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Abstract. In semi-arid Chile, rock glaciers cover more sur-
face area than glaciers and are potentially important water
reserves. To understand their current and future hydrologi-
cal role, it is necessary to characterize their internal structure
(e.g. internal boundaries and ice, air, water and rock content).
In this study, we present the results and interpretations of pro-
files of electrical resistivity and refraction seismic tomogra-
phy collected on two contrasting rock glaciers in the Chilean
Andes located at the headwaters of the Elqui River within the
Estero Derecho nature reserve. These geophysical measure-
ments are interpreted both independently and jointly through
a scheme of petrophysical four-phase inversion. These first in
situ measurements in Estero Derecho confirm that El Ternero
(intact rock glacier) contains a significant volume of ground
ice, while El Jote contains little to no ice (relict rock glacier).
Within our study, we highlight the strong differences in the
geophysical responses between intact and relict rock glaciers
and propose a diagnostic model that differentiates between
them.

1 Introduction

In semi-arid Chile (between 29 and 34°S), rock glaciers
cover a surface area that is at least 4 times larger than that oc-
cupied by glaciers (Azécar and Brenning, 2010; Bodin et al.,
2010; Barcaza et al., 2017) and may play an important role
in the hydrological cycle (Harrington et al., 2018; Schaf-
fer et al., 2019; Halla et al., 2021), particularly at the end

of summer (Schaffer et al., 2019). Studies on Andean rock
glaciers (Schrott, 1996; Croce and Milana, 2002; Schaffer
et al., 2019) indicate that they can store significant amounts
of water and emphasize their role in freshwater production,
transfer and storage. A study of the Tapado glacier complex,
composed of a debris-free glacier, debris-covered glacier and
a rock glacier in the Elqui watershed of the Chilean An-
des (Pourrier et al., 2014), describes the contrasting hydro-
logical output of each formation. Here the glacier foreland
(composed of the debris-covered glacier, rock glacier and
moraines) acts as a retention basin during high-melt peri-
ods and supplies water downstream during low-melt peri-
ods. Harrington et al. (2018) investigated the hydrogeologi-
cal characteristics of an inactive rock glacier in the Canadian
Rockies, showing that the coarse blocky sediments forming
the rock glacier allow for the rapid infiltration of snowmelt
and rainwater to an unconfined aquifer above the bedrock
surface. The water flowing through the aquifer is eventu-
ally routed via an internal channel parallel to the front of
the rock glacier to a spring, which contributes up to 50 %
of basin streamflow during summer baseflow periods and up
to 100 % of basin streamflow over winter. A study on a relict
rock glacier in Austria (Winkler et al., 2016) showed that this
rock glacier type can act as an aquifer, delaying the release of
spring runoff by up to several months. These studies suggest
that rock glaciers may play an important role in moderating
discharge. However, more studies are needed to better under-
stand the rock glacier hydrological role in semi-arid Chile,
where highly variable rainfall and little to no precipitation
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during the warmest months of the year (Garreaud, 2009; Val-
ois et al., 2020a) result in water scarcity, especially at the end
of summer (Oyarzin and Oyarziin, 2011).

Rock glaciers are typically lobate or tongue-shaped land-
forms composed of rock fragments, sediment, ice and water
and contain air-filled pore spaces and cavities (Barsch, 1996;
Hauck et al., 2011; Jones et al., 2019). They are the visible
expression of the deformation of ice-rich creeping mountain
permafrost and can act as climate change indicators in high-
mountain environments (Barsch, 1992; Bodin et al., 2010;
Berthling, 2011). Rock glaciers can be classified accord-
ing to the deformation rate at which they move downslope
through the deformation of subsurface ice and or ice-rich
sediments (Ballantyne, 2002). Active rock glaciers contain
enough ground ice to induce internal deformation and move-
ment downslope (e.g. decimetres to metres per year; De-
laloye and Echelard, 2020), most often identified by geomor-
phological evidence (e.g. steep frontal slope), whereas inac-
tive rock glaciers contain less ice and are stationary (mov-
ing < lcm a_l) (Barsch, 1996; Brenning et al., 2007; Schaf-
fer et al., 2019; RGIK, 2021). Both active and inactive rock
glaciers are categorized as intact, meaning that they contain
ice. Conversely, relict rock glaciers contain little to no ice
(Barsch, 1992; Jones et al., 2018). Because of their debris
cover, rock glaciers are generally more resilient to climate
(atmospheric) changes (Jones et al., 2018; Harrington et al.,
2018), although there are indirect measurements (e.g. a sig-
nificant increase in solute concentrations for rock-glacier-
fed lakes and increased velocities) which suggest that rock
glaciers in the European Alps have experienced increased
ground ice melt and permafrost degradation rates in recent
decades (Krainer and Mostler, 2006; Thies et al., 2007).

To estimate the volume a rock glacier occupies, it is cru-
cial to identify its bottom and the bottom of the active layer
(depth to permafrost) as well as the lateral extension of the
rock glacier. In addition, since only part of the rock glacier is
composed of ground ice, its percentage must be quantified in
order to estimate the water reserve available within the rock
glacier. This can vary considerably, normally ranging from
40 % to 70 % in active rock glaciers (Barsch, 1996; Monnier
and Kinnard, 2015).

Rock glacier composition can be derived from direct ob-
servations (e.g. boreholes logs, outcrops, tunnels and temper-
ature measurements) and borehole and surface-based geo-
physical observations (Hausmann et al., 2007; Maurer and
Hauck, 2007; Springman et al., 2012; Steiner et al., 2021).
Surface-based geophysical methods represent a non-invasive
approach to investigate the physical structure and properties
of Earth’s subsurface. The ability of these methods to pro-
vide information over large areas with relative high resolu-
tion compared to remote-sensing image analysis makes them
a useful tool for studying ground ice and permafrost in high-
mountain environments, where difficult site access limits the
possibility of deep borehole drilling (Maurer and Hauck,
2007; Hauck and Kneisel, 2008). For these reasons, geophys-
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ical methods have been used extensively to investigate the in-
ternal structure of rock glaciers (Hauck and Kneisel, 2008)
and other landforms such as high-altitude wetlands (Val-
ois et al., 2020b). Among the different techniques, the most
implemented include refraction seismic tomography (RST),
electrical resistivity tomography (ERT), ground-penetrating
radar (GPR) and gravimetry (Langston et al., 2011; Maurer
and Hauck, 2007; Colucci et al., 2019; Pourrier et al., 2014).

Once the geophysical data have been collected, the infor-
mation contained in these needs to be interpreted: geophysi-
cal inversion seeks to provide quantitative information about
physical properties from indirect geophysical observations.
This is generally an ill-posed problem whose solution is nei-
ther unique nor stable (Backus and Gilbert, 1970). Thus, if
any set of model parameters can be found that is able to ex-
plain the observations, then an infinite number of parameter
sets would exist, and arbitrarily small errors in the measure-
ment data may lead to indefinitely large errors in the solu-
tions (Kabanikhin, 2008). To reduce the inherent ambiguity
of inversion model results, complementary datasets taken at
the same site can be incorporated and interpreted together.
Joint inversion has become a popular tool in geophysics,
providing a formal approach to integrate multiple datasets
with the aim of better constraining the model results (Vo-
zoff and Jupp, 1975; Linde and Doetsch, 2016; Moorkamp
et al., 2016). The property models related to the different
datasets need to be coupled, either through petrophysical re-
lationships (Wagner et al., 2019; Mollaret et al., 2020) or
by structural constraints (Hellman et al., 2017; Jordi et al.,
2019).

Despite the potential importance of rock glaciers as a wa-
ter reserve (Azécar and Brenning, 2010; Corte, 1976; Jones
et al., 2018; Schaffer et al., 2019), there are few in situ
measurement-based estimates of the water reserves stored
within rock glaciers in the Andes (e.g. Halla et al., 2021;
Monnier and Kinnard, 2013, 2015; Croce and Milana, 2002;
Hilbich et al., 2021). Of these studies only two (Halla et al.,
2021; Hilbich et al., 2021) use multiple geophysical tech-
niques and calculate the glacier components (water, ice, air
and rock) through the joint interpretation of the individual in-
version model results. In our study, we characterize an intact
(El Ternero) and relict (El Jote) rock glacier located in the
Chilean Andes. On both rock glaciers we conducted coinci-
dent RST and ERT profiles that we interpret both indepen-
dently and jointly through the scheme of petrophysical four-
phase inversion by Wagner et al. (2019). In comparison to the
scheme of the four-phase petrophysical model used within
the works of Halla et al. (2021) and Hilbich et al. (2021),
the implementation of the Wagner et al. (2019) joint inver-
sion scheme aims to solve a model that consistently explains
both resistivity and seismic datasets and better constrains the
components percentages in order to avoid nonphysical results
(i.e. sum of the components being more than 100 %). In addi-
tion, the use and comparison of two inversion scheme results
with different prior assumptions aid defining which features

https://doi.org/10.5194/tc-16-1579-2022



G. de Pasquale et al.: Contrasting geophysical signature of a relict and an intact Andean rock glacier 1581

within the model results were completely constrained by the
data.

The geophysical profiles collected are the first in situ mea-
surements over rock glaciers in the reserve (Estero Derecho)
where the two formations are located. Through the analysis
of the inversion model results, we were able to identify dis-
tinct geophysical patterns for the El Ternero compared to the
El Jote rock glacier and to infer key information regarding the
subsurface structure and composition of the two formations.
The analysis of resistivity—velocity density plots shows that
the relict rock glacier is characterized by lower resistivities
and velocities, while the intact rock glacier is characterized
by higher resistivity and velocity values, reflecting the ice-
rich layer.

