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Abstract

Crustal exhumation is central to mountain building, weathering, and sediment production
processes, which significantly influence the composition and behavior of Earth’s oceans and
atmosphere. It also controls the formation, enrichment, and preservation of porphyry copper
deposits, which are a vital source of metals for the clean energy technologies underpinning the
global green energy transition. Exhumation rates are typically determined from rock cooling
histories combined with a geothermal model. However, in magmatically active regions, models
can overpredict exhumation rates because the elevated heat signature is mistakenly attributed
to advection driven by rapid exhumation. We present a method to accurately constrain
exhumation histories in magmatic terranes that combines thermokinematic modeling of
thermochronometric cooling histories with independent geobarometric constraints on the total
exhumed crustal thickness. Focusing on the Central Andes, which has a prolonged history of
magmatic and magmatic-hydrothermal activity, we find that accounting for this additional
source of heat results in exhumed crustal thicknesses within error of the independent
constraints, whereas ignoring it results in exhumed thicknesses up to four times greater than

geologically plausible.

Keywords
Exhumation, thermochronometry, geobarometry, Central Andes, porphyry copper deposits,

magmatic heat.
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1. Introduction

Crustal exhumation is a fundamental process in active orogenic systems that continuously
exposes fresh rock at the surface to be weathered, transported, and deposited as synorogenic
sediments (Ring et al., 1999). This continuous breakdown and redistribution of material has
significant implications not only for tectonic and surface processes, but also Earth’s climate
because chemical weathering influences atmospheric CO2 and increased sediment loads in
rivers, deltas, and oceans can impact biological productivity and carbon sequestration (e.g.
Bufe et al., 2024; Galy et al., 2015; Hilton and West, 2020; Lee et al., 2015). Rapid exhumation
is often linked to surface uplift, which creates high, expansive mountain ranges that can also
affect the climate by altering wind patterns, precipitation, and global weathering rates (e.g.
Kober et al., 2006; Ruddiman, 1997). It is therefore vital to build accurate global records of
exhumation to assess how tectonic-climate coupling, and exhumation-driven rock uplift and
sedimentation have affected Earth’s climate in the past and may influence it in the future.
Exhumation rates have also been recognized to play an important role in controlling the
formation, enrichment, and preservation of porphyry copper deposits in magmatic terranes
such as the Central Andes, Southwest USA, New Guinea, and the Philippines (e.g. Dahlstrom
et al., 2022; Evenstar et al., 2025; Sanchez et al., 2018; Sillitoe, 2010). As the global demand
for metals such as copper accelerates to meet green energy targets, constraining spatial-
temporal patterns of exhumation in magmatic terranes will be fundamental to exploration
efforts, particularly during the preliminary high-risk terrane-scale phase.

Low-temperature thermochronometry is an effective tool for determining long-term
exhumation rates when the temporal and spatial evolution of the geothermal gradient can be
estimated (e.g. Ehlers, 2005 and references therein; Fox and Shuster, 2020; Furlong et al., 2021;
Nguyen et al., 2022). Consequently, thermal models have become increasingly important in

determining long-lived exhumation histories in orogenic systems such as the Himalaya (e.g.
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Adams et al., 2015; Schultz et al., 2017; Thiede and Ehlers, 2013), the Alps (e.g. Glotzbach et
al.,2011; Vallaet al., 2012), and the Andes (e.g. Avdievitch et al., 2018; Schildgen et al., 2009;
Stalder et al., 2020). However, a prolonged history of Andean magmatism makes it difficult to
resolve thermal histories from low-temperature thermochronometers because heat has been
transported both by exhumation-driven advection and the emplacement of igneous intrusions
(e.g. Ehlers, 2005; Murray et al., 2018). Currently, most thermal models would interpret the
elevated heat signature from an igneous intrusion as a high exhumation rate without
recognizing the significance of the magmatic heat input. This means that exhumation rates, and

consequently, total exhumed crustal thicknesses can be considerably overestimated.

