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1 | INTRODUCTION

| Audrey Margirier® | Swann Zerathel

Abstract

Thermochronological data are essential to constrain thermal and exhumation histo-
ries in active mountain ranges. In the Central Andes, bedrock outcrops are rare, being
blanketed by widespread late Palaeogene-Neogene and younger volcanic forma-
tions. For this reason, the exhumation history of the Western Cordillera (WC) in the
Peruvian Andes has only been investigated locally along the mountain range. Dense
thermochronological data are only available in canyons of the Arequipa (16°S) and
Cordillera Negra regions (10°S). We present new apatite (U-Th)/He and fission-track
data from the 1km deep Canete Canyon (13°S), where the Oligo-Miocene deposits
are preserved lying conformably on an Eocene palaeo-topographic surface. Thermal
modelling of thermochronological data indicate that the 30-20 Ma ignimbrite deposits
overlying the bedrock were thick enough to cause burial reheating. We demonstrate
that burial associated with thick volcanic formations should be taken into account
when interpreting thermochronological data from the WC or in similar volcanic-arc

settings.
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the landscape is largely capped by km-thick Oligocene-Miocene

The exhumation history of the Central Andes has been widely stud-
ied over the last decades to understand the climatic and tectonic
drivers of orogenic evolution (e.g. Schildgen & Hoke, 2018; Sundell
et al., 2019). Since the Cretaceous, the Western Cordillera (WC) in
Peru experienced diachronous volcanic-arc activity and surface up-
lift (Soler & Bonhomme, 1990; Thouret et al., 2007). In southern Peru,

ignimbrite deposits (Figures 1 and 2) and bedrock outcrops are
rare (Mamani et al., 2010). To date, the thermal history of the WC
has only been quantified along the main canyons of the Arequipa
(16°S; Schildgen et al., 2009), Abancay (14°S; Ruiz et al., 2009) and
Cordillera Negra (10°S; Margirier et al., 2015) regions. The timing
and latitudinal variation of Miocene exhumation between these

sites that are over 1000km apart remain unconstrained, as does the
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thermal impact of the major Oligocene-early Miocene ignimbrite
flare-ups (Figure 1). To address these questions, we provide new ap-
atite fission-track (AFT) and (U-Th)/He (AHe) data from an altitudinal
profile located in bedrock below the ignimbrites in the upper part of
the 1km deep Carnete Canyon.

2 | GEOLOGICAL AND GEODYNAMIC
SETTING

The WC in Chile and Peru constitutes the Pacific flank of the Andean
Altiplano (Figure 1). It is characterized by a 4-km-high topographic
step separating the Coastal Cordillera to the west and the discon-
tinuous volcanic arc to the east (Mamani et al., 2010).

The WC is mainly composed of Precambrian gneiss and
lower Palaeozoic granitic basement rocks, covered by Jurassic to
Cretaceous volcanoclastic deposits (Tosdal et al., 1984). In the
Caiiete region, batholiths of the upper WC were emplaced at ~60-
52Ma (Figures 1 and 3; Noble et al., 2005). The Nazca flare-up pro-
duced a large volume of ignimbrites between 30 and 20 Ma, mapped
from the Canete to the Nazca Canyon (Figures 1 and 2; Tosdal
et al., 1981). In Peru, ‘ignimbrite’ refers to voluminous (>1 km3) py-
roclastic deposits and explosive volcanism, exposing multiple flow
units (Thouret et al., 2016; Wilson & Hildreth, 2003). These ‘flare-
ups’ represent igneous production rates exceeding 25 km*Ma tkm™
(Brandmeier & Wérner, 2016). The ignimbrites covered the WC,
filling preexisting canyons and capping the widespread Eocene
erosion surface (Figure 1c; e.g. Freymuth et al., 2015; Marocco &
de Muizon, 1988; Sébrier et al., 1988). In the forearc, this Eocene
palaeo-topography is directly overlain by Cenozoic to Quaternary
marine sediments (Figure 1; DeVries, 1998). It represents a remark-
able marker that is incised, tilted and dipping towards the Pacific
Ocean (Figure 2; Jeffery et al., 2013; Thouret et al., 2016; Wérner
etal., 2002).

