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Abstract
Permafrost %mper&ane%eﬂmen&ermgﬂ%thermal state is poorly under: stoodeﬂpﬁm&&e&ﬂmybeeﬁ%ielﬁekﬂe»ﬂedged

South America_compared to other regions due to —Fe-date-this-tack-of data-has-limited in-situ data.the-understanding-of-the
i ina- This study represents the first

coordinated regional compilation of bor eholeeﬁeFH&eemp#%&néWﬂﬂ%eﬁdwﬁlmgm&né temperature data from high-

altitude mountain permafrost sites in the Central Andes (fe5-3,500 m to 5,250 m, 27°S-34°S) to examine baseline ground

thermal conditions. Measurements500—m)—meuntain—permatrost—regions—of the—Central - Andes—Ground —temperature
measurements-were-available from 53 boreholes installed-by-the-privateseetor-along a north-south transect at the Chilean-
Argentme border reveal ground thermal @%%@—S—md%%—wﬁm%eld—a&d—%m—perm&ﬁe&#&weﬂ—a&mm

characteristics similar towith other mountain

permafrost regions, including high spatial and temporal variability, correlations with altitude and slope aspect, and

distinctunique thermal attributes of rock glaciers. ObservationsThese-observations suggest that the ground thermal regime of

the Central Andes is shaped by similar processes assimilar-to-these-of other mountain cnv1r0nmcntipc—ﬂﬁaf-1=e%t—ﬁeg19ﬂ% - —— ‘[Formatted: English (United Kingdom)

perspective that was hype&heﬁﬁprgvgoyglx lgckglg data support. The

high temporal variability observed in the short records (<9
years)data—tikely reflects short-term microclimatic miere-ehimatiefluctuations and topo-climatic attributes unique to the

Andean cryosphere. This includes—inehsding hyper-arid conditions, intense solar radiation, limitedlaek-ef vegetative cover
and organic matter, less massive ice (except for rock glaciers), and mountain topography in a southern hemisphere location.
The susceptibility of the area to regional climatic phenomena (such as SAM, ENSO and PDO) suggestsimplies that long-term
trends may only be determineddiseernible from extended datasets spanning several decades. This study highlights the need for
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centinnous-and-ongoing ground temperature monitoring,
unigue and the importance of netewerthy-collaboration between private-industry, governments, and scientists_to advance 5
towards-the-advaneementofunderstanding of a key climate change indicator in a data-scarce region-with-a-paueity-of ground-

1 Introduction

Permafrost is an Essential Climate Variable (ECV) that serves aswithin-the-Global-Climate-Observing System(GCOS)-and a
cryospheric indicator of climate change (WMO, 2016; Streletskiy et al., 2017). Several studies have documented large-scale
warming and thawing of permafrost in recent decades (e.g., Romanovsky et al., 2017; Derksen et al., 2019; Etzelmiiller et al.,
2020; Haberkorn et al., 2021; Nyland et al., 2021). Current research suggests that permafrost will continue to warm in many
regions in the near term (i.e., 2031-2050) due to projected global increases in surface air temperatures, with acceleration
expectedwhich-could-aceelerate in the second half of the 21st century under extreme shared socioeconomic pathway (SSP)
scenarios (Abram et al., 2019).

Baseline permafrost monitoring data is essential for risk-informed engineering design and environmental impact assessments

of resource development projects. In mountain regions, nearNeas-surface (i.e., 0-10 m) thawing of permafrost isknewnte

significantly affectsimpaet land stability, causing subsidence.-an€ slope failures, and releasing-water release from ice-rich

landforms in-meuntainous-environments—(Gruber and Haeberli, 2007; Krautblatter et al., 2010; Romanovsky et al., 2017;
Kokelj et al., 2017). In Arctic and boreal regions, where permafrost soils store significant amounts of organic carbon (e.g.
Schuur et al., 2009), permafrost thaw may amplify surface warming viathreugh the permafrost carbon-climate feedback
(Schaefer et al., 2014; Koven et al., 2015; Schuur et al., 2015; Miner et al., 2022; Schuur et al., 2022). Understanding the
present and potential future thermal conditions of permafrost is therefore essential for guiding the-development-efrobust
infrastructure development and mitigating environmental risks in the face of climate change.

Two important parameters for characterizing and monitoring permafrostthe thermal state-of-permafrost are 1) active layer
thickness (ALT), or depth to permafrost; and 2) ground temperature measured at or below the depth of zero annual amplitude

(DZAA). The active layer, classically defined as the layer above permafrost that freezes and thaws annually (van Everdingen,

formed.asseciated-with-annual-phase-change(Debifiski; 2020). The DZAA represents the minimum-depth at which seasonal
temperature variations are fully attenuated by the ground, -and-are-no-longer observable—Jtis-often defined as the depth where
seasonal-amplitudes diminish to 0.1°C or less (van Everdingen, 1998). Ground temperature-measured at or below the DZAA

is therefore considered a good indicator of long-term permafrost thermal state because it represents the mean annual
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are both affected by climate change, particularlyehanging elimatic-conditions; speeifically rising air temperatures.-and changes

to precipitation patterns andthatimpaet-temperat snow distribution, which influence heat in-turn-strongly-influeneces-the-transfer
ofheatfrom abeve-the ground surface to the subsurfacedepth (Isaksen et al., 2007; Christiansen et al., 2010; Biskaborn et al.,
2019).

Most sites gathering’

er standardized permafrost

temperature data are meni e-in polar and high

mountain areas of North America,~and Europe and Russia/Siberia, with fewer sites located in Russia;—Central Asia, and
Antarctica-, and South America (e.g., Smith-et-al52022)—Two-examples—of collaborat ive programs collecti crmafrost
temperature dataare the Global Terrestrial Netwerk for Permatrost{GTN-PH(Biskaborn et al., 2015

M ne Netwo PERMO 019} In addition—A measurementshav

permafrostregions{; Brown et al., 2000; PERMOS, 2019)y—Regional-syntheses-of theseground-temperature-and ALT data
have-provided-documentation-of permafrost-thermal-state-at. At some locations, permafrost thermal state has been documented
continuously for up to 40 years (e.g., Romanovsky, et al., 2010b), showingwith-many sites-presenting-evidence-of increasing
permafrost temperatures, particularly in the Arctic (Romanovsky et al., 2010a). However, Bespite-the progresstowardsaglobal
i ith ti in-in-assessing linkages-to-long-term changes in
response to climateelimatie change remains challenging at many locations due to sparse borehole distribution and short ora

ot-grouha 35 ath monttorthg-borenoies;—wh a S A5 & putea—wiih mat-o on

and-ean-have discontinuous monitoring records. These challenges often arise from-that-are-also-Hmited-in-duration-(Biskabern
etal2019: Smith-etal2022) Commonreasons-for this-inelude site access difficulties,and high installation and maintenance
costs_and the narrow focus—Ynique-objeetives of monitoring programs, particularlyindividualinstruments-canalso-limit data

20020,
The lack of ground temperature monitoring-data in permafrost research, especially at depths beyondgreater than a few metres,
is particularly evidentpreneunced in South America, where—Here; permafrost isregions-are largely understudied compared to
other regions of the world (Arenson et al., 2022). Despite a long-standing ;-despite-an-established-awareness of the-existenee
of-permafrost in the Andes for-many-decades—(e.g. ;Catalano, 1926; Corte 1953)—Ground, ground-based studies remain
limitedin-thisregion-tend-to-be-searee due to the region’s high elevations, harsh climate and; rugged terrain. Challenges such
as limited funding and inadequate -andlack-ofinfrastructure for accessingte-aceess remote locations further complicate;whieh

‘While some ground temperature monitoring studies in the Andes have been published (e.g., Trombotto et al., 1997; Trombotto
and Borzotta, 2009; DGA, 2010; Andrés et al., 2011; Monnier and Kinnard, 2013; Atacama Ambiente, 2017; DGA, 2019;
Nagy et al., 2019; Yoshikawa et al., 2020; Mena et al., 2021; Vivero et al., 2021; Table 1), most instruments have not been
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established for the explicit purpose of monitoring permafrost thermal change with time. Consequently, monitoring records
oftenin-theregion-tend-to lack the-necessary duration and depth required to discern average ground temperatures or trends in
warming/cooling trends-below the DZAA, limiting characterizationeemparisons of the ground thermal state in the Andes

compared towith-ether regions where large-scale permafrost degradation has been extensively documented. Manyis-evident:
For-examplesmany ground temperature monitoring studies in South America have focused on estimating the lower regional
altitude of permafrost. collecting-and-thus-enly-collected-temperature measurements enly-up to depths-of-one metre deep and
over periods shorterefless than five years (Andrés et al., 2011; Nagy et al., 2019; Yoshikawa et al., 2020; Mena et al., 2021;
Vivero et al., 2021). This lack of deeper measurements menitoringdata—from-deep-bereholes-has been acknowledged to—a
certain—degree—in a proposed permafrost national monitoring plan for Chile (DGA, 2019), which recommendsinehades
recommendations—for long-term monitoring ef-permatrost-sites—using boreholes extendingideaty—installed to the base of
permafrost. However, no installations under this plan have setexceeded 2 m in depth to date (Table 1).

