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Assessing permafrost structures in headwater aquifers:
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ABSTRACT. In arid regions, the hydrological evolution of high mountains is a matter of concern under current climate
forcing and increasing freshwater demand. Mountain surface hydrology is key for water storage and release and determines
the amount and quality of freshwater supply for downstream ecosystems, so predicting their evolution under climate
change scenarios requires detailed spatial data on subsurface hydrodynamic properties.In the present contribution, a
semi-direct characterization of periglacial areas and permafrost zonation was carried out along an altitudinal transect at
the Ojos del Salado massif (27°06’ S; 68°32” W) between 4,550 and 5,830 m a.s.1. by integrating geophysics (electrical
resistivity tomography; ERT) and decade-long surface temperature datasets. ERT data evidence a permafrost altitudinal
gradient from a negative control at 4,550 m a.s.l. up to consistent (>100 kQm) permafrost-related resistivities above
5,260 m a.s.1. These resistivity structures are assumed to act as confining layers, accounting for thicknesses of 8 and 25
m at the Atacama (5,260 m a.s.l.) and Tejos (5,830 m a.s.L.) sites, respectively. The geophysically determined permafrost
distribution is coherent with temperature-based Frost number estimates at all sites surveyed.The results presented here
are required for aquifer parameterization under short- and mid-term hydrological connectivity changes, being therefore
relevant for a better understanding of groundwater storage dynamics upon permafrost degradation in arid regions.
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RESUMEN. Evaluacion de estructuras de permafrost en acuiferos de cabecera: un ejemplo del macizo Ojos del
Salado, Cordillera de los Andes. En regiones aridas, la evolucion hidrologica en alta montafia es un tema de preocupacion
bajo el actual forzamiento climatico y la creciente demanda de agua dulce. En las montafias, la hidrologia superficial
es clave para el almacenamiento y liberacion de agua, lo cual determina la cantidad y la calidad del suministro de agua
dulce para ecosistemas aguas abajo, por lo que predecir su evolucion bajo escenarios de cambio climatico requiere
informacion detallada sobre las propiedades hidrodinamicas del subsuelo. En la presente contribucion se efectia una
caracterizacion semidirecta de las areas periglaciares y de la zonificacion del permafrost a lo largo de un transecto
altitudinal en el macizo Ojos del Salado (27°06° S; 68°32° O) entre los 4.550 y 5.830 m s.n.m., mediante la integracion
de datos geofisicos (tomografia de resistividad eléctrica; ERT en inglés) y de temperatura superficial a escala decadal.
Los datos de ERT evidencian para el permafrost un gradiente altitudinal a partir de un control negativo a 4.550 m s.n.m.
hasta resistividades del orden de >100 kQm por encima de los 5.260 m s.n.m. Estas estructuras altamente resistivas
actuarian como capas de confinamiento, con espesores estimados de 8 y 25 m en los sectores de Atacama (5.260 m s.n.m.)
y Tejos (5.830 m s.n.m.), respectivamente. La distribucion del permafrost segiun estos datos geofisicos es coherente
con las estimaciones del Numero de Escarcha (Frost number en inglés) para todos los sitios estudiados. Los resultados
presentados aqui son necesarios para la parametrizacion de los acuiferos bajo cambios de conectividad hidrolégica en
el corto y mediano plazo, por lo tanto, son relevantes para mejorar el entendimiento de la dindmica del almacenamiento
de agua subterranea ante escenarios de degradacion de permafrost en regiones aridas.

Palabras clave: Permafrost de montana, Cordillera de los Andes, Macizo Ojos del Salado, Acuifero periglaciar, Tomografia de

resistividad eléctrica.

1. Introduction

Understanding groundwater systems in remote
high mountain contexts often involves exploring
and identifying aquifers within complex geological
deposits (Meju, 2002), frequently with scarce to
nonexistent previous information (Bishop et al.,
2008). The spatial distribution and characterization
of aquifer confining layers at high-altitude sites
is crucial for assessing the impact of freeze-thaw
cycle dynamics or long-term permafrost degradation
on headwaters and consequently, on downstream
ecosystems (Bense et al., 2009). For instance, changes
in vertical leakage within these aquifers can lead
to alterations in the mixing regimes (Ravenscroft
et al., 2005) and hydraulic feedback for assessing
groundwater response times, resilience, and quality
of freshwater supply (Cuthbert ez al., 2019; Perrone
and Jasechko, 2019; Gleeson et al., 2020; Jasechko
and Perrone, 2021), which are particularly critical
under climate change scenarios in arid regions (Leray
etal.,2013).

Assessing such issues in remote, scarcely
monitored permafrost natural systems, facilitates
visualizing future hydrological pathways in regions
undergoing cryosphere degradation (Jorgenson et al.,
2001; Jin et al., 2021). For example, high-altitude
settings (>5,000 m a.s.l.) in the dry Andes (Fig. 1)
enable colder, drier conditions, which under the Sixth

Assessment Report (AR6) of the United Nations
Intergovernmental Panel on Climate Change (IPCC)
50-year future warming scenario (IPCC, 2023), could
change subsurface ice content and ground freezing
duration due to snowmelt rate and partitioning
(Musselman ef al., 2017; Hammond ef al., 2019).
Consequently, groundwater flow path rerouting,
affecting both subsurface confinement (Cochand
et al., 2020) and annual groundwater discharge
(Somers and McKenzie, 2020), is expected.

In frost-prone areas, such as periglacial
environments, the disruption of natural flow systems
upon surface warming (e.g., permafrost thaw)
may impact the organization of groundwater flow
components (Zinn and Konikow, 2007), as freezing
temperatures modify water infiltration into the frozen
subsurface (Liao and Zhuang, 2017; Uhlemann
et al., 2021). Therefore, an adequate appraisal of
such processes requires assessing recharge variability
and active layer thicknesses, as seasonal fluctuations
of unconfined groundwater levels affect aquifer
volume (Bethke and Johnson, 2008) and groundwater
residence times (Bethke and Johnson, 2002).

In Andean permafrost areas (Bartsch et al.,
2016; Obu et al., 2019), such as the Ojos del Salado
massif (OSM) in northern Chile (27°06’ S, 68°32° W;
Fig. 1), future thaw of interstitial ice could impact
aquifer recharge, as near surface, low-permeability
permafrost conditions strongly affect the distribution
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FIG. 1. Study area in the dry Andes of northern Chile. Geophysically surveyed sites (white crosses) are shown north from the Ojos
del Salado massif. The map scale decreases by about 15% from front to back. North arrow points downwards.

of hydraulic heads and associated fluid flow patterns
(e.g., Bense and Person, 2008). Therefore, the role
of permafrost in mountain hydrology should ideally
be more relevant to water budget (Arenson ef al.,
2022), as permafrost thaw results in the deepening
of aquitard roofs, allowing deeper flow paths and
causing a decrease in summer stream temperatures
and evapotranspiration in headwater catchments
(Sjoberg et al., 2021).

The present work aims to unveil permafrost
structures in high-altitude aquifers along an
altitudinal gradient (4,550-5,830 m a.s.l.) at the
OSM, a cryosphere-relevant massif in the dry Andes
of South America, which may present different
cryo-hydrogeological configurations (Fig. 2) and
other hillslope permafrost environments (Evans
and Ge, 2017). Different locations were assessed
along a NNW-SSE transect, from an inferred
no-permafrost condition at the warmest, lowest
altitude site (4,550 m a.s.l.), an inferred sporadic
permafrost condition at an intermediate altitude site

(5,260 m a.s.1.), and a positive control for permafrost
at the coldest, highest site (5,830 m a.s.1.) (Fig. 2).
A standard methodology was used to characterize
permafrost areas by contrasting electrical resistivities
outlining the active layer depth (seasonal ground thaw)
and permafrost table (perennially frozen ground) to
interpret the current relevant subsurface architecture.

2. Study area and methods

The study area was chosen since there are neither
permafrost altitudinal zonation assessments nor
subsurface characterization of permafrost thicknesses.
At each site, electrical resistivity tomography (ERT)
data (Krautblatter and Hauck, 2007; Hilbich et al.,
2021; Buckel ef al., 2022) were integrated along
with permafrost probability estimates (Ran et al.,
2015) derived from long-term ground temperature
datasets (Fig. 3). Such a geophysical survey covering
different altitudes at sites with decade-long surface
temperature data is unprecedented in the Andes.
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FIG. 2. Conceptual subsurface structures at the Ojos del Salado transect (see Fig. 1 for location of sites). Arrows represent idealized
flow paths. A. Highest-altitude, colder configuration with consistent, homogeneous permafrost distribution. B. Configuration
with isolated permafrost distribution and possibly the lower permafrost limit. C. Warmer areas, water leakage and negative

permafrost control configuration.

2.1. Characteristics of the study area

The study area is located around the Ojos del
Salado volcano (6,893 m a.s.l.), which is the highest
massif of the dry Andes. The Ojos del Salado massif
(OSM) and its immediate surroundings are part
of the mountain desert and tundra belt of the high
Andes of northern Chile. Therefore, the massif
lacks active glaciers, showing only perennial snow/
firn patches. The thermal climatic snowline runs
at an altitude of about 7,000 m a.s.l. (Houston
and Hart, 2004), and precipitation is dominated
by thin winter snow cover only for a few weeks
between May and October (Kereszturi et al., 2022).
The massif has a predicted permafrost condition
(>0.5 probability) above 5,000 m a.s.l. (Bartsch
et al., 2016). Additionally, thermokarst features
near the Atacama site at 5,260 m a.s.l. are present,
including buried ice layers (Kereszturi et al., 2022).

Regolith thicknesses around the established
transects account for several meters of coarse-
grained volcanic debris. Wind erosion, transport,

and deposition are the most active surface processes
at the study sites (Nagy et al., 2019), where the
boulders show marked features of wind abrasion.
Evidence of periglacial cryoturbation and frost
heave is absent on these surfaces, while slope
processes are present only above ~5,600 m a.s.l.
(Nagy et al., 2019).

