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• Chemical and mineralogical properties
show mobilized particles from mine de-
posits.

• Light-absorbing impurities contribute to
elevated mass loss of Olivares glaciers.

• Mass balance is sensitive to ice albedo
changes.

• Accelerated seasonal snow albedo might
be responsible for above-average mass
loss.
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Editor: José Virgílio Cruz
 We have investigated the source and role of light-absorbing impurities (LAIs) deposited on the glaciers of the Olivares
catchment, in Central Chile. LAIs can considerably darken (lowered albedo) the glacier surface, enhancing their melt.
We combined chemical andmineralogical laboratory analyses of surface and ice core samples with field-based spectral
reflectance measurements to investigate the nature and properties of such LAIs. Using remote sensing-based albedo
maps, we upscaled local information to glacier-wide coverage. We then used a model to evaluate the sensitivity of sur-
face mass balance to a change in ice and snow albedo. The across-scale surface observations in combination with ice
core analysis revealed a history of over half a century of LAIs deposition.We found traces of mining residuals in glacier
surface samples. The glaciers with highest mass loss in the catchment present enhanced concentrations of surface dust
particles with low reflectance properties. Our results indicate that dust particles with strong light-absorbing capacity
have been mobilized from mine tailings and deposited on the nearby glacier surfaces. Large-scale assessment from
satellite-based observations revealed darkening (ice albedo lowering) at most investigated glacier tongues from
1989 to 2018. Glacier melt is sensitive to ice albedo. We believe that an accelerated winter and spring snow albedo
decrease, partially triggered by surface impurities, might be responsible for the above-average mass loss encountered
in this catchment.
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1. Introduction
Impurities on snow and glacier surfaces consist typically of aerosols,
rock fragments from the surrounding valley walls, glacial deposits, and/or
organic matter (e.g. Naegeli et al., 2015; Cook et al., 2016; Dal Farra
et al., 2018; Barraza et al., 2021). Light-absorbing impurities (LAIs) arema-
terials that present high absorption in the visible range of the solar spec-
trum (390–700 nm, Dal Farra et al., 2018). LAIs are typically grouped
into black carbon (BC), organic matter, and mineral dust (Warren, 1980),
and can considerably reduce snow and ice albedo (Takeuchi et al., 2001).
BC refers to the strongly light-absorbing component of soot and is emitted
both naturally and anthropogenically by incomplete combustion of fossil
fuels and biomass burning. Organic matter, such as humic substances, can
be transported or produced in situ through biogenic processes. The highest
accumulations of organic matter are found in cryoconite holes on glacier
surfaces (Cook et al., 2016). Cryoconites substantially reduce glacier sur-
face albedo (Takeuchi et al., 2001). Mineral dust particles present a wide
range of different reflectance properties (Dal Farra et al., 2018). The main
sources of mineral dust are arid regions with low vegetation cover where
fine-grained material is available and mobilized (Di Mauro et al., 2015).
Mineral dust production and deposition has increased over time inmany re-
gions (Di Mauro et al., 2015).

The strongest driver for ablation on alpine glaciers is net shortwave ra-
diation (e.g. Brock et al., 2000; Klok andOerlemans, 2004; Pellicciotti et al.,
2008; Ayala et al., 2016; Schaefer et al., 2020), and the amount of solar ra-
diation that is absorbed at the glacier surface depends strongly on the sur-
face albedo. Thus, glacier surface albedo determines a large amount of
the energy available for snow and ice melt throughout the year. The glacier
surface presents low albedo values in the ablation zone, where ice is ex-
posed at surface over most of the summer season (e.g. Paul et al., 2008).
The longer this surface is exposed, the more solar radiation will be ab-
sorbed. Rising air temperatures prolong the melting season, reduce the ex-
tent of the snow cover, and lead to shorter winter seasons. Consequently,
the dark ablation surface is exposed longer to the atmosphere. This causes
a positive feedback, enhancing surface melt significantly (Oerlemans and
Hoogendoorn, 1989; van der Wal et al., 1992; Paul et al., 2007; Naegeli
et al., 2019). Due to the increase in absorption of solar radiation by the de-
posited absorptive impurities, the feedback is further enhanced and can
thus impact significantly on the energy balance at the glacier surface (Box
et al., 2012; Brun et al., 2015; Tedesco et al., 2016). Fresh snowfall reflects
a large part of the incoming solar radiation, covers the dark ice surface, and
protects it from melt. During the ablation period, snow can, for a short pe-
riod of time—until it melts again—, lower or even stop melt. In autumn,
snowfall becomes more frequent and eventually controls the glacier-wide
albedo. Factors that affect snow albedo reduction include snow aging,
grain size, solar zenith angle, snow depth, the impurity ice/mixing state,
particle morphology, liquid water, and presence of LAIs (Wiscombe and
Warren, 1980; Warren, 1984; Hansen and Nazarenko, 2004).

Andean glaciers have a more negative specific mass balance (0.7mw.e.
yr1) for the past two decades than glaciers in most other regions worldwide
(Dussaillant et al., 2019; Braun et al., 2019; Zemp et al., 2019).Main drivers
for this enhancedmass loss are ongoing atmospheric warming and decreas-
ing precipitation trends (Falvey and Garreaud, 2009; Garreaud et al.,
2017). Glacier mass loss in the Andes is an important contributor to sea
level rise (≈3 mm sea-level equivalent from 1961 to 2016) (Zemp et al.,
2019) and represents an essential water resource for the region: snow and
ice melt can contribute by up to 50% to the total annual river runoff
(Huss et al., 2017). Huss and Hock (2018) modeled an up to 30% reduction
in glacier melt water release into the rivers of the Central Andes in the next
100 years under an emission scenario RCP4.5 (Representative Concentra-
tion Pathways 4.5).

An acceleration of glacier mass loss for the Maipo River basin in Central
Chile since 2010 has been highlighted (Farías-Barahona et al., 2020;
Dussaillant et al., 2019; Hugonnet et al., 2021), partly related to the
ongoing mega drought event (Ayala et al., 2020; Garreaud et al., 2020).
Long-term in situ mass balance observations at Echaurren Norte Glacier
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underlined this trend, showing enhanced mass loss since 2009 (WGMS,
2021; Farías-Barahona et al., 2019; Masiokas et al., 2016). The Olivares
catchment, a subcatchment within the Maipo River basin (Fig. 2), presents
a more than twice as high glacier mass loss rate since the mid 1950s (0.29
± 0.1 m w.e. yr1) compared with the glaciers in the surrounding
subcatchments (Farías-Barahona et al., 2019). Dussaillant et al. (2019) re-
ported a similar accelerated mass loss within the catchment from 2000 to
2018 and encountered exceptionally negative mass balance rates for the
glaciers Olivares Alfa (0.85 ± 0.1 m w.e. yr1) and Paloma Norte (0.97 ±
0.1 m w.e. yr1).

To date, this above-average glacier mass loss remains unexplained.
Causal links have been suggested between the role of dust particles from
mining activity and dramatic mass loss of glaciers, in particular for Olivares
Alfa and Paloma Norte (Cereceda-Balic et al., 2014; Malmros et al., 2016;
Farías-Barahona et al., 2020; Ayala et al., 2020), although clear evidence
is still lacking (Shaw et al., 2021). Cereceda-Balic et al. (2020) found sub-
stantially higher BC concentrations in the atmosphere and in snow samples
from Olivares Alfa in comparison with the more southern located Bello gla-
cier (Colorado catchment). Both glaciers are situated at≈60 kmdistance to
the capital city Santiago (Cereceda-Balic et al., 2020), which represents a
major source of atmospheric pollution too, such as for urban BC (Huneeus
et al., 2021; Lapere et al., 2021). Alfonso et al. (2019) and Rowe et al.
(2019) showed increased concentrations of anthropogenic LAIs in snow
samples for different sites in Central Chile. The authors highlighted ele-
vated concentrations not only of BC but also ofmineral dust, that has signif-
icant effects on snow reflectance properties.

The source and role of LAI deposition on ice and snow albedo and its as-
sociated effect on the magnitude of ablation for the Olivares catchment are
not well understood. This study aims at (1) characterizing the origin and
composition of LAIs detected in snow and ice, (2) quantifying the surface
albedo and its spatiotemporal variability based on in situ measurements
and satellite imagery, and (3) analyzing the sensitivity of ablation processes
to snow and ice albedo changes for the glaciers located in the Olivares
catchment using numerical modeling.

2. Study site

2.1. Climate and local meteorological conditions

TheOlivares catchment is part of theMaipo River basin and is located in
the semiarid Andes Cordillera of Central Chile about 50 km Northeast of
Santiago (Fig. 1). This is one of the most glaciated areas (111 km2 in
1955) of the Maipo River basin (Ayala et al., 2020). In the present study,
we focus on the glaciers Olivares Alfa, Olivares Beta, Paloma Norte, and
Juncal Sur (Table 1) but also show results for Barroso IV and Cerro Negro
glaciers (Fig. 2).