2 Study area

The study area is in north-central Chile (~ 30°S), where
there is a sharp altitudinal gradient between the Pacific
Ocean and the Andes Mountains with peaks rising above
6000 ma.s.l. less than 150km east of the ocean. At this
latitude there exists intensive compression between the
Nazca and South American tectonic plates, associated with a
flat slab segment, which has resulted in the creation of major
transverse valleys (Yafiez et al., 2001) such as the Elqui Val-
ley in the Coquimbo Region (Fig. 1a). The floor and marginal
terraces of the Elqui Valley are of Quaternary alluvium.
Surrounding mountains are steep and mostly intrusive with
some volcanic, volcano-sedimentary and metamorphic rocks
that are Palaeozoic—Triassic in age (Aguilar et al., 2013;
Valois et al., 2020a). Rock glaciers and periglacial landforms
are numerous, particularly above 4000 ma.s.l. (Direccién
General de Aguas — DGA - glacier inventory, 2014; avail-
able from https://dga.mop.gob.cl/estudiospublicaciones/
mapoteca/Paginas/Mapoteca-Digital.aspx, last  access:
March 2022).

The study site is within the semi-arid Andes of Chile
at the southern edge of the Arid Diagonal and Atacama
Desert (Sinclair and MacDonell, 2016). Specifically it is lo-
cated at the headwaters of the Elqui River within the Co-
quimbo Region in a nature reserve called Estero Derecho
(Fig. 1b). In the city of La Serena on the coast the annual
precipitation is ~ 90 mma~! (average from 1981-2016; Val-
ois et al., 2020b), drastically lower than the average annual
precipitation for Chile of ~ 1525mma~! (DGA, 2016). At
the same time, demand from the agricultural sector, min-
ing industry and municipal water supply are high, and wa-
ter allocation has already been exhausted (DGA, 2016). Pre-
cipitation increases with elevation reaching ~ 160 mma~!
at 2900 ma.s.l. in the Estero Derecho valley (Valois et al.,
2020b). Increased precipitation at higher altitudes allows
for the formation of a seasonal snowpack that completely
melts during the spring and summer seasons (Réveillet
et al., 2020). Variability in precipitation at an inter-annual
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Figure 1. (a) Overview map indicating the location of Estero Dere-
cho (~30°S, 70° W) in the Coquimbo Region of Chile. Elevation
map from the Advanced Spaceborne Thermal Emission and Reflec-
tion Radiometer Global Digital Elevation Model (ASTER GDEM).
(b) Detailed map of Estero Derecho with an inventory of land-
forms created by the Centro de Estudios Avanzados en Zonas Aridas
(CEAZA). The delineations for El Jote and El Ternero were created
specifically for this study from the Esri base map satellite imagery.
Both landforms are labelled with their respective elevation ranges.

timescale is linked to El Nifio—Southern Oscillation (ENSO;
Favier et al., 2009), while at a decadal timescale it is linked
to the Pacific Decadal Oscillation (Nufez et al., 2013). Pre-
cipitation has decreased since 1870 by ~0.52mma~! at
La Serena. The mean annual air temperature at a station
at 3020 ma.s.l. within Estero Derecho was 6.7 °C between
2016-2020.

Within the nature reserve there are no debris-free glaciers,
only rock glaciers and other periglacial landforms such
as protalus ramparts and gelifluction lobes. The two rock
glaciers assessed in this study are locally known as “El Jote”
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and “El Ternero” and are in the eastern part of the nature
reserve (Fig. 1b) at 3700-3870 and 4170-4510ma.s.1., re-
spectively. El Ternero is the largest intact rock glacier within
Estero Derecho and has a lobate shape and clear flow fea-
tures such as ridges and furrows, a steep frontal talus slope
(~ 40°) and well-defined lateral margins. There are a number
of depressions ~ 5 m deep on the surface and a pond on the
surface covering an area of ~ 80 m?. El Ternero is 1.93 km
long and has a maximum width of 0.51km and an area of
0.60 km?. It is deforming at a rate of ~ 1 ma~! and lower-
ing by ~0.15ma~! (based on three repeat differential GPS
measurements taken in the summer of 2018-2019 and 2019—
2020 between 4206—4417 ma.s.l.). In contrast, El Jote has
poorly defined flow features and a moderately steep frontal
slope (~ 24°). This landform is stagnant according to un-
published repeat differential GPS measurements taken at five
locations in the summer of 2018-2019 and 2019-2020. The
lack of obvious flow features and its location within a cirque
basin point toward the same conclusion. El Jote is 0.86 km
long, has a maximum width of 0.48 km and covers 0.31 km?.
Its surface is characterized by lobes as well as signs of sub-
sidence, such as depressions.

At El Ternero, a stream passes adjacent to the former
and eroded terminal moraine. The waterway initiates on the
mountain slope above and south of the rock glacier and con-
tinues downslope, eventually feeding a high-altitude wetland
and the main waterway within the reserve, Estero Derecho.
There is no evidence of water at the surface directly below
the current frontal slope of the rock glacier. However, a sub-
stantial amount of water can be heard running below the rock
glacier surface within topographic depressions. At El Jote,
water emerges ~ 200 m east of the main landform in a to-
pographic low at ~ 3740 ma.s.l. It is unclear if this water
originates from the rock glacier, another periglacial landform
or a groundwater source. There is a small periglacial feature
directly above that may be contributing, but no other obvi-
ous surface water source is visible. The waterway continues
for ~ 600 m, where it disappears ~ 100 m below the frontal
slope of the rock glacier. Water emerges in another, larger de-
pression along the same flow path ~ 550 m below the front
of the rock glacier and continues downslope, contributing to
an alpine wetland (i.e. bofedal) and Estero Derecho. There is
vegetation adjacent to the water; in contrast there is little to
no vegetation in the surrounding landscape.

3 Theory and methods
3.1 Geophysical measurements

Surface-based geophysical methods provide information
about subsurface physical properties and have been ex-
tensively used to investigate the internal structure of rock
glaciers (Hauck and Kneisel, 2008). In particular, electri-
cal resistivity and refraction seismic tomography are com-
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mon choices for the characterization of rock glacier internal
structure, even though their use on irregular rock surfaces
and frozen environments demands specialized techniques for
sensor coupling and data acquisition.

3.1.1 Electrical resistivity tomography (ERT)

ERT collects information about the subsurface distribution
of electrical resistivity (o) by injecting direct electric cur-
rents (DC) into the ground and measuring electric volt-
ages at different locations. Data are obtained using a large
number of resistance measurements made from spatially
distributed four-point electrode configurations (Binley and
Kemna, 2005). The geometry of the current injection and
potential electrode pairs are varied with typical set-ups in-
volving many tens of electrodes and several hundred or thou-
sand data points. These data are then inverted to compute the
spatial distribution of electrical resistivity in the subsurface
(Dahlin, 1996).

Electrical resistivity quantifies the current density flowing
through a cross-sectional area along a given length. In most
rocks and soils, electrical current is carried by movements
of ions in the pore water (electrolyte conduction) and by
the movement of mobile ions in an electrical diffuse layer
at the grain—fluid interface (surface conduction; Revil and
Glover, 1997), with the mineral matrix generally charac-
terized by high resistivity, unless electrical conductors are
present within it (Lesmes and Friedman, 2005). Due to the
high contrast in resistivity between saturated and unsaturated
sediments and the marked increase in resistivity values at
the freezing point, resistivity techniques have been useful in
both hydrology (de Lima, 1995; Daily et al., 1992; Valois
et al., 2018a, b) and permafrost studies (Evin et al., 1997;
Hauck et al., 2003; Langston et al., 2011). In periglacial en-
vironments, the use of ERT is particularly popular due to the
contrasting electrical resistivity corresponding to lithological
media, water (high conductivity) and ice (low conductivity).
Relevant values for electrical resistivity in rock glacier en-
vironments may be found in Maurer and Hauck (2007) and
Hauck and Kneisel (2008).

The main limitation for ERT is the need for the elec-
trodes to have a good galvanic contact with the ground.
Its application within the surveys was therefore problem-
atic due to the extremely high contact resistance caused by
air pockets between the electrodes and the ground surface.
Following the methodology of Maurer and Hauck (2007),
we attenuated this problem by both facilitating the injec-
tion of electric current into the ground by attaching sponges
soaked in saltwater to the electrodes and, in addition, in-
creasing the measured voltage by implementing the Wenner—
Schlumberger array configuration (its low geometrical fac-
tor provides larger measured voltages compared to other op-
tions).
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3.1.2 Refraction seismic tomography (RST)

RST is based on the analysis of first arrival travel times
of critically refracted seismic waves to reconstruct seismic
P-wave (i.e. compressional-wave) velocity models (Nolet,
1987; White, 1989). When seismic waves impinge on veloc-
ity boundaries, they change their direction of propagation.
At a critical angle that depends on the velocity contrast, head
waves are created that move along the interface at the speed
of the faster lower-lying layer velocity, and refracted waves
are emitted. These refracted waves measured by the receiver
and the timing of their arrival (i.e. first-arrival travel times)
are the main observations used in seismic refraction surveys.

Seismic velocity is the rate at which seismic waves prop-
agate through rocks and soils, and this generally increases
with material density. In periglacial environments the dif-
ferent velocity values expected for lithology and ground ice
(Maurer and Hauck, 2007; Hauck and Kneisel, 2008) is
favourable for the application of RST. For this reason seismic
refraction has been successfully used on rock glaciers since
the 1970s (Barsch, 1971; Potter, 1972). In the last 2 decades
the method has been extensively utilized in permafrost stud-
ies (Vonder-Miihll et al., 2002; Hauck et al., 2004; Drae-
bing and Krautblatter, 2012) and to monitor hydrodynamic-
variation impacts on velocities (Valois et al., 2016).

One limitation of first-arrival refraction methods is that
they only use a small portion of the information contained
in the seismic traces and strongly depend upon the assump-
tion that velocity increases with depth. In the case of veloc-
ity inversion (i.e. the deeper medium presenting a lower P-
wave velocity than the overlaying one), the refracted wave
will bend towards the normal. This gives rise to the so-called
“hidden-layer” phenomenon (Banerjee and Gupta, 1975). In
addition, surface conditions on rock glaciers highly attenu-
ate seismic energy and make it difficult to couple geophones
and seismic sources to the ground. During the collection of
seismic data, we were able to partially improve the coupling
through the use of a few geophones fastened to metal plates.
We also increased the signal-to-noise ratio by repeating the
same source position five times.

