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ABSTRACT

The first glacier inventory of the islands south of the
Estrecho de Magallanes including Isla Grande de
Tierra del Fuego, Isla Santa Inés, and Isla Hoste,
has been compiled using several ASTER and Land-
sat ETMþ satellite images acquired between 2001
and 2011, yielding a total glacier cover of 3,289.5
km2, distributed among 1,681 glaciers. Previous
estimations of total glaciated area for these islands
amounted to only 2,500 km2, the difference being
attributed to more precise glacier delimitation—not
to glacier advance. Most glacier tongues analyzed
from recent remotely sensed imagery have been
compared with historical data, with a number of
glaciers showing retreat in recent decades, especially
on the northern side of Cordillera Darwin and at
Monte Sarmiento, both located on Isla Grande de
Tierra del Fuego. Within the survey area of interest,
Glaciar Marinelli showed the greatest change, with
a frontal retreat of 15 km between 1913 and 2011.
Many other glacier fronts have been stable, with
only minor changes since the first historical
accounts. Only two glaciers, located at the southern
edge of Cordillera Darwin, have shown advances in
the last decade; namely, Glaciar Garibaldi (þ1.1
km between 2001 and 2007) and an unnamed
glacier calving into Bahı́a Pı́a (þ0.6 km between
1991 and 2004). These advancing glaciers seem to
be responding to calving oscillations and not neces-

sarily to the current climatic trend in the region of
atmospheric warming and less precipitation.

28.1 INTRODUCTION

Glaciers in Southern Chile have been contributing
significantly to sea level rise as a result of the high
thinning rates and glacier area shrinkage observed
in recent decades (Naruse and Aniya 1992, Aniya
1999, Rivera et al. 2002, Rignot et al. 2003). Most
work to date has concentrated on the Patagonian
Icefields, using satellite imagery, complemented in
many cases by field campaigns (airborne and
ground), facilitating analysis of ice dynamics, sur-
face/subglacial topography, frontal changes, mass
balance, and many other glaciological parameters
(see Casassa et al. 2007 for a recent review including
Patagonia). Despite the increasing number of inves-
tigations in Southern Chile, there is a region at the
southern tip of the country where very little is
currently known about possible changes in glacier
behavior; indeed, south of the Estrecho de
Magallanes no glacier inventory has been com-
pleted thus far. Previously only preliminary esti-
mates (Lliboutry 1956, Casassa 1995) of total
glaciated area in this region have been undertaken,
and very few studies of historical glacier variations
carried out (Homlund and Fuenzalida 1995, Porter
and Santana 2003).



Among the prominent ice caps within this region
are Cordillera Darwin and Isla Santa Inés (Fig.
28.1), which were studied using trimetrogon aerial
photos during the 1950s, leading to an estimate of
total ice areas of 2,300 and 250 km2, respectively
(Lliboutry 1956). Based on 1:500,000-scale cartog-
raphy, Casassa (1995) estimated the glacier area in
this region and came up with a smaller value for
Cordillera Darwin (2,000 km2), and an area of 150
km2 for Isla Hoste and associated small glaciers to
the east.

By comparing several aerial photos, combined
with field dendrochronological techniques, Hom-
lund and Fuenzalida (1995) documented the
behavior of 16 glaciers on Cordillera Darwin, and
reported advances for 3 glaciers flowing into Bahı́a
Pı́a at the southern margin of the ice cap between
1960 and 1993. They also identified the retreat of 7
glaciers, mainly located on the northern margin of
Cordillera Darwin, with the greatest rate of retreat
occurring at Glaciar Marinelli, whil 4 other glaciers
showed a stable frontal position. In addition to the
atmospheric warming trend observed in the region
(Koppes et al. 2009), Homlund and Fuenzalida
(1995) argued for an orographic effect to explain
the contrasting behavior between north and south
Cordillera Darwin glaciers. Higher elevations and
steep mountain topography contribute to the much
higher precipitation rates in the south, which may in
turn be balanced by increased melting as a conse-
quence of increasingly warmer summers.

More recent studies have focused on the huge
retreat of Glaciar Marinelli (Porter and Santana
2003), the sedimentation rate at the abandoned
fjord of this glacier (Koppes et al. 2009), the recent
advance of Glaciar Garibaldi (Masiokas et al.
2009), the stable/minor frontal retreats of 2 outlet
glaciers of Isla Santa Inés (Aravena 2007), and the
retreats of Glaciares Schiaparelli and Conway at
Monte Sarmiento (Rivera et al. 2008). Until this
work, no ice inventories for the region had ever
been compiled.

