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Glaciers in the dry Chilean Andes provide important ecological services, yet their mass
balance response to past and ongoing climate change has been little studied. This
study examines the recent (2002–2015), historical (1955–2005), and past (<1900) mass
balance history of the high-altitude Guanaco Glacier (29.34◦S, >5000 m), using a
combination of glaciological, geodetic, and ice core observations. Mass balance has
been predominantly negative since 2002. Analysis of mass balance and meteorological
data since 2002 suggests that mass balance is currently mostly sensitive to precipitation
variations, while low temperatures, aridity and high solar radiation and wind speeds
cause large sublimation losses and limited melting. Mass balance reconstructed by
geodetic methods shows that Guanaco Glacier has been losing mass since at least
1955, and that mass loss has increased over time until present. An ice core recovered
from the deepest part of the glacier in 2008 revealed that the glacier is cold-based
with a −5.5◦C basal temperature and a warm reversal of the temperature profile above
60-m depth attributed to the recent atmospheric warming trend. Detailed stratigraphic
and stable isotope analyses of the upper 20 m of the core revealed seasonal cycles
in the δ18O and δ2H records with periods varying between 0.5 and 3 m. w.e. a−1.
Deuterium excess values larger than 10h suggest limited post-depositional sublimation,
while the presence of numerous refrozen ice layers indicate significant summer melt.
Tritium concentration in the upper 20 m of the core was very low, while 210Pb was
undetected, indicating that the glacier surface in 2008 was at least 100 years old. Taken
together, these results suggest that Guanaco Glacier formed under drastically different
climate conditions than today, with humid conditions causing high accumulation rates,
reduced sublimation and increased melting. Reconstruction of mass balance based
on correlations with precipitation and streamflow records show periods of sustained
mass gain in the early 20th century and the 1980s, separated by periods of mass loss.
The southern migration of the South Pacific Subtropical High over the course of the
20th and 21st centuries is proposed as the main mechanism explaining the progressive
precipitation starvation of glaciers in this area.

Keywords: glacier mass balance, geodetic mass balance, ice core, dry Andes, climate change, stable isotopes,
sublimation, drought
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INTRODUCTION

Glaciers are important freshwater sources and key regulators of
the water cycle (Fountain and Tangborn, 1985; Jansson et al.,
2003). This is especially true in arid and semi-arid climates
where water availability is limited due to low precipitation
rates. In addition, the bulk of surface runoff and groundwater
recharge is generated in the high mountains, far from the
coastal population centers and cultivated lowland valleys where
the water is needed (e.g., Viviroli et al., 2007). As snow and
ice melt play such an important role in the hydrology of arid
zones, these regions are considered very sensitive to future
temperature changes (Barnett et al., 2005). This situation is
striking in the Norte-Chico region (26◦S–32◦S, Figure 1), which
is the southernmost region of the Desert Andes of Chile (18–
32◦S, Barcaza et al., 2017). The semi-arid climate of Norte-
Chico, combined with the marked climate variability arising
from coupled atmosphere-ocean oscillations [El Niño Southern
Oscillation (ENSO), Madden-Julian Oscillation (MJO)], induces
a hydric stress on populations (Montecinos and Aceituno, 2003;
Garreaud et al., 2009; Juliá et al., 2012). Nonetheless, and owing
to efficient irrigation techniques, a productive agriculture sector
exists and constitutes the economic pillar of the region. The
existence and development of several mining projects near the
headwaters of the main transverse valleys in the region also
contribute to the reginal economy but raises environmental
and resource equity disputes (Oyarzún and Oyarzún, 2011;
Kronenberg, 2013). There is a strong concern that the observed
(Falvey and Garreaud, 2009) and predicted (Cabré et al., 2016;
Bozkurt et al., 2017) warming trend in the high Andes together
with the apparent decreasing precipitation over recent decades
(Fiebig-Wittmaack et al., 2012; Quintana and Aceituno, 2012;
Schulz et al., 2012) could result in aggravated water stress in the
Norte-Chico region. This in turn could exacerbate inter-sector
conflicts about water usage and limit future development (Young
et al., 2010; Valdés-Pineda et al., 2014).

Glaciers are sparsely distributed and relatively small in Norte
Chico. Barcaza et al. (2017) inventoried 1334 glaciers and rock
glaciers, covering a total area of 126.6 km2. Nicholson et al.
(2009) inventoried 112 glaciers covering 16.86 km2 and 40
rock glaciers covering 6.30 km2 in the upper Huasco River
catchment. Despite their relatively small surface coverage, the
hydrological contribution of an even limited glacier storage can
become significant during drought periods and very dry summers
(Bown et al., 2008; Gascoin et al., 2011; Huss, 2011; Rabatel
et al., 2011). However, our understanding of recent glacier-
climate interactions in the regions remains limited, hampering
our ability to accurately predict future glacier contributions. The
main limiting factor has been a dearth of glacier mass balance
data. Within the Norte Chico, there is only one published study
of glacier mass balance (Rabatel et al., 2011). Rabatel et al.
(2011) presented 6 years of glaciological surface mass balance
data from four ice bodies in the upper Huasco River catchments,
as well as historical changes in surface area for 20 ice bodies,
mapped form aerial photos and satellite images since 1955.
They showed that the glacier cover decreased by ∼29% over the
1955–2007 period, and that glacier mass balance was negative

over the 6-year monitoring period. Using these data combined
with continuous streamflow measurements, Gascoin et al. (2011)
evaluated the mean hydrological contribution of glacier melt in
the upper Huasco River catchments which was found to vary
between 3 and 24%.

Glaciological mass balance measurements records can be
extended, or complemented, by calculating geodetic mass
balance from historical satellite and aerial stereoscopic images
(Cogley, 2009; Zemp et al., 2013), while longer mass balance
reconstructions can be derived from ice core records (Ginot
et al., 2006). While ice cores have greatly contributed to our
knowledge of past hydroclimatic variability in the tropical Andes
(Thompson, 2000; Vimeux et al., 2009), ice core records are
almost non-existent in the subtropical region of South America.
In arid zones, ice cores may represent the only source of high
resolution (<decadal) paleoclimate information, as the scarcity of
vegetation and lakes limits the use of tree-ring and lake sediment
proxy records (Neukom and Gergis, 2012; Flantua et al., 2016).
In addition, ice core records from high-altitude glaciers can also
supply valuable climate information in otherwise data-scarce
regions, as high-altitude weather stations are rare in the Desert
Andes. To date, only one ‘deep’ (36 m, surface-to-bedrock) ice
core paleoclimate record from the South American subtropics has
been published, from the Cerro Tapado Glacier in the upper Elqui
Valley of Norte-Chico (30◦08′ S, 69◦55′W, 5550 m a.s.l.) (Ginot
et al., 2006). Additionally, preliminary analyses of a 104 m-long
ice core form the Cerro Mercedario Glacier (31◦58′ S, 70◦07′W,
6100 m a.s.l.) are available (Bolius et al., 2006; Vimeux et al., 2009;
Ciric et al., 2010). Given the recent persistent drought conditions
observed in the region (Garreaud et al., 2017) and the anticipated
aridification and warming trend (Boisier et al., 2018), there is a
need for more information on the response of glaciers to climate
change both under present and past climate conditions, in order
to better assess the sensitivity of glaciers and related meltwater
resources to climate change. The paleoclimate archive contained
in high-altitude glaciers may also provide the best information
source on past precipitation at high altitudes, which would give
precious insights into natural climate variability and provide
a comparative framework for the recent and ongoing drought
experienced in the region.

This study presents a comprehensive assessment of the mass
balance and climate history of a cold, high-altitude (>5000 m
a.s.l.) glacier in the Desert Andes, using a combination of
field, remote-sensing, and shallow ice core data. Our primary
aims are (i) to provide an observation-based interpretation
of glacier-climate relationships in the southern Desert Andes,
(ii) to place recent glacier mass balance observations into a
historical perspective, and (iii) to provide a first assessment of the
paleoclimate information contained in such glaciers.

