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Recent studies have revealed that in high-altitude mountain environments the global warming trend over
the last few decades tends to be strongly amplified. However, few attempts have been made to monitor
the possible effects of such climate changes on high-altitude rock glaciers. In this paper, we provide a
geomorphic analysis of the Varas rock glacier, and present the first observations of rock glacier temper-
ature (air and ground) and surface velocities in the Andes of northwestern Argentina. A network of 30
boulders was monitored every year between 2012 and 2016 using a differential Global Positioning Sys-
tem. Over the observational period, the Varas active rock glacier registered velocities between 125 and
5cm/yr, except for four boulders which did not shift. Over the five years of monitoring, the mean an-
nual air and ground (at 5 and 50 cm depth) temperature remained above 0°C. A long-term instrumental
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E{e_r?afl“_md weather dataset (106 years), located ~130km from the Varas rock glacier, at La Quiaca station, reveals
gh-altitude a warming trend of 0.8°C during the last century, with a steep increase during the last two and half

Subtropical Andes . . . . . ..

Argentina decades. The warming trend recorded in the region may have produced or facilitated the inactivity of the

more-exposed sectors of the Varas active rock glacier. However, there also may be a delay in the rela-
tively slow and full response of rock glaciers to the last few decades of warming. Finally, the observations

allow us to propose a formation sequence in the Varas rock glacier valley, since postglacial time.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Rock glaciers are one of the most widespread and common fea-
tures of the high-altitude cryosphere in the arid to semiarid Cen-
tral Andes ([1,14,56,58,76] and [4,22,51,59,61]). The recent Argen-
tine National Law protects rock glaciers from impacts produced by
mining and industrial activities and therefore their study has ac-
quired great importance in the last few years [71]. Moreover, rock
glaciers are potential water resources, vital for agriculture and sub-
sistence of native communities that develop small-scale farming
down valley [4,20,51,59,65].

In the tropical and subtropical Andes, warming trends have
been reported during the last few decades [24,63,79]. In gen-
eral, the rate of warming is also amplified with elevation, with
greater a rise in high-altitude mountain environments [57]. As a
consequence, an increase in elevation of the 0°C isotherm (freez-
ing level) enlarges the area with positive temperatures, which
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produces the degradation and restriction of the high-mountain
cryosphere (e.g., [17,25,30,78]). For example, during recent decades
the glaciated surface area in the tropical and subtropical Andes has
been dramatically reduced [39,60]. Hence, the study of the recent
glacier wastage has become critical due to the strong dependence
of local communities on glacier meltwater for human consumption
and agriculture [13]. Yet, the response of the mountain permafrost
(e.g., rock glaciers) to regional warming has not been resolved in
South America [39,74]. Moreover, general circulation models pre-
dict that high-mountain ranges in the low-latitude Andes will be
severely affected by temperature rise over the next few decades
and centuries [11].

Recently, hundreds of rock glaciers have been reported in
northwestern Argentina [2,26,51]. Because of the difficult access,
and hard fieldwork conditions above 4500 m a.s.l., most of these
rock glaciers have been indentified and inventoried using remote
sensing; and their classification into active, inactive or fossils forms
has been done using geomorphologic criteria of activity. The activ-
ity classification is based on diagnostic features such as: steepen-
ing of the front slope, presence of fine material in the front slope,
surface structures (ridges and furrows), degree of vegetation cover,
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Fig. 1. (a) Digital Elevation Model (based on Shuttle Radar Topography Mission) of northwestern Argentina showing the location of Varas rock glacier (yellow star). (b) Varas
rock glacier map with the main geomorphologic features, boulders monitored and temperature data logger location. VARG: Varas active rock glacier; VIRG: Varas inactive
rock glacier; SAPL: small active protalus lobe. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

relationships with the source area, among others [6,16,80]. Such
geomorphologic criteria are easily applied and useful to classify
rock glacier activity from satellite images, aerial photographs and
digital elevation models.

However, obtaining the more difficult measurements of move-
ment and monitoring of temperature are essential, in order to
characterize rock glaciers and corroborate the activity criteria used
for regional rock glacier inventories based on remote sensing ap-
proaches. Flow velocities of rock glaciers have been reported in
several places around the world (see [5,45]), but in the Central An-
des such measurements are scarce [9,23,41]. Given the small num-
ber of South American (and world-wide) high-altitude (>4000m
a.s.l.) meteorological stations, climatic monitoring on active rock
glaciers can be used for model validation and detection of changes
in regions of the world that are warming the fastes [11,57,77].

In this paper, we provide a geomorphic analysis of the Varas
rock glacier (cf. [51]), and present the first observations of rock
glacier temperature (air and ground) and surface velocities in the
Andes of northwestern Argentina. To establish climate trends for
the last 106 years, we use and discuss the only regionally avail-
able extensive high-altitude air temperature dataset, in nearby La
Quiaca. Finally, we discuss the main surface flow conditions, ther-
mal characteristics, and formation of the Varas rock glacier, as well
as inferred changes in its dynamics as a result of recent climate
change.

2. Regional setting

The Cordillera Oriental of northwestern Argentina (~22-26°S)
is a north-south trending mountain range along the eastern border
of the Puna-Altiplano plateau (Fig. 1a). The rainfall in Cordillera
Oriental is related with the activity of the South American Sum-
mer Monsoon [83]. Most of the annual rainfall (~75%) is pro-
duced during the austral summer [7], in response to the South
American Low Level Jet winds that transport the humidity from
the Amazon region to northern Argentina [28]. The moisture tra-
jectory creates an orographic effect across the Cordillera Oriental,
where the east side receives ~2000 mmy/yr of precipitation and the
west side, close to the Puna-Altiplano plateau, ~400 mm/yr. Also,
the amount of precipitation decreases with altitude and above

3500m a.s.l. it is less than 500 mm. The current altitude of the
0°C isotherm is estimated at 4916 m a.s.l. [51]. The low relative hu-
midity and the low-latitude high-altitude location of the Cordillera
Oriental produce conditions of high incoming solar radiation
received [64].