According to temperature monitoring data between
2012 and 2023, the study sites show an overall
warming soil temperature trend (Fig. 4). In fact,
the mean warming was about 0.03 °C/month at the
Murray site, 0.012 °C/month at the Atacama site,
and 0.006 °C/month at the Tejos site. Satellite-based
snow cover studies show no winter cover at Murray
and a predominant winter cover at both Atacama and
Tejos, with the latter presenting an occasional snow
cover in mid-summer (Nagy et al., 2019, 2023).

The composition and characteristics of the
substrate for each study site are explained below.
We provide bulk density and porosity estimates for
the three sites and relative and absolute humidity
values for Murray.
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FIG. 3. Geophysically surveyed areas at the Ojos del Salado massif (A: Murray; B: Atacama; C: Tejos). Electrical resistivity tomography
transects (green circles, white lines) and water sample locations (blue triangles) are shown for each site. The Atacama site has
two perpendicular transects: a longer (195 m) N-S and a shorter (95 m) E-W. Contour lines every 25 m.
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FIG. 4. Daily temperature time series at Murray (blue line), Atacama (red line), and Tejos (yellow line) for three different depths, during
a9-to l1-year period. Ground surface temperature datasets extracted from the PermaChile network (www.permachile.com).
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2.1.1. Murray site

The Murray site is located ~20 km northwards
from the OSM at 4,550 m a.s.1., in a pediment surface
developed on the central part of a fossil alluvial
fan. There are neither watercourses nor evident
drainage lines around the site. The largest clasts on
the surface are cm-sized pumice fragments. The bulk
density and porosity of the regolith were determined
following Nagy et al. (2019), and resulted in 1.4 g/cm’?
at 10 cm, 1.5 g/em? at 35 cm, and 1.4 g/cm® at 60 cm
depth, and 21-25% v/v for the same depth range (the
lowest porosities of all sites surveyed). The relative
humidity was measured by means of a HOBO Pro v2
Temperature/Relative Humidity logger on an hourly
basis. At 10 cm depth, it drops to 47% in summer
with an absolute humidity value of 3.75 g/m°.

2.1.2. Atacama site

The Atacama site is located ~5.5 km northwards
from the OSM at 5,260 m a.s.1., in a flat lava plain.
It is only above this site that slopes become relevant
(see Fig. 1). The site is characterized by extensive
megaripple fields, which extend across the rocky
outcrop interspersed with large, wind-carved boulders
(Nagy et al., 2019, 2020). The surveyed area is
rich in pumice fragments with a well-developed
lag gravel pavement, and at about 35 cm depth the
regolith’s >2 mm diameter fraction is dominant.
In the 60 cm depth range, the porosity of the sediment is
50-55% v/v and the water absorption capacity
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(calculated following Nagy et al., 2019) is high only
in the upper 10 cm (1,081 nm) and then drastically
decreases with depth. The bulk density of the regolith
is 1.3 g/cm?® at a depth of 10 cm and 1.5 g/cm® at
depths of 35 and 60 cm. Below 40 cm depth, rock
fragments larger than 10 cm appear and the sediment
becomes highly compact. Evidence of cryoturbation
was not observed (Nagy et al., 2019).

At this site, the phase-change model of Nagy
et al. (2020) applied to the near-surface (first 100 cm
depth) regolith showed that the active layer is at least
>1 m-thick. No evident ice was detected, but the
model suggested that permafrost was a possibility.
Mean annual temperatures are typically close to
0 °C, although warmer temperatures were sometimes
recorded at all depths (Table 1). The number of days
with temperatures above 0 °C decreases with depth
and increases at lower altitudes (Table 1). These
temperature data indicate that the presumed subsurface
permafrost at Atacama may play a role in keeping the
regolith frozen during specific periods. At a depth
of 60 cm, the proportion of freeze-thaw cycle days
(i.e., days when the air temperature fluctuates between
freezing and non-freezing temperatures) estimated
at Atacama decreases to a third of that estimated at
Murray (Table 1).

According to Nagy et al. (2019, 2020), thawing
starts in mid-October and the surface freezes again
in early to mid-April. It takes 40-50 days to thaw
the first 100 cm and refreezing is delayed by about

TABLE 1. THERMAL DATA FOR THE THREE STUDY SITES IN THE OJOS DEL SALADO MASSIF.

Site 10 cm depth 35 cm depth 60 cm depth

Mean annual ground temperature (°C) Murray 4.47 4.49 4.81

Atacama 0.35 0.16 -0.08

Tejos -3.58 -3.52 -33
Thawing degree-days Murray 251 251 269

Atacama 164 153 142

Tejos 103 72 14
Percentage of freeze-thaw cycles Murray 27 4.8 1.8

Atacama 23 1.5 0.6

Tejos 16.3 22 0.6

The temperature record period was 2014-2023 for the Murray site (4,550 m a.s.l.) and 2012-2023 for the Atacama (5,260 m a.s.l.) and
Tejos (5,830 m a.s.l.) sites. See Fig. 3 for the daily evolution of temperature at each site.
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the same amount of time. Typically, the subsurface
does not fully refreeze until late May or the first
half of June. The onset of the thawing period may
be delayed for up to one month in case of persisting
snow cover, although the end of the thawing period
rarely shifts as much, as by late summer there is no
significant snowfall or snow accumulation.

2.1.3. Tejos site

The Tejos site is located ~2.5 km northwards
from the OSM at 5,830 m a.s.l., in a mountain
tundra periglacial environment. The site is in a flat
area amid thick lava flows, moraine ridges, and rock
glacier deposits.

The site is part of a perennial firn-fed outwash
plain, with occasional snow and wind-carved boulders
without sand accumulations or traces of cryoturbation.
The slopes are dominated by solifluction lobes, with
huge debris slopes leading to the top of the massif.
The specific monitoring location does not show
signs of meltwater flooding but a consistent blanket
of gravel lag deposits, with the largest grain size out
of the three monitoring sites. As at Atacama, the
regolith’s coarser (>2 mm) fraction is finer at 35 cm
depth, with a higher silt fraction around this depth as
well. The bulk density of the regolith is the lowest
out of all sites: 1.1, 1.3, and 1.0 g/cm?® at depths of
10, 35, and 60 cm, respectively. The porosity of the
sediment is even higher than at Atacama, ranging
between 55-67% v/v (Nagy et al., 2019).

At this site, the daily temperature measurements
(Table 1) show a persistent presence of ice-bearing
permafrost at least since February 2012. Thermal
loggers placed near the permafrost table at 60 cm
depth are occasionally frozen until mid-February.
According to the phase-change model of Nagy
et al. (2020), the active layer thickens to a maximum
of 70-80 cm. At the surface, regolith thawing starts
in early November and freezes again in early April.
The thawing reaches the bottom of the active layer
by the end of February or the beginning of March,
i.e., requiring between 100-120 days. The refreezing
rate at Tejos is twice as fast as at Atacama. The
onset of the thawing period can be delayed by up
to a month due to the snow cover effect and its
termination shortened to the beginning of March,
although transient, refreezing events may occur at any
stage of the melting period particularly in the upper
10-20 cm. This delayed thawing occurs when snow
does not sublimate following summer snowfalls but

rather it melts over several weeks, with meltwater
soaking the surface, creating temporary ice cement.

2.2. Determination of subsurface permafrost
structures

2.2.1. Freezing and thawing indicators

The likelihood of permafrost occurrence in
the three study sites was analyzed by means of
surface temperature datasets from 2012-2023 for
the Atacama and Tejos sites, and 2014-2023 for
the Murray site (Fig. 4 and Table 1). All thermal
loggers were located on a horizontal surface, far
from any shading topographic feature (see Nagy
et al.,2019 for more information on the measurement
procedure). The loggers were of the type HOBO Pro
v2 (U22-001), with an operation range from -40 to
70 °C, an accuracy of +0.21 °C from 0 to 50 °C, and
a resolution of 0.02 °C at 25 °C.

The thermal exposure was estimated for each site
through the freezing/thawing degree days and the
Frost number (F*) (Nelson and Outcalt, 1987; Barry
and Gan, 2011, p. 172). The total annual freezing
(FDD) and thawing (TDD) days are defined as the
cumulative number of days in a year with daily air
temperatures below and above 0 °C, respectively. The
Frost number is a simplified index for the likelihood
of permafrost occurrence and is calculated as follows:

_ FDD
~ VFDD + VTDD

+

Eq. 1

These estimates compare the overall magnitude of
thermal exposure between sites, such as the n-factor
determination (see Klene et al., 2001), and help
compare frost exposure and permafrost conditions
in periglacial environments (Ran et al., 2015).

Frost numbers can define the occurrence probability
of permafrost as follows: continuous (F>0.67),
discontinuous (0.67>F">0.6), sporadic (0.6>F*>0.5),
and no (F'<0.5) permafrost (Barry and Gan, 2011).

2.2.2. Electrical resistivity tomography

Electrical resistivity tomography (ERT) is a
standard geophysical method to investigate subsurface
structures and identify their properties. By combining
ERT with permafrost occurrence estimates, more
confident permafrost thicknesses can be determined
(Nagy et al., 2020).
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All ERT surveys conducted during this study
took place around noon. The data were collected
with a 4-point light Lippmann resistivity meter
with a distance between electrodes of 10 m for the
Murray and Atacama sites and 5 m for the Tejos site.
The array employed for the resistivity lecture was
dipole-dipole (see Kneisel, 2006) due to a better
performance in terms of penetration depth. Four
profiles were surveyed, one at Murray (195 m length),
two at Atacama (95 and 195 m length), and one at
Tejos (145 m length) (Table 2). To process the data
and generate the calculated resistivity profiles, the
Res2DInv 5.0 inversion software (Loke and Barker,
1996) was used. In all ERT surveys, there were no
significant error issues on electrode contact resistance.