STUDY SITE

Guanaco Glacier is one of the largest glaciers (1.8 km2) of the
Huasco River basin (Figure 1). It drains predominantly into
the Potrerillos River, a headwater tributary of the Huasco River
basin (Atacama Region), but also contributes to the Argentinian
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FIGURE 1 | Study area and sites. (A) region map showing the location of Guanaco Glacier and the hydroclimatic records used in this study. (B) Map of Guanaco
Glacier showing mass balance stakes, automatic weather station and ice coring site; satellite image: Ikonos, March 26, 2007. (C) photograph of Guanaco Glacier
taken from point B, looking North. (D) Surface and subglacial topography along GPR profile shown in (C) with mapped reflectors and ice core location shown in red.

de las Taguas River basin as it straddles the Chile-Argentina
divide (29.34◦S, 70.01◦W, 4990–5350 m a.s.l). The climate in the
area is semi-arid, with predominantly clear sky and strong solar
radiation, and precipitation is almost exclusively snowfall from
westerly circulation during the austral winter. Easterly convective
precipitation events also occur episodically during the so-called
Altiplano, or Bolivian winter, between December and February.
While these events do not contribute much to annual totals, they
can reduce glacier ablation by blanketing the surface with fresh
snow and elevating the albedo (MacDonell et al., 2013; Abermann
et al., 2014). The average snow precipitation measured at the
Pascua-Lama mining camp at 3737 m a.s.l. was 240 mm w.e.
a−1 for 2002–2015. In comparison, the long-term total annual
precipitation was 173 mm w.e. a−1 for 1980–2004 at the El Indio
Mine, 45 km south of the study area and at an altitude of 3869 m
a.s.l., with 81% occurring in winter, between May and August.

Guanaco Glacier is located within the former Pascua-Lama
bi-national mining project, which aimed to exploit an open-pit
gold and silver mine straddling the Chile-Argentina Border. The
project raised concerns regarding possible adverse impacts of
mining activities, especially dust emissions, on nearby glaciers
and glacierets (small glaciers with little or no sign of movement)
(Fields, 2006; Brenning, 2008; Kronenberg, 2013; Arenson
et al., 2015). These concerns led to the development and
implementation of a vast program to monitor the state of the

cryosphere in the vicinity of the project, which has been carried
out by various private consulting companies as well as Chilean
research institutes. This context explains the unique wealth of
meteorological, hydrological and glaciological data in the area
(Gascoin et al., 2011; Rabatel et al., 2011).

The glacier surface is smooth in its upper half and
predominantly terraced at lower elevations. Ice penitents, which
are vertical blades of ice up to ∼3 m high (e.g., Lhermitte et al.,
2014) occur in the southwestern portion of the glacier, near
the discharge outlet. An automatic weather station (AWS) was
installed in 2008 on the uppermost part of the glacier (Figure 1).
Air temperature varied between −25◦C in winter to 5◦C in
summer (annual average = −9.3◦C) over a 2.5 years period
(November 2008 – April 2011) (MacDonell et al., 2013). Over
the same period the relative humidity was low (mean± standard
deviation = 40± 26%) and wind speeds high (mean = 9.2± 4.2 m
s−1). The existence and surface mass balance of Guanaco
Glacier is, at least partly, linked to snow redistribution by the
wind as the glacier lies in the lee of a ridge (Gascoin et al.,
2013). The current energy balance at the AWS shows that
the net solar radiation is by far the dominant energy source,
predominantly balanced by surface radiative cooling (negative
longwave radiation) and strong negative latent heat (MacDonell
et al., 2013). Hence ablation occurs mainly by sublimation there
while melt is restricted to summer days with favorable conditions
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(high incoming solar radiation and air temperature, low winds
and high relative humidity). Reduced sublimation is thus one key
condition for melting to occur on the upper glacier. Further down
glacier, higher air temperature and the presence of penitents allow
for more frequent melting there. Between 1955 and 2007 the
glacier shrank by 0.334 km2 or 15± 4% (Rabatel et al., 2011).

DATA AND METHODS

Mass Balance
Surface mass balance measurements using the glaciological
method and the combined stratigraphic and floating-date system
(Østrem and Brugman, 1991) have been initiated in 2002/2003 by
Golder Associates S.A and continued by the Centro de Estudios
Avanzados en Zonas Áridas (CEAZA) from 2007 to 2011 and by
the Centro de Estudios Científicos (CECS) up to 2015 (WGMS,
2017). The winter mass balance is measured in late October/early
November, using a combination of snowpits and probing to the
previous summer surface. The summer balance is measured in
late March/early April at a network of ablation stakes (Figure 1).
The mean glacier mass balance (B) is calculated by averaging
individual seasonal point mass balance values (bw,s) weighted
by their representative area. The (net) annual balance (Ba) is
calculated by summing the winter (Bw) and summer balance (Bs).
In 2009/10 and 2014/15 the glacier was inaccessible in winter
so that only the annual balance was measured. The 2002/03
hydrological year was a wet year and glaciers were still snow-
covered at the end of summer (Golder Associates, 2005). The
snow thickness was measured in March 2003 at the stakes,
supplemented by thickness estimates along a ground penetrating
radar (GPR) survey (Figure 1), using the previous summer ice
surface reflector as a stratigraphic reference (Golder Associates,
2005). Random mass balance errors arise for multiple causes
and are notoriously difficult to quantify. Intrinsic errors may
arise from imprecise stake readings, snow density determination,
snow depth soundings, and from the sinking of stakes in firn
and spatial sampling errors (Østrem and Haakensen, 1999). All
stakes on Guanaco Glacier were drilled in ice so stake sinking is
not considered to be an issue and averaging of nine snow probe
measurements within a 2 m radius around stakes reduces the
spatial sampling errors in local accumulation measurements. The
mean annual error for the glacier-wide annual balance, Ba, is
estimated to be ±0.09 m w.e and the error on the cumulative
balance in 2014/15 is ±0.32 m w.e assuming independent
errors between years (see Supplementary Material). However,
unquantified systematic errors in glaciological mass balance can
increase linearly over time (Thibert et al., 2008). The cumulative
glaciological mass balance data was thus compared with
independent geodetic balance estimates (c.f. section Geodetic
Mass Balance), which allows detection of possible systematic
errors (Østrem and Haakensen, 1999).

Meteorological Data
We make use of continuous meteorological measurements
available since 1999 from a permanent automatic weather station
at La Frontera (4927 m a.s.l.), 2 km north of Guanaco Glacier

(Figure 1). Snow precipitation data is available since 1999 at
the Pascua-Lama mining camp (3737 m a.s.l.), 10 km northwest
of Guanaco Glacier (Figure 1). Snow thickness was measured
manually by a meteorologist at a 3-h interval during snowfall
events. The longest nearby high-altitude precipitation records are
those from the former El Indio mining site (3869 m, 1980–2004)
and La Laguna dam (3200 m, continuous since 1964), respectively
located 45 km and 97 km south of the study area (Figure 1).

Geodetic Mass Balance
Historical elevation changes were estimated from digital
elevation models (DEMs) of the glacier and surrounding areas.
DEMs were constructed from stereo aerial photographs available
in 1955 and 1978, and from two stereo pairs of Ikonos
satellite images for 2005. The Ikonos images were acquired on
March 1, 2005 as pan-sharpened multispectral products with
1 m resolution. The 2005 images were first triangulated using
the Rational Polynomial Camera model supplied by the data
provider. The exterior orientation solution was refined using a
single ground control point (GCP) well visible near the center
of the images. The two stereo pairs were triangulated in a
single block solution, using 152 tie points representing ground
features mutually visible between images in the stereo pairs.
A set of three-dimensional (3D) points was extracted based
on image correlation using the Automatic Terrain Extraction
(ATE) module of the Leica Photogrammetric Suite Version 11
(Hexagon R©) and manually edited to remove errors during the
ATE procedure. The resulting sets of matched points from the
two stereo pairs were merged and rasterized to a 5 m grid using
bilinear interpolation.

