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Abstract: In the semi-arid and arid regions of the Chilean Andes, meltwater from the cryosphere is a
key resource for the local economy and population. In this setting, climate change and economic
activities foster water scarcity and resource conflicts. The study presents a detailed glacier and rock
glacier inventory for the Huasco valley (28-29° S) in northern Chile based on a multi-temporal remote
sensing approach. The results indicate a glacier-covered area of 16.35 + 3.06 km? (n = 167) and,
additionally, 50 rock glaciers covering an area of about 8.6 km? in 2016. About 81% of the ice-bodies
are smaller than 0.1 km?, and only four glaciers are larger than 1 km?. The change analysis reveals a
more or less stable period between 1986 and 2000 and a drastic decline in the glacier-covered area
by about 35% between 2000 and 2016. The detailed assessment of six subregions indicates a more
pronounced glacier decrease in the vicinity of the Pascua Lama mining project.
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1. Introduction

Mountain glaciers play an essential role as water resources in arid and semi-arid regions [1-3].
In the case of Chile, glacial meltwater is crucial for more than 70% of the population [4,5]. While Andean
glaciers are severely affected by climate change, those in the semi-arid North-Central Chile have
received less attention [6]. Likewise, the regional importance of rock glaciers for water storage becomes
increasingly evident [7-9]. Declining precipitation and aridification in northern Chile over the 20th
century [10] cannot solely be drawn back to El Nifio Southern Oscillations (ENSO) variability. Rather,
sea surface temperature change from the South Pacific Amundson Sea region has influenced the
winter storm tracks in North-Central Chile [11]. Average temperatures rose by 1-2 °C during the
20th century [12,13] and will continue to rise in the future with longer periods of snow and glacier
melt [13]. The 2019 IPCC (Intergovernmental Panel on Climate Change) special report on the Ocean
and Cryosphere in a Changing Climate (SROCC) predicts that the Andean cryosphere continues to
decrease, and small glaciers will disappear towards the end of the century [1]. The water stored in
the glaciers of North-Central Chile determines the potential for irrigated agriculture [14]. Snow and
ice melt are indispensable for regular water availability, especially in years with low or zero summer
precipitation [15,16]. It is, therefore, important to precisely quantify current glacier areas and changes
to them to estimate the remaining water stored in the cryosphere [15]. The reduction in annual runoff
may exacerbate conflicts between different water users [6], such as agricultural producers, mining
companies, and local communities. The case study of the Huasco valley has witnessed conflicts over
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water governance ever since the Pascua Lama gold mine in the upper valley section became a focus of
resistance for the controversial extraction of mineral resources in the Andean Main Cordillera and
faced increasing media scrutiny [16-18]. Environmental impacts of mining activities on glaciers and
regional water availability have been in the foreground in this conflict.

Cryosphere studies are limited due to poor accessibility and the rough environment of the main
Andean range [17,19]. A first glacier inventory for northern Chile (18-32° S) was implemented by
Garin using aerial photographs from 1955 and 1961 [20]. By the end of the last century, Rivera et al. [21]
noticed a significant glacier retreat in Chile that was higher than in other parts of the world [21,22].
According to them, the Los Tronquitos glacier (28°32’ S, 69°43” W), one of the largest glaciers in northern
Chile [8,20] and close to the Huasco valley, lost 11.4% (0.52 km?) of its area between 1955-1985 [22].
According to Rabatel et al. [23], who investigated the changes in mass balance and glacier-covered area
in the vicinity of the Pascua Lama Mine (29°19” S, 70°01” W), the glacier-covered area has shrunk by
29% between 1955 and 2007 [23].

A first combined glacier and rock glacier inventory of the complete Huasco valley was presented
by Barcaza et al. [24], who documented 334 ice-bodies covering an area of 32.6 km? in 2003 [24].
Nicholson et al. [8] mapped 111 glaciers and glacierets with a total area of 16.86 km? and 40 active rock
glaciers with a total area of 6.30 km? using ASTER satellite data from February 2004. Brenning and
Azécar [25] identified 424 active rock glaciers covering an area of 23.5 km?, which were derived from
aerial photos taken between 1996 and 2000. This inventory was used for a permafrost distribution
model to predict the occurrence of rock glaciers for the semi-arid Chilean Andes (28.5-32.2 °S) [26].
The majority of permafrost related studies, however, concentrate on the central Chilean Andes close to
the capital Santiago de Chile [7,12,27,28].

Comparative change detection studies of glaciers across the Huasco catchment are largely absent,
despite the controversial impact of mining and construction activities. Previous studies [8,19-23,25]
have highlighted the need for further glaciological long-term monitoring in the region. However,
several mass balance studies have been carried out at Guanaco Glacier and Pascua Lama [23,29,30],
without considering the impact of an anthropogenic increase in dust deposits on glaciers.

