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Glaciar Pío XI has advanced and thickened over the past several decades in contrast to the
generally retreating and thinning trends seen in other glaciers in the Southern Patagonia
Icefield (SPI). To quantify recent changes in ice-front positions and glacier surface elevation
over the ablation area of Glaciar Pío XI, we analyzed satellite data acquired from 2000 to
2018. Two major glacier termini, and most of the small outlet glaciers, showed advancing
trends, including the largest advance (1,400m), observed at the southern terminus during
the study period. Surface elevation increased by 37.3 ± 0.4 m as a mean over the study
area, and the rate of the increase accelerated by 135 ± 10% from Period 1 (2000–2007) to
Period 2 (2007–2017/18). Elevation change during Period 1 was only slightly positive
except for extraordinary thickening (∼20m a−1) observed near the southern terminus and
one of the outlet glacier fronts, whereas significant thickening (∼2.7 m a−1) occurred over
the entire ablation area during Period 2. Satellite imagery showed an emergence of
sedimentary mounds in front of the southern terminus, suggesting that reduction in frontal
ablation and increasingly compressive flow regime are the main drivers of the recent rapid
thickening and advance. Most likely, the influence of the sediment deposition on the
southern terminus subsequently propagated to the northern terminus and upper reaches
of the glacier. The rate of ice mass increase during the study period was 0.48 ± 0.03 Gt a−1,
which corresponds to 4% of the total mass loss from the SPI from 2000 to 2015/16.
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INTRODUCTION

The Southern Patagonia Icefield (SPI) is the second largest ice mass in the southern hemisphere,
covering an area of 12,363 km2 along the border of Chile and Argentina (RGI Consortium, 2017;
Figure 1A). The total ice volume was estimated to be 4,326 km3, which is equivalent to a sea level rise
of 10.62 mm (Carrivick et al., 2016). In the SPI, 83% of major outlet glaciers terminate in water
(Davies and Glasser, 2012), mostly in fjords on the western side of the icefield and in lakes on the
eastern side. Most of these glaciers are currently retreating and thinning (Aniya et al., 1997; Rignot
et al., 2003; Sakakibara and Sugiyama, 2014; Foresta et al., 2018; Malz et al., 2018; Abdel Jaber et al.,
2019; Braun et al., 2019; Dussaillant et al., 2019). Retreat and thinning of calving glaciers dominate
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recent mass loss of the icefield, which, among mountain glaciers
in the world, is the second largest contributor to sea level rise after
Alaskan glaciers (IPCC, 2019).

In general, glaciers in the SPI have shown retreating trends
over the last several decades. Among 28 major calving glaciers, 17
retreated bymore than 0.5 km from 1984 to 2011 (Sakakibara and
Sugiyama, 2014). The only advancing glacier during the above
period is Glaciar Pío XI, which is the focus of this study. Glaciar
Pío XI had advanced by more than 10 km between 1945 and 1962
(Rivera, 1992) (Figure 1B). During this period, the glacier
terminus reached the western frank of Eyre Fjord and
bifurcated into two ice tongues, one flowing south into Eyre
Fjord and the other to the north into Lago Greve. Both termini
showed advancing trends until 1998, except for a retreat of the
southern terminus from 1981 to 1985 (Rivera et al., 1997a).
Thereafter, the southern and northern termini showed
relatively short episodes of retreat during 1998–2000 and
1998–2005, respectively (Sakakibara and Sugiyama, 2014;
Wilson et al., 2016). Several mechanisms have been proposed
for the advance of Glaciar Pío XI in the 20th century. Rivera et al.
(1997b) pointed out that the period of rapid advance was
preceded by a positive precipitation anomaly, and therefore
suggested that the glacier responded to an increased snow fall
in the large accumulation area. Warren et al. (1997) proposed that
sediment deposition played a central role in the glacier advance
because formation of a sedimental shoal provides stability to the

ice-front and reduces frontal ablation. Several studies proposed
surge as a driver of the rapid advance, although the triggering
mechanism of the acceleration is unclear (Rivera et al., 1997a;
Wilson et al., 2016). No consensus has been reached so far, and
most likely multiple mechanisms are involved in the 20th century
advance of Glaciar Pío XI.

After short periods of retreat in 1998–2000 and 1998–2005,
the southern and northern termini began to advance in 2000 and
2006, respectively (Sakakibara and Sugiyama, 2014; Wilson et al.,
2016; Rivera, 2018). Wilson et al. (2016) performed detailed
investigation on the flow speed variations of Glaciar Pío XI
together with analyses of the ice-front position and changes in
ice thickness. After a period of large acceleration up to 2000, the
ice speed of the glacier progressively decreased in the 21st
century. The authors of the study classified Glaciar Pío XI as a
surge-type glacier and interpreted the recent advancing trend as
the response to the fast ice-flow condition lasted until 2000.
Glacier surge causes mass transport from the accumulation area
to the terminus regions, which often results in ice thickening near
the glacier front while thinning in the upper reaches. However,
recent studies based on satellite and field surveys have shown a
thickening trend over the entirety of Glaciar Pío XI (Foresta et al.,
2018; Malz et al., 2018; Abdel Jaber et al., 2019; Minowa et al.,
2019). To better understand the driving mechanism of the recent
advancing trend, further analysis is required particularly for the
surface elevation change.