In 1978 an aerial survey flight over Pascua-Lama area was
performed by the Servicio Aerofotogramétrico de Chile using
a Wild RC10 camera. The average scale of the photographs is
about 1: 50,000. A stripe of four photographs with 60% end
overlap was used in this study. The snow conditions on the
photographs were favorable, showing good contrast and texture
over most of the glacier surface. The original negatives were
scanned at 16 µm resolution and provided with full camera
calibration report. Prior to data processing, the photographs were
radiometrically balanced to enhance brightness contrast. A Wallis
adaptive filter was further applied to highlight local variation in
brightness and enhance the accuracy of feature matching in the
ATE procedure. Ten ground control points (GCPs) distributed
over the whole Pascua-Lama area were collected from the 2005
Ikonos stereo pairs. The 10 GCPs were complemented with 45 tie
points manually chosen on the overlapping parts of the images to
strengthen the geometry of the image block. Image correlation
was used to generate automatic tie points on the stereo image
pairs. Aerial triangulation of all four images was performed in
a single solution, so-called Bundle Block Adjustment. Image
correlation on the 1978 aerial photographs resulted in much
lower matching density than for the 2005 Ikonos imagery,
despite the presence of visible features (crevasses, boundaries of
snow facies, etc.). Mismatches also resulted in large clusters of
erroneous points on the 1978 glacier surface. These errors were
removed, and additional 3D points were manually digitized for
the 1978 DEM. The two images were matched between each
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other through parallax adjustment using a 3D digitizing cursor
that “floats” in the vertical (Z) dimension. The 3D digitizing was
performed in a quad buffered stereo environment facilitated by
Nvidia 3D vision stereo glasses and a LG Flatron W2363D stereo.

Two aerial photographs from the Instituto Geográfico Militar
(IGM) 1955 Hycon flight were acquired in a single flight line
with approximately 60% end overlap. The overlap between
photographs allowed triangulation of the images in a single
bundle block adjustment. Photographs were scanned by the IGM
at resolution of 1200 dpi (about 21-micron dot size) as 8-bit gray
scale images. The overall quality of photographs is good, however
the contrast over the glacier surface is rather poor. The same pre-
processing, triangulation and terrain extraction procedures used
for the 1978 photographs were applied to the 1955 pair. As the full
calibration report was not available for the 1955 photographs, the
internal frame coordinate system for each image was determined
using the distances between the four center fiducials. Ten GCPs
and 16 tie points were used for the bundle block adjustment.

The absolute vertical accuracy of the 2005 DEM was checked
against 42 elevation points measured in situ at a reference
geodetic network, yielding a bias of −0.42 m and standard
deviation (std) of 1.19 m (Supplementary Table 1). Trend
analysis of DEM residuals also did not reveal any spatial
trends. Given the pixel size of Ikonos stereo imagery (1 m) the
achieved vertical accuracy is considered as excellent. Changes in
thickness, area and volume of Guanaco Glacier were estimated by
comparing the 2005 DEM with those of 1978 and 1955. Elevation
changes are typically calculated by differentiating glacier DEMs
interpolated from 3D point clouds (e.g., Nuth and Kääb, 2011).
This approach, however, assumes a comparable spatial density of
the 3D point sets. Since the 1955 point cloud was sparser than
in 1978, especially in the upper part of the glacier, this could
lead to unrealistic surface change patterns. Therefore an approach
was used that involves estimating elevation changes at locations
of the 1978 point cloud (1Z) followed by the interpolation of
a continuous 1Z surface using the 1978 point cloud and the
1978 glacier boundary as zero change constraint (Surazakov and
Aizen, 2006). The same approach was used for 1955. Systematic
and random errors in glacier elevation changes were derived
from elevation changes over stable surfaces surrounding the
glacier, with slopes < 25◦. Trend analysis of errors revealed a
significant spatial trend in the east-west direction for both the
1955 and 1978 data. As the spatial error trend is practically
linear, it is most probably related to vertical instability of the
external orientation of the aerial stereo pairs (east-west “roll” of
the stereo model relative to the reference coordinate system).
The systematic spatial error trends were modeled with a first
order polynomial surface and then removed (see Supplementary
Material), and the remaining bias was subtracted from the DEMs.
Uncertainties on mean elevation change were calculated from
errors on stable ground, following Rolstad et al. (2009) (see
Supplementary Material).

In October 2011 dual frequency Trimble 5700 GPS receivers
were used to conduct kinematic surface profiling with a total
length of 6 km on Guanaco Glacier. The base antenna was placed
during the 6-h survey on a reference geodetic point 1.7 km
north of Guanaco Glacier. Post-processing using the Automatic

Precise Positioning Service (APPP) by JPL NASA resulted
in a fixed solution with estimated errors of the coordinates
of the base less than 3 cm (1 sigma). GPS kinematic data
for Guanaco Glacier were post-processed to precision of less
than 0.03 m and referenced to WGS84/EGM96 datum using
the APPP solutions for the base station. Recent (2005–2011)
surface elevation and volume changes for Guanaco Glacier were
estimated by comparing the DGPS kinematic profiles with the
2005 DEM. To ensure the absence of systematic bias between
DGPS data and the 2005 DEM, their elevation differences was
estimated over stable terrain (off glacier) surveyed along 500 and
800 m profiles in proximity of the glacier. The results showed
a very low random error (0.37 m) and a systematic error of
−0.47 m. The bias was removed from the 2005 DEM before
calculating elevation changes from DGPS values. The point
estimations of glacier elevation changes were interpolated using
Ordinary Kriging with a spherical function previously fitted to
the empirical variogram. Cross-validation showed standardized
RMS prediction error of 0.37 m. All elevation changes were
converted to mass balance assuming a glacier wide average
density of 900 kg m−3 and converted to volume changes
using the mean glacier area over the considered time interval
(Cogley, 2009).

Ice Core
During 9–20 November 2008 a 113 m-long, surface-to-bedrock
ice core was retrieved from Guanaco Glacier (29.350◦S,
70.014◦W, 5161 m, Figure 1). The initial goal of the drilling was
to confirm previous thickness estimates from GPR measurements
and to check the possible accumulation of subglacial water
and associated risk for catastrophic glacier collapse on nearby
mining activities, a phenomenon documented in the region
(Peña and Escobar, 1987; Iribarren Anacona et al., 2015). Other
objectives included reconstructing the recent climate history
of the area from ice core climate proxies. Hence the drilling
location was chosen where the glacier is thickest (Figure 1D)
and relatively planar – to ease drilling operations, and above
the subglacial depression where subglacial lakes could potentially
form. This implies that the ice core is located midway down
a flowline running south from the glacier top to the drilling
location, then deflecting southwest toward the Chilean outlet
of the glacier (Figure 1). Analysis of previous GPR surveys
(Golder Associates, 2005) shows that the main visible reflectors
are tilted toward the surface near the drilling site in concordance
with the sub-glacial bed, which occurs because glacier flow is
constrained by the topographic depression. Drilling was done
using the FELICS electro-mechanical drill specially designed
for high-altitude drilling campaigns (Ginot et al., 2002). All
recovered core segments were cut in 70 cm sections, placed in
polyethylene tubes and stored in insulated boxes kept in a snow
trench. Ice core boxes were delivered by refrigerated truck to
Santiago Airport and shipped to the Laboratoire de Glaciologie et
Géophysique de l’Environnement (LGGE) in Grenoble, France.
Thermistors placed in the box revealed no melting during
transport. A 15-thermistor chain with a ±0.1◦C accuracy was
installed in the borehole to monitor englacial temperatures and
measured in November 2008, March 2010, April 2011, and
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October 2011. Ice core processing and chemical analyses were
conducted at LGGE, France. The ice core density was calculated
by weighting individual core segments divided by the respective
core volumes. Stratigraphic observations were conducted by
placing each core segment on a backlit table, rotating the
core to best see any visible features and related dip angle.
The fraction of bubble-rich and bubble-poor ice, respectively
representing glacier (compaction) and recongelation ice, was
mapped from digital photographs of the backlit cores (Kinnard
et al., 2008), and the dip angles of melt features was recorded.
The core was then cut into separate longitudinal sections for
analyses of stable water isotopes, radiogenic isotopes, major
ion chemistry and insoluble particles and archives. Analyses
of radiogenic isotopes were used to gain a first insight of the
ice core age. Tritium (3H) activity was measured for replicate
samples of fresh surface snow as well the first 3 m of the ice
core by U. Schotterer at the University of Bern, Switzerland,
by direct liquid scintillation counting procedure (Schotterer
et al., 1998). Cesium (137Cs) and Lead 210 (210Pb) activity
was measured continuously along the first 20 m of the core
at a 70 cm sampling interval at LGGE. Stable water isotope
ratios (δ18O and δ2H) were analyzed continuously along the
first 20 m of the core with a maximum sampling interval
of 2 cm. Analyses were conducted at the LAMA laboratory
(HSM, Montpellier, France) on an Elementar Isoprime mass
spectrometer, coupled with an Aquaprep module using the
classical water-CO2 equilibration technique for δ18O, and with a
Eurovector PyrOH Elemental Analyzer in continuous-flow mode
for δ2H. Analytical errors were ±0.8h for δ2H, and ±0.10h
for δ18O. Results from major ion chemistry analyses will be
presented elsewhere.