In order to complete a precise inventory of
glaciers south of 53�S in Chile, a comprehensive
database of satellite imagery has been assembled
that covers the main glaciated mountains and
surrounding areas, with the goal of determining
total ice surface area and recent variation in the
frontal position of individual glaciers in greater
detail.

The first ever glacier inventories for the region
south of the Estrecho de Magallanes (Fig. 28.1)
were completed by integrating and analyzing satel-

lite imagery and topographic data acquired in
recent years.

28.2 REGIONAL CONTEXT

The western side of the southern tip of Chile (53–
56�S) lies just north of the Antarctic Polar Front,
and is subsequently affected by continuous frontal
and cyclonic activity resulting in a high annual
percentage of cloudy days (86%) and more than
320 days with precipitation (Carrasco et al. 2002).
It is also very windy with an average annual wind
speed of 12 m s�1 and maxima exceeding 30 m s�1

(Miller 1976). The annual climate cycle is strongly
affected by oceanic influences; hence, temperature is
evenly distributed throughout the year. The eastern
side of this region is drier, colder, and exhibits more
continental characteristics (Endlicher and Santana
1988).
Although precipitation varies slightly according

to season, this southern region experiences spatially
heterogeneous precipitation as a consequence of
the pronounced orographic effects of Cordillera
Darwin. The western side comprises an archipelago
of islands, fjords, and channels surrounded by steep
mountains, where the annual precipitation mean at
Islotes Evangelistas (52�24 0S/75�060W) is 2,600 mm
(Santana et al. 2006). In contrast, the leeward side
(E and NE) largely comprises steep slopes and the
south, mainly a mix of small islands, receives much
less precipitation, where Santana et al. (2006) esti-
mated an annual value of 437 mm at Puerto Wil-
liams (54�570S/67�39 0W).
The most significant surface temperature trend in

the region is one of warming as measured at Punta
Arenas (53�S). Rates of 0.013�C yr�1 between 1933
and 1992 as well as an accelerated rate of 0.021�C
yr�1 between 1962 and 1992 have been recorded
(Rosenblüth et al. 1997). Based on 850 hPa geo-
potential height temperature data from Punta
Arenas (53�S) available as a result of NCEP/NCAR
reanalysis, Carrasco et al. (2002) estimated an
overall warming trend of 0.98�C between 1958
and 1998. Using NCEP/NCAR 40-year reanalysis
data, equally spaced at 2.5� gridpoints between 42.5
and 55�S and between 70 and 77.5�W, Rasmussen
et al. (2007) detected warming at 850 hPa at a rate
of �0.5�C between 1960 and 1999 during both
winter and summer months.
The precipitation trend at the Islotes Evangelistas

weather station exhibited a monotonic decrease
during most of the 20th century prior to the mid-
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Figure 28.1. (Top panel) The four glaciated mountain regions inventoried at the southern tip of Chile are

highlighted in black. Other toponyms are given in the text. Cartographical representation is given by a grayscale

map based on the SRTM3 digital terrain model. (Bottom panel) Panels 1A, 1B, 1C, and 1D refer to the satellite

composite insets showing the glacier outlines derived, respectively, for Isla Santa Inés (ASTER 4-3-1 RGB;

February 20, 2005), Monte Sarmiento (ASTER 3-2-1 RGB; November 14, 2005/February 13, 2004), Cordillera

Darwin (Landsat ETMþ 1-4-5 RGB; March 31, 2001), and Isla Hoste (Landsat ETMþ 1-4-5 RGB; March 31,

2001). Figure can also be viewed as Online Supplement 28.1.



1980s, with rainfall reductions of between 20 and
25% (Rosenblüth et al. 1995). Curiously, since
1983, this weather station has registered a sharp
increase in precipitation (Aravena and Luckman
2008), a trend that seems to defy explanation. As
Carrasco et al. (2002) indicate, there has been no
change in station location or instrument type, and
other stations within the region do not record this
increase.