3.2 Acquisition strategy

Field data collection was conducted during the austral sum-
mer between the end of January and the beginning of Febru-
ary 2020. The location of sensors and sources of all the pro-
files were taken with a Trimble differential GPS. At both
sites, we acquired the ERT surveys using a Syscal Junior
Switch-48 (IRIS Instruments, France) with 48 electrodes
spaced 5 m apart and a Wenner—Schlumberger configuration
with 23 levels at its maximum; the dipole lengths for the po-
tential measurements were 5, 25 and 45 m, while for the cur-
rent injections these were between 15 and 235 m with inter-
vals of 10 m. For the El Jote rock glacier, the profile length
was 690m (Fig. 2a and b) and was obtained using five se-
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Figure 2. (a) Aerial image of El Jote showing the location of the
geophysical survey line and (b) its topography from field differen-
tial GPS measurements. (¢) Aerial image of El Ternero showing the
location of the geophysical survey line and (d) its topography from
field differential GPS measurements. Base maps in (a) and (c) from
Esri World Imagery (2018). (e) Scheme of the 50 % roll-alongs used
for ERT surveys on both rock glaciers and RST surveys on El Jote.
(f) Scheme of geophones and inline/offline shot positions for RST
surveys.

quential roll-alongs in which 50 % of the electrodes stayed
in place each time and the other 50 % were displaced along
the profile line (Fig. 2e). In total we implemented 144 dif-
ferent electrode positions and obtained 2135 measurement
points. For El Ternero the profile length was 575 m (Fig. 2¢
and d), which was obtained with four sequential roll-alongs.
Here we used 120 different electrode positions and obtained
1479 measurement points. We recorded the refraction seis-
mic surveys on both rock glaciers implementing a Geode
Exploration Seismograph device (Geometrics, USA) along
the same lines as for the ERT profiles. The seismic source
was a 15 kg sledge hammer on a steel plate, and we repeated
each shot position (stacking) five times in order to improve
the signal-to-noise ratio. For the profile taken on El Jote, we
used 48 geophones with a spacing of 5m and shots in be-
tween geophone positions, but these were spaced 10 m apart.
To obtain the length of 690 m, we applied five sequential roll-
alongs as done for the resistivity line.

In the case of El Ternero, the same spacing and configura-
tion was used for both shots and geophones, but after the first
line, the failure of one of the cables reduced the number of
geophones to 24. The total length of 575 m was then obtained
by moving the 24-channel set-up four times and adding of-
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Table 1. Acquisition settings for ERT and RST profiles on El
Ternero and El Jote.

El Jote ‘ El Ternero

ERT RST | ERT RST
Sensor positions 144 144 120 120
Sensor spacing (m) 5 5 5 5
Number of shots - 98 - 75
Shot spacing (m) - 10 - 10
Profile length (m) 690 690 575 575
Data points 2135 4575 1479 1400
Measurement errors 1.2%  0.001 (s) | 11.4% 0.001 (s)

fline shots (Fig. 2f) to link the different acquisitions at dis-
tances of 5, 15 and 25 m from the last geophone at each end
of the cable. While the geophysical line extended a bit past
the edge of the El Jote rock glacier, it was impossible to do
so in El Ternero because of the steep slopes of rock glacier
edges, causing the access to be too dangerous. Collection of
the profiles on El Ternero was logistically more challenging
than on El Jote, due to higher altitudes, the extremely hetero-
geneous surface and especially the failure of one of the geo-
phone cables. The overall data quality for this rock glacier is
much lower than for El Jote (Figs. 4a and b and 6a and b).
There are fewer data points, as measurements were not con-
ducted for areas with high contact resistance in the case of
ERT (almost 1.5 times less than for El Jote), and many traces
were too noisy to identify the first arrival travel times for RST
(more than 3 times less than for El Jote). For both profiles, we
manually picked the first arrival travel times on each trace,
resulting in 4575 picks for El Jote and 1400 for El Ternero.
For the ERT observations, the error models resulted in 1.2 %
relative error for El Jote and 15 % error for El Ternero; in the
first case, the error was obtained from the average of the stan-
dard deviation for measured apparent resistivities, whereas
in the second case such an average resulted in 11.4 %, but it
was subsequently inflated to obtain a satisfactory inversion
convergence. For the RST, an absolute error of 0.001 s was
considered, as estimated from the average variability in the
first arrival picking. The acquisition settings are summarized
in Table 1.

3.3 Data processing and inversion

The ERT observations were automatically filtered using the
acquisition software for a standard deviation larger than
25 %, while for the seismic refraction travel time, we man-
ually picked the first arrivals after applying a gain to the seis-
mic traces; therefore the traces were filtered according to our
ability to identify the first arrival times.

The inversion algorithms used to interpret the geophysi-
cal observations are part of pyGIMLI, an open-source library
developed in Python for geophysical inversion and mod-
elling (Riicker et al., 2017). On each rock glacier we im-
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Figure 3. L-curve analysis for the regularization weights (1) used
in the inversion of ERT and RST data on both rock glaciers. In each
plot, the values tested are A = 1, 5, 10, 15, 50 and 100.

plemented the same discretization mesh (with a maximum
cell size of 400 m? at the edge of the ERT secondary mesh,
and boundary conditions set to 4 times the span of the sen-
sors) for both ERT and RST inversion routines and used a
regularization weight of A = 10 for the inversion of all the
datasets, which were chosen according to the L-curve analy-
sis (Hansen, 2001). A schematic plot of the L-curve analysis
for each collected dataset is given in Fig. 3. In all cases we
present the model solution L2 norm against the residual L2
norm obtained for A = 1, 5, 10, 15, 50 and 100. We used a ho-
mogeneous resistivity starting model for both rock glaciers,
with a value equal to the median of the apparent resistivities
(pmedian — 4561 Qm for El Jote and pedian = 36054 Qm
for El Ternero) and a gradient model for the seismic velocity,
starting with 300ms ™! at the top of the tomogram and grad-
ually increasing to 5000ms~! at the bottom. In each case,
we refer to the error-weighted chi-square fit, where x? = 1
signifies a perfect fit (Glinther et al., 2006), to quantify the
resulting model parameters’ ability to explain the field ob-
servations.

In addition, to quantify the volumetric percentage of water,
ice, air and rock within each of the two rock glaciers, we used
the algorithm from Wagner et al. (2019) and tested in Mol-
laret et al. (2020) when implementing the four-phase model.
For this inversion scheme we kept the same discretization
meshes used for the individual inversions. The methodologi-
cal details regarding this inversion algorithm and its applica-
tion for this case study are given in Appendix A.

4 Results

4.1 El Jote

Figure 4 displays the datasets for (a) refraction seismic and
(b) electrical resistivity tomography collected on the El Jote
rock glacier, together with the (c) velocity and (d) resistiv-
ity tomograms obtained from their individual inversion. Af-
ter 15 iterations we obtain a x2 of 1.43 for the ERT and
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1.38 for the travel time data. At the top of the parameter do-
main the model results show low velocity (v < 10° ms™!)
and high resistivity (p > 10* £m), notably at approximately
300 m along the profile line, where the high resistivity val-
ues are concentrated and velocities are at a minimum. We
interpret this layer as blocks and highly fractured rocks with
air-filling pore spaces. This is consistent with field observa-
tions, where boulders are visible at the surface and possibly
extend downwards along with fractured rocks until depths
of 10 to 50 m. At the bottom of the tomogram the velocity
model presents high velocity values between 150 and 250 m
(between 50 and 80m depth) and at approximately 550 m
(between 40 and 50 m depth) along the profile line. In the first
case the resistivity values are relatively low (p ~ 10> Qm),
while at around 500m they increase by 1 order of mag-
nitude (p ~ 10* @m). This increase can be explained by a
decrease in air-filled pores, where between 150 and 250 m
the pores are filled with water (generally characterized by
lower resistivity than air-filled pores and particularly within
frozen rocks, where water might be highly saline and there-
fore even more conductive; Jones et al., 2019), while near
550 m they are filled with ground ice (high resistivity), lead-
ing to changes in the surface conductivity at the grain—water
or ice-water interface (Duvillard et al., 2018).

The results from the scheme of petrophysical joint inver-
sion are presented in Fig. 5. These confirm the interpretation
given for the individual inversion model and complement
these results with the quantification of the volumetric content
of the different subsurface components. The top layer (with
a thickness varying between 10 and 50 m along the profile) is
mostly air (up to 63 %; see Fig. 5e), with a low rock fraction
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(with a minimum of 27 % at the surface; see Fig. 5f). Below,
the unconsolidated rocks are characterized by a decrease in
porosity and relatively high content in water (up to 29 %; see
Fig. 5¢) except near the profile length of 550 m, where the
ice content slightly increases to 3 % (Fig. 5d). The decrease
in porosity could be explained by an increase in finer debris
within this part of the rock glacier, which is gravity driven at
larger depths and fill the pore space within larger-sized ma-
terial. In addition, the high rock content at the bottom of the
domain (88 %; see Fig. 5f) likely represents the top of the
bedrock. Besides the similarity in the structure and compo-
nent interpretation of the subsurface, the velocity and resis-
tivity models (Fig. Sa and b) present differences if compared
to the individual inversion results, with overall lower velocity
values and higher contrasts in the resistivity values.