The aims of the present study are (i) to map glaciers and rock glaciers of the Huasco valley; (ii) to
analyze their regional distribution and their relationship to topographical variables; (iii) to detect
glacier changes between 1986, 2000 and 2016, and (iv) to estimate the impact of mining infrastructure
on glacier decrease.

2. Study Area

The upper Huasco valley (28°53’ S, 69°56” W to 29°33’ S, 70°11" W) is located in the Atacama
Region (Region III) in North-Central Chile. The watershed stretches from the western Cordillera of the
Andes, which marks the border to Argentina in the East, to the Pacific Ocean in the West (Figure 1).
The two main tributaries El Transito in the north and El Carmen in the south, covering together an area
of about 7100 km?, confluence to the Huasco river near the town of Alto del Carmen [19,31,32].

The altitude of the upper Huasco valley ranges from 782 m (all elevations in this study are given
in above sea level) in the lowermost section in the west to the highest peak of about 6150 m in the east.
The median elevation of the Transito and Carmen watershed is 3497 m and 3642 m, respectively.

Most ice-bodies in this semi-arid mountain environment are very small (<0.25 km?) and have
been referred to as glacierets, cryospheric forms that originate from perennial snow cover in sheltered
positions, often nourished by avalanches or wind-driven snow accumulation with little or no detectable
ice-flow pattern at the surface [8,23]. The extrapolated 0 °C isotherm of mean annual air temperature
is located at an altitude of about 4350 m [25]; thus, a distinct separation of glacial accumulation and
ablation zones does not exist. Similar to tropical glaciers, ablation occurs across the entire glacier [23,30].
All glaciers in the region show low viscosity and are considered cold glaciers [19,21,23]. High solar
radiation and strong winds result in high sublimation rates [19,33,34].
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Figure 1. Map of the Upper Huasco Valley.

The Huasco valley is located south of the prominent South American Arid Diagonal, which crosses
the Andes between 25-27° S [23,35] and forms a transition zone between tropical and subtropical
circulations on the one hand and the westerlies on the other. Both circulation systems are characterized
by distinct seasonality and blocked by the Pacific anticyclone, resulting in pronounced aridity along
the diagonal zone [32]. The Huasco valley is predominantly influenced by the westerly circulation,
with 81-85% of the annual precipitation occurring during the austral winter between May and
August [32,33,36] and episodic easterly precipitation in summer [19]. The characteristic high interannual
climatic variability in the area is reinforced by ENSO with wetter winter conditions every 36 years,
providing years with higher snow accumulation [19,32,37]. Drier La Nifia events are regularly associated
with less winter precipitation and stronger ablation. The last El Nifio year occurred in 2015 with heavy
precipitation and flooding in the Huasco watershed [31,32].

The population in the upper Huasco valley increased from 4840 to about 5300 inhabitants between
2002 and 2017, who live in dispersed rural settlements with a population density of just 0.9 persons
per km? [38]. The main source of income is irrigated agriculture along the riverbed, with table grapes,
avocados, and grapes for viniculture (Figure 2) as main crops [39]. Between 2009 and 2013, employment
in the agricultural sector increased from 52% to 68% [38]. Population growth and steadily expanding
irrigation by export-oriented agricultural companies contribute to rising water demand [40].

The upper Huasco valley became prominent due to the conflict over the construction of the Pascua
Lama open-pit mine at the Argentine—Chilean border [16-18,41] (Figure 3). The Canadian company
Barrick Gold planned to mine one of the largest remaining gold deposits in the headwaters of the
Huasco valley at altitudes between 4400 and 5300 m [18,42]. The project gained international attention
when the first environmental impact assessment (EIA), approved in 2001 [43], including the plan
to relocate 10 ha of the ice-covered area as the gold is located underneath the three glaciers Toro 1,
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Toro 2, and Esperanza [18,41,42,44,45]. After a second, revised EIA in the context of Barrick’s plans
to expand the project in 2004, public resistance increased significantly [16-18,41,46]. Nevertheless,
mining construction started in 2009, while exploration work accompanied by road construction had
already begun in the mid-1990s [41] and is detectable on satellite imagery. Protests against the mine led
to a temporary halt in 2013 [47,48]. In 2018, Chile’s environmental tribunal shut down the project [43].
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Figure 3. Road construction and mining in Pascua Lama.
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3. Materials and Methods

3.1. Data Selection and Preprocessing

Multispectral satellite imagery was used to map glaciers and rock glaciers. To minimize the
impact of seasonal snow cover, images at the end of the ablation period and before the first snowfall
event were considered optimal for glacier detection [49-51]. A Sentinel-2A scene from 5 March 2016,
provided by ESA (European Space Agency), was found to be suitable for the glacier inventory (Table 1).