28.3 METHODS

28.3.1 Satellite data acquisition and

preprocessing

The data used for the glacier inventory and deter-
mination of recent frontal variation comprise a set
of ASTER and Landsat TM and ETMþ satellite
images acquired between 1985 and 2011 (Table
28.1), which together overcome the limitations
imposed by frequent cloud cover in these areas.
Not all the images, however, are of high quality.
Artifacts caused by ETMþ scanline corrector fail-
ure (SLC-off) affected parts of them.

Acquisition time of year and cloud cover are the
two most important factors to consider when select-
ing imagery for a glacier inventory. The number of
clear-sky images in Southern Chile is low due to
frequent overcast conditions, and it was not always
possible to select cloud-free images from the best
time of year (i.e., late ablation season). However, by
identifying images with total cloud cover less than
5% and images without clouds in the glaciated
regions of interest, such limitations were minimized.
The second critical factor is image acquisition date,
with scenes ideally captured near the end of the
ablation season when the area of seasonal snow
cover is minimized. The optimal season corre-
sponds to April and May for the Southern Hemi-
sphere (Kääb et al. 2003). Moreover, Paul et al.
(2002) confirmed that image acquisition at this time
of year facilitates distinction of spectral and spatial
variations of wet snow and bare ice facies, thus
allowing identification of changes in the snowline
position. In spite of the above, the majority of
images available for this region were acquired in
February (Table 28.1).

Surface elevation information for image correc-
tion and analysis was obtained from SRTM3
topography which has near-global coverage at 3
arcsec resolution (approximately 90 m). Although
laser altimetry or geodetic quality GPS surveys have

higher spatial resolution, accuracy, and precision,
there is insufficient coverage of either of these data-
sets in the region of interest; hence, SRTM3 data
were chosen for this project after being deemed to
have sufficient spatial extent and precision.
Satellite imagery was acquired at the ASTER 1B

and 3 processing levels, and as orthorectified
products for Landsat images, assuring first that
they were all georeferenced and corrected based
on satellite orbital parameters. The map projection
and reference datum used for all the data were the
Universal Transversal Mercator (UTM zone 19
South) and the World Geodetic System 84 (WGS
84), respectively. In order to reduce topographic
horizontal distortion, the Level 1B images were
subsequently orthorectified by means of the
SRTM3 DEM, with resampling done by the nearest
neighbor method which assured original digital
number (DN) values were retained. Finally, the
corrected images were overlaid on SRTM3 data
according to the method proposed by Kääb et al.
(2003), with the aim of creating 3D perspectives to
allow verification of the quality of orthorectifica-
tion by visual interpretation of geomorphological,
structural, and glaciological criteria related to the
local topography. Spatially adjacent images were
mosaicked so that the study areas could be covered
more broadly; this was especially applicable to the
larger ice caps. All image preprocessing was carried
out using ENVI software.

28.3.2 Glacier extent classification and

ice divide digitization

A variety of GIS and image-processing software
packages including ENVI, ESRI ArcGIS, and
ERDAS Imagine were employed at the various
stages of digital analysis, from image display, pro-
cessing, and interpretation, to digitization and map-
ping of ice-covered areas. The approach adopted is
based on methodologies developed for the Swiss
glacier inventory (Kääb et al. 2002, Paul et al.
2002) and the GLIMS project (http://glims.org).
Several false-color composites (FCCs) were

created from Landsat ETMþ VNIR/SWIR bands
5-4-3 and 5-4-1, from ASTER VNIR bands 3N-2-1,
and from SWIR/VNIR bands 6-3-1 (all FCC
images were rendered into RGB color space).
Moreover, VNIR/SWIR ratio images using Land-
sat ETM+ bands 3/5 and ASTER bands 3/4 were
generated. These VNIR/SWIR ratio images were
thresholded with values that best segmented (or
classified) the bare ice glacier surfaces (Paul et al.
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2002) that are prominent on these islands. Various
combinations of thresholded visible and infrared
bands also facilitated discrimination of the main
ice and snow facies.

A 3� 3 kernel median filter was applied to
thresholded images to remove noise and mis-
classified areas (i.e., shadowed areas, isolated
seasonal snow patches, or gaps), allowing for more

accurate delineation of vectorized ice and non-ice
polygons that are the inevitable artifacts of creation
of an automatic binary raster. All glacier polygons
were extracted in this way and then manually edited
so that they included debris-covered glacier areas.
An attribute table was generated, containing an ID
number for each glacier. The attribute table con-
sisted of glacier information following the criteria
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Table 28.1. Satellite optical imagery used for the glacier ice inventory and to determine frontal

variation.