The Zenta range is one of the highest ranges within the
Cordillera Oriental (Fig. 1a) with a maximum altitude of 5116 m
a.s.l. It mainly consists of Precambrian, Paleozoic and Mesozoic
clastic sedimentary rocks [29]. At present, the range does not con-
tain glaciers, although during the Late Pleistocene valley glaciers
occupied the highest parts of the range, above 3900 m a.s.l. [50].
Rock glaciers lay inboard of marginal moraines in glaciated valleys
and generally have south and east orientations. In the Zenta range,
Martini et al. [51] inventoried a total of 83 rock glaciers, cover-
ing an area of 4.34km?, which only about 10% of the rock glaciers
are active, showing the prevalence of inactive and fossils forms.
The lower limit of active rock glaciers in the Cordillera Oriental
(22-25°S) is 4500m a.s.l. [51], which is lower than the 4700 m
a.s.l. reported in the Bolivian Western Cordillera (18-22°S) [61].
A glacial chronology obtained at Nevado de Chafii, about 100 km
south of Zenta range, reveals that the last glacial advance in the
region took place at ~12 ka [49]. Because rock glaciers are located
inboard of the deposits left by the last glacial advance, ~12 ka
is considered a maximum age for the rock glaciers of Cordillera
Oriental [51].

2.1. The varas rock glacier

The Varas rock glacier (23° 12" 9”7 S; 65° 3/46” W) is located
on the eastern slope of the Zenta range (Figs. 1 and 2), along the
south wall of a (formerly) glaciated valley. The substrate consists of
cretaceous conglomerates and sandstones (Pirgua Subgroup; [29]).
Based on the position, it is classified as a talus-derived rock glacier,
indicating a periglacial origin [5]. First described by Martini et al.
[51], based on morphological characteristics, it was divided into:
i) Varas active rock glacier (VARG); ii) Varas inactive rock glacier
(VIRG) and; iii) small active protalus lobe (SAPL) (Figs. 1b and 2).

The VARG extends from 4730 m to 4500 m a.s.l,, and therefore is
situated below the regional 0°C isotherm (4916 m a.s.l.). It receives
debris supply from the valley-wall located immediately above



M.A. Martini et al./GeoRes] 14 (2017) 67-79

(a)

69

(b)

Fig. 2. Field photographs of the Varas rock glacier. (a) Panorama of Varas rock glacier valley (view is looking northwest), showing the VARG, VIRG and the SAPL. The black
arrow indicates the striated bedrock where the GPS base station was fixed. (b) Photograph with view looking north towards the VARG and the SAPL. The VIRG is toward the
east side of the VARG. The triangles indicate the locations of thermometers: air and ground at 5cm depth (grey) and ground at 50 cm depth (white). The internal lobe of
the VARG is situated immediately ahead of the grey triangle. (c) Photograph of the surface of the VARG. Note the open-work fabric and size of the boulders. (d) Photograph
from the VARG with view looking northwest. In the bottom of the photo is the VARG surface with boulder material (left) and fine-sediments with vegetation (green patches
on the lower-right corner). The SAPL is in the center back of the photograph. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article).

(Fig. 2), where the highest peaks reach 4900 m a.s.l. It has a maxi-
mum length of 690 m and a maximum width of 230 m. Most of the
VARG surface is situated below the valley-wall, except for a small
sector that lies on the valley bottom (Fig. 2). The VARG covers an
area of 0.10km? and the mean thickness of its front is ~16m. Its
surface is composed of big boulders, reaching up to 3m in diame-
ter, with an open-work fabric; hence the feature can be classified
as a bouldery rock glacier (cf. [36]) (Fig. 2c). Longitudinal ridges
and furrows are present on its surface, and an internal lobe is de-
veloped on the upper sector (Figs. 1b and 2b). Only a small bar
located immediately to the east of the internal lobe exhibits fine
sediments and vegetation (Fig. 2d). The frontal slope has an angle
of 35° and is composed of a mixture of boulders and fine sedi-
ments. No exposed ice has been recognized in the VARG.

The VIRG has an area of 0.03 km? and extends down to 4410 m
a.s.l. On its upper part the form has been partially overridden
by the active sector (VARG, Fig. 2a). The VIRG has neither ridges
nor furrows in its surface. It is composed of boulders covered
by lichens, and fine sediments and herbaceous vegetation fill the
space between boulders. These characteristics and the low front
slope angle (31°) denote its inactivity. About 50 m above the VARG,
the SAPL is denoted, which compasses an area of ~0.004 km?2. This
small body is situated on the steep valley-wall and exhibits a long
front slope (in relation with its area), where rock falls are recurrent
(Fig. 2d).

3. Materials and methods
3.1. Surface movement

We used a differential Global Positioning System (GPS) to mea-
sure once a year the accurate and precise location and altitude of
specific markers across the Varas rock glacier (e.g., [45,46]). The
equipment consists of two receivers (antennae) Trimble R4 dual-
frequency. One receiver was installed in a stable surface (base sta-
tion) and the other receiver was used to measure a network of
markers (rover stations) over the rock glacier.

The base station was installed on striated bedrock near the bot-
tom of the same valley of the Varas rock glacier (Fig. 2a). We built
a small monolith of concrete with a bolt to screw in the base sta-
tion. This structure prevented the receiver from moving over the
duration of measurements and ensured the receiver was situated
in the same position every year.

The two receivers acquired data simultaneously using a “Fast-
Static” survey. For each marker, survey time varied between 8 and
20 min, depending on the number of satellites available. We used
the Trimble Business Center (version 2.50) software to make the
differential postprocessing correction. First, we made the postpro-
cess between a permanent GPS station at Tilcara (located ~55km
to southeast, Fig. 1a) and our base station. Then, we made the
postprocess between our base station and each rover station.
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Fig. 3. Varas rock glacier annual surface velocity. Annual vertical (circles) and horizontal (arrows) components of the annual displacement of monitored boulders on the
VARG and SAPL during (a) 2012-2013, (b) 2013-2014, (c) 2014-2015 and (d) 2015-2016 periods. Note that circles as well as arrows have different velocity scales (cm, dm
or m/yr; as shown in the legend), which is given by their colors, because the velocity values for boulders differ up to two orders of magnitude. (e) View to the north with
the approximate position of monitored boulders. On the VIRG only boulder 27 is shown; the rest (boulder 28, 29 and 30) are not in the area shown on the photograph. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

A survey network of 30 boulders was established as rover sta-
tions. Large boulders (diameter between 1 and 4 m) were selected
to avoid individual movement of smaller blocks that do not rep-
resent rock glacier flow. The distance between rover stations and
the base station ranged from 150 to 800m. To mark each boul-
der we made a 0.5-1cm depth hole on its upper surface using a
hammer and a drill bit. The rover stations were surveyed by posi-
tioning the receiver in top of a rod 1.1 m high, held with a bipod.
The rod was positioned vertically using a bubble air level in each
boulder mark. Twenty-six of the survey markers are on the VARG,
four on the VIRG and two on the SAPL (Fig. 3). The surveys were
carried out in April 2012, 2013, 2014, May 2015 and April 2016.
Comparing the position of each rover station between consecutive
years, we calculated the horizontal and vertical displacements, and
their resulting vector (including deep and direction angles) of the
30 survey markers. We assumed no vertical or horizontal move-
ment of a boulder when the displacement measured was <2o er-
ror propagation. The uncertainty associated with the displacement

vectors was calculated using the weighted 1o error of each vari-
able [72] from:

X Ty oY
ov=2Xx v +Y x v

where ox, oy and ov are the horizontal, vertical and vector 1o
error, respectively; and X, Y and V are the horizontal, vertical and
vector displacement, respectively. In order to generate a surface ve-
locity map of the VARG we interpolated boulder velocities using
the Kriging method.