FIGURE 1 | (A) Satellite image of Glaciar Pío XI (Sentinel-2 MSI image on October 18, 2018) with the location of the glacier in the SPI shown in the inset. Blue
lines are glacier boundaries after RGI 6.0 inventory (RGI Consortium, 2017), except for the outline of Glaciar Pío XI traced on the background image. The magenta
dotted line indicates the ELA (1,055 m; reported in Schaefer et al., 2015) according to the ALOS/PRISM DEM in 2007. Accuracy of the DEMs were evaluated in the
areas shaded in yellow. The box indicates the area shown in (B). (B) The same satellite image as in (A), showing the glacier front position in 1945 (blue dashed
line), the southern and northern termini, outlet glaciers (Sub1–Sub4) and ice margins (Sub5–Sub7) analyzed in this study. Boxes indicate the areas shown in Figures
2A–I, 6.
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In this study, we used satellite based remote sensing
techniques to measure changes in the ice-front positions and
glacier surface elevation of Glaciar Pío XI between 2000 and 2018.
A combination of several types of satellite imagery enabled us to
locate ice-front positions within temporal resolutions from weeks
to years. Our analysis includes frontal variations of several outlet-
glacier tongues and glacier margins calving into lakes, which have
never before been reported. Changes in the surface elevation were
quantified over the ablation area by comparing high-resolution
digital elevation models (DEMs) obtained by photogrammetric
analyses of satellite images. Satellite images were also utilized to
observe sediment deposition near the glacier front. This paper
reports the details of the recent advance and thickening of Glaciar
Pío XI, and discusses processes affecting glacier dynamics.

Study Site
Glaciar Pío XI (49.2°S, 73.6°W) is the largest glacier in South
America located on the western side of the SPI (Figure 1A). The
glacier is 70 km long and covers an area of 1,255 km2 in 2018
(Figure 1A). The lowermost part of the glacier bifurcates into two
ice tongues, the southern terminus terminating in Eyre Fjord and
the northern terminus in Lago Greve. The depths of Eyre Fjord
and Lago Greve were reported to be 30–50 m and ∼150 m,
respectively (Warren and Rivera, 1994; Warren et al., 1997).
According to a multi-beam sonar survey in 2003–2008, the depth
of Eyre Fjord near the ice-front was ∼25 m (Dowdeswell and
Vásquez, 2013). In the upper reaches of the bifurcating area, four
outlet glaciers protrude from the main trunk and terminate in
lakes (Sub1–4 in Figure 1B), and marginal ice flows into lakes at
three locations (Sub5–7 in Figure 1B). These subsidiary ice-
fronts were included in our analysis.

Glaciar Pío XI has a large accumulation area ratio (AAR �
0.81) (De Angelis, 2014). This means that a relatively large
amount of accumulation is counterbalanced by frontal ablation
as well as rapid melting in the ablation area. Mass balance
modeling for the period from 1975 to 2011 showed a mean
surface mass balance of +3.45 mw.e. and equilibrium line altitude
(ELA) at 1,055 m a.s.l. (Schaefer et al., 2015). The ice thickness is
greater than 1,300 m in the accumulation area, which is the
second thickest ice in the SPI (Millan et al., 2019). No ice
thickness measurement data is available in the ablation area.

METHODS

Ice-Front Position
Changes in the ice-front positions of Glaciar Pio XI were
measured from April 2, 2000 to October 18, 2018, using 48
satellite images acquired by Landsat 5 Thematic Mapper (TM),
Landsat 7 Enhanced Thematic Mapper Plus (ETM+), Landsat 8
Operational Land Imager (OLI), Terra Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) and
Sentinel-2 Multispectral Imager (MSI) (Supplementary Table
S1). We used level-1 band 8 (panchromatic) images of Landsat 7
ETM+ and Landsat 8 OLI, level-1 band 3 (near-infrared) images
of Terra ASTER, and false color images converted from bands 4,
3, 2 of Landsat 5 TM and 8, 4, 3 of Sentinel-2 MSI. Ice-fronts were

manually delineated on the images using QGIS geographic
information system software. The mean displacement of the
ice-front was calculated by dividing the change in the surface
area by the width of the glacier (Figure 2) (Moon and Joughin,
2008). The uncertainty in the ice-front position was estimated by
repeating the measurement for all ice-fronts/margins on cloud-
free images obtained by each sensor. Standard deviations of ten
repeated measurements on TM, ETM+, OLI, MSI and ASTER
images were 3–7 m.