Image usea Sensor Date Central coordinates Sourcesb

(latitude S/longitude W)

i Landsat TM April 5, 1985 54.52�/69.13� USGS

Landsat TM May 21, 1985 54.52�/72.20� USGS

Landsat TM February 26, 1986 54.52�/70.38� USGS

Landsat TM December 26, 1991 54.52�/69.03� USGS

Landsat TM June 19, 1992 54.48�/69.31� USGS

Landsat TM March 5, 1997 �54.49�/-69.27 USGS

ii Landsat ETMþ March 31, 2001 54.50�/70.70� GLCF

Landsat ETMþ February 7, 2002 54.50�/69.21� GLCF

Landsat ETMþ February 13, 2004 54.50�/70.70� USGS

Landsat ETMþ February 13, 2004 55.83�/70.11� USGS

Landsat ETMþ March 1, 2005 54.41�/72.43� USGS

Landsat ETMþ January 8, 2006 54.50�/70.70� USGS

ASTER February 7, 2002 54.70�/69.19� LP DAAC

ASTER February 15, 2003 53.78�/73.32� LP DAAC

ASTER September 13, 2003 54.35�/69.36� LP DAAC

ASTER February 13, 2004 54.98�/70.46� LP DAAC

ASTER February 20, 2005 53.78�/72.35� LP DAAC

ASTER November 14, 2005 54.41�/71.02� LP DAAC

ASTER January 24, 2006 53.91�/69.03� LP DAAC

ASTER March 22, 2006 54.76�/68.70� LP DAAC

ASTER January 15, 2011 �54.61/-69.70 LP DAAC

a (i) Glacier variation only; (ii) glacier inventories and variation.
b USGS¼United States Geological Survey; GLCF¼Global Land Cover Facility; LP DAAC¼Land Processes
Distributed Active Archive Center (NASA/USGS).



laid down in the World Glacier Inventory (WGI)
(Müller et al. 1977) and the GLIMS project
(www.glims.org). However, the study area consists
of groups of small islands, where basin classifica-
tions (Cogley 2009) are not always well defined. The
hydrographic classification prepared by Benı́tez
(1980) is widely used by official governmental offices
with an interest in glaciers, especially the Dirección
General de Aguas (DGA, the Chilean Water
Cadaster). Therefore, for the sake of interstudy
consistency, it was decided to retain Benı́tez’ hydro-
logical basin outlines in our glacier inventory.

The final glacier database has information on
area, surface type, central coordinates, mean alti-
tude, maximum length, and mean width for indi-
vidual glaciers. Ice divides were manually derived
from SRTM3 90 m data overlain by FCC images.

28.3.3 Frontal variations

The changing frontal positions of several glaciers
located at Cordillera Darwin and Monte Sarmiento
were measured by comparing recent satellite
imagery (since 1985) with historical data. Among
the historical data, the oldest available records of
glaciers dated from the British Hydrographic Expe-
dition of 1826–1836 (FitzRoy 1839), and more
recently from the accounts of an Italian priest
(Alberto Agostini), who visited the region in
1913–1914 and 1956, and mapped and described
several glacier positions while he was following
climbing routes (Agostini 1959).

Frontal positions for each satellite dataset were
directly digitized as polylines on FCC images,
which were based on the same georeference and
orthorectification parameters thereby allowing
direct measurement of frontal shifts with non-
significant RMS error. By overlapping all images
and polylines, the frontal change between any two
image pairs was calculated as the average length of
the differences between the two frontal positions as
measured along several downvalley vectors (one of
them along the central flowline) intersecting the
frontal polylines at both acquisition times. Frontal
data interpreted from historical records were
manually digitized and co-registered using satellite
imagery based on the most prominent landmarks
mutually observed on both datasets.