To map the topography of the VARG, we walked throughout its
surface with the rover station and measured points every 5s (time
interval) using a “kinematic” survey. A total of 3479 points were
surveyed, from which the topography of the VARG was generated
(Fig. 1b).
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3.2. Temperature monitoring

Three temperature data loggers were installed on the VARG
(Figs. 1b and 2b). Two of them were installed at 4566 m a.s.l,
between boulders with open fabric: one for air temperature at
150 cm above the rock glacier surface (which includes a radiation
shield), and the second for ground temperature at 5cm below the
surface. The third data logger was installed ~150m west of the
other two, at 4588 m a.s.l, and it was buried at 50cm depth in a
small zone with fine sediments (gravel size and smaller) (Fig. 1b).

The temperature data loggers consist of Ondotori model TR-52
thermometers (resolution 0.1 °C; accuracy 0.3 °C), and were config-
ured with an hourly measurement interval. The periods of time
recorded were from 9 April 2010 to 21 April 2016 (air and 5cm
depth) and from 11 October 2010 to 21 April 2016 (50cm depth).
There are no gaps in data coverage during the time recorded. To
estimate the snow cover duration over the VARG we analyzed the
ground temperature at 5cm depth. Snow cover was considered
when the ground temperature amplitude was <1°C and the tem-
perature ranged between +1.5 and —1.5°C.

3.3. Long-term analysis of temperature from la quiaca station

Above 3000m a.s.l. climate instrumental series in the Central
Andes of Argentina are limited. An exception, the La Quiaca sta-
tion at 3459 m a.s.l, has a long-term temperature record since 1911
and represents the most extensive and continuous record in the
high altitudes of Argentina. This record is situated ~130km north-
west of the Varas rock glacier in a similar high-altitude relatively
arid geographical setting (Fig. 1a). The relative proximity and sim-
ilar setting make it an ideal site, to compare with our short-term
temperature record from the Varas rock glacier.

Two monthly air temperature series from La Quiaca were ana-
lyzed: i) “series 1” from the Global Historical Climatology Network
(<climexp.knmi.nl/>); ii) “series 2" from Argentina’s Servicio Me-
teorolégico Nacional (personal communication). We selected series
1 as our base series because it extends to the present. The missing
data of series 1 was partially filled in using data of series 2. The
missing data which could not be filled using series 2 (1.6% of the
total), was then obtained by calculating an average for the 10 years
before and 10 years after each missing data point. The final series
encompasses 106 years of record from 1911 to 2016. The series was
not compared with any other because the available records com-
prising similar periods of time are distant and located in the low-
lands, where the geographical and climatic settings are different
(warmer and wetter climate; e.g., Jujuy or Salta stations).

To evaluate the correlation between the monthly temperatures
of La Quiaca and at the Varas rock glacier, we made a linear re-
gression and calculated the Pearson coefficient (R). To assess the
annual temperature trends at La Quiaca from 1911 to 2016, we em-
ployed the Mann-Kendall test [44,48]. The Kendall coefficient (7)
was estimated in order to evaluate if the trend is positive or neg-
ative, whereas the p parameter was used to assess if the trend is
statistically significant. Assuming the temperature variation in time
is linear; we estimated the line slope using Sen’s parameter [G6].
In order to examine monthly temperature trends we used the sea-
sonal Kendall test [35].

4. Results
4.1. Surface movement

Annual surface displacements of each monitored boulder are
shown in Figs. 3 and 4, Table 1 and the Supplementary material.

The measured points contain a horizontal &+ 10 error that ranges
from 0.2 to 0.9 cm, with an average of 0.4cm. Vertical £10 error

meters

Fig. 4. Mean surface velocity of the entire VARG during the 2012-2016 period, es-
timated from interpolation of the 24 measured boulders (numbered). Note that the
highest rates are near the top (boulders 18-20), the lowest rates are around the
lower left and right sides, and no-movement is recorded on boulders 15, 17, 21 and
25. The dark line on the VARG indicates the slope limit. Data used are in Table 1.

ranges from 0.4 to 1.9 cm, with an average of 0.8 cm. The average
surface velocity on the VARG for the entire period (2012-2016)
is 22.2 cm/yr. The 2014-2015 period presents the highest average
(24.2 cm/yr), followed by the 2015-2016 period with 22.2 cm/yr.
The 2012-2013 and 2013-2014 periods have the same average sur-
face velocity within error (21.7 cm/yr).

The boulder movements on the VARG exhibit a high spatial
variation, although distinct patterns are observed. Four boulders
(15, 17, 21 and 25) had no movement during the 2012-2016 pe-
riod. Displacement on boulders 17 and 21 was only detected dur-
ing the 2012-2013 period (4.0+0.9 and 3.5+0.8 cm, respectively).
Boulder 15 exhibited displacement during the 2012-2013 period
(2.8 + 1.1 cm) and the 2014-2015 period (3.6 + 1.7 cm), but in the
later period only in the vertical. Boulder 25 had 2.7 + 0.6cm of
displacement over 2012-2013 and 2.6 + 0.6cm over 2013-2014.
Nevertheless, during the later period boulders had a west direc-
tion of movement (286°), that is, opposite to the movement direc-
tion (112°) over the 2012-2013 period, and very different to the
mean direction (161°) of the rest of the boulders in the VARG. In
all the cases of boulders 15, 17, 21 and 25, it is not possible to
detect movement when we compare the first and the last year
of measurement (2012-2016 period). Therefore, we consider the
small movements of these boulders, just recorded in some years,
as shifting of the blocks, which does not represent the rock glacier
flow.