Since Sentinel-2A was launched in June 2015 [52], Landsat-5 imagery from 31 March 1986,
and Landsat-7 data from 31 March 2000, were used for glacier change detection. Similar dates were
selected to minimize seasonal shading effects [53]. The radiometrically calibrated Landsat and Sentinel-2
scenes were mosaicked and resized to the study area. All preprocessing steps and classifications were
carried out in ENVI 4.8.1 (Figure 4).
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Figure 4. Workflow with all processing steps for the clean-ice glacier classification.

The watersheds of Huasco valley and its two tributaries, El Transito and El Carmen, were calculated
with the Hydrology Tool in ESRI ArcGIS 10.1 using an ALOS DEM (Advanced Land Observation
Satellite Digital Elevation Model) provided by JAXA (Japan Aerospace Exploration Agency) with a
spatial resolution of 30 m [54,55]. In the Pascua Lama region, the watershed was manually corrected to
include all glaciers along the pass, as also conducted by Rabatel et al. [23].

Table 1. Satellite data used in this study (VIS = visible, NIR = Near Infrared, SWIR = Short Wave
Infrared). All scenes are captured by a descending orbit.

Spectral and Spatial Resolution

Satellite Type  Acquisition Date Scene ID

(m X m)
17 March 1986 LT05L1TP2330801986031720170218 VIS, NIR, SWIR:
Landsat5 ! 17 March 1986 LTOSL1TP2330811986031720170218 30
31 March 2000 LEO07L1TP2330802000033120170212 VIS, NIR, SWIR:
Landsat 7 1 31 March 2000 LEO07L1TP2330812000033120170212 30
Sentinel-2A 2 5 March 2016 S2AOPERPRDMSIL1CPDMC20160308T17 VIS, NIR: 10, SWIR: 20

3710R096V20160305T14431620160305T144316

! Data downloaded from http://earthexplorer.usgs.gov [56]; all Landsat images were available in L1T; 2 Data
downloaded from https://scihub.copernicus.eu/dhus/#/home [57].

To investigate the impact of the Pascua Lama mine and its infrastructure on glacier changes,
the upper Huasco valley was divided into six subregions, according to clusters of neighboring glaciers.
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Only those glacier clusters covering an area of more than 0.5 km? in 1986 were considered for further
analyses. The glaciers in the vicinity of Pascua Lama were subdivided into two subregions, depending
on their distance to the mine. The following subregions were identified from north to south: Laguna
Grande, Valeriano N, Valeriano, Cholloy, Pascua Lama, Potrerillo.

3.2. Glacier Classification

A standardized semi-automatic threshold approach based on the red/shortwave infrared band
ratio was applied to delineate glacier boundaries [49,58], as ice and snow are characterized by a high
reflection in visible light and high absorption in the shortwave infrared range. Additional manual
corrections, in particular, for shadow and water surfaces, are commonly required, even though the band
ratio method is relatively accurate and time-efficient in delineating clean ice [59]. The threshold for
image segmentation varies from region to region and must be estimated for each image separately [60].
A higher threshold prevents a false classification by shadows or water surfaces, but it has the
consequence that pixels in the glacier boundary area, which belong to the glacier, were not classified as
glacier area. A lower threshold, on the other hand, requires labor-intensive visual interpretation and
manual corrections. Even though the usually recommended threshold is 2.0 [61-63], for this study,
a lower threshold of 1.8 was found to be more appropriate [58,64].

For further analyses, the classified ice-covered areas were transformed into vector data [64].
For satellite data with a spatial resolution of 10-30 m, the recommended minimum glacier size is
0.01 km? [51]. Thus all smaller ice-bodies were removed from the dataset. Each glacier was visually
checked, and misclassified pixels were corrected using the method proposed by Paul et al. [58].
The topographic parameters aspect, slope, and elevation were derived from the ALOS DEM in ESRI
ArcGIS10.1, as described in Gardent et al. [53]. Topographical changes over the entire period of 30 years
were not investigated in more detail, as only one DEM was available; instead, a glacier inventory with
topographic characteristics was drawn up for 2016. To detect the average elevation of glaciers and rock
glaciers, the median elevation was computed. In the statistics, components of fragmented glaciers
were considered as entities, whereas for the calculation of mean glacier changes, the components of the
former entity were added up. For change detection analyses, the periods 1986-2000, 2000-2016, as well
as 1986-2016, were considered.

Multi-temporal glacier interpretation with various satellite datasets reveals uncertainties due to
the pixel size and co-registration of satellite data [62]. The uncertainty was estimated with a buffer
of half a pixel size for each glacier, as suggested by Granshaw and Fountain [65] and applied in
further studies [66,67]. Thus, the uncertainty was +15 m for Landsat and +10 m for Sentinel imagery,
respectively. The uncertainty increases for small glaciers as small polygons contain relatively more edge
pixels compared to large glaciers [67]. The error estimation was calculated by the standard deviation of
the sum of the error term [53,68].