SomeOn-the-other-hand;—seme permafrost studies in the Andes have utilized deeper boreholes to characterize permafrost
thermal conditions and to monitordeeument changes in temperature over time. For-example;-Trombotto and Borzotta (2009)
documentedrevealed permafrost degradation inef a rock glacier in Argentina threugha-temperature-monitoring record-in a 5-
m-deep borehole over a-span-of-nearly 10 years, with an-annual increases in ALT deepening-of-the-active-layer-by up to 25
cm. Monnier and Kinnard (2013) reported findings from the-instalation-oftwo boreholes with thermistor strings reaching 18-
25 lniﬁ{%ﬂéed—fe%gfe&ﬂd—t%mf)e%&%ﬂ%@m{eﬂﬂg in the upper Choapa valley of northern Chile. These-boreheles-are-equipped
~Monitoring of the 25-m-deep borehole between 2010 and 2013

showcdha%eeﬂsis%eﬂﬂy—ﬁ}ewn stable temperatures near 0°Celes&te—ﬂmnekmg—peﬁmeﬁgfeaﬂd—iee along the profile. e

n-three
boreholes (20-40 m deep) installed to-depthsransinefrom20-40-m-at the Goldfields Salares Norte mining project in Chile,
were-reported—The-preliminary-data—from-these-bereholes indicated favorable conditions for the presence of permafrost
between approximately 5 m and 13 m depth at one borcholeloeationwith-the-othertwo-boreholesinstalled inunfrozenground

(Atacama Ambiente, 2017). AlthoughWhile these sixbereholes(onlyfour-of which-are-inpermafrost)reportedfrom-three
studies provideeffer valuable insights into the thermal state and changes to permafrost, the fact that they represent the bulk of

time-series measurements of ground temperatures in South America at depths greater than 2 m, emphasizes the absence of an

Andes-wide data repository akin to what is available for the northern hemisphere. Thislack-of coordinated-effort-to-compile

Given thesePespite-the limitations-highlighted-in-the preceding-diseussions, a unique opportunity-eurrently exists to advance
knowledge of permafrost thermal state in South America through collaboration between researchers and private industry. This
is especially true in the border area of Chile and Argentina, which holds significant reserves of precious metals and other

natural resources at different stages of exploration, extraction, and development. ScientificSite investigations.—that often
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including theinelade collection of ground temperature data in permafrost zones, are necessary to support environmental
permitting and engineering designs. These investigations generateSuch-monitoring-generates valuable data that can helpbe
used-to assess the ground thermal regime in regions thatwhieh have not yet been characterizedto-be-documented and shared

with the broader research community. In this study, subsurface thermal conditions along a North-South transect in the semi-
artd-Central Andes (27°S-34°S) were examined by summarizing ground temperature data from a suite of boreholes installed
by the private sector at eight distinct industrial project sites (Figure 1). The data were providedFemperature-measurements
presented-herein-were-made-available to the authors by BGC Engineering Inc., with the-permission of the individual project
owners. The dataset wasdata-were accompanied by confidential field notes and reports detailingeontaining relevantinformation
regarding instrumentation and generalsite conditions duringmenitoring-to support the interpretations presented.-in-this-stady-
All instruments were menitoring-instrumentation-was-installed for environmental impact assessments (EFAs)-or engineering

design studies prior to the preparation of this paper.
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Figure 1: Ground temperature monitoring locations and regional climatic setting. Koppen-Geiger zones are based on
Kottek et al., (2006) for Argentina and Sarricolea et al., (2017) for Chile.



Max.

Citation site Location  APProx. Lat Landform /Surface  Monitoring % Elevation
ILong Substrate Location Name (m)
Depth (m)
Trombotto et al. Cordon del Plata range  32°54'S- Morenas Coloradas Balcon | 5 3,560
(1997); Trombotto & (Argentina) 33°01S/ Rock Glacier
Borzotta (2009) 69°27'W-
69°15W
Balcon Il 3 3,770
DGA (2010) Bqui River Catchment, ~ 30°06'S- Llano de las Liebres Liebres 1 27 4,050
La Laguna basin, 33°248/ Rock Glacier
Coquimbo (Chile) - 69°59W
Cerro Tapado, Topado
Complex Liebres 2 74 3,786
DGA (2010); Vivero Haqui River Catchment, ~ 30°06'S- del Topado Rock Glacier BH1 (Tapado 1) 2 4,440
etal. (2021) La Laguna basin, 33°24S/
Coquimbo (Chile) - 69°59W
Cerro Tapado, Topado
Complex BH2 (Tapado 2) 24 4,405
Andres etal. (2011)  Chachani volcanic 16°11S/ Slope of Chachani CHACHA-1 1.2 4,850
complex (Peru) 71°31'W Volcano CHACHA-2 1.2 4,976
CHACHA-3 12 5,331
Monnier & Kinnard ~ Andes Rock Glacier, 31°48S / Quebrads Noroeste DDH2010-1 25.0 3,767
(2013) upper Choapa valley 70°30'W Rock Glacier
(Chile)
Centro de Estudios
Avanzados en DDH2010-2 18.0 ~3,800
Zonas Aridas
Atacama Ambiente Goldfields Salares  27°S/68° W - SNDD034 220 4,705
(2017) Norte Project (Chile)
‘SNGET008 215 4,472
SNGET027 40.0 4,580

Monitoring
Period

1989-1992 +5
manual
measurements
collected in
summers of 2004-
2008

2001-2007

Apr-Dec 2010

Apr-Dec 2010

2011-2015

2011-2015

2007-2008
2007-2008
2007-2008

2010-2011

2010-2011

Mar-Dec 2017

Mar-Dec 2017

Mar-Dec 2017

Comments

Inactive thermokarst
(average temperature ~0°C;
seasonal variation
correlates with measured
discharge; estimated
deepening ~25 cm per year)

Morenas Coloradas rock
glacier, active thermokarst
(permafrost deepening ~15

cm per year betw een 2002-
2004)

Permafrost (if present) is
below deepest sensor and
estimated to be at least 3m

deep

Permafrost (if present) is
below deepest sensor and
estimated to be at least 8m

deep

Permafrost (if present) is
below deepest sensor and
estimated to be at least 3m

deep

Permafrost (if present) is
below deepest sensor and

estimated to be at least 2.6m
deep

Possible permafrost location

5-Tmthick active layer

Measurements only
performed 3 times per year
Manual monthly
measurements, non-
permafrost borehole
Manual monthly
measurements, non-
permafrost borehole
Manual monthly
measurements, permafrost
from ~5-13 mdeep
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Citation Site Location Approx. Lat/Long o Landform / Surface  Monitoring Location ) orone  EleVation itoring Record Length Comments
oreholes Substrate Name et (o) (m)
Trombolto et al. (1967); _ Cordén del Plata range  32°545-33°015 2 Morenas Coloradas Rock Balcon | 5 3,560 T689-1662 + 5 manual Tnacitive thermokars! (average temperature ~0°C;
Trombotto & Borzotta (2008) (Argentina) 69°27W-69"15W Glacier measurements collected in seasonal variation correlates with measured
summers of 2004-2008  discharge; estimated deepening ~25 cm per year)
Balcon Il 3 3,770 2001-2007 Morenas Coloradas rock glacier, active thermokarst
(permatiost deepening ~15 cm per year between 2002-
2004)
DGA (2010) Elqui River Catchment,  30°06'S-33°24 / 2 Liano de las Liebres Rock Liebres 1 27 4,050 Apr-Dec 2010 Permafrost (if present) is below deepest sensor and
La Laguna basin, 69°59W Glacier estimated to be at least 3m deep
Coquimbo (Chile) - Liebres 2 7.4 3,786 Apr-Dec 2010 Permafrost (if present) is below deepest sensor and
Cermo Tapado, Topado estimated to be at least 8m deep
DGA (2010); Vivero et al.  Elqui River Catchment,  30°06'S-33°24S / 2 del Topado Rock Glacier  BH1 (Tapado 1) 2 4,440 20112015 Permafrost (if present) is below deepest sensor and
La Laguna basin, 69°59W estimated to be at least 3m deep
Coquimbo (Chile) -
Cerro Tapado, Topado
Complex BH2 (Tapado 2) 24 4,405 20112015 Permafrost (if present) is below deepest sensor and
estimated to be at least 2.6m deep
Andres et al. (2011) Chachani volcanic 169118 / 71°31W 3 Slope of Chachani CHACHA-1 12 4,850 2007-2008 =
complex (Peru) Volcano CHACHA2 12 4,976 2007-2008 =
CHACHA3 12 5,331 2007-2008 Possible pemmafrost location
Monnier & Kinnard (2013)  Andes Rock Glacier,  31°48S / 70°30W. 2 Quebrads Noroeste Rock DDH2010-1 250 3,767 2010-2011 5-7m thick active layer
upper Choapa valley Glacier
Centro de Estudios (Chile)
Avanzados en Zonas Aridas
(CEAZA) DDH2010-2 18.0 ~3,800 2010-2011 Measurements only performed 3 times per year
Atacama Ambiente (2017)  Goldfelds Salares Notte  27°S / 68° W 3 = SNDD034 220 4,705 Mar-Dec 2017 Manual monthly measurements, non-permatiost
Project (Chile) nole
SNGET008 215 4472 Mar-Dec 2017 Manual monthly measurements, non-permaiiost
borehole
SNGET027 400 4,580 Mar-Dec 2017 Manual monthly measurements, permafrost from ~5-
13 m deep
DGA (019) ngaito Volcano 335 169 W Rocky tidge near Tupungatito 20 5 Dec-19 -
(Chile) Tupungatito glacier
Rocky ridge, part ofalava  Sitio B, Tupungatito 12 4,425 24-Dec-19 -
flow from the Tupungatito
wolcano
Glaciar Bello (Chile) S/ 70W 1 100 m NW of Bello Bello 17 4,840 - No measurements published in report
Glacier
Nagy et al. (2019) Mt. Ojos del Salado ~ 26°565-27°29'S / 6 Debris Covered Plateau  Laguna Negro Francisco 06 4,200 20142016 =
(Chile) 68°32W-69°15W
Murray Lodge 035 4,550 20142016 =
Atacama Camp 06 5,260 2012:2016 Possible permafrost borehole
Tejos Camp 06 5,830 2012:2016 Possible permatrost borehole
Crater Edge 02 6,750 2012:2016 Possible permafrost borehole
Mt. Ojos del Salado 0.1 6,893 20122016 Possible permairost borehole
summit
Yoshikawa et al. (2020)  Coropuna volcanic 16°328 / 72°32W 15 Hydrothemnally Altered Coropuna-N3 03 5,604 2012:2019 -
complex (Peru) Lawa Coropuna-N2 0.3 5,564 2012:2019 -
Coropuna-S4 03 5,100 2012:2019 -
Coropuna-S3 0.3 5,053 2012:2019 -
Coropuna-N1 03 4,886 2012:2019 -
Coropuna-S2 0.3 4711 2012:2019 -
Coropuna-S1 03 4,247 20122019 -
Coropuna-Borehole 3 5,170 2012-2019 -
Chachani volcanic 16°138 / 71°29W CHACHANI-CH3 03 4711 2012:2019 -
complex (Peru) CHACHAN-Borehole 4 5,331 2012-2019 Possible permafrost borehole
CHACHAN-Borehole 0.02 5,331 2012:2019 Possible permafrost borehole
surface
CHACHANI-South facing 1 5,320 2012:2019 Possible permatrost borehole
CHACHANL-Higher 1 5,323 2012:2019 Possible permatrost borehole
albedo
CHACHANL-CH2 03 4,700 2012:2019 -
CHACHANI-CH1 0.3 4,200 2012:2019 -
Mena et al. (2021) Chajnantor Volcano,  22°59S / 67°43W. 1 Slope of Chajnantor = 14 5,640 2019 Permafrost borehole, 5 m thick, gradient of 200°C/km;
Atacama (Chile) Volcano ALT~ 14 cm

Table 1: Previously published ground temperature monitoring studies in permafrost regions of the Andes,
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Table 1 (cont.