4.2 El Ternero

Figure 6 displays the datasets for (a) refraction seismic
and (b) electrical resistivity tomography collected on the El
Ternero rock glacier, together with the (c) velocity and (d) re-
sistivity tomograms obtained from their inversion. After 15
iterations we obtain a x> of 1.49 for the ERT and 0.93 for
the travel time data. The results show a thin layer (approxi-
mately 5 4 0.25 m thick) of low velocity and high resistivity
which, as for El Jote, reflects the field observations, where
boulders are visible at the surface of the rock glacier: uncon-
solidated rock with air-filled pore space. Below this layer,
P-wave velocity increases gradually for the first 15-20 m up
to v ~3000ms~! and has a sharp increase at 25m depth
(v > 4000 ms~"). We interpret the gradual increase in veloc-
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ity as a decrease in air-filled pores, which could be due to an
increase in debris within the larger-sized materials (i.e. de-
creasing porosity), or as a gradual increase in compaction
or ground ice, with sharp changes with either the presence
of intact rock (i.e. top of the bedrock) or a significant in-
crease in the amount of ground ice. Also, at approximately
150 and 450 m on the profile length the two low-value re-
sistivity anomalies at depth most likely reflect the presence
of water within the pore space. Likewise, at the surface low-
resistivity anomalies are present within depressions at 80 and
260 m. The low-resistivity area at 450 m extends from the
surface to the bottom of the profile.

The joint inversion results obtained through petrophysical
coupling (Fig. 7) provide a possible interpretation for the in-
formation gained through the comparison of the two individ-
ual inversion model results. Indeed, they confirm the pres-
ence of a thin top layer (approximately 5m thick) with a
moderately high fraction of air (up to 28 %; see Fig. 7e) over-
laying a layer with a lower porosity and high ice content of
more than 30 % for the majority of the model domain and up
to 45 % at its highest concentration (Fig. 7d) except near the
profile length of 150 and 450 m, where the fraction of water
slightly increases to 13 % and 15 %, respectively (Fig. 7c¢).
The low-resistivity areas at 80 and 260 m within depressions
at the surface correspond to areas with elevated water frac-
tions of 12 % and 13 %. As in the previous case, the velocity
and resistivity models (Fig. 7a and b) present differences if
compared to the individual inversion, with overall lower ve-
locity and higher resistivity values and contrasts.
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5 Discussion

5.1 Data quality and comparison of the inversion
routines

For both field sites the acquisition of data and their quality
were limited by the short time available and difficult terrain:
the presence of large boulders with air-filled voids between
them at the surface of both glaciers attenuated the propaga-
tion of both mechanical and electrical energy. The quality of
the data was especially affected in the case of the El Ternero
rock glacier, which is clearly demonstrated when comparing
Figs. 4a and b and 6a and b. It must be stressed that the model
parameter domains shown in the individual P-wave velocity
inversion results and in the results of petrophysical joint in-
version (Figs. 4c, 6¢, 5 and 7) are geometrically delimited by
the lowermost ray path, but there are poorly resolved areas in
the P-wave velocity models presented due to the limited ray
coverage within the displayed area. This limitation within the
observations produces a major degree of uncertainty and am-
biguity within the inversion model results that we try to ad-
dress through the comparison of different inversion routines.

The overall structure of the inversion model results are
largely consistent with the main patterns of high/low resis-
tivities and high/low velocities presented in the individual
inversion results, as these are preserved in the schemes of
petrophysical joint inversion. This is also shown by the over-
all moderate to good correlation between the velocity and
resistivity model results between the two inversion schemes,
for both the El Jote (Fig. 8a with a correlation coefficient
of 0.9 and Fig. 8b with a correlation coefficient of 0.6) and
El Ternero rock glaciers (Fig. 8c with a correlation coef-
ficient of 0.7 and Fig. 8d with a correlation coefficient of
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0.5). Prior assumptions have a strong influence on inversion
model results, and comparing the outcomes from different in-
version schemes can help distinguish information contained
within the data from artefacts due to different regularization
and/or parametrization (de Pasquale et al., 2019). Therefore,
the common distributions of relatively high and low values
of resistivity and P-wave velocities between individual and
petrophysical joint inversions are constrained by the data,
since the two inversion schemes are based on different prior
assumptions.
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Nevertheless, assessment of the numerical values of ve-
locity and resistivity reveals some results we consider un-
realistic and differences between the results from the two
approaches. In the case of individual inversion results, P-
wave velocity models (Figs. 4c and 6¢) present some ex-
tremely low velocity values at the surface for El Jote (Fig. 8a;
Umin ~ 10ms~!) and extremely high velocity values at the
bottom of El Ternero (Fig. 8c; vmax ~ 10*ms™1). In the
first case, the low values are compensated by a high-velocity
anomaly at the bottom of the model which occupies a larger
volume and has larger velocity values if compared with the
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results of the joint inversion routine (Figs. 8a and 5a). In-
stead for El Ternero, the high values are counterbalanced by
lower velocity at the surface (vpyin ~ 100 ms_l) if compared
with the results obtained through joint inversion routines
(Ymin ~ 900 ms~!; Fig. 8c). Also, for both cases the results
of petrophysical joint inversion present the smaller ranges
of P-wave velocities (Fig. 8a and c) and the smoothest con-
trasts within the model, whereas the resistivity models give
the highest values and sharpest contrasts within the model
(Figs. 5b, 7b, and 8b and d). These discrepancies in the nu-
merical values of resistivities and P-wave velocities are due
to the different regularization used and to the choice of petro-
physical relationships and parameters from which the physi-
cal properties are computed (Appendix A).

5.2 El Jote (relict rock glacier)

For El Jote, the results show a top layer (laterally variable
between 10 and 50 m thick) of unconsolidated rock with air-
filled pore space, especially from 300 m to the end of the
profile line. This overlays a layer where the porosity de-
creases and appears saturated with water for the majority of
the line, apart from near 550 m, where the fraction of ground
ice slightly increases to 3 % (Fig. 5d). The increased velocity
and resistivity at 550 m could also be interpreted as the pres-
ence of intact rock, as opposed to ground ice. As explained

The Cryosphere, 16, 1579-1596, 2022

in Appendix A (Sect. A3), when the porosity of the subsur-
face is unknown, the scheme of petrophysical joint inversion
does not easily differentiate between ice and rock content. In
order to gain information about porosity, we unsuccessfully
attempted to drill a core sample, but due to the hardness of
rock at the site, the drill broke at very shallow depths. Nev-
ertheless, for both inversion results we infer that within this
rock glacier, it is likely that the ice has thawed, leaving be-
hind large voids filled with air (top layer) or water (deeper
layer). We classify El Jote as a relict rock glacier given that
it contains little to no ground ice according to the geophys-
ical results. For both the inversion results it seems that the
bedrock is deeper than 100 m for almost the entire profile
length. Also, at profile lengths of 150 to 250 m and approx-
imately 550 m, the strong increase in velocity and resistivity
values (Fig. 4c and d) and in rock content (Fig. 5f) at approx-
imately 60 m depth may be interpreted as a shallower top of
the bedrock. In addition, the lenses of lower resistivity values
could be due to an increase in finer debris or water content
within the pore space (p ~ 10°> m), and the high water con-
tent in the bottom layer (more than 20 %) suggests the pres-
ence of an aquifer between the bedrock and the surface of the
relict rock glacier. Also, the emergence of a perennial spring
in a sloping peatland a few hundred metres below points to-
wards the existence of a proglacial aquifer, which may be
connected to the bodies saturated by rock glacier water. How-
ever, additional data are required to evaluate this hypothesis.

5.3 El Ternero (intact rock glacier)

The inversion model results for El Ternero are slightly shal-
lower than those obtained for El Jote. This is due to the
failure of one of the two geophone cables: the offline shots
used to link the displaced arrays were recorded only by few
of the closest geophones to the shot position, thereby los-
ing ray coverage with depth. In addition, the low ray cov-
erage at depth is also due to the poor signal-to-noise ratio
for larger offsets. Nevertheless, we were able to retrieve use-
ful information from the field measurements. The inversion
outcomes show a 5m thick active layer made of unconsol-
idated rock with air-filled pore space overlaying an ice-rich
layer (Fig. 7d). Also, the steep increases in velocity values
located between 10 and 25 m depth (Fig. 6d) most likely in-
dicate rock compaction. Nevertheless this layer is not con-
tinuous, as there are low-resistivity anomalies near 150 and
450 m along the profile line which correspond to an increase
in the water content (Fig. 7c), which could be a sign of local
melting due to permafrost degradation or of reaching bedrock
(and the bottom of the ice-rich layer).

Areas of lower resistivity and higher water content are ob-
served in depressions between ice-rich permafrost zones on
El Ternero at 80 and 260 m (Figs. 6d and 7c). A very similar
pattern is observed on the Dos Lenguas rock glacier (Halla
et al., 2021). We conclude, in agreement with Halla et al.
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(2021), that the ridge and furrow topography has an influ-
ence on surface hydrology of the rock glacier.

El Ternero has roughly the same seismic velocity range
and maximum resistivity values as the Dos Lenguas rock
glacier (Halla et al., 2021). The estimated average volumetric
ice content for El Ternero of 33 % is very similar to the con-
servative estimate for Dos Lenguas of 32 % using the four-
phase model (4PM; Hauck et al., 2011). The maximum ice
content for Dos Lenguas is estimated to be 42 %—44 %.

5.4 Towards a diagnostic model representation for the
ice presence in rock glaciers

The results from the petrophysical joint inversion help quan-
tify the volumetric content of air, water, ice and rock and
identify El Jote as a relict rock glacier and El Ternero as an
intact rock glacier. However, in many cases the implemen-
tation of petrophysical joint inversion can be limited by the
lack of proper petrophysical models (or parameters). When
petrophysical model coupling is not possible, the compari-
son of velocity and resistivity model inversion results can still
deliver substantial information about the rock glacier’s inter-
nal structure. The resistivity—velocity density plots (Fig. 9)
built from the individual model inversion results of Figs. 4c
and d and 6¢ and d show clear differences between the two
rock glaciers, with relatively low-resistivity and low-velocity
clusters for the relict rock glacier, while the intact one is as-
sociated with higher velocities and resistivities.