Atmospheric conditions over the Olivares catchment are determined by
the interaction of the Andes with large-scale circulation patterns. This
catchment is under the influence of the southeast Pacific anticyclone all
year around, centered at 30°S (Garreaud et al., 2013), but several synoptic
mechanisms (e.g., cold fronts), including those transporting water vapor
from low latitudes as atmospheric rivers, causemidlatitude storms and pre-
cipitation events over the catchment. Observed total annual precipitation
over the western Andes between 32°S and 34°S ranges from 300 mm to
900mm, depending on the location and elevation of themeteorological sta-
tion (Viale et al., 2019). Over 75%of the total annual precipitation over this
region occurs between April and September due to the passage of cold
fronts (Viale et al., 2019). Summer precipitation due to predominant con-
vective events also occurs but only represents around 10% of the total an-
nual precipitation (Viale and Garreaud, 2014). Most precipitation in the
Olivares catchment falls as snow (Mardones and Garreaud, 2020). Interan-
nual variability depends on global-scale atmospheric–oceanic circulation
patterns such as El Niño Southern Oscillation (ENSO), Madden–Julian Os-
cillation (MJO), or the Interdecadal Pacific Oscillation (IPO), among others
(Garreaud, 2009; Garreaud et al., 2009). During the warm phase of ENSO
(El Niño), positive anomalies in precipitation tend to occur, while during



Glaciers of the Olivares catchment

Mining area

Fig. 1. Overview of the geology of the study region. Glaciers of the Olivares catchment highlighted in blue and approximate mining area in red. Inset A showing simplified
geological map of the San Francisco batholith intruded into the Farellones formation (preintrusive volcanic suite) and the Río Blanco-Los Bronces breccia complexes with
postmineralization dacite/rhyolite plugs. Río Blanco, Don Luís, Sur Sur, La Americana, and Los Sulfatos sectors host important Cu(-Mo) mineralization. See Appendix
A.1.1 for more details. Modified from Deckart et al. (2005, 2013).
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cold ENSO (La Niña), below-average precipitation is generally recorded
(Masiokas et al., 2020). However, since the mega drought, negative anom-
alies occurred also during la Niña, El Niño, and neutral ENSO phases
(Garreaud et al., 2017). The interannual variability of precipitation has
been accompanied by an overall trend of precipitation decrease (e.g.
Boisier et al., 2018) and a significant temperature increase in the region be-
tween 1979 and 2015 (e.g. Burger et al., 2018). Furthermore, the Andes be-
tween 30°S and 38°S have been affected by an extensive dryness since 2010,
Table 1
Topomorphological characteristics of investigated glaciers based on RGIv6.0 (RGI, 2017

Glacier Mean elevation (m asl) Max elevation (m asl)

Juncal Sur 4450 5745
Olivares Beta 4463 4924
Olivares Alfa 4574 5037
Paloma Norte 4614 4794

3

the so-calledmega drought (Garreaud et al., 2017, 2020). During the mega
drought, mean annual air temperature increased up to ≈0.8 °C and an-
nual precipitation decreased up to a 50% compared with the 1986–2009
period at some locations (Shaw et al., 2021). Reduction of annual
precipitation and vegetation health led to land cover degradation,
exposing soil to erosion. This might have intensified the amount and
transportation of airborne dust particles (e.g. Shepherd et al., 2016; Al
Ameri et al., 2019).
).

Min elevation (m asl) Mean slope (°) Area (km2)

3826 18.1 21.04
3894 15.2 7.44
4259 13.8 3.2
4452 9.5 0.6



Fig. 2.Overview of the Olivares catchment on a almost snow free Landsat satellite end-of-summer image. Colored names highlighting glaciers focused in this study.
Color shading within perimeters showing albedo information. White dots indicating location of field spectrometer measurements. Yellow star indicating drill
location. Colored arrows indicating wind direction according to Codelco Chile (2019). Dashed area indicating approximated area directly affected by mining
activity.
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2.2. Geology and mining activities

First mining activities in this region date back to 1864 (Brenning, 2008;
Brenning and Azócar, 2010). Today, two large copper mines are operated
next to the Olivares catchment: Los Bronces and Andina (Río Blanco)
mines. These mines are located northwest of the Olivares catchment area
at the southeastern corner of the San Francisco batholith (Fig. 1). Explosive
pressure release related to hydrothermal activity led to the formation of
tourmaline-specularite (hematite)-sulfide-bearing breccia pipes (Deckart
et al., 2013). Andina and Los Bronces mines are located in the breccia
pipes area (Dold and Fontboté, 2001).More details on the geology andmin-
ing history of the area are provided in Appendix A.1.1. The glaciers Paloma
Norte, Cerro Negro, and Olivares Beta, including the bounding ridges, are
free of breccia pipe outcrops (Fig. 1).

Mineralization in the breccias contains pyrite, the chalcopyrite, bornite,
and molybdenite. Large volumes of the breccias contain >3 wt% pyrite and
>4 wt% chalcopyrite. In contact with surface water in a natural environ-
ment, pyrite oxidizes directly to ironoxyhydroxides. In the mine waste de-
posits (oxidation zone of sulfidic mine tailings), the oxidation of pyrite in
contact with water leads to the formation of sulfuric acid and the lowering
of the pH. This low pH leads to the precipitation of minerals such as the al-
kali iron hydroxy sulfate jarosite KFe2(SO4)2(OH)6 (pH: less3) or iron
oxohydroxy sulfate schwertmannite Fe8O8(OH)6(SO)4 ⋅ nH2O (pH: 3–6).
Dold (2003) found both minerals in the oxidized upper layer of the tailings
of the Piquenes impoundment, where the pH is low enough for their
4

formation (pH: 2.1 — 3.5). Jarosite survives only in arid environments
while, under more humid conditions and at higher pH, decomposes to
ironoxyhydroxides and a sulfate phase such as gypsum (Madden et al.,
2004). If jarosite reaches the surface, the only way for it to survive is to
be immediately protected from liquid water (e.g., by burying it very rapidly
under snowwhich falls periodically in the accumulation area). Jarosite can-
not form under natural conditions on the glacier surface in the Olivares
catchment.

3. Data and sampling

3.1. Remote sensing datasets: coarse scale

We used the glacier outline from 2020 based on PlanetScope data pro-
vided in Shaw et al. (2020) and added the outline of Paloma Norte manu-
ally delineated from a Sentinel-2 scene of 2020. We downloaded 856
scenes of the Landsat Surface Reflectance Level-2 science product (cloud
cover less than 50% and spatial resolution of 30 m) for the Olivares Catch-
ment (Landsat 4–5 TM, Landsat 7 ETM+, and Landsat 8 OLI) covering the
period 1986–2019. The scenes used for glacier-wide albedomaps consist of
six (TM/ETM+) or seven (OLI) individual spectral bands in a wavelength
range of around 440 nm to 2300 nm (Masek et al., 2006; Vermote et al.,
2016). We used the freely available void-filled Shuttle Radar Topography
Mission (SRTM, Jarvis et al., 2008) digital elevation model (DEM) as topo-
graphic input.
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3.2. Field sampling and measurements: local scale

In February 2019, we visually identified the following dominant glacier
surface types: water, cryoconites, bright ice, dirty ice, and ice with few de-
bris. Before taking surface ice samples (Section 3.3), we conducted field-
based surface reflectance measurements (Fig. 3F) of each surface type at
each sampling location spread over the different glaciers (12 sites) in a
field of 20×20 cm (Figs. 2 and 3). At each sampling location, we alsomea-
sured the reflectance spectra of a field of 4 × 4 m. Sample locations were
selected to represent the entire ablation area and various elevation bands
of the glaciers.

3.3. Data collected for laboratory analysis: particle to microscopic scale

In February 2019, we took 65 ice surface samples to investigate the
chemical and mineralogical composition of LAIs. We sampled all visually
identified glacier surface types (3–5 samples per site, Fig. 3) at 10 sample
locations on Olivares Alfa, at 3 locations on Olivares Beta, at 4 locations
on Paloma Norte, and at 1 location on Cerro Negro, Barroso IV, and Juncal
Sur, each. All dominant surface types were sampled for each location when
present (Fig. 3A–F). We collected a surface sample of each surface type for
which a reflectance spectra was recorded. Sample area was typically 20 ×
20 cm large and 1–2 cm deep (Fig. 3G). Larger rock fragments (not wind
transported) were sampled from Olivares Alfa, Paloma Norte, and Olivares
Beta.

A 7.43m-long ice corewas collected on Cerro Negro (Chile, 33°08′37.5″
S, 70°13′38.5″ W, 4604 m asl, Fig. 2) on April 30, 2017. This location was
part of the accumulation area (surface heightening) in the past, but in re-
cent years, the equilibrium line moved above the ice core drill site. This re-
sulted in the recently observed surface lowering.