The other 20 boulders of the VARG reveal surface displacement.
The mean velocity for the 2012-2016 period ranges from 4.9 +
0.7 cm/yr (boulder 12) to 124.9 + 1.2cm/yr (boulder 19). Disre-
garding the boulders with no-movement (15, 17, 21 and 25) we
can divide the VARG into: i) an upper zone, where the velocity
ranged between 40 and 125 cm/yr (boulders 18, 19 and 20), and ii)
a lower zone, where the velocity ranged between 5 and 24 cm/yr
(boulders 1-14, 16, 23 and 24). These two zones are separated by
boulder 17. Boulders 18 and 19 exhibited the largest velocities of
the VARG (111.5 &+ 1.0 and 124.9 + 1.2 cm/yr, respectively), between
3 and 23 times higher than the rest. The horizontal movement of
the VARG showed similar behavior during different years. In turn,
the vertical movement exhibited different magnitudes through the
years (Fig. 3). For example, during the 2013-2014 period, 16 of a
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Table 1

Surface velocity of each point monitored from individual years and during the entire period of measurements (four years). Deep and direction (strike) are the vertical
and horizontal angles of the vector movement, respectively. They are calculated for the entire period 2012-2016. The surface slope is shown only for the VARG.

Boulder Velocity 10 (cm/yr) Angle (°) Surface slope (°)
2012-2013 2013-2014 2014-2015 2015-2016 2012-2016 Deep Direction Deep
1 245 + 1.0 228 £ 0.7 26.1 +£ 1.3 237 £ 1.0 242 + 0.9 14 154 8
2 156 £ 1.7 119 + 15 150 £ 24 13.6 £ 14 139 +£ 11 20 138 14
3 13.8 £ 0.8 14.0 +£ 1.2 149 + 1.7 141 £ 09 14.0 + 0.6 0 151 17
4 182 + 1.2 15.8 £ 0.9 184 + 14 16.8 £ 0.7 173 £ 0.8 15 148 14
5 157 £ 1.8 152 £ 1.0 163 £ 1.2 152 £ 1.0 155 £ 1.3 17 155 15
6 10.8 + 1.1 13.7 £ 0.7 14.6 + 0.7 11.6 +£ 04 12.7 £ 0.7 13 177 14
7 18.5 + 1.1 19.9 + 0.8 222 £ 1.0 20.8 £ 0.9 203 + 0.9 19 158 17
8 14.2 £ 0.5 17.0 + 0.6 17.0 £ 0.7 173 £ 0.7 16.4 £ 0.5 0 139 11
9 18.2 + 0.8 199 + 0.9 21.0 £ 11 20.7 £ 1.0 199 + 09 20 174 15
10 149 £ 0.9 14.6 + 1.0 16.8 + 1.2 149 + 1.0 153 £ 09 17 171 19
1 10.0 + 1.1 109 + 0.9 124 £ 13 111 £ 11 11.0 + 1.2 24 164 15
12 43 £ 06 59 + 0.5 76 £ 13 35+ 06 49 £ 0.7 0 179 15
13 159 + 0.5 16.3 +£ 0.5 16.3 + 0.9 148 + 0.8 15.8 + 0.8 9 163 15
14 9.7 £ 0.7 11.5 £ 0.5 134 £ 0.8 10.7 £ 09 114 + 11 13 156 1
15 28 £ 11 0 36 £ 17 0 0 - - 14
16 93 + 11 8.6+ 12 12.7 £ 1.7 123 + 13 10.7 £ 1.3 26 170 14
17 4.0 £ 09 0 0 0 0 - - 21
18 104.2 £ 09 108.9 + 0.8 1213 £ 0.8 112.8 £ 0.8 1115 £ 1.0 10 157 25
19 1204 + 1.8 123.8 £ 2.5 1334 + 2.0 1225 + 14 1249 + 1.2 33 164 29
20 409 + 1.2 394 +19 416 + 2.1 393 £ 13 403 £ 1.2 18 169 12
21 35+ 08 0 0 0 0 - - 24
22 15243 £+ 2.0 1205.7 + 2.1 9669 + 14 7450 £ 13 11099 + 1.2 26 182
23 93+ 1.0 13.2 +£ 0.6 176 £ 1.0 169 + 0.9 142 + 11 14 157 14
24 193 £ 0.9 159 + 0.6 191 £ 1.0 19.0 £ 0.8 183 £ 0.8 15 171 10
25 27 £ 06 2.6 £ 0.6 0 0 0 - - 10
26 1314.0 £ 2.3 1060.5 + 2.2 n/d n/d 1187.0 £+ 1.3° 247 1712
27 23 +05 32+14 0 0 0 - -
28 0 0 0 0 0 - -
29 0 0 0 0 0 - -
30 0 1.3+ 05 0 0 0 - -

2 Boulder 26 was not found during the 2015 survey and in the following years. The 2012-2014 period is used to calculate its mean annual velocity.

total of 24 boulders did not present vertical movement. The ver-
tical movement (when detected) was always downward. For the
boulders that exhibited movement throughout the entire period,
only for three (4, 8 and 12) was the displacement exclusively hor-
izontal. For the rest, the horizontal movement was between 2 and
6 times greater than the vertical movement.

In the VIRG, no movement was detected during the entire pe-
riod (2012-2016). It was possible to detect small movements in
some years for boulders 27 and 30 (Table 1). During the 2012-2013
period, boulder 27 had a horizontal displacement of 2.3 + 0.5cm,
but with 347¢ direction, which is opposite to general slope and the
VARG movement. Similarly, during the 2013-2014 period boulder
30 had a horizontal displacement of 1.3 4+ 0.5cm with 23° direc-
tion. We interpret the movement detected in boulders 27 and 30
as a consequence of sample shifting that is not related with possi-
ble flow of the VIRG.

The SAPL had an extremely high annual velocity. During the
2015 and 2016 surveys, we did not find the boulder 26. Boulders
22 and 26 had a mean annual displacement of 11.1 and 11.9m, re-
spectively (the latter only for the period 2012-2014). Due to the
high velocity and its position near the front, boulder 26 proba-
bly fell down the slope and therefore was not found during 2015
and 2016 surveys. Boulder 22 reduced its displacement by a rate
of ~20% every year. During the 2012-2013 period, boulder 22 was
displacement 15.2 m, decreasing to 7.4 m during the 2015-2016 pe-
riod. Between 2012 and 2016, boulder 22 had a vertical displace-
ment of 19.4m.

4.2. Temperature record
The three thermometers installed in the VARG exhibited pos-

itive mean annual temperatures between 2011 and 2015 (Fig. 5
and Table 2). Ground temperature at 5cm depth in coarse mate-

rial was higher than that at 50cm depth in fine sediments, and
air temperature was lower than both 5 and 50cm ground tem-
peratures. A comparison between the air and 5cm depth records,
during measured years, indicates that 2011 and 2013 had a similar
mean annual temperature and were colder than in 2012 and 2014.
The warmest year of the recorded is 2015.