Along strike of the Peruvian Andes, changes in the dip of the
subducting slab are argued to control volcanic activity and rock
uplift in the Cordillera Negra region (Figure 1; 10°S; Margirier
et al.,, 2015) and in the Ocofa-Colca region (16°S; Gunnell
et al., 2010; Schildgen et al., 2007); no major thermal impact on the
crust was recorded in either case (Margirier et al., 2016; Schildgen
et al., 2009). In the Cafete region, slab flattening caused landward
migration of volcanic activity during the Palaeogene (~50-30Ma;
Mamani et al., 2010). This time frame coincides with the initiation of
counterclockwise oroclinal bending in the Central Andes (Roperch
etal., 2011), leading to a stronger obliquity of convergence and par-
titioning of deformation in southern Peru with respect to northern
Chile. Several studies combining structural geology and thermo-
chronology suggested that this flat slab period is contempora-
neous with rock uplift of the WC (e.g. Gérard et al., 2021; Noury
et al., 2017). Following this phase, the slab steepened at ca. 30 Ma,
triggering the ignimbrite flare-up in the Central Andes, before

westward arc migration towards the present-day location at 15Ma

Significance Statement

We provide apatite fission-track and AHe data along an
altitudinal bedrock profile from the Cafete canyon in the
western Andes of southern Peru. We demonstrate that it
is essential (1) to use geological constraints in thermochro-
nological models to take into account the exposure of the
bedrock before Oligo-Miocene ignimbrite deposition and
(2) to constrain a meaningful thermal history. Burial related
to ignimbrite emplacement should be incorporated when
interpreting thermochronological data in this area. Our
new thermochronological data from the Canete Canyon
constrain the exhumation and the uplift history of the
Western Cordillera on the Peruvian Pacific margin during
the Oligo-Miocene Andean mountain building phase. This
flat slab region (Nazca Plate subduction flattening initiated
north of our site 15Myr ago) corresponds to a transition
area, and we document the evolution of the Caiete region
since Oligocene-Miocene times, before Nazca Ridge ar-
rival 4Myr ago (addressed by Wipf et al., 2008). The sig-
nificance of volcanic burial (by ignimbrites covering the
bedrock and filling the early canyons) and its role in the
thermal evolution of the upper crust has rarely been ad-
dressed before in a volcanic-arc setting. Numerous studies
relying on thermochronological data to model exhumation
or incision histories of the Andes do not consider this pro-
cess. To our knowledge, only Colleps et al. (2021) applied
apatite (U-Th)/He thermochronology to test the extent of

the Deccan Traps on the Indian craton.

(Decou et al., 2011). Since the Miocene, low rates of exhumation
and rock uplift have been proposed for the WC of Peru and Chile,
based on low-temperature thermochronology, erosion (Gunnell
et al., 2010; Schildgen et al., 2009; Van Zalinge et al., 2017) and
tectonic studies (Benavente et al., 2017, 2021; Hall et al., 2012;
Wérner et al., 2002).

3 | SAMPLES AND METHODS
3.1 | Sample locations and sampling strategy

We collected six samples along a profile spanning ~2km in eleva-
tion in the Cafiete Canyon (Figures 1 and 2). The samples were se-
lected from different igneous bedrock lithologies below the thick
Miocene ignimbrite layers, between the valley bottom and the base
of the ignimbrites (Figure 1; Table 1). We followed the approach of
Schildgen et al. (2007, 2009) in representing the palaeo-elevation of
the samples using their reconstructed depth beneath the base of the

volcanic rocks (Table 1; Figure 4).
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FIGURE 1 (a)Location of the study area in South America. The white line shows the extent of the Andes along the western flank of

the continent. (b) Topographic map centred on the Peruvian Andes showing the location of the Western Cordillera, Altiplano, Eastern
Cordillera and Subandean region. Location of the low-temperature thermochronological data from this study (orange star in Cafnete) and
from the literature [white stars; 1: Margirier et al. (2015); 2: Ruiz et al. (2009); Gérard et al. (2021); 3: Schildgen et al. (2009, 2010); 4: Gunnell
et al. (2010)] and incision data [white star 5: Evenstar et al. (2020)] are marked on the map. (c) Geological map of the study area showing the
Carfete sampling sites and Nazca Ignimbrite in the Western Cordillera. Simplified sample numbers from this study are also reported. The
Moquegua formation includes Cenozoic intrusive (int.) and volcanic (ign.: ignimbrite) rocks, Miocene Pisco sediments and Mesozoic Cenozoic
intrusive (int.) and volcanic rocks. Palaeozoic, Proterozoic and Quaternary rocks occur mainly along the Coastal Cordillera. Along the
Western Cordillera, the Cenozoic Nazca ignimbrite unconformably covers the outcropping Mesozoic (intrusive and volcanics) and Cenozoic
intrusive rocks. Positions of palaeo-calderas and main faults are indicated. The white square locates the aerial photo of Figure 2. The black
outline comprising the Cafete Canyon data and the dashed black line shows the location of the swath profile of Figure 3.