3. Results
3.1. Permafrost occurrence

The Frost number estimations were 0.34, 0.53,
and 0.72 for the Murray, Atacama, and Tejos sites,
respectively. Surface temperature datasets at 10 cm
depth evidence frost conditions representative of a
permafrost environment at Tejos, a sporadic occurrence
at Atacama and no permafrost at Murray. These
estimates suggest an altitudinal gradient for mountain
permafrost occurrence at the OSM, accounting for a
negative control, a fringe area, and a favorable site
for frozen grounds by the end of the warm season.

3.2. Geophysical data

Figure 5 presents the electrical resistivity profiles
obtained at the three sites. The ERT transect at
Murray (Fig. 5A) shows two layers and a half-space
separated by two evident resistivity contrasts. First,
a ~2-6 m-thick surface layer with low resistivity
values (0.2-0.5 kQm), beneath it, a meter-thick,
intermediate layer not parallel to the surface with
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higher resistivity values (1-7 kQm) and a half-space
with resistivities <5 kQm below.

At Atacama, the N-S transect (Fig. 5B) evidences
a~3 m-thick surface layer with resistivities ranging
between 0.5-2 kQm. A clear high resistivity layer
(15-20 kQm) appears in the southern half of the
profile and thins northwards. In the E-W resistivity
profile (Fig. 5C), it is possible to define three different
resistivity layers: (i) a shallow, 3 m-thick, low
resistivity layer (0.5-2.5 kQm); (ii) an intermediate,
20 m-thick, high resistivity layer (15-20 kQm); and
(ii1) a bottom half-space with resistivities lower
than 5 kQm.

At Tejos, there is a shallow, 2-5 m-thick layer
with resistivities below 10 kQm, that overlies a
20 m-thick domain with resistivity values of up to
100 kQm. The Tejos site exhibits higher resistivity
domains than those observed at the other sites and
more contrasting resistivity transitions overall.

4. Discussion

The thermal analysis evidences a transition from
mountain desert without permafrost (Murray) to a
mountain periglacial zone with ice-rich permafrost
(Tejos), where the active layer is assumed to be
present above ~5,260 m a.s.l. In fact, at Tejos, the
thawing degree days are dramatically lower when
compared to Atacama and Murray, even though the
percentage of freeze-thaw cycle days does not show
this contrast as evidently. This aspect is clearly shown
in Figure 4 as well, where temperatures at 60 cm depth
remained always below 0 °C at Tejos, indicative of
either a permafrost-table top or a thermal transition
for ice-phase change.

4.1. Discretization of permafrost structures

The ERT results do not unequivocally confirm an
altitudinal gradient from no frozen grounds (Murray)

TABLE 2. LOCATION OF GEOPHYSICAL SURVEY SITES IN THE OJOS DEL SALADO MASSIF.

Sites Altitude [m a.s.L.] Latitude Longitude ERT profile length [m]
Murray 4,550 26°56'01" S 68°36'49" W 195
Atacama 5,260 27°04'32" S 68°33'51" W 195 and 95

Tejos 5,830 27°05'14" S 68°32'17" W 145

See Figure 3 for map locations.
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FIG. 5. Electrical resistivity profiles. A. Murray, N-S transect. B. Atacama, N-S transect. C. Atacama, W-E transect. D. Tejos, N-S
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are given in Qm.

up to subsurface values common for permafrost bodies
(Tejos). However, there is a consistent resistivity
increase at Atacama below 3 m depth, reaching values
between 15-20 kQm. Below 20 m depth, there are
important differences in the resistivity values and their
spatial extent for all sites. For example, at Murray,
there is a large continuous body <5 kQm, while at
Atacama there are lens-like bodies with resistivities
of up to 20 kQm above a less homogeneous <5 kQm
domain. The high-resistive features in the Atacama
site thin northwards and longitudinally (Fig. 5C),
while at Tejos, in contrast, the predominant subsurface
feature is a highly resistive body reaching even
100 kQm in certain parts.

According to the geological information of the
study area (Clavero ef al., 2012; Naranjo et al.,
2019), the high resistivity values measured at Murray
can be indicative of the Laguna Verde ignimbrite.
At shallow depths, the low resistivity values could
refer to salty alluvial sediments whereas the high-
resistivity m-thick body beneath could be a confined
aquifer, possibly part of a sedimentary layer just
above the ignimbrite. At higher altitudes, ERT data
at the Atacama and Tejos sites show the presence
of >10 kQm resistivity structures in the subsurface,
possibly lava flows, whose spatial variability can be

explained by the phase change of the interstitial water.
The ~10 kQm threshold can particularly be related
to the limit between frozen and no frozen material.
At the Tejos site, the <5 m-thick, low resistivity
shallow body would be indicative of alluvial deposits.

The high resistivity domains imaged particularly
at Tejos are consistent with those observed at around
30-31° S in the Argentine Andes (Halla et al., 2021;
Villarroel et al., 2022) and at around 28° S in the
Chilean Andes (Hilbich et al., 2021; Mathys et al.,
2022). These high resistivity values are also consistent
with findings in the Alps (Krautblatter and Hauck,
2007; Buckel et al., 2022), establishing unfrozen
states below ~10 kQm and comparable to measured
rock resistivity values near 0 °C (Scandroglio
etal.,2021). The bodies imaged in the Alps may be
associated with a putative transition layer between
the active layer and the permafrost table (Arenson
et al., 2022). Therefore, the Tejos high resistivity
domains are interpreted as frozen materials with an
indeterminate quantity of ice.

By taking together ERT analyses, subsurface frost
depths, and Frost numbers, we suggest that the most
probable cause for the order-of-magnitude increase
in electrical resistivity from Murray to Atacama and
Tejos is the increasing presence of frozen ground.
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It is also worth noticing that as the ERT survey
took place at the end of summer, the high resistivity
anomalies detected cannot be snowstorm driven.

4.2. Cryo-hydrogeological implications

As the active layer stores and conducts water
(Fig. 2), the thawing period and depth are indicators of
a warming environment impacting surface hydrology
(Schuur et al., 2015; Walvoord and Kurylyk, 2016).
For example, a deeper thawing implies a deepening of
flow paths, expanding unconfined aquifers (Sjoberg
etal.,2021) and perturbing the background flow field
(Wang et al., 2014), therefore enabling transitions
into different hydrogeological frameworks (Fig. 2).

The assumption of a continuous transition layer
at around 10 kQm, limiting frozen from unfrozen
sediments, implies a consistent frozen body from the
shallow surface down to at least 25 m depth as in the
case of the Tejos site (Fig. 5D). At Atacama, the same
resistivity threshold criterion suggests a lenticular
and wedge-like shape for these frozen bodies, with
thicknesses below 10 m (Fig. 5B, C). The presence
of a consistent, rather homogeneous active layer at
Tejos implies that upon surface recharge, the sediment
transport yield could accumulate finer grain size
above the transition layer. In contrast, the lens-like
distribution observed at Atacama could imply a less
effective sediment transport with multi-entry points.
The potential finding of frozen, lens-like features with
distinct salinity (as in deserts) and grain size could
represent moderately conductive anomalies along
resistive profiles, or a different case with partially frozen
sediments (Campbell et al., 2021) with resistivities
portraying the ice-phase change transition.

In arid areas, high surface salinity results from
former water bodies affected by cryogenic desiccation
and wind activity (Kereszturi et al., 2022). A ground
with high salinity will have a low resistivity when
imaged by ERT techniques, which suggests that some
of the low resistivities observed in the study area
would be indicative of high saline conditions in the
shallow ground. Ground surface salinity measured at
Atacama (78.1 uS/cm) and Tejos (224 uS/cm) could
represent the effect of in-situ salinity concentration
(Aszalos et al., 2020).

In volcanic areas, preferential pathways for fluid
circulation exist due to a high hydraulic conductivity
gradient between structures (Vittecoq et al., 2019).
In addition, geothermal gradient studies in volcanic
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areas require basic thermal modeling to contrast each
site’s structural and geophysical data (Nagy et al.,
2020). Hence, despite considering a high geothermal
gradient as the bottom boundary condition, a bottom-up
thawing cannot be longer sustained based on the ERT
data, as results are highly indicative of the presence
of m-thick frozen structures in the subsurface.

4.3. Limitations and research opportunities

Geophysical surveys around poorly monitored
areas without boreholes or previous geophysical
assessments are challenging, particularly in high-
altitude, remote areas. As such, uncertainties emerge
and need to be identified and quantified accordingly.
The use of analog hydrogeological settings can
be a useful approach. Analogs to the case study
presented here can be found in Martian interpretations
(Michalski et al., 2013), where volcanically outgassed
water would have been locked as taliks, the water
equivalent being periodically mobilized, recharging
the subsurface through basal thawing.

One limitation of the ERT method is the lack
of statistical calibration for the inferred subsurface
materials. This deals with both the pore-size-related
complexity in saturation estimation and the reactance
of either liquid water or ice, as both materials differ
in their dielectric properties. For instance, when
working over resistive material, the interpreted
electrical resistance should account for the ubiquitous
presence of weakly conductive and nonconductive
pores in rocks and sediments (Zhu et al., 2023).
In permafrost areas, these bodies could behave
either as Archie or non-Archie rocks depending on
their clay content and temperature. Furthermore, in
the case of interstitial water/ice, concentration and
uniformity determinations need to be calibrated if
water equivalent data is required.