3.4. Data used for numerical modeling: across scales

To run a mass balance model, climate data were obtained from ERA5-
Land reanalysis (Muñoz-Sabater et al., 2021). Hourly air temperature and
incoming shortwave radiation recordings were downloaded between the
years 1990 and 2020. The mass balance model, however, runs with a
Fig. 3.A.–D. Images ofmeasured and sampled surface types encountered on the glacier s
with all possible surface types; example of F. In situ Fieldspec spectral reflectance meas
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daily time step. To determine air temperature at the elevation of each gla-
cier pixel, we used air temperature lapse rates derived from the closest
weather stations (for location see Fig. 2) managed by the Direccion General
de Aguas (DGA). These weather stations were Valle Olivares and Glaciar
Olivares Gamma, located at 2840 m asl and 3600 m asl, respectively,
below the limit of the glaciated area of the catchment. The obtained
mean air temperature lapse rate was −8.4 °C km−1. We used Landsat-
based albedo maps (Section 4.1.1) for distributed ice albedo model input
and for snow albedo aging estimates during the winter season.
4. Methods

An overview of the workflow is shown in Fig. Appendix A.1.
4.1. Remote sensing observations: coarse scale

4.1.1. Glacier albedo change
We derived spatially distributed shortwave broadband albedo maps

from Landsat satellite imagery (TM, ETM+, OLI) for all available scenes
from 1986 to 2019 based on Naegeli et al. (2019). After cloud filtering
and masking out Scan Line Correction (SLC)-off void-stripes (Naegeli
et al., 2019), we applied the narrow-to-broadband conversion by Liang
(2001) to obtain shortwave broadband albedo from the individual spectral
bands. We separated snow-covered from ice pixels following Barandun
et al. (2021) and Naegeli et al. (2019). This surface classification is based
on the surface albedo of snow and ice over the glacier area and takes into
account their spatial distribution. Due to the limited availability of suitable
images prior to 1989, we calculated the trends from 1989 to 2018. For this
period, one end-of-summer Landsat snapshot was collected manually for
each of the 29 years. We did not find suitable images for 1992 or 1998.
We set the minimum number of scenes necessary to calculate the albedo
trend of one individual grid cell to 50% (14 scenes) of the maximal avail-
able scenes. We used a nonparametric Mann–Kendall test (Mann, 1945;
Kendall, 1948) to evaluate the confidence level of the trends (significant
at the 99%, 95%, 80% level or not significant).
urface in Olivares catchment and E. of representative 4 by 4m area of a sampling site
urements in Penitentes field and G. surface ice sampling.
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Subseasonal glacier-wide albedo variations and winter snow albedo
changes were investigated taking advantage of the higher frequency of
high-quality Landsat 8 scenes available since 2013.

4.2. Field measurements: local scale

4.2.1. In situ reflectance measurements
We used a field spectrometer [analysis spectral device (ASD); FieldSpec

Pro, Boulder, USA] to measure nadir in situ radiometrical properties of the
different surface types. Wemeasured a spectral range of 350–2500 nm. The
FieldSpec measurements were taken under clear-sky conditions around
noon between February 28, 2019 and March 3, 2019, prior to the surface
sampling. The measurements procedure follows Naegeli et al. (2015), and
the sites correspond to (1) the same exact location at which each visually
identified surface type was sampled (field of measure 20 by 20 cm) and
(2) a representative field of 4 by 4 m of the sampling site, containing all
identified surface types present at the location (Fig. 3E & F).

4.3. Laboratory analysis: particle to microscopic scale

4.3.1. Organic and elemental carbon analysis
Concentrations of organic carbon (OC) and elemental carbon (EC) were

determined with a thermooptical OC-EC analyzer (Sunset Laboratory Inc.,
USA) using the Swiss_4S protocol for OC–EC separation (Zhang et al.,
2012). Only water-insoluble OC (WIOC) can be detected using thismethod;
we assumed the soluble part to be negligible. EC and BC are both reflecting
concentrations of soot but differently denoted due to the difference in the
analytical technique applied (Lavanchy et al., 1999). The surface ice sam-
ples were melted at room temperature; OC and EC were extracted by filtra-
tion and then combusted. The analysis was conducted for a sample of each
visually identified surface type (Fig. 3) and with a minimum available par-
ticle material of 2.7 and 4.0mg. Number of samples per glacier is presented
in Supplementary Table A.4. Mineral dust concentration was determined
subtracting the amount of organic matter (1.9 times OC, El-Zanan et al.,
2005) and EC from the sample initial weight, assuming the noncombusted
fraction to be composed purely of minerals. We calculated the amount of
LAIs and water in g m−2 for each sample.

Radiocarbon (14C) analysis was performed on the OC and EC samples
with a 200 kV compact accelerator mass spectrometer (AMS; MIni CArbon
Dating System, MICADAS) at the Laboratory for the Analysis of Radiocar-
bon with AMS (LARA) based in the University of Bern. For source appor-
tionment, the obtained F14C was converted to the fraction of nonfossil
(fNF) using the following equation:

f NF ¼ F14C=f NF REFð Þ (1)

Fossil carbon is characterized by F14C=0due to the decay of 14Cwith a
half-life of 5730 years. The F14C value of contemporary carbon from bio-
genic sources and biomass burning fNF(REF) was estimated using a tree-
growth model. Details of the analytical methods are provided in Appendix
A.2.1. Based onmass balance, the fractions contributing to OC and EC from
fossil and nonfossil sources, respectively, were calculated for all our sam-
ples (Supplementary Table A.4).

4.3.2. Trace element concentration in surface samples
We analyzed trace element concentrations in the surface ice samples

with inductively coupled plasma optical emission spectrometry (ICP-OES;
VISTA AX, Agilent Technologies, Inc., USA) and performed a full digestion.
Number of samples is presented in Supplementary Table A.4. The samples
were melted and dried in a clean bench, put in a wolfram carbide grinding
jar, and then homogenized with a vibrating mill [MM200 (Retsch)]. Per
sample, 50 mg of the homogenized material was added into a 15 ml-pp
tube and acidifiedwithHNO3/HF/HCl. The solutionwasmixed using a vor-
tex mixer and let to react during 30 min at ≈95 °C. The HF was masked
with 5% boric acid. The end volume of each sample of the total digestion
was 10 ml. Not all material of the samples could be dissolved, but the
6

high-resolved fine precipitates were mixed before aliquot withdrawal.
These were then diluted from 1/10 to 1/1000. External calibration with a
dilution series from a stock solution of amultielement standard [calibration
range 0 (blank) - 2 ppm] was used.

For all samples, enrichment factors EF above the natural background
were calculated for each trace element M following Tapia et al. (2018) to
identify possible anthropogenic pollution through external sources as fol-
lows:

EF ¼ Msample=Rsample

Mbackground=Rbackground
(2)

We used background values provided by Oliveros et al. (2007) for
northern Chile and Al as reference element R. EFs below 1 indicate natural
occurrence; EFs between 1 and 10, possible natural and anthropogenic con-
tribution; and EFs higher than 10, clear anthropogenic pollution.

4.3.3. Ice core - chemical analysis and dating
For the analysis of trace elements (TE), BC, and major ions, individual

samples were cut from the inner uncontaminated part of the core under
clean conditions in the cold room at −20 °C using a stainless-steel band
saw with a Teflon coated saw guide and table surface. The continuous sam-
pling was performedwith a resolution of 5 cm, and samples (≈15ml each)
were stored frozen in precleaned 50 ml polypropylene vials, awaiting anal-
ysis. A lower, but still continuous, sampling resolution of around 40 cmwas
applied for the larger volume 210Pb samples (around 200 ml), which were
stored frozen in clean PETG containers. Details of the analytical methods
are provided in Appendix A.2.2. Concentrations of trace elements in the
ice core were analyzed using inductively coupled plasma sector field mass
spectrometry (ICP-SF-MS; Element 2, Thermo Fisher Scientific, Germany,
details in Appendix A.2.2). For a full method description, also see Eichler
et al. (2017) and Avak et al. (2018). Concentrations of BC - hereinafter re-
ferred to as refractory black carbon (rBC) according to the laser-based in-
candescence method used - were determined with a Single Particle Soot
Photometer (SP2, Droplet Measurement Technologies, Inc., Boulder, USA,
Appendix A.2.2). All details can be found in Osmont et al. (2018). Concen-
trations of major ionswere analyzed by ion chromatography (Metrohm850
Professional IC,Methrom, Switzerland, Appendix A.2.2). 210Pb activity was
determined continuously throughout the core, following the method de-
scribed in Gäggeler et al. (1983) and Gäggeler et al. (2020) (Appendix
A.2.2). Strongly elevated concentrations were observed in the upmost 0.5
m water equivalent (w.e., depth unit converted from meter by accounting
for the measured density of the ice), indicating strong enrichment of impu-
rities at the surface accumulated over several years due to postdepositional
melt-related removal of the initially deposited snow/ice matrix (Appendix
A.2.3). This layer was not considered in further analyses.

Dating of the Cerro Negro ice core was obtained using amultiparameter
approach, with different independent dating methods (Appendix A.2.3).
We estimated the year of origin of the surface layer to≈1956 ± 11 years.

We calculated the trends of the enrichment factors of the different ele-
ments along the annual layers of the ice core profile using a nonparametric
Mann–Kendall test (Mann, 1945; Kendall, 1948) to evaluate the confidence
level of the trends (significant at the 95%, 90%, 80% level or not signifi-
cant).