Previously

ublished ground temperature monitoring studies in permafrost regions of the Andes.

Citation Site Location Approx. Lat No. Landform / Surface Mov_ﬁtoring Meas':::-ment Bevation Monit?ring Comments
/Long  Boreholes Substrate Location Name =/ F Y (m) Period
DGA (2019) Tupungatito Volcano 33°S / 69° W 2 Rocky ridge, near Tupungatito A 20 5575 23-Dec-19 =
(Chile) Tupungatito glacier
Rocky ridge, part of a Sitio B, 1.2 4425 24-Dec-19 -
lava flow fromthe Tupungatito
Tupungatito volcano
Glaciar Bello (Chile) ~ 33°S/70°W 1 100 m NW of Bello Bello 1.7 4,840 - No measurements published
Glacier in report
Nagy et al. (2019) Mt. Ojos del Salado 26°56'S- 6 Debris Covered Plateau  Laguna Negro 0.6 4,200 2014-2016 -
(Chile) 27°29'S / Francisco
68°32'W- Murray Lodge 0.35 4,550 2014-2016 =
69°15W Atacama Camp 0.6 5,260 2012-2016 Possible permafrost
borehole
Tejos Camp 0.6 5,830 2012-2016 Possible permafrost
borehole
Crater Edge 0.2 6,750 2012-2016 Possible permafrost
borehole
Mt. Ojos del 0.1 6,893 2012-2016 Possible permafrost
Salado summit borehole
Yoshikaw a et al. Coropuna volcanic 15°32S / 15 Hydrothermally Altered ~ Coropuna-N3 03 5,694 2012-2019 -
(2020) complex (Peru) 72°32W Lava Coropuna-N2 03 5,564 2012-2019
Coropuna-S4 03 5,100 2012-2019
Coropuna-S3 03 5,053 2012-2019
Coropuna-N1 03 4,886 2012-2019
Coropuna-S2 03 4,711 2012-2019 -
Coropuna-S1 03 4,247 2012-2019 -
Coropuna- 3 5,170 2012-2019 -
Borehole
Chachani volcanic 16°138/ CHACHANI-CH3 03 4,711 2012-2019 -
complex (Peru) 71°29W CHACHANK 4 5,331 2012-2019 Possible permafrost borehole
Borehole
CHACHANK 0.02 5,331 2012-2019 Possible permafrost borehole
Borehole surface
CHACHANK-South 1 5,329 2012-2019 Possible permafrost borehole
facing
CHACHANK 1 5,323 2012-2019 Possible permafrost borehole
Higher albedo
CHACHANI-CH2 03 4,700 2012-2019 -
CHACHANICH1 0.3 4,200 2012-2019 -
Mena et al. (2021)  Chajnantor Volcano, 22°59S | 1 Slope of Chajnantor - 14 5,640 2019 Permafrost borehole, 5 m
Atacama (Chile) 67°43'W Volcano thick, gradient of 200°Clkm;

ALT ~ 14 cm
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2 Regional Setting

The study area is located in the Central Andes region-(27°S-34°S, Figure 1), where the climate is strongly influenced by
interactions-between-the southeast Pacific anticyclone (SEPA).}-and the Humboldt Current, andas-well-as barrier effects of the
mountains. meuntatnous-terrain. Cold,-and humid westerlies associated with the Humboldt Current are diverted northward by
the SEPA, while the Andes deflectAndeanMeountainrange-defleets Pacific air masses upwards and limithmits-the westward
flowadwveetion of moist air from the Amazon basin (Masiokas et al., 2020; Schulz et al., 2012). This createsresults—in the

region’s characteristic hyper-arid climate eftheregion-and orographic precipitation, which peaks-thatreaches-itspeak in the
austral winter (June to August)); falling predominantly as snow. Average annual precipitation across-the-regionranges between
approximately 100 mm and 5002;000 mm, with greater amounts generally observed at lower latitudes (Garreaud et al., 2020;

Viale and Garreaud, 2015)}-. The region-alse experiences pronounced climatic fluctuations on interannual and interdecadal

timescales due to interactions between the El Niflo Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO)
(Mantua and Hare, 2002; Montecinos and Aceituno, 2003; Schulz et al., 2012; Vuille et al., 2015; Garreaud et al., 2020). The

Southern Annular Mode (SAM) also impacts climatic conditions on weekly to decadal timescales through modulation of south-

westerly winds (Saavedra et al., 2018; Gonzalez-Reyes et al., 2020; King et al., 2023). These climatic oscillations play a crucial

role in shaping weather patterns and hydrological cycles in the Dry Andes, affecting agriculture, water resources, and

ecosystems. The PDO influences long-term climate variability, with positive (negative) phases bringing warmer (cooler) and

wetter (drier) conditions. ENSO strongly affects interannual climate variability, with El Niflo events bringing warmer, wetter

conditions, increasing snowfall in the Andes, while La Nifia events lead to cooler, drier conditions. SAM variation influences

interannual seasonal precipitation and snow cover in the Andes; positive phases are linked to reduced precipitation, and

negative phases are associated with increased precipitation (Vera and Silvestri, 2009).

The eight project sites eonsidered-in this study are al-situated at high altitudes, ranging in elevation from 3,500 m to over

5,250500 m above sea level. Each site exhibits significantSignificant topographic variability-alse-exists-atthe individual projeet
level, with total relief ranging from 250 m to 1,200 m. The project sites fall-at- i site. As ¢ 5 E

within the 'Andean Arid Diagonal' (Bruniard, 1982), a contiguous zone of arid to semi-arid climate separating tropical and
temperate climates of the northern and southern pertions-of-the-Andes (Figure 1). This includes partspertions of the Cold
Mountain Desert (BWk) and High Mountain Tundra (ET) climatic belts (Kottek et al., 2006), which are distinguished by their
unique variations in altitude, precipitation, and temperature-trends. Climatic conditions of the BWk belt,-are dominant at
elevations-below ~4,000 m and-are characterized by low humidity and minimal precipitation. With seasonalSeasenal average
temperatures rangingrange from ~18°C in January to ~8°C in July, permafrost will not form and ismaking-it-highly unlikely
for-permafrost-to exist erform-in this zone:—tastead; where itpermafrost does exist, it is expeeted-to-be-naturally degrading.
Rock glaciers are the most common periglacial landform within the BWk belt and have been-shewn-to-have-variable ground

ice contenteentents across the study area, reflecting different degrees of permafrost degradation (Hilbich et al., 2022). In
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contrast, the climate of the ET belt (elevations generatly->4,000 m) is associated with low temperatures year-round and mean

annual air temperatures (MAATSs) below 0°C (Vuille et al., 2003; Garreaud, 2009), creating favourable conditions for

permafrost formation. During theBs summer months (December to
February), but-average-temperatures within-the- ET-belttypically remain above 0°C, with daily highs exceeding 15°C and

averages below 10°C. Surface geomorphic indicators of permafrost in this belt.have-been identified in this-belt-both-in-the field

and through remotelyremete sensed imagery.imasine—and include rock glaciers, gelifluction slopes, and in—seme—ecases;
patterned ground (Arenson and Jakob, 2010). In both climatic belts, snow accumulatestends-te-aceumulate at high altitudes
during winter and remains frezes-until spring (appreximately-October to November), followed byfeHewingwhich a unimodal
snowmelt-dominated regime is-produced annually for all rivers originating from mountain peaks (Masiokas et al., 2016).

The distribution of permafrost across the Andes is complex, driven by high variability of mountain topography and climatic
conditions at the catchment level. This-variability leads to significant variations in ground thermal conditions that-ean—vary
stenifieantly-over distanees-oftens to hundreds of metres. SlightAs—with-ethermeuntainregions,slight variations in altitude

(usually spanning a few hundred metres) can generate marked differences in air temperature, precipitation, vegetation,

combination-of-hyper. Hyper-arid conditions,-and intense solar radiation and thepaired-with-a southern hemisphere location
creates nuanced variations in water and energy balances, shapingwhich-uniquely-shapes the distribution of permafrost in the
Andes and distinguishingdistinguishes them from other mountain regions. The resultant effects on infiltration, subsurface
freezing and thawing, and the movement of air and water through the ground contribute to the highly heterogeneous occurrence
of permafrost in the region noted in several ground-based studies, with an even more complex distribution of ground ice (e.g.,
Hilbich et al., 2022). This istends-to-be particularly evident in rock glaciers, where which-have been shown to-have considerable
vartations-tn-ground ice content varies widely from case to case (Arenson and Jakob, 2010; Hauck et al., 2011; Mollaret et al.,
2020; Halla et al., 2021; Hilbich et al., 2022) andas-wel-as within individual landformsasingle-landform (Jones et al., 2019;
Halla et al., 2021). In the southern Central Andes (32°S-36°S), the present-day-lower altitudinal limit of permafrost ishas-been
estimated between 2,900 m and 3,200 m, with occasional occurrences up to approximately-3,700 m (Saito et al., 2016). This
variesis-known-to-vary with slope aspect due to variations in intensity of solar radiation, favouring the persistence of isolated
patches of permafrost at lower elevations on pole-facing slopes compared to slopes oriented towards the equator (Yoshikawa
et al., 2020; Arenson et al., 2022).