Most of the mean monthly temperatures were above 0°C in-
cluding several winter months (Fig. 5). The thawing index is be-
tween 12 and 24 times greater than the freezing index for air tem-
perature (Table 3). The number of days in a year when the tem-
perature did not exceed 0°C was <7 for air and at 5cm depth, but
this increased to 18-36 at 50 cm depth (Table 2). Ground (at 5 and
50 cm depth) daily temperature exhibited a higher variation during
the warmer and wetter months (summer) than during the colder
and drier months (winter). The high daily temperature amplitude
at 5cm depth was reflected in the abundant freezing-thawing daily
cycles recorded (Table 3). At 50cm depth the daily temperature
amplitude was <3°C during the summer, and <0.5°C during the
winter, indicating that the maximum and minimum temperature
are close together at this position under the surface.

Over a total of eight field seasons, carried out either during
the end of the dry season (October) or the end of the wet sea-
son (April), we did not find snow in the rock glacier or in the
surrounding area (Fig. 2). The historical (106 years) mean annual
precipitation of La Quiaca is 329488 mm. During the years covered
by our temperature record at the VARG (2010-2015), the annual
precipitation values range within + 10 of the historical mean, ex-
cept for the year 2013 when it was 122 mm higher. Using the 5cm
depth ground temperature at the VARG, we identified a total of 42
episodes of snow accumulation (Table 3). Thirty-four of them oc-
curred between November and March (i.e. during the warm and
wet season). Although the year 2013 was wetter than the histor-
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Fig. 5. Varas rock glacier temperature record. Mean daily temperature is shown, which is calculated based on hourly data of air (top), ground at 5cm depth (middle) and
ground at 50 cm depth (bottom). See Figs. 1 and 2B for locations of the thermometers on the VARG. Vertical grey bars indicated the months with mean temperature bellow
0°C. Horizontal black lines denote the mean annual temperature. Note that the Y-axes scale changes between the three plots.

Table 2

Annual temperature characteristics. Thermometer at 50 cm depth started to register in October 2011, so values are shown starting in 2012.

Mean ( °C) Days with maximum temperature <0°C ~ Mean daily amplitude
Thermometer 2011 2012 2013 2014 2015 2011 2012 2013 2014 2015 2011 2012 2013 2014 2015
Air (+1,5m) 2.6 33 29 33 35 5 2 7 5 5 6.9 71 7.2 7.3 73
Ground (—5cm) 4.7 6.0 5.4 59 6.1 3 0 0 1 0 13.0 17.3 16.8 174 19.5
Ground (-50cm) - 4.7 4.6 4.9 5.0 - 18 35 36 15 - 0.8 0.7 0.8 0.8
Table 3
Number of snow cover episodes and freeze-thaw cycles based on 5cm depth ground tem-
perature.
2010° 2011 2012 2013 2014 2015 2016°
Snow cover episodes 0 18 4 6 6 7 1
Freezing-thawing cycles 169 148 143 173 162 174 1

@ Counting starts on 9 April.
b Counted until 20 April

ical mean, the snow cover episodes did not increase during this
year (Table 3). Periods of snow cover on the VARG had a short du-
ration with an average of 17 h. Some of these snow accumulation
episodes were possible to check using daily satellite Terra MODIS
images. In other cases snow cover was not possible to confirm due
to cloud coverage in the satellite images or because of the short
time of snow occurrence. The longest period when the VARG was
covered by snow lasted 88h. During this time the air tempera-
ture showed hourly variations, whereas the 5cm depth tempera-
ture kept close to 0°C with no variation (Fig. 6).

4.3. La quiaca long-term temperature trend

The monthly mean air temperature record from La Quiaca sta-
tion and the Varas rock glacier exhibit a significant (p<0.0001)

highly linear correlation (R = 0.88). This allows us to evaluate the
long-term monthly temperature record from La Quiaca to assess
the high-altitude air temperature trend in the region, including at
the Varas rock glacier.

La Quiaca station experienced a positive statistically significant
(p < 0.001) mean annual air temperature trend during the 1911-
2016 period (t = 4.35). The Sen’s slope is 0.008, representing a
temperature increase of 0.8 °C from 1911 to 2016. The months that
presented the highest seasonal Kendall trends are June, July and
August (4.0, 3.8 and 3.7; respectively). In turn, February, March and
April did not show any significant tendency (p > 0.05) (Table 4).
Since 1991, the mean annual air temperature anomaly was positive,
except for 2008 when it was negative (Fig. 7). The mean annual
temperature prior to 1991 is 9.3°C and the mean annual tempera-
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Fig. 6. Temperature during the longest period (88h) of snow accumulation ob-
served on the VARG. This occurred from 5 to 8 January 2012. Note that during the
88-h episode of snow cover, the ground temperature (green and red) does not show
considerable variation, which is contrary to the air temperature (blue). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article).

Table 4

Seasonal Kendall test results and p parameter for the La Quiaca dataset
(1911-2015). The highest monthly temperature trends are from June, July
and August.

Month Seasonal Kendall test p
January 19 0.0264
February 0.4 0.3356*
March 13 0.0946*
April 1.5 0.0718*
May 3 0.0016
June 4 0

July 3.8 0.0001
August 3.7 0.0001
September 23 0.0099
October 3 0.0013
November 1.8 0.0378
December 2 0.0217

* Not statistically significant (p > 0.05).
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Fig. 7. Annual temperature anomalies at the La Quiaca station from 1911 to 2015.
Note that from 1991 to 2015 the annual anomaly was always positive, except during
2008.

ture post-1990 is 10.2°C, with an abrupt warming of 0.9 °C during
the last two and half decades.

5. Discussion
5.1. Ground thermal condition

The temperature record shown in Figs. 5-7, provides insights
into the processes affecting the Varas Rock glacier, and other rock
glacier landforms in the arid subtropical Andes. Snow can impact
rock glacier behavior because it is generally a poor heat conduc-
tor, thus, a thick snow cover on the surface insulates the ground
beneath from the atmospheric temperature variations [40]. This
condition has been recorded farther south in the Central Andes

of Chile at 33.5°S [3,10], when an early winter snow-cover insu-
lates the ground from surface temperature, which remains until
the beginning of the spring. In the case of latitudes around 33-
34°S, however, the snow precipitation is related to the westerly
wind activity, which occurs mainly during the winter.