3.3. Rock Glacier Mapping

Rock glaciers are distinguished from clean-ice glaciers by their proportion of debris, the thickness of
the rubble, and the ice content [69]. A visual image interpretation of the Sentinel-2A scene (5 March 2016)
was carried out to map rock glaciers. Unlike glaciers, which can be identified by spectral differences,
the surface debris on rock glaciers has similar spectral properties as surrounding areas, and the
detection of rock glaciers with remote sensing data is difficult [5,70]. Hence, the integration of
topographic information is required for rock glacier delineation, as seen in [70]. To support the visual
interpretation, topographic data, such as altitude, a hillshade image, slope angle, and curvature,
from ALOS DEM [71] and a higher spatial resolution Microsoft Bing Map were loaded into ESRI
ArcGIS 10.1 [26]. Although these satellite images have different acquisition dates, they are useful tools
in visual image interpretation [58].

Rock glaciers are characterized by steep terminal fronts with high inclination angles between
35-45° [12,72] and a relatively flat upper side. The steep fronts generate a narrow strip of light shadow
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on the southern part as the sunlight comes from the north. This results in darker colors along the
rock glacier outline compared to the brighter flat upper surface and its surrounding. In contrast,
north-oriented rock glaciers indicate bright colors on the steep terminal front and darker colors on the
flat surface. This was also checked using the slope differences in the slope layer. Shading effects of the
outlines were clearly visible in the hillshade layer and the satellite image as seen for three SE-oriented
rock glaciers in the northern part of the study area (Figure 5).

Figure 5. (Left) An example of three rock glacier delineations (yellow) in the north of Transito tributary;
(Right) Shading effects of the outlines are visible. Background map: Sentinel-2A (5 March 2016), false
color composite SWIR-NIR-Red.

However, the delineation in the upper part of the rock glaciers is difficult as no clear delineations
are visible in satellite imagery [58,59,72]. Thus, the detected area can differ by about 100 m depending
on the operator [58]. The upper edge of rock glaciers was delineated just below the funnel-shaped
cirque or glacier fore field, assuming that this was the transition to non-moving terrain [8,72].

Distinguishing between active, inactive, and relict rock glaciers or water-saturated mass
movements is challenging. Inactive and relict rock glaciers show lower inclinations at the front
than active rock glaciers and, thus, often a softer contrast on satellite images [12,73]. In addition,
the surface of active rock glaciers typically shows depressions, furrows, ridges, and lobes that are
oriented transverse or longitudinal to the flow direction [74,75]. Features that showed neither a color
contrast between the frontal slope and upper surface nor evidence of surface flow features were not
included in the inventory [8]. In uncertain cases, a surface shape was not classified as a rock glacier.
Consequently, a slight misclassification can be assumed. Topographic information (altitude, aspect,
slope) was determined as described above for the glaciers and added to the rock glacier shapefile [53].
Rock glacier delineation by visual interpretation reaches its limit, as rock glaciers are likely to be located
in shady niches rather than in sun-exposed areas. Thus, surface features were not visible in satellite
imagery [12]. Due to the low spatial resolution of Landsat images and due to the lack of DEM with a
high spatial resolution for 1986 and 2000, rock glaciers were excluded from change detection analyses.

4. Results

4.1. Glacier Inventory

The glaciers of the Huasco valley are clustered around the highest peaks and along the highest
ridges. In total, 167 clean-ice glaciers larger than 0.01 km? cover an area of 16.35 + 6.06 km? in March
2016. Figure 6 shows the number (6 a) and area (6 b) of these glaciers by size classes in the tributaries El
Transito and E1 Carmen. The Transito tributary features 104 glaciers covering an area of 8.43 + 1.77 km?.
The glaciers are clustered in five subregions along the main Andean range. Almost half of its ice-covered
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area (3.86 + 0.71 km?) is located in the northern Laguna Grande subregion. Pascua Lama, at the
transition to the Carmen tributary, shows the second largest cluster of glaciers with a total area of
2.65 + 0.28 km?. In the Carmen tributary, 92% of the glacier-covered area (6.63 + 0.57 km?) is located in
the subregion Potrerillo in the southern vicinity of Pascua Lama. Only a few glaciers are located along
the southernmost ridges.

B Transito m Carmen
120 6
100+ 5
80 _ 4
. E
2 60 = 3
5
Z 40 < 2
N . | l
., 1 R
<0.05 0.05-0.1 0.1-0.5 0.5-1 >1.0 <0,05 0.05-0.1 0.1-0.5 0.5-1 >1.0
Size class [km?] Size class [km?]
(a) (b)

Figure 6. Area and number of glaciers by size class in the tributaries Carmen (light blue) and Transito
(dark blue): (a) Number of glaciers by size class; (b) Area of glaciers in km? by size class.