4.3.4. Bulk mineralogical composition
To obtain the quantitative mineralogical composition of the deposit,

large debris particles (not wind transported) at Olivares Alfa, Paloma
Norte, and Olivares Beta were powdered and analyzed with a Rigaku Ul-
tima IV diffractometer equipped with a position sensitive detector.
Diffractograms were recorded between 5 °C and 70 °C in step-scan mode
(0.02 °C/step and 1 min/°C). The CuKα radiation was filtered with a nickel
foil. Quantitative phase analysis by Rietveld refinement (Bish and Post,
1993) was performed on the recorded patterns using the PDXL2 software
package (Taylor, 1991). The refined instrumental parameters are the zero
shift, the sample displacement, and the peak shape, modeled with a
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pseudo-Voigt profile function. The structure parameters for the phases pres-
ent in the sample were taken from the ICDD data base. The sample param-
eters, which were refined, were the unit cell parameters, the isotropic
overall temperature factor, the fraction of each phase present (through
the scale factor), and for the phyllosilicates as well as albite, the preferred
orientation parameters using the March-Dollase formalism. The atomic po-
sitions and the site occupancies were kept fixed during the refinement. Iter-
ations were performed until the refinement converged.
4.3.5. Hyperspectral imaging microscopy
We determined the reflectance spectra of LAIs in the ice samples using a

hyperspectral imaging microscope (HIMS, CytoViva, Inc.). This method
was developed by Dal Farra et al. (2018) and enables to capture the hemi-
spherical directional reflectance of each class of LAI in a heterogeneous
sample. HIMS allows the identification of the impurities and the character-
ization of their reflectance. Spectra were collected between 400 and
1000 nm with a 2.5 nm spectral resolution (Beach et al., 2015) and a spec-
tral sampling interval of 1.2 nm. At 100× magnification, the pixel in the
hyperspectral image corresponds to≈129 nm× 129 nm. Number of sam-
ples is presented in Supplementary Table A.4. In addition to the surface
samples, three samples from the ice core at Cerro Negro were analyzed.
The sampling procedure follows Dal Farra et al. (2018).
4.3.6. Scanning electron microscopy
After HIMS measurement, the particles were covered with a 50-nm car-

bon layer to enhance electric conductivity and then imaged using scanning
electronmicroscopy (SEM; FEI Sirion FEG). Energy dispersive spectroscopy
(EDS; Oxford Aztec) was used to obtain chemical maps. EDS spectra and
maps of dust samples from Olivares Alfa, Beta, Paloma Norte, Juncal Sur,
Cerro Negro, and Barroso IV were obtained. We also analyzed the surface
and ice core samples from Cerro Negro (same sample number as measured
for HIMS; Supplementary Table A.4). To eliminate the effect of topography
and to obtain quantitative EDS analyses, polished sections of the particles
and fragments were prepared. Element concentrations and stoichiometry
of pure phases were obtained from the PAP (Pouchou and Pichoir, 1991)
corrected intensities extracted from the spectra. With the high-resolved el-
ement maps obtained from the polished sections, we were able to distin-
guish less-abundant mineral phases. Mapping locations on the samples
were chosen randomly. Different grains were mapped, and homogeneous
analyses were quantified and normalized. Phase identification was based
on the stoichiometry. Special attention was paid to iron-containing phases
known to have low reflectance.
4.4. Numerical modeling: across scales

4.4.1. Surface mass balance sensitivity to albedo change
The goal of this modeling experiment is to quantify the change in melt

and surfacemass balance (SMB) rates under different distributed ice albedo
values. Consequently, we assessed the sensitivity of mass balance to tempo-
rally variable distributed ice albedo. Landsat-based albedo maps from
1991, 1999, 2010, and 2018 provided distributed ice albedo information
from nearly snow-free moments in time. We run the mass balance model
with the same parameter set four times from hydrological years 1990/91
to 2019/20 and solely changed the ice albedo.We then related the resulting
cumulative melt over a melt season with the average of the corresponding
distributed ice albedo for each glacier and compared the relation among
the four runs per glacier. Therefore, the changes in melt rates provide the
sensitivity to the ice albedo used for modeling. In the present study, we
do not attempt to identify the cause of high or low melt rates of individual
years, but only show how melt rates changed in relation to changes in the
observed ice albedo.

Accumulationwas estimated using total precipitation obtained from the
ERA5-Land reanalysis (Muñoz-Sabater et al., 2021) for each grid point
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containing the assessed glaciers. Surface accumulation was assumed to be
the fraction of solid precipitation (r), according toWeidemann et al. (2018):

r ¼ 0:5⋅ − tanh Tair−1ð Þ⋅3ð Þ þ 1ð Þ (3)

The proportion of solid to total precipitation is scaled between 100%
and 0%within an air temperature range of 0 °C to 2 °C. Under 0 °C, the frac-
tion of solid precipitation is 100%, while above 2 °C, the fraction of solid
precipitation is 0%. An enhanced temperature-index model based on
Pellicciotti et al. (2008), integrating albedo, incoming shortwave radiation,
and air temperature was used to estimate melt rate:

M ¼ TF⋅Tþ SRF⋅ 1−αð Þ⋅I Tair>Tt

0 Tair≤Tt

�
(4)

where M is melt rate (mm w.e. h−1), T is air temperature (°C), α is albedo,
and I is incoming shortwave radiation (Wm−1). TF is the temperature fac-
tor (mm d−1 °C−1); SRF is the shortwave radiation factor (m2 mm−1 W−1

h−1); and Tt is the threshold temperature for melt onset. The empirical fac-
tors TF and SRF were assumed constant; due to the lack of direct observa-
tions of the glaciers studied in the present work, the values were those
adopted from Ragettli et al. (2014) that used TF = 0 and SRF = 0.0105
for the nearby glacier Juncal Norte. Although the focuswas to assess the dif-
ferences between several ice albedo conditions, the Tt parameter was ad-
justed for each glacier to match the geodetic mass balance estimated by
Hugonnet et al. (2021) during the period 2000/01–2018/19 in 5-year
time steps. The resulting Tt values vary between 0 and 3 °C. The comparison
shows that our modeled mass balance is in the range of the uncertainties
given by Hugonnet et al. (2021) for the four analyzed glaciers and all pe-
riods (Fig. Appendix A.4). The root mean-square error of this comparison
was 0.19 m w.e. for Olivares Alfa, 0.26 m w.e. for Paloma Norte, 0.15 m
w.e. for Olivares Beta, and 0.12 m w.e. for Juncal Sur. These values were
then assumed as the uncertainty of the model given by the choice of the pa-
rameters.

Fields of spatially distributed air temperature over each glacier surface
using the SRTM at 90 m resolution were estimated with an observed
catchment-scale mean lapse rate of −8.4 °C km−1, which was obtained
by comparing the DGA (Glaciar Olivares Gamma) weather station with
the Valle Olivares weather station (2840 m asl) during the available com-
mon period of observations fromMay to November 2014. As the correction
of the ERA5 air temperature was performed using off-glacier observations,
a reduction of 1 °Cwas introduced in the distributed air temperaturefield to
account for the cooling effect of the glacier surface over the first meters of
the atmosphere, following (Ayala et al., 2016). Incoming shortwave radia-
tion time series for each glacier were obtained from the grid point contain-
ing the glaciers and adjusted by aspect and slope using the SRTM at 90 m
resolution (Fig. Appendix A.5).

Finally, spatially distributed albedo derived from largely snow-free
Landsat images obtained at the end of the summer of the years 1991,
1999, 2010, and 2018 were used as input to the model. The albedo param-
eterization by Oerlemans and Knap (1998) was used when the glacier sur-
face was covered by snow. This model is based on the transition of the
albedo from fresh snow to firn. Results of the daily modeled albedo were
compared at glacier-wide scale with those estimated using Landsat winter
images for the same dates (Fig. Appendix A.6). The root-mean-square
error of this comparison was around 0.06 (Juncal Sur and Olivares Beta),
0.10 (Olivares Alfa), and 0.13 (PalomaNorte). The snow albedo parameter-
ization captures the decay of the snow albedo, but with larger uncertainties
for Paloma Norte glacier. Four runs were then performed using the same
meteorological data (air temperature and incoming shortwave radiation)
and the same parameter set between the hydrological years 1990/91 and
2019/20. Only ice albedo information was changed. Finally, SMB was esti-
mated using the results from the accumulation and melt quantification. A
relation between albedo and melt was thereby established.
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5. Results

5.1. Remote sensing observations: coarse scale

5.1.1. Spatio-temporal albedo changes
We analyzed ice and snow albedo changes, looking at each component

separately, and subseasonal glacier-wide albedo change. Ice or snow albedo
changes indicate the actual surface albedo change of the respective surface
type snow or ice, while average glacier-wide albedo contains amixed signal
of surface albedo change of the individual surface type and of a changing
surface type (from snow to ice and vice-versa). Average glacier-wide albedo
can thus be used as a proxy for the glacier mass balance (Brun et al., 2015).

The negative temporal ice albedo trends from 1989 to 2018 indicated
the strongest darkening of the surface area in the ablation area of Juncal
Sur, followed by changes at the glacier tongues at Olivares Alfa and Beta
(Fig. 4). Pixels with a significant positive trend were found on all glaciers,
in particular on Paloma Norte. Affected pixels were located generally
above the median glacier elevation and in rather flat terrain (Fig. 2).

Snow albedo calculated from a satellite scene at the end of winter, when
the entire glacier area was still snow covered (November 9, 2014, Fig. 5),
was ≈0.6 for all glaciers except for Paloma Norte, whose surface snow
Fig. 4. Ice albedo trend of each pixel with a significan
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albedo was 0.49. Snow albedo changes during the winter season of
2014–2016 and 2018 observed on Landsat 8 images clearly highlight the
accelerated decrease at both Paloma Norte and Olivares Alfa (Fig. 5).
While at Juncal Sur and Olivares Beta, snow albedo stayed relatively con-
stant throughout the entire investigated winter seasons, at Paloma Norte
and Olivares Alfa, the snow albedo decrease already started in late July,
early August.