3.2 | Thermal-history modelling

Thermal-history modelling was performed jointly for all the data
with the QTQt code (Gallagher, 2012). The inversion code incorpo-
rates a radiation damage-dependent kinetic model for He diffusion
(Flowers et al., 2009), as well as a multi-kinetic AFT annealing model
(Ketcham et al., 2007). According to the oldest thermochronologi-
cal record and independent geological constraints on the timing of
batholith emplacement (~60Ma), the time span explored starts at
60-52Ma (Figure 5). We designed two models, both starting with
an initial temporal and thermal constraint corresponding to pluton
emplacement. The first model is free from any other constraints. In
the second model, we constrained samples to be close to the surface
at ~28 +2Ma, based on the field evidence discussed above (Figure 5;
Table 2 for parameter values). For both models, we did not impose
any reheating event, but we allow the code to explore T-t paths that
include reheating. To test the robustness of thermal histories, we
compared predicted ages from the most likely T-t paths derived by
QTQt to the observed data (Figure 5).

4 | RESULTS
4.1 | AFTand AHe data

Five and four samples were analysed for AHe and AFT respectively.
Data from this study and from Wipf et al. (2008) are reported along a
south-west-north-east profile (Figure 3) and as a function of palaeo-
depth beneath the Oligocene-early Miocene ignimbrites (Figure 4
and Data S1). The spatial pattern of AFT and AHe ages forms a ‘boo-
merang’ shape, with the youngest AHe ages encountered ~60km
from the coast at the valley bottom (Figure 3). Two AFT ages, cor-
responding to the highest sample (3002 m) and to the lowest sample
(295m; Wipf et al., 2008), are similar to the crystallization age of
the batholith (Figure 3). AFT ages of samples from the lower part
of the profile (1019-2459 m) are the same within error (24.1+5.5,
22.7+3.7 and 20.9 + 3.7 Ma) and are partially annealed, as confirmed
by limited track-length data (Table 3). AHe ages are younger than the
corresponding AFT ages, with corrected ages ranging from 1.8 +0.2
to 2.9 +0.3Ma for the lowermost sample (1019 m) to similar ages of
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FIGURE 2 Aerial photograph close to the Western Cordillera
front (white line) near the city of Nazca, showing the best-
preserved ignimbrite deposits (extent outline by black dashed lines)
in the Canete-Nazca region. Maximum (3020 m asl) and minimum
(1180m asl) elevations are indicated. Deep canyons (>780m),
cutting through both Nazca ignimbrite and Cretaceous rocks,
indicate an episode of incision after deposition of the ignimbrites.
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FIGURE 3 AFT and AHe ages as a function of distance to
the coast, overlain on a topographic swath profile of the Cafete
Canyon (refer to Figure 1c for location). Ar-Ar crystallisation
ages of the plutonic rocks (Noble et al., 2005) are reported in
Table 1. AFT, apatite fission-track.

TABLE 1 Samples location and description.

Palaeo depth

Sample Lat (°S) Long (°W) Alt. (m) (m)

01 12.8541 75.9412 1019 2700
02 12.8720 75.8908 1485 2150
03 12.8816 75.8645 1874 2300
04 12.8906 75.8579 2153 2000
05 12.8972 75.8559 2458 1550
08 12.9350 75.7915 3002 1000

7.8+0.5, 71+ 1.4 and 7.8 +1.7Ma for the samples with elevations
between 1485 and 2153 m (Table 4). The highest-elevation sample
(08, 3002m) shows a significantly older AHe age (13.8+1.2Ma).
The apatite grains are characterized by low to moderate effective
uranium contents (eU=U+0.24xTh), ranging from 2 to 38ppm
(Table 4), except for sample 12-04 (38-237 ppm).