Mass Balance Climate Interactions and
Reconstructions
Glacier-climate interactions were investigated by correlating
Ba with mean annual air temperature (Ta), wind speed (W)
and vapor pressure deficit (VPD) recorded at the nearby La
Frontera weather station and with winter (April to September)
precipitation (P) recorded at La Laguna station. The annual and
cumulative mass balance of Guanaco Glacier was reconstructed
back to the mid-20th century based on linear regressions
models between Ba and climate records and validated against
geodetic estimates. Masiokas et al. (2016) also successfully
reconstructed glacier mass balance from historical streamflow
records in central Chile. Four long streamflow records are
available for headwater catchments near Guanaco Glacier
(Figure 1A), where discharge is strongly conditioned by snow
accumulation, melt and sublimation (Favier et al., 2009). Mass
balance was reconstructed back to the early 20th century
by regressing Ba on a composite streamflow record, i.e.,
after averaging the four standardized streamflow series. 95%
confidence uncertainty intervals on annually reconstructed Ba
[εreco(t)] were taken as twice the cross-validated root-mean-
squared error of predictions (RMSECV) (Wilks, 2011). Following
Masiokas et al. (2016), the standard error on mean streamflow
(SEmean(t)) was also considered when estimating uncertainties for

the reconstruction based on the composite streamflow record,
using:

εreco(t) =
√

RMSE2
cv + SE2

mean(t) (1)

SEmean(t) =
σ
√n(t)

(2)

where σ is the standard deviation of the composite record and
n the number of records available at time t. SEmean(t) = 0
for the climate-based reconstruction. Uncertainties on the
reconstructed cumulative Ba series were derived by propagating
(summing) the annual errors backward in time assuming
independent errors between years, following Masiokas et al.
(2016):

ε(T) =

√√√√t=T∑
t=1

ε2
reco(t) (3)

RESULTS AND DISCUSSION

Recent Mass Balance
The mean mass balance of Guanaco Glacier was −0.85 m w.e.
a−1 between hydrological years 2002/2003 and 2014/2015, with
a maximum of 1.23 m w.e in 2002/2003 and a minimum of
−1.13 m w.e. in 2014/15 (Figure 2A). Apart for the 2002/03
and 2005/06 years, the annual balance was negative, and the
cumulative annual balance was −7.64 m w.e over the 2002–
2015 period. The winter mass balance (Figure 2B) shows more
pronounced variability (coefficient of variation = 1.2) than the
summer balance (coefficient of variation = 0.3), in line with the
other glaciers in the Pascua-Lama area (Rabatel et al., 2011).
There is no direct relationship visible between the mass balance
series and air temperature at the site (Figure 2C). Conversely,
a positive relationship between winter and annual mass balance
and precipitation measured at the two closest high-altitude
weather stations is more striking. At first glance, interannual
variability in glacier mass balance appears to be mostly controlled
by interannual changes in precipitation, with changes in ablation
playing a minor role.

In 2008 the stake network was expanded from 5 to 19
stakes, providing increased spatial coverage and enabling a
more detailed analysis of the relationship between elevation and
point mass balance at individual stakes (available up to 2013/14
only). The mass balance pattern of Guanaco Glacier is quite
heterogeneous and shows only a weak relationship with elevation
(Figure 3). From Figure 3C it is evident that winter mass
balance, which is dominated by snow accumulation, is weakly
but inversely related to elevation, opposite to common winter
balance gradients which show positive increases with elevation
due to orographic enhancement of precipitation and colder
temperatures enhancing snowfall (e.g., Cuffey and Paterson,
2010). Strong spatial heterogeneity is also seen in summer mass
balance, with positive, albeit weak, summer balance gradients
(Figure 3D). Spatial correlations between seasonal mass balance
components show that the pattern of annual mass balance is more
influenced by summer conditions than by winter conditions

Frontiers in Earth Science | www.frontiersin.org 6 February 2020 | Volume 8 | Article 40

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00040 February 22, 2020 Time: 17:25 # 7

Kinnard et al. Guanaco Glacier Mass Balance History

FIGURE 2 | Annual mass balance of Guanaco Glacier. (A) Annual (gray bars) and cumulative (black line) mass balance; (B) winter (blue) and summer (red) mass
balance. Only the annual balance (Ba) was measured during the hydrological years 2002–2003, 2009–2010, and 2014–2015. (C) Annual precipitation (bars) at
Pascua-Lama camp and La Laguna reference station and air temperature at La Frontera AWS (red lines).

(Table 1A). As a result, the annual mass balance gradient is
weakly but positively related with elevation (Figure 3A).

The absence of any obvious mass balance gradients shows
that there is no clear demarcation between accumulation and
ablation zones on Guanaco Glacier, which was noted previously
by Rabatel et al. (2011) for several glaciers in this catchment. This
is in part caused by irregular snow accumulation patterns, which
are strongly conditioned by blowing snow transport (Gascoin
et al., 2013). The upper part of the glacier is exposed to strong
winds, which redistributes snow to the lower glacier, and even
sometimes causes a weak but noticeable downslope increase
in winter mass balance (e.g., in 2010/2011). Interestingly, the
higher than normal accumulation in 2012/2013 resulted in a
positive and much better-defined (r2 = 0.57) winter balance
gradient. Given the small size and restricted altitudinal range

of the glacier, this positive gradient may have been caused by
a downslope increase in winter ablation rather than orographic
enhancement of precipitation. The weak mass balance gradients
are also consistent with the decreased sensitivity of mass balance
to temperature in cold and dry climates (Kaser, 2001; Oerlemans,
2001; Cuffey and Paterson, 2010).

Results from the dynamic DGPS survey and the calculated
elevation changes for 2005–2011 are presented in Figure 4. The
mean geodetic mass balance calculated from elevation changes
was −2.36 ± 0.33 m w.e. for 2005–2011. Considering that the
DGPS survey was done in October 2011, i.e., at the end of winter,
winter accumulation must be considered. The winter of 2011
was very dry, with a mean accumulation of only 0.07 m w.e.
in October. Subtracting this value from the geodetic estimates
yields a value of −2.43 ± 0.33 m w.e, which compares well
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FIGURE 3 | Guanaco Glacier mass balance gradients. (A) Hypsometry; Mass balance – elevation relationships for (B) annual mass balance; (C) winter mass
balance; (D) summer mass balance. The variance explained by each linear regression model (r2) is shown in legend. Significant regression models are marked with
an asterisk (p < 0.05). N/A: missing seasonal balance observations.

with the cumulative Ba measured by the glaciological method
over the same period, −2.80 ± 0.22 m w.e. (Table 2). The
precision of the geodetic estimate is especially good given the
small changes involved. The good correspondence between the
geodetic and glaciological estimates suggests that the glaciological
mass balance surveys do not suffer from large systematic errors.
The spatial pattern of elevation changes for 2005–2011 shows
that almost the entire glacier surface has lowered since 2005
(Figure 4B). The contribution of ice flow to elevation changes is

unknown, but surface horizontal velocities measured on Guanaco
Glacier are low, in the order of 2 m a−1 (Golder Associates, 2005),
which suggests small vertical velocity components. The lowest,
southwest portion of the glacier shows the most pronounced
surface lowering since 2005 with up to ca. 5 m ice loss since
2005 (Figure 4B).

Historical elevation changes (1Z) derived from aerial
photographs show that the surface has lowered everywhere on
the glacier since 1955, with an evident increase in1Z downslope
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TABLE 1 | Pearson correlation coefficients between mass balance components.

