basement fault system is proposed to maintain topo-
graphic uplift and a western sediment source (Sundell et al., 2018) 
to the basins (Fig. 2).

The surface-breaking structures in the AP (primarily the Pasani 
and Llalli faults) accommodate 16 km of shortening and are bal-
anced at depth via shortening along the two basement thrusts. The 
6

final cross-section covers the SA, EC, and AP at 13–15◦S and con-
strains 150 km (35%) shortening.

5.2. Sequential deformation, thermochronometric ages, and basin 
formation

The following sections describe the relationship of cross-section 
geometry and kinematics to the resulting pattern of deformation, 
basin formation and modelled thermochronometric ages assuming 
a constant shortening rate of ∼3 mm/y (Villegas-Lanza et al., 2016) 
and a 50 Ma onset of deformation.

5.2.1. Cordillera de Carabaya and the Macusani Structural Zone (50–33 
Ma)

At 50 Ma, modelled deformation was initiated in the San Gabán 
region of the Cordillera de Carabaya located in the northeastern 
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portion of the EC (Fig. 1). The development of a west-verging 
duplex (∼140 km, Fig. 5b) was balanced at depth by shortening 
along the basement thrust sheet beneath the EC. By 33 Ma, duplex 
formation produced ∼15 Ma modelled AFT and AHe ages. The ac-
tive basement ramp to the southwest (∼170–200 km) produced 
topographic uplift and exhumation with 0 Ma thermochronomet-
ric model ages at the ramp (200 km, Fig. 5a, b) that increase 
northeastward to 10 Ma. Modelled shortening has also propagated 
southwestward into the Macusani Structural Zone (Fig. 5b). The 
modelled deformation and associated flexural loading produced 
two synorogenic flexural basins, one on either side of the uplifted, 
deformed topography (western basin: 400–250 km, eastern basin: 
130–20 km in Fig. 5b), precursors to the AP and SA depocen-
ters respectively. The flexural basin is deeper on the southwestern 
side, reaching a maximum of 5.7 km depth (versus ∼2 km on 
the northeastern side), driven by topographic uplift over basement 
structures.

5.2.2. Eastern Cordillera backthrust belt and Altiplano sedimentation 
(33–23 Ma)

By 23 Ma, deformation propagated across the backthrust belt 
and facilitated ∼7 km of predicted sedimentation in the AP Basin 
from 40–23 Ma (Fig. 5c). Model predicted shortening across the 
EC backthrust belt exhumed the proximal synorogenic basin de-
posited before 23 Ma, resulting in 0–10 Ma modelled AHe ages 
and partially reset AFT ages between ∼285 and 250 km (Fig. 5c). 
The shortening in the backthrust belt is balanced at depth with 
basement thrust sheets beneath the AP, specifically, the western 
basement thrust sheet that defines the WC-AP boundary near Des-
canso (350–325 km, label D, Fig. 5c, d). Shortening and uplifting of 
this basement structure fully reset the predicted AHe ages, par-
tially reset the AFT ages, and provide a western sedimentation 
source to the AP.

5.2.3. Altiplano (23–12 Ma)
The basement thrust sheet under the AP (270–280 km) parti-

tioned the AP flexural basin that initially developed as a contigu-
ous system (400–250 km Fig. 5b, c) into two separate basins (the 
Llalli and Tinajani sub-basins) with independent sedimentation 
histories from 23–17 Ma (Fig. 5d). This basement structure also 
lifted lower Paleozoic strata to produce an angular unconformity 
(Fig. 5c, d) in accordance with sedimentologic and stratigraphic 
data (Horton et al., 2015; Perez and Horton, 2014). Motion on this 
basement fault is balanced by displacement on the Ayaviri Thrust 
from ∼23–17 Ma (assuming constant shortening rates). Shorten-
ing within the AP elevates surface structures to modern elevations 
(∼4 km). The shortening in the AP on surface-breaking and subsur-
face structures facilitated erosional exhumation to reset AHe and 
AFT ages across nearly the entire AP except between ∼285–310 
km, a region between the two basement ramps that focused topo-
graphic uplift and exhumation (Fig. 5d). The modelled reset AHe 
age pattern across the AP merges with the EC, and the boundary 
between them is not visible in the model predicted AHe ages. By 
the end of AP shortening, 3 km of predicted sediment accumula-
tion was preserved in the Ayaviri and Llalli sub-basins, consistent 
with previously reported stratigraphic thicknesses (Horton et al., 
2015; Perez and Horton, 2014), and an additional ∼2 km of pre-
dicted sediment was accumulated in the Subandean flexural basin. 
This created up to 4.5 km of synorogenic sedimentation before SA 
deformation initiation (∼12 Ma).