The relatively low resistivities and low velocities (Fig. 9a)
are in agreement with air-filled unconsolidated sediments in-
ferred through the results of petrophysical joint inversion
(Fig. 5e and f). The lowest resistivities may be associated
with water and/or a proglacial aquifer (Fig. 5c; Sect. 5.2).

The gradual increases in resistivity and velocity (Fig. 9b)
are evidence of solid material such as bedrock or ice-rich
layers. Given the very high resistivities (over 10° m), our
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interpretation is that these are ice-rich layers, which agrees
with the results of petrophysical joint inversion (Fig. 7d).

The rather different appearance of the two density plots
(Fig. 9a and b) can be used as an indicator of the distinct na-
ture of the two rock glaciers: overall, the relict rock glacier
is characterized by lower resistivities and velocities, while
the intact rock glacier is indicated by higher resistivity and
velocity values, reflecting the ice-rich layer. The schematic
plot (Fig. 9c) summarizes the findings for our two endmem-
ber rock glaciers and could be useful for identifying ice-rich
landforms using methods of seismic and electrical resistivity.

The paper by Hilbich et al. (2021) is the only other publi-
cation we know of to complete a geophysical analysis com-
paring at least one active and inactive/relict rock glacier in
the Andes. Our results show a similar pattern for resistivity—
velocity plots of rock glaciers with maximum resistivity val-
ues < 100k2m in the case of an inactive/relict rock glacier
(RGII), compared to those with maximum resistivity val-
ues > 100k m in the case of an active rock glacier (RGI;
Hilbich et al., 2021). Also, the mean values of resistivity
and velocity for El Jote (7.5kQm and 932ms~! in the
case of individual inversion) and El Ternero (50.26 k2 m
and 1810 ms~! in the case of individual inversion) fall well
within the clusters associated with RGII and RGI rock glacier
types in Hilbich et al. (2021). Finally, the ice volumetric con-
tent derived by Hilbich et al. (2021) through the four-phase
model of the individual inversion results for RGI and RGII
are similar to the ice volumetric content derived in this study
for El Jote (0 %—3 %) and El Ternero (20 %—45 %) through
petrophysical joint inversion.

6 Conclusion and outlook

In this study, we presented the comparison of geophysical
signatures of one intact and one relict rock glacier using in-
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version results of refraction seismic and electrical resistivity
tomography in the Chilean Andes. The obtained tomograms
present much higher velocities and resistivities for the intact
rock glacier, which we interpreted as a much higher ice con-
tent according to physical parameters for ERT and RST sur-
veys on rock glaciers and the model results of petrophysical
inversion.

The resistivity—velocity density plots show a clear signa-
ture difference between these rock glaciers, which makes
sense given that El Jote is classified as a relict rock glacier
with an aquifer below and El Ternero is an intact (active)
rock glacier.

Through the joint interpretation of ERT and RST surveys
for El Jote we were able to detect the top of the bedrock in
part of the model domain and identify a potential aquifer,
while in the case of El Ternero the active layer and the top
of an ice-rich layer were identified, together with signs of its
partial ground ice thawing at the bottom of the investigated
area. The geophysical results confirm that El Ternero is an
intact rock glacier with a significant amount of ice and that
El Jote contains little to no ice (relict rock glacier).

There is ambiguity in the interpretation between the pres-
ence of ice or a rock matrix where resistivities and velocities
are relatively high, especially for the El Jote inversion results.
This could be improved adding information about subsurface
porosity or by the incorporation of additional freeze—thaw
sensitive datasets such as complex measurements of electri-
cal resistivity (Wagner et al., 2019). In addition, to increase
the investigated depth it would be necessary to improve the
seismic data quality, which could be done by fastening the
geophones to the surface by drilling small holes in the rock,
although this would be logistically challenging.

Appendix A: Petrophysical joint inversion

Petrophysical coupling allows for the inversion of separate
datasets to determine common parameters through petro-
physical relationships. Within this framework, Wagner et al.
(2019) developed an inversion scheme which allows for the
interpretation of seismic refraction travel times and apparent
resistivities in terms of ice, water, air and rock content. The
inversion is based on a petrophysics four-phase model (4PM;
Hauck et al., 2011) where partly or permanently frozen sub-
surface systems are assumed to be comprised of the volumet-
ric fractions of the solid rock matrix (f;) and a pore-filling
mixture of water ( fy), ice (fi) and air (f,):

i+t fitfa=1 (AD)

The treatment of the rock volumetric fraction as a single
phase is a justified simplification in rock glacier environment,
where the amount of sediments is negligible compared to the
hard rock.

The volumetric fractions in Eq. (A1) are related to the seis-
mic slowness (s), the reciprocal of the P-wave propagation
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velocity (v), through the time-averaging equation (Timur,
1968; Hauck et al., 2011) of

1 9
s:—zﬁ-f-&-i-ﬁ-i-é (A2)
VooV Uy Ui Uy
and to the electrical resistivity through a modification of
Archie’s second law (Archie, 1942) of

1_fr

where the porosity is expressed in terms of rock content
(¢ =1— f;) and m and n are the cementation and satura-
tion exponents, which were set, respectively, to 1.4 and 2.4
after few trials, according to the minimization of XZ. The
assumptions within this 4PM model are that the medium is
isotropic and has a single homogeneous mineralogy (valid-
ity of Eq. A2) and that the electric current flow is dominated
by electrolyte conduction (validity of Eq. A3; Mavko et al.,
2009).

The scheme of petrophysical joint inversion minimizes the
following objective function (Wagner et al., 2019; Mollaret
et al., 2020):

p=pw(1—fr>—m( J ) , (A3)

D =Pg+ APy + A, Pp, (A4)

where @4 refers to the combined data misfit, while ®, rep-
resents a smoothness regularization term built through four
first-order roughness operators to promote smoothness in the
distribution of each constituent of the four-phase system.
The last term is an additional regularization term which con-
straints the volume conservation (Eq. Al). The two weights
of A and A, are responsible for scaling the influences of the
two regularization terms, where A is chosen to fit the data
within the error bound and A, is chosen large enough to pro-
hibit nonphysical solutions (i.e. with a sum of the four phases
greater than 100 %).

Within this framework, the RST and ERT observations
are used to infer the volumetric fractions of water, ice, air
and rock for each model cell, while the spatial distribution
of electrical resistivity and P-wave velocities are obtained
through Eqgs. (A2) and (A3), where the petrophysical pa-
rameters and constituent velocities are assumed to be spa-
tially constant. We chose the values for the inversion of the
field observations based on the literature (Hauck and Kneisel,
2008; Maurer and Hauck, 2007; Hauck et al., 2011; Wagner
et al., 2019), which are listed in Table Al. Such parameters
are appropriate for periglacial environments and consistent
with relevant physical parameters for ERT and RST. Never-
theless, geotechnical in situ measurements could improve the
estimation of those and therefore the accuracy of the inver-
sion model results. A last important parameter to consider
in this scheme is the porosity initial value and range. Wag-
ner et al. (2019) already stressed the importance of a good
porosity estimation in order to avoid ambiguity between ice
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Table Al. Parameters used for the petrophysical joint inversion of
the El Jote and El Ternero datasets (Eqs. A2 and A3).

Archie parameters ‘ Constituent velocities

Pw 60 (Qm) | vw 1500 (ms™1)
n 24 | v 3500 (ms~1)
m 14 | va 330 ms™ 1)

U 6000 (ms~1)

and rock content, and in a recent study, Mollaret et al. (2020)
analyse the influence of the porosity constraint in the re-
sults of petrophysical joint inversion. Following the approach
of this last study and according to the previous knowledge
from the field site, we tested different initial porosity values
and ranges (@min—®max) for both rock glaciers. The choice
was made by selecting the less constraining intervals which
allowed for results consistent with the hypothesis of rock
glacier formations and the surface geology of the two sites.

Al Inversion parameters for the El Jote and El
Ternero rock glaciers

For both field locations we applied the same regularization
weight as for the individual inversion, A = 10, while for
ensuring the volume conservation, we applied A, = 10000.
Regularization weights were chosen as illustrated by Mol-
laret et al. (2020), considering both classic L-curve analysis
and the sum of the components fractions. For El Jote the ini-
tial porosity was set homogeneously to 30 % and inverted
within a range from 0 % to 80 %, heterogeneously within the
model. For El Ternero the initial porosity was set homoge-
neously to 60 % and inverted within a range from 10 % to
90 %, heterogeneously within the model. These values were
tested as mentioned in the previous section with a maximum
variation within the average volume contents of the inversion
model results of 5 %. Also, we ran the petrophysical joint in-
version for different combination of Archie’s parameters (m
and n) in order to minimize the x . Few pairs of parameters
led to comparably low x2 with values of m and n ranging, re-
spectively, between 1.3 and 1.5 and between 2 and 2.5. These
led to similar model results in terms of the volumetric con-
tribution of the four phases and of the transformed resistivity
and velocity values, with a principal effect on the water and
ice content. For both rock glaciers we observed a slight de-
crease in water content (maximum of 4 % for El Jote and
3 % for El Ternero) and increase in ice content (maximum of
0.1 % for El Jote and 3 % for El Ternero) when n and/or m
decreases. After 15 iterations we obtained an overall data fit
corresponding to x? = 1.45 and x? = 1.26 for El Jote and El
Ternero, respectively.

https://doi.org/10.5194/tc-16-1579-2022

A2 Result uncertainties

We ran several numerical simulations in order to quantify the
level of uncertainty on the petrophysical models obtained and
check the ability of the measurement geometry to recover
a realistic image of the subsurface. For both rock glaciers,
we assumed the exact same settings as for the field surveys
(i.e. same sensor locations, shot gatherings and quadrupole
settings) and generated synthetic data from a known dis-
tribution of rock, air, water and ice. In Figs. Al and A2
we show the synthetic models and the inversion model re-
sults calculated for the presence of data noise which equal
the one modelled for the field measurements. For both syn-
thetic models and inversion results, the directly modelled pa-
rameters are the water, ice, air and rock volumetric content,
whereas the resistivity and velocity data are transformed fol-
lowing Eqs. (A2) and (A3). These are obtained assuming the
same petrophysical parameters and constituent velocities as
the one used for the inversion of the field data (Table Al).
In Fig. A1, we present the model and inversion results ob-
tained for the same field settings as implemented on El Jote.
In the case presented, the relative error on the ERT-simulated
measurements was set to 1.2 %, and the absolute error on the
RST data was set to 0.001 s. The resulting model error (ME)
for each parameter (M e.g. air, water, rock and ice contents
and resistivity and velocity values) was than computed as