Surface Elevation Change
Changes in the glacier surface elevation were measured from
February 2000 to October 2018 by differing DEMs. A DEM in
February 2000 was obtained by the Shuttle Radar Topography
Mission (SRTM) and distributed by U. S. Geological Survey
(USGS) (EROS Center, 2017). We also used ASTER DEMs in
February 2017 and October 2018 distributed by the Japanese
National Institute of Advanced Industrial Science and
Technology (AIST) and the Geological Survey of Japan and
these DEMs are available through the AIST website (https://
gbank.gsj.jp/madas/map/index.html). Uncertainties in the
vertical coordinates of the SRTM and ASTER DEMs were
reported as ±7 m (Rignot et al., 2003) and ±29.5 m (Bolch
et al., 2011), respectively.

In addition to these freely available DEMs, we produced a
DEM on March 15, 2007 by processing stereo-pair satellite-
images obtained by Panchromatic Remote-sensing Instruments
for Stereo Mapping (PRISM) mounted on the Japanese
Advanced Land Observing Satellite (ALOS). Nadir- and
forward-looking images with a processing level of 1B2
(geometrically corrected data) were used for this purpose.
Rational polynomial coefficient (RPC) files distributed by the
Remote Sensing Technology Center of Japan (RESTEC) were
utilized for geolocation of the images. Photogrammetric
analysis was performed using a photogrammetry software
mounted on the ERDAS IMAGINE 2018 (Intergraph Co.,
Ltd.) workstation. The glacier and surrounding land surface
elevation were surveyed based on a stereoscopic image
generated by a three-dimensional monitor (PX 2210MW,
PLANAR Co., Ltd.). We generated a triangulated irregular
network of surface elevation in the stereoscopic space, which
was subsequently processed to a 30 m gridded DEM by linear
interpolation. The generated DEM covers the lower part of the
glacier (20% of the total glacier area), excluding the snow-
covered accumulation area where surface features required for
the survey were unavailable. For this reason, the upper
boundary of the area analyzed in this study is given by the
snow line on the ALOS PRISM images acquisition date (March
15, 2007).

ASTER images used to derive the DEMs are partially covered
by clouds, thus we manually removed cloud-covered areas from
the ASTER DEMs. After this procedure, the ASTER DEMs cover
188 km2 of the glacier area, while the SRTM and ALOS DEMs
cover 234 km2. Mean elevation change was computed excluding
areas without data.

We followed the method proposed by Nuth and Kääb (2011)
to remove three types of biases from the ASTER DEMs;
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horizontal shift, elevation dependent bias, and biases specific to
the along/cross satellite track. The SRTM DEM was used as a
reference in the procedure. Thereafter, vertical biases of the

ASTER and ALOS DEMs were corrected for the SRTM DEM
by differing the DEMs out of the glacier, where elevation change
is assumed to be negligible (Figure 1A). This analysis was
performed in off-ice areas covering 159 km2 within 8 km from
the glacier, excluding steep terrains with a slope greater than 30°.
After the corrections, standard deviation (σref ) of the elevation
change within the off-ice areas were 15.0 m from 2000 SRTM
DEM to 2007 ALOS DEM, 30.3 m from 2007 ALOS DEM to
2017/18 ASTER DEM, and 29.6 m from 2000 SRTM DEM to
2017/18 ASTER DEM. To evaluate the accuracy, we compared
ALOS DEM on March 15, 2007 with elevation surveyed by
airborne laser altimetry on July 28, 2007 (Wilson et al., 2016).
Along the centerline connecting the northern and southern
termini (Figure 3B in Wilson et al., 2016), ALOS DEM shows
8.2 m lower elevation on average. This is consistent with a
seasonal variation expected near the front of this glacier.
Within the four-month period from late summer to mid-
winter, surface elevation substantially increases because of
vertical straining and snow deposition.

The standard deviations provide measures of accuracy for
elevation change evaluated at each DEM grid point. Accuracy
improves after averaging the elevation changes over a large area.
The uncertainty in the aerial mean was estimated from standard
error (SE) defined as

FIGURE 2 | Ice-front positions from 2000 to 2018 at (A) the southern terminus, (B) the northern terminus, (C)–(F) four outlet glaciers (Sub1–Sub4) and (G)–(I) three
ice margins calving into lakes (Sub5–Sub7) as designated in Figure 1B. The background images were taken from Landsat 7 ETM+ band 8 acquired on April 2, 2000.