Another source of uncertainty is the possible phase
transitions from thawed to frozen ground in fine-
grained and saline sediments (O’Neill ez al., 2019).
This can be addressed by identifying the resistivity
values along the transition layers that surround highly
resistive bodies, allowing more precise geometrical
constraints and water-equivalent quantification.
By taking this approach, it may be possible to track
permafrost degradation in terms of pore water
equivalent in larger areas, therefore providing more
applied insights for upscaling the effects of climate
change on mountainous environments.
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Groundwater flow modeling in permafrost
settings often lacks robust hydrogeological field
data (Kurylyk and Walvoord, 2021, p. 514), so the
assessment presented here aims to strengthen the
physical foundations for high Andean environments
by providing geocryological data for subsequent
evaluations of critical groundwater thresholds.
Lastly, from a bottom-up perspective, potential
recharge impacts on vadose zone infiltration remained
unaccounted for. It is therefore essential to consider
that, when dealing with volcanic settings, the
computation of geothermal gradients should consider:
(1) temperature boreholes deeper than 20 m; (ii) an
indirect characterization of temperatures from ERT
profiles against resistivity curves of thawing sediments;
and (iii) hydrochemical analyses as a proxy of water
subsurface origin with temperature variability as a
proxy of depth. Overall, direct temperature and/
or geotechnical data are required to constrain the
inversion models and reduce the uncertainty in the
derived results.

5. Conclusions

This study confirms a permafrost altitudinal
gradient between 4,550-5,830 m a.s.l. at the Ojos
del Salado massif in the dry Andes by integrating
electrical resistivity surveys and decade-long ground
surface temperature datasets.

At sites where the temperature data favors
permafrost occurrence, the resistivity surveys reveal
consistent differences attesting to high resistivities
associated with permafrost thicknesses of about
25 m in the coldest and highest altitude site (Tejos).
Abrupt resistivity gradients and well-defined
~10 kQm resistivity bodies at Atacama and Tejos
are indicative of possible transition layers. These
results are consistent with previous studies on active
rock glaciers in the Alps and the Andes and confirm
the presence of frozen ground layers at the Ojos del
Salado massif.

This study has implications for better understanding
groundwater recharge, surface water dynamics, and
the overall response of hydrological systems to
climate change in high-altitude, cold-dry settings.
Despite their limitations, geophysical surveys afford
research opportunities for cold, remote sites. Further
integration of field data and improved modeling
approaches will be crucial for evaluating groundwater
dynamics, groundwater-surface water partition and
their effects on streamflow, as well as future tipping

points of stagnation, upwelling events, flow path
variation, and novel hydrological connections in
these sensitive environments.
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The Atacama Plateau in the Central Andes (28-22°S) is characterised by a dry and cold periglacial tundra due to
the high altitude, low precipitation, and high evaporation. Endogenous freshwater sources — e.g.: seasonal
streams and lakes, subsurface reservoirs, surface snow/ice patches — are available, though they are highly sen-
sitive to climatic changes. The near surface hydrological network is highly modified by the distribution and

Izi};t:rds" seasonal evolution of perennial frozen ground, i.e. permafrost, which is also expected to change in the future. The
Permafrost interplay between permafrost and hydrology, especially in relation to future climate change, is poorly explored.
Hydrology To address this issue, we carry out long-term ground temperature measurement and modelling, snow coverage
Tritium survey, tritium- and stable isotope analysis of surface waters on the Ojos del Salado Massif, which is represen-

tative of high altitude mountains on the Atacama Plateau. According to our results, a highly transient surface
hydrological network — lakes, springs and streams — forms during each summer where permafrost is widespread
and ground thawing (i.e. active layer) is present (~4900-6500 m a.s.l.). In this system, the water is of meteoric
origin and relatively young (<10 years). The development of the network is strongly influenced by the active
layer, which plays a crucial role in storing, seeping, and discharging groundwater. However, future permafrost
degradation is expected to reduce the seasonal presence of shallow water, and hence, modify groundwater
recharge patterns.

Stable isotope

1. Introduction

Mountains could be considered freshwater reservoirs for lowlands
(Viviroli & Weingartner, 2008) with major recharge from the cryosphere
(Barnett et al., 2005). However, throughout the Central and Southern
Andes, atmospheric warming and precipitation loss is expected to
significantly reduce snow cover by 2100 (Boisier et al., 2018; Bozkurt
et al., 2018), thereby accelerating glacier and ice bearing permafrost
retreat (Baraer et al., 2012). Thus recharge at high elevations and
consequently water supply in lowlands (Cheng & Jin, 2013; Oliva &
Fritz, 2018) is also expected to decrease in the region, significantly
deteriorating water security (Boisier et al., 2018; Bozkurt et al., 2018).
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Current trends corroborate these projections, e.g. annual snow cover
persistence declined by about 2-5 days between 2000-2016 in the
Southern Andes (29-39° S) (Saavedra et al., 2018). This shortage of
mountain snow has already caused an extended, severe drought that is
unprecedented in the hydrological and climatological records of this
region (Masiokas et al., 2020).

On the Atacama Plateau (Puna de Atacama) in the Central Andes
(between 28 and 22°S) dry and cold periglacial tundra conditions are
predominant due to the high altitude (> 5000 m a.s.l.), low precipita-
tion, and high evaporation (Lobos-Roco et al., 2021). Despite the arid/
hyperarid periglacial environment, endogenous freshwater sources such
as surface streams and surface/subsurface reservoirs are available
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(Grosjean et al., 1995; Nicholson, 1998). However, these water sources
are highly sensitive to the expected future decline in precipitation across
the Dry Andes (Bozkurt et al., 2018) that will diminish recharge in the
preferential infiltration zones (Carroll et al., 2019; Wu et al., 2020) and
exacerbate future droughts (Alvarez-Garreton et al., 2021). Further-
more, the degradation of permafrost and subsurface ice in a warming
climate (Masson-Delmotte et al., 2021) is also expected to modify
infiltration patterns and snowmelt partitioning (Hammond et al., 2019);
groundwater pathways, flux, and confinement (Cochand et al., 2020);
and groundwater discharge to surface streams (Somers & McKenzie,
2020).

Hence, interstitial ice thaw within the arid periglacial zone of the Dry
Andes - e.g. the Ojos del Salado near the latitude of 27°S (Obu et al.,
2019, Nagy et al., 2019) — due to future warming and drying will have
direct implications for aquifer recharge and also for the water budget of
the wider region including nearby lowlands. Despite, the expected in-
crease in the role of permafrost — and its degradation — in the hydro-
logical system of the Dry Andes, and other regions with similar
conditions, only limited research is available (Arenson et al., 2022). To
address this shortcoming, we deploy a wide variety of remote, field and
numerical methods — including long-term ground temperature mea-
surement and modelling, satellite remote sensing of snow coverage,
radioactive and stable isotope analysis of water samples — on the Ojos del
Salado to gain a comprehensive view of the surface and shallow sub-
surface hydrological system of the mountain. Based on these insights, we
also develop a conceptual model of this system, which is directly
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applicable to the numerous other high altitude massifs of the Dry Andes,
and also to similar high-altitude cold and dry tundra environments.

2. Study site

Several major massifs rising above 6000 m a.s.l. — mostly dormant
and inactive volcanoes — can be found along the 1000 km long Dry Andes
(part of the Central Andes), and also within the even more arid Andean
Dry Diagonal (between 27° and 30°S). The highest massifs of the Andean
Dry Diagonal have a topographic prominence of about 2000-2500 m
from the surrounding Puna Plateau (Fig. 1). Their climate is extremely
arid and cold, with precipitation dominated by winter snow which
usually forms a thin cover that is present for only a few weeks due to
strong sublimation (Kull et al., 2002). Thus active glaciers are arguably
absent, though ground ice (i.e. ice bearing permafrost) can be found
above 5000 m a.s.l. (Gjorup et al., 2019). Due to the presence of this
subsurface ice deposits/reservoirs, these cold high-altitude deserts could
be considered the frozen water towers of the Dry Andes.

The highest of these peaks is the Ojos del Salado (6893 m a.s.l.,
27°07'34"S 68°32’26"W), the prominent peak of the corresponding Ojos
del Salado massif (OSM) which also includes the immediate vicinity/
foreground of the volcano (Figs. 1, 2). The OSM is a representative
example of this chain of volcanic giants. Measurements from the fore-
ground of the OSM - near the Laguna Verde Station at 4914 m a.sl.
(Figs. 1, 2) — between 2012 and 2015 indicate extremely low annual
mean precipitation (181 + 25.5 mm). Furthermore, only two major
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Fig. 1. Location of the Ojos del Salado Massif (OSM) on the Puna de Atacama. Stars indicate the sites of the ground temperature monitoring system.
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Fig. 2. The Ojos del Salado Massif, viewed from the North. Major peaks within the OSM, our ground temperature monitoring sites (stars), and key meltwater flow

directions are indicated.

snow events were detected in the same period: one in 2012 lasting ~ 5
days with a maximum snow depth of 62 mm, and another in 2015
lasting ~ 32 days with a maximum snow depth of 243 mm (DGA-
Arcadis, 2015; Enguita, 2016). Accordingly, the presence of surface ice
is very limited as the climatic snowline (~7000 m a.s.l.) is estimated to
be just above the Ojos del Salado summit (Houston and Hartley, 2003).
However, permafrost and ground ice has been detected above
5000-5500 m a.s.l. on the OSM (Nagy et al., 2019). Surface freshwater
such as small and shallow ponds (Aszalos et al. 2016, Nagy et al., 2019,
2020), and short streams (Kereszturi et al., 2022) has also been reported
from the OSM recently, though only from high elevations (above ~
5500-5800 m).

Larger, saline lakes — e.g. the Lagune Verde with a corresponding
saturated aquifer of 128.7 km2 (Vargas Paysen, 2013) — located in the
lower foreground (below ~ 4500 m a.s.l.) of the OSM are well-known
and studied. These saline lakes are fed predominantly by warm (up to
36 °C) saline springs and considered to be permanent. However, the
temporal persistence, water sources, and hydrological connectivity of
high elevation surface ponds and streams on the OSM are largely un-
known (Aszalos et al. 2016, 2020; Nagy et al. 2020). Thus, we investi-
gate these features on the northern side of the OSM, where we have
established a shallow ground temperature monitoring network in 2012
“from-toe-to-top” covering the elevational range of 4550-6893 m a.s.l.
(Fig. 1, Fig. 2). We primarily focus on the vicinity of Camp Atacama
(27°04'32'S, 68°33'51"W, 5260 m a.s.l.) and Camp Tejos (27°05'14’S,

68°32'17"W, 5830 m a.s.l.) — covering the elevational range of about
5200-6000 m a.s.l. (Fig. 2) — where permafrost is widespread and
summer melting is significant, thus conditions are conducive for the
formation of a surface hydrological network (Nagy et al., 2019).