In contrast, in the more northerly Cordillera Oriental the pre-
cipitation season occurs during the summer months and is re-
lated with the activity of the South American Summer Monsoon.
The presence of temperatures well above 0°C on the VARG dur-
ing the wetter season rapidly removes the snow on the ground.
For instance, during the day prior to the onset of snowfall shown
in Fig. 6 (maximum snow cover recorded), the maximum ground
temperature at 5cm depth reached 13.5°C, and the day when the
snow disappeared the maximum temperature was 18.4°C. Under
this relatively high-temperature situation, the snow is rapidly re-
moved and the ground temperature (at least at 5 and 50 cm depth)
is coupled to air temperature variation and, hence, is affected by
atmospheric changes all year round (Fig. 5). The absence of per-
sistent snow cover on the VARG, including winter, facilitates a
low albedo, which increment the amount of energy received from
the intense incoming solar radiation and, consequently, affects the
ground temperature. Furthermore, due to the open work fabric and
the absence of snow cover, in most of the area of the VARG (Fig.
2¢) the air can move easily into and throughout the framework of
boulders, with such movement controlled by temperature contrasts
(convection) [33]. The ground temperature results at 50 cm depth
are well above 0°C over the entire duration of record (Fig. 5) indi-
cating that the active layer extends even deeper.

5.2. Surface flow condition

The highest flow velocities (horizontal and vertical) in the VARG
are located in the upper zone (area of boulders 18-20), with the
exception of the highest elevation boulder 21. The rates of dis-
placement of boulders 18 and 19 (112 and 125 cm/yr, respectively),
which are between 3 and 23 times higher than the rest, coincides
with the highest surface slopes of the VARG (Figs. 3 and 4, Table 1).
In this sector, the debris supply must be higher and probably the
ice supply too, whether from melting and subsequent refreezing
at depth, or from sporadic snowbanks that are covered with de-
bris that protect them from melting, with the subsequent forma-
tion of ice lenses. In general, high surface velocities on small rock
glaciers located on marginal periglacial environments have been
attributed to ice thermal conditions close to the melting point
(e.g., [37,38,67]). The positive mean annual ground and air tem-
perature (Fig. 4), as discusses above, combined with the steep sur-
face gradient and a higher ice/detritus relation, could generate the
high surface velocities in the upper zone of the VARG. Because of
the absence of movement registered in boulder 21, it is possible
that it corresponds to the lower part of the talus, i.e., the root-
ing zone of the VARG. In turn, the inactivity of boulder 17 is dif-
ficult to explain. Since this boulder is situated in the internal lobe
of the VARG a surface velocity intermediate between boulders 18
(~112 cm/yr) and 16 (~11 cm/yr) would be expected.

In the lower zone of the VARG, the surface movement decrees
(Fig. 4). In this zone, the lowest velocities and even records of no
movement are located near the valley bottom (e.g., boulders 11, 12,
15, 16 and 25), where the surface gradient is reduced and the ex-
posure to incoming solar radiation is higher. On the other hand,
the sector of the VARG near the valley-wall (south face) is more
protected from incoming solar radiation and shows higher surface
velocities (e.g., boulders 1, 7, 9 and 24) (Figs. 2 and 3). The different
settings of exposure to solar radiation over these two sectors of the
lower part of the VARG could generate different thermal regimens,
with higher subsurface temperatures in the more exposed sec-
tors and, consequently, a thicker active layer and less ice/detritus
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Fig. 8. Photograph of the area of contact between the internal lobe and the setting
of boulder 25 in the VARG. Red dots and numbers indicates the approximately po-
sitions of the boulders monitored. Arrows show the flow direction of the internal
lobe and the inferred flow direction of the boulder 25 area before it turned inactive.
Note the difference in the angle and color for the slope near boulder 25, compared
with the slope shown all the way on the right side of the photograph. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article).

relation. Therefore, the contrasting surface activities in the lower
parts of the VARG could be attributed to unequal exposure, of the
two above mentioned sectors. Differences in the incoming solar ra-
diation amount, due to diverse topographic conditions, have been
demonstrated to be quite impactful on the rock glaciers distributed
along the Central Andes [4,10,15,51,65]. As was noted, the lack of
snow cover over long time periods would also significantly incre-
ment the solar radiation incidence on the VARG energy fluxes.

To elucidate further the inactivity near boulder 25, we propose
another explanation that could be complementary to that men-
tioned above. Around boulder 25 the rocks exhibit a dark weather-
ing surface indicating a protracted time of exposure and hence rel-
ative stability (Fig. 8). This is in agreement with our surface move-
ment results that show no movement for boulder 25. The inactiv-
ity of boulder 25 and its surrounding area could be related with
the formation of the internal lobe of the VARG that includes boul-
ders 15 to 21 (Figs. 1b and 2b). This internal lobe has an average
flow direction of 163° while the boulder 25 area, due its shape
and position, should have a southerly flow direction (Figs. 8 and
2b). The internal lobe formation could have changed the flow di-
rection in the sector immediately upward the boulder 25, and cut
off the previous flow towards the area of boulder 25. This could
have generated a break of debris supply into the area of boulder
25, additionally contributing to it turning inactive.

To help evaluate further areal changes in the lower sector of
the VARG, we used the monitored boulder distribution to construct
a net of triangles, using each boulder as vertex (e.g., [46]). Com-
paring the changes in triangle areas during the monitoring pe-
riod allows the identification of either compressing or extending
flow. Fig. 9 shows the distribution of the 23 constructed triangles
and the relative areal change between 2012 and 2016. A total of
12 triangles were reduced in area, 2 remain with the same area,
and 9 of them increased in area. Compressing and extending flow
are associated with negative and positive areal changes; respec-
tively (Fig. 9). The triangle area variation across the VARG displays
a complex distribution with no clear pattern. The total area that
compasses all the triangles has increased by 25m?2. This behavior
is typical of rock glacier flow generally experiencing extension. An
interpretation of an area of net extension is supported by the lack
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Fig. 9. Areal changes between 2012 and 2016 for the 23 triangles constructed in
the lower sector of the VARG. The grey area represents the talus slope.

of transverse geomorphic features (e.g., crests) in the lower sec-
tor of the VARG (Fig. 1b). Moreover, most of the boulders that ex-
hibit vertical displacement show that the vector angle is greater
than the rock glacier surface slope (Table 1). This means a lower-
ing of the surface has occurred in the VARG that could be inter-
preted as a consequence of extending flow, or because a loss of
interior ice lenses in response to melting. Both processes can oc-
cur simultaneously. The VARG does not show signs of ice lose on
its surface, such as evident by thermokarst or depressions, which
could be explained by a low internal ice concentration due to the
low-precipitation regime in the arid Cordillera Oriental.

No movement was recorded in the VIRG indicating the absence
of flow, except for small displacements in boulders 27 and 30,
which are interpreted as boulder shifts possibly associated with
thawing and freezing of the active layer or permafrost degrada-
tion at depth. The inactivity of the VIRG during four consecutive
years is consistent with its classification based on geomorphologic
interpretations. The upper limit of the VIRG (4500 m a.s.l.) also co-
incides with the regional lower limit of active rock glaciers for the
Cordillera Oriental [51].