_ [Miny — Msyn|
Msyn

ME , (AS)
where inv and syn refer to the inverted and synthetic model
parameters, respectively. The average model error obtained
was of 28 % for the air content, 16 % for the ice content,
23 % for the water content, 7 % for the rock content, 30 %
for the interpreted velocity and 21 % for the interpreted resis-
tivities. Structurally, it is possible to observe that the surface
water anomaly modelled between =~ 100 and 300 m of the
profile length is much smaller in the case of the inversion re-
sults. This is due to the low ray coverage in this area and the
lack of a sufficiently large number of quadrupoles within the
field measurements. Nevertheless, the inverted results show
the ability of the measurements taken to resolve water and
ice anomalies, together with the bedrock interface, once the
proper data error is modelled. In fact, when we tried to in-
crease/decrease the error level set within the inversion rou-
tine (while keeping the same noise in the synthetic data), the
model uncertainties increases significantly (by ~ 30 % when
the error is set to 1 % for ERT and 0.0005 s for RST and by
~ 40 % when the error is set to 5 % for ERT and 0.002 s for
RST).

In the case of El Ternero (Fig. A2), we focus on the ability
of the field measurements to resolve the interfaces of the ac-
tive layer and bedrock. In this case, the relative error on the
ERT-simulated data was set to 12 %, and the absolute error
on the RST data was set to 0.001 s. The average model error
resulted in 24 % for the air content, 41 % for the ice con-
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Figure A2. Synthetic models and results of petrophysical joint inversion for the El Ternero field data settings. (a, b) Velocity- and
(¢, d) resistivity-transformed models. The directly modelled and inverted parameters are (e, f) water, (g, h) ice, (i, 1) air and (m, n) rock
volumetric content. All models are cut off below the lowermost ray path, with only the resistivity colour bar expressed in logarithmic scale.

tent, 32 % for the water content, 10 % for the rock content,
39 % for the interpreted velocity and 23 % for the interpreted
resistivities. Even though the volumetric quantities present
some differences between the synthetic model and inversion
results, the interfaces between active and inactive (ice-rich)
layers and the bedrock surfaces can be retrieved from the in-
version model results. As for the El Jote field measurement
settings, the increase/decrease in the error level within the in-
version routine led to an increase in the model uncertainties
(by ~ 31 % when the error is set to 6 % for ERT and 0.0005 s
for RST and by &~ 39 % when the error is set to 20 % for ERT
and 0.002 s for RST).

The Cryosphere, 16, 1579-1596, 2022

A3 Methodology limitations

Within their study, Wagner et al. (2019) applied the scheme
of petrophysical joint inversion to two synthetic test cases
and an Alpine field site. They emphasized the need for a good
porosity estimation/knowledge in order to reduce the ambi-
guity between rock and ice content. Such ambiguity was al-
ready stressed by Hauck et al. (2011), where the analytical
exploration of the range of possible values for ice, water, air,
and rock contents for a given pair of resistivity and veloc-
ity values show that air and water content can be discrimi-
nated quite well even if porosity is unknown, while there is
a strong ambiguity between ice and rock contents. This lim-
itation comes from the similar resistivity and P-wave ranges
that characterize both the ice and rock matrix, which results
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in a wide range of possible porosities. Nevertheless, Mol-
laret et al. (2020), who applied the methodology of Wagner
et al. (2019) to five different Alpine field sites, found that
the methodology is applicable for very different permafrost
landforms, with ice contents varying from low to high vol-
umetric contents, and that rock and ice contents are best
resolved when the measured P-wave velocity is relatively
low or high. In their study, Mollaret et al. (2020) also im-
plemented four different petrophysical models of electrical
resistivity: Archie’s law, Archie’s law with a surface con-
duction, a surface conduction model and a geometric mean
model. They show that in the first three cases the inversion
results are largely comparable and depend on the porosity
estimation, although they are based on theoretically different
electrical conduction processes (due to the lack of field cal-
ibration of the respective electrical material parameters in-
cluded in the equations so that these parameters are similarly
determined by minimizing the data misfit). In contrast, when
using the geometric mean model, the sensibility to porosity
estimation decreases but is computationally more demanding
due to the need for finding combinations of the four-phase re-
sistivities for inversion to convergence. To avoid increasing
the number of unknown constants within the inversion rou-
tine (i.e. the resistivities of the four phases), we decided to
apply Archie’s law as a petrophysical model of electrical re-
sistivity (Eq. A3).

Code and data availability. The inversion code imple-
mented and the data are available in a public reposi-
tory at  https://github.com/Giuliadepasquale-cz/Contrasting-
geophysical-signature-of-a-relict-and-an-intact-Andean-
rock-glacier/tree/main (last access: 2 May 2022) and at
https://doi.org/10.5281/zenodo.6499392 (de Pasquale, 2022).

Author contributions. GdP and RV analysed the data. GdP ran the
inversions and wrote most of the manuscript except Sect. 2: Study
area, which were written by NS. RV, SM and NS designed the
study, organized the field campaign, and reviewed and edited the
manuscript. All authors contributed to the study.

Competing interests. The contact author has declared that neither
they nor their co-authors have any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. The field campaign to obtain the geophysical
profiles on the two glaciers was logistically and physically chal-
lenging because of the location and altitude. This data collection
was possible thanks to Eduardo Yéafez San Francisco, Gonzalo

https://doi.org/10.5194/tc-16-1579-2022

Navarro Chamal, Marcelo Marambio Portilla, Ivan Fuentes, Jorge
Sanhueza Soto, Benjamin Lehmann, Ayén Garcia Pifia, Christo-
pher Ulloa Correa and Ignacio Diaz Navarro. We also wish to
thank Claudio Jordi for sharing his code and Florian Wagner and
his research group for making it available to the public. We thank
Benjamin Ignacio Castro Cancino for his contribution to the rock
glacier descriptions and for providing the mean annual air tempera-
ture (MAAT) data for the station in Estero Derecho. Also, we would
like to thanks the editor and the reviewers who helped clarify and
restructure the article through the review process.

Financial support. This research has been supported by
the CONICYT-Programa  Regional-Fortalecimiento  (grant
no. RI16A10003), ANID-CENTROS REGIONALES (grant
no. R20F0008) and FIC-R (2016) Coquimbo (BIP; grant
no. 40000343). Nicole Schaffer was supported by ANID-
FONDECYT-Postdoctorado (grant no. 3180417).

Review statement. This paper was edited by Christian Hauck and
reviewed by Lukas U. Arenson and two anonymous referees.

References

Aguilar, G., Riquelme, R., Martinod, J., and Darrozes, J.: Rol del
clima y la tecténica en la evolucién geomorfoldgica de los andes
semidridos chilenos entre los 27-32° S, Andean Geol., 40, 79—
101, 2013.

Archie, G.: The electrical resistivity log as an aid in determining
some reservoir characteristics, Trans. AIME, 146, 54-62, 1942.

Azécar, G. and Brenning, A.: Hydrological and geomorphological
significance of rock glaciers in the dry Andes, Chile (27-33° S),
Permafrost Periglac., 21, 42-53, 2010.

Backus, G. and Gilbert, F.: Uniqueness in the inversion of inaccurate
gross earth data, Philos. T. Roy. Soc., 266, 123-192, 1970.

Ballantyne, C.: Periglacial geomorphology, Quaternary Sci. Rev.,
21, 1935-2017, 2002.

Banerjee, B. and Gupta, S.: Hidden layer problem in seismic refrac-
tion work, Geophys. Prospect., 23, 542-652, 1975.

Barcaza, G., Nussbaumer, S. U., Tapia, G., Valdés, J., Gar-
cifa, J.-L., Videla, Y., Albornoz, A., and Arias, V.. Glacier
inventory and recent glacier variations in the Andes
of Chile, South America, Ann. Glaciol., 58, 166-180,
https://doi.org/10.1017/a0g.2017.28, 2017.

Barsch, D.: Rock glaciers and ice-cored moraines, Geogr. Ann., 53,
203-206, 1971.

Barsch, D.: Permafrost creep and rockglaciers, Permafrost
Periglac., 3, 175-188, https://doi.org/10.1002/ppp.3430030303,
1992.

Barsch, D.: Rockglaciers, 1st edn., Springer-Verlag, Berlin, ISBN
3-540-60742-0, 1996.

Berthling, I.: Beyond confusion: rock glaciers as cryo-conditioned
landforms, Geomorphology, 131, 98-106, 2011.

Binley, A. and Kemna, A.: DC Resistivity and Induced Polariza-
tion Methods, in: Hydrogeophysics. Water Science and Technol-
ogy Library, edited by: Rubin, Y. and Hubbard, S. S., vol. 50,

The Cryosphere, 16, 1579-1596, 2022


https://github.com/Giuliadepasquale-cz/Contrasting-geophysical-signature-of-a-relict-and-an-intact-Andean-rock-glacier/tree/main
https://github.com/Giuliadepasquale-cz/Contrasting-geophysical-signature-of-a-relict-and-an-intact-Andean-rock-glacier/tree/main
https://github.com/Giuliadepasquale-cz/Contrasting-geophysical-signature-of-a-relict-and-an-intact-Andean-rock-glacier/tree/main
https://doi.org/10.5281/zenodo.6499392
https://doi.org/10.1017/aog.2017.28
https://doi.org/10.1002/ppp.3430030303

1594 G. de Pasquale et al.: Contrasting geophysical signature of a relict and an intact Andean rock glacier

https://doi.org/10.1007/1-4020-3102-5_5, Springer Netherlands,
Dordrecht, 2005.