FIGURE 3 | Cumulative displacement of the ice-front positions since
April 2000.
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SE � σref
���

neff
√ (1)

where neff is the number of independent measurements within
the area of concern. To compute neff , we assumed a decorrelation
length of 600 m, similar to previous studies based on ASTER and
SRTM DEMs (Bolch et al., 2011; Gardelle et al., 2013). Our
photogrammetric analysis using ALOS images was performed
with a higher spatial density. Further, elevation measurement by
photogrammetry is generally more accurate on a glacier surface
than on off-glacier terrain because the ice surface is relatively flat
and covered with clear surface features. Thus, the estimate above
gives a relatively conservative measure for the error range of our
analysis.

RESULTS

Ice-Front Position
From April 2000 to October 2018, the southern and northern
termini, four outlet glacier tongues and three locations of the ice
margins of Glaciar Pío XI showed advancing trends (Figure 2). The
southern terminus advanced by 1,400m and its surface area
increased by 6.6 km2 (Figures 2A, 3). The terminus progressively
advanced from 2000 to 2016 with a mean rate of 86m a−1. A retreat
of 150 mwas observed between April 2016 and August 2017, but the
glacier advanced again by 160m fromAugust 2017 to October 2018.
After a 300m retreat in 2000–2005, the northern terminus advanced
by 1,160 m in 2005–2018 (Figures 2B, 3). The mean displacement
rates during the two periods were −51 and 92m a−1, respectively.
The advance in the latter period was interrupted by short (<1 year)
and small (< 250 m) retreat episodes in 2010, 2015, 2016 and 2018.
The total advance during the study period was 860m, and the
surface area increased by 3.9 km2.

Four of the outlet glacier tongues (Sub1–4) and three locations
of the ice margins (Sub5–7) showed generally advancing trends
during the study period (Figures 2C–I, 3). Each ice-front showed
substantially different short-term variations and total
displacement. The frontal variations of these subsidiary ice-
fronts are categorized into three types. Sub3 and Sub7 have
experienced a relatively large advance (> 500 m) over the
study period with mean displacement rates of 30 and
54 m a−1, respectively. Front positions of Sub5 and Sub6 have
been relatively stable, i.e. fluctuations over the study period were
within ±120 m. The rest of the ice-fronts (Sub1, Sub2 and Sub4)
showed larger short-term variations, but total displacement over
the study period was small (<100 m). For example, Sub1 rapidly
advanced by 300 m from February to November 2006, which was
followed by a relatively stable period from 2006 to 2014 and a
sudden retreat of 350 m from November 2014 to January 2015
(Figure 3). Sub1 and Sub2 showed similar short-term frontal
variations, e.g., rapid retreat of Sub1 in 2015 corresponded to
similar retreat of Sub2 in 2016.

Surface Elevation Change
The glacier surface showed significantly large uplift during the
study period (Figure 4A). Surface elevation increased by 37.3 ±

FIGURE 4 | (A) Surface elevation changes over the ablation area of
Glacier Pío XI from 2000 to 2017/18 (B) from 2000 to 2007 (Period 1) and (C)
from 2007 to 2017/18 (Period 2). (D) The change in the rate of elevation
change from Period 1 to Period 2, i.e., (C)minus (B). White line indicates
the glacier outline in 2018. The background is a Landsat 7 ETM+ band 8
image acquired on April 2, 2000.
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0.4 m (2.09 ± 0.02 m a−1) as a mean over the study area from
February 2000 to February 2017/October 2018 (Figure 4A). From
2000 to 2007 (Period 1), mean elevation change over the area
covered by the 2017/18 ASTER DEM was 8.1 ± 0.2 m (1.14 ±
0.03m a−1) (Figure 4B), which was equivalent to an ice volume
increase of 1.90 ± 0.04 km3 (0.26 ± 0.01 km3 a−1). Greater elevation
change (29.2 ± 0.4 m and 2.69 ± 0.04m a−1) and volume change
(6.85 ± 0.10 km3 and 0.62 ± 0.01 km3 a−1) were observed in the
following period 2007–2017/18 (Period 2) (Figure 4C), which
indicated a 135 ± 10% increase in rate change from the previous
period.

Spatial patterns of the elevation change are significantly
different in Period 1 and Period 2 (Figures 4B–D), which
were analyzed along the central profiles taken by Wilson
et al. (2016) (Figure 5). During Period 1, an extraordinary
large elevation change (> 15 m a−1) was localized near the

front of the southern terminus (Figures 4B, 5C,D). Along the
profile, mean elevation change within 12 km from the ice-
front of the southern terminus was 32.2 ± 0.4 m, whereas
mean elevation change was only −1.2 ± 0.2 m in the upper
reaches (12–30 km from the southern front) (Figures 5A,C).
Elevation change during Period 2 was more uniformly
distributed over the study area (Figures 4C, 5A,C),
i.e., elevation increased by 36.3 ± 0.8 m in the lower 12 km
and 24.7 ± 0.5 m in the upper reaches (Figure 5A).
Accordingly, elevation change accelerated from Period 1 to
Period 2, except for the regions near the southern terminus
and one of the outlet ice tongues located in the southern
portion of the main trunk (Sub4) (Figure 4D). The change in
the spatial pattern is also clear along the profile connecting the
southern and the northern termini (Figures 5B,D). During
Period 1, elevation change was small near the front of the