3. Methods
3.1. Ground temperature measurements

Ground thermal regimes, permafrost distribution, and active layer
dynamics have been investigated on the OSM since 2012 (Nagy et al.,
2019) using our monitoring network (Figs. 1, 2). In this study, two sites
were selected from our network on the northern side of the OSM: Camp
Atacama (5260 m a.s.l.) and Camp Tejos (5830 m a.s.l.) (Fig. 2). Hourly
ground temperatures at shallow depths (10-60 cm) — capturing the
active layer — are measured by HOBO Pro v2 temperature loggers
(operation range: —40 °C to 70 °C, accuracy: +0.21 °C) at these sites
(Nagy et al.,, 2019). The study period extends from March 2012 to
January 2020; though the first two years of data are unavailable at the
Atacama Camp due to instrument error. The influence of local bias on
our temperature measurements (e.g. Ishikawa, 2003; Brenning et al;
2005) is suppressed by careful site selection, i.e. on relatively flat areas
covered by debris representative of the wider area, away from cliff faces,
topographic depressions, and perennial snow patches (Nagy et al.,
2019).
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Permafrost, ground with temperatures below 0 °C for at least two
consecutive years, presence can be established directly from ground
temperatures (van Everdingen et al., 2005). However, where the
permafrost table — i.e. the upper boundary surface of permafrost - is
below the deepest temperature logger more indirect methods are
necessary (e.g. Ishikawa, 2003). We build upon a detailed investigation
of ground thermal regimes - i.e. ground temperature distribution, heat
flows, and their time-dependence (van Everdingen et al., 2005) — on the
Ojos del Salado that was carried out by Nagy et al. (2019) for the period
of 2012-2016. Conclusions presented in this study provide the basis for
determining the representative vertical profile of permafrost on the
OSM. This aids our assessment of how permafrost and the hydrological
system interacts on the OSM, e.g. how the duration and course of
thawing in the active layer predetermine and modulate infiltration and
recharge. Linear regression was also applied on the monthly average
temperature records to determine long-term trends in ground
temperature.

3.2. Ground temperature modelling

A major shortcoming of any ground temperature monitoring
network is the incapability to directly obtain information about the
time-dependent liquid water and ice ratio of the regolith. The presence
or absence of water can be inferred by investigating temperature peri-
odicity during freezing-thawing cycles, i.e. zero-curtain method (Outcalt
et al., 1990; Nagy et al., 2019). However, with this indirect method, it is
not possible to estimate the ratio of water and ice in the ground. Thus,
we have developed a 1D thermal model - presented in Nagy et al. (2020)
— that can be used to estimate the range of realistic water content in the
ground by tuning modelled ground temperatures to observations, i.e.
analysing the performance of model runs using different sets of pa-
rameters (e.g. water content).

Our model simulates temperature distribution and water/ice phase
changes within the active layer to clarify interannual properties and
determine any existing trends. The ground material is assumed to be a
composite of liquid water, ice, rock, and air. The volumetric ratio of the
fractions is time-independent, only the ratio of liquid water and ice is
allowed to evolve with time. A continuous local thermal equilibrium is
assumed between the ice, water, rock and air components. Hence,
weighted average quantities — calculated by using the volume fractions
of the different components — are used to represent the density, heat
capacity and heat conduction coefficient of the composite ground ma-
terial (Woodside and Messmer, 1961). The model is using a transient
conduction equation with the latent heat of fusion, thus includes the
effects of ice- water phase changes on the heat transfer and temperature
variations (Nagy et al., 2020).

We restricted our modelling exercise to two study sites: the Atacama
Camp (5260 m a.s.l.) and the Tejos Camp (5830 m a.s.1.), as these are the
sites where permafrost, ice-bearing permafrost and well-developed
activate layer are all present (Nagy et al., 2019). Temperature records
from three data loggers (buried at 10 cm, 35 cm, and 60 cm below the
surface) are used for both sites. The logger closest to the surface (i.e. at
—10 cm) provides input values to the model, while the other two pro-
vides independent data streams, which are used to evaluate the per-
formance of the model (Nagy et al., 2020).

Main assumptions of the thermal model: (1) one-dimensional ge-
ometry; (2) time independent air, water (liquid plus solid), and rock
ratio; (3) constant —2.5 °C temperature at the bottom of the model
domain, 5 m from the surface; the temperature was based on the
observed annual mean ground temperatures at —60 cm, while the depth
was based on the performance of multiple model runs with different
domain depths (1-10 m, with 1 m interval); (4) the volumetric changes
of water during freezing/thawing are neglected.

The key issue with this model (Nagy et al., 2020) is the difficulty of
empirically determining the volume ratio of the fractions (i.e. air, rock,
and water/ice) as functions of depth which is crucial for accurately
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simulating phase-changes and the thermal behaviour of the regolith.
Nagy et al. (2019) analysed the physical properties of several regolith
samples taken from multiple depths at the Atacama and Tejos Camps. As
the samples exhibited weak spatial variations, an overall 60 % (v/v)
porosity and rock fraction density (2700-3000 kg/m>) was used in the
model of Nagy et al., (2020). Thermal properties of the rock fraction was
assumed to be similar of andesite-basalt material (Eppelbaum et al.,
2014). Water content (liquid and solid) was not measured on the field by
Nagy et al. (2019), thus a depth dependent but temporally fixed water
content was prescribed by manually tuning modelled temperatures to
the measurements (Nagy et al., 2020).

This method is labour intensive and might not arrived at the best
solution due to the limited number of possible tuning experiments. Thus,
we have upgraded the model to provide a more rigorous automated
solution for determining the appropriate depth functions of fraction
volume ratios, that provide the best match between modelled and
measured temperatures. As a compromise, we describe the aforemen-
tioned depth dependence by a sparse set of parameters and employ a
couple of simple assumptions: (1) the volume ratio of air is mono-
tonically decreasing as function of depth; (2) similarly, volume ratio of
rock is monotonically increasing. These simplifications enable us to
automatically optimise the depth functions of fraction volume ratios by
matching modelled and observed temperatures within gradient descent
framework (Ruder, 2016), which is in essence the basis of deep learning
(LeCun et al., 2015) and artificial intelligence schemes. Besides the
parameterized depth dependent fraction volume ratios (Fig. 3), the
melting point (i.e. temperature) of water is also included in the opti-
misation scheme as a control. This was found to be very close to 0 °C,
which demonstrates that the optimisation technique did employ
unphysical corrections. This also indirectly proves the presence of water.

3.3. Satellite survey of snow coverage and lake presence

As sporadic snow cover on the OSM could play a significant role in
determining surface water presence and groundwater recharge, we
assessed the presence of two high-elevation small lakes at 5900 m and
5890 m a.s.l. (Fig. 4) in relation to snow coverage between mid-winter of
2017 to late summer of 2020. This timeframe was chosen as we had
complex field activity every summer during this period, thus we have
continuous field observations to aid the interpretation of remotely
sensed data.

Snow coverage and lake presence were surveyed — within the
catchments of the two lakes — by using Sentinel-2 optical satellite im-
agery with a maximum of 10 % cloud coverage, between 2/Aug/2017
and 28/Feb/2020 (n = 88). Sentinel-2 images have been widely used to
carry out high resolution surveys of surface water bodies (Kaplan &
Avdan, 2017; Pena-Regueiro et al., 2020; Yang et al., 2017). Thanks to
the dual satellite system, Sentinel-2 has approximately 5 days revisit
frequency which makes it a useful tool for land cover mapping (Drusch
et al., 2012).

Both visual inspection of true colour images (using bands 2, 3, 4) and
normalised difference snow index (NDSI) products were utilised to
survey snow coverage within the lake catchments. Lake presence was
assessed similarly, using the same set of input satellite imagery and true
colour images. However, instead of NDSI, normalised difference water
index (NDWI) products (McFeeters, 1996) were calculated to aid the
detection of the surface lakes. All of the aforementioned data products
were created by using the Sentinel Application Platform (SNAP).

3.4. Isotope analyses of water samples

Our strategy aimed to gather samples from every key surface water
types within the study area. Thus, fresh snow, and water samples were
collected from the “Upper Lake” and a stream near the Tejos Camp on
25/Feb/2018. Water samples were also taken from the “Upper Lake”
and “Lower Lake” on 17/Feb/2020. Besides the stream sampled near
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Fig. 3. Depth dependent fraction volume ratios of air, rock, and water/ice. These values are obtained using gradient descent optimisation.

Tejos Camp, a lower elevation stream near the Atacama Camp was also
sampled on 19/Feb/2020 (Table 1, Fig. 4).

A depth-integrated sample was taken from the snow pack (Ala-aho
et al., 2021), which represents an amount-weighted average of the snow
events during the weeks preceding the sampling date. Following the
principles of Clark & Fritz (1997), the samples were then packed into air-
tight plastic bags and poured into bottles once molten. Since the melting
process took place in hermetically sealed plastic bags, isotopic changes
are prevented (Dietermann & Weiler 2013). From surface waters, grab
samples were collected in 500 mL HDPE containers leaving only mini-
mal headspace and were closed tightly to avoid leakage or evaporation.
Isotope analyses were carried out on the water samples to estimate the
potential contribution of different water sources such as present-day
precipitation, ‘old’ or ‘young’ water from the thawing permafrost
(Gibson et al., 2016, Wan et al., 2019), or potential geothermal sources
which are frequently described across the volcanic Andean Cordillera,
including northern Chile (Houston 2007, Tassi et al., 2010). A peculiar
geothermal fluid generally associated with andesitic magmatism is
recycled seawater, called “andesitic water” (Giggenbach, 1992). If such
component discharges to the studied surface waters it might complicate
the isotopic interpretation.