The high velocity of the SAPL (~12m/yr) exceeds by a fair
amount the velocity of the VARG and rock glaciers in general [5].
The relatively rapid flow denotes that the SAPL is a feature un-
der formation on the steep wall immediately above the VARG (Fig.
2). During fieldwork, rock falls and small debris flows from im-
mediately above the SAPL that ended on its surface, were usually
observed. The high velocity of the SAPL cannot be explained by
internal deformation alone. Other processes, such as basal sliding
between the rock glacier and the bedrock [34] have been proposed
to explain high displacement rates on rock glaciers. Boulder 22 has
a decelerated by 20% per year, which could be attributed to a gra-
dient change (from a higher gradient sector to a less steep gradient
near the front slope). Based on the high velocity and the small area
of the SAPL, we infer the boulder 22 will soon reach the frontal
edge of the SAPL and it will fall onto the front slope, similar to
what we interpreted for boulder 26 that was not found after the
2014 field survey.
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A comparison of boulder velocities with the local Varas rock
glacier temperature record, along the limited time interval consid-
ered in our study (2012-2015), does not allow us to find a clear
correlation between these parameters. We conclude that we need
a more protracted track or length of time in order to attempt a
meaningful comparison. Based on numerical models and direct ob-
servation (e.g., air temperature and surface velocity) Kddb et al.
[43] found that air temperature changes can affect rock glaciers
velocities, especially when the permafrost temperature is close to
0°C. For instance, a warming stage could trigger the occurrence
of liquid water in the rock glacier body producing high spatial (as
found in the VARG) and temporal variability in the surface move-
ment of rock glaciers. More data, including a longer time record
of movement and climatic monitoring, and internal structure sur-
veys are needed in order to evaluate the mechanisms responsible
for the VARG surface dynamics.

5.3. Climate change and the Varas rock glacier

By comparing the temperature record on the Varas rock glacier
with that at La Quiaca during the same period of time, a temper-
ature lapse rate of 7°Ckm~! can be established for the Cordillera
Oriental. This allows us to calculate the 0°C isotherm altitude. Ac-
cordingly to this relation, the 0°C isotherm was situated at 5010 m
a.s.l. during the 2011-2015 period. That is, ~500 m above the lower
limit of the VARG and ~100m above the highest peak of its rock-
wall source area. Moreover, the VARG is situated at elevations
where the mean annual air temperature is 3.1°C (5 year average;
Table 2). This confirms the presence of mountain permafrost well
below the 0°C isotherm altitude. Air circulation on ventilated talus
slopes has been reported as a possible mechanism responsible for
permafrost occurrence under mean annual air temperature well
above 0°C in the Swiss Alps (e.g., chimney effect; [21]). In the case
of the VARG, the high ground temperature at 5 and 50cm depth
(mean annual: 5.6 and 4.8 °C, respectively) would not support this
idea, but deeper ground temperature records are needed to evalu-
ate this mechanism. The occurrence of active rock glaciers in posi-
tive mean annual air temperature conditions has been reported in
other sectors of the Central Andes ([75] and [4,10,15,76]).

On the other hand, according to the La Quiaca record, the air
temperature rose by 0.8 °C in the last century, with a steep increase
since 1991 (Fig. 7). A similar warming trend of ~0.1 °C/decade be-
tween 1939 and 1998 was established for the subtropical Andes
[78]. In high-altitude mountains, a temperature increase results in
the rise of the 0°C isotherm altitude (or freezing level height),
which can produce dramatic changes on the landscape and in wa-
ter storage, such as permafrost [13,31]. The warming recorded by
La Quiaca station represents 114 m upward movement of the 0°C
isotherm for the last century, in agreement with the tropical aver-
age rate of 10-20 m/decade calculated by Bradley et al. [12] for the
last 30 years.

On the Varas rock glacier, small displacements registered by
boulders 27 and 30 could be attributed to the internal ice degra-
dation of the VIRG. Also, the inactivity of boulders 15 and 25,
and probably the low displacement (5cm/yr) of boulder 12 in the
VARG are signs of its degradation. The air warming trend recorded
in northwestern Argentina likely contributes to the rapid removal
of the snow cover, increasing the albedo and exposing the Varas
rock glacier to high solar radiation all year around. For the Andes
of Santiago, Bodin et al. [10] demonstrated that the near-surface
ground thermal regime at high altitudes is strongly influenced
by the snow cover disappearance date. The lack of an insulation
snow cover on the Varas rock glacier should produce an important
ground warming with an increment of the active layer thickness
and permafrost degradation.

High-altitude tropical ice-core records reveal that the present
warming trend has no precedent for at least the last 2ka [73].
Combining satellite image analysis and tree-ring records, Morales
et al. [55] reconstructed lake area fluctuations over the 1407-2007
period in the neighboring southern Altiplano. Lake area exhibited a
negative trend since the 1930s with an exceptional reduction over
the entire period between 1976 and 2007. Arid conditions for the
last century were also recorded in lake sediments of Pumacocha in
the Peruvian Andes [8], denoting a similar regional pattern. These
records indicate dry conditions during most of the last century
with markedly increase during the last few decades. Thus, regional
air temperature rise and precipitation decline during the last cen-
tury should have a negative impact on the VARG activity.

We infer it is possible that the VARG is not totally adapted
to, or in ‘equilibrium’ with, the present climatic conditions, given
the regional high-altitude paleo-temperature record shows that the
warming that occurred during the last ~100yr is unprecedented in
the context of the last 2ka [73] and because rock glaciers can re-
spond with a delay to climate changes (decades or longer; [32]).
Also, this explains why active rock glaciers exist now in areas well
below the 0°C isotherm, as discussed above. Moreover, a decline of
precipitation during the last century [55] should reduce the Varas
rock glacier water input and the denudation rate of the mountain
headwalls [4], consequently reducing the total amount of talus pro-
duction and debris supply to the Varas rock glacier.

Signs of cryosphere degradation are also common elsewhere
in the Central and tropical Andes. Pronounced glacier retreat
during the last century has been widely documented (e.g.,
[39,60,69,73,78]). Frozen ground and permafrost degradation are
more difficult to achieve since the ice is isolated through the sur-
face from a thick-variable debris or ground layer, but some cases
have been documented. For example, in the Morenas Coloradas ac-
tive rock glacier, located at the Cordén del Plata (~33°S) of Ar-
gentina, Trombotto and Borzotta [74] detected an increase of the
permafrost table depth on a rate between 15 and 25cm/yr in the
last decades due to climate warming. On the Chilean side of the
Andes at similar latitudes, Monnier and Kinnard [53] documented
the growth of a rock glacier derived from a debris-covered glacier.
The debris-covered glacier transformation into a rock glacier is a
consequence of less-favorable climatic conditions to exposed-ice
preservation, from melting. The occurrence of surface downwast-
ing and the growth of thermokarst depressions in debris-covered
glaciers were reported in the Andes of central Chile (30-33°S)
[10,54]. Based on geomorphic features and geoelectrical soundings,
Francou et al. [27] detected signs of degradation on the Caquella
active rock glacier (23°S) in the southern Bolivian Altiplano. The
referred geomorphic features include depressions and a recently-
open crevasse, which form a drainage line of meltwater in the
lower part of the Caquella rock glacier. Geoelectrical soundings
show low-ice concentration (30%) and even sectors with no ice ev-
idence in the rock glacier interior.