Several studies examiningelimate-change-in the region have identified a progression from a cooler humid climate to warmer
and drier conditions in recent decades (e.g., Carrasco et al., 2005: Falvey & Garreaud, 2009; Schulz et al.. 2012; Jacques-
Coper & Garreaud. 2015: Garreaud et al., 2020). A-A-pronounced, rise in air temperatures in the mid-1970s interrupted a an

existing-period-that-was previeuslycharacterized-by-aslightly negative trend in maximum daily temperatures (Jacques-Coper
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3 Methodology

3.1 Ground TemperatureMenitering Data and Permafrost Presence

Between Starting—at-varieus—peints—in—time-between-2006 and 2017, ground temperature monitoring was systematically
initiatedmenitored at eight industrial project sites located between 27°S and 34°S and within approximately 25 km of the Chile-
240  Argentine border (Figure 1). The compiled dataset presented in this study includes measurements collected from 53 boreholes
distributed across the region, with 27 located in Chile and 26 in Argentina. The boreholes were installed to depths varying

from 10 to 100 m at surface elevations ranging from 3,625 m to 5,251 m, in areas with and without permafrost. Of the total

30 boreholes intercepted permafrost, while the remaining 23 were installed within unfrozen, or non-cryotic ground (Figure 2).

Due to data interruptions and short monitoring duration, some boreholes in cryotic ground did not meet the two-year criterion
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245  of continuous ground temperature monitoring to confirm the presence of permafrost (van Everdingen, 1998). However, given

that measurements were available from below the DZAA (i.e., from depths > 10 m), it is reasonable to infer the presence of

permafrost in boreholes where the temperature is at or below 0°C, even without a complete two-year record. Surface

morphologies mapped at the borehole locations during thermistor installation include bedrock, colluvium, rock glaciers

intercept
250 bedrock within ~10-20 m of the ground surface.

—Ground temperatures were monitored along the profile of each borehole using Negative Temperature Coefficient (NTC)

thermistor strings (models YSI 4400-, RST THO0-, or Geoprecision TNode-series). Thermistors were accurate within a range
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of +0.1 to +£0.5°C from base temperature, with precision ranging between 0.1°C and 0.25°C. Sensors were positioned at varying

depths-reflective-of the-objectives-of each-borehele, starting from the ground surface (0 m) and spaced atinereasing-spaeings
ranging-from 0.5 to 15 m (depending on the objectives and maximum depth of the borehole). Loggers were used for data

collection at most locations although manual readings were made on occasion. The frequency of data collection varied with

location, rangingaeress—toeations—is—also—variable—and-ranges from hourly to daily measurements. Surface—morphelogies

were-attributed to numerous-factors such as-ineluding physiealinterferenees{e-g-; electrical storms,); instrument malfunctions,
and-inaccessibility for downloaddata—dewnleads or maintenance due to remoteness, adverse weather—econditions, slope

instability and/or changing regulatory requirements. In some cases, interruptions occurred simply because a borehole was
temporarily not being monitored as part of the project’s objectives. A comprehensive discussion of data collection challenges.
leading-to monitoring gaps, aleng-with-known data artifacts and ratienale-for-filtering rationale-is included in Section 3.2.

proeedure outlined in Section 3.3 prior to interpretation of the data. Rawfurther-interpretations—Fheraw data for each borehole

are presented-within-aseries-of plots-eompiled in the supplementary information packageaccompanying this-paper(Figures
S1-S53A1+-AS53).

and-nen-permafrost-locations-asnon—eryotic-boreholes; Gaps in individual monitoring records were filled asaceordingto-the
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3.2 Data Quality, Gaps and Filtering

(e-gNeetzlietal;202H-Long-term operation of borehole infrastructure in high mountain regions sueh-environments-can be
hindered by natural factors including erosion, mass movements or meteorological effects, all of which may lead to instrument
malfunction that can reduce data quality or create gaps in monitoring records. Challenging-logisties-in-blocky-heterogeneous
terrain, remoteness, andas-well-as-a lack of financial support can limit site access, leading to poor-resulting-in-insufficient

instrument maintenance and less-ef-data loss. Other factors affecting impaets-to-ground temperature monitoring unrelatednet

perature time series over time.
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neecessarity-limited to mountainous regions may includeresult-from instrument damage bydue-to wildlife, vandalism, nearby
construction,-aetivities or damage during instrument dritling-and-installation-ef the-instrurments-themselves.
Many of these challenges were encountered across the menitoring sites-in-the-eurrent-study area, with most;-and-decumented

instances-of instrument interferences or malfunctions 1dcnt1ﬁcdwefeu%ed491&eﬂﬁ£y—aﬂd—eimk&fﬂ£&eﬂ—ﬁmﬂ&edamsekpﬂef
d by field staff before analysis. Theand

most common causes ofreasenfor data

interruptions werestemmed—frem battery power loss, faulty connections, or sensor failures eceurringbetween instrument
maintenance visits. Irreg’ula rSinee funding for ground temperature monitoring bdsed%ﬂ%ﬂﬁee&ed—teﬁﬁ%ﬁh&pmjee&s
on specifica
needs, led to inconsistent and unpredictableebjectives-and-regulatory-requirements-as-they-arose)-predietability-of field work
and was-eftenlacking—Consequently—the-instrament-maintenance schedules-were-inconsistent-and-unpredietable, making it
challenging to perform routine upkeep (e.g., battery replacement of sensorsueh-asreplacing batteries-orcomplete repairs-on
damaged-sensors) proactively or in a timely manner-overthe-various-menitoring periods.

Drilling activities were alse-frequently identified as a source of interference to monitoring. While several thermistors were

installed in pre-existing exploration boreholes, more thanever half of the locations were drilled explicitly for ground

temperature monitoring. This—pu

weves%a%ed—éu&te%hemakdas%w%es#emérﬂmg—kee&ﬂen&aﬁeﬁeé included all boreholes at Sites 1, 4, 6 and 8, as

were advanced by diamond coring using water or polymer fluid. Early temperature measurements in these boreholes may have

been overestimated due to thermal disturbances from the drilling process, especially where fluid circulation was involved.

Elevatedelevated temperatures at Site 1 are evident at the onset of monitoring, particularly from depths of 10 m and below
(Figures S1-S9A+-A9). Although temperatures gradually decrease as drilling-related disturbances dissipateddissipate, it
remains uncertain whether ground temperatures at Site 1 had ﬁ111y stabilized within the roughly one-yearrelamfely—shert
monitoring period. Early

early measurements from Site 1 and other locations with approximately one ycaryear’s-worth of data (i.e., boreholes 6-8 and
6-11, 7-4, 7-5 and 7-6) were treated with cautiongiventess-weight in the analyses-conducted-in-thisstudy, particularly those

collected during the initial two to three months, as they are unlikely to represent average ground temperature conditions.-ef

meonitoring: Drilling interferences were less of a concern for boreholes 3-8, 3-11, 8-3 and most boreholes at Site 6, which have
longer monitoredmenitoring records.

At several monitoring locations, changesChanges in ground conditions may were—also—understood—to—have petentially
compromised measurementthe quality -ef measurements-at-several-monitoringloeations: For example, construction activities
that altered local runoff patterns caused a large gully to form nearduring—afield—visitin2017-asizeablegully-wasnoted

adjacentto borehole 5-1 that-didnot-existinprevious—years—(Figure 3). Field staff first noted the gully in 2017, but
anomaliesAnemalies in the data and multiple sensor failures suggested that erosional activity asseciated-with-sullyformation
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had affected borehole temperatures at-thistecation-since late 2015. Consequently, measurements beyond September 2015 were
excluded from analysis. Another instance of natural-ground disturbance influencing monitoring was noted during a 2017 field
visit-te-berehele-2-2, where a previously unseen debris flow was observed near the-borehole 2-2 (Figure 4). As withSimilarte
the situation-at borehole 5-1, erroneous data were identified and excluded from analyses.
Projectln-seme-cases;-projeet-driven optimization of monitoring sometimesalse led to data interruptions (or shortened record
lengths) and informed additional filtering. For example, data collection ceasedwas-diseentinued at selectseveral boreholes at
Site 2 once permafrost was determined to be absent, and thermistor strings were relocated to areas—with-a-higher elevations
wherelikelihood-of encountering permafrost was more likely. Two-TFhis-invelvedmovingtwe thermistors were moved (from
(atboreholes 2-4 and 2-5) to higherelevations{boreholes 2-6 and 2-7) resulting in the);-and-thus termination of monitoring at
the original locations. During the relocation of the thermistor from eriginally-depleyed-at-borehole 2-4 to 2-6, it alse-became
evident that the sensor at ~24 mmeters depth was damaged. Initially, anomalously high measurements recorded by this sensor
at its original location were considered plausible, possibly due to warm groundwater or exothermic reactions at depth.
However, similar anomalies persisted at the new location (borehole 2-6), suggesting measurements were artifacts and should
be excluded from further-analysis.

The supplementary information package accompanying this paper displays all raw data except for cases where artifacts were
confidently identified and removed (e.g., related to erosion events or known instrument failures). Thermal disturbances from
drilling and occasional unexplained artifacts are visible in the figures but were omitted from analyses. TheseUnexplained
anomalies could be the result of water or air flow through blocky materials, or eemmeon-electrical storms which are common

in central Chile (e.g., -Montana et al., 2021). As there was no clear indication that they were erroneous, these anomalies were

retained on the plots for transparency and dataset completeness-ofthe-dataset.
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Figure 3: Photograph of borehole 5-1 showing erosional gully that formed during the 2015 calendar year.

Figure 4: (a) and (b) Original location of thermistor string at borehole 2-2 and the adjacent surface debris flows. The thermistor
string was moved to boreholes 2-3 (illustrated in (c) and (d)) which is approximately 50 m higher in altitude.