28.3.4 Errors

Accumulated error in the ice inventory is assumed
to be systematic accounting for inherent features of

the sensor and the glacier database. This error can
be calculated according to Williams et al. (1997),
whereby the pixel size, or image resolution, is multi-
plied by the perimeter of the digitized polygon. For
glacier area change based on satellite imagery, the
same principle was employed (i.e., pixel resolution
multiplied by the perimeter of the area of changed
ice).
Thus, for an ice margin delineation error of �1

pixel (Rivera et al. 2007), estimated errors are statis-
tically insignificant regardless of glacier size class.
Although smaller glaciers yield proportionally
larger errors (up to �15%), overall there is
moderate variability throughout the database with
average inaccuracy for the entire ice inventory
calculated as �5%.
We took a similar error approach to satellite

frontal positioning. This assumes a systematic �1
pixel delineation error per frontal position, which in
turn leads to an RMS linear error estimated as �20
m when two ASTER images are compared or �30
m in the case of an ASTER/Landsat comparison.
Although historical data potentially suffer from
much larger errors in glacier frontal positions,
the maps from Agostini (1959) clearly show the
presence of rivers, coastlines, and lakes and their
relative positions, which means comparison of fron-
tal position between these maps and modern satel-
lite imagery can be made with confidence. By
directly mapping glacier frontal positions from
1956 in the satellite imagery, the error in historical
data interpretation is estimated to be approximately
100 m, which therefore yields an RMS error of
similar magnitude. Net frontal change measured
from different study periods was significantly higher
than error signals.

28.4 RESULTS

28.4.1 Glacier inventory

The glaciers of Cordillera Darwin and adjacent
islands were mapped using multitemporal ASTER
and Landsat ETMþ datasets (Table 28.1), impart-
ing a decadal-scale time stamp to the overall inven-
tory. Cordillera Darwin boasts the largest ice
surface within the study area south of 53�S and
contains 2,333.1 km2 of ice distributed between
the 627 glaciers that are located within the main
ice caps and nearby areas (i.e., west of Bahı́a Filton
and towards the east at Cordón Central; Fig.
28.1C). The vast majority (82%) of glaciers in this
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region are ranked in size classes 2 and 3 (0.1–0.99
and 1.0–9.99 km2, respectively), while the smallest
glaciers (less than 0.1 km2) make up less than 10%
of the total number and only 0.16% of the total
area. By contrast the 49 glaciers with areas in excess
of 10 km2 comprise 68% of the total glaciated area
yet only �8% of the total population (see Table
28.2 for more details).

Glaciar Marinelli, located at the northern margin
of Cordillera Darwin, is the cordillera’s largest
glacier with a total area in 2001 of 133 km2 and a
length of 21 km (Fig. 28.2, inset). There are only
three other glaciers with areas in excess of 100 km2

in the Cordillera Darwin region, and these are
found within the southern mountains: the unnamed
glacier at the end of Fiordo Ventisquero (127.5
km2), Glaciar Roncagli (116 km2), and Glaciar
Stopanni (102 km2) (Fig. 28.3, inset).

In the southeastern region of Cordillera Darwin
(north of Glaciar Roncagli), debris-covered glacier
fronts yielding a total area of 20 km2 have been
identified. This region is home to several ice-
dammed lakes, the largest being LagoMartinic with
a surface area of 8.7 km2 in 2002 (Fig. 28.3, inset).

In and around Monte Sarmiento (2,414 m asl,
Fig. 28.1B), west of Cordillera Darwin, there are
165 glaciers with a combined area of 273.1 km2.
They are all much smaller than those in Cordillera
Darwin, the largest two being Glaciar Schiaparelli
(24.78 km2) and Glaciar Negri with a combined
total area of 19.51 km2 (see Table 28.2 for more
details).

Another important ice cap in this region is
located at Isla Santa Inés (Fig. 28.1A)—there are

additional small ice masses on the adjacent islands.
The main glaciated area is the central plateau of Isla
Santa Inés, which has an area of 47.7 km2. Total
glacier area distributed among the island’s 258
glaciers is 273.8 km2 (Table 28.2).
Southeast of Cordillera Darwin lies Isla Hoste

(Figure 28.1D) which boasts 631 glaciers and a total
ice area of 409.5 km2 (Table 28.2). Most of the
glaciers are located in Penı́nsula Cloué; however,
there are other significant glaciated regions on Isla
Gordon and Isla Londonderry. The largest glacier
is an unnamed ice body with a surface area of 54.8
km2. Compared with other subregions of Tierra
del Fuego, there are no significant debris-covered
glaciers among these islands.