5.2.4. Subandean zone (12–0 Ma)
Shortening migrated from the AP to the SA at ∼12 Ma and 

propagated from southwest to northeast (Fig. 5d, e). Motion on the 
easternmost basement thrust lifted the EC and transferred shorten-
ing to faults that repeat the Paleozoic section in a northeastward 
7

propagating duplex. This shortening is balanced by a duplex in 
Cretaceous age rocks that uplifts and folds Upper Cretaceous and 
younger rocks at the surface. Ongoing synorogenic sedimentation 
in the SA adds up to ∼3 km of sediment in the northeasternmost 
reaches of the modelled basin to a final foreland basin depth of 
∼4.5 km.

At the end of the SA shortening (Fig. 5e), model predicted 
AHe ages are 0 Ma over the active SA basement ramp (∼125 km, 
Fig. 5e) and increase in age to 5 Ma in the direction of transport 
between 90 and 70 km before becoming younger again (∼0 Ma) 
at the western edge of the Punquiri syncline (labelled P, ∼50 km) 
before ages return to being unreset. Predicted AFT ages are fully re-
set over a narrower window (∼130–80 km) and are slightly older 
(∼2–7 My) than predicted AHe ages. Predicted ZHe ages are the 
youngest (7 Ma) at the ramp and fluctuate between 15–10 Ma over 
the uplifted basement thrust (100–75 km) before increasing to un-
reset ages at ∼60 km (Fig. 5e).

5.3. Impact of canyon incision depth and rate on thermochronometer 
results

Here, we evaluate the effects of varying canyon incision timing 
and magnitudes on predicted cooling ages. We generate canyon, 
and interfluve topographies consistent with topographic uplift over 
ramps and mapped geology (Fig. 6) for the last 17, 6, 4, 2, 1, or 
0.5 km of shortening (corresponding to periods of 5.67, 3.3, 1.3, 
or <0.65 Ma at constant rates). Models were conducted using a 
constant shortening rate of 3.0 mm/y and surface radiogenic heat 
production Ao = 2.7 μW/m3 with an e-folding depth of 12 km. 
The model-predicted thermochronometric ages were compared to 
measured ages sampled from canyon, mean, and interfluve loca-
tions. Results indicate that AHe and AFT ages between 115 and 
50 km are the same, regardless of incision magnitude (Fig. 6c, d). 
The modelled canyon and interfluve AHe and AFT ages (Fig. 6b) 
show the same reset pattern as the predicted ages for the mean 
topography (Figs. 5, 6b). The only notable difference is at 120–125 
km, where predicted AFT and AHe interfluve ages are older than 
canyon ages.

In contrast, results from predicted ZHe ages show that inter-
fluve ages (20–80 Ma) are markedly older than the canyon ages 
(7–12 Ma). This suggests that at a constant rate of shortening (3 
mm/y), ZHe is the only thermochronometer sensitive to different 
incision levels (Fig. 6b). Varying the age of incision from 5.67 to 
3.33 and 1.33 Ma shows virtually indistinguishable predicted ther-
mochronometric ages (Fig. S2).

While measured ages for all three thermochronometers record 
older ages at higher elevations (Fig. 7), predicted AFT and AHe 
ages at a constant shortening rate show very limited variation in 
age with incision magnitude. In addition, the predicted canyon 
and mean topography ZHe ages are younger than the measured 
ages. For the predicted AFT ages, the canyon, mean topogra-
phy, and interfluve ages are younger than the measured ages 
between 125 and 90 km distance. While the predicted canyon 
AHe ages match the measured ages, the predicted interfluve 
AHe ages are 10–15 My younger than the measured interfluve 
ages. These mismatches show that incision during constant short-
ening rates cannot replicate the measured AHe, AFT, and ZHe 
ages.