We investigated average glacier-wide albedo (including both snow and
ice areas) from 2014 to 2018 on images of the Landsat 8 sensor. Average
glacier-wide albedo is lowest at the end of the summer, when ice is exposed
at the surface, indicating a high snowline position. Glacier-wide albedo at
the end of the summer is similar for most years and glaciers investigated
(Fig. 6). Olivares Alfa and Paloma Norte show higher winter glacier-wide
albedo than Juncal Sur and Olivares Beta and reach peak albedo faster.
This is because the glacier tongues of Juncal Sur and Olivares Beta reach
further into the valley and take more time to be entirely snow covered,
keeping the glacier-wide average albedo lower at the beginning of the win-
ter season. Although, these glaciers, due to their size, take longer to be en-
tirely snow free at the end of the winter season, exhibit lower mean glacier-
wide albedo due to an earlier snow melt onset at lower elevations. Com-
pared with Olivares Beta and Juncal Sur (located further away from the
t trend at 95% level or higher from 1989 to 2018.



Fig. 5. Cumulative snow albedo changes for different studied glaciers during winter season (June to December) from 2014 to 2018 based on albedo maps derived from
Landsat 8 surface reflectance product. Snow albedo changes summed up from one observation date to the next to calculate cumulative albedo change over the winter
season. Not enough images were available for 2017.
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mines), glaciar-wide albedo in Paloma Norte and Olivares Alfa (located
close to the mines) starts do decrease already in midwinter, despite their
higher located glacier tongues and similar mean glacier elevation
(Table 1). The albedo decline continues until the end of the summer. For
Olivares Beta and Juncal Sur, however, the drop starts later and the glaciers
maintain a higher glacier-wide surface albedo during most of spring and
early summer (Fig. 6). This can be partly explained by bigger accumulation
areas in Olivares Beta and Juncal Sur, varying snowpack distribution and
different snow aging and dust deposition (Wiscombe and Warren, 1980;
Rowe et al., 2019).

5.2. Field measurements: local scale

We used in situ observations to investigate the point ice albedo for the
Olivares glaciers. Differences between direct (measurement fields of 4 m
by 4 m) and remote sensing derived albedo (30 m pixels) are considerable
due to the inherent different nature of the measurement setup (Lucht et al.,
2000; Cook et al., 2017). Therefore, we analyzed these results indepen-
dently. The spectral reflectance obtained from FieldSpec measurements
is highest for Paloma Norte, followed by Olivares Beta (Fig. 7). Olivares
Alfa shows the lowest values. However, the spread per glacier is rela-
tively large and depends on the share of analyzed surface types
contained within the field measurement and the measurement location
on the glacier (Fig. 7). Measurements at the glacier tongue (PN01,
PN04, OA01, OA12, OA14, J03; Fig. 2) generally show lower
reflectance.
Fig. 6. Seasonal evolution of glacier-wide albedo at Olivares Alfa and Beta, Juncal
Sur, and Paloma Norte from 2013 to 2018 from all available cloud-free Landsat 8
scenes. Grey lines mark all individual Landsat scenes used (n = 58). Shaded area
indicates standard deviation of glacier-wide albedo (on average = ±0.13).
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5.3. Laboratory analysis: particle to microscopic scale

5.3.1. Characteristics of light-absorbing impurities
The surface samples analyzed contain on average 5wt% (STD=±5wt

%) of LAIs and 95 wt% (STD=±5 wt%) H2O in the form of snow, ice, or
firn melt. Average LAIs concentration in surface samples ranges between
≈90 gm−2 and≈230 gm−2 and is similar for all studied glaciers. Concen-
tration might be affected by wash out and surface heterogeneity and does
not reflect daily deposition rates. The majority of LAIs encountered on the
surface of the studied glaciers in the Olivares catchment are mineral dust
particles (>99 ± 1%). Samples classified as dirty ice (Fig. 3) present a
LAI concentration > 200 g m−2; ice with few debris, between 50 g m−2

and 200 g m−2; and bright ice, <50 g m−2. Bright ice shows a smaller
OC/EC ratio, which means higher EC content compared with OC content
(Fig. 3B and Fig. Appendix A.7). On average, OC concentrations are about
ten times higher than EC concentrations, but both with relatively high
sample-to-sample variability. Most OC in samples from Olivares Alfa,
Beta, and Paloma Norte is from nonfossil sources, while the majority of
EC is of fossil origin (Fig. Appendix A.7). We found a notably high concen-
tration of fossil EC in the samples from Paloma Norte taken in 2019
(Fig. Appendix A.7). For Juncal Sur, Barroso IV, and Cerro Negro, the num-
ber of samples is insufficient to be representative (<5).
Fig. 7. Normalized spectral reflectance obtained for different measurements of
fields of 4 m by 4 m and three cryoconite samples (inset) at different sampling
locations of Olivares Beta, Juncal Sur, Olivares Alfa, and Paloma Norte. Brown
bar indicating spectral range where effect of debris and dust absorbs most
radiation. Green bars indicating absorption through organic material and liquid
water. Black arrows and lines show reflectance peaks of iron-oxides (hematite/
geotite; Wu et al. (2016)).



Fig. 8. Selected trace element concentration profiles from Cerro Negro ice core. Vertical grey lines indicating annual minima (meteorological winter). Values for
concentrations below limit of detection replaced by value of these limits. Note logaritmic y-axis scale.
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5.3.2. Enrichment of trace elements
The trace element concentration detected in the surface ice samples,

containing several years of LAIs accumulation, are generally low for Juncal
Sur, Barroso IV, and Olivares Beta (located further away from the mines)
and high for Cerro Negro, Paloma Norte, and Olivares Alfa (located close
to the mines) (Fig. Appendix A.8). Calculated enrichment factors EFs are
higher than 10 for Cu, Mo, Pb, and S in the Cerro Negro, Paloma Norte,
and Olivares Alfa samples, indicating nonnaturally high enrichment
(Fig. 9). Ni and Co are strongly enriched for Olivares Alfa. Olivares Beta
shows enriched Mo, Pb, and S. EFs for Juncal Sur and Barroso IV remain
below 10 for all investigated trace elements (Fig. 9). EFs of other elements
(Ba, Co, Fe, K, La, Zn, Zr) are between 1 and 10 for most glaciers. We re-
nounce a detailed comparison between EFs of surface and EFs of ice core
samples because LAIs in surface samples accumulated over an unknown pe-
riod of time and thus were likely affected by different surface processes
such as wash out, whereas samples from the ice core represent the trace el-
ement accumulation in the respective individual layer corresponding to a
defined year. Surface concentrations are therefore used to allow for a gen-
eral comparison between different glaciers in the catchment. Nevertheless,
we found the same elements enriched in the ice core and surface samples of
Cerro Negro (Fig. 9). Summarized for the annual layers (annual average
concentrations) over the entire profile, Cu, Mo, and Pb are clearly enriched
(EFs > 10) and Ni shows an average EFs of ≈5. EF between 1 and 10 were
additionally found for Ba, La, Na, Fe, and Co. Along the ice core depth pro-
file, we analyzed element concentration (Fig. 8) and evolution of enrich-
ment of trace elements over time (Fig. 10). The deeper the section, the
older the ice and the contained impurities, with the bottom of the core es-
timated to contain material deposited on the surface in the mid 1920s (Ap-
pendix A.2.3). The first 50 cm contain material accumulated from around
1960 to 2017 and thus represent a multilayer concentration similar to the
Fig. 9. Enrichment factors EF for different trace elements per glacier. Circles standing for
Negro. Red dashed line showing EF of 10. All values above 10 likely caused by anthropog
dashed line), natural enrichment.
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surface samples altered by surface effects as described above. This upper-
most part of the ice core was thus excluded from the trend analysis. We
found a significant (at the 95% significance level) increasing trend of en-
richment with time (towards surface) for the following elements: Fe and
Co with EFs > 1 and Ni, Mo, and Pb with EFs > 10 (Fig. 10). EF of Cu did
not increase significantly over time. EF of Fe and Co show an increasing
trend ranging between EF=1 and EF=10; this indicates a potentially in-
creasing anthropogenic contribution to the steady natural occurrence.

5.3.3. Mineral composition and spectral properties of dust particles
All samples, independently of their provenance, present similar bulk

mineralogical composition. Themainminerals are those found inmetamor-
phic rockswith granitic composition (e.g., gneisseswith quartz, albite,mus-
covite, chlorite). Rietveld refinement of the last three phases was difficult
because of their variable compositions and polytypic stacking for the last
two. The refinements closed with Rwp's of 5–10%.