In the entire study area, 70% of the glaciers are smaller than 0.05 km? and amounts 16% of the
glacier-covered area; and the largest seven glaciers >0.5 km? account for 48% of the glacier-covered area.
The Guanaco, the largest glacier of the study area, located in the Potrerillo subregion south of Pascua
Lama, covers an area of 1.77 + 0.09 km2. The second-largest unnamed glacier (1.74 + 0.17 km?) is
located in the subregion, Laguna Grande. The third and fourth largest glaciers, Estrecho (1.23 + 0.1 km?)
and Los Amarillos (1.02 + 0.09 km?) are situated in Pascua Lama, to the north of the mining site.

All clean-ice glaciers terminate above 4500 m and 50% even above 5100 m (Figures 7 and 8).
Almost 65% of the glacier-covered area is located between 5000 m and 5300 m, while the mean
hypsometric glacier altitude in Carmen is 4980 m, which is around 200 m lower than in Transito where
it reaches 5180 m. In Carmen, no glaciers exist above 5360 m, while glaciers in Transito can be found in
altitudes of almost 5850 m. As Figure 8 depicts, the median elevation of clean-ice glaciers larger than
0.35 km? is between 5050 m and 5270 m. In contrast, glaciers <0.1 km? tend to scatter over a broad
elevation range between 4570 m and 5700 m. The elevational analyses of glacier occurrence in the
subregions show no meridional trend. The glaciers in the subregion Pascua Lama are characterized
by the highest mean minimum elevation of 5190 m and mean median elevation of 5280 m, followed
by the glaciers of Valeriano N at around 5170 m and 5260 m, respectively. The lowest minimum and
median elevations can be found at 4880 m and 4990 m in Cholloy.

The main orientation of the glaciers is southwards (Figure 9). This is particularly pronounced in
Carmen, where about 86% of the clean-ice glaciers are located on S-facing slopes, and not even one
glacier is situated on NW- to NE-facing slopes. In Transito, 35% and 49% of the clean-ice glaciers are
on slopes oriented towards the SE and S, respectively. Only four north-facing glaciers exist, which are
smaller than 0.05 km? and located on relatively flat slopes above 5300 m, with three of them even
above 5500 m. The mean slope angle and the scatter of the glaciers increase minimally towards smaller
glaciers (Figure 9). The average slope angle is 25°, whereas the differences between both tributaries are
neglectable. The slope angle of the glacier larger than 0.5 km? ranges from 13° to 25°, whereas the
mean slope of glaciers smaller than 0.05 km? varies between 2° and 39°.
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We identified 50 rock glaciers covering a total area of about 8.6 km?. Most of them are situated
in Transito (n = 42), covering an area of about 7.2 km?, while Carmen comprises in total only eight
rock glaciers (~1.4 km?). Due to the small number of rock glaciers in Carmen, no further distinction
was conducted between both tributaries. The largest rock glacier covers an area of about 0.6 km?
and is located in Transito. Two-thirds (n = 33) of the rock glaciers have a size between 0.1-0.5 km?,
nine between 0.05-0.1 km? (total area 0.7 km?), and seven are smaller than 0.05 km? (total area 0.3 km?).
Compared to clean-ice glaciers, rock glaciers are located at lower altitudes ranging from 3840 m to
5070 m and with a mean elevation of 4420 m and on lower angled slopes ranging from 10° to 27° with
an average of 18°. Most of them are located on SE- to SW-facing slopes.

4.2. Glacier Changes

The glacier-covered area decreased from 26.11 + 5.35 km? in 1986 to 24.99 + 5.15 km? in 2000 and
16.35 + 6.06 km? in 2016 (Table 2), displaying a relative ice-cover loss of 39% (1.3% a~!). Due to glacier
shrinkage, several glaciers have been fragmented into two or more parts. Thus, the number of glaciers
grew from 162 to 167, despite the disappearance of 30 glaciers—19 of them disappeared between 1986
and 2000. Because of glacier shrinkage, the number of glaciers in the size class <0.05 km? grew from 77
to 116, and its ice-covered area increased from 1.93 + 1.02 km? to 2.61 + 1.11 km? between 1986 and
2016 (Table 2). All other size classes are characterized by a decrease ranging from 16% to 54%.