(A) Spatial correlation

bw bs ba

bw 1.00

bs −0.23 1.00

ba 0.41* 0.68* 1.00

(B) Temporal correlation

Bw Bs Ba

Bw 1.00

Bs −0.20 1.00

Ba 0.75* 0.49 1.00

(A) Spatial correlation between point mass balances for hydrological years
2008/2009 to 2013/2014. The mean annual point balance was first removed from
each year’s b values so as to not introduce a variance bias in the padded series.
(B) Temporal correlation between glacier-wide mass balance. w, winter balance; s,
summer balance; a, annual balance. Significant correlations (p < 0.05) are marked
by an asterisk.

(Figure 5). Maximum thinning of ca. −40 m is observed in the
southwest end of the glacier since 1955. The pattern for 1978–
2005 is similar, albeit of lesser magnitude given the shorter time
period (28 years). Estimates of cumulative and mean annual
geodetic mass balance are compared to recent mass balance
measured since 2005 by both the glaciological and geodetic
methods (Table 2). Mean annual Ba has been more negative in
recent years than in the past, being −0.15 ± 0.13 m w.e. a−1

for 1955–1978, −0.10 ± 0.03 m w.e. a−1 for 1978–2005, and
−0.64± 0.09 m w.e a−1 for 2005–2015 (glaciological Ba).

Ice Core Stratigraphy
The 113-m long ice core recovered from the lower Guanaco
Glacier confirmed previous GPR thickness estimates and the

absence of liquid water within, or at the base of the glacier.
Temperature profiles measured in the borehole show that
Guanaco Glacier is a cold glacier which had a basal temperature
of ca. −5.5◦C in 2008 (Figure 6). The profile is negative from
the base up to a depth of 60 m, in accordance with typical
borehole temperature profiles, which is related to the geothermal
flux (Cuffey and Paterson, 2010). The ‘warm reversal’ above
60 m has been observed in other Andean glaciers and may be
related to recent atmospheric warming (Vimeux et al., 2009).
Seasonal temperature fluctuations are apparent down to ca. 20 m,
where the average ice temperature is −6.3◦C. However further
interpretation of the temperature profile is complicated by the
fact that the borehole intersects inclined isochrones (Figure 1D),
so that the ice may have been deposited at different locations up-
glacier and then advected down-glacier. The temperature profile
thus likely contains flow-inherited temperature effects related to
the varying elevation of snow deposition and melt-refreeze cycles.

The ice core stratigraphy for the uppermost 20 m is presented
in Figure 7. The density varies between 0.86 at the surface to 0.89
at 20 m. Several melt features were observed throughout the top
20 m of the core. Interestingly, the dip angle of the best visible
features varies significantly, between 40 and 73◦ (median = 61◦).
The fact that the range of dip angles is much larger than the
maximum dip angles (20◦) of the GPR isochrones near the drill
site, which follow the bedrock topography (Figure 1D), and the
significant scatter in dip angle values suggest that the angles are
not depositional features. Instead, we interpret them to represent
penitents developed at the glacier surface and succinctly buried.
An example of these ‘paleo penitents’ is shown in Figure 7D.
Penitents up to 50 cm-high are commonly found today around
the drill site (Figure 8). Penitents form by differential ablation
caused by the concentration of solar radiation in depressions,
enhanced by the accumulation of debris, reduced wind and
increased humidity between the penitent blades (Lliboutry, 1954;
Bergeron et al., 2006; Lhermitte et al., 2014). Melting occurs in

FIGURE 4 | Recent elevation changes on Guanaco Glacier, 2005–2011. (A) Satellite image of Guanaco Glacier (Ikonos, March 2005) showing DGPS tracks in
October 2011 and measured elevation changes (dZ). Digitized glacier outlines in 1955 (green) and 2011 (blue) are shown. (B) Interpolated elevation changes using
Ordinary Kriging.
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TABLE 2 | Comparison between glaciological and geodetic mass balance
estimates of Guanaco Glacier.

Period Hydrological B B error (±SE) Ba Ba error (±SE)

(calendar years) years (m w.e) (m w.e) (m w.e. a−1) (m w.e. a−1)

Glaciological method

2002–2015 13 −6.4 0.32 −0.49 0.09

2005–2011 6 −2.8 0.22 −0.47 0.09

2011–2015 4 −3.2 0.18 −0.81 0.09

Geodetic method

1955–1978 23 −3.6 3.2 −0.15 0.13

1978–2005 27 −2.9 0.9 −0.10 0.03

1955–2005 50 −6.5 3.1 −0.13 0.06

2005–2011 6 −2.4 0.3 −0.40 0.04

B, cumulative mass balance. Ba, mean annual mass balance. SE, standard error.

the penitent troughs, and we have observed that much of the
meltwater refreezes there at the end of summer. Penitents are
broadly aligned east-west and are inclined toward the sun at
zenith. Naruse and Leiva (1997) measured slopes between 60
and 85◦ for the southern face of penitents on Piloto Glacier
in Argentina. These values are consistent with the dip angles
observed in the Guanaco ice core. The melt fraction is quite
high (0–0.90, mean = 0.28), and variable (std = 0.29) and a
broad increase in melt fraction with depth is noted. This trend
parallels that seen in the density, but both variables are otherwise
uncorrelated (r = 0.16 after applying a first-difference filter).

Ice Core Relative Dating
The average 3H concentration measured in surface snow was
4.69 ± 0.38 TU, which is compatible with values for recent
precipitation (Cauquoin et al., 2015). In contrast, ice samples
all had near zero 3H concentrations, which indicates that the
ice formed before 1945 AD (see Supplementary Table 3). This
conclusion is confirmed by the concentration of 137Cs measured
along the top 20 m of the core, which was found to be below the
detection limit (0.011 Bq/kg), or undetected. Furthermore, 210Pb
was also undetected throughout the first 20 m of the core, despite
the low detection limit (0.052 Bq/kg) used. These results indicate
that the current glacier ice surface is more than 100 years old. This
represents a minimum limit on the age of the upper ice core and
more accurate absolute dating is not possible at this point.

Ice Core Stable Water Isotopes
The stable water isotopes (δ18O and δ2H) profiles show well
defined cycles (Figure 9A). The profiles are generally smooth,
but a few sharp transitions occur, e.g., at a 13 m w.e. depth. The
amplitude of the isotopic cycles (3–5h for δ18O; 20–40h for
δ2H) is similar to that seen in surface snow on nearby Tapado
Glacier (Sinclair and MacDonell, 2016) and is thus interpreted to
correspond to an annual signal. The same periodicity is visible
in the deuterium excess series (Figure 9B). Spectral analysis
of the δ18O profile based on the continuous wavelet transform
(Torrence and Compo, 1998) confirms the presence of significant
power along the 0.5–3 m w.e. spectral band which is significantly
different from autocorrelated (red) noise (Figures 9C,D).

Stable isotopes of precipitation contain mixed information
reflecting notably the temperature at the time of precipitation
formation (condensation), the geographic location and
meteorological conditions prevailing at the source of atmospheric
humidity, and the amount of precipitation lost during air mass
transport. When the moisture source, rainout rates and air mass
pathway can be assumed constant, stable water isotopes are good
proxies for the local air temperature, such as commonly used at
high latitude sites (Dansgaard, 1964). However, this temperature
control breaks down for low latitudes, where cloud systems are
dominantly of convective character and the influence of surface
or near-surface temperature on the formation of precipitation
decreases. Hence variations in Andean ice core isotopic signals
are generally thought to predominantly reflect atmospheric
circulation (Hoffmann et al., 2003; Vimeux et al., 2009). On
nearby Tapado Glacier, seasonal cycles in chemical and isotopic
profiles were interpreted to arise from changing moisture
sources: during the austral winter the westerly circulation
brings cold air masses from the Pacific Ocean which carry
most of the annual precipitation, while episodic convective
storms in summer bring humid air masses from the Amazon
Basin (Ginot et al., 2006). The same mechanism holds here.
Post-depositional processes can also strongly modify the isotopic
signal originally imprinted in snow. Sublimation in dry climates
can induce a relative enrichment of the isotopic composition
of surface snow. The deuterium excess, which characterizes the
deviation from the global meteoric water line [d (h) = δ2H –
8 × δ18O], is an indicator of non-equilibrium phase changes
characteristic of post-depositional processes. It is particularly
sensitive to the relative humidity which governs these processes
(Whillans and Grootes, 1985). Stichler et al. (2001) showed
that sublimation on the summit of Tapado Glacier leads to
a progressive enrichment of δ18O and a decrease in d at the
surface. However, the isotopic enrichment was limited to the first
5-10 cm of the snow and the enriched layers became preserved
after being buried by the next snowfall. These disturbed layers
showed as anomalous points on a δ2H – δ18O scatter plot
(Stichler et al., 2001, their Figure 6). Similar sublimation-induced
enrichment of stable isotopes was observed at the surface of
penitents at the beginning of the ablation season in the ablation
zone of Tapado Glacier (Sinclair and MacDonell, 2016). Later
in summer, melting tended to smooth the original isotopic
profile. The linear relationship between δ2H and δ18O values
for Guanaco is strong and without anomalous deviations
(Figure 10), indicating that all precipitation events arose from
well-defined and replicable meteorological processes. The high
slope of the local meteoric line (8.49) and the relatively high
d values (mean d = + 16.4 ± 2.3h), as well as a positive
correlation between δ18O and d, indicate that precipitation can
include a regular contribution of re-evaporated continental
surface water on a seasonal basis (Putman et al., 2019). The fact
that d is always larger than 10h (corresponding to the global
meteoric water line) suggests that the profile along the first 20 m
of the core was not significantly affected by post-depositional
sublimation processes.