4.2 | Thermal-history modelling

AHe and AFT ages predicted by QTQt reproduce the observed ages
well for both thermal histories (Figure 5), with or without a t-T con-

straint related to the erosion surface at the base of the ignimbrite.

Ignimbrites
0 l Canete
- Sample
' N —@—08
s [ ® 05
Q
o 02
o B 03
e Y 01
£
AFT /AHe
| @® A Thisstudy
4l Lowovov v b v v b v v b v 0

0 20 40 60 80 100
Age (Ma)

FIGURE 4 AFT and AHe ages as a function of palaeo-depth
below the ignimbrite for the Canete profile samples. The AFT
age of sample 08 reflects post-crystallization and pre-ignimbrite
cooling of the bedrock. The AHe age of sample 08 was reset by
burial heating below the ignimbrites but not its AFT age. The
AHe age reflects post-ignimbrite exhumation cooling from about
15Ma. AFT, apatite fission-track.

Distance to the

coast (km) Rock type AHe AFT
60 Coarse granodiorite X X
63 Granite X

62 Coarse granodiorite X X
64 Granodiorite X

64 Granodiorite X
67 Porphyritic rhyolite X X

Note: For all samples, a crystallization age of 60-52Ma is assumed (Noble et al., 2005).

Abbreviation: AFT, apatite fission-track.
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FIGURE 5 Time-temperature (T-t) modelling results for the Cafiete Canyon profile using QTQt modelling, predicted (Pred) and observed
(Obs) AFT and AHe ages. (a) T-t history modelled without additional constraints; associated predicted ages are shown in (b) (age - elevation
plot) and (c) (predicted vs. observed age). (d) T-t history modelled with geological constraint (samples close to the surface at 30-26 Ma);
associated predicted ages are shown in (e) (age-elevation plot) and (f) (predicted vs. observed age). Green boxes in (a) and (d) correspond

to the pluton emplacement constraints (initial constraint in Table 4). Lines in (a) and (d) represent the best-fit T-t model for each sample of
the profile, with the red and blue lines corresponding to the lowest and highest sample respectively. Red and blue shaded areas represent
the uncertainty envelopes of the best-fit models for the lowest and highest sample respectively. The vertical light blue bars in (b, c, e, f)
represent the mean 95% credible range for the predictions from all thermal-history models. In some cases, the best model age prediction is

out of the 95% credible range. AFT, apatite fission-track.

Both thermal histories indicate an initial cooling episode from ~55 to
~40Ma, constrained by the crystallization age and the oldest AFT
age of the profile (Figure 5a-d), but the later thermal histories differ.
The thermal history without constraint indicates reheating from ~40
to ~30Ma followed by renewed cooling from ~30Ma to the present-
day. The thermal history with an additional t-T constraint (samples
close to the surface at 28 +2Ma) indicates slow cooling from ~40
to 30Ma, followed by a short reheating phase from 30 to 25Ma.
Subsequently, the model indicates two cooling phases, a first one
from 25 to 20Ma and a second cooling phase starting at ~14 Ma.

Both time-temperature histories require reheating of the Caiete
samples at 30Ma before final cooling, but the most recent part
of the cooling history is significantly different for the two models
(Figure 5).

5 | DISCUSSION

The difference between the two thermal histories indicates that it is
essential to implement the t-T constraints related to the documented
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Eocene-Oligocene palaeo-erosion surface in the WC (Figure 5d).
The thermal history including this geological constraint reproduces
the observed AHe and AFT data well (Figure 5e,f). We favour this
model, as it explicitly includes the formation of the Eocene erosion
surface and corresponding near-surface position of the rocks prior
to ignimbrite eruption. Some AFT ages (samples 08 of this study and
MW34 of Wipf et al., 2008; Figure 3) overlap with the crystallisa-
tion ages and both thermal models reveal that our samples experi-
enced cooling during the Palaeocene-Eocene. We suggest that this
initial cooling phase corresponds to post-magmatic cooling after
Palaeocene intrusion (Figure 5).

Our preferred thermal history shows slow cooling from 45 to
30Ma (Figure 5d-f), which we link to moderate erosion and de-
velopment of the extensive erosion surface prior to 30Ma (Noble
et al., 1979) on which ignimbrites were deposited in the region
between Cafete and Arequipa (Noble et al., 2005). This model is
consistent with previous studies showing the WC to be eroded to
a low-altitude topography in a semi-arid context, unroofing the plu-
tonic complexes (Margirier et al., 2015; Quang et al., 2005).