5.4. Effect of shortening rate on modelled ages (SA and EC)

We evaluated a suite of shortening rates to assess whether 
slower velocities could differentiate between predicted and ob-
served AHe and AFT ages for canyon and interfluve topographies. 
The models tested slowed SA shortening rates (0.25, 0.5, 0.75, 1.0, 
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Fig. 6. (a) Schematic depicting evolution through time for canyon incision (left column) and interfluve preservation (right column). Black line that separates colours in bottom 
two panels represents canyon and interfluve topography (respectively). Lighter colours above line indicate eroded rock. Black arrows highlight locations of structural uplift 
(over ramps) and translation along flats. (b-d) Effect of incision level on modelled thermochronometric ages. Coloured line widths indicate assigned ±1 Ma error to modelled 
ages.
and 2.5 mm/y) to reproduce the older measured interfluve ther-
mochronometric ages. These changes in shortening rates display 
the most significant difference in predicted AHe and AFT ages be-
tween ∼125 and 50 km along the cross-section (Fig. 7). The fastest 
shortening rates of 1.0 and 2.5 mm/y produce similarly young ages 
as the 3 mm/y constant rate (Figs. 6b, 8). Slowing the shortening 
rate down to 0.25 mm/y (blue line, Fig. 7) increases the predicted 
AHe and AFT ages by ∼15 My to 18 Ma, creating interfluve model 
ages that match measured ages between 120 and 80 km distance. 
Because the modelled rate that best fits the interfluve ages is very 
slow (0.25 mm/y), we tested the hypothesis of no SA ramp-driven 
uplift by ceasing all deformation at 12 Ma. While the cessation of 
shortening by 12 Ma (preceded by a constant rate of 4 mm/y) is 
sufficient to reproduce the interfluve measured ZHe, AFT, and AHe 
ages, incision starting at any proposed time (8, 4, or 2 Ma) in this 
scheme (e.g., in the absence of any additional shortening and asso-
ciated ramp-driven uplift) is unable to match the measured canyon 
AHe ages, particularly over the active Subandean basement ramp at 
100–120 km (Fig. S3).
8

5.5. Best-fit model

Based on the previous results and after evaluating a broader 
range of flexural and thermal model parameters (Text S2; S3), the 
best-fit model identified here requires the following: 1) tempo-
rally increasing effective elastic thickness (EET) from 25 to 80 km; 
2) two periods of imposed surface uplift between 28–24 Ma and 
19–0 Ma; 3) a radiogenic heat production of Ao = 2.7 μW/m3; 
and finally 4) velocity models (Figs. 8, S4) that slow down short-
ening rates from a background rate of 4.0 mm/y to 2.4 mm/y at 13 
Ma for 6 km of shortening. Following this, shortening rates slowed 
further to 0.35 mm/y at 10.5 Ma for the last 10 km of shorten-
ing. This 16 km of shortening in the last 13 My is ∼half of the 
37 km shortening from 12 Ma–Present in the constant shortening 
model (Fig. 5). The best-fit model shows canyon incision initiating 
between 5–4 Ma and reproduces the structural geometries, basin 
location, and stratigraphic relationships consistent with observed 
geology. In addition, the predicted thermochronometric ages are 
largely similar to observed patterns of measured ages.
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Fig. 7. Effect of SA shortening rate (0.25, 0.5, 0.75, and 1.0 mm/y) on modelled ages. Coloured line widths indicate assigned ±1 Ma error to modelled ages.

Fig. 8. Best-fit velocity with variation in magnitude of incision (i.e., interfluve, mean topography, canyon levels). Coloured line widths indicate assigned ±1 Ma error to 
modelled ages.
6. Discussion

6.1. Basin and thermochronometric constraints on age, location and 
rate of deformation

The age and thickness of synorogenic strata deposited in the AP 
provide key constraints on the kinematics and timing of modelled 
deformation from ∼45–19 Ma. The best-fit model predicts a flexu-
ral basin situated to the southwest of the EC that initiated at ∼48 
Ma in what becomes the Altiplano depocenter (Fig. 5; 275–425 
km). However, small differences in the initial shortening rate (4–6 
9

mm/y) permit the onset of deposition to be as young as 40 Ma. The 
differences in age of the basal Puno Formation between the Llalli 
(∼37 Ma) and Tinajani (∼29 Ma) sub-basins suggest that these 
early predicted sedimentary strata were either not deposited in 
the southwestern Llalli Basin, or erosionally removed, and that the 
Ayaviri Basin was sub-divided in the location of our cross-section 
before 29 Ma. Uplift and erosion of the Ayaviri Basin at ∼30 Ma is 
necessary to remove the pre-29 Ma basal portion of the Puno For-
mation through Upper Cretaceous strata in the Tinajani sub-basin 
(Figs. 1, 2). Furthermore, the boundary between the two basins 
preserves surface exposures of the Lower Ordovician San Jose For-
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mation overlain by 24–17 Ma Tinajani Formation suggesting uplift 
and erosional removal of Paleozoic through Cenozoic strata (∼6+
km) prior to deposition of the Tinajani Formation at 24 Ma (Figs. 2, 
3). In the model presented here, separation between the Tinajani 
and Llalli sub-basins, as well as the erosional removal of Paleo-
zoic through Tertiary strata, are accomplished through motion on 
a basement fault moving over a ramp located between the two 
sub-basins (Fig. 3).