28.4.2 Frontal variations

As a result of this inventory the frontal variations of
Glaciar Marinelli have been revised and updated
(Fig. 28.2), yielding a maximum annual retreat of
923 m as measured between 1984 and 1985. Total
retreat of this glacier between 1913 and 2011 was 15
km, averaging 153 m per year. However, annual
rate trends of several hundreds of meters have been
obtained since the mid-1980s and thereafter.
Other glacier fronts from the northern margin of

Cordillera Darwin were updated in the inventory.
For example, the unnamed glacier at the end of
Bahı́a Brookes (Fig. 28.1, labeled ‘‘2’’ in Homlund
and Fuenzalida, 1995) was observed to be stable
between 1985 and 2006. Additionally, glaciers ‘‘1’’
(upstream Bahı́a Filton, Fig. 28.1), ‘‘4’’ (next to
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Table 28.2. Number and area (km2) of glaciers located on islands south of the Estrecho de Magallanes, classified

according to size rank (km2).

Subregion name Size rank Total

(km2)

0.01–0.09 0.10–0.99 1.00–9.99 >10.00

No. km2 No. km2 No. km2 No. km2 No. km2

Cordillera Darwin and adjacent islands 62 3.7 316 122.8 200 628.6 49 1,578 627 2,333.1

Monte Sarmiento and adjacent islands 15 0.9 87 35.7 56 126.0 7 110.5 165 273.1

Isla Santa Inés and adjacent islands 51 3.0 163 55.5 40 103.5 4 111.8 258 273.8

Isla Hoste and adjacent islands 181 9.5 385 124.0 61 141.9 4 1,34.1 631 409.5

Total 309 17.1 951 338.0 357 1,000.0 64 1,934.4 1,681 3,289.5



Glaciar Marinelli, Fig. 28.2), and ‘‘5’’ (located at
Cordón Central, Fig. 28.1) have shown net retreat
since 1985, although interspersed with some periods
of stability.

At Cordillera Darwin’s southern margin only one
glacier (labeled ‘‘16’’ by Homlund and Fuenzalida

1995), which is calving into Bahı́a Pı́a (Fig. 28.1), is
advancing (567 m between 1991 and 2004), while all
the others in this bay are showing stability or small
retreats. Nevertheless, glaciers in the southern
part have retreated since Agostini’s map of 1956
(Agostini 1959), especially the glacier at the end
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Figure 28.2. Glacier variation at Glaciar Marinelli and Glaciar 4 as draped on an ASTER composite 3-2-1 RGB

image acquired on September 13, 2003. The positions of Marinelli in 1913, 1945, and 1984 were determined by

Porter and Santana (2003); the rest were compiled and interpreted in the present work. The asterisk outlined by a

gray polygon represents a dead ice area that was clearly visible in 2006. The inset is a grayscale SRTM3 terrain

representation and shows the relative location of Glaciar Marinelli outflowing from the Cordillera Darwin ice cap.

Figure can also be viewed in higher resolution as Online Supplement 28.2.



of Fiordo Ventisquero (Fig. 28.3) which retreated
2.7 km between 1986 and 2006, and those draining
into Canal Beagle (Fig. 28.1): Glaciar Roncagli
(retreated 0.6 km between 1956 and 2001), Glaciar
Italia (retreated 1 km between 1956 and 2002), and
Glaciar Francés (labeled ‘‘9’’ by Homlund and
Fuenzalida 1995) which retreated 1.8 km between
1956 and 2006 (Fig. 28.4).

At the eastern margin of Cordillera Darwin there
is a general trend toward glacier retreat. For
example, Glaciar Stoppani retreated 1 km between
1956 and 2006, and neighboring glaciers labeled ‘‘7’’
and ‘‘8’’ by Homlund and Fuenzalida (1995) also
retreated in the same period (by 1.5 and 1.3 km,
respectively). Changes in the length of these
and other glaciers in the region are shown in Fig.
28.4.