Thermochronological data and modelling indicate that burial re-

lated to ignimbrite deposition during volcanic flare-ups impacted the

TABLE 2 Inversion parameters for QTQt modelling.

Thermochronological data

Samples and data used AFT and AHe from this study
Data treatment
AHe data (Rs, U, Th, He content)

AFT data and tracks length

Kinetic: Flowers et al. (2009)
Kinetic: Ketcham et al. (2007)

Additional geological information and constraints

Present-day temperature 20°C
Initial constraint 54 +2Mato 200+ 10°C
No additional constraints

28 +2Mato40+40°C

Simulation ‘no constraints’

Simulation ‘constraint: close to
the surface before ignimbrites
deposition’

Number of iterations in QTQt Pre: 100,000, post: 100,000

Abbreviation: AFT, apatite fission-track.

TABLE 3 Apatite fission-track (AFT) data.

Grains Ns Ni Nd ps pi pd
Sample No. x10° (tracks/cm?)
01? 21 444 2499 4099 3.56 20.10 10.34
03° 18 134 711 4104 1.58 8.4 10.35
052 20 317 1941 4108 4.89 2990 10.35
08 20 218 484 4115 2.27 5.05 11.99

thermal history of the Cafiete bedrock samples (Figure 5). Both our
models show reheating, which reaches a peak at ~30-25Ma, syn-
chronous with the timing of thick ignimbrite deposition (Figure 5a,d).
These major igneous episodes may also have contributed to an in-
crease in the local geothermal gradient at that time. However, such
an increase in the geothermal gradient is not recorded in the re-
gional data (Gérard et al., 2021; Schildgen et al., 2009). We suggest
that heating was related to burial caused by the emplacement of a
large volume of volcanic deposits rather than magmatic heating, be-
cause the AFT age of the highest-elevation sample (08) is not reset.
For a geothermal gradient between 30 and 40°C/km (Springer &
Forster, 1998), the recorded ~50°C heating would correspond to an
ignimbrite thickness between 1.7 and 1.3km. Whereas the model
without constraint suggests continuous final cooling since 25Ma,
the model including a surface constraint shows a two-stage cooling
history, with final cooling starting at ~14 Ma (Figure 5d) that we re-
lated to major canyon incision, as observed southwards in the Ocofa
and Colca Canyons (Gunnell et al., 2010; Schildgen et al., 2007,
2009; Thouret et al., 2016).

We propose a palaeo-geographic model for the evolution of
the WC, summarizing the geodynamic implications of our data in-
tegrated into previous regional models of exhumation (Figure 6).
Geochronological and thermochronological data indicate intrusion
emplacement and post-magmatic cooling during the Palaeocene
(Figure 6a) followed by erosion of the WC forming an extensive
Eocene erosional surface. Previous studies proposed regional rock
uplift to occur from 50 to 14 Ma, less than 300km from our study
area south in the WC (Evenstar et al., 2020) and east in the Altiplano
(Gérard et al., 2021). Rock uplift resumed at ca. 30-20Ma in both
Cordilleras and in the Altiplano (e.g. Sundell et al., 2019). Before
~30Ma, the topography was at 1-2km above the sea level, devel-
oping a low-relief plateau, which was subsequently capped by the
extensive regional ignimbrites between ~30 and 20Ma (Figure 6b;
Thouret et al., 2016). In this region of the Central Andes, §°H sta-
ble isotopic analyses of volcanic glass yield an elevation of ~2km
at ~20Ma (Sundell et al., 2019). The present-day elevation of up to
3km was only reached at ~15 Ma (Figure 6c), similar to inferred topo-

graphic histories in southern Peru (Ocofa-Colca region; Roperch

Mean

Central track

U ages Py? Numberof  |opgth Dpar+ 26
confined

ppm +26(Ma) % tracks (pm) (pem)
29 22.7+3.7 1.0 3 12.2 1.4+04
12 241+55 3.3 - -
43 209+3.7 0.7 3 13.0 -

6 48.0+10.8 14.7 = = =

Note: Fission tracks were counted by M. Balvay at ISterre GTC using a zeta value of 247.2 + 16.1. The uncertainty of the AFT ages is given as a 2¢

range.

#Not covered by ignimbrite.