The thrust faults that bound the Tinajani sub-basin on the 
northeastern and southwestern sides are both accompanied by 
growth structures that constrain motion on these faults. The 
Ayaviri Fault places Middle Ordovician rocks adjacent to growth 
strata dated between 28–26 Ma (Perez and Horton, 2014). Growth 
strata measured on the southwestern side of the Tinajani sub-
basin dates the Pasani Fault between 18–16 Ma (Perez and Horton, 
2014). In our model with the best-fit velocity (Section 5.5), the 
Ayaviri Fault is active between 28.5–24 Ma, and the Pasani Fault is 
active at 24–22 Ma. Although the model age of final Pasani Fault 
motion is older than existing constraints on growth strata, this age 
is sensitive to the kinematics of faulting as well as the prescribed 
velocity. Rearranging the faulting sequence in the Altiplano per-
mits Pasani Fault shortening from 20–18 Ma, which is at the older 
age limit of the measured growth strata.

The EC mean and interfluve AFT and AHe ages (15–20 Ma) 
and canyon ZHe ages (15 Ma) necessitate topographic uplift and 
exhumation at this time. Our best-fit model ties this uplift to 
shortening in the SA via motion on the northeastern basement 
fault (Fig. 5d, e), requiring SA initiation at ∼19 Ma. A slowdown 
in modelled shortening rates from ∼4 mm/y to ∼0.35–0.6 mm/y 
at ∼10 Ma reproduces both the older 15–20 Ma interfluve and 
mean-topography ages, and replicates the age difference between 
interfluve and canyon samples (Figs. 6, 8; Tables S2, S3). The cause 
of that slowdown may have been slab rollback and the associated 
westward arc retreat from its 24–10 Ma position to its modern lo-
cation (Mamani et al., 2010) leading to reduced compressive stress 
in the overriding plate (Schellart and Moresi, 2013; Holt et al., 
2015).

6.2. Persistent difference between measured and modelled ages and 
implications for deformation and exhumation history

There are two locations in the model where predicted ages do 
not match measured ages. Along the northeastern edge of the Ma-
cusani Structural Zone, a narrow 10 km zone (115–125 km, Fig. 8b) 
shows partially reset predicted ZHe ages as old as ∼100 Ma, while 
measured ZHe ages are fully reset (∼30–37 Ma; Fig. 8b). To the 
east, three reset ZFT ages of ∼30–36 Ma from canyon bottom 
samples in the Cordillera de Carabaya (90–100 km) are incompat-
ible with predicted partially reset ZFT ages of ∼80 Ma (Fig. 8a). 
The mismatch between the predicted and measured ZHe and ZFT 
ages suggests a lack of sufficient exhumation in both of these re-
gions. These two regions were the first to deform in the sequential 
model, during the first 10 My of shortening (∼50–40 Ma) when 
EET values are kept low (Text S2) to minimize exhumation and 
prevent erosion of strata that are observed at the surface.

The Macusani samples (115–125 km) were collected from units 
beneath the Permo-Triassic Mitu Group which is interpreted as a 
synrift unit, although the geodynamic conditions for this unit re-
main debated (Reitsma, 2012; Perez et al., 2016a; Spikings et al., 
2016). The Cordillera de Carabaya samples are from Permo-Triassic 
plutons located directly to the east in the Zongo-San Gabán zone 
(Fig. 2). To reconcile the modelled and measured thermochrono-
metric ages here, we suggest that the Mitu Graben may have been 
thicker than proposed by Perez et al. (2016b) and that Mitu de-
posits extended to the east above the preserved Permo-Triassic 
plutons (Fig. 2). Thickening of the Mitu Group prior to the initi-
10
ation of Andean deformation would increase burial of the samples, 
particularly along the northeastern limb of the graben and regions 
to the east. If the thickness of the Mitu Group was increased by 
2.5–3 km (Fig. S5), it would allow for more erosion during the flex-
ural modelling process, permitting a higher EET during the first 10 
My of modelled shortening (Text S2). More (∼4–5 km) and older 
erosion across the Cordillera de Carabaya from 40–30 Ma (Fig. 5b, 
200–150 km, S5) is necessary to reset predicted ZFT ages (∼30–36 
Ma). Finally, 2.5–3 km of additional Mitu Group strata plus early 
thrust burial (Glover et al., 2023) would facilitate reproducing re-
set ZFT ages measured in the region (Supplementary Materials, Fig. 
S5).