In Fig. 11, all phases containing iron are highlighted in an element map
of Paloma Norte (examples for other glaciers can be found in Fig. Appendix
A.10 to Fig. Appendix A.13). Apart from different iron oxides
(e.g., magnetite Fe3O4 and hematite Fe2O3), we found different iron sulfides
(e.g., pyrite FeS2 and chalcopyriteCuFeS2) (Fig. 11). The PalomaNorte sam-
ples, followed by the Olivares Alfa ones, show larger abundance and vari-
ability of iron-containing phases than those in the other samples (surface
samples, Table 2). The metastable iron sulfate jarosite, the ferropotassic al-
unite endmember KFe2(SO4)2(OH)6, is present in the samples fromOlivares
Alfa, Paloma Norte, and Cerro Negro (Table 2). The stoichiometry is very
close to the endmember. All other glacier samples do not include jarosite.
We found iron sulfides (e.g., pyrite FeS2 and Chalcopyrite CuFeS2) for
Olivares Alfa, Olivares Beta, Paloma Norte, and Cerro Negro (Table 2).
The samples from the ice core show lower concentrations of stable iron
EFs of surface samples, light yellow bars indicating average EF of ice core from Cerro
enic pollution; from 1 to 10, both natural and anthropogenic sources; below 1 (black



Fig. 10. Enrichment factors EF of each annual layer throughout ice core depth profile of selected trace elements from Cerro Negro. Uppermost 50 cm were not taken in
account. The deeper the section of the core, the older the sample. Red dashed line indicating EF of 10 and purple dashed line, EF of 1.
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oxides and iron sulfides in comparison with the surface samples (Table 2);
however, we found higher concentrations of jarosite, especially in the
deeper layers of the core (Table 2).

After analyzing the mineralogical composition, wewere able to tie indi-
vidual mineral grains to specific reflectance spectra at microscopic scale
(Fig. 12). As expected, normalized reflectance spectra showed iron-
containing minerals to have lower reflectance. Lowest reflectance values
were found for iron sulfides (e.g., chalcopyrite CuFeS2) and iron oxides,
Fig. 12 and Appendix A.9).

5.4. Numerical modeling: across scales

5.4.1. Sensitivity of glacier melt to ice albedo changes
Our results show a strong linear relationship between melt and ice al-

bedo (Fig. 13). The modeled mass balance rate agrees relatively well with
the results reported by (Hugonnet et al., 2021, Fig. Appendix A.4). We
found an average increase of melt sensitivity of+0.016mw.e. for a change
in mean ice albedo of−0.01. This is similar to the sensitivity of +0.014 m
w.e. per −0.01 albedo decrease encountered for the Swiss Alps (Naegeli
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and Huss, 2017). The highest sensitivity was found for Paloma Norte
(Table 3). Sensitivity to subseasonal snow albedo changes could not be
assessed with the model used. However, we found good agreement be-
tween space-borne snow albedo changes over the winter season and a
snow albedo decay parameterization by Oerlemans and Knap (1998) for
all glaciers except for Paloma Norte (Fig. Appendix A.6). The sensitivity
study clearly revealed the relation between glacier mass balance, corre-
sponding melt rates, and surface albedo. This also revealed an increased
mass balance sensitivity to a change in albedo for Paloma Norte and
Olivares Alfa.

6. Discussion

6.1. Importance of mineral dust deposition on the glacier surface albedo

For all glaciers in the Olivares catchment, a considerable amount of LAIs
(≈70 g m−2 to≈200 g m−2) was detected. Yala Glacier in the Himalayas
and Urumqi and July 1st Glacier in China (>200 g m−2) present high dust
concentrations (Takeuchi and Li, 2008), exceeding some of the LAI content



Fig. 11. Backscatter image of a polished section of Paloma Norte. The colors highlight element groups found in different fragments consisting of several phases. Element
concentration extracted from each spectrum shown in the bar diagram insets. All fragments contain silicates (feldspars, phyllosilicates). Fragments corresponding to
spectra 7–9 contain iron oxide/hydroxide as main phases (hematite, magnetite, or one of the (oxi)hydroxides), spectra 9 correspond to an almost pure iron oxide/
hydroxide grain, spectrum 14 correspond to an almost pure iron sulfide (pyrite) (green and yellow: spectra 12, 14). The composition of the phase giving the spectrum 16
corresponds to the stoichiometry of jarosite. Examples for other glaciers shown in Appendix A.3.
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found in the present work. Akkem Glacier in the Altay presents a similar
amount of LAIs but higher OC concentrations than the glaciers studied in
the present work (Takeuchi and Li, 2008). Despite the low reflectance of
OC and BC (or EC) particles, their effect on albedo is reduced in the pres-
ence of a large quantity of high-absorbing mineral dust particles (Di
Mauro et al., 2015; Kaspari et al., 2014) that capture part of the solar radi-
ation that OC and BCwould receive in the absence of mineral dust (Kaspari
et al., 2011). Therefore, for environments in which mineral dust dominates
LAI, mineral dust also dominates absorption, snow albedo reduction, and
radiative forcing in snow (Di Mauro et al., 2015; Kaspari et al., 2014).
This is relevant in particular for glaciers in the region studied in the present
work, where most deposited LAIs are mineral dust particles (≈99%). We
found that high-light-absorbing mineral dust particles are the most impor-
tant LAIs controlling glacier surface albedo in the Olivares catchment.

6.2. Small-scale effect of LAIs on surface reflectance

Presence of debris and dust lowers reflectance in the lower spectral
bands (<600 nm, Wiscombe and Warren, 1980) and is apparent through
the strong absorption of solar radiation in the visible wavelength region
for samples classified as dirty ice, ice with few debris, and cryoconites
(Fig. 7). This reduction is less strong for the spectra of bright ice and
more pronounced on Olivares Alfa and Paloma Norte. Highest reflectance
corresponds to the bright ice class, which mostly corresponds to samples
12
of the upper most layer of the weathering or refreezing crust. Formation
of water ponds and cryoconite holes were observed below the weathering
crust during the field visits. The effect of this near-surface material on the
observed albedo, however, remains unexplained. At lower wavelengths,
over 60% of solar radiation is reflected by the bright ice class. This is com-
parable to fresh snow,with a reflectance of up to 70% (Naegeli et al., 2017).
Measurement of liquidwater ponds and streams at the glacier surface show
low reflectance, especially at higher wavelength (>800 nm), and can ab-
sorb up to 90% of solar radiation (Paul et al., 2005; Naegeli et al., 2015).
Liquid water at the surface is more frequent below the snowline. We
found iron oxide/hydroxide peaks in the reflectance spectra [at 430 nm
and 535 (goethite) 555–575 nm (hematite), Wu et al., 2016], especially
pronounced for the cryoconite (Fig. 4) and dirty ice samples from Olivares
Alfa and Paloma Norte. Surface reflectance spectra obtained from Paloma
Norte and the glacier tongue samples from Olivares Alfa show peaks
indexed for iron oxide/hydroxide phases, whereas those obtained from
Olivares Beta lack these peaks (Fig. 4). Wu et al. (2016) reports that the in-
tensity of these peaks correlates with the quantity of the corresponding
phases present. This together with the EDS elemental maps of the same
samples suggest a higher iron-oxide/hydroxide content in LAIs for Olivares
Alfa and Paloma Norte than for Olivares Beta; more importantly, this high-
lights the strong effect of minor LAIs components (iron oxides/hydroxides)
on the measured surface ice reflectance spectra and consequently on the
surface albedo of the glaciers at very small scale.



Fig. 12. Backscatter (BSE) and HIMS images of same areas of Paloma Norte A, Olivares Alfa D, and Juncal Sur G samples; the brighter the BSE images the higher the average
atomic number of the phase(s). B, E and H show elemental maps for the same sample. Different elements coded by colors overlay (Cu= orange,Magnesium (Mg)= green, S
=yellow, Fe= red, K= light green, Aluminium (Al)=purple, Oxygen (O)=0 blue, Silicon (Si)= light blue). C, F, and I correspondingHIMS images. Circles with numbers
indicating location of retrieval of normalized reflectance spectra shown in J.
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6.3. The role of surface albedo change and glacier melt

Region- and glacier-wide end-of-summer albedo are in line with Shaw
et al. (2021); detected changes are also similar to those in Peña and
Olmedo (2019). Averaged ice albedo trends calculated below the snowline
in Shaw et al. (2020) are based on a relatively small fraction of the total gla-
cier area (5–30%), whereas in the present study, we report pixel-based
trends. We did not average those trends over the entire glacier area due
to unequal spatial coverage and distribution of the identified trends. Fur-
thermore, average trends contain more information, mixing different pro-
cesses into the signal, and thus hamper a process-oriented interpretation
of the surface change signal (Naegeli et al., 2019). We found a darkening
over the glacier tongues (Fig. 7) that is a result of changes in surface
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roughness (i.e., penitentes), different sources of dust deposition (Azzoni
et al., 2014; Di Mauro et al., 2016; Di Mauro, 2020), development of
cryoconite holes (Takeuchi et al., 2001; Cook et al., 2016), presence of
water, and surface melt-out of particles incorporated in the deeper ice
layers (Gomez and Small, 1985).

The encountered ice albedo trends at higher glacier elevation are com-
plex and more heterogeneous (Fig. 7). We found positive trends for pixels
just above the glacier snout for Paloma Norte, and starting from around
the mean elevation upwards for Olivares Beta, Alfa, and Juncal Sur. These
areas are all relatively flat, and processes such as sublimation, refreezing,
and weathering crust formation may play a crucial role on the surface re-
flectance properties observed from space. Tedstone et al. (2020) found a
strong impact of the state of the weathering crusts (i.e., density and



Fig. 13. Relationship between annual melt rates and mean end-of-summer glacier-
wide albedo for different glaciers in study area.