Model simulations for the next century indicate the largest
warming will occur in mountains ranges that extend high in the
lower troposphere, predicting maximum temperature increase for
the tropical and subtropical Andes [11]. This might raise the al-
titude of the 0°C isotherm and reduce the mountain permafrost
area, generating a negative impact on the cryosphere [12]. Un-
der this scenario, many small glaciers are expected to disappear
[19] and the permafrost arrested or reduced to the highest sector
on the ranges. Rangecroft et al. [62] predicted that the 95% of the
current permafrost area of Bolivia will shrink by the 2050s under
the SRES A1B temperature scenario [52]. This situation may turn
the VARG totally inactive. As glaciers and permafrost are important
water reservoirs, the predicted warming may have negative con-
sequences on communities of the tropical and subtropical Andes
[13,18]. At the moment, it is unclear how present and future warm-
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ing could impact the cryosphere of the arid Andes of northwestern
Argentina, where many human settlements and diverse small-scale
agriculture exists above 3000 m a.s.l., which are highly dependent
on water resources for their subsistence. Future research should
continue to focus on understanding the cryospheric response to
climatic changes in this region.

5.4. Rock glacier formation since the deglaciation

Based on the characterization of movement (Figs. 3 and 4) and
detailed geomorphology presented in this study, we propose the
following sequence for the Varas rock glacier formation. The last
glacial retraction in the area occurred after ~12 ka [49,82]. The lack
of glacial depositional features in the host valley of the Varas rock
glacier suggests that deglaciation was relatively fast (Fig. 2a and
b). ~12ka is a maximum age for the initial formation of the Varas
rock glacier; this age may indeed seem to be quite old according
to its geomorphological appearance (Fig. 2; [51]). Sometime after
~12ka the VIRG formed, and at some time later it become inac-
tive, and the VARG started developing. The time elapsed between
the glacial retraction and the VIRG formation is unknown. The con-
trasting appearance between the VARG and the VIRG, and the fact
that there are talus-derived rock glaciers where the former is par-
tially overriding or cross cutting the latter (Fig. 2a), suggest that
their formation corresponds to different climatic episodes instead
of a continuum of change.

The relatively small size and the surface velocity of the VARG
indicate a relative young age. To estimate the age (A) of the VARG
we apply a simple equation (A=1/v; [4]) that relates its maximum
longitude in the mean flow direction (I = 312m) with the mean
surface velocity (v = 22.2 cm/yr from 2012 to 2016 period). We ob-
tain an age of ~1.4ka for the VARG formation. Although this is a
rough estimation, it is much younger than the maximum-limiting
age, obtained for the regional deglaciation (~12ka) in this area
of the Cordillera Oriental. The incipient SAPL may have originated
during the last centuries, based on its size, position and the high
velocity recorded (~12 m/yr). Finally, during the last century, a re-
gional warming trend could have led to the inactivity of the more-
exposed sector of the VARG near boulders 15 and 25.

During the Holocene, several glacial advances and retreats
have been documented in the Andes of Bolivia and Peru (e.g.,
[42,47,68,70]), which have not been recorded in the Andes of
northwestern Argentina [49,81,82]. The lack of glacier evidence in-
dicates that climate changes during the Holocene allowed glaciers
to expand in the Bolivian and Peruvian Andes, but in northwestern
Argentina the glacial equilibrium line altitude remained above the
highest range altitude. We suggest that in northwestern Argentina
climate changes such as cooling events during the Holocene gen-
erated rock glaciers instead of glacier expansions. Supportive this
inference, only 27.5% of the rock glaciers of the Cordillera Orien-
tal of Argentina are active [51]. For comparison, inactive (47.5%)
and fossil (25%) forms prevail, implying that climate changes oc-
curred recurrently after waning of the Late Pleistocene glaciations.
These Holocene climatic changes resulted in the different types of
rock glaciers superimposed on each other at present (e.g., Varas
rock glacier). Furthermore, the lack of postglacial advances in the
Cordillera Oriental allowed the preservation of hundreds of rock
glaciers, which at present exhibit different activities, including fos-
sil and inactive [51].

6. Conclusions

In the Cordillera Oriental of the subtropical arid Andes, geomor-
phic analyses, surface velocity measurements, and climate data al-
low us to infer present and past processes associated with the in-
active and active Varas rock glacier. During four consecutive years,

surface flow measurements on 30 boulders over the Varas rock
glacier allowed us to corroborate the rock glacier activity classifica-
tion previously made based on geomorphologic criteria. The active
portion of the Varas rock glacier (VARG) has four boulders where
no movement was registered. For the rest of the boulders, the dis-
placement rates range between 40 and 125 cm/yr in the upper sec-
tor and between 5 and 24 cm/yr in the lower sector.

Mean annual air temperature for the 2011-2015 period on the
VARG ranged between 2.6 and 3.3°C, and altitude of the 0°C
isotherm was situated ~100 m above the highest peak of the VARG
source area. Relatively high positive air and ground temperatures
at the VARG produce the rapid removal of the snow, lowering its
albedo and exposing the VARG to a great amount of energy from
high incoming solar radiation. The warming trend recorded during
the last century may be responsible for some signs of degradation
on the Varas rock glacier. Specifically, the observed inactivity of
two boulders (25 and 15) on lower elevations of the VARG, which
are also located on an area relatively exposed to solar radiation.
Given the steep warming trend recorded at La Quiaca station dur-
ing the last two and half decades, and considering the comparison
with regional paleoclimatic proxies, we infer it is possible that the
VARG is not totally adapted to, or in ‘equilibrium’ with, the present
climatic conditions.

Regarding past changes, after the definitive waning of the Pleis-
tocene glaciation, we suggest that recurrent cooling stages, re-
sulted in the different kinds of rock glaciers that are currently su-
perimposed, such as the one we have focused in. This study con-
tributes to the knowledge of behavior of the rock glaciers in the
subtropical arid Andes, which are potential water recourses consid-
ered of vital importance in the context of Argentinean legislation.
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