Melting, percolation and subsequent refreezing of meltwater
tend to smooth and redistribute the isotopic signal, sometimes
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FIGURE 5 | Historical elevation changes on Guanaco Glacier for 1955-2005. (A) 1955 air photo showing elevation values extracted automatically (red dots) and
manually (yellow dots), as well as validation points outside the glacier (blue crosses). (B) Same as (A) but for the 1978 aerial photo. (C) Elevation changes between
1955 and 2005. (D) Elevation changes between 1978 and 2005.

obliterating completely any seasonal signal originally present
(Koerner, 1997; Schotterer et al., 2003). Several studies have
looked at the effect of melting on isotopic and chemical signals
of melt-affected ice cores. Grumet et al. (1998), Pohjola et al.
(2002), Moore et al. (2005), and Kinnard et al. (2008) all found
that although melting affects the isotopic and chemical record
of ice cores, annual to biannual cycles are still detectable. As
opposed to major ions, stable water isotopes are the least affected
by melting and seasonal cycles are still observed provided that
refreezing of meltwater occurs within the annual layer (Pohjola
et al., 2002). Melting can be seen to have affected the integrity
of the isotopic signal in Figure 7. The broad increase in melt
fraction with depth is associated with sharper transitions in the
stable isotope series and a blurring of the cyclicity (Figure 9).
The significant spectral band in the δ18O record, assumed to be of
seasonal origin, is seen to spread toward larger periods between
12 and 16 m w.e. depths. We interpret this as an indication for
possible percolation and refreezing beyond the depth of annual
deposition, which smooths the annual cycle signal (Grumet et al.,
1998). Despite this, melting does not seem to have completely
obliterated the dominant cyclicity in the signal. Detailed analysis

of the wavelet spectrum in Figure 9 shows a first power band
peak centered around 0.7 m w.e. and a second one around 1.7 m
w.e., perhaps representing an annual/biannual signal. However,
given the likelihood for melting to have displaced the original
seasonal peaks, deriving a precise annual accumulation rate from
seasonal cycles is not possible, and only a range (0.5–3 m w.e. a−1)
can be inferred.

Recent Glacier-Climate Relationships
While the spatial variability of annual mass balance (ba) is mainly
controlled by summer mass balance conditions, interannual
variability in glacier-wide annual mass balance (Ba) was found
to be predominantly driven by winter conditions (Table 1). This
is also shown by correlations between Ba and climate variables
(Table 3), which display the highest correlation with precipitation
but no relationship with air temperature, contrary to most
glaciers in temperate zones (Hock, 2005; Cuffey and Paterson,
2010). On the other hand Ba was found to be significantly
correlated with the vapor pressure deficit and wind speed, which
are two important drivers of sublimation (Kull et al., 2002;
Stigter et al., 2018). Sublimation is currently the dominant
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ablation process on Guanaco Glacier (MacDonell et al., 2013),
a peculiarity of high-latitude glaciers and snow cover in the
Arid Andes (Ayala et al., 2017; Réveillet et al., 2020). P and
VPD were found to be the best combination of predictors of Ba

FIGURE 6 | Temperature profiles measured in the Guanaco Glacier borehole.

variability on Guanaco Glacier (r2
adj = 0.90, p < 0.05, Table 3).

The positive influence of VPD on Ba suggests that increased
sublimation during drier conditions limits mass loss by melting,
due to the large quantity of latent heat consumed by sublimation.
Conversely, wetter conditions will increase accumulation but
also decrease sublimation, favoring more efficient mass loss by
melting due to its much smaller latent heat consumption. As
such, sublimation acts as a negative feedback on Ba because of
its control on mass loss from melting.

The little sensitivity of Ba to air temperature found in this
study is consistent with the previously documented notion that
the sensitivity of mass balance to temperature decreases in colder
and drier climates (Kaser, 2001; Oerlemans, 2001; Cuffey and
Paterson, 2010). As Guanaco Glacier lies above the 0◦C isotherm,
air temperature has little influence on the precipitation phase
while sublimation limits the influence of temperature on melting.
Rupper and Roe (2008) also showed that glaciers in central
Asia with low precipitation and higher sublimation rates are
less sensitive to temperature. In South America, Sagredo et al.
(2014) showed that the glacier equilibrium line altitude (ELA) in
the subtropical Andes is the least sensitive to temperature, and
most sensitive to precipitation, consistent with the cold and dry
climate conditions of that region (Sagredo and Lowell, 2012).
More recently, Dussaillant et al. (2019) derived geodetic mass
balance estimates for 2000–2018 for the whole Andes Cordillera
based on ASTER stereoscopic imagery. They showed that the dry
Andes had the smallest mass loss rates (-0.28 ± 0.18m w.e.a−1),
but that mass loss increased from slightly positive in 2000–2009 to
a strongly negative mass balance in 2009–2018, a trend attributed
to the recent prolonged drought conditions in North-Central
Chile (Garreaud et al., 2019). These findings show again the

FIGURE 7 | Visual stratigraphy for the top 20 m of the ice core. (A) Density; (B) dip angles of melt features; (C) melt fraction; the red rectangle shows the location of
the core shown in (D); (D) example of melt feature reminiscent of penitent morphology.
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FIGURE 8 | Photograph of Guanaco Glacier at the ice coring location,
showing the presence of small penitents on the surface (March 12, 2010).

peculiarity of the cold and dry glaciers of the dry Andes where
humidity, rather than air temperature plays a key role in the mass
balance response to climate.

Historical Mass Balance and Climate
Conditions: Observations
Glaciological and geodetic mass balance estimates show that
Guanaco Glacier has been predominantly losing mass since at
least 1955, and that mass loss has accelerated over time (Table 2).
Mass loss rates during the most recent period (2005–2015:
−0.64 ± 0.09 m w.e. a−1) are five times higher than during
the 1955–2005 period (−0.13 m ± 0.06 w.e. a−1). Few long
mass balance records exist in the region to compare with these
results. The longest record comes from Echaurren Norte Glacier
(33.58◦S), in the central Andes where the climate becomes more
Mediterranean. Its cumulative mass balance has been relatively
stable since 1975, until 1993 when it started decreasing until today
(Escobar et al., 1995; Masiokas et al., 2016). In the Argentinean
Andes, the mass balance of Piloto East Glacier (32◦S) broadly
followed the same trend, with approximately neutral balance
until 1993 followed by a negative balance (Leiva et al., 2007).
Our results broadly agree with these trends, however with slightly
negative mass balance during 1978–2005 (−0.10 ± 0.03 m w.e.
a−1) but increasing mass loss subsequently.

Ice core conditions on the other hand suggest drastically
different mass balance conditions, with net accumulation rates
of 0.5–3 m w.e. a−1 inferred from the stable isotope record
(Figure 9), relatively high melting rates inferred from the
significant proportion of refrozen ice in the core (Figure 7)
and reduced sublimation inferred from small deuterium excess
values (d) (Figure 10). Penitents occur on the present surface
(Figure 8) and in the core (Figure 7). The formation of penitents
is partly conditioned by microclimatic conditions: sublimation
predominantly occurs on the wind-exposed tips while higher
air humidity promotes melting and deepening of the sheltered
troughs (Lliboutry, 1954). However the first-order process for the
formation of penitents is not sublimation, but rather the focusing
effect of solar radiation in depressions at high incidence angles

(Cathles et al., 2014), a phenomenon favored at low latitudes
and in clear atmospheric conditions such as in the Desert Andes.
Hence penitents were also present under the more humid climate
inferred from the ice core.