6.3. Modelled elevation history

Imposed surface uplift is included in our models for several 
separate reasons: the first period of imposed surface uplift lim-
its flexural subsidence and facilitates exhumation in the AP, while 
the second period maintains high elevations in the AP and western 
EC. The second period of imposed surface uplift in our simulations 
is applied continuously, after AP shortening has ceased (at ∼19 
Ma), in ∼0.7 km increments over the last ∼45 km of shortening. 
This approach maintains AP elevations at close to the modern and 
replicates the crustal thickening processes (e.g. Rak et al., 2017) 
not incorporated into the flexural modelling procedure (Text S2). 
Paleoelevation estimates (and associated surface uplift histories) 
for Peru are available from the Condoroma and Ayacucho districts 
along the eastern edge of the WC, in the Descanso-Yauri Basin of 
the AP (Fig. 2), and proximal to our cross-section in the EC (Saylor 
and Horton, 2014; Kar et al., 2016; Sundell et al., 2019).

In our model of the WC (proximal to the Condoroma region), 
slow surface uplift associated with surface faulting in the EC back-
thrust belt occurred (Fig. 5c) and is a source for sedimentation in 
the AP (e.g. Sundell et al., 2018) from 27–22 Ma. Slow, contin-
uous topographic uplift from 27–19 Ma, combined with focused 
uplift on a deep-seated thrust under the Condoroma region (300 
km) initiating at 19 Ma, is consistent with paleoelevation esti-
mates indicating rapid surface uplift of the WC from 2.5 km to 4.5 
km at 20–17.5 Ma (Saylor and Horton, 2014; Sundell et al., 2019) 
(Fig. 5e). We note that this uplift scenario does not require delam-
ination of a lithospheric root, but rather relies upon fault-driven 
crustal thickening.

The southernmost basin in our model (∼275–280 km, Fig. 5d), 
along strike with the Descanso-Yauri Basin (Fig. 2), has a cyclic el-
evation history. It is initially a site of sedimentation from ∼48–32 
Ma (Fig. 3b) (e.g. Sundell et al., 2018). It is then elevated to ∼3.5 
km elevation passively as the southernmost basement thrust sheet 
is active between ∼32–28.5 Ma (Fig. 5c) and then gradually sinks 
back to ∼1 km in elevation at ∼24 Ma, until it is uplifted again 
to 4+ km in elevation when the AP shortening is active between 
27 and 19 Ma. This basin’s elevation of >3 km is maintained un-
til present-day by our imposed surface uplift history, contiguous 
with ∼2 km of sediment accumulating in a closed basin (e.g. Kar 
et al., 2016). Paleoelevation proxies combined with sediment ac-
cumulation are consistent with the northernmost Altiplano Basin 
at low elevations to ∼23 Ma (Sundell et al., 2018, 2019). Potential 
elevation paths include gaining modern elevations by 17 Ma, ele-
vation gain between ∼15–10 Ma (Sundell et al., 2019), and rapid 
elevation gain between 10–5.4 Ma (Kar et al., 2016). While mod-
ern elevations at 17 Ma are directly consistent with our model, the 
age and magnitude of model-predicted surface uplift is imposed 
following 19 Ma. Alternatively, instead of a continuous ∼0.7 km 
increase in elevation at each deformation step to maintain eleva-
tions from ∼18 Ma to Present, the AP can be allowed to naturally 
subside to ∼1–2 km elevation until ∼14 or 10 Ma, followed by 
imposed surface uplift to match paleoelevation proxies by ∼10 or 
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Fig. 9. Percent fit plot for all tested velocities and incision ages (Text S4, Tables S2, 
S3). Contours are in percentiles. Best-fit models are indicated by star.

5 Ma (Kar et al., 2016; Sundell et al., 2019). These potential ele-
vation paths do not affect our predicted thermochronometric ages, 
as the absolute elevation does not affect the predicted ages.