The subregional analysis (Figure 10) indicates that in Laguna Grande and Valeriano N,
the glacier-covered area was almost stable (—2%) or slightly increased (7%). However, five glaciers—four
of them belong to the size class <0.05 km? and one to size class 0.05-0.1 km?—disappeared. Glaciers
<0.05 km? were characterized by an average increase of about 20% and 26%. However, the two
glaciers >1 km? were stable between 1986 and 2000. In Valeriano, the glacier-covered area decreased
by about 8% (1.85 + 0.61 km? to 1.70 + 0.62 km?), and glaciers <0.05 km? lost 26% on average of
their surface. In Cholloy, the glacier cover was almost stable, and in the southernmost subregion
Potrerillo, a slight decrease of about 4% (9.17 + 1.61 km? to 8.76 + 1.52 km?) was detectable, whereas
three glaciers <0.05 km? disappeared. With an average relative decrease of 2%, the three glaciers
>1 km?—Guanaco, Canito, Ortigas 1, were almost stable. Contrary to this, in the surrounding of
the Pascua Lama mine, the glaciers were characterized by a comparable high shrinkage rate. In this
subregion, the glacier-covered area decreased from 4.43 + 0.67 km? to 3.72 + 0.53 km? by about
16%. The two largest glaciers of Pascua Lama showed a diverse retreat pattern. Contrary to Los
Amarillos (1.25 km? + 0.13 km?), that was almost stable, the Estrecho indicated a decrease by about
11% (1.75 + 0.17 km? to 1.56 + 0.15 km?). Furthermore, a comparable high mean relative decrease was
detectable for the glaciers of the size classes 0.1-0.5 km? and <0.05 km?, with about 39% (2.8% a~!) and
62% (4.4% a~1), respectively. Three glaciers belonging to the size class <0.05 km? disappeared during
this observation period.

Between 1986 and 2000, only a slight glacier decrease of about 2% (0.1% a~!) was detectable for
the entire study area that is within the range of uncertainty. Taking into account changes in individual
ice-bodies, then the glaciers of size class 0.1-0.5 km? showed the highest mean decrease by about 8%,
whereas glaciers larger than 0.5 km? shrunk by 2% on average. Despite the small decreasing rate,
19 glaciers disappeared during this observation period (Figure 11).
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Table 2. Number of glaciers (N), glacier-covered area (km?) in total and by size class in the study area and the tributaries Transito and Carmen are listed for the three
observation periods 1986, 2000, and 2016; absolute and relative changes in the total glacier-covered area and mean average glacier decrease per size class between
1986-2000, 1986-2016, 2000-2016 are given.

1986 2000 2000-1986 2016 2016-1986 2016-2000
N km? (%) N (km?) (%) (km?) (%) (% a-1) N (km?) (%) (km?) (%) (%al)  (km?) (%) (% a-1)

total 162 26.11 £ 5.35 100.0 152 2499 +£5.15 100.0 -1.12 -2.0 -0.1 167 16.35+£3.06 100.0 -9.76 -38.5 -13 -8.64 -35.6 -22

>1 7 10.91 + 1.07 41.8 7 10.69 + 1.06 42.8 -2.3 -0.2 4 547 £ 0.4 33.5 -49.9 -1.7 —48.8 -3.1
total glacier-  0.5-1.0 4 2.77 £ 0.41 10.6 4 271 +041 10.8 -8.2 -0.6 3 231+021 14.1 -16.5 -0.5 -14.5 -0.9
covered area 0.1-0.5 41 8.06 + 1.98 30.9 39 74+18 29.6 -4.8 -0.3 24 454 +0.92 27.7 —43.8 -1.5 -38.7 -2.4
0.05-0.1 33 2.44 +0.87 9.3 32 2.32£0.85 9.3 -3.0 -0.2 20 1.42 +0.43 8.7 —41.9 -14 -39.0 -24

<0.05 77 1.93 £1.02 7.4 72 1.87 £1.01 7.5 -2.0 -0.1 116 261 +1.11 16.0 35.8 1.2 40.0 2.5
total 104 153 +3.34 59.9 101 13.86 + 3.15 61.4 -1.44 -1.8 -0.1 106 9.64 +1.89 59.0 —-5.66 =374 -1.2 —4.22 -34.6 -2.2

>1 4 6.56 + 0.67 251 4 518 +0.53 25.7 -21 -0.1 3 2.67 +0.21 22.6 -38.3 -1.3 -37.2 -2.3

Trdnsito 0.5-1.0 3 1.83 +£0.33 7.0 3 1.83 +0.33 7.3 -0.2 0.0 1 0.70 £ 0.09 4.3 —43.6 -1.5 —42.4 -2.6
0.1-0.5 22 431+1.08 16.5 25 431+1.08 18.1 53 0.4 14 2.64 +0.51 16.1 -61.9 -21 —61.8 -39

0.05-0.1 24 1.74 £ 0.60 6.7 17 1.20 + 0.44 48 -31.2 -22 12 0.85 +0.27 52 —-38.7 -1.3 —41.8 -2.6