FIGURE 5 | (A), (B) Glacier surface elevations in 2000, 2007, 2015 and 2017/18 along the profiles shown in the inset. The profiles correspond to those taken in
Wilson et al. (2016). (C), (D) The rates of elevation change in 2000–2007, 2007–2015 and 2007–2017/18 along the profiles shown in (A) and (B). (E), (F) Ice velocity in
2000–2018 along the profiles shown in (A) and (B). Uncertainty in the ITS_LIVE velocity data was reported as < 150 m a−1. Vertical lines in (A)–(F) and red dots in (A), (B)
indicate the branch point of the profiles.
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northern terminus in contrast to the south. Elevation change during
Period 2 was more uniformly distributed across the two termini,
showing a clear increase (from 0.40 ± 0.09 to 3.78 ± 0.14 m a−1) near
the northern terminus compared to Period 1 (Figures 4C, 5D).

DISCUSSION

Ice Volume Change
Our analysis showed substantial thickening over the ablation area of
Glaciar Pío XI during the study period. The rate of elevation change
for the period 2000–2017/18 (2.09 ± 0.04m a−1) is consistent with
previous studies of the ablation area of the glacier, based on SRTM
andASTERDEMs (2.4 m a−1 in 2000–2012) (Willis et al., 2012), and
on SRTM and TanDEM-X DEMs (3.5 m a−1 in 2000–2012) (Abdel
Jaber, 2016). The rate of ice mass increase during the study period
was 0.48 ± 0.03 Gt a−1, which corresponds to 4% of the total mass
loss from the SPI from 2000 to 2015/16 (Malz et al., 2018). The rate
increased by 135 ± 10% from Period 1 to Period 2. Accelerated
thickening is consistent with a recent study, which reported elevation
changes over the entire glacier surface as 0.42 m a−1 in 2000–2012
and 1.01 m a−1 in 2012–2016 (Abdel Jaber et al., 2019). The reported
rates over the entire glacier are significantly smaller than our result,
indicating pronounced thickening in the ablation area. This is
consistent with the data reported by Abdel Jaber et al. (2019),
which show clear thickening in the ablation area in contrast to
small change in the accumulation area.

Thickening of Glaciar Pío XI is unique in Patagonia, but
some glaciers in other regions show thickening trends as well.
Taku Glacier in Alaska thickened by ∼50 m in the terminus
area between 1994 and 2003 (Motyka et al., 2006). Repeated
radar surveys showed that surface elevation change accounted
for less than a half of the thickness change, indicating rapid
excavation of basal sediments. This study suggests that a
similar process is occurring underneath Glaciar Pío XI and
mass gain is greater than that computed from the surface
elevation change. Subglacial excavation near the terminus of
Glaciar Pío XI is likely, because rapid sediment deposition was
observed in front of the glacier as described in the next
subsection. Harvard Glacier, a tidewater glacier in Alaska,
showed surface uplift in 1950/57–2001/04 at a rate of
0.058 m a−1 (Arendt et al., 2006). Some of the basins of
Vestfonna in Svalbard showed thickening between 1990 and
2005, resulting in a mean elevation change of 0.05 m a−1 (Nuth
et al., 2010). Thickening in the Kunlun region, High Mountain
Asia, was estimated as 0.21 m a−1 for the period between 2000
and 2016 (Brun et al., 2017). In a comparison with the data
reported in other glaciers, the elevation change obtained in our
study demonstrates that Glaciar Pío XI is one of the most
rapidly thickening glaciers in the world.

Sediment deposition at the ice-front of the
southern terminus
A close investigation of the satellite images revealed the
emergence of sedimentary mound above ocean surface near
the ice-front of the southern terminus since 2011 (Figure 6;

Supplementary Figures S1, S2). Between April 2000 and
September 2010, sediment deposition was observed at the
glacier front only near the eastern margin (Figures 6A, C;
Supplementary Figure S1). Turbid water was draining and
spreading into the fjord from a sedimentary delta formed at
the side of the glacier. After the first observation in 2011, the area
of sedimentary mound exposed above water gradually expanded
in the fjord (Supplementary Figures S1, S2). In October 2018, a
band of sediment deposition extended along the glacier front,
covering nearly 80% of the frontal margin (Figures 6B, D;
Supplementary Figure S2). The glacier front advanced by
1,400 m from 2000 to 2018, thus the deposition was likely due
to excavation of fjord sediment and/or sediment transport by
subglacial meltwater discharge.