28.5 DISCUSSION

Glaciar Marinelli experienced the longest frontal
retreat observed within this region during the
20th century. High calving rate activity associated
with the deep fjord where the lower tongue of the
glacier was calving is given as an explanation (Hom-
lund and Fuenzalida 1995, Porter and Santana
2003). However, more recent bathymetric evidence
suggests that the now ice-free fjord is only 200 m
deep, and hence glacier retreat had to be down to a
combination of higher ablation rates, increases in
basal sliding, and mass turnover via calving,
especially after 1967 when the glacier became
detached from an underwater pinning point
(Koppes et al. 2009). Equilibrium line altitudes
(ELAs) in the southern region display strong spatial
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Figure 28.3. Frontal variation at Glaciar Ventisquero as draped on an ASTER composite 3-2-1 RGB image

acquired on February 13, 2004. The inset is a grayscale SRTM3 terrain representation and shows the relative

locations of this glacier, Glaciar Roncagli, Glaciar Stopanni, and ice-dammed Lago Martinic within the Cordillera

Darwin ice cap. Figure can also be viewed in higher resolution as Online Supplement 28.3.



variability; one of the highest values was found at
Glaciar Marinelli where it averaged 1,100 m asl as
derived from analysis of the 2011 ablation season
ASTER image (Table 28.1). This agrees well with
other ELAs in neighboring eastern areas of Tierra
del Fuego (Strelin and Iturraspe 2007), and suggests
that mass balance may play a key role in the retreat
of Glaciar Marinelli. Mapping Glaciar Marinelli’s
behavior from satellite imagery confirmed this
retreat trend until 2011, with maximum annual loss
occurring in the mid-1980s (nearly 1 km between
1984 and 1985). Between 1992 and 2000 the glacier
receded at an average rate of 389 m yr�1, although
this value is much smaller than that previously
estimated by Porter and Santana (2003).

The current decade positions of the other glaciers
studied by Homlund and Fuenzalida (1995) at
the northern and southern margins of Cordillera
Darwin confirm the retreat trend in that glaciers
that were retreating in 1993 are continuing to do
so, while those that were stable are now either
experiencing small retreats or showing no net
change.

The three glaciers located at Bahı́a Pı́a on the
southern margin of this region, which were slowly
advancing in 1993 (Homlund and Fuenzalida,
1995), now have stable frontal positions. Only

one glacier in this bay appeared to be advancing
in 2006, following a period of stability prior to 1993.
In addition to these Bahı́a Pı́a glaciers, there is an
advancing glacier at the end of Garibaldi Fjord;
evidence from 2007 indicates that the ice was
encroaching on wooded areas (Rivera et al. 2008,
Masiokas et al. 2009). This seems to confirm that
ELAs in the southern and western regions are
lower than those on northern flanks; according to
Agostini (1959) snowline elevation appears to occur
at 600 m in the Monte Sarmiento area, whereas an
ELA of 650 m was estimated at Glaciar Ventisquero
based on the 2004 ASTER image.
Apart from the fact that these advancing glaciers

are located at the southern edge of Cordillera
Darwin, which is affected by orographically
enhanced precipitation (Homlund and Fuenzalida
1995), there is another characteristic that all south-
facing glaciers share: their tidewater-calving fronts
are located at the ends of narrow and steep-walled
fjords, where ice flows into the ocean from steep
gradients. This unique assemblage of geophysical
characteristics suggests that glacier advance might
be related to something other than climate trends.
For instance, as calving fronts move into increas-
ingly shallower water depths, ice is likely to become
more grounded and the dynamic instability of
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Figure 28.4. Compilation of recent glacier changes in the study area. All glacier numbers are in accordance with

the schema of Homlund and Fuenzalida (1995).



glaciers is likely to decrease. Note that this behavior
of advance is not ubiquitous across the southern
edge of Cordillera Darwin, as most other glaciers
studied within the inventory are retreating.

The loss of ice in Cordillera Darwin is further
reflected on Monte Sarmiento where the earliest
lithograph, made during the voyage of discovery
on board HMS Beagle in 1836 (FitzRoy, 1839),
showed a glacier flowing into the ocean (Fig.
28.5, top). Agostini (1959) visited the area in
1913, took the first known photo of a glacier, and
prepared a map after a trip in 1956 (Fig, 28.5,
bottom) at a time when proglacial lagoons had
already formed. Mercer (1967) argued that it was
probably wrong to conclude that FitzRoy saw a
glacier reaching the ocean, but the lithograph
clearly shows a glacier front calving into the sea.
Today, this glacier is believed to be either Glaciar
Schiaparelli or Glaciar Conway, which have their
fronts behind proglacial lagoons; indeed, the pro-
glacial lagoons for both glaciers are clearly visible
on the satellite inset shown in Fig. 28.1B, indicating
a total retreat of nearly 3 km from the coastal
margin over the last century. The frontal retreat
of Glaciar Schiaparelli in recent decades is also
shown in Fig. 28.4.