Bodin, X., Rojas, F., and Brenning, A.: Status and evolution of the
cryosphere in the Andes of Santiago (Chile, 33.5° S), Geomor-
phology, 118, 453-464, 2010.

Brenning, A., Grasser, M., and Friend, D.: Statistical estimation and
generalized additive modeling of rock glacier distribution in the
San Juan Mountains, Colorado, United States, J. Geophys. Res.,
112, https://doi.org/10.1029/2006JF000528, 2007.

Colucci, R., Forte, E., Zebre, M., Maset, E., Zanettini, C., and
Guglielmin, M.: Is that a relict rock glacier?, Geomorphology,
330, 177-189, 2019.

Corte, A.: The Hydrological Significance of Rock Glaciers, J.
Glaciol., 17, 157-158, 1976.

Croce, F. and Milana, J.: Internal structure and behaviour of a rock
glacier in the arid Andes of Argentina, Permafrost Periglac., 13,
289-299, 2002.

Dahlin, T.: 2D resistivity surveying for environmental and engineer-
ing applications, First Break, 14, 275-283, 1996.

Daily, W., Ramirez, A., LaBrecque, D., and Nitao, J.: Electrical re-
sistivity tomography of vadose water movement, Water Resour.
Res., 28, 1429-1442, 1992.

Delaloye, R. and Echelard, T.: IPA Action Group Rock glacier
inventories and kinematics: Towards standard guidelines
for inventorying rock glaciers. Baseline concepts v 4.1,
https://www?3.unifr.ch/geo/geomorphology/en/research/
ipa-action-group-rock-glacier/ (last access: 20 January 2020),
2020.

de Lima, A.: Water saturation and permeability from resistivity, di-
electric, and porosity logs, Geophysics, 60, 1756-1764, 1995.

de Pasquale, G.: Giuliadepasquale-cz/Contrasting-geophysical-
signature-of-a-relict-and-an-intact-Andean-rock-glacier: ~ Data
from El Jote and el Ternero (v1.0), Zenodo [code/data set],
https://doi.org/10.5281/zenodo.6499392, 2022.

de Pasquale, G., Linde, N., and Greenwood, A.: Joint probabilistic
inversion of DC resistivity and seismic refraction data applied to
bedrock/regolith interface delineation, J. Appl. Geophys., 170,
103839, https://doi.org/10.1016/j.jappgeo.2019.103839, 2019.

DGA: Atlas del Agua, Chile, https://dga.mop.gob.cl/atlasdelagua/
Paginas/default.aspx (last access: 1 November 2017), 2016.

Draebing, D. and Krautblatter, M.: P-wave velocity changes
in freezing hard low-porosity rocks: a laboratory-based
time-average model, The Cryosphere, 6, 1163-1174,
https://doi.org/10.5194/tc-6-1163-2012, 2012.

Duvillard, P. A., Revil, A., Qi, Y., Soueid Ahmed, A.,
Coperey, A., and Ravanel, L.: Three-Dimensional Electri-
cal Conductivity and Induced Polarization Tomography of a
Rock Glacier, J. Geophys. Res.-Sol. Ea., 123, 9528-9554,
https://doi.org/10.1029/2018JB015965, 2018.

Evin, M., Fabre, D., and Johnson, P.: Electrical resistivity measure-
ments on the rock glaciers of Grizzly Creek, St Elias Mountains,
Yukon, Permafrost Periglac., 8, 181-191, 1997.

Favier, V., Falvey, M., Rabatel, A., Praderio, E., and Lépez, D.: In-
terpreting discrepancies between discharge and precipitation in
high-altitude area of Chile’s nortechico region (26-32° S), Water
Resour. Res., 45, 1-20, 2009.

Garreaud, R. D.: The Andes climate and weather, Adv. Geosci., 22,
3-11, https://doi.org/10.5194/adgeo-22-3-2009, 2009.

The Cryosphere, 16, 1579-1596, 2022

Gtinther, T., Riicker, C., and Spitzer, K.: Three-dimensional model-
ing and inversion of DC resistivity data incorporating topography
—1II. Inversion, Geophys. J. Int., 166, 506517, 2006.

Halla, C., Blothe, J. H., Tapia Baldis, C., Trombotto Liaudat, D.,
Hilbich, C., Hauck, C., and Schrott, L.: Ice content and in-
terannual water storage changes of an active rock glacier in
the dry Andes of Argentina, The Cryosphere, 15, 1187-1213,
https://doi.org/10.5194/tc-15-1187-2021, 2021.

Hansen, P.: The L-Curve and Its Use in the Numerical Treatment
of Inverse Problems, Computational Inverse Problems in Elec-
trocardiology, 4, 119-142, 2001.

Harrington, J., Mozil, A., Hayashi, M., and Bentley, L.: Groundwa-
ter flow and storage processes in an inactive rock glacier, Hydrol.
Process., 32, 3070-3088, 2018.

Hauck, C. and Kneisel, C.: Applied Geophysics in Periglacial En-
vironments, 1st edn., Cambridge University Press, Cambridge,
ISBN 978-0-521-88966-7, 2008.

Hauck, C., Miuhll, D. V., and Maurer, H.: DC resistivity tomogra-
phy to detect and characterize mountain permafrost, Geophys.
Prospect., 51, 273-284, 2003.

Hauck, C., Isaksen, K., Miihll, D. V., and Sollid, J.: Geophysical
surveys designed to delineate the altitudinal limit of mountain
permafrost: an example from Jotunheimen, Norway, Permafrost
Periglac., 15, 191-205, 2004.

Hauck, C., Bottcher, M., and Maurer, H.: A new model for
estimating subsurface ice content based on combined elec-
trical and seismic data sets, The Cryosphere, 5, 453468,
https://doi.org/10.5194/tc-5-453-2011, 2011.

Hausmann, H., Grainer, K., Briickl, E., and Mostler, W.: Internal
Structure and Ice Content of Reichenkar Rock Glacier (Stubai
Alps, Austria) Assessed by Geophysical Investigations, Per-
mafrost Periglac., 28, 351-367, 2007.

Hellman, K., Ronzcka, M., Giinther, T., Wennermark, M., Riicker,
C., and Dahlin, T.: Structurally coupled inversion of ERT and
refraction seismic data combined with cluster-based model inte-
gration, J. Appl. Geophys., 143, 169-181, 2017.

Hilbich, C., Hauck, C., Mollaret, C., Wainstein, P., and Arenson,
L. U.: Towards accurate quantification of ice content in per-
mafrost of the Central Andes, part I: geophysics-based estimates
from three different regions, The Cryosphere Discuss. [preprint],
https://doi.org/10.5194/tc-2021-206, in review, 2021.

Jones, D., Harrison, S., Anderson, K., and Betts, R.: Mountain rock
glaciers contain globally significant water stores, Sci. Rep., 8,
2834, https://doi.org/10.1038/s41598-018-21244-w, 2018.

Jones, D. B., Harrison, S., Anderson, K., and Whalley, W. B.: Rock
glaciers and mountain hydrology: A review, Earth-Sci. Rev., 193,
66-90, https://doi.org/10.1016/j.earscirev.2019.04.001, 2019.

Jordi, C., Doetsch, J., Giinther, T., Schmelzbach, C., Maurer, H.,
and Robertsson, J.: Structural joint inversion on irregular meshes,
Geophys. J. Int., 220, 1995-2008, 2019.

Kabanikhin, S.: Definitions and Examples of Inverse and
I1l-Posed Problems, J. Inverse Ill-Pose. P, 16, 317-357,
https://doi.org/10.1515/J1IP.2008.019, 2008.

Krainer, K. and Mostler, W.: Flow velocities of active rock
glaciersin the Austrian Alps, Geogr. Ann., 88, 267-280, 2006.
Langston, G., Bentley, L., Hayashi, M., McClymont, A., and
Pidlisecky, A.: Internal structure and hydrological functions of
an alpine proglacial moraine, Hydrol. Process., 25, 2967-2982,

2011.

https://doi.org/10.5194/tc-16-1579-2022


https://doi.org/10.1007/1-4020-3102-5_5
https://doi.org/10.1029/2006JF000528
https://www3.unifr.ch/geo/geomorphology/en/research/ipa-action-group-rock-glacier/
https://www3.unifr.ch/geo/geomorphology/en/research/ipa-action-group-rock-glacier/
https://doi.org/10.5281/zenodo.6499392
https://doi.org/10.1016/j.jappgeo.2019.103839
https://dga.mop.gob.cl/atlasdelagua/Paginas/default.aspx
https://dga.mop.gob.cl/atlasdelagua/Paginas/default.aspx
https://doi.org/10.5194/tc-6-1163-2012
https://doi.org/10.1029/2018JB015965
https://doi.org/10.5194/adgeo-22-3-2009
https://doi.org/10.5194/tc-15-1187-2021
https://doi.org/10.5194/tc-5-453-2011
https://doi.org/10.5194/tc-2021-206
https://doi.org/10.1038/s41598-018-21244-w
https://doi.org/10.1016/j.earscirev.2019.04.001
https://doi.org/10.1515/JIIP.2008.019

G. de Pasquale et al.: Contrasting geophysical signature of a relict and an intact Andean rock glacier 1595

Lesmes, D. and Friedman, S.: Relationships between the Electrical
and Hydrogeological Properties of Rocks and Soils, in: Hydro-
geophysics. Water Science and Technology Library, edited by:
Rubin, Y. and Hubbard, S. S., vol. 50, https://doi.org/10.1007/1-
4020-3102-5_4, Springer Netherlands, Dordrecht, 2005.

Linde, N. and Doetsch, J.: Joint Inversion in Hydrogeophysics
and Near Surface Geophysics, in: Integrated Imaging of the
Earth: Theory and Applications, edited by: Moorkamp, M.,
Lelievre, P. G., Linde, N., Khan, A., American Geophisical
Union, https://doi.org/10.1002/9781118929063.ch7, 2016.