3.3 Filling of Data Gaps

Gaps in ground temperature time-series were interpolated using a-non-linear least squares regression to enhance data
visualization and remove seasonal bias from analysis.subsequent-analyses: At thermistors that showed seasonal variation, a
sinusoidal function with a superimposed linear trend was fit to filtered data to approximate seasonal and petential-longer-term
temperature variationstrends. For sensors located below the interpreted DZAA, a-simple-linear interpolation was used. Initial
conditions for each sensor were specified by setting function parameters (i.e., period, amplitude, phase shift, offset, slope) that
produced a reasonable visual match to observed data. Parameters were then optimized using the generalized reduced gradient
(GRG) non-linear solver in Microsoft Excel to minimize the sum of squared residuals, targeting a-betweenebserved-and
estimated-values,with-a-target normalized root mean square (NRMS) below value-of less-than-10%. The qualitygeedness of
fit for-each-instrument-was first assessed visually, withand manual adjustments madewere occasionally made-to improve the
overall match of the solution to the data.-(NRMS-valuesremained below15%). Missing values in-each-thermistor record-were
then filled on a daily timestep using the fitted equation and are plotted alongsidetogetherwith raw data in the supplementary
information package (Figures S1A+ through S53A53).
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It is noted that this approach has limitations in estimating temperatures within the active layer or in boreholes containing
ground ice, as it cannot -due-to-its-inability-to-represent latent heat effects during phase changes. Additionally, it is not suitable
for long records with complex warming or cooling trends, which mayeeuld-alse vary over the eourse-of the-monitoring period.;
cannot-berepresented-using-this-appreach. Despite these limitations, the method provided a useful way to estimate missing
values and visualize seasonal patterns and short-term variationsgeneral-trends in the data, making it appropriate-and-was
censideredreasenable for this study, where-as-thelongest data recordsreeord at eacha-given instrument areis less than 20 years.

4 Ground Thermal State
4.1 Seasonal and Interannual Ground Temperature Variations

A total of 22 eryetie(permafrost and_12 non-/erpessible-permafrost)-and12-nen-eryotie-(non-permafrost) boreholes have
continuous records spanning at least one year, making them suitable for examining seasonal temperature variations effeets-on
eround-temperatures—(Figure 5). Most sensorsinstruments—sitaated-at-depths near 10 m depth (Figure 5a) showexhibit clear
seasonal—temperature—fluctuations, with greater seasonal amplitudes variation—detected—by—sensers—in unfrozen ground
(~(amphitadesransing from-approximately-0.5°C to 1°C) compared to frozenthese-within ground (<thatremained-below-02C
(amplitadesgenerally- lower than0.5°C). AtSenserspesitioned-at depths nearelese-to 20 m (Figure 5b), sensors areen-the-ether
hand,—appear—to—be mostly below the DZAA, with somea—few exceptions in bereholes—within—non-cryotic ground.

Seasonal

variations at both depth horizons are less
pronounced where greund-temperatures hover around 0°C, reflecting latent heat effects fromasseciated-with annual freezing

and thawmg of ground ice. Similarly, attenuated temperamreShaHew—greaﬁd%npemm;es—éézmé—a{—a—nﬂmmam—eLM

through S53) and are likely attributable to snow cover. A53)

Unlike permafrost regions in the northern hemisphere, identification of anya consistent trend of rising ground temperatures

possible due to its short duration. It instead reflects baseline local topo-climatic conditions and short-term climate ﬂuctuatlons

associated with the mountainous terrain. Both short-termexhibit warming ander cooling are noted in the datasetduringtheir

respeetive-periods-of record, with no correlation to location, altitude or surface substrate (Figure 5). Figure 6 illustrates thed, -

wide variation in short-term rates of temperature change from Faﬂg%m—wafmiﬂg—aﬂd—eeeﬁng—tfeﬁdﬁ—was—ne%ed—tbﬁocations

from-0 to 0.05°C /yr) was noted were-deteeted-in approximately half of the boreholes examined (15), with the @Fema-iﬂiﬁg

loeations showing short-term cooling. Non-permafrostAdditionally-non-eryetie boreholes exhibitedappeared-to-exhibit greater
variability in temperature change over the period of recordtine.
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For—comparison—with—ether permafrost regions—Figure 6 includes representative long-term warming trends from other
permafrost regions as documented in Smith et al. (2022)—fer—. This includes continuous or “cold” Arctic permafrost

(temperatures below -2°C, warming rates fromrange: ~0.04 to 0.11 -°C/yr,-and monitored since the 1980s), discontinuous or

“warm” Arctic permafrost (temperatures between -2° and 0°C, warming rates fromrange:~0.01 to 0.05°C /yr,-and monitored

since the late 1970s to early 1980s) and mountain permafrost within the Swiss Alps (average: ~0.02 °C/yr,-and monitored since
in the late 1980s to early 1990s). These trends are presented for reference only; but it is notable thatlaterestingly; the short-
term estimatedrange-n-warming rates in the Andes align with trendsthese estimated for the Swiss Alps and the warm Arctic
regions. However, when making Caution-in-this reference we strongly caution eomparison-is-warranted-however;as-the reader,
as northern hemisphere studies relyrelied on significantly longer (decadal or multi-decadal) datasets than the limitedsenitoring

records in this study. The:-the longest record eensidered-in the Andean analysis was approximately nine years (borehole 3-11),
with most reeerds-spanning between 2 and 7 years, making reliable comparisons with northern hemisphere studies premature.-

climate variability in the Andeste-a-similarlevel-of confidence-as-has-been-accomplished-for other permafrostregions, ongoing
monitoring of ground temperatures alongside local climate variables is needed. Given the constraints of the current monitoring
dataset, a comprehensive analysis of this scale is beyond the scope of this study and presents an opportunity for climate

researchers.
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Figure 5: Monthly ground temperatures at depths of 10 m (a) and 20 m (b) at boreholes with at least a full year of measurements.
Measurements in bedrock and in rock glaciers are plotted every two months for clarity in the figure.
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Figure 6: Short-termVariation—in ground temperature changes with timetrends at 20 m depth in the Andes_(this study), shown
alongside long-term ground temperature trends compiled by Smith et al., (2022);-and-comparisen-with-trends in permafrost regions
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ofin the northern hemisphere (i.e., Cold Arctic, Warm / Sub-Arctic and Swiss Alps). The Andean estimates (n permafrost sites = 19;
n non-permafrost sites = 9) are based on 2-9 years’ worth of measurement and reflect short-term fluctuations in climate. Warmingas
reported by Smith-et al.. (2022). Note that rates for othernorthernhemisphere studles (n Cold Arctic Sites = 9; n Warm / Sub-Arctic
Sites = 11; n Swiss Alps sites = 5) were derived from decadal / multi-decadal datasets_ and represent-Frends-in the effects of climate
chan c The terms "Cold Arctic crmatrost" and "Warm/Sub—Arctic ermafrost " from Smith et al. (2022), distinguish cold

summarlzed in Table SIA—I with correspondmg r? values

4.2 Depth to Permafrost

TFhe—thickness—of—the—activetayer(or—ALT) in permafrosteryetic boreholes was estimated by linearly interpolating

measurements between thermistors pesitioned-above and below the zero-degree isotherm at the time of maximum annual thaw.

While ?we—pefma#es%beaﬁeﬂ&ébefeheles%—%md%&%—w@r&ﬁemded—&m%this ﬁ%be%%&h%depﬂq—ef—thﬂw

lack of shallow temperature measurements at the Andes sites prevents reliable extrapolation of the zero-degree isotherm from

above. Additionally, snow cover varies considerably across boreholes; in areas with little snow, atmospheric gradients strongly

influence temperatures in the active layer, whereas snow-covered areas insulate the ground (e.g.., BTS method by Haeberli

(1978)). Given these complexities, and that the goal was to track potential changes in permafrost depth and compare boreholes.

linear interpolation was considered a reasonable approach, allowing for relative comparisons rather than estimating absolute
ALT values.

Of the 30 permafrost boreholes, 20 were considered in this analysis. Two —@l—m—deep-)—wmhm—twe—rock glaciers (boreholes
6-1_and 6-4) were assessed as

ermed-depth to permafrost table, as the depth

to permafrost in these boreholes exceeded the maximum annual freeze/thaw depth. For boreholes 1-2 and 1-8, which lacked

two consecutive years of data-as
insufficientlength-of monitering, the maximum annual thaw depth was estimated in a similar manner to ALT (or permafrost
table), a; )—Fer—eases—whefe the recordsdata—record encompassed a complete freeze-thaw cycle with subsequent refreezing.

Permafrost

locations with shorter monitoring

records were not considered. Two permafrost locations (boreholes 3-7 and 3-12) were also excluded because the depth of thaw
penetration remained above the shallowest sensors (< 1 m deep).Fhis-process-was-thus-completed-for-a-total- of 20-boreholes
Figure 7 shows that thawFhaw depth and ALT typically range from ~0.5 to less than 4 m, although ALT at boreholes 3-5 and

6-2 reached depths > 6 m. Consistent with field observatlons—éﬁga*es#—aad—SMe&ably—depﬂMemaﬁestﬂhﬂweek

aemss%h&feg&efk&kgeﬁeml.—&m}}ar—t&the highest in the datasct, ranging from 7.3 greaﬂd—tempefamfeﬁmﬁeﬁes,—therc—dees
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notappear to 17.4 m in 2021. There is no consistent increasebe-an-overat-trend in AL Tdeepening of the-active layer over time
across the dataset, and in -as-mi anticips A s5ive-¢ spherie-warming—ta-some locations, the active layer

may be even-show-signs-ofshallowing (e.g., boreholes 3-6 and 3-9, and possibly 2-10). In contrast, the topDeepening of
permafrost is deepeningever-time-appears-to-be-restricted-to-boreholes-installed in rock glaciers,~which-are-estimated-to-be
lowering at rates of approximately 0.4 m/yr at borehole 6-1, 0.8 m/yr at borehole 6-2 and 1.5 m/yr at borehole 6-4. These
results reflect short-term fluctuations in climate.