In the lab, a few mL water was sub-sampled from each container for
stable isotope analyses. The rest of each sample was distilled and filled
into metal canisters. After degassing, the metal canisters were closed and
stored for several months to allow *He ingrowth from tritium decay.
Finally, the canisters were connected to the inlet line of a noble gas mass
spectrometer (Helix SFT) and the He fraction was allowed to enter the
dual collector mass spectrometer. He and “He were measured simul-
taneously, applying the peak height method. During the sample intake,
an ultrapure “He spike was added to each sample (Palcsu et al., 2010).
Tritium activity is expressed in tritium units (1 TU equals to the *H/H
ratio of 1018, and corresponds to an activity concentration of 0.119 Bg/
L). The overall precision of the tritium measurements is usually better
than 2.0 % above 1 TU, if sample size is larger than 500 mL.

Measured tritium activities are compared to decay corrected recon-
structed tritium activities of precipitation to help determine the origin of
contemporary surface water on the OSM. Reconstructed annual mean
regional precipitation >H activities have been retrieved from a set of
regional records for the temperate zone of South America (Basaldta
et al., 2022). The region situated closest to the OSM was selected from
this dataset. The importance of using the closest reference for tritium
background level from precipitation to the examined area is underlined
by Tazioli et al. (2022). These reconstructions, available from 1960 to
2022 (Basaldua et al., 2022), were corrected for radioactive decay using

the estimated >H half-life of 12.32 years (Lucas and Unterweger, 2000)
before comparisons with the measured tritium activities of our samples.

The stable hydrogen and oxygen isotope composition of the samples
was determined by laser spectroscopy. Samples collected in 2018 were
analysed by a Liquid Water Isotope Analyzer (LWIA-24d, Los Gatos
Research) at the Institute for Geological and Geochemical Research,
Budapest, Hungary. Samples and laboratory standards were pipetted
into 2 mL vials, 1 pL specimens from these vials were injected into the
vaporizer of the laser analyser where they were evaporated at 80 °C in
low vacuum. Although 6 injections were made from each vial, only the
latest four measurements were used to determine the isotope composi-
tion of the samples to minimize memory effect (Czuppon et al., 2021).
All samples were measured at least two times. The laboratory standards,
calibrated to international standards BWS1, BWS2 and BWS, have the
following composition: §2H = —9.0 %o; —74.9 %o; —147.7 %o; and 5180 =
—0.53 %0; —10.41 %o; —19.95 %o, respectively. Samples collected in 2020
were analysed by a Liquid Water Isotope Analyzer (LGR LWIA-24i, ABB-
Los Gatos Research) at the Institute for Nuclear Research, Debrecen,
Hungary. Stable hydrogen and oxygen isotope composition of the water
samples are expressed as 52H and 5120 in %o relative to V-SMOW (Vienna
Standard Mean Ocean Water) (Coplen 1994). The reproducibility
considering both datasets is better than 1.0 %o and 0.15 %o for 5°H and
5180, respectively.

3.5. Developing a conceptual hydrological model

Previous hydrological datasets and analyses were combined with
new information obtained in this study and theoretical considerations to
develop a conceptual model that characterises the current hydrological
configuration — i.e. water sources and their connectivity — of the OSM
headwaters. We utilised a simplified hydrological budget equation,
developed for permafrost affected glacial forelands (Cooper et al.,
2011), as a guide for the conceptual framework:

Wr = Wp + Wr — Wi — Wsss — Wer = Waw, (2
where the main channel net water flux (Wg) consists of; precipitation
(Wp), channel recharge from the active layer (W), evaporation (Wg),
sub-surface seepage (active layer discharge outside channel) (Wgss),
surface runoff (Wsg) and the change in the water storage (Waw,).
Information about surface hydrology in the region was obtained
from previous field reports of the local Water Directory: D.G.A. Chile
(DGA-Arcadis, 2015; Vargas Paysen, 2013; Enguita, 2016) and the
PermacChile network (Foldgomb Foundation, Hungary). Ground thermal
regime datasets from field studies (Nagy et al., 2020) were also used to
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evaluate surface conditions that could modify infiltration and subsurface 4. Results
hydrological dynamics at preferential recharge sites. Our conceptual
hydrological model can be used to evaluate current hydrological orga- 4.1. Timing and length of ground thawing
nisation and the possible future pathways of its evolution.
The ground temperature model - using continuous, long-term hourly
temperature measurements and automated gradient descent optimisa-
tion of air-rock-water volume ratios (Section 3.2) — allowed us to
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Table 1

Date and location of sampling around the OSM in 2018 and 2020 collected for isotope hydrological analysis.
Code Site Date Lat Lon Alt (m a.s.l.)
0S§-2018-1 Snow 25/Feb/2018 27°0519.20" S 68°32'04.50" W 5910
0S-2018-2 “Upper Lake” 25/Feb/2018 27°05'18.70" S 68°32'03.40" W 5900
0S-2018-3 Stream (Tejos) 25/Feb/2018 27°05'16.90" S 68°32'13.50" W 5825
0S8-2020-1 “Upper Lake” 17/Feb/2020 27°05'18.70" S 68°32'03.40" W 5900
0S-2020-2 “Lower Lake” 17/Feb/2020 27°05'18.40" S 68°31'51.53" W 5890
0S-2020-3 Stream (Tejos) 19/Feb/2020 27°05'16.90" S 68°32'13.50" W 5825
0S8-2020-4 Stream (Atacama) 19/Feb/2020 27°03'31.20" S 68°32'58.48" W 5240

investigate the vertical profile of thawing/freezing in the active layer
and the associated phase changes of water. As we have no measurements
from depths larger than —60 cm which could be used to constrain our
model, we focus on the interpretation of model outputs for the upper-
most 60 cm of the ground. This almost completely covers the actual
thickness of the active layer at the Tejos Camp, while at the Atacama
Camp the coverage is partial (Nagy et al., 2019) (Fig. 5).

Results of the temperature modeling are presented graphically
(Fig. 5). Accuracy of the model was assessed by comparing the presence
of daily ground temperature periodicity — which is a key indicator of

thermal and phase-change processes in the active layer (Nagy et al.,
2019; 2020) - in the observed and modeled temperature signals (Text
S1, Table S1). Observed and modelled daily mean temperatures are also
compared directly to aid this evaluation (Text S1, Table S2). Both tests —
and the visual comparisons — suggest that our model performs well and
captures the thermal evolution of the ground with sufficient accuracy.
Our modelling for the Tejos Camp indicated that positive ground
temperatures and phase changes are common at shallow depths, though
the active layer is typically thinner than 1 m (Fig. 5). The thickness of the
active layer exhibits a notable (>20 %) interannual oscillation, reaching
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only about 55-60 cm in La Nina years (e.g. 2012/13, 2016/17, 2017/
18), and > 70 cm in El Nino years (Fig. 5). Although, confidence levels
are lower in the latter case as the active layer extends deeper than our
model constraints, the scale of this extrapolation is small (< 20 cm).
Hence, we propose that the ground thermal model can provide a full
picture about the evolution of the active layer at the Tejos Camp.

Ground thaw at 35 cm depth usually starts in the second half of
December, or the beginning of January, while at 60 cm depth it starts
about 23-39 days later (Fig. 5, Table S3). Thawed ground usually per-
sists for about 105-120 days per year (about 24 % of the investigated
period) at 35 cm depth, although this can be considerably shorter in
some years, e.g. in 2017/18 it lasted for only 80 days. Ground stays
thawed for shorter periods with increasing depth, e.g. at 60 cm it lasts
for about 90-112 days per year (Fig. 5, Table S3).

The active layer is thicker and ground thawing lasts longer at the
Atacama Camp. According to the model results, the ground is thawed at
35 cm depth for about 45.8 % of the investigated period. At 35 cm depth,
thawing usually starts in November, though this varies significantly
between different years (Fig. 5, Table S3). The start of thawing only lags
about 5-12 days behind at the depth of 60 cm. The ground stays thawed
for about 160-180 days at 35 cm depth. At 60 cm depth, this period is
only about 5-8 days shorter, though in many summer seasons there is
virtually no difference (Fig. 5, Table S3). Hence, thawing propagates
towards larger depths quickly, while the length of the thawed period
does not vary significantly close to the surface at the Atacama Camp, in
contrast to the Tejos Camp. The complete refreezing of the ground is
usually achieved by April and May at both sites (Fig. 5, Table S3). As the
modelled thickness of the active layer extends well beyond the model
constrains during each summer (Fig. 5), we cannot estimate the actual
thickness of the active layer at the Atacama Camp with sufficient
confidence.

Journal of Hydrology 653 (2025) 132741
4.2. Presence of surface snow and water

High-altitude lakes on the OSM are formed in depressions on the flat
tongues of former lava flows, in basins between lavalobes, within trib-
utary craters, and behind parasitic cones. We investigated two regularly
recurring lakes on the OSM - the “Upper Lake” (UL) and “Lower Lake”
(LL) — in the 5890-5900 m zone (Fig. 6). The area around the two larger
lakes (UL and LL) has been field surveyed five times between 2014 and
2020. Apart from 14/Jan/2019 the presence of these lakes were
confirmed on the field (Fig. 6h). Although field surveys are useful for
ground validation, they only provide a short snapshot about the tem-
poral evolution of the lakes; e.g. in 2019 satellite images indicate that
the lakes appeared in February, similarly to other years, a few weeks
after our field visit (Fig. 6). Satellite image surveys between Aug/2017
and Feb/2020 reveal that open water in the lake basins usually appears
in the second half of the summer - i.e. from February onwards (Fig. 6).
This is several months later than the start of ground thawing within the
5800-6000 m a.s.l. elevational zone, starting in November (Fig. 5).
Open water within the lake basins was usually present for about 6-8
weeks during each summer, after this time the water either drained
away and/or a thin ice layer formed in the shallow ponds for the first
half of the winter.