Maurer, H. and Hauck, C.: Instruments and Methods: Geophysical
imaging of alpine rock glaciers, J. Glaciol., 53, 110-120, 2007.

Mavko, G., Mukerji, T., and Dvorkin, J.: The Rock Physics
Handbook - Tools for Seismic Analysis of Porous
Media, Cambridge University Press, Cambridge, UK,
https://doi.org/10.1017/CB0O9780511626753, 2009.

Mollaret, C., Wagner, F., Hilbich, C., Scapozza, C., and Hauck, C.:
Petrophysical Joint Inversion Applied to Alpine Permafrost Field
Sites to Image Subsurface Ice, Water, Air, and Rock Contents,
Front. Earth Sci., 8, 85, 2020.

Monnier, S. and Kinnard, C.: Internal structure and composition
of a rock glacier in the Andes (upper Choapa valley, Chile)
using borehole information and ground-penetrating radar, Ann.
Glaciol., 54, 61-72, 2013.

Monnier, S. and Kinnard, C.: Internal structure and composition of a
rock glacier in the Dry Andes, inferred from ground-penetrating
radar data and its artefacts, Permafrost Periglac., 26, 335-346,
2015.

Moorkamp, M., Leliévre, P., Linde, N., and Khan, A.: Integrated
Imaging of the Earth: Theory and Applications, 1st edn., AGU —
John Wiley & Sons, ISBN 1118929055, 2016.

Nolet, G.: Seismic wave propagation and seismic tomography, in:
Seismic Tomography. Seismology and Exploration Geophysics,
vol. 5, edited by: Nolet, G., Springer Netherlands, Dordrecht,
https://doi.org/10.1007/978-94-009-3899-1_1, 1987.

Nuiiez, J., Rivera, D., Oyarzun, R., and Arumi, J.: Influence of Pa-
cific Ocean multi decadal variability on the distributional prop-
erties of hydrological variables in north-central Chile, J. Hydrol.,
501, 227-240, 2013.

Oyarzin, J. and Oyarzin, R.: Sustainable development threats,
inter-sector conflicts and environmental policy requirements in
the arid, mining rich, northern Chile territory, Sustain. Dev., 19,
263-274,2011.

Potter, N.: Ice-Cored Rock Glacier, Galena Creek, Northern Ab-
saroka Mountains, Wyoming, Geol. Soc. Am. Bull., 83, 3025—
3058, 1972.

Pourrier, J., Jourde, H., Kinnard, C., Gascoin, S., and Monnier, S.:
Glacier meltwater flow paths and storage in a geomorphologi-
cally complex glacial foreland: The case of the Tapado glacier,
dry Andes of Chile, J. Hydrol., 519, 1068-1083, 2014.

Réveillet, M., MacDonell, S., Gascoin, S., Kinnard, C., Lhermitte,
S., and Schaffer, N.: Impact of forcing on sublimation sim-
ulations for a high mountain catchment in the semiarid An-
des, The Cryosphere, 14, 147-163, https://doi.org/10.5194/tc-
14-147-2020, 2020.

Revil, A. and Glover, P.: Theory of ionic-surface electrical conduc-
tion in porous media, Phys. Rev. B, 55, 1757-1773, 1997.

https://doi.org/10.5194/tc-16-1579-2022

RGIK: Towards standard guidelines for inventorying rock glaciers:
baseline concepts (version 4.2.1), IPA Action Group Rock
glacier inventories and kinematics, 13 pp., 2021.

Riicker, C., Guinther, T., and Wagner, F.: pyGIMLi: An open-
source library for modelling and inversion in geophysics, Com-
put. Geosci., 109, 106-123, 2017.

Schaffer, N., MacDonell, S., Réveillet, M., Yaiez, E., and Valois,
R.: Rock glaciers as a water resource in a changing climate in the
semiarid Chilean Andes, Reg. Environ. Change, 19, 1263-1279,
2019.

Schrott, L.: Some geomorphological-hydrological aspects of rock
glaciers in the Andes (San Juan, Argentina), Z. Geomorphol.
Supp., 104, 161-173, 1996.

Sinclair, K. and MacDonell, S.: Seasonal evolution of penitente
glaciochemistry at Tapado Glacier, Northern Chile, Hydrol. Pro-
cess., 30, 176-186, 2016.

Springman, S. M., Arenson, L. U., Yamamoto, Y., Maurer, H.,
Kos, A., Buchli, T., and Derungs, G.: Multidisciplinary in-
vestigations on three rock glaciers in the swiss alps: lega-
cies and future perspectives, Geogr. Ann. A, 94, 215-243,
https://doi.org/10.1111/j.1468-0459.2012.00464 x, 2012.

Steiner, M., Wagner, F. M., Maierhofer, T., Schoner, W., and Flo-
res Orozco, A.: Improved estimation of ice and water contents in
alpine permafrost through constrained petrophysical joint inver-
sion: The Hoher Sonnblick case study, Geophysics, 85, WB119-
WB133, https://doi.org/10.1190/ge02020-0592.1, 2021.

Thies, H., Nickus, U., Mair, V., Tessadri, R., Tait, D., Thaler, B., and
Psenner, R.: Unexpected response of high alpine lake waters to
climate warming, Environ. Sci. Technol., 41, 7424-7429, 2007.

Timur, A.: Velocity of compressional waves in porous media at per-
mafrost temperatures, Geophysics, 33, 584-595, 1968.

Valois, R., Galibert, P., Guérin, R., and Plagnes, V.: Application of
combined time-lapse seismic refraction and electrical resistivity
tomography to the analysis of infiltration and dissolution pro-
cesses in the epikarst of the Causse du Larzac (France), Near
Surf. Geophys., 14, 13-22, 2016.

Valois, R., Cousquer, Y., Schmutz, M., Pryet, A., Delbart, C., and
Dupuy, A.: Characterizing Stream-Aquifer Exchanges with Self-
Potential Measurements, Hydrogeol. J., 56, 437-450, 2018a.

Valois, R., Vouillamoz, J., Lun, S., and Arnout, L.: Map-
ping groundwater reserves in northwestern Cambodia with
the combined use of data from lithologs and time-domain-
electromagnetic and magnetic-resonance soundings, Hydrogeol.
J., 26, 1187-1200, 2018b.

Valois, R., MacDonell, S., Nuifiez-Cobo, J., and Maureira-Cortés,
H.: Groundwater level trends and recharge event characterization
using historical observed data in semi-arid Chile, Hydrolog. Sci.
J., 65, 597-609, 2020a.

Valois, R., Schaffer, N., Figueroa, R., Maldonato, A., Yéiiez, E.,
Hevia, A., Carrizo, G. Y., and MacDonell, S.: Characterizing
the Water Storage Capacity and Hydrological Role of Mountain
Peatlands in the Arid Andes of North-Central Chile, Water, 12,
1071, 2020b.

Vonder-Miihll, D., Hauck, D., and Gubler, C.: Mapping of mountain
permafrost using geophysical methods, Prog. Phys. Geog., 26,
643-660, 2002.

Vozoff, K. and Jupp, D.: Joint Inversion of Geophysical Data, Geo-
phys. J. Int., 46, 977-991, 1975.

The Cryosphere, 16, 1579-1596, 2022


https://doi.org/10.1007/1-4020-3102-5_4
https://doi.org/10.1007/1-4020-3102-5_4
https://doi.org/10.1002/9781118929063.ch7
https://doi.org/10.1017/CBO9780511626753
https://doi.org/10.1007/978-94-009-3899-1_1
https://doi.org/10.5194/tc-14-147-2020
https://doi.org/10.5194/tc-14-147-2020
https://doi.org/10.1111/j.1468-0459.2012.00464.x
https://doi.org/10.1190/geo2020-0592.1

1596 G. de Pasquale et al.: Contrasting geophysical signature of a relict and an intact Andean rock glacier

Wagpner, E., Mollaret, C., Glinther, T., Kemna, A., and Hauck, C.: Yafiez, G., Renero, C., von Huene, R., and Diaz, J.: Magnetic
Quantitative imaging of water, ice and air in permafrost sys- anomaly interpretation across the southern-central Andes (32—
tems through petrophysical joint inversion of seismic refraction 34 S): The role of the Juan Ferndndez Ridge in the late Tertiary
and electrical resistivity data, Geophys. J. Int., 219, 1866—1875, evolution of the margin, J. Geophys. Res.-Sol. Ea., 106, 6325—
2019. 6345, 2001.

White, D.: Two-Dimensional Seismic Refraction Tomography,
Geophys. J. Int., 97, 223-245, 1989.

Winkler, G., Wagner, T., Pauritsch, M., Birk, S., Kellerer-
Pirklbauer, A., Benischke, R., Leis, A., Morawetz, R.,
Schreilechner, M. G., and Hergarten, S.: Identification and as-
sessment of groundwater flow and storage components of the
relict Schoneben Rock Glacier, Niedere Tauern Range, Eastern
Alps (Austria), Hydrogeol. J., 24, 937-953, 2016.

The Cryosphere, 16, 1579-1596, 2022 https://doi.org/10.5194/tc-16-1579-2022



	Abstract
	Introduction
	Study area
	Theory and methods
	Geophysical measurements
	Electrical resistivity tomography (ERT)
	Refraction seismic tomography (RST)

	Acquisition strategy
	Data processing and inversion

	Results
	El Jote
	El Ternero

	Discussion
	Data quality and comparison of the inversion routines
	El Jote (relict rock glacier)
	El Ternero (intact rock glacier)
	Towards a diagnostic model representation for the ice presence in rock glaciers

	Conclusion and outlook
	Appendix A: Petrophysical joint inversion
	Appendix A1: Inversion parameters for the El Jote and El Ternero rock glaciers
	Appendix A2: Result uncertainties
	Appendix A3: Methodology limitations

	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