Contour diagrams of borehole temperature evolution with time (Figure 8) revealiustrate-the-presenee-of supra-permafrost
taliks at boreholes 6-1 and 6-4. At borehole 6-4, the diagram-shows-that-the-top of permafrost was fully decoupled from the

active layer throughout monitoring. In contrast, the formation of the talik at borehole 6-1 began forming i in
mid-2019. Esti sof i rost-ae i i i
0 3-11
- 2-1

05 8
E 1 a9 % =
s e 32

1.5 7-2
3 ) 1-2¢
2 36
§ 25
T 3
235
£
§ 4 6-20
= 6 3-5 x % <
2 8 EEEN
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< 10 Site 1 = Rock Glacier 6-1**
g — Site2 o Glacial Deposits «
g 2 Site 3 )
% 14 — Site5 ° Colluvium
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Figure 7: Maximum annual depth to frozen ground within permafrost and pessible permafrost-boreholes. Note scale break between

3.5 and 4m. * indicates thaw depth (boreholes 1-2 and 1-8); ** indicates depth to permafrost table (boreholes 6-1 and 6-4). Active
layer thickness (ALT) is plotted for all other boreholes. See text for additional detail.
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4.3 Ground Temperature Profiles

The temperature profile within a borehole is shapedmay-be-affected by fourprimary-factors such as: regional geothermal heat
flux, depth-related-lithology variations, local ereund-surface—topo-climatic variations,{which—shapes—the—upper—thermal
beundary); and historical fluctuations in ground surface temperatures. These factors result in eontribute-to-a widevariety-of
distinet-profile shapes-and-bread range in ground temperatures aeross-the-dataset-(from approximately -7 to 7°C) and varied
profile curvatures (;-Figure -9), reflectingwhich-—refleet the complex thermal landscape of the Andes. Variations in Fhe

variability-efprofile curvatureshape within individual boreholes suggest suggests-that-ground temperatures are generathy-not
in equilibrium with modern climate conditions. Instead, they represent the present balance between surface and geothermal

temperature gradients w1thmamque&alengeael+berehel%w&thm the upper 30 m me#measu%emen%s,—thﬁmalgm&en&swere
observed-to-be both positive (warming with depth) and negative (cooling with depth), withwhile some locations showing

nearlyexhibit roughly isothermal conditions. Several boreholes in warm permafrost (3-5, 6-2, 6-5, 6-8, 6-11, 8-3) exhibit a

composite temperature profile within the upper 30 m.this-depthrange-These-boreholesare characterized by a nearly isothermal
region where-temperatures-are-close to 0°C, below which temperatures increase with depth due to the heat-fluxfrom-the-natural

geothermal heatfluxgradient. The temperature profiles shown in Figures SIA} through S53AS53 reveal the presence of
relatively-—thin layers—of-permafrost layers-in several boerehoeles—withinrock glaciers, rangingwhich—vary—in-thiekness from
approximately 2 to 40 m thick. Permafrost thickness in—Within-eryetie boreholes that did not intercept the base of permafrost
(but exhibited warming with depth) was )-permafrost-thickness-is-estimated to range from 40 -to > 500 m, based on the-frem
projection of thermal gradients to the zero-degree depth intercept. Estimnates-of permafrost-thickness-are summarized-in-Table
At

There is no clearkn-generalthere-doesnetappearte-be-a relationship between proﬁle Mgpadient or eurvatureror-estimated
permafrost thickness andwith latitude (i.e., site number). likely due to
given the wide variationrange in ground surface-elevations and surface slope orientations that-eceur-within a few tens of metres

at cachany-given project site (Table S1A+ and Section 3.3). Such topographicFepegraphic heterogeneity results in significantat
this-seale-can-lead-to-strong variations in surface solar radiation and microclimatic conditions, which have -that-are-likely-to
exhibit-a greater influence on ground temperatures than variatiens—in-latitude. There also does not appear to be a relationship
between-weould—While-seme—variability—in profile curvature or permafrost thickness withmayreflect-contrasts—in—thermal
preperties-of surface morphology, likely becausesubstrates; most boreholes interceptare known-to-have-intereepted bedrock at
depths ofbetew 10-20 m (BGC Engineering Inc, Pers. Comm. October 2023). As such, temperature profiles generally Henees
itisreasonableto-assame-that mest thermal sradients below-the DZAA-primarily-reflect thermal properties of shallow bedrock,
with minimal surface-substrates-exerting little-to-ne-influence from surface substrateen-measurements.

Potential exceptionsExeeptions to this are noted;howeverarise-in-bereholesinstalled in rock glaciers at Site 6 (i.e., boreholes

6-2, 6-5, 6-8 and 6-11), which, as noted above, are characterized by shallow isothermal conditions near ~ 0°C then increasing
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temperatures with depth.

this-dataset: The coexistence of air and ice in the pore space near the ground surface and within the active layer of these coarse
blocky landforms results in a significantly lower thermal conductivity efthe-medium-compared to bedrock. In addition, the
relatively large pore space promotes air convection, which can significantly cool the active layer, leading to temperatures ~1°C
colder than without convection (e.g. Wicky and Hauck, 2020). Below the active layer, the ice-rock mixture is likely to be less

sensitive to variations in the near-surface thermal regime (although still distinct from bedrock), leading to a unique profile

shape despite possibly similar thermal histories at the ground surface. As these particular landforms are known to contain

withinroek glaciers;partienlarly-ifice-rich permafrost is-near theits phase change temperature, vertical segments of the profiles
may reflect the —n-conjunction-with-profileshapesthese-characteristies mav-alow-unique-inferenecs-to-be-made-about-the

due to latent heat effects.
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Figure 9: Ground temperature profiles at all boreholes. Average and most recent values shown for locations with >1 year and <1
year of data, respectively. Excludes shallow measurements (between ~5-20 m) influenced by seasonal temperature variations.

4.4 Thermal Gradients

Thermal

gradients of individual boreholes may-provide-semie insight into the recent thermal evolution of the ground in response to
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changing surface temperatures. The attenuation of historical surface Sinee-temperature anomalies at-the-ground-surface-are

acehistorieal-shiftsin-surfae ¢ s-may be indicated by warm (er—cool) side-deviations

ofebserved—in shallow borehole temperatures from the linear trajectory of the deep gradient.—within—aberehele: This
temperature deviation (or offset) was estimated as the difference between projected surface temperatures from shallow (< 30
m) and deep (30-100 m) gradients. Offsets estimated from-data-collected-in this depth range reflect recent decade-scale shifts
in surface temperatures, assuming equilibrium conditions and uniform thermal properties ef-the-borehele-with depth (e.g.,
Lachenbruch and Marshall, 1986). Since the-timetagofthermal responses to warming of the sround surface warming-at depths
greater than ~100 m is-likely lagte-be several decades, the offset provides a first approximation of secular temperature changes
with timetrends.

NineteenA-tetal-of+9 boreholes (10 permafrosteryetie and 9 non-permafrosteryetic boreholes) in the Andean dataset extend
to depths beyondgereater-than 30 m and were considered in this analysis. Rock glaciers were excluded due to their unique
thermal profiles (Section 4.3).; as were measurements—from-boreholes 2-4 and 2-6 due to erroneous measurements at ~24 m
(Section 3.2). Thermal gradients were estimated usingmeasurements—from the linear segments of profiles at intermediate
depths (i-e-below the DZAA and-up-to approximately-30 m-below-the-ground-surface) and from 30 m to the final depth of
each borehole, exceptwith-one-exeeption at borehole 8-1. The shallower gradient at borehole 8-1 was estimated from the DZAA
to 60 m, and the deep gradient from 60 m onward due to a slight decline observed in the thermal gradient at approximately
this depth (Figure 9).

Results of the gradient analysis (Figure 10) are presented in a similar manner as the temperature changestrends derived from
the interpolation of time-series data (Figure 6) for conceptual comparison of the two analyses. As with the time-series
analysisinterpelation, the gradient analysis indicates both warming and cooling in recent history, with greater variability in the
non-permafrosteryotic boreholes. Warm-side deviations from deep thermal gradients are evident for 14 of the boreholes (7
permafrosteryotie and 7 non-permafrosteryetie), and range from 0.05 to 0.9°C. The remaining boreholes (2 permafrosteryotie
and 3 non-permafrosteryetie) indicate cooling in recent decades, with offsets ranging from approximately -0.05 to -1.08°C. It
ismustbe emphasized however-that these estimates are derived from many simplifying assumptions, and that three-dimensional
analysis of the geothermalfields;-accounting for ground thermal properties are;weuld-be necessary for a more accuratepreeise

understanding of near-surface ground temperature changes in recent history.
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Figure 10: Variation in apparent secular offset in ground surface temperatures, estimated from gradient analysis (n permafrost sites
= 19: n non-permafrost sites = 9). =

4.5 Aggregate Trends

RepresentativeAn-examination-of representative ground temperatures across the entire-study region showreveals no correlation
with between-ground-temperature-andlatitude, but:-hewever; significant variation occurs over short lateral distances is-evident
at the site level (Figure 11). TransitionsThis-ineludes-transitions from cold to warm permafrost (< -2°C to 0°C) and/or to non-
cryotic ground occurs with everherizental-distanees—as—smatl-as-1 km, highlighting the-inseme-eases;reflecting—a greater
influence of catchment-scale topo-climatic variability overeempared-to regional climate. Ground temperatures ~variations—As

oFy the-dat + 1 b
TOs: O

S—t 15

d
€

temperatures—a S ude—inereaseswith-generally decrease with
increasing altitude, showing no clear relationship withte-mapped surface morphology, as-siee most measurements represent
thermal conditions of shallow bedrock (Figure 12a). Rock glaciers, however, -are-again-exeeptions,-with-consistently show
lower average-temperatures than boreholes at similar elevations (< 0 °C in (i-e-temperatures-within-rock glaciers vs. 2-6°C
inare-typieathy—<0-2Cwhereas other boreholes). They also-atsimiarelevationsvaryfromapproximately 2-6°C)Bercholes
within-reek-glaciers-alse-appear-to mark the lowest altitudinal occurrence of permafrost within the dataset (slightly below
3,600 m) due to likelyreflecting-a sustained presence of ground ice due-to-latent-heat-combined-with-coolingeffectsofair
conveetion—within-the-bloeky—aetivetayer-compared to the broader dataset. Excludingethersurfacesubstrates—With rock

glaciers,-excluded; there-is-a-stightly tishter correlation-between ground temperatures correlates more strongly with and-altitude
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at permafrosteryetie boreholes (12 = 0.65) than for the complete dataset (r*> = 0.53), with lapse rates of approximately -4.3°C/km
and -5.7°C/km, respectively.