The timing of lake appearance in this elevational zone suggests an
inverse connection with the seasonal evolution of active layer thickness.
Early in the melt season, until January, the active layer is very thin,
below 20 cm (Fig. 5). Although the water storage and seepage capacity
of this thin active layer is small, meltwater infiltrates and seeps away
instead of accumulating in meltwater ponds. Lakes only appear within
poorly drained areas around mid-summer, when the active layer reaches
the thickness of ~ 50 cm and its growth rate slows down (Figs. 5, 6).
Later during the summer, as water saturation in the active layer becomes
more widespread, groundwater seepage overflows the lava plateaus and
small, short-lived springs form on the slopes of lava lobes (Fig. 4). In
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Fig. 6. (a) Generalised presence of the two regularly occurring lakes (UL, LL) in the 5890-5900 m zone (blue: open water, white: lake-ice) between 02/Aug/2017
and 28/Feb/2020. (b) Snow coverage within the catchment area of the lakes. (c) Daily mean air temperatures (2 m above the surface) measured at 6000 m a.s.l. near
the lake sites. (d) Daily mean ground temperatures (blue: —10 cm; orange: —35 cm; grey: —60 cm) measured at the nearby Tejos Camp at 5830 m a.s.l. (e) Dates when
field observations and photos are available for the UL; see panel (h). (f) The binary mask indicates the modelled evolution of the active layer at the nearby Tejos Camp
(Fig. 3). (h) Photographs showing the site of the Upper Lake (UL) on different dates. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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parallel with this, small surface streams also appear as the melt season
progresses. These streams are fed either by the aforementioned springs
(5800-6000 m a.s.l.) or by melting perennial snow patches (Fig. 4),
especially at higher elevations (6200-6300 m a.s.l.). Observations from
2018/19 indicate, that the presence of significant snow coverage is not a
strong prerequisite of lake formation. Even though only light snow
coverage was detected in the preceding winter, lakes do appear as usual
in February (Fig. 6). However, major snowfall events in the summer
strongly promote the formation and growth of lakes and meltwater
ponds due to the quick saturation of the active layer by the melting
snowpack.

4.3. Isotope compositions of the surface waters

Stable hydrogen and oxygen isotope composition of fresh snow
samples collected in late February 2018 were —69.5 %o for 5°H and
—10.33 %o for 5120, the H activity was 5.36 + 0.10 TU. Stable isotope
composition of surface waters collected around the OSM in 2018 and
2020 ranged from —114.3 to —31.4 %o for 52H, and from —15.32 to —2.0
%o for 5180 (Table 2). Tritium activities of the samples ranged from 4.7
to 8.7 TU (Table 2). 3H activities of fresh snow samples collected by us in
2018 (Table 2) and by an independent study in 1990 (6.22 + 0.38 TU,
Grosjean at al., 1995) agree within uncertainty with the corresponding
reconstructed annual mean precipitation >H activity of Basaldia et al.
(2022), which were obtained for a nearby region. This supports using
this reconstruction as reference for the evaluation of the >H activities of
surface waters and groundwater from the OSM region.

5. Discussion
5.1. Contemporary configuration of surface hydrology

Snow coverage on the OSM above 5000 m a.s.l. exhibits strong
annual and seasonal variations, while rain is rare. Thus, snow presence
and melting determines the supply of liquid water. Permafrost occur-
rence becomes widespread above ~ 5200 m a.s.l. on the OSM; this also
needs to be considered in the hydrological budget as infiltration and
recharge is confined by the permafrost table, while storage and seepage
can also occur at shallow depths in the active layer (Fig. 7). The evo-
lution of the snowpack also impacts the timing and length of ground
thawing due to its insulating effect (Fig. 5) (Nagy et al., 2019). This in
turn affects the thickness of the active layer and its capacity for infil-
tration and groundwater seepage, and has consequences for the depth
and horizontal coverage of the permafrost table. Hence, at high eleva-
tions on the OSM infiltration is restricted to preferential recharge zones
that are controlled by the downslope convergent topography (Carroll
et al., 2019), and the spatiotemporal distribution of permafrost (Fig. 7),

Table 2
Tritium activity and stable isotope composition of snow and surface waters
collected around the OSM in 2018 and 2020.

Sample Sampling site SH(TU) 5Hysmow 5'%0ysmow

code (%0) (%0)

0S-2018-1 snow 5.36 + —69.5 —-10.33
0.10

0S8-2018-2 “Upper Lake” 5.54 + —72.2 —10.15
0.11

0S-2018-3 stream (Tejos) 5.61 + —-90.2 -12.70
0.11

0S8-2020-1 “Upper Lake” 8.71 + —-31.4 —2.01
0.33

08-2020-2 “Lower Lake” 6.93 + -36.9 —4.14
0.36

0S-2020-3 stream (Tejos) 6.11 + —60.5 -7.22
0.36

0S8-2020-4 stream 4.72 + —114.3 —15.23

(Atacama) 0.36
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active layer, and snow coverage. This further complicates the already
significantly restricted recharge due to the strong evaporation and
sublimation in this arid environment; i.e. recharge is only about 5-10 %
of the precipitation in lower altitude arid areas near the OSM, e.g. the
alluvial basins at 27°S (Enguita, 2016).

Based on our ground temperature measurements and thermal model,
freeze-thaw cycles occur in the ground at both the Tejos and Atacama
Camps. Strong early and late summer thawing-freezing cycles without
significant zero curtain periods are typical at shallow depths of the
Atacama Camp. However, similar cycles also occur at the Tejos Camp,
especially in the early summer (e.g.: Dec/2012, Dec/2016, Dec/2018).
Snow coverage affects these cycles at both locations. These transitional
periods are characterised by large and abrupt changes in the conduc-
tivity and storage capacity of the active layer. As the melt season pro-
gresses, and snow coverage becomes insignificant, the ground remains
thawed at shallow depths. Thawed ground (i.e. active layer with liquid
water) is present for about 32 % and 39 % of the observation period at
the Tejos and Atacama sites respectively. Hence, the active layer can be
considered a seasonal shallow unconfined aquifer (Fig. 7), which gets
thicker during the melting season — reaching about 60 cm - and thus
provides a deepening confinement table for infiltration. Infiltration and
shallow groundwater seepage can also be disrupted by short-term
(lasting 1-2 weeks) refreezing events, e.g. during late summer at the
Tejos site, before ceasing completely at the end of summer. The change
in subsurface water storage (Waws) at the end of the melt season, when
main channel water flow is paused due to freezing (i.e. Wg = 0), equals
with the recharge (WR) minus the active layer discharge (Wsgss), ac-
cording to the site specific hydrological budget (Eq. (2). The active layer
is thicker/deeper and it is present for a longer time (+7% of the observed
period) at the Atacama Camp than at the Tejos Camp. Thus, considering
similar magnitudes and timing of precipitation, evaporation, and
recharge — which is a reasonable assumption given the close proximity of
the two sites — change in active layer storage at the end of the melt
season is expected to be significantly more negative at the Atacama
Camp than at the Tejos Camp due to larger active layer discharge.

Although meltwater form the snowpack (Table 3) — and perennial
firn patches in sheltered locations — can infiltrate to the active layer and
towards larger depths through permafrost discontinuities and rock
fractures, this is strongly inhibited where the active layer is shallow and
permafrost is widespread/continuous, especially above ~ 5600 m a.s.l.
(Nagy et al., 2019; 2020). Hence, a highly transient surface hydrological
network consisting of meltwater ponds and streams can form within the
wider permafrost zone — i.e. continuous and discontinuous permafrost
between ~ 5000-6500 m a.s.l. (Nagy et al., 2019; 2020) — during the
summer Table 3. Shallow seasonal meltwater ponds also form in this
zone, i.e. within the elevational range of ~ 5800-6300 m a.s.l. These
ponds can appear even in the absence of significant snow coverage, thus
active layer discharge (Wggs in Eq. (2) likely plays an important role in
their formation. This water could be sourced from melting ground ice
and stored surface meltwater (i.e. from the melting snowpack and firn
patches). Landforms generated by thermal erosion and thaw slumping
(Nagy et al., 2020; Kereszturi et al. 2022) — e.g. near the Atacama Camp
at 5200 m a.s.l. — and transient meltwater ponds (Aszalos et al., 2020)
corroborate the presence and degradation of ground ice, suggested by
the analysis of ground temperature records (Nagy et al., 2019). These
features could also indicate preferential recharge sites due to the pres-
ence of a highly porous mixture of regolith and ground ice (Nagy et al.,
2020), and a disturbed permafrost table. Liquid surface water is unlikely
to appear at higher elevations — above ~ 6500 m a.s.l. — as temperatures
only rise above 0 °C occasionally (Nagy et al., 2019, 2020) and subli-
mation is strong.

5.2. Surface and near-surface hydrological connectivity

Hydrological connectivity can be inferred from the isotopic signa-
tures of our samples. Stable isotope compositions of the surface water
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Feature Altitudem  Attribute Reference isotope composition of all our samples from streams and lakes within the

asl permafrost belt of the OSM suggest meteoric origin.

Transient seasonal 5200-6500 Small and shallow with Aszalos et al., For the period between 2018 and 2020, tritium (3H) activities from
i‘i]%h'ammde about 0.8-1.4 m depth 2?116” go‘gg ephemeral streams and lakes align with measurements taken from the
akes et al., . .

Seepage slopes 5830-6000  Lavalobes connecting Nagy et al., fresh snow sa.m.ples (Table 3, Fig. 8b) - col}ected pear. the Upper lake in

plateaus with shallow 2020 2018. The tritium signal also broadly aligns with independent mea-
lakes surements made at another high elevation site in the North Chilean

Thaw slumping 5200 Slumps are 1-3 m in Nagy et al., Andes (Kinnard et al., 2020) and the Andean background level (Houston
(thermokarst) diameter igf&mri et al 2007). Considering reconstructions of the annual mean tritium activity

2022 ' in precipitation for the OSM region (Basaldtia et al., 2022), the decay-

Retrogressive 5200 Due to melting of firn Nagy et al., corrected activity is steadily below 4 TU before 2012 (Fig. 8b). The
thaw slumps buried within steep sand 2020 tritium activity of our samples collected from surface waters was above

headwalls 4 TU without exception. Thus, we propose that if water from the

Surface streams 4900-6300 Currently ephemeral with  This study . . . .