<0.05 51 1.19 £ 0.65 4.6 52 1.37£0.75 55 14.7 11 76 1.75+£0.72 10.7 -51.0 -17 -28.8 -1.8

total 58 10.48 +1.40 40.1 53 9.64 +1.82 38.6 —-0.84 -8.0 -0.6 59 6.63 + 0.57 40.5 -3.85 46.5 1.6 -3.01 27.7 1.7

>1 3 4.36 + 0.40 16.7 3 427 £ 041 17.1 -2.0 -0.1 1 1.77 +1.00 10.8 -36.8 -12 -31.3 -2.0
Carmen 0.5-1.0 1 0.94 +0.08 3.6 1 0.88 + 0.08 3.5 -6.3 -0.4 2 1.62 £0.11 9.9 -59.3 -2.0 —-58.5 -3.7
0.1-0.5 19 3.76 £ 0.89 14.4 14 2.87 £ 0.66 11.5 -23.7 =17 10 1.90 + 0.41 11.6 72.1 24 83.7 52

0.05-0.1 9 0.70 £ 0.27 2.7 15 112+ 041 45 61.0 44 7 0.49 £0.15 3.0 -49.6 =17 -33.9 -21

<0.05 26 0.73 £ 0.37 2.8 20 0.50 + 0.26 2.0 -32.0 -2.3 39 0.85 +0.38 52 -29.1 -1.0 —-55.9 -3.5
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Figure 10. Glacier distribution (2016) and glacier changes in the six subregions from 1986 to 2000 and
2000 to 2016.

Between 2000 and 2016, the shrinkage of the total glacier-covered area in Huasco valley increased
to 36% (2.2% a~'). In all subregions, a shrinkage was detectable varying between 29% (1.8% a~!)
in Pascua Lama and 30% (1.9% a~!) in Potrerillo, to 45% (2.8% a~!) in Valeriano. In this second
observation period, 13 glaciers disappeared; most of them belonged to the size class <0.05 km?.
But even Toro 2 belonging to glacier size class 0.1-0.5 km? in 1986 vanished between 2000 and 2016;
its area decreased from 0.29 + 0.07 km? in 1986 to 0.09 + 0.04 km? in 2000 before its disappearance.
In general, glaciers of the size class 0.05-0.1 km? were characterized by the highest mean area loss by
more than 50%. However, in Pascua Lama, this size class showed the highest average retreating rate
of 77%; additionally, glaciers <0.05 km? indicated an average retreat of about 63%. Only in Laguna
Grande, the glaciers of this size class showed similar high shrinkage rates of about 55%. Furthermore,
compared to 1986-2000, glaciers >1 km? were characterized by a high average decrease of about 25%;
Canito lost almost 50% of its area, and the unnamed glacier in Valeriano N 40%, whereas Guanco
decreased only by about 14%.
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Figure 11. Relative glacier changes from 1986 to 2000 (points) and 2000 to 2016 (triangles). Some outliers
(>60%) are outside the y-axis and are not shown.

5. Discussion

5.1. Glacier and Rock Glacier Inventory from 2016

Clean-ice glaciers and rock glaciers are the predominant cryospheric features in the upper Huasco
valley, while debris-covered glaciers were not detectable, as also shown in other studies [8,23,76].
The glaciers are very small, and their large scatter in median elevation implies that climatic conditions
and topography determine their distribution. Shadowing effects are significant for the predominant
location of glaciers and rock glaciers on south-facing slopes [23,77]. Aeolian redistribution of snow
is another important factor, as snow accumulates on leeward slopes and ridges or topographic
depressions [8,23]. According to Gascoin et al. [78], glaciers in the Huasco valley receive positive rates
of drifting snow, which can reduce the glacier melt even in dry years.

Fifty rock glaciers with an area of about 8.6 km? were detected in 2016, similar to investigations
by Nicholson et al. [8], who mapped 40 rock glaciers covering an area of 6.30 km? in 2004. In both
studies, the numbers of identified rock glaciers were significantly smaller compared to the inventory by
Azocar etal. [26], who mapped more than 400 rock glaciers. Due to the lack of distinct spectral signatures,
rock glacier mapping using remote sensing data needs to be based on visual interpretation and on-screen
mapping. Depending on the spatial resolution of satellite data, the inclusion of topographic parameters,
illumination conditions, as well as typology of active or inactive rock glaciers, as well as solifluction
lobes, the numbers can differ.