Consistent with an-everall-tendeney-towards-cooler temperatures at higher altitudes, both depthestimated-depths to permafrost
and permafrost thickness both-decrease aswith-inereasingground elevation increases (Figure 12b and ¢). Again, no correlation
with surface morphology is evident in-the-dataset-except infor rock glaciers, which show thedivergefrom-the-general-trend
observed-in-the remainderof the bereheles{i-e most variable depth to permafrost and lowest estimated thickness within the

dataset. reﬂectmg -

s-the advanced state of degradation ofin these landforms (e.g., supra-

permafrost talik formation-at boreholes 6-1 and 6-4, Figure 8). Excluding rock glaciers, the depth to top ofrelationship-between
permafrost decreases bydepth-and-altitudeis approximately -1.9 m/km elevation gain (r? = 0.30)., while permafrosty—Permafrost
thickness increasesappears-to-inerease-with-inereasing altitude at approximately 300 m/km (r? = 0.45).

Incorporating slope aspect into the analysis reveals that the zero-degree isotherm for ground temperature occurs at higher
elevations on northeast-the-nerth-east facing slopes, ranging from below 3,700 m (within rock glaciers) to approximately 5,000
m (Figure 13a). This asymmetry is partly ducsay-be-atiributed-in-part to variations in average incident solar radiation with
aspect (Figure 13b), and more broadly to the geographical position of the study area within the southern hemisphere.
Coincidentally, all monitoring locations within rock glac1ers are on south- facmg slopes, where whereﬁném%ea%%expeawnee
lower solar radiation_may help sustain-

“permafrost in these partieular-landforms.
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Figure 11: Representative ground temperatures across the study area. Measurements are shown for depths of 20 m and/or within
permafrosteryetie zones of the boreholes (boreholes 3-5, 6-2, 6-4, 6-8 and 6-11), or from the deepest sensor if the thermistor string

610  was shorter than 20 m (boreholes 3-3 and 5-1). Temperature values and measurement depths are summarized in Table S1AL.
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5.1 Significance of the Dataset




measurements-This study provideshasrevealed new insights into permafrost dynamics in the Central Andes, some which were

previously hypothesized based on studies from other permafrost regions but lacked sufficient data to confirm their broader
relevance to South America. It represents

635 The presentstudy-constitutes the largest and most regionally extensive compilation of ground temperature data from high
altitude (>3,500 m) sites with permafrost in South America to date, filling a critical knowledge gap in permafrost research.-
Using data from 53 boreholes (varyingfrom-10 m to 100 m deep)in-depth-and within-beth permafrost and non-permafrost
zones, the compilation provides a unique snapshot of ground thermal state within the Andean Cordillera of Chile and
Argentina. Adequate depth of monitoring throughout the dataset enables characterizationallewsfor-a-depietion of average

640 temperatures below the DZAAdepth-efseasenal-influences, visualization of borehole thermal gradients, and first-order
estimates of the permafrost thickness ef-and depth-te;-permafrost. This level of insight surpasses that of the few key existing

monitoring studies in the Andes, which generallytypieally are limited to boreholes justthatreach-only a few metres deepmeters
in-depth (Trombotto et al., 1997; Trombotto and Borzotta, 2009; DGA, 2010; Andrés et al., 2011; DGA, 2019; Nagy et al.,
2019; Yoshikawa et al., 2020; Mena et al., 2021; Vivero et al., 2021).

645  AnPerhaps—the—mest important implication of this work is that the data can be used to validatesubstantiate existing
charaeterizations-of permafrost distribution models in the region, which were previously developed frem-field-ebservations
andstatistical-methedsbutwithout any borehole temperature data (e.g., Arenson and Jakob, 2010; Ruiz and Trombotto, 2012).

Additionally, havingthe-availability-of ground temperature data within permafrost and non-permafrost zones helps reducein
this-studyreduees the risk of site-selection bias towards permafrost presence, which can complicate evaluations of spatially
650  distributed models predicting permafrost. Beyond validating existing permafrost distribution models in the region, data from
this study may alse-be utilized to support upscaling endeavors like those of Mathys et al. (2022),-which-aim to quantify ice
content in Andean permafrost regions and informprevide-erucial-insights—for future water resource planning and-decision-
making-amidst the challenges posed by climate change.
SeveralOn-its-own;several important insights can be derived from the presented dataset that broaden the understanding of
655 permafrost thermal state in both the Andes and the global permafrost context. Some of these findingsinsights are consistent
with observations in other permafrost regions, while others mayeewtd-be uniquely representrepresentative-of the Central Andes,
or more precisely, the region within the altitudinal and latitudinal constraints of the dataset (i.e., 3,625 m to 5,251 m and 27°S-

34°S). These are discussed further in the sections that follow.

5.2 Temporal Variations in Ground Temperature Evelution-and Response-to-Climatic Influences { Formatted: English (United Kingdom)
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interpretation, notably the short record length-in time series (<10 years Y hinderingthe

by seasonal and inter-annual climate variability and the study area's mountainous topography. While thermal gradient analysis

may offer more reliable decadal-scale estimates of ground temperature change, its failure to show a consistent trend could stem

from oversimplified assumptions about borehole geology and varying climatic conditions across locations.

Due the short record length, geologic complexity and topo-climatic variability between sites, it is not possible to determine

whether the ground thermal regime in the study area follows long-term warming trends observed in other permafrost regions.
However, it is worth noting that similar deviationsthat-ebseurelonger-termglobal-trends—Similar short-termpermafrost
temperature-fluctuations; whieh-deviate from long-term trends have been observed in global datasets.airtemperaturerises and
are linked to short-term local meteorological Hions; ist-withi i i

ofsubsurface-warming-(influences (c.g.. Biskaborn et al., 2019; Etzelmiiller et al., 2020; Haberkorn et al., 2021)-Additionatly;

loealized. Localized changes in snow cover, vegetation, and soil moisture content, especially in mountain environments, are

known to significantly impact the thermal state of the ground, as evidenced by-Ferexample; periods of permafrost cooling in
the Alps in were-observed-during-2016 and 2023.-and attributed to anomalously low snow conditions during those years
(PERMOS, 2023). Also in the Alps, summer heat waves during 2016 and 2019 were shown to correlate with short-term
increases in active layer thickness (PERMOS, 2023), and water percolation has been linkedshews to acceleratedaceelerate
permafrost degradation (Luethi et al., 2017). Interannual variability Atseveral-ef eurmeniteringlocations-in the-Andes;snow
cover isvariability-may-be inferred fromby-the-eceurrence-of near-surface isothermal conditions within the active layer at
several of our Andean boreholesfrom—yearto-year (Figures SI1A} through S53). The resultingAS3)-Fhis-weuld-contributeto

ataset-dueto irregular insulation

of the ground during winters, along with inconsistent -and-pessible-infiltration of meltwater in the spring, likely contributes to

to other mountain environments, which has been exacerbated in recent years by the megadrought (Garreaud et al., 2020), also

leads to comparatively less water available from snowmeltsnow—melt to infiltrate the ground and promote permafrost

degradation. Long-termAnetherpossibility-for fack-of a-clear warming trends may alsotrend-in-ground-temperatures-could be

erature inversions, which can cause

Such inversions have been shown to createlead-te unique permafrost conditions in near-proximity dissimilar valleys in Yukon,

41

= ‘[Formatted: English (United Kingdom)

== ‘[Formatted: English (United Kingdom)

o ‘[Formatted: English (United Kingdom)

o - ‘[Formatted: English (United Kingdom)

o \[Formatted: English (United Kingdom)

o - ‘[Formatted: English (United Kingdom)

- ‘[Formatted: English (United Kingdom)

== ‘[Formatted: English (United Kingdom)

i - ‘[Formatted: English (United Kingdom)

S ‘[Formatted: English (United Kingdom)
N

{Formatted: English (United Kingdom)

o L




700

705

710

715

720

725

Canada, where groundwith-ais; temperatures at some high-altitude sites arefound-to-be significantly warmer than those atthei, - { Formatted: English (United Kingdom)
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At a more regional scale, the combined influence of SAM. the E} Nifio-Southern Oseillation (ENSO) and Pacific Decadal { Formatted: English (United Kingdom)

)

Oseillation{PDO) on South American climate patterns (e.g., Mantua and Hare, 2002; Montecinos and Aceituno, 2003; Vuille \[ Formatted: English (United Kingdom)
et al., 2015; Saavedra et al., 2018 Garreaud et al., 2020; Yoshikawa et al., 2020. Gonzalez-Reyes et al., 2020: King et al.

2023)} can temporarilyexhibit-temperary influence en-the ground thermal regime across the study area. This would occur
primarily through changes to spatial and temporal snowpack distribution.-ané snow-albedo feedback, andas—wel-as-throush
variations in water infiltration that impact latent heat absorption. Although temperature ean-impaet-abserption-of latent heat:

etal2020) Temperature-and precipitation patterns directly related to SAM.the ENSO and PDO; and their potential impacts

to the ground thermal regime; were not examined in this paper—Hewever, some patterns are apparent for the Central Andes

and may be applicable to the study area. This includes temporary cooling trends observed in shallow (2 m deep) ground
temperatures simultaneously with deceleration of several rock glaciers at a site with permafrost in Central Chile (andtocated
within the range of sites-in-this study) aligningthat-coincided with lower MAATS during the same period (2010-2015). These
cooling trends were pestilated-te-be-linked to the predominance of La Nifa (eeld-and-dryphase-ef the ENSO}-and neutral
ENSO conditions since 2009 (Vivero et al., 2021).

With a monitoring record that currently falls short of the ideal length to assess impacts of atmospheric warming on ground
temperatures (i.e., 20 years or more), air temperature data collected in the study region may offer complimentary insights to
the observations presented in this work. A summary of MAATSs in mountainous regions in South America by (Hock et al.,
2019), which is based on very limited monitoring data, indicatesitustrates lower warming rates or even slight cooling trends
when compared to global studies. One meteorological station located at Site 3 (~5,000 m, ~29°S) demonstrates relatively stable
air temperatures over 20 years of monitoring (1999-2021, Figure 1415). This apparent stability and/or slight lowering of
MAATS in South America suggests that the trajectory of ground temperatures in the Andes is alse-likely to be unique from
other regions that show clear signs of warming. Theltis-alse-werth-neting thatthe unique topo-climatic attributes of the Andean

cryosphere — characterized by speeifieally-the-combination-ofarid conditions, high solar radiation, minimallack-of vegetative
cover and organic matter, and less massive ice (except for rock glaciers) together with mountain topography — may expedite

energy transfer processes-and reduce latency of temperature change compared to other permafrost regions, both in mountains
and the Arctic. Regardless of the specific mechanisms drivinginflueneing ground temperature evolution in the Andes, the
preceding discussions emphasize the importance of continued monitoring to establish robust connections with climate change.