Here, we demonstrate the importance of considering magmatic heat when using
thermochronometry data to constrain exhumation rates in magmatic terranes. We also show
that independent constraints on the total exhumed crustal thickness provide a vital check on
model results, ensuring that predicted exhumation histories are geologically plausible. To do
this, we re-evaluate the exhumation history of the western margin of the Central Andes in
northern Chile by combining biotite “°Ar/3°Ar, zircon (U-Th)/He, and apatite (U-Th-Sm)/He
cooling ages of exhumed intrusive rocks with a modified version of the thermokinematic
modeling software, Pecube-D (Braun, 2003; Ehlers, 2023), that incorporates magmatic heat.
Independent constraints on exhumation are provided by (1) published zircon U-Pb
crystallization ages and Al-in-hornblende geobarometry pressures, which pinpoint the time and
depth of emplacement and limit the total crustal thickness that could have been exhumed; and
(2) cover rocks, which constrain the time by which rocks must have reached the surface
(Dahlstrom et al., 2022). We find that without the addition of magmatic heat, models generate
erroneously high exhumation rates, which result in exhumed crustal thicknesses up to four

times greater than independent constraints allow. The framework we present here provides a
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crucial step forward to accurately constrain exhumation histories in magmatic terranes without

the need to avoid samples that may have experienced thermal activity from igneous intrusions.

1.1 Exhumation and magmatism in the Central Andes

Continuous subduction of the oceanic Farallon-Nazca plate beneath South America since the
Jurassic has resulted in the formation of the magmatically and volcanically active Andean
orogen, stretching ~9,000 km along the western margin of the continent (Coira et al., 1982;
Martinod et al., 2010). Second only to the Himalayan-Tibetan orogen in size and elevation, the
Central Andes, which straddle the Chile-Peru border and encompass parts of Bolivia and
Argentina, define the widest (~400 km) and highest (average elevation ~4 km) part of the
system (Garzione et al., 2008). Progressive eastward migration of magmatism and deformation
has also resulted in a series of margin-parallel, eastward-younging magmatic arcs, with active
volcanism focused along the Western Cordillera on the edge of the Andean Plateau (Fig. 1)

(Charrier et al., 2007; Haschke et al., 2006).

The majority of tectonic shortening, crustal thickening, rock uplift, and exhumation within the
Central Andes began in the Paleocene to middle Eocene (~60—40 Ma; Barnes and Ehlers, 2009;
McQuarrie et al., 2005), and has migrated progressively eastwards over time (Armijo et al.,
2015; Reiners et al., 2015). In northern Chile, the main phase of rock uplift and exhumation
occurred during the middle Eocene-Early Oligocene Incaic Orogeny (~45-33 Ma; Mpodozis
and Cornejo, 2012; Tomlinson et al., 2001), which has been linked to a period of increased
convergence (Pardo-Casas and Molnar, 1987). The Incaic Orogeny also coincided with a major
phase of magmatic-hydrothermal activity (~45-31 Ma), which generated a rich belt of

porphyry copper deposits along the Andean foothills (the “Precordillera”) associated with
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margin-parallel strike-slip faulting on the Domeyko fault system (Mpodozis and Cornejo, 2012

and references therein) (Fig. 1).
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Figure 1. Digital elevation model of the Central Andes highlighting relative positions of the Andean
Plateau, Western Cordillera, and Precordillera. Porphyry copper deposits and intrusive complexes of
the middle Eocene-Early Oligocene metallogenic belt lie along the Domeyko fault system (DFS) within
the Precordillera. Inset box corresponds to the area shown in Figure 4 and shows sampling locations

within the area of study.

The Central Andes are also one of the driest places on Earth, with hyperaridity thought to have
persisted since at least the middle Miocene (Amundson et al., 2024; Cooper et al., 2016; Rech
et al., 2019; Shaw et al., 2021 and references therein). Long-term exhumation rates, derived

primarily from low-temperature thermochronometry, are correspondingly low. Estimated
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mean exhumation rates in the Precordillera range from <0.2 km/Myr since ~50 Ma (Avdievitch
et al., 2018) to 0.25 km/Myr since ~80 Ma (Stalder et al., 2020), approximately an order of
magnitude lower than the highest rates recorded in the Himalaya (e.g. Adams et al., 2015;
Thiede and Ehlers, 2013). During the Incaic Orogeny, exhumation rates are estimated to have
reached 0.1-0.4 km/Myr (Dahlstrom et al., 2022; Maksaev and Zentilli, 1999), before slowing
to ~0.02—0.09 km/Myr since the early Oligocene (Maksaev and Zentilli, 1999; Sanchez et al.,
2018; Shaw et al., 2021), and <0.001 km/Myr over the past ~6 million years (Kober et al.,

2007).

However, estimates of Central Andean exhumation derived solely from low-temperature
thermochronometry either have not accounted for the presence of magmatic heat or deliberately
avoided collecting or interpreting samples that are suspected to have been affected by
magmatic or hydrothermal activity (e.g. Reiners et al., 2015). The presence of magmatic-
hydrothermal porphyry copper systems is particularly problematic as they are characteristically
associated with shallow intrusions (Sillitoe, 2010), and thus have the ability to significantly

perturb the geothermal gradient.

1.2 Exhumation, magmatism, and the geothermal gradient

The form of a 1-D geothermal gradient in the shallow crust is primarily a function of
the flux of heat from depth, the rate at which rocks move toward the surface, the production of
radiogenic heat, and the transmission rate of heat through the rocks (thermal diffusivity). This
combination of processes and conditions leads to non-linear geothermal gradients where the
rate of heat production is high or where exhumation is fast enough for rocks to move heat from
depth more quickly than it can be dissipated through conduction (Stiiwe et al., 1994). This

effect is evident in Figure 2A, where the geothermal gradient becomes increasingly non-linear
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as the exhumation rate increases. At higher exhumation rates, rocks can advect more heat and
—without a commensurate change in thermal diffusivity — the shallowest portion of the gradient

increases significantly.

Another mechanism for advecting heat into the shallow crust is via the intrusion of magmatic
bodies (e.g. Murray et al., 2018). While heat advection due to exhumation produces a
curvilinear thermal profile, the intrusion of magma will produce a tabular perturbation within
the curved field (Fig. 2B). The tabular form of the intrusive heat remains defined while the
intrusion is active. The shallow geothermal gradient becomes exceptionally high when shallow
intrusions are active, but once the magmatic event ceases, it relaxes back to a curvilinear form
as conduction disperses the heat. Notably, once the intrusions have crystallized and begun to
cool, the elevated geothermal gradient may be difficult to discern from a gradient resulting

from a period of relatively rapid exhumation.
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Figure 2. 1-D models illustrating variations in geothermal gradient as a function of exhumation
rate and magmatic heat. (A) An increase in exhumation rate advects more heat to the surface, causing
the shallow geothermal gradient to steepen. Curves denote the geotherms for the transient solutions of
the heat transfer equation for different steady exhumation rates. (B) Intrusion of a 5 km-thick magmatic
body at 5 km depth during slow exhumation at 0.1 km/Myr also causes the geothermal gradient to
steepen. When the intrusion is held at a constant temperature of 750°C for 5 Myr and then allowed to
cool, the following thermal evolution is observed: Initially (to), the gradient is severely perturbed by the
intrusion but 5 Myr after the intrusion event has ceased (t+10), gradual diffusion of heat results in a
smooth elevated gradient virtually indistinguishable from one caused by an increased exhumation rate
(c.f. 0.5 km/Myr curve in A). After 40 million years (t:40), the gradient has almost returned to its initial
unperturbed state and after 90 million years (t:9) there is no trace of the magmatic heat pulse. Model

parameters are listed in Table S5.
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Magmatism can considerably complicate the interpretation of exhumation histories
derived from thermochronometry. First, the elevated temperatures produced by intrusions can
partially or completely reset chronometers, thus removing or modifying any previous record of
cooling (Murray et al., 2018). When the magmatic activity ceases, the elevated isotherms will
descend rapidly through the crust, creating a situation in which chronometers with different
closure temperatures may give the same age, suggesting a very rapid cooling rate. Second, most
1-D thermokinematic models assume monotonic cooling induced by exhumation of rocks to
the surface, and as such are only able to account for a variation in cooling rate by changing the
exhumation rate (assuming other boundary conditions remain constant). However, it is
ultimately the thermal history rather than the geothermal gradient that governs the
thermochronometric record, and thermal histories themselves can be non-unique. Different
combinations of exhumation, heat advection, and transient magmatic inputs may produce
indistinguishable cooling paths and similar ages. Geological constraints are therefore essential
for narrowing the range of plausible thermal-exhumation histories in regions affected by
magmatism. It follows that in terranes where shallow intrusions are known or suspected, more
effort is needed to constrain the thermal inputs of magmatic event(s) and to include these
additional sources of heat into a thermal model when attempting to constrain exhumation rates

based solely on thermochronometry.

Dahlstrom et al. (2022) employed an alternative approach — not reliant on thermal histories —
to constrain exhumation rates within the Central Andean Precordillera. Zircon U-Pb
crystallization ages of granitoid intrusions along a ~730 km-long arc-parallel transect in
northern Chile (~18°-24°S) were combined with emplacement depths from Al-in-hornblende
geobarometry (Mutch et al., 2016) to determine (1) the total thickness of exhumed crust, and
(2) the average exhumation rate from emplacement at depth to exposure at the surface.
Exhumation rates were further refined using the ages of overlying cover rocks or the timing of
weathering and enrichment of copper deposits, which provided a minimum constraint on when
the intrusions must have reached the surface. This revealed two phases of exhumation in the
early Permian-middle Triassic and middle Eocene-late Oligocene, with an intervening period

of burial, consistent with previous sedimentology and thermochronology studies of the Central
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Andes (e.g. Armijo et al., 2015; Avdievitch et al., 2018; Michalak et al., 2016). The highest
exhumation rates, coincident with the Incaic Orogeny, ranged from ~0.1-0.4 km/Myr,
consistent with estimates from low-temperature thermochronometry (Avdievitch et al., 2018;
Maksaev and Zentilli, 1999; Stalder et al., 2020). However, these average exhumation rates
only provide a simplified picture of the exhumation history from emplacement to surface

exposure and may hide important variations in exhumation over time.

1.3 A re-evaluation of Central Andean Exhumation from shallow granitoid intrusions
Dahlstrom et al. (2022) found consistently shallow pluton emplacement depths of ~4—6 km,
suggesting a major influence on the shallow geothermal gradient within and near these
intrusions, and therefore on exhumation rate estimates based on thermochronometry. To test
the sensitivity of exhumation histories to the heat of shallowly-emplaced intrusions, we build
on the dataset of Dahlstrom et al. (2022) by adding new themochronometric constraints within
a thermokinematic model framework that includes magmatic heat. Focusing on a subset of
seven Eocene samples (Fig. 1, Table S1) representing emplacement and exhumation during the
Incaic Orogeny, we performed zircon (U-Th)/He (ZrnHe), apatite (U-Th-Sm)/He (ApHe), and
biotite “°Ar/*’Ar (BtAr) analyses to establish cooling histories between emplacement and
surface exposure (Fig. 3). The emplacement depth of each sample provides an independent
constraint on the maximum thickness of crust that could have been exhumed, allowing us to
refine our model results to only accept exhumation histories that satisfy this criterion. This is
particularly useful in magmatically active regions where rapid cooling after an intrusion event
can be mistakenly interpreted as signaling a high exhumation rate, resulting in excessive

estimates of crustal exhumation.
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Figure 3. Schematic representation of the upper crust showing how the exhumation history of an
intrusion is determined by combining mineral cooling ages with independent constraints on the depth
and timing of emplacement and surface exposure. The emplacement depth provides a maximum
constraint on the total exhumed crustal thickness that cannot be exceeded in model results. Closure
temperatures follow Farley (2000); Reiners et al. (2004); Schaltegger et al. (2019); and van Soest et al.

(2011).

2. Thermochronometric constraints on mineral cooling histories

2.1  Zircon (U-Th)/He and Apatite (U-Th-Sm)/He dating

Zircon and apatite grains from all seven samples were separated using conventional sieving,
magnetic, and heavy liquid mineral separation techniques. Five apatites and five zircons from
each sample were then handpicked for analysis, targeting euhedral grains with a short axis no
less than 80 um where possible. Selected apatites were inclusion-free, while inclusions in
zircons were kept to a minimum. For each grain, the dimensions required for an alpha particle

ejection correction were measured, after which the grains were loaded into niobium

12



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

microcrucibles for analysis in the Group 18 Laboratories at Arizona State University. Full
analytical details and data reduction procedures are provided in the supplementary material.

For complete zircon (U-Th)/He and apatite (U-Th-Sm)/He data, see Tables S2 and S3.

2.2 Biotite **Ar/*°Ar dating

Single crystal incremental heating experiments were performed on biotite from samples
SID1602, SID1613, SID1620, and SID1716 (Table 1). Biotite separates were sent to the
Oregon State University reactor for irradiation prior to “°Ar/*’Ar analysis in the WiscAr
Laboratory at the University of Wisconsin-Madison. Full analytical details and data reduction
procedures are provided in the supplementary material. For complete “°Ar/*°Ar data, see Table

S4 and Figure S1.

2.3.  Results and interpretation

BtAr, ZrnHe, and ApHe ages (Figs 4B and S1, Tables 1 and S1-S4.) suggest a main phase of
cooling in the middle Eocene to late Oligocene, coincident with the Incaic Orogeny. BtAr ages
of ~43-36 Ma for four of the seven samples are consistently <2 Myr younger than zircon U-
Pb (ZrmUPb) crystallization ages (~45-37 Ma), suggesting exceptionally fast post-
emplacement cooling from ~800°C to ~300°C, at rates >100°C/Myr (Fig. S2), consistent with
steep magmatic cooling trajectories documented by Schaltegger et al. (2019). ZrnHe ages for
all seven samples range from ~37.6 Ma to ~30.2 Ma, with four samples tightly clustered around
~33.7-33.2 Ma, which is shortly after a pulse of late Eocene magmatism and porphyry copper
mineralization in the region (Fig. 4, Table S9), suggesting possible thermal resetting. ApHe
ages for samples SID1602 and SID1603 of ~24.3 Ma and ~24.4 Ma are within error of the
overlying volcanic cover unit, suggesting that they may have been thermally reset by it.

However, a similar age of ~24.6 Ma for sample SID1609 is significantly different enough from

13
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its 16.6 Ma cover unit to assume that it was not thermally reset. The remaining four samples
give ApHe ages of ~31.7-29.3 Ma, reflecting a major phase of middle Oligocene cooling just

after the cessation of main Incaic orogenesis.

Table 1. Geobarometry, geochronology, and thermochronology data

Sample Depth 206 ZrnUPb 26 BtAr 20 ZrnHe 20 ApHe 26 Exp 206 Ref
(km) (km) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)
SID1602  6.00 0.64 40.65 030 38.64 0.08 302 27 243 35 257 1.0 (Sellésetal.,
2016)
SID1603 558 0.77 40.14  0.19 - - 314 20 244 07 257 1.0 (Sellésetal.,
2016)
SID1609 5.10 0.42 4561 0.31 - - 337 48 246 4.1 16,6 1.1  (Tomlinson
etal., 2001)
SID1613 492 0.57 45.03 033 4328 0.13 33.8 32 317 24 166 1.1  (Tomlinson
etal., 2001)
SID1620 520 1.10 36.80 024 36.18 0.09 333 25 295 49 131 02 (Perello,
2003)
SID1621 443 0.67 4221 0.12 - - 37.6 57 293 09 208 1.2 (Sillitoe and
McKee,
1996)
SID1716 591 0.54 4449 034 4221 0.16 332 05 31.1 3.1 5.8 0.4  (Tomlinson
et al., 2001)

Abbreviations: Depth = Pluton emplacement depth; ZrnUPb = Zircon U-Pb age (from Dahlstrom et al., 2022);
BtAr = Biotite “°Ar/*°Ar age; ZmHe = Zircon (U-Th)/He age; ApHe = Apatite (U-Th-Sm)/He age (this study);
Exp = Minimum age for surface or near-surface exposure (with appropriate reference). See supplementary
material for analytical details and full datasets.

Longitude Age (Ma) Depth (km)
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Figure 4. (A) Sampling locations and heat sources of late Eocene age within the study area. See Figure

1 for regional context. QE = Queen Elizabeth; QB = Quebrada Blanca. (B) Geochronology,
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thermochronometry, and geobarometry constraints on the emplacement, cooling, and exposure histories
of the samples shown at the 2o confidence level. Overlapping apatite (U-Th-Sm)/He ages and minimum
exposure ages plus younger zircon (U-Th)/He ages for samples SID1602 and SID1603 suggest thermal
resetting by overlying volcanic cover rocks, so they were excluded from the thermokinematic modeling.
Age ranges for late Eocene heating associated with porphyry copper deposits and intrusive complexes

derive from a compilation of dated intrusions listed in Table S9.

3. Exhumation histories from thermokinematic modeling

3.1 Modeling approach

We assume that the thermal evolution of our samples was primarily controlled by two
independent geologic processes: exhumation and magmatism. Therefore, to track their
movement toward the surface while simultaneously accounting for the transient geotherm, we
employ the thermokinematic modeling software, Pecube-D (Ehlers, 2023). Plausible
exhumation histories were determined using a modified version of the software that accounts
for the presence of magmatic heat. Due to the shallow level of emplacement, we only consider
heat flow in the vertical direction and thus run the model in 1-D by restricting the flow of heat
laterally. This means we only constrain the vertical component of exhumation. To put our
results into context with previous Central Andean studies, we use the same model parameters
(e.g., fixed base temperature, crustal density, conductivity, and radiogenic heat production;
Table S5); but to ensure they are the most appropriate values, we performed sensitivity analyses
to understand the extent to which variations might affect our model results (see supplementary
material for details). We conclude that while the model parameters place important constraints
on our plausible results by controlling the shape of the geotherm (Fig. 2), they have

considerably less influence than the velocity histories or magmatic heating.
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Our approach is based on the well-established 1-D Monte Carlo method (Adams et al., 2015;
Thiede and Ehlers, 2013) in which possible exhumation histories are forward modeled to
produce predicted cooling ages that can be compared to our observed mean cooling ages and
their standard errors using the y? criterion (see supplementary material for details). In addition
to our requirement that each chronometer is predicted with statistical rigor, we also require that
the integral of plausible exhumation histories predict the independently constrained pluton

emplacement depths using the y? criterion (Fig. S3).

3.2 Adding magmatic heat

Within the study area, our samples record two significant periods of magmatic activity. Firstly,
the middle-late Eocene emplacement of the shallow granitoid intrusions themselves
(Dahlstrom et al., 2022). Secondly, a late Eocene phase of magmatic and magmatic-
hydrothermal activity associated with porphyry copper mineralization across the region (Fig.
4B; Table S9 and references therein), which we suspect to have reset the ZrnHe ages. We
expect that the thermal histories of our samples record the combined effects of both thermal

events while simultaneously undergoing exhumation.

To simulate the emplacement of a magmatic intrusion in our 1-D models we determine the
depth to the top and bottom of the heat pulse, the temperature of the pulse, and its initiation
and duration. This is similar to the way dikes and sills have been modeled previously (e.g.
Ehlers, 2005). A tabular pulse of heat is added to the crust that perturbs the geotherm, which is
then allowed to evolve as the crustal package is exhumed. Once the thermal event is over, the
heat pulse is switched off and the geotherm continues to evolve without the additional heat

source. The thickness, temperature, and duration of the intrusion yield the total amount of heat
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generated in excess of exhumation-driven advection, which is then dissipated over time by

flowing out of the top of the model.

To determine the thickness and duration of the primary granitoid intrusions, we estimated the
volume of each sampled pluton from mapped surface expressions and empirical relationships
between length, width, and thickness (Cruden et al., 2017; McCaffrey and Petford, 1997).
Combining the calculated volumes with magma flux rates from Matzel et al. (2006), we
estimated intrusion durations, which were initiated at the ZrUPb crystallization age of each
sample (Dahlstrom et al., 2022). Murray et al. (2018) used a similar method for incorporating
magmatic heat into thermal models, and we follow their use of 750°C for the intrusion
temperature, which accounts for the prolonged history of intrusion building and the effects of
latent heating. Given the average size of the sampled intrusions and a flux rate of 2.0 x 10—4
kmPyr~! (Matzel et al., 2006), we use the following parameters for our primary intrusions: 5 km
thick, top is 5 km deep (based on the average emplacement depth from Dahlstrom et al. (2022)),
a consistent temperature of 750°C, and a cessation time of 2.8 Myr after initiation. See

supplementary material for full details.

Simulating the subsequent late Eocene thermal event associated with porphyry copper
mineralization is more difficult because the precise locations, dimensions, and emplacement
mechanisms of the intrusions that may have affected our samples are unknown. On the basis
that porphyritic intrusions form within the upper 5 km of the crust (Sillitoe, 2010), we used a
conservative emplacement depth of 5 km, consistent with the primary granitoid intrusions.
Since they are typically small stocks and dikes with diameters and lengths < 1 km (Sillitoe,
2010), we adopted a consistent thickness of 1 km in each model. A moderate temperature of

400°C was used to account for the lower temperature of these magmatic-hydrothermal systems

17



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

(~300—650°C; Cernuschi et al., 2023) and the fact that the presence of hydrothermal fluids
could reduce the extent of the thermal aureole (Abbey et al., 2024). The thermal longevity of
these systems is also poorly constrained, but magmatic-hydrothermal activity is typically
thought to last <1-5 Myr (e.g. Li et al., 2012; von Quadt et al., 2011). A thermal pulse lasting
0.45 Myr was deemed reasonable as it is consistent with the <I-5 Myr duration of these
systems and does not reset the older thermochronometers within our samples. To set initiation
times, we used the timing of mineralization from the nearest known ore bodies in the region

(Table S9). Model setups for each sample are provided in Table S10.

It is not our intention to use our thermochronometry data to constrain specific magmatic or
magmatic-hydrothermal processes to avoid an overinterpretation of results. Therefore, we use
the same parameterization for each of the primary and secondary intrusions in every model,
while allowing for some regional variation based on initialization times from crystallization or
mineralization ages. While it is unlikely that each of the intrusions had the same physical and
thermal structure, we consider this to be a conservative approach as it attempts to reduce the

number of unconstrained parameters.

33 Model results

3.3.1 Exhumation histories without magmatic heat

When magmatic heat is not accounted for, model solutions for all samples can be found simply
by varying exhumation rates over time. However, the absence of magmatic heat means that
models predict higher exhumation rates to cool these rocks more quickly. Rapid exhumation
creates high geothermal gradients before ApHe closure, which then requires a significant
slowdown in exhumation for the appropriate cooling ages to be preserved at the surface rather

than lost to erosion (Fig. 5). A consistent pattern of exhumation emerges from model solutions
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that do not include magmatic heat in which rates increase after BtAr closure and then decrease

dramatically by up to an order of magnitude after ZrnHe closure (Fig. 5A).
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Figure 5. Predicted exhumation histories and exhumed crustal thicknesses for sample SID1613 in
models run with O intrusions, 1 intrusion, and 2 intrusions. To reproduce the observed cooling ages
without the addition of magmatic heat, the model predicts exhumation rates up to 2.36 + 0.37 km/Myr
(A), which requires the removal of 16.7 £ 3.4 km of crust since the time of emplacement (B). This is
3.4x greater than the ~4.9 km emplacement depth of the sample. Addition of magmatic heat from a
single intrusion (5 km thick, 750°C for 2.8 Myr) requires exhumation rates as high as 0.99 + 0.03
km/Myr, leading to the removal of 12.9 = 1.2 km of crust, which is 2.6x the emplacement depth. When
a second intrusion is added (1 km thick, 400°C for 0.45 Myr), rates up to only 0.27 + 0.1 km/Myr are
required. This reduces the removal of crust to just 5.3 £ 0.2 km, which is within error of the

emplacement depth.

Exhumation rates predicted between the closure of ZrnHe and ApHe (~0.7-2 km/Myr from
~34 Ma to ~29 Ma) are unusually high given that rates of this magnitude are not observed
anywhere in the orogen around this time. In addition, exhumation rates of these magnitudes,

even for relatively short periods of time would result in significant erosional unroofing, well
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beyond what can be accounted for by the independent intrusion emplacement depths
(Dahlstrom et al., 2022). In other words, it is not possible to exhume an intrusion from a depth
greater than its emplacement depth. For these reasons we consider these exhumation histories
to be geologically implausible even though they can produce thermal histories that fit our

observed cooling ages.

3.3.2 Exhumation histories with magmatic heat

As demonstrated in Figures 5 and 6, the largest difference between exhumation histories
derived from models without and with magmatic heat input is that the latter do not require
unusually high exhumation rates before the closure of ApHe. If the primary intrusion is
included, the total required exhumed crustal thickness is greatly reduced but does not match
the independent values from the intrusion emplacement depths (Fig. 5B). If a second heat pulse
is added, the predicted exhumation rates and exhumed thicknesses are further reduced and
predicted exhumation histories closely match independent estimates of total exhumed crust

(Figs 5 & 6).
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Figure 6. Model predicted exhumation histories and observed cooling ages for samples (A) SID1609,

(B) SID1620, (C) SID1621, and (D) SID1716 comparing scenarios with 0 intrusions and 2 intrusions.

In each case, exhumation paths are determined from the average predicted exhumation rates.

Symbology follows Figure 5.
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4. Discussion

4.1 The importance of considering magmatic heat

Thermal models can readily produce non-unique exhumation histories for the same dataset.
This is because velocity histories with different configurations can produce similar geothermal
gradients over the course of the modeled history. Relatively older cooling ages may record
slow movement within an elevated geothermal gradient or rapid movement within a gentle
geothermal gradient. A near infinite combination of cooling rates and geothermal gradients can
produce a given cooling age, unless the geothermal gradient prior to system closure is well-
constrained independently of the chronometric system in question. However, not all these
combinations will be geologically plausible. For this reason, models with additional constraints
from independent observations can produce a narrower range of results. The known geologic
history of the western margin of the Central Andes requires that thermokinematic models
incorporate magmatic heat sources when analyzing intrusive samples.

Using a modified version of Pecube-D that incorporates magmatic heat, combined with
independent geobarometry constraints and a multichronometer approach, we have
demonstrated that (1) predicted exhumation rates can be an order of magnitude higher when
magmatic heat is not taken into account, (2) the total exhumed crustal thickness can be up to
four times greater than independent geobarometry constraints allow (Fig. 7, Table S11), and
(3) constraining the elevated geothermal gradient resulting from active magmatism prior to
closure of thermochronometers is critical to informing long-term exhumation histories in

magmatic terranes.
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Figure 7. A comparison between exhumed crustal thickness determined from geobarometry and
predictions from Pecube-D modeling for scenarios with and without magmatic heat. Models
incorporating two magmatic heat pulses lie close to a 1:1 line whereas models with no magmatic heat
input consistently overestimate the exhumed crustal thickness by an average factor of three, but
reaching up to four times greater than geologically plausible. Note that the 1:1 line (pink) and 3:1 line

(blue) are reference lines and not regressions through the datasets.

It is important to emphasize that we are not using this model to precisely replicate magmatic
or magmatic-hydrothermal processes, which are more spatially and temporally complex than
we have been able to represent. However, since our model is primarily governed by the
established equations for heat flow (Carslaw and Jaeger, 1959) and the kinematic
characteristics of specific chronometers, our results represent physically permissible and
statistically plausible versions of exhumation and magmatic heat flow histories. Our ability to
accurately model both the cooling ages and total exhumed crustal thickness for each sample
suggests that the heat flux we include for each thermal event is a plausible representation,
despite our highly simplified parameterization. The exact physical properties of intrusions are

likely to vary from what we have modeled, but the parameters used are conservative values
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based on previous studies of intrusion dynamics that produce a total heat flux within the
modeled history able to predict all our observations.

We find that nearly all our samples require an additional heat input to keep minerals warmer
for longer such that their cooling ages are younger, while allowing for slower exhumation and
minimizing exhumed crustal thicknesses. A notable exception is sample SID1621, which can
produce plausible cooling histories and exhumed thicknesses by modeling relatively low
exhumation rates of <1 km/Myr before the closure of ZrnHe. However, in this case, the 2c
uncertainty on the ZrnHe age is 15%, which is higher than the other samples due to a large
dispersion in single crystal cooling dates, allowing for more variability in plausible exhumation
histories. We also note that this sample has no BtAr cooling age, so it is not possible to
accurately constrain the geothermal gradient before the closure of the poorly-constrained
ZrnHe age. While this particular sample may appear problematic, we consider it to be an
important example of how poorly-constrained models can yield difficult-to-interpret and non-

unique solutions.

5. Broader implications

We have opted for a relatively simple simulation of magmatic events to minimize
parameterization and to avoid overinterpreting our primary observations. Nevertheless, we
provide a basis upon which more complex simulations can be built. Despite this simplification,
the exhumation rates constrained here are consistent with previous findings in the Central
Andes (Avdievitch et al., 2018; Dahlstrom et al., 2022; Kober et al., 2007; Maksaev and
Zentilli, 1999; Sanchez et al., 2018; Shaw et al., 2021; Stalder et al., 2020). This is a positive
sign that our modeling approach — when paired with independent constraints on the total
exhumed crustal thickness — is valid and can be applied to other magmatic terranes, particularly

those with a history of shallow magmatic activity.
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Shallowly emplaced intrusions are common around the world and throughout
geological history. They are often intruded as subvolcanic laccoliths such as the Permian
Cornubian Batholith in Cornwall, UK (~5-6 km; Pownall et al., 2012), the Oligocene Henry
Mountains in Utah (~3-3.5 km; Wilson et al., 2016), the middle Miocene Torres del Paine in
Patagonia (~2—3 km; Michel et al., 2008), and the late Miocene Slaufrudalur pluton in Iceland
(~1 km; Burchardt et al., 2012), or comprise epizonal stocks linked to magmatic-hydrothermal
mineralization such as the Jurassic Yerington copper deposit in Nevada (Dilles, 1987), the
Eocene Yulong copper-molybdenum deposit in Tibet (~4—5 km; Zhao et al., 2022), and the
Pliocene Grasberg copper-gold deposit in Indonesia (<2 km; Weiland and Cloos, 1996).
Published exhumation rate estimates for these systems are limited, but a thermochronometric
study of Torres del Paine suggested rapid exhumation rates of up to 3 km/Myr without factoring
in magmatic heat input (Muller et al., 2024). Exhumation of the Cornubian Batholith is poorly
constrained, but its protracted cooling history is thought to reflect the addition of heat from
multiple intrusive episodes (Chesley et al., 1993), which would need to be factored into any
exhumation rate estimates. These examples highlight places where shallow intrusion-related
reheating may masquerade as accelerated exhumation in thermochronologic records,
underscoring the broader applicability of our approach in detecting and correcting for such
magmatic biases. In such places, employing our approach would provide a more
straightforward route to constraining long-term exhumation histories as there would be no need

to avoid rocks suspected of being affected by magmatic or magmatic-hydrothermal activity.

6. Conclusions
We demonstrate that incorporating magmatic heat into thermal models is important when
determining long-term exhumation histories in magmatically-active regions, particularly where

shallow intrusions are known or suspected. The addition of heat from primary and secondary
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magmatic sources can generate total heat budgets similar to those resulting from high rates of
exhumation, as recorded in the relatively coarse multichronometer cooling histories of our
samples. With the addition of magmatic heat, thermal models predict lower exhumation rates,
which reduces the total exhumed crustal thickness. Independent geobarometry constraints
provide an important check on model results, ensuring that predicted exhumation histories are

geologically plausible and exhumed crustal thicknesses are not exceeded.
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