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This paper presents an updated, extensive review of glacier fluctuations during the past 1000 years in the
extratropical Andes of South America between ca. 17° and 55°S. Given the variety of environmental
conditions and evidence available for glacier fluctuations across this wide latitudinal range, regional accounts
are given for the Desert Andes (∼17°–31°S), the Andes of central Chile and Argentina (31°–36°S), and the
North (36°–45°S) and South (45°–55°S) Patagonian Andes. The techniques, dating limitations, and
interpretations of the glacier records along this transect are also discussed. Information on glacier
fluctuations in the Desert Andes is limited to the 20th century. Documentation on past glacier variations is
more abundant in the Central Chilean-Argentinean Andes, but the number of chronologies dealing with
glacier fluctuations prior to the 1900s is also limited. Most records indicate that glaciers were generally more
extensive prior to the 20th century, with dates of maximum expansion ranging from the 16th to the 19th
centuries. The number and extent of glaciers increase significantly in the Patagonian region, where the
evidence available for dating glacier variations during the past centuries is more abundant and the dating
control for glacier events is generally better than in the northern parts of the study area. For some Patagonian
glaciers, maximum Little Ice Age (LIA) or post-LIA advances have been precisely dated by dendro-
geomorphological determinations or in situ measurements. However, for most sites, the evidence available is
still preliminary and there is considerable variability in the extent and timing of events related to the
maximum LIA expansion identified in most areas between the 16th and 19th centuries. Evidence is starting
to appear at a growing number of sites for glacier advances during the first half of the past millennium. These
events were generally less extensive than the LIA maximum pulses. Despite the occurrence of several post-
LIA readvances over the past 100–110 years, most areas in the Andes of extratropical South America have
experienced a general pattern of glacier recession and significant ice mass losses. The differences in the
glacier histories observed at local and regional scales probably reflect the inherent limitations associated
with the glacier records and/or the dating techniques used in each case together with the varying dominance
of precipitation, temperature and other climatic and non-climatic factors on glacier mass balance and glacier
dynamics. These differences indicate that the late Holocene glacier history of southern South America is
more complex than commonly assumed. The evidence discussed in this study highlights not only the
immense potential for glaciological studies of this region but also a significant need for an increased number
of detailed, well-dated records of glacier fluctuations.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The Andes in the extratropical region of South America (ca. 17°–
55°S) form an uninterrupted N–S mountain chain and contain over
23,000 km2 of glaciers (Naruse, 2006), the largest glacierized area in
ología, Glaciología y Ciencias
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the Southern Hemisphere outside Antarctica. Over this wide latitu-
dinal range, glaciers can be found at elevations of over 6000 m in the
high, arid Andes of northern Chile and Argentina and also at sea level
in the humid southwestern portion of Patagonia and Tierra del Fuego
(Fig. 1). Such a diversity of conditions supporting glacier ice under-
scores the potential of extratropical South America for the develop-
ment of a great variety of glaciological investigations. However,
despite numerous recent studies that have significantly increased our
knowledge about glaciers in this region (see e.g. Casassa et al., 2002a),
the late Holocene glacier history of extensive portions of this
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Fig. 1. Map of the Andean portion of extratropical South America showing the regional subdivisions (Desert Andes, Central Chilean–Argentinean Andes, and the North and South
Patagonian Andes) and the location of the glacier sites mentioned in the text. The limits for the regional subdivisions are based on Lliboutry (1998).
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mountain range remains relatively poorly known. This precludes, for
example, the development of reliable regional glacier chronologies
and the intercomparison with other glacierized areas for regional,
hemispheric or global analyses. Reviews of the available evidence
regarding late Holocene glacier fluctuations in the Andes of southern
South America have been provided, among others, by Luckman and
Villalba (2001) and Glasser et al. (2004). However, a comprehensive
updated review for the entire extratropical portion of this continent
that focuses specifically on the last millennium is not available.

In this paper we present and discuss an extensive, up to date
compilation of evidence for glacier fluctuations in the Andes of Chile
and Argentina over the past ∼1000 years. This evidence is collectively
presented here a) to demonstrate the type, usefulness and limitations
of the information available and b) to provide a comprehensive
database that will hopefully facilitate and promote further research in
this region.