When did these humid climate conditions occur and when
did the ice of the upper core form? Our radioactive isotopes
measurements in the upper core show that the modern (2008)
glacier surface is at least 100 years old. In addition, the ice core
density profile (Figure 7) shows the presence of residual firn
at the end of the compaction cycle, during which ice density
increases slowly from the compression of air bubbles by creep
of the surrounding ice (Ginot et al., 2006; Cuffey and Paterson,
2010). The absence of younger and more porous firn above
suggest it has completely ablated. On nearby Tapado Glacier, ice
has accumulated continuously until at least 2001, when a 36 m
surface-to-bedrock was retrieved from the summit (5536 m a.s.l,
30.13◦S, 69.92◦W) (Ginot et al., 2006). The age at the bottom
of the continuous accumulation sequence in the Tapado ice
core was dated to 1920 AD, below which older, but undated
ice was found separated by a hiatus. Annual accumulation
since 1920 AD varied between 0.1 and 1.03 m w.e. a−1 with
a mean of 0.32 m w.e. a−1. The time span for the continuous
accumulation of firn and its transformation to ice on Tapado
Glacier (1920–2001: 81 years) is the closest analog for the time
span of the missing firn on Guanaco Glacier. This figure is on
the same order, but still smaller than the minimum age for the
2008 surface derived from radioactive isotopes (>100 years).
Further South, a 104 m ice core was recovered in 2005 from La
Ollada Glacier on Cerro Mercedario (31.97◦S, 70.12◦W, 6100 m
a.s.l.), covering 92 years (1913–2004) of continuous accumulation
varying between 0.3 and 1.8 m w.e. a−1 (mean = 0.91 m w.e.
a−1) (Ciric et al., 2010). Hence, climate conditions since the
early 20th century have allowed continuous accumulation on
Cerro Mercedario and Cerro Tapado, both located south and
higher than Guanaco Glacier, but have resulted in mass loss on
Guanaco Glacier.

Historical Mass Balance and Climate
Conditions: Stochastic Reconstructions
In order to further our understanding of historical mass
balance variability, the annual and cumulative mass balance
of Guanaco Glacier was reconstructed back to the early 20th
century using the statistical models developed in Table 3 and the
methods outlined in Section “Mass Balance Climate Interactions
and Reconstructions” (see further details in Supplementary
Material). The use of climate and streamflow records not
located in the immediate vicinity of the glacier calls into
question their representativity to reconstruct mass balance. The
La Laguna winter precipitation record was found to be well
correlated with the local snow record at Pascua-Lama (r = 0.90,
p < 0.01, n = 13 years) as well as with the El Indio snow
precipitation record (r = 0.89, p < 0.01, n = 23 years) (see
Figure 1 for locations), confirming the spatial coherence of
winter precipitation in this region of the Desert Andes. On
the other hand, streamflow records in the Norte Chico region
are good proxies of net snow precipitation (precipitation minus
sublimation) (Favier et al., 2009), which makes them ideal to
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FIGURE 9 | Stable isotope profiles for the topmost 20 m of the Guanaco Glacier ice core. (A) δ18O and δ2H; (B) Deuterium excess; (C) Wavelet power spectrum of
the δ18O series. Black contours delineate the 95% significance level against a red-noise (AR1) model with lag1 correlation r = 0.9; (D) mean wavelet power
spectrum; stippled line shows the 95% significance level.

reconstruct the precipitation-sensitive glacier mass balance. Ba
was found to be significantly and positively correlated (r2

adj
0.65–0.80, p < 0.01) with the four long streamflow records
in the upper Huasco and Elqui catchments (Table 3). The
best correlation (r2

adj = 0.81, p < 0.01) was obtained on a
composite series of these four records (Q mean, Table 3).
The composite record is itself well correlated with each
individual record (r = 0.93–0.96, p < 0.01), confirming the
presence of a strong, precipitation-based signal in headwater
catchment outflows.

The model based on winter precipitation (P) and vapor
pressure deficit (VPD) as predictors can only be forced using the
VPD climatology, as La Frontera station is in operation since
1999, with reliable humidity data since 2002 only. Hence the
model was forced with P measured at La Laguna since 1965 and
the mean VPD ± one standard deviation (std) over the 2002–
2015 period in order to check the sensitivity of the reconstructed
Ba to VPD. Using the mean or low (mean − std) VPD yields
a poor fit on geodetic balance estimates, while the fit improves
when using the higher (mean + std) VPD estimate (lower blue
curve on Figure 11B). This suggests that higher VPD prevailed
prior to 2002 compared to more recent conditions (2002–2015).
It also shows the feedback effect of air humidity on Ba at Guanaco
Glacier: while higher precipitation increases Ba, a lower VPD
during more humid years could favor mass loss by melting and
as such decreases Ba.

FIGURE 10 | Local (blue) and global (red) meteoric water line calculated from
the Guanaco ice core.

The short VPD and P records do not allow extending Ba
very far back in time. The composite streamflow record was
thus used to reconstruct Ba back to 1915. The streamflow-
based reconstruction agrees relatively well with the geodetic
balance back to 1955, within error bounds (Figure 11B).
The reconstructed Ba record shows a period with frequent
positive mass balance conditions during the early part of the
record (1915–1935), followed by a period with predominantly
negative balance (1935–1975), a more neutral period with
alternating negative and positive mass balance (1975–2005), and
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TABLE 3 | Linear regression between climate variables (Ta, P, W, VPD), streamflow (Q) and annual mass balance (Ba).

Variable Weights p-value r2
adj rmse (m w.e.) rmseCV (m w.e.) Normal Indep

Ta −0.06 0.75 −0.08 0.65 0.68 No Yes

P 0.58 <0.01 0.83 0.26 0.34 Yes Yes

W −0.53 <0.01 0.68 0.36 0.55 Yes Yes

VPD 0.44 <0.01 0.46 0.46 0.43 Yes Yes

P, Ta 0.60, 0.09 0, 0.28 0.84 0.25 0.36 Yes Yes

P, W 0.43, −0.19 0, 0.12 0.86 0.24 0.38 Yes Yes

P, VPD 0.47, 0.19 0, 0.02 0.90 0.20 0.29 Yes Yes

Q Transito 0.31 <0.01 0.79 0.29 0.32 Yes Yes

Q Laguna 0.54 <0.01 0.65 0.38 0.48 Yes Yes

Q Claro 0.20 <0.01 0.80 0.28 0.29 Yes Yes

Q Elqui 0.09 <0.01 0.80 0.28 0.32 Yes Yes

Q mean 0.56 <0.01 0.81 0.28 0.31 Yes Yes

Regression weights are standardized to allow comparison of variable effects on Ba. r2adj, coefficient of determination adjusted for the number of parameters in the
regression model; rmse, root-mean-square error of regression; rmseCV, leave-one-out cross-validated rmse. Normal: Lilliefors normality test on residuals (yes = normally
distributed residual, p < 0.05); Indep: Durbin-Watson test for independence of residuals (yes = independent residuals, p < 0.05).

sustained mass loss thereafter. This trend is similar overall to
the reconstructed mass balance of Echaurren Norte Glacier in
central Chile (Masiokas et al., 2016) (Figure 11C). Annually
reconstructed Ba on Guanaco Glacier reached positive values
up to 2 m w.e. during the 1975–2005 period, and even higher
values in the early period (up to 4 m w.e.). Considering that
ice was still accumulating on Guanaco Glacier from 1915 up to
∼1935 AD with a mean reconstructed net accumulation rate of
0.60 m w.e. a−1, and that the reconstructed cumulative mass
loss was 17.3 ± 6 m w.e. between 1935 and 2008, the age
of the 2008 surface would be approximately equal to 1935 –
(17.3 ± 6)/0.6 m w.e. = 1910 AD ± 10 years. This is a crude
estimate, but which is in line with the radiometric minimum age
of the 2008 glacier surface (<1908 AD). The mean (0.60 m w.e.
a−1) and maximum (4 m w.e. a−1) accumulation rate during
the early 1915–1935 period is also consistent with the range of
values inferred from the stable isotope record (0.5–3 m w.e. a−1).
Based on this evidence, it is thus plausible that the ice sampled
in the core dates back to the mid 19th to early 20th century
period when precipitation in central Chile was higher than today
(Garreaud et al., 2017) and several glacier advances were inferred
from historical sources and dated moraines in the Dry Andes
(Masiokas et al., 2009).