28.5.1 Some possible explanations

Putting advancing tidewater glaciers to one side, the
main driving force behind glacier change described
in the southern region of Chile is probably atmo-
spheric warming over the last decade. This con-
clusion was reached by Koppes et al. (2009) using
modeled temperatures from reanalysis data.

Another significant factor concerns the precipita-
tion trends observed in this region, which have been
constructed from data collected at Puerto Williams
(Fig. 28.1), where Quintana (2004) detected a reduc-
tion of 206 mm/50 years during the second half of
the 20th century. The other station within this
region is Evangelistas (52.4�S), located at the west-
ern entrance to the Estrecho de Magallanes. This
station recorded a constant decrease in precipita-
tion until the mid-1980s (Rosenblüth et al., 1995).
However, in the last two decades it has shown a
marked increase, as documented by Aravena and
Luckman (2008). This result is unexpected, and the
data collected at this location do not correlate well
with other stations in the region, suggesting that
measurements from Evangelistas need to be further
investigated. However, if increased precipitation is
confirmed, it could be related to a southward shift

of the main core of westerlies, normally located at
49�S, thereby signaling significant climatic change
in this region (Carrasco et al., 2002).
The reduction in precipitation reliably observed

and documented at Puerto Williams, together with
atmospheric warming, could be the cause of the
recent collapse of the lower tongue of Glaciar
Marinelli, as well as the driver of retreat experi-
enced by many other glaciers in the region. The
frontal advance of two glaciers, suggested by Hom-
lund and Fuenzalida (1995) to be a response to the
orographic effect in the south, is more likely due to
fluctuations in calving activity, and irrespective of
the cause they do not represent a significant
trend within this region. However, the increase in
precipitation at Evangelistas could have an effect
on western glaciers that directly receive more
precipitation.

28.6 CONCLUSIONS

The complete ice inventory south of the Estrecho
de Magallanes, as considered in this chapter, pro-
vides unprecedentedly detailed information about
glaciers in Southern Chile. The ice inventory covers
all the region’s mountain ranges, including Cor-
dillera Darwin, Monte Sarmiento, Isla Santa Inés,
and Isla Hoste, yielding a total glacier surface area
of 3,289.5 km2. This figure is much higher than
previous estimates for this region as a result of more
precise and accurate glacier delimitation—not of
glacier advances. Most glacier tongues in this region
have retreated (especially Glaciares Marinelli and
Ventisquero), several others are stable or have
shown minor retreats (Isla Santa Inés), and only
two are significantly advancing at the moment
(2013). Both of these advancing glaciers have south-
ern aspects, very steep slopes, narrow lower tongue
profiles, and tidewater-calving fronts at the ends of
their respective fjords (Garibaldi and Bahı́a Pı́a),
which suggests they are not necessarily responding
to climatic trends, but to calving oscillations. The
main driving force behind glacier retreat seems to
be atmospheric warming and a reduction in pre-
cipitation as observed in the eastern side of this
region. Increased precipitation at Evangelistas
could influence the behavior of western and south-
ern glaciers, some of which have experienced recent
advances. However, before definitive conclusions
can be made, more reliable and extended climatic
and glaciological data are necessary. Whatever the
reason, the observed trend of retreating glaciers (as
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Figure 28.5. (Top) Lithograph drawn by Charles Darwin during his voyage on board HMS Beagle in 1836

showing Monte Sarmiento across Canal Magdalena. Note a glacier (possibly Conway or Schiaparelli) calving

into this channel. Figure extracted from FitzRoy (1839). (Bottom) Map of Monte Sarmiento showing the route

climbed by the priest Alberto de Agostini and some glaciers mentioned in the text. Map taken from Agostini (1959).

Images reproduced with permission from John van Wyhe (Ed.), The Complete Works of Charles Darwin (http://

darwin-online.org.uk/)



much as several kilometers inland; Koppes et al.
2010) is of great concern in a region that benefits
from tourism that is largely based on glaciers. What
is more, sudden ice collapses can make glacial lakes
virtually unnavigable for considerable periods of
time, as was the case with Glaciar Grey in 1997
(Rivera & Casassa 2004). Accordingly, the Chilean
National Glacier Strategy (DGA, 2009) has sug-
gested glacier research be diversified so that changes
in ice volume and ice dynamics within this entire
region can be better understood.
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