To facilitate the organization of this work and the interpretation of
results, we have used the regional subdivisions proposed by Lliboutry
(1998)with onlyminormodifications (Fig. 1). The Dry Andes (17°–36°S)
are divided into the Desert Andes and the Andes of central Chile and
Argentina (‘Central Andes’ sensu Lliboutry) covering the 17°–31°S and
31°–36°S latitudinal ranges, respectively. Further south, the Patagonian
Andes aredivided into theNorthPatagonianAndesbetween36° and45°S,
and the South Patagonian Andes that contain all glaciers south of 45°S.
2. Geographic setting

Between ca. 17° and 35°S, the Andes can reach almost 7000 m in
elevation but decrease gradually to an average of ca. 1500–2000 m at
the southern tip of the continent. This mountain chain forms a
formidable barrier to the prevailing westerly circulation and results
in strong west–east climatic contrasts (Schwerdtfeger, 1976).
Environmental conditions also show latitudinal and altitudinal
gradients imposed by the main cordillera and by atmospheric
circulation processes resulting from a relatively cold south-eastern
Pacific, a warm south-eastern Atlantic Ocean, and the proximity to
the Antarctic continent (see Garreaud et al., 2009-this issue, for
further details). In general, the regional snow line decreases from
north to south and from east to west (Nogami, 1972; Rabassa, 1981),
but the degree of glacierization varies with topography and local
climate ranging from small glacierets or snow patches on high
isolated volcanoes and mountains in the north, to the extensive
Patagonian icefields in the south (Aniya et al., 1997; Lliboutry, 1998;
Rivera et al., 2007; Fig. 1).

Mean annual precipitation decreases from 400 mm in the high-
lands of Tarapacá (18°S) to less than 100 mm in the South American
Arid Diagonal that crosses the Andes between 19 and 23°S (Messerli
et al., 1998). The northern sector of the Desert Andes receives
precipitation from the east in summer, but farther south (24–32°S),
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precipitation from the Pacific is more abundant and concentrated
during the winter months. The Central Andes are characterized by a
Mediterranean-type climate. Dry summers and wet winters are
mainly the result of the northward–southward displacement of the
high-pressure cell on the south-east Pacific Ocean, which generally
inhibits precipitation during the warm season but allows the passage
of the westerlies and a higher occurrence of frontal precipitation
during the colder months (Rutllant and Fuenzalida, 1991). Total
annual precipitation at sites above 2500 m ranges from less than
500 mm in the north (31°S) to as much as 2000 mm further south at
around 36°S. At these latitudes the existence of numerous peaks that
extend well above the elevation of the 0 °C isotherm (ca. 4000–
3000 m over this latitudinal range) allow the development of
important glacierized areas (Rivera et al., 2000).

Mean annual temperatures across Patagonia are mainly influenced
by latitude and elevation. At 40°S along the Chilean coast mean annual
temperatures vary around 12 °C but decrease to 6 °C at ca. 53°S (Miller,
1976). Precipitation regimes gradually change from a Mediterranean
regime in northwestern Patagonia to a year-round regime in the
southernmost sector of the continent. A typical west–east profile of
precipitation at 40°Swould showca. 1500 mm yr−1 at the Chilean coast
and about 3500 mm yr−1 at the main Andean divide, abruptly
decreasing to ca. 300 mm yr−1 in the xeric Patagonian steppe, ca.
50 km to the east of the mountains (Miller, 1976; Villalba et al., 2003).
Similar impressive west–east contrasts and dramatic changes in
precipitation can be observed throughout the Patagonian Andes. At
around 50°S annual precipitation totals can exceed 7000–8000 mm on
the South Patagonian Icefield but decrease to ca. 200 mm at El Calafate,
70 km east of the icefield (Escobar et al., 1992; Warren and Sugden,
1993; Villalba et al., 2003).

3. Methods and limitations for reconstructing glacier fluctuations
in the southern Andes during the past 1000 years

Given the wide variety of environments and climatic conditions
found in the study area, different