Link With Atmospheric Circulation
The sensitivity of mass balance to precipitation, and the
recent sustained mass loss of Guanaco Glacier that occurred
during a prolonged drought, calls into question the role of
changing atmospheric circulation to explain the observed and
reconstructed mass balance record. Precipitation in central
Chile (30–37◦S) is impacted by tropical sea surface temperature
patterns, with precipitation increasing during El Niño Southern
Oscillation (ENSO) events, although this association starts to
decay North of 30◦S (Houston, 2006; Garreaud et al., 2009;
Boisier et al., 2018). Interdecadal variations in precipitation
have also been ascribed to low-frequency variability in sea

surface temperature, captured by the Pacific Decadal Oscillation
(PDO) index (Garreaud et al., 2009). Extratropical circulation
also conditions precipitation variability in subtropical Chile:
the Southern Annular Mode (SAM), also known as the
Antarctic Oscillation, is the leading pattern of tropospheric
circulation variability south of 20◦S and describes the north–
south movement of the westerly wind belt that circles Antarctica.
A positive correlation between the SAM index and precipitation
exist at 30–45◦S latitudes, but this correlation quickly decays
north of 30◦S (Garreaud et al., 2009; Boisier et al., 2018). The
Bivariate ENSO index (Smith and Sardeshmukh, 2000) and
the reconstructed (1905–2005) (Jones et al., 2009) and station-
based (2006–2015), winter (JJA) SAM index were compared
with the reconstructed Ba in Figure 11.The reconstructed
Ba is positively correlated with the ENSO index (r = 0.41,
p < 0.01) and high values of the index are often, but not
always, associated with positive mass balance years. There is
little correspondence between the reconstructed Ba and the SAM
index (r = 0.13, p = 0.13). These results agree with those found
for precipitation and the recent glaciological Ba record (see
Supplementary Material).

Guanaco Glacier is located south of the so-called Arid
Diagonal, a transitional zone separating the tropical circulation
cell to the north and the extratropical westerly wind belt to the
south. As such, Guanaco Glacier may be particularly sensitive
to the displacement of these large-scale circulation features.
Winter precipitation in the area are strongly conditioned by
the intensity and position of the South Pacific Subtropical
High (SPSH). This semi-permanent anticyclone is the surface
manifestation of the subsiding branch of the Hadley cell,
which in winter migrates north and allows the passage of
frontal systems moving eastward from the Pacific (Garreaud,
2009). In recent decades a strengthening and expansion of the
SPSH have been observed and attributed to global warming,
leading to precipitation decreases from central to southern Chile
(Falvey and Garreaud, 2009; Flores-Aqueveque et al., 2019). The
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FIGURE 11 | Reconstructed mass balance of Guanaco Glacier. (A) Annual mass balance reconstructed from precipitation and vapor pressure deficit (VPD) (blue)
and streamflow (red). Thick blue curve: model with mean VPD at La Frontera (1999–2015); upper dashed/lower dotted blue curves: models with mean ± one
standard deviation from mean VPD. (B) Reconstructed cumulative mass balance of Guanaco Glacier based on precipitation and VPD ± std (blue) and composite
streamflow (red). Cumulative geodetic (1955–2011) and glaciological (2011–2015) mass changes were computed backward from 2015 and shown as black asterisk
with error bars. (C) Reconstructed mass balance of Echaurren Norte Glacier (33.58◦S, 70.13◦W) (Masiokas et al., 2016). (D) JJA Bivariate ENSO index with 21-year
lowess curve (black trace); (E) Southern Annular Mode (SAM) index, with 21-year lowess curve (black); (F) Annual latitudinal position of the South Pacific Subtropical
High (SPSH) 1020 isobar, with 21-year lowess curve (black).

decrease in precipitation and related mass loss on Guanaco
Glacier may thus be closely associated with the intensity and
position of the SPSH. Figure 12 shows trends in winter (JJA)
SLP for the period 1905–2012 computed from the Hadley Centre
Sea Level Pressure dataset (HadSLP2) (Allan and Ansell, 2006).
Decreasing SLP occur over the Bellingshausen Sea sector of

Antarctica and increasing SLP south of the SPSH mean position.
A similar pattern was previously highlighted for annual SLP
trends by Falvey and Garreaud (2009) for the shorter 1979–
2005 period based on reanalysis data. The trend pattern is also
similar to the South Pacific dipole pressure pattern which has
recently been associated with the so-called “Mega Drought” in
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FIGURE 12 | Mean sea-level pressure (SLP) patterns during winter (JJA) over South America (black isobars), and linear trends in SLP (color scale) over the
1905–2012 period. SPSH, South Pacific Subtropical High; Green dot: Guanaco Glacier.

Chile (Garreaud et al., 2019). The increase in SLP south of the
SPSH in Figure 12 may be partly due to the expansion and/or
southward migration of the SPSH. The latitudinal migration of
the winter SPSH was investigated by tracking the southernmost
latitude of the 1020 isobar over time (Figure 11F). The latitudinal
position of the winter SPSH shows interannual variability as well
as a broad negative trend over time, estimated at −0.21 ± 0.06◦
decade−1 (p < 0.01) from linear regression. The SPSH position
is significantly correlated with the reconstructed Ba (r = 0.39,
p < 0.01), consistent with the notion that an equatorward
migration of the winter SPSH favors the advection of moist air
masses and precipitation on the glacier. However, while ENSO
and the position of the SPSH are both correlated with the
reconstructed Ba, these two indices together can only explain
21% of the variability in the reconstructed Ba. Storms reaching
the continent do not always reach the high Andes in winter, due
to complicated orographic and synoptic atmospheric processes
(Scaff et al., 2017; Viale and Nuñez, 2011) which limits our
understanding of dynamical forcing of mass balance based on
seasonal averages.

CONCLUSION

This study has brought together and analyzed a unique
and diverse glacio-climate dataset comprising recent
glaciological mass balance, geodetic and statistical mass
balance reconstructions, and ice core measurements in order
to investigate the evolution of Guanaco Glacier in the Dry
Andes. This is a region where glacier-climate interactions
are not yet well constrained, despite the fact that meltwater
from snow and glaciers in spring and summer is vital to
sustain populations and economic activities. This study showed
that the measured mass balance on Guanaco Glacier has been
predominantly negative since 2002, and that it is currently mostly
sensitive to precipitation variations, while low temperatures,

aridity and high solar radiation and wind speeds cause large
sublimation losses and limited melting. As such, humidity
plays a key role in glacier-climate interactions, with humid
conditions favoring precipitation and snow accumulation
but also increased ablation due to reduced sublimation and
concurrent higher melting.

The reconstructed mass balance shows that the glacier gained
mass during the early part of the record (1915–1935), followed
by a period with predominantly negative balance (1935–1975),
a more neutral period (1975–2005) and sustained mass loss
thereafter. Ice core data suggest that high accumulation rates
and higher melting prevailed before the early 20th century,
matching the earliest period of glacier growth reconstructed from
streamflow records. Understanding the causes of precipitation
variability is key to understand and project future glacier
and snow mass balance variability in the dry Andes. The
reconstructed mass balance of Guanaco Glacier was shown to
be positively correlated with the ENSO index as well as with
the position of the South Pacific Subtropical High (SPSH). The
apparent poleward migration of the SPSH observed in this study
and elsewhere (Flores-Aqueveque et al., 2019) may have been
driving a progressive starvation of precipitation over Guanaco
Glacier, culminating in the sustained mass loss observed in
the recent decade. Continued migration and/or expansion of
the SPSH in the future, as predicted by general circulation
models (Flores-Aqueveque et al., 2019), could continue to deplete
accumulation on glaciers, exacerbating the ongoing hydrological
drought and obliterating the paleoclimate potential of high-
altitude glaciers in the Dry Andes.
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