5.2. Glacier Change 1986-2016

Despite the general importance of glacier melt in arid regions and the ongoing debate on the
impact of mining infrastructures on glacier changes, detailed change analysis for the entire Huasco
valley does not exist with the exception of a few glacier inventories. It is impossible to compare
them as glaciers <0.1 km? have not been mapped in all studies [68]. Moreover, glaciers located in
Pascua Lama are completely or only partly considered [23,29]; and sometimes their integration is
unclear [8]. Furthermore, on-screen glacier mapping, as conducted by Nicholson et al. [8], tends to
neglect some small glaciers [50], which are included in semi-automatic approaches, and, therefore,
an underestimation of the ice-covered area can be assumed. Finally, seasonal snow cover patches on
satellite images influence the results, for example, Barcaza et al. [24] identified 334 glaciers based on
satellite data from January 2003.

For the presented glacier change analyses, satellite imagery with a spatial resolution of 20 m and
30 m was used. According to Paul et al. [51], a spatial resolution of 25 m or coarser is applicable for
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compact glaciers larger than 0.1 km?; hereafter, Landsat data reach their limitation. The relative impact
of uncertainties increases with decreasing glacier size. Nevertheless, glaciers smaller than 0.1 km? need
to be included due to their direct response to climate change, particularly in regions where climate
records or climate proxies are absent [50,64]. Due to their high area-to-volume ratio, they show a
higher relative reduction than larger glaciers [8,23,64,77], and due to their small perimeter-to-area ratio,
they are more sensitive to radiation from the surrounding terrain [53].

Coinciding with the observed increase of glaciers in Central Andes in the 1980s and the first
decade of the 21st century [79], the glaciers of Huasco valley were almost stable between 1986 and 2000.
Since 2010, a strongly negative mass balance was measured in the Dry Andes [80], which was also
displayed in the glacier decrease by about 36% in the study area between 2000 and 2016. Compared to
the Olivares Alfa glacier complex (33° S), where the glaciers shrunk by about 16% between 1989 and
2014 [81] and the Aconcagua Basin with a glacier decreased by about 33% between 1986 and 2015 [82],
the glacier decrease in Huasco valley was comparatively high.

Since glaciers in the upper Huasco valley are located at high altitudes, where the average annual
temperature is expected to be as low as —5 °C [23], temperature increase plays a secondary role in glacier
decrease. Rather, precipitation influences glacier changes [23,80,83]. Thus, the observed decrease could
be associated with the severe drought event in central Chile (30—40° S) since 2010 [80,84]; within this
period, Salas et al. [32] recorded minimum streamflow in the Santa Juana reservoir (see Figure 1).
A changed Pacific Dipole Oscillation has caused a decadal decrease in precipitation by about 3.7 mm in
central Chile since 1980 [32,84]. However, the impact of climate change on the formation of penitentes
and their buffering effect on snowmelt is still unclear and needs to be evaluated further [85].

The subregional analysis indicated a more pronounced glacier decrease in Pascua Lama between
1986 and 2000, which was significantly higher than in the entire Huasco valley and could be explained
solely by climate change, as concluded by Rabatel et al. [24], who observed an increased glacier decline
between 1996 and 2007 compared to 1978 and 1996. However, besides climate change, human impacts
on glacier decrease through mining activities can be assumed [1,42,44,83]. Mining activities can foster
the melting of glaciers in different ways. Dust particle deposition and black carbon increase the albedo
of glaciers [42,44,86,87]. As detectable in satellite imagery, massive road constructions started in the
mid-1990s, leading to an increase in dust production and some roads even cross glaciers, such as Toro 2.
While mainly glaciers smaller than 0.05 km? disappeared by 2016, the Toro 2 glacier, one of the glaciers
which was planned to be “resettled”, according to the first EIA, was the only glacier larger than 0.2 km?
in 1986 that disappeared completely by 2016. A particular environmental impact of mining activities
on water resources, in general, and the cryosphere, in particular, can be assumed [88]. In the past,
the Canadian mining company Barrick Gold had been fined for non-compliance with environmental
regulations and irregularities in water management [41]. Despite the temporal stop of mining activities
in 2013, satellite imagery revealed ongoing construction works and negotiation processes on the project
still go on [41]. The complex issues of mining and mineral extraction in glacier-covered watersheds
need to be considered in a broader and integrated socio-hydrological context [88] at the interface of
environmental and developmental aspects, including glacio—fluvial dynamics, actor constellations,
and regional socio-economic trajectories.

6. Conclusions

This study analyzed cryosphere changes in the Andes of the Huasco valley based on a
multi-temporal glacier inventory. Glaciers in the Huasco valley have declined since 1986 with an
accelerated reduction since 2000. The subregional analysis of glacier change indicated a detectable
impact of mining activities on glacier retreat. Detailed further analyses are needed to quantify and
weigh the impacts of climate change and mineral extraction. Despite their small size, the relevance of
glaciers and rock glaciers for water availability in arid areas may increase, and conflicts over water
resources between different actors may rise in the future, as witnessed in the Huasco valley.
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