Table 2
Percentage of iron-containing elements in the analyzed elementmaps classified into
iron oxides, iron sulfides, and metastable iron sulfates jarosite for the different sur-
face and ice core samples. The percentages represent the summarized abundance of
all analyzed snapshots of each individual sample.

Sample location Iron oxides Iron sulfides Jarosite

Paloma Norte 5.0% 1.0% 0.7%
Olivares Alfa 1–2% 1.5% 2.5%
Olivares Beta 1–2% 1.0% –
Juncal Sur 1–2% – –
Barroso IV 1–2% – –
Cerro Negrosurface2019 5.5% 2.3% 0.3%
Cerro Negro1961–2017 2.2% 1.7% 0.2%
Cerro Negro1945 2.7% 1.7% 1.5%
Cerro Negro1937 2.0% 1.8% 1.8%
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porosity, interstitial, and ponded water content) on the surface albedo.
Weathering crusts are more favorable to form on flat surfaces, under
shortwave-dominant energy conditions and very low wind speeds, and
are highly variable in space and time. Ayala et al. (2017) demonstrated
the importance of wind speed to explain the spatial heterogeneity of melt
and sublimation over the area of Juncal Norte. Measurements published
in Codelco Chile (2019) highlight lowerwind speeds on glacier than off gla-
cier, especially fromDecember to February. Themeasurement locations co-
incide with the locations of positive albedo change and demonstrate
favorable conditions for surface crust formation. Schaefer et al. (2020)
highlights the dominance of the incoming solar radiation in comparison
with the other heat flux components for Bello glacier (located close by in
the Colorado catchment). Increasing temperature and decreasing precipita-
tion under the 10-year-long mega drought (Garreaud et al., 2020) could
have produced a reduction of water vapor in the atmosphere. The missing
water vapor, on the one hand, creates a stronger water-vapor gradient, en-
hancing sublimation and increasing penitentes growth and surface rough-
ness; on the other hand, results in a diminution of the absorbed
shortwave radiation in the atmosphere. A possible increase of incoming
Fig. 14. EDS map of Paloma Norte sample showing rock particles with breccias
typical texture.
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solar radiation that penetrates the ice surface and the rime accretion at
the surface, accelerated by cloud cover changes, could enhance melt within
the upper ice layer. However, assessing those processes in detail lies beyond
the scope of the present study. More effort is needed to reveal the processes
behind the observed spatially heterogeneous albedo changes.

Enhanced subsurface melt in combination with low wind speed could
favor weathering crust formation, characterized by high surface reflectance
(reflectance spectra of bright ice). The development of a weathering crust
enables LAIs to exert more control upon albedo, both directly and by mod-
ifying the optical parameters of the underlying ice surface via enhanced
melt at patch scales (Tedstone et al., 2020). The increasing reflectance
trends detected on satellite-based albedomaps, with a relatively low spatial
resolution, show that such underlying small-scale effects remain undetected
on larger scale assessments (Abermann et al., 2014). In situ surface reflec-
tance measurements are therefore more suitable to disentangle the effect
and interplay of different surface characteristics at smaller scale; however,
time series of meaningful length are generally missing, and sample size is
often not representative for the total glacier area. On microscopic level,
we report that different LAIs compositions (i.e., increased deposition of
iron-containing minerals) found for Paloma Norte and, to some degree,
for Olivares Alfa lower the albedo of the samples. Quantifying these effects
is difficult. The difficult scalability of the observed processes controlling
surface albedo increasingly complicates the prediction of albedo changes
and their effect on glacier mass balance in detail. The appliedmodel cannot
represent such small-scale spatio-temporal variability, and their influence
on glacier melt remains unknown. Nevertheless, the use of spatially distrib-
uted albedo maps as input for modeling provides more detail of the en-
hanced albedo feedback that will be amplified due to atmospheric
warming in the future (Abermann et al., 2014; Naegeli and Huss, 2017).
A constant albedo value used formodeling can lead, especially at the glacier
tongue, to a strong underestimation of melt rates (Naegeli and Huss, 2017).

6.4. The importance of snow albedo

The effect on glaciermass balance of the observed lower glacier-wide al-
bedo at Juncal Sur and Olivares Beta during winter might be negligible.
More important is the timing of the minimum glacier-wide albedo and its
absolute value during summer time, principally governed by ice area ex-
tent. The accelerated seasonal glacier-wide albedo change for Paloma
Norte and, to some extent, for Olivares Alfa is thus crucial (Fig. 6). This is
a combination of faster snow depletion, LAIs deposition and snow aging,
causing a feedback which leads to longer ablation seasons and, therefore,
accelerated melt. We suggest that the earlier lowering of the surface albedo
at Paloma Norte and Olivares Alfa explains an important part of the above-
average mass loss over the past two decades reported in Dussaillant et al.
(2019) and in Farías-Barahona et al. (2020).

The average snow albedo observed on satellite images at the end of dif-
ferent winters is very low, especially for PalomaNorte. Our modeling study
suggests that the albedo decay parameterization failed to represent the sea-
sonal snow albedo decrease at Paloma Norte, suggesting an additional



Table 3
Modeled mean annual surface mass balance (SMBthisstudy) from 2000 to 2020 in comparison with observed geodetic mass balance ΔM2000−2018 in Dussaillant et al. (2019),
ΔM2000−2013 in Farías-Barahona et al. (2020), and ΔM2000−2020 in Hugonnet et al. (2021). Also given: mass balance sensitivity to albedo α lowering of 0.01 (last column).

Glacier SMBthisstudy (m w.e. yr−1) ΔM2000−2018 (m w.e. yr−1) ΔM2000−2013 (m w.e. yr−1) ΔM2000−2020 (m w.e. yr−1) Change in melt (m w.e. −0.01Δα−1)

Juncal Sur −0.30 ± 0.12 −0.27 ± 0.03 −0.26 ± 0.11 −0.29 ± 0.11 +0.011
Olivares Beta −0.51 ± 0.15 −0.43 ± 0.05 −0.24 ± 0.11 −0.54 ± 0.11 +0.014
Olivares Alfa −0.72 ± 0.19 −0.85 ± 0.09 −0.88 ± 0.11 −0.83 ± 0.15 +0.017
Paloma Norte −1.05 ± 0.26 −0.97 ± 0.11 −1.06 ± 0.22 +0.022
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source for albedo decay, such as enhanced LAI deposition. We observed a
strong albedo reduction at the northern flank of the glacier tongue, close
to the location of PN04 (Fig. 2). Field spectrometer measurement at PN04
showed the lowest reflectance reported for the ice samples for Paloma
Norte (Fig. 7). Thus, the observed early snow albedo reductionmight relate
to a localized increase of LAI deposition. Sources of mineral dust are erod-
ing rocks (including water and ice as erosion agents) or wind-transported
material. Larger debris fragments can only reach the actual location
through gravitational transport onto the glacier surface. Smaller particles
(aerosol <100 μm in size), however, can be transported by wind. In the
ice surface samples at Paloma Norte, we found strongly light-absorbing
rock particleswith a texture typical for breccias found in the pipes exploited
by the mines (Fig. 14) and jarosite particles. Due to the topographic and
geological setting, these particles are not expected to be mobilized or pro-
duced through erosion and deposited on the glacier surface through natural
processes. Jarosite can only form and survive in the mine tailings; breccia
outcrops are only present topographically below the studied glacier, in
the mining area. Both can reach the northeastern part of Paloma Norte
only through wind transport from the mine tailings. Measurements of
wind direction show that ascending winds over the mining area reach the
northeastern flank of Paloma Norte (Fig. 2, Codelco Chile, 2019). Codelco
Chile (2019) also reports winds from this direction to be strongest during
autumn and winter. However, these winds are weak at the northeastern
part of the glacier, where descending winds from the southwest are stron-
ger. The descendingwinds from southeast to northwest dominate the entire
glacier during spring and summer (Codelco Chile, 2019). For Olivares Alfa,
measurements show that the ascending winds over the mine area reach the
glacier tongue from the north and propagate upwards to the accumulation
area, where they weaken (Codelco Chile, 2019). Measurements of wind-
direction-dependent aerosol transport at Olivares Alfa (fromDireccionGen-
eral de Aguas) from October 21 to October 29, 2014 recorded a strong in-
crease of the two particular matter (PM) classes with aerodynamic
diameters not larger than 2.5 μm (PM2.5) and 10.0 μm (PM10) for wind di-
rections from northwest to southeast. These findings support our results
and suggest that particles mobilized from the loose dust deposits of the
mine tailings could reach the tongue of Paloma Norte and the ablation
area of Olivares Alfa, especially during the winter season, and might pro-
duce an important seasonal snow albedo reduction during the winter
months for the two sites.