Sediment deposition near the southern front was reported in
previous studies. In 1992, during a period of advance, proglacial
delta near the margin was pushed by the ice-front forming
sediment wedges above sea level (Warren and Rivera, 1994).
Only small calving occurred at the central 1,500 m of the
terminus, and the rest of the ice-front was in contact with
sediments. Bathymetry of Eyre Fjord surveyed in 2003–2008
shows relatively flat and shallow (20–60 m) sea floor near the
glacier front (Dowdeswell and Vásquez, 2013). Near the present
ice-front position, a ∼30 m-high depositional ridge was formed by
sediment-laden water discharge from the eastern glacier margin.
Satellite image from 2018 indicates that the ice-front position is
affected by the sea-floor ridge (Figure 6B). These observations
confirm that sediment deposition is as a key process in the frontal
dynamics of Glaciar Pío XI.

The formation of the sedimentary mounds implies its
significant impact on the frontal ablation processes and glacier
dynamics. The separation of the ice-front from fjord water results
in reduction in ablation due to submarine melting. The glacier
front is protected from fjord circulation and stabilized by the
sediment deposition, so that subaqueous melting and calving flux
decreases. Satellite images show frequent calving from the heavily
crevassed ice-front before 2011, whereas no iceberg was observed
in the fjord after the emergence of the sedimentary mound
(Figures 6A,B; Supplementary Figures S1, S2). Further, ice
flow is expected to slow down because back pressure from the
sediments increases after the ice overrode the shoal. This
hypothesis is supported by ice speed data distributed by the
ITS_LIVE project (Gardner et al., 2019). Ice speed along the
centerline showed a clear decelerating trend from 2000 to 2018
(Figure 5E). Speed near the branch point (red dot in Figure 5A)
was about 2 km a−1 in 2000, which decreased to ∼1 km a−1 in
2010 and thereafter progressively decelerated (Figures 5E,F).
This observation is consistent with previous studies based on
different data sources (Muto and Furuya, 2013; Sakakibara and
Sugiyama, 2014; Mouginot and Rignot, 2015; Wilson et al., 2016;
Abdel Jaber et al., 2019).

The reduction in the frontal ablation, a compressive flow
regime due to deceleration and ice overriding a moraine are all
favorable conditions for ice-front advance, thickening and
surface uplift. Therefore, we assume that the recent advance
and thickening of Glaciar Pío XI is greatly affected by
sediment deposition in front of the southern terminus, a
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similar situation as reported at Taku Glacier in Alaska
(Motyka and Echelmeyer, 2003; Kuriger et al., 2006;
Motyka et al., 2006; Truffer et al., 2009). Presumably,
sediment deposition played a critical role also in the long-
term fluctuations of Glaciar Pío XI as demonstrated by
numerical modeling of tidewater glacier frontal variations
(Brinkerhoff et al., 2017).

Bathymetry surveyed in 2003–2008 showed that the fjord was
shallower than 50 m near the southern terminus (Dowdeswell
and Vásquez, 2013). Most likely, the glacier dynamics and
frontal ablation were already affected by the shoal before the
sedimentary mound emerged above the ocean surface in 2011.
The mound formed near the glacier front was not a stable
feature. Satellite images indicate occasional disappearance or
reduction in the area of the sedimentary mound in a relatively
cold season, e.g., August 2017, May 2019 and July 2020
(Supplementary Figure S2). A likely interpretation of the
seasonal evolution is a balance between sediment discharge
from the glacier and its removal by fjord circulation. The
extent of the sediment deposits reduced when sediment laden
meltwater discharge decreased in winter.

Previous studies reported an increasing trend in precipitation
over the last few decades in Patagonia (Schaefer et al., 2015), and a
correlation was suggested between the spatial pattern of snow fall
increase and the locations of relatively stable glaciers (Bravo et al.,

2019). To investigate a possible influence of climatic trend on the
observed glacier change, we analyzed ERA-5 reanalysis data
(Hersbach and Dee, 2016). ERA-5 reanalysis data is the successor
of ERA-Interim, which has been widely applied for climate analysis
and modeling. Previous studies reported an improvement in the
performance of the ERA-5 air temperature and precipitation datasets
(Albergel et al., 2018; Tetzner et al., 2019). Air temperature and
precipitation from grid cells covering the glacier (49.0–49.5°S,
73.5–74.0°W) were averaged for this purpose. Summer mean
temperature (December–February) showed a slight warming
trend during 1979–2019 at a rate of + 0.09°C decade−1 (p �
0.34). This trend is due to a significant temperature increase after
2000 (+0.50°C decade−1 in 2000–2019, p � 0.02) (Figure 7A).
Annual mean air temperature also showed a similar positive
trend during the same period (0.59 °C decade−1, p < 0.01).
Therefore, the advancing trend of Glaciar Pío XI since 2000
cannot be explained by the temperature change.