85U80| 7 SUOWWOD dA 81D 8|cedl|dde aup Aq paueAo a1e S3joNe WO ‘88N JO S3|NJ Joj A%Iq1T 8UI|UO AB]1M UO (SUOIPUOD-PUe-SWB}W0D A8 |IM"AseIq 1 Ul U0/ SdIy) SUORIPUOD Pue swiie | 8L} 83S *[£202/90/ET] Uo AriqiTauluO A8]iM ‘Nied 8Leiyo0D Aq 69921 BYTTTT OT/I0p/wod A8 |1m Areiqijeul|uoj/Sdpy woiy pepeojumoq ‘0 ‘TZTESIET



13653121, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/ter.12669 by Cochrane Peru, Wiley Online Library on [13/06/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

“(600Z “|e 32 Weys3ay| wouy) J03oe) L4 ay3 uisn uoiydale eydie wouy a8 sHY ‘Pa3daLI0D,
"SpJepUB]}S dY3 JO UOISIadsIp 98 pue Uo1323.102 10398} UOII3[3 3Y3 Ul SI0143 JO WiNS Y3 SUI3d3|4aJ ‘9%4Q 18 PaIapISu0d S| a8e aHY dY3 JO 10412 9T ay] 4 1010y U0II3[s pue A13owoas |e3sAld
ay3 Aq pa3da4102 a8e ay3 s1,2 38V, (0TOZ) 109D-Uesse] pue uolayines jo ainpado.d ayy Suisn pajejnajed snipeJ a1ayds-juajeAinba ays si sy, (TTOZ “|€ 32 Weyd3ayy) 1030e) U0I3I4100 d13oWoa8 L4, 930N

0T¥F072CT 96 eP an 16 ove S'S evT'eT €85 080 Sty 2dy-80 174
TTF62CT 8'6 o S9T €07 Gee '8 96561 9°85 9,0 S0P add-80 29
TT1¥F8€ET 86 6¢ 84 vLT Lé6b 8'Zl 862°6C T8y 1L0 98T Vdy-80 S
9'0F69 € 87T LET €69 162 99T S¥0'€ST €s 8L°0 6T 4d¥-+0 (4014
80FT'6 69 €T 181 0S¥ 181 8¢eT TLZ°0ST 95 9.0 v 3dy-v0 0voz
9'0F€9 8y L0 69 €vS (014 65 6LE0Y 81 9,0 T Vdd-+0 9€0¢
LOFLL 19 80 8¢ YOob T e €288 SS 080 1€ adyd-vo ¥€02
0TF90T z8 T 192 185 T 80T 10£'69¢ St LLO S'€ Jd¥-0 ze0e
90F Y9 LY 80 L9 999 S 95 60£°8€ 6 vL0 6T add-v0 0€02
8'0F 1’6 €L o€ (074 ecy e 13 ¥Z8'LT SS 8L°0 S'€ 1d4-€0 820C
voFCY ze ze 8T 85P ) ot ¥82L €s LLO v'e Id¥-€0 ¥20z
9'0F 0L A L€ €T €62 14 L 9€06 99 18°0 z9 Hd¥-€0 zzoe
90789 € v'e LT 0S¥ e o1 LEV'TT €s LLO Te 9dY-€0 0zoz
9°0F L9 z's €€ ST 6TH [z 8 1656 €s 810 6T 4d¥-€0 810C
LO0FEL S'S Y 9z L6Y s €T 80€1 0S S0 ST 3dY-€0 9102
LOFYL 09 v'e €€ T0% 19 8T 9/6'€C 29 18°0 S ady-€0 (45014
S0F09 Ly (% 6T LSY ov ot 8ET'TT ¥S 810 ze 2d¥-€0 010z
LOFLL 09 LT LT T€€ 8z ot S18°CT 59 810 €S gd4-€0 800¢
80788 TL L€ ST 8€ee 6T 8 €LLTT 8¢ 18°0 61 Vdi-€0 s62¢
LOFT8 9 9T e €8¢ (04 74 162/T 59 6L°0 z9 gd4-z0 L66T
LOFSL 6'S TT 9v S9Y rA7 9¢ 1S¥'€€ 95 610 v'e Vdd-z0 S66T
T0¥FCT 9T 91 9e Tee A% 9z v92L S €40 6T 9d3d-10 €661
€0F6C ze LT ov 944 L 8¢ ¥9£°0T s LLO 8T 4d¥-T0 /861
T0¥FeT 8'T v'T 8T 067 6T €T /8¢ s LLO 6C 3d¥-T0 G867
z0¥F8T v'T €T ov 81¢ 6¢ 1€ 000£ 15 080 Te 2d¥-T0 1861
207F9¢ 1e LT L€ St St 9z vr6 29 080 TS 4dy-T0 6167
T0¥F9¢C Te ST 9¢ a4 ov Vi 0076 S 610 ze Vdy-10 SL6T