6.5. Evidence of anthropogenic pollution

Iron oxides, hydroxides, sulfides, and sulfates are efficient light-
scattering and light-absorbing materials, which can enhance absorption at
ultra violet and visible wavelengths (Zhang et al., 2015). Small-scale vari-
ability of the surface albedo may be due to different iron oxide and sulfide
content in the dust particles. The percentage of iron-containing minerals in
the element maps based on SEM measurements are somewhat lower for
Juncal Sur and Barroso IV, similar for Olivares Beta, but considerably
higher for Olivares Alfa, Paloma Norte, and Cerro Negro (up to ≈8%,
Table 2). Wu et al. (2016) found values reaching 4.32% of iron content in
LAIs in firn cores from different glaciers in High Asia; Shi et al. (2011) re-
ported values up to 5.7%. The here encountered iron concentration in the
surface samples is approximately 1.5 times higher for Paloma Norte,
Cerro Negro, and Olivares Alfa than for Barroso IV, Olivares Beta, and
Juncal Sur. The first three lie within the range of the values encountered
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for the Coastal Cordillera of northern Chile (≈6.0%, Oliveros et al.,
2007), while the latter three have substantially lower iron concentrations.
Material from the pyrite-containing hydrothermal alteration zones
(Section 2.2 and Appendix A.1.1) can reach Paloma Norte, Olivares Alfa,
and Beta by gravitation, water and ice transport, and wind transport. This
might partly explain the higher iron concentration in the surface samples
in comparison with Juncal Sur and Olivares Beta. However, iron concentra-
tions increased over time at Cerro Negro, and the calculated EF shows a sig-
nificant positive trend at a 99% level. EF of deeper ice core samples suggests
natural occurrence. The more recent layers (closer to the surface) suggest
some anthropogenic influence on the iron concentration (EF: 1 to 10,
Fig. 10).

Along the variable iron concentration, enriched trace elements suggest
an anthropogenic influence (Cu, Pb, Mo, La, and Ni). Cereceda-Balic et al.
(2012) identified traffic, smelting, biomass, coal burning, and waste incin-
eration as sources for enriched trace elements in snow at the nearby Cerro
Colorado. Our study shows that the enrichment of these trace elements has
increased since the 1920s. The contrast between the enrichment factors of
the sample sites located at close proximity to the mining area (Paloma
Norte, Olivares Alfa, and Cerro Negro) and those from the glaciers situated
further away from the mines (Juncal Sur, Barroso IV, and Olivares Beta) is
striking. Alfonso et al. (2019) found significant anthropogenic enrichment
of copper and molybdenum in samples at a distance of about 15 km to
the copper mines Los Bronces and Andina. Our results accredit anthropo-
genic enrichment of the same elements at Olivares Alfa and Paloma Norte
(EF > 50).

We found jarosite at Olivares Alfa, Paloma Norte, and in the samples
from Cerro Negro (Table 2). Dold and Fontboté (2001) found jarosite in
the mine tailings. Material from these tailings can only be transported to
the glaciers by wind and cannot form at the natural environment of the
Olivares catchment. Thus, jarosite must have been transported in the
form of aerosol from these tailing sites onto the glacier surfaces, as it cannot
form in situ because the pH of melt water from the glacier is too high.
Jarosite is metastable and decomposes in the presence of humidity/liquid
water to iron hydroxide. Its presence in the Cerro Negro core suggests bury-
ing of the jarosite with snow in the accumulation area at the ice core drill
site (Table 2).

More evidence of the transport of aerosols from the mine tailings onto
the glacier surface is the higher fossil EC concentration at Paloma Norte
compared with Olivares Alfa samples (Fig. Appendix A.7) and the breccia
particles (Fig. 14).

6.6. Limitations

A major limitation of the present study is the representativeness of our
results; so is tying them across scales. Sample sites are distributed over
the glacier area but restricted towell accessible sites. The different chemical
and mineralogical analyses of those samples are labor and cost intensive
and were thus limited to a selection only.

In situ reflectance measurements for a field of 4× 4m are not straight-
forward for a penitentes-dominated glacier surface; consequently, our mea-
surements tended to be taken on flatter ground. Surface type classification
is based on expert knowledge. To compare albedo derived from Landsat sat-
ellite images with direct field observations is difficult due to different mea-
sured spectral ranges and spatial resolution (Naegeli et al., 2017).
Weathering crust formation, sublimation, refreezing, and thaw-freeze
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cycles are diurnal processes that cause temporal variability of the surface al-
bedo; these processes could not be capturedwith the data used in this study.
Similarly, the effect of the reduction of reflectance intensity of mineral
grains is difficult to quantify on glacier scale; so is to quantitatively link
satellite-based observations with small-scale albedo variations.

Our results highlight anthropogenic LAIs sources and modification of
their composition, concentration, and distribution; however, quantifying
the amount of natural and anthropogenic mineral dust loads mobilized
and deposited on the glacier surface remains a challenge. The mining
waste deposits provide a source for various minerals that can be wind-
transported apart from the particles that we identified as mobilized and
originated in the mine area (jarosite, breccia). In the present work, we
were not able to separate pure nonmining-affected dust mobilization nor
quantify the effect of LAIs deposition originating from the mining area on
the glacier-wide mass balance. Our evidence of mining residuals on the gla-
ciers is based on the chemical and mineralogical compositions of dust parti-
cles collected on the glacier surface and in the ice core, rather than on a
back trajectory analysis. Such analysis, in combination with wind-directed
aerosol measurements, could provide important insights into the wind redis-
tribution patterns of LAIs and facilitate the quantification of the actual
amount of anthropogenic LAIs deposited on the glaciers in the region.

Themodel used in the present study delivers a first, strongly parameter-
ized (e.g., constant lapse rates) estimate and is not able to reflect all relevant
physical processes, such as sublimation, snow aging, formation of
penitentes, or diurnal variations. The model uses distributed ice albedo
from satellite scenes. This can better represent the spatio-temporal hetero-
geneity of glaciermass balance - albedo interaction comparedwith conven-
tional modeling using a constant albedo values for snow, firn, and ice
(Naegeli and Huss, 2017). However, it remains restricted to annual albedo
heterogeneity on a pixel size of 30 m. Smaller scale heterogeneity is thus
not represented. Furthermore, the snow albedo decrease is based on a
strongly parameterized scheme. The choice of the model responds to a
lack of available model input data. Nevertheless, we believe our approach
provides a valuable first-order estimate of surface melt sensitivity to glacier
ice albedo changes because we used distributed ice albedo maps. The
modeling approach cannot reveal the detailed underlying processes. Future
studies need to include not only distributed ice albedo but also snow albedo
variations throughout the accumulation season and a more physical-based
mass balance model.

7. Conclusion

Up to 99% of LAIs collected in the Olivares catchment are mineral dust
particles. Iron-containing particles lower the glacier surface reflectance and
are more frequent on the glacier surface at Olivares Alfa and Paloma Norte.
Minor LAIs components (iron oxides/hydroxides) have a strong effect on
the surface reflectance properties of the glaciers. Trace elements are signif-
icantly enriched at the surface of Olivares Alfa, Paloma Norte, and Cerro
Negro (closest to the mines) compared with the natural occurrence found
at Juncal Sur and Barroso IV (further from the mines). An increase in en-
richment factors is apparent at the Cerro Negro ice core location since the
1920s. Large-scale assessment from satellite-based observations reveals
ice albedo lowering (darkening) at most glacier tongues from 1989 to
2018. However, pixel-based albedo trends are heterogeneous, especially
above the median glacier elevation. This might relate to increased forma-
tion of weathering crusts at the ice surfaces because of changes in atmo-
spheric conditions related to the mega drought. Glacier melt, in particular
for Paloma Norte, is very sensitivity to ice albedo changes. However, differ-
ences in ice albedo alone cannot explain the above-average mass loss ob-
served at Paloma Norte and Olivares Alfa. Surface dust depositions
influence winter snow albedo decrease, prolonging the exposure of low-
reflective ice areas. This can explain the above-average loss balances
found in the catchment. However, we were not able to model the observed
snow albedo decay with our modeling approach. Our results suggest that
mechanisms and feedbacks other than the mega drought (Garreaud et al.,
2017) are driving the above-average negative glacier mass balance of
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Paloma Norte and Olivares Alfa (glaciers close to the mines). These pro-
cesses change surface characteristics such as LAIs distribution pattern,
changing snow and ice albedo and their evolution over time, from very
small to regional scale. Some processes responsible for changing the surface
characteristics of the glaciers have a natural origin, such as land cover deg-
radation exposing soil to erosion and intensive dust particle mobilization
(e.g. Shepherd et al., 2016; Al Ameri et al., 2019). Others have an anthropo-
genic origin or relate to anthropogenic activities and are linked to mining
activities in the Andina and Los Bronces mines. This anthropogenic influ-
ence includes the enrichment of trace elements and the increased dust mo-
bilization and deposition on the glacier surface due to the mobilization of
loose material from the nearby mine tailing. However, we were not able
to provide quantitative estimates of the glacier-wide contribution from ei-
ther natural or anthropogenic LAIs sources.

We present clear evidence of mineral particles mobilized by mining ac-
tivities having been transported and deposited on the glaciers surface:
(1) jarosite formed only in the mine tailings and (2) particles with breccia
typical structure found at the glacier surface. Those particles have been
transported from the mining area in agreement with the dominant wind
patterns and aerosol monitoring. We conclude that the nearby copper
mines provide a source for LAIs deposited at the glacier surface. Mass bal-
ance and associated melt volumes are sensitive to ice albedo. The effect of
LAIs on surface albedo and the sensitivity of glacier mass balance to
changes therein are highly complex and strongly analysis-scale dependent.
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