Annual precipitation increased after 2000 (+0.36m a−1 decade−1

in 2000–2019, p � 0.09) in contrast to a slightly negative trend in the
previous period (−0.15 m a−1 decade−1 in 1979–2000, p � 0.39)
(Figure 7B). Snow accumulation in the relatively large accumulation
area has been pointed out as a key process driving the extraordinary
behavior of Glaciar Pío XI (Rivera et al., 1997b; Rivera and Casassa,
1999; Rivera, 2018). The gradual increase in precipitation after 2000,
which is consistent with previous studies (Schaefer et al., 2015; Bravo

FIGURE 6 | Satellite images showing the southern terminus of Glacier Pío XI on (A) April 2, 2000 acquired by Landsat 7 ETM+ and (B) October 18, 2018 acquired
by Sentinel-2 MSI. (C), (D) Schematic diagrams showing the features observed in the corresponding satellite images. The boundaries between sedimentary mound and
fjord water in (C) and (D)were illustrated based on the Normalized DifferenceWater Index (NDWI) (McFeeters, 1996). NDWI < 0.3 was taken as a condition to distinguish
sediment from water. The threshold was determined by visual inspection of the sedimentary delta observed on the image on April 2, 2000. This threshold is within a
range reported in previous studies (e.g., McFeeters, 2013). The dashed line near the ice-front in (B) shows the location of the sea-floor ridge observed in the bathymetry
presented by Dowdeswell and Vásquez (2013).
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et al., 2019), implies greater accumulation in the high elevation area.
However, the precipitation trend is not a likely reason of the rapid
change near the glacier front since 2000. Influence of increased
accumulation propagates down-glacier in a longer time scale, which
is not able to explain the extraordinary rapid thickening near the
southern front followed by pervasive thickening in the upper
reaches. It is also clear that frontal variations since 1980 show
correlation neither with temperature nor with precipitation
(Figure 7C). It should be noted that snow accumulation in the
upper reaches of Glaciar Pío XI is large and variable (Schwikowski
et al., 2013), which is difficult to reproduce by reanalysis data.
Precipitation and snow accumulation in Patagonia are complex
processes as demonstrated by a recent study onmoisture transport to
the region (Sauter, 2020). Considering the large magnitude of the
recent glacier change, however, a noticeable indication is expected in
the climate data if the change was driven by surface mass balance.
Therefore, we assume the reduction in the frontal ablation and ice
speed as the primary control of the glacier change in 2000, whereas
snow accumulation in the relatively large accumulation area affects
the longer-term advancing trend of Glaciar Pío XI.

Spatiotemporal Variations in the Elevation
Change
The glacier thickened over the entire region of the ablation area
(Figure. 4A), and advancing trends were observed at the outlet
glaciers and ice margins as well (Figures 2, 3). Although the

generally thickening and advancing trends are consistent over the
study area, the magnitude of the changes was spatially
inhomogeneous. Here, we analyze the spatial variations in the
surface elevation change to understand the process driving the
glacier advance and thickening revealed in this study.

The rate of the elevation change generally increased toward the
lower elevation area (Figure 8). Mean elevation changes below
and above 400 m a.s.l. were 3.8 ± 0.3 and 0.3 ± 0.2 m a−1 during
Period 1 (Figure 8A) and 3.3 ± 0.4 and 1.9 ± 0.3 m a−1 during
Period 2 (Figure 8B). Elevation increased in the upper reaches
particularly in the later period, which is inconsistent with the
hypothesis of down-glacier mass transfer due to surge before
2000. During Period 1, extraordinary rapid uplift was observed
near the southern front and Sub2 front (Figures 4B, 8A). The
mean rates in these regions reached 20 m a−1, resulting in >100 m
ice surface uplift over the seven-year period. Changes were more
uniformly distributed during Period 2 (Figures 4C, 8B).
Acceleration in the uplift rates is evident over the entire
elevation range, except for the southern terminus, Sub2 and
Sub4 ice tongue regions (Figure 4D). Notable uplift was
observed at the northern terminus and Sub3 ice tongue, as
well as over the main trunk of the glacier (Figure 8B).
Although the rates were smaller than during Period 1, the
southern terminus, Sub2 and Sub4 ice tongues still showed
positive elevation change during Period 2.