E (ew) (e) (wdd) (wdd) (wdd) (wdd) (8/d1S22u) (wr) (81) aweN ai

m 238V ady n/uL na ws yL n SH, sy 44 YSIoM

M (TTOT “le 32 weydiay|) Jojoe) 13 ay3 Suisn uonoals eydje wouy pa3da.lod ale saSe aHY ‘eiep 9H/(ULl-N)amedy + 379VL




AUDIN ET AL.

Western Cordillera

~1.5km
Y

3?*»
..............--- s 100°C
¥ SOUTH

AMERICAN PLATE

Car t’:)ﬁ
A i

Nazca

NE «Eastern

Cordillera
2 é: Suba

Western
Cordillera

NAZCA PLATE (WC)_W 2
~60Ma | 100 km
sSw . Sug,
~2.5k;n NS 'Eg,&%eo

25 km

Altiplano

NE

Continental "\ Active ;
crust = volcanoes ® Uplift

Oceanic crust Plutons
& mantle

Present day
Ignimbrite EEEE Subduction @ Theoretical
leposits . interface @ vertical samples

@@ Downward & upward Inactive
subuction slab A volcanoes

”&/ :rcélve voleanic g?:&?égence

2 Ignimbrite Cordillera axis

b Cross section
Thermochron. sites
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present day. The orange line on the maps shows the location of the corresponding schematic cross-section.

et al., 2011; Schildgen et al., 2009) or Chile (18°S to 22°S; Van
Zalinge et al., 2017).

The western margin of the Andes has been undergoing uplift since
the early Miocene (Evenstar et al., 2020) or even earlier since the
Oligocene (Barnes & Ehlers, 2009; Van Zalinge et al., 2017). Jeffery
etal.(2013) argued that the evolution of the Ocofa Canyon is consistent

with local plateau elevations of 1-3km at 16 Ma and either steady or

punctuated uplift of 1.5-3.5km since. The uplift of this region from Peru
to Chile is accommodated by reverse fault systems (Figure 1; Benavente
et al., 2021, Victor et al., 2004) accompanied by regional monoclinal tilt-
ing (Schildgen et al., 2009; Van Zalinge et al., 2017). There are no marked
changes in regional tectonic uplift from North to South.

Valley incision was a long-term response to plateau uplift and
initiated after 15Ma in Peru (Schildgen et al., 2009), after monoclinal
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deformation (from Nazca, Tacna in Peru to Oxaya in Chile; Figure 1)
and oroclinal bending of the WC, as observed by palaesomagnetic
data in southern Peru (Roperch et al., 2011). At ~8 Ma, the WC expe-
rienced a shift to more humid climatic conditions, with the develop-
ment of large fluvial systems producing re-incision or development
of erosional surfaces in the forearc (Figure 6d; Evenstar et al., 2020).

6 | CONCLUSION

Thermal modelling of our low-temperature thermochronology data,
together with geological data, demonstrates the influence of the
Oligocene-early Miocene ignimbrite flare-up on the thermochro-
nological record in the Western Central Andes. This study provides
new constraints on landscape and relief evolution since ~55Ma in
the WC of southern Peru. Our results are compatible with previ-
ous data suggesting slow Palaeogene exhumation to the east in the
Altiplano, but highlight this pattern in the forearc at this latitude for
the first time. Additionally, they also demonstrate that slow exhuma-
tion of the WC extended latitudinally from 10°S to 17°S along the
Western Andes in Peru, apparently independent of Nazca Ridge mi-
gration. Finally, the post-15Ma exhumation of the WC in the Central
Andes is captured in thermochronological records spanning the
forearc from southern Peru to northern Chile. This tectonic episode
induced major incision of canyons despite regionally contemporane-

ous low denudation rates in the forearc.
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