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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.l. 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 kΩm) permafrost-related resistivities above 
5,260 m a.s.l. 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.

Keywords: Mountain permafrost, High Andes, Ojos del Salado massif, Periglacial aquifer, Electrical Resistivity Tomography.
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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 et al., 2017; Hammond et 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 

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 et 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 
et al., 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 

RESUMEN. Evaluación de estructuras de permafrost en acuíferos de cabecera: un ejemplo del macizo Ojos del 
Salado, Cordillera de los Andes. En regiones áridas, la evolución hidrológica en alta montaña es un tema de preocupación 
bajo el actual forzamiento climático y la creciente demanda de agua dulce. En las montañas, la hidrología superficial 
es clave para el almacenamiento y liberación de agua, lo cual determina la cantidad y la calidad del suministro de agua 
dulce para ecosistemas aguas abajo, por lo que predecir su evolución bajo escenarios de cambio climático requiere 
información detallada sobre las propiedades hidrodinámicas del subsuelo. En la presente contribución se efectúa una 
caracterización semidirecta de las áreas periglaciares y de la zonificación 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 integración 
de datos geofísicos (tomografía 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 kΩm por encima de los 5.260 m s.n.m. Estas estructuras altamente resistivas 
actuarían 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 distribución del permafrost según estos datos geofísicos es coherente 
con las estimaciones del Número de Escarcha (Frost number en inglés) para todos los sitios estudiados. Los resultados 
presentados aquí son necesarios para la parametrización de los acuíferos bajo cambios de conectividad hidrológica en 
el corto y mediano plazo, por lo tanto, son relevantes para mejorar el entendimiento de la dinámica del almacenamiento 
de agua subterránea ante escenarios de degradación de permafrost en regiones áridas.

Palabras clave: Permafrost de montaña, Cordillera de los Andes, Macizo Ojos del Salado, Acuífero periglaciar, Tomografía de 
resistividad eléctrica.
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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 et 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 
(Sjöberg 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.l.), and a positive control for permafrost 
at the coldest, highest site (5,830 m a.s.l.) (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 et 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.

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.
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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.

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.
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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 
a 9- to 11-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.l., 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/cm3                                                             
at 10 cm, 1.5 g/cm3 at 35 cm, and 1.4 g/cm3 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/m3. 

2.1.2. Atacama site
The Atacama site is located ~5.5 km northwards 

from the OSM at 5,260 m a.s.l., 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 

(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/cm3 at a depth of 10 cm and 1.5 g/cm3 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 -3.3

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 2.2 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/cm3 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:

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 kΩm), beneath it, a meter-thick, 
intermediate layer not parallel to the surface with 

higher resistivity values (1-7 kΩm) and a half-space 
with resistivities <5 kΩm below.

At Atacama, the N-S transect (Fig. 5B) evidences 
a ~3 m-thick surface layer with resistivities ranging 
between 0.5-2 kΩm. A clear high resistivity layer       
(15-20 kΩm) 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 kΩm); (ii) an intermediate, 
20 m-thick, high resistivity layer (15-20 kΩm); and 
(iii) a bottom half-space with resistivities lower 
than 5 kΩm.

At Tejos, there is a shallow, 2-5 m-thick layer 
with resistivities below 10 kΩm, that overlies a 
20 m-thick domain with resistivity values of up to 
100 kΩm. 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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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 kΩm. 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 kΩm, while at 
Atacama there are lens-like bodies with resistivities 
of up to 20 kΩm above a less homogeneous <5 kΩm 
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 kΩm in certain parts.

According to the geological information of the 
study area (Clavero et 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 kΩm resistivity structures in the subsurface, 
possibly lava flows, whose spatial variability can be 

explained by the phase change of the interstitial water. 
The ~10 kΩm 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 kΩm and comparable to measured 
rock resistivity values near 0 ºC (Scandroglio                      
et al., 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.   

FIG. 5. Electrical resistivity profiles. A. Murray, N-S transect. B. Atacama, N-S transect. C. Atacama, W-E transect. D. Tejos, N-S 
transect. See figure 3 for a location map. Black triangles are 5 m scale for reference, not the electrode spacing. Isocontours 
are given in Ωm.



249Ruiz et al. / Andean Geology 52 (2): 239-253, 2025

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 (Sjöberg 
et al., 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 kΩm, 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 µS/cm) and Tejos (224 µS/cm) could 
represent the effect of in-situ salinity concentration 
(Aszalós 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 

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 et 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: 
(i) 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 kΩm 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, f low path 
variation, and novel hydrological connections in 
these sensitive environments.
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