Although imposed surface uplift (to replicate geodynamic pro-
cesses such as thickening via lower crustal flow, e.g. Eichelberger 
et al., 2015; Garzione et al., 2017) is required to maintain ele-
vations in the AP and the westernmost EC, topographic uplift in 
the northeastern portion of the EC, as well as surface uplift of 
the southwestern WC, are independent of the imposed uplift or 
subsidence history. For the EC, the active SA basement ramp con-
trols the elevation history of rocks transported over the ramp. The 
∼4.5+ km elevation gained during ramp-driven uplift (and ex-
humation) separates the elevation history of the eastern EC from 
the elevation history of the backthrust belt or Altiplano Plateau to 
the southwest. This basement ramp influences thermochronomet-
ric ages in the eastern EC. Topographic uplift due to the active SA 
basement ramp has been ongoing from 19 Ma to Present and gen-
erated elevations of >4 km since ∼13 Ma. This result is consistent 
with paleoaltimetry estimates that suggest elevations of 2.5 km at 
25 Ma, 3.5 km at 17 Ma and modern elevations by 10 Ma (Sundell 
et al., 2019).

6.4. Proposed mechanisms and timing of incision

Proposed drivers of incision in northeastern Peru include a 
marked change in climate (Lease and Ehlers, 2013), plateau up-
lift (Garzione et al., 2017; Kar et al., 2016; Whipple and Gasparini, 
2014), and endorheic basin capture (Gérard et al., 2021a,b). Our 
best-fit model is a combination of plateau-scale surface uplift (im-
posed surface uplift), structurally-driven uplift (uplift and exhuma-
tion above footwall ramp), and independently driven incision (the 
last steps of our model include canyon topography). Lease and 
Ehlers (2013) propose shortening within the EC ceased in the mid-
dle Miocene (∼12 Ma) based on thermal modelling of ∼15 Ma ZHe 
ages. They argued young (∼4 Ma) measured AHe ages were then a 
function of ∼1.0–1.6 km of canyon incision occurring at ∼4.1–2.8 
Ma, in the absence of uplift and due to an increase in Pliocene pre-
cipitation. Our models evaluated canyon incision between 2 and 8 
Ma and obtained equally good fits to young AHe ages within this 
age range (Fig. 9). All models require incision to accompany slow 
but ongoing SA ramp uplift between 15 Ma and Present. Incision 
(initiating at 8, 4, or 2 Ma) in the absence of ramp uplift is insuf-
ficient to produce the young reset AHe ages present in the upper 
20 km of the canyon, directly over the proposed ramp (100–120 
11
km) (Figs. 8, S3). Instead of 15 Ma cooling due to ongoing shorten-
ing in the EC and associated exhumation, our results suggest that 
the ∼15 Ma canyon ZHe ages are a function of SA ramp uplift 
and exhumation that initiated at ∼19 Ma in our best-fit model 
(Figs. 4, 8). While incision is required to match the measured ther-
mochronometric ages between 120–80 km (particularly AHe and 
ZHe ages) (Fig. 8), the driver of this incision cannot be indepen-
dently determined by this study.

7. Conclusions

The thermokinematically modelled balanced cross-section pre-
sented here reproduces measured thermochronometric ages from 
the AHe, AFT, and ZHe systems. Our model permits an initial age 
of deformation in the northernmost Eastern Cordillera between 
50–40 Ma, with background shortening rates between 3.0 and 5.0 
mm/y. Ages and rates of deformation of the Eastern Cordillera and 
Altiplano are primarily constrained by patterns of synorogenic sed-
imentation in hinterland basins. Sedimentation occurs in the Alti-
plano region for the duration of the model but is both interrupted 
and exhumed during periods of deformation, simulating measured 
strata in the Ayaviri Basin. Early (48–29 Ma) sedimentation in the 
Tinajani Basin is removed between 28.5 and 25.4 Ma by basement 
uplift separating the Llalli and Tinajani sub-basins, followed by the 
subsequent deposition of the Puno Formation on this unconfor-
mity in conjunction with motion on the Ayaviri Fault. Ages and 
rates of deformation in the Subandean Zone are set by measured 
thermochronometric ages across the eastern Eastern Cordillera. Our 
thermal model highlights the need for a slowdown in shortening 
rates from background rates of 4.0 mm/y to between 0.25 and 0.5 
mm/y from ∼10 Ma to Present. This is needed to match measured 
canyon and interfluve thermochronometric ages, possibly reflect-
ing a decrease in upper plate compression during slab steepening. 
A model with no structural uplift in the Eastern Cordillera does not 
match the young measured AHe ages. Canyon incision, which is in-
dependent in age from ramp-driven uplift (initiated at 19 Ma), is 
necessary in combination with slow shortening rates to reproduce 
the range in measured thermochronometer ages.
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