The rapid uplift near the southern terminus during Period 1
can be explained by the sediment deposition described in the

FIGURE 7 | (A) Summer mean air temperature (December–February) and (B) annual precipitation from the ERA-5 reanalysis data covering Glaciar Pio XI
(49.0–49.5°S, 73.5–74.0°W). Linear regression lines and linear trends of the data in 1979–2000 and 2000–2019 are shown in magenta. (C) Cumulative ice-front position
change relative to 2000 at the southern terminus.
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previous subsection. We assume that the elevation increase at a
rate greater than 10 m a−1 was due to vertical straining associated
with longitudinally compressive ice flow. The elevation change
was possibly enhanced by thickening of the subglacial sediment
layer. Near the southern and northern termini, water depth was
significantly shallower in Eyre Fjord (∼20 m) than in Lago Greve
(∼150 m) (Warren and Rivera, 1994; Dowdeswell and Vásquez,
2013). The southern terminus was influenced more by sediment
deposition because of the shallow depth of the fjord. We speculate
that the extraordinary rapid uplift at Sub2 ice tongue during
Period 1 was a result of similar sediment deposition. The
northern terminus showed a clear phase shift from slight
thickening (0.4 ± 0.7 m a−1) and retreat (–23 m a−1) during
Period 1 to more rapid thickening (3.8 ± 0.7 m a−1) and
advance (84 m a−1) during Period 2. Ice speed data show
acceleration of the northern terminus during 2000–2016, while
the southern terminus decelerated during the same period
(Figure 5F). These observations indicated that the primary
flow path at the bifurcating area switched from the south to
the north. Therefore, we attribute the thickening in the northern
terminus during Period 2 to the increase in ice flux into the
region. We also hypothesize that the deceleration in the southern
terminus region affected the flow regime in the upper reaches and
caused the thickening in the main trunk of the glacier during
Period 2. Longitudinal flow regime became less extensive (i.e.
vertical strain rate became less compressive) in the region, which
resulted in accumulation of ice after 2010. Such a change in the
flow regime is clearly observable in Figure 5E ( > 10 km from the
front) as well as those reported by Wilson et al. (2016) and Abdel
Jaber et al. (2019).

Advance of the southern terminus ceased in 2015 and the ice-
front position has been stabilized until 2019 (Figures 2A, 3). To
investigate the surface elevation change during this recent period,
we utilized elevation data in 2015 reported by Malz et al. (2018).
The mean elevation change along the centerline from 2007 to 2015
(2.8 m a−1) was greater than that from 2007 to 2017/18 (2.2 m a−1)
(Figure 5C), which implies reduction in the thickening rate after
2015. Within 2–6 km from the southern terminus, even a thinning
trend was observed from 2015 to 2017/18 (Figure 5B). Care should

be taken because the temporal separation of the compared DEMs is
only 14 months from December 2015 to February 2017, thus
accurate evaluation of the elevation change is difficult for this
period. However, it is likely that the thickening trend halted
approximately when the glacier front was stabilized. Moreover,
the southern terminus accelerated from 2017 to 2018 after the
deceleration continued since 2000 (Figure 5F). These observations
indicate changes in the trends of glacier advance, thickening and
deceleration, and thus demonstrate the importance of further
monitoring of Glaciar Pío XI.

CONCLUSION

This paper reported recent changes in the ice-front positions
and surface elevation of Glaciar Pío XI, an advancing calving
glacier in the SPI. Satellite images and DEMs acquired in
2000–2018 were utilized to quantify elevation change in the
ablation area as well as frontal variations of the two major
termini, four outlet glaciers and three locations of ice margins
calving into lakes. Most of the ice-fronts showed advancing
trends over the study period. The greatest advance (1,400 m
from 2000 to 2018) was observed at the southern terminus. The
northern terminus and some of the subsidiary ice-fronts
advanced by several hundred meters during the same period.
Glacier-surface elevation increased at a rate increasing from
1.14 ± 0.03 m a−1 in 2000–2007 to 2.69 ± 0.04 m a−1 in
2007–2017/18. If we assume this elevation change is totally
due to ice thickness change, the mass gain is equivalent to 4% of
the mass loss in the SPI from 2000 to 2015/16. Our data
demonstrated that Glaciar Pío XI is one of the most rapidly
thickening glaciers in the world.

Satellite images indicated sediment deposition and formation
of a mound in front of the southern terminus. The terminus
thickened at a rate greater than 10 m a−1 between 2000 and
2007, which was most likely due to the influence of the sediment
deposition on the glacier dynamics and frontal ablation.
Although generally thickening and advancing trends were
observed over the study area, changing rates are

FIGURE 8 | The rates of the surface elevation change (A) from 2000 to 2007 and (B) from 2007 to 2017/18 as obtained at each grid of the DEMs. Themarker colors
show the location on the glacier as illustrated in the inset in (A).
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inhomogeneous in space and time. A likely interpretation of the
advancing and thickening of Glaciar Pío XI is as follows. After a
short period of retreat in 1998–2000, the southern terminus
began rapid advance and thickening in 2005 under the influence
of sediment deposition near the ice-front. The southern
terminus decelerated during this period, affecting the ice flow
regime in the upper reaches. After 2010, the northern terminus
and the main trunk of the glacier began thickening as a
consequence of the ice dynamics change propagated up-
glacier. We conclude that the ice dynamics affected by the
sediment deposition played the key role in the recent
changes in Glaciar Pío XI, with a possible influence of
recently increasing precipitation.
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