: thawing permafrost is a major source of surface water (i.e., lakes and
strong diurnal and it R R
seasonal variations; relict streams), then this water in the period of 2018-2020 could not have
fluvial valleys been replenished before 2012. This means that the main fraction of the

Perennial snow >5900 Associated with Nagy et al., active layer and surface water is young, with multiannual storage under
patches preferential recharge 2020

areas

samples from the OSM are within the range of compositions measured
for precipitation samples in northern Chile (Jordan et al., 2019;
Boschetti et al., 2019). Snow and stream water samples exhibit a rela-
tively more depleted composition and fit well to the Northern Chile
meteoric waterline (Boschetti et al., 2019), while lake water samples
usually show relatively more enriched composition and are scattered
below it (Fig. 8a), indicating some evaporation effect (Craig et al.,
1963). The regression line fitted to lake water data does not point to the
field of ,andesitic water” (Fig. 8a), which indicates that this is not a
component in the mixing process (e.g. Tassi et al., 2010). The source
composition of lake water is estimated by a back extrapolation to the
meteoric waterline along the empirical evaporation line (Gat 1995).
According to this, the estimated source composition of lake water is
consistent with the stable isotope composition of snow and stream wa-
ters (Fig. 8a). These results suggest that 1) high altitude summer lakes on

10

8 years pertaining to ‘perennial’ snow cover and snowmelt sources as
well. Recent reports about snowpack burial (Nagy et al., 2020) and
thawing in subsequent melt seasons (Kereszturi et al., 2022) support this
interpretation.

We must emphasize that the small sample set is a key limitation
complicating the interpretation of the data. A more robust dataset using
additional samples, representing a larger temporal and spatial coverage,
could help to characterise the hydrological processes influencing iso-
topic signatures more precisely. We propose that it would be especially
important to discern whether the observed variability is primarily due to
internal hydrological processes — such as evaporation — or external fac-
tors, like differences in the isotopic composition of precipitation be-
tween sampling years.

5.3. Future evolution of surface hydrology and sources of uncertainty

The spatiotemporal distribution of permafrost and the state of the
active layer (thickness, water content, seasonal evolution, etc.) are
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Fig. 8. Isotope hydrological characteristics of surface waters of the OSM. a) Stable hydrogen and oxygen isotopes and b) H activities of the samples collected from
fresh snow and the range for stream waters (blue) and lake waters (orange) in 2018 and 2020. The Northern Chile Meteoric Waterline (N Chile MWL, Boschetti et al.,
2019) and the empirical evaporation line fitted to the lake water data are shown with solid and dashed lines, respectively. The “andesitic water” field (Giggenbach,
1992) is marked by the grey rectangle in panel A. The regional estimates of mean annual ®H in precipitation (Basaldtia et al., 2022) is shown as a thin black curve.
The decay corrected activities calculated for 2018 (light gray) and 2020 (dark grey) must be considered as references when assessing >H activities of our samples. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

among the main controls of the hydrological system in periglacial re-
gions (Bockheim, 2015; Wang et al., 2009). The extension of the spo-
radic (i.e. low probability) permafrost zone on the OSM under future
RCP atmospheric warming scenarios could lead to widespread perma-
frost degradation (Ruiz Pereira et al., 2021), modifying recharge and
infiltration patterns in the permafrost zone (Hiyama et al., 2013; Mar-
kovich et al., 2019; Sjoberg et al., 2021). Therefore, evaluations of the
changing hydrological regime of cold-dry environments (Arenson et al.,
2022), such as the OSM, should consider changes in active layer storage
(Evans & Ge, 2017) and groundwater recharge (Kuchment et al., 2000)
due to permafrost degradation. Nevertheless, the sensitivity of shallow
interstitial ice to changes in moisture and temperature forcing is un-
certain at high altitudes (>5000 m a.s.l.) on the OSM, and similar cold
deserts. These uncertainties are propagated when assessing the re-
sponses of groundwater flow, and the response time, to surface climatic
changes in cold deserts (Cuthbert et al., 2019) especially beyond the
next century (Bense et al., 2009).

Finally, surface, and subsurface hydrological processes and their
interplay on the OSM are likely to be influenced by hydrothermal cir-
culation. For example, hydrothermal influx under the lower boundary of
permafrost (Fig. 7) could imply a secondary recharge from stored sub-
surface relict ice. This interaction is largely unknown on the OSM, with
inherent uncertainty stemming from the unknown thickness of the
permafrost layer. This is heavily controlled by the geothermal gradient
and ranges broadly even on active volcanoes; i.e. from hundreds of
metres where the gradient is low (Abramov et al., 2008; Goyanes et al.,
2014) to just a few metres where the gradient is high, e.g.: Chajnantor
Volcano (22°59'S, 67°44'W) where a 200 °C/km geothermal gradient
limits permafrost table to 5 m depth at 5000 m a.s.l. (Mena et al., 2021).

As no evidence of hydrothermal activity (e.g. thermal springs, fu-
maroles) were found near our study sites, we believe that our interpre-
tation of the surface and near-surface (i.e. active layer) hydrological
system is valid and that hydrothermal circulation mostly affects pro-
cesses at larger depth. However, it is not possible to comprehensively
assess the hydrogeological situation of the Ojos del Salado — and place it
within a basin-scale hydrogeological framework — until more informa-
tion is available, e.g. permafrost thickness, large-scale hydrogeological
connectivity. Thus, more research is needed that is capable of exploring
processes at larger depths, e.g. ground-penetrating radar and borehole
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measurements. This would provide additional field validation to our
current findings about the surface and near-surface hydrology of the
OSM, e.g. by further constraining the spatiotemporal distribution of
permafrost. More importantly, resolving the hydrogeological context of
the OSM - by connecting surface and near-surface processes with basin-
scale flow patterns — will aid propagating the downstream effects of
climatic impacts and pollution (e.g. from mining or tourism) on the OSM
and similar high altitude massifs in the region. Thus, such research is
crucial for the water security of the Atacama region, and potentially to
other similar environments.

6. Conclusions

A transient surface water network — consisting of ephemeral lakes
and streams — is present between ~ 4900 and 6500 m a.s.l. on the OSM.
Seasonal lakes — depressions and behind dams of volcanic debris — are
most abundant in the elevation range of 5800 to 6100 m a.s.l. which is
also associated with the high probability presence of both permafrost
and ground ice, which constitute a subsurface layer with low perme-
ability. Surface water originates from local snowmelt and active layer
discharge — supplied by infiltration and seepage and/or in-situ thawing
of ground ice. During most of the year lake basins are dry or hosting
small patches of snow and ice. However, these basins fill up with
meltwater (0.5-2 m deep) during the first half of the summer, and the
resulting lakes persist for about 6 to 8 weeks, through late summer and
the autumn transition period.

Seasonal surface streams can occur in the elevation range between
4900 and 6500 m a.s.l., though they are the most abundant above 5500
m a.s.l. where permafrost hinders deep infiltration and seepage and
there are plenty of water sources. Like lakes, streams are fed by melting
seasonal and perennial surface snow patches and also by active layer
discharge. The latter is especially important in the zone of 5800 to 6100
m a.s.l., where lakes are also the most abundant. Here, the active layer is
relatively thick so it can store a significant amount of water, the
permafrost table is mostly continuous so it hinders deep infiltration and
seepage, and there are ample water sources so the active layer can
become saturated during the melt season. Streams usually have a shorter
life span than lakes, lasting around 2 to 4 weeks during the summer.
Stable isotope compositions and tritium activities both suggest that the
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water in ephemeral streams and lakes originates from recent (< 10 years
old) precipitation. However, further investigation with a larger dataset
and consideration of external meteorological factors would be necessary
to fully understand the processes affecting the isotopic composition in
these areas.

Above 6500 m a.s.l. the formation of a surface hydrological network
is strongly inhibited by the cold temperatures, which limit thawing to a
few hours during the summer and make the active layer virtually absent.
Here, sublimation is the dominant process that reduces the thickness of
the snowpack and causes the drying out of the top layers of the regolith.
Thus, even if temperatures allow some melting, this meltwater will
quickly infiltrate and refreeze in the ground. The formation of a surface
hydrological network is also inhibited below 4900 m a.s.l. due to the low
probability of permafrost (i.e. sporadic permafrost), which do pose any
considerable hindrance to infiltration. Water sources are also scarce in
this zone due to lower precipitation and the scarcity of ground ice. Thus,
meltwater produced locally or transported via surface streams infiltrates
quickly towards deeper layers, possibly contributing to groundwater
recharge, though the volumes of this water is likely low. Hence, we
suggest that the thermal regime of the ground — which determines the
distribution and seasonal evolution of the permafrost and the active
layer — plays a preponderant role in the characteristics and evolution of
surface hydrology and recharge on the OSM and similar high altitude
massifs in the Dry Andes.

The permafrost zone is expected to drift towards higher elevations
and the active layer is expected to become thicker at a given altitude in
the future, due to the predicted warming. Thus infiltration towards
deeper layers will become less restricted, and the storage capacity of the
active layer will increase. Unless significant surplus meltwater becomes
available from the region above 6000 m a.s.l. — e.g. from ground ice or
buried and surface snow patches — this process will fundamentally
reduce the seasonal presence of surface water. Thus, future climatic
changes could significantly change recharge patterns through their ef-
fect on permafrost. We suggest that this interplay should be considered
when evaluating future hydrological pathways and water security in the
region. However, more research is needed, especially about conditions
and processes at larger depths that influence regional flow patterns, and
about meteorological parameters (e.g. precipitation, evaporation, sub-
limation) which determine the surface water budget.
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