This effort must also consider local climate and geographic conditions, as well as relationships with oceanic phenomena.
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735  Figure 14: Air temperature time series collected at Site 3 (El 4,927 m). Shows stability of temperature data over 20 years. Source:
BGC Engineering Inc. (2021).
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5.3 Shared Characteristics with other Mountain Permafrost Regions

Although the topo-climatic conditions of the Andes are unique among permafrost zones, the-ground-temperature-data-compiled
in-this-study-Hlustrate-some common characteristics with other mountain permafrest-environments can be discerned from the

data compiled in this study. High—Attributes—of the-dataset-such-as—high spatial heterogeneity in ground temperatures,

correlations with altitude and slope aspect, andas—wel-as distinct thermal characteristics of rock glaciers compared to other

landforms, suggestimply that similaranalogeus processes are shaping the current and changing ground thermal regime in the
Central Andes.

Significant variations in ground temperature over short horizontal distances - —shifting from cold to warm permafrost (< -
2°C -to 0°C) and/or non-permafrosteryetic ground within less than 5 km - herizentaly—emphasizes the strong microclimatic
influence on the distribution of permafrost at catchment level over regional climate stressors. TheTFegether—with-nearby

pattern of decreasing

ground temperatures, greater-ané depth to permafrost, and increasing permafrost thicknesses with increasing altitude, reflects
thean orographic influence of air temperatures, a-across-the-dataset;which-is-an-attribute common feature ofte mountainous
regions.

The spatial pattern of ground temperatures with respect to slope aspect reflectsmayrefleet the asymmetry of incident solar

radiation of the geographic region, resulting in a higher elevation of the zero-degree ground temperature isotherm on northeast
facing slopes. These characteristics were previously inferredassumed-to-exist for the Central Andes based on regional climate
and mapping studies in-theregion—(e.g., Saito et al., 2016) ;ground-temperature-characterizations—in-mountainpermafrost
elsewhere-and general knowledge of mountain permafrost environments (e.g., Haeberli, 1973). However, until now, these

assumptions—they were not extensively validateditustrated with ground temperature data_specific to the Andes;—and-as

Rock glaciers emerge as thermally unique permafrost landforms in the Andean dataset, a characteristic that has beenAlse
widely observed indemenstrated-for other mountain permafrost regions (e.g. Barsch, 1977) ;rock-glaciers-emerge-as-thermally
uhiquepermafrostfeaturesin-the Andean-dataset: This uniquenessdistineti Froe ciers— s arises
fromdue—to their eharacteristie—coarse blocky morphology and highresultant—elevated porosity,;—attributes which enable
substantial variations in air, water, and ground ice content - factors-Fhis-variability-is known significantlyte-exerta-significant
influence en-ground temperatures, both spatially and temporally. This effect is particularly pronounced-espeeiatty when rock

glaciers contain substantial groundameunts-ef ice-and near the phase change temperature (e.g., Haeberli et al., 2006). Ground
temperatures within rock glaciers in the Andean dataset do not follow general altitudinal relationshipstrends of other
boreholes—instead, they consistently show lower temperatures than other boreholes at similar elevations, likely due to the

combination-of reduced thermal conductivity.-and convective cooling in the bleeky-active layer and the sustained presence of
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ground ice fromeéue-to latent heat. Depth Estimated-depth-to permafrost and permafrost thickness inwithin rock glaciers also
deviate from the broader altitudinal relationshipselevation-trends observed in the dataset, exhibitingwith-a—greaterdepth-to

= ost-consistent-with reck glaciers-marking the lower limit-of permafrost-in-the-dataset Rock glaciers-also-exhibit the

greatest and most variable depths to permafrost, and lowest estimated-permafrost thickness within the dataset. Within rock
glaciers, permafrost depth was estimated to be-fi=e; > 7 m and permafrost thicknesses ranged betweendeep-and-approximately

2 m to 40 m (+0-m-thiekinreeckglaciers-compared to depths <4 m and thicknesses typically <4-m-deep-and> 40 -m-thiek in
other permafrest-boreholes). The formation of a supra-permafrost talik at two locations (boreholes 6-1 and 6-4) reflects an

advanced state of degradation ebserved-in these landforms.

Finally, rock glaciers appear to mark the lowest altitudinal limit of permafrost in the Andean dataset, with the lowest
measurements —slightly below 3,700 m at Site 6. The remaining;-with-the-remainder-of measurements withinin rock glaciers

clusterehastering near 0°C between elevations of 3,700 m and 3,800 m, and other permafrostthe-majority-oferyetie boreholes
are located at altitudes >4 atas i ck—glaeiers—oeeurringabove 4,250 m. Although this estimate is—roughly

alignseensistent with previously reported limits in the region (i.e., ranging between 2,900 m and 3,200 m, and occasionally

reaching elevations of 3,700 m (Saito et al., 2016);). caution is warrantedemphasizedregarding-the representativeness-of the
presented-estimates due to sample coverage bias associated withresultingfrom industry--driven data collection,needs rather

than speeifie-permafrost delineation objectives. The same caution applies toin-censideration-of the asymmetry of the interpreted

zero-degree ground temperature isotherm with respect to aspect for the full dataset.; while—While rock glaciers occur on south-
facing slopes and in areas that experience lower solar radiation, their absence on north facing slopes may partially be a

consequence of sampling bias rather than influenece-ofsolar radiation effects.

6 Conclusion

This study presentsrepresents the first regional compilation of in-situ ground temperature data eeleeted-from mountain
permafrost regions of the Central Andes (27°S-34°S) at depths below seasonal influences. Compiled from 53 boreholes along
a 650 km--long north-south transect near the Chilean-Argentine border, the dataset offerseentributes new insights into regional
baseline thermal conditions andthat-broaden-the-understanding-of permafrost temperature dynamics in South America. The

presented analyses highlight similaritiesdemenstrate—parallels with ground temperature characteristics of other mountain
permafrost regions-ef-the-world, while also revealing unique aspects of the ground thermal regime inunigue—to the Central

Andes. Pronounced spatial variability in ground temperatures, correlations with altitude and slope aspect, and
distinctdistinetive thermal characteristicsattributes of rock glaciers relative—to—othertandforms—suggest that processes
influencing the ground thermal regime in the Central Andes are analogous to other mountain permafrost environments.
HoweverAt-the-same-time, the unique-combination—of topo-climatic and geomorphic attributes of the Andean cryosphere
(including high aridity, solar radiation, lack of vegetation and organic matter, lower overall massive ice content andeembined

with mountainous terrain) may enhance energy transfer with the ground compared to other permafrost regions. The length of
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monitoring in the dataset—Iless than ten years of consecutive measurements—currently does not allow for assessment of long-
term trends in response to climate change. In addition, the region's susceptibility to regional climateeeeanie phenomena such
as SAM, ENSO and PDO, which occur on decadal timescales, implies that,-in-contrast to-the-northern-hemisphereit-istikely
that long-term ground temperature trends for the Central Andes may only be derived from very long time-series spanning
several of these cycles. The observed temporal variability in the dataset thus reflects local topographic factors and short-term
microclimaticmiere-ehmatie fluctuations unique to the catchment(s) monitored.

This compilation fills a critical knowledge gap in permafrost research, providinghaddition-te-the-insights-gainedfromthe
analysespresented;-this-studyereates an opportunity to validate-and refine existing permafrost distribution models in the

Andean region, which-that were developed from indirect evidence of permafrost occurrence. Integrating insights fromresults

of this study can enhanceimprove the accuracy and reliability of these models, aligning them more closely with the-well-
calibrated models established for Europe and North America, which are based on -thatbenefit-from-extensive in-situ data. This
studyFhe-presented-dataset may also support data upscaling efforts towards;-which-play-a-pivetalrole-in quantifying ground

ice content in permafrost regions across broader spatial scales_in the region — efforts that—Sueh-endeavors are essential for

informing predictive models, especially in the context of climate change, where accurate assessments of permafrost dynamics
are crucial for effective water resource planning and decision-making. By integratingThe-integration-of results from this
compilation, - scali 5 5 - ise-for researchers can furtherte advance thea-more-comprehensive

understanding of interactions between permafrost and hydrology in the Andean region under ongoing global atmospheric

warming.

Many of the data collection challenges outlined in this paper are common to mountain permafrost studies clsewhere.outside-of
the-Andes: These include natural, logistical, and financial limitations, which occasionally led to interruptions or shortened
monitoring records, or introduced artifacts into the eellected-data. In addition to these challenges, this study faced constraints
related tostemming—from industry requirementsneeds and regulatory mandatesrequirements, which dictated thermistor
placement and influenced data collection and instrument maintenance schedules. Since monitoring efforts hadebjeetives-were
reguired to align with objectivesneeds of environmental impact assessments,(EFAs); boreholes were established primarily to
meet these needs; rather than for research purposes. Consequently, instrument positioning and data collection schedules were
not optimized for permafrost characterization or long-term monitoring, as would be the case in a dedicated scientific research
project.

Theltis—possible-that-the—eurrent scarcity of in-situ data in the Central Andes may reflect is-a—refleetion-of-compounding

challenges posed byef difficult terrain and significant sectorial constraints. In this contextsense, the present study represents a

unique and exemplary collaboration between industry, academia, and bi-national regulators, advancing—fer the-advancement
of understanding of a key indicator of climate change in a region that is underrepresented in the Global Climate Observing
System (GEOS)-and permafrost literature. ThisThreugh-this collaboration has provided; new insights into ground thermal
characteristics of the Central Andes-have-beenrevealed, which were not previously demonstrated with ground-based data. It
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alsoFhis highlights the importance ofvalue-and-imperativefor multi-stakeholder partnerships in advancing knowledge of
permafrost thermal state ef permafrost-alongside other critical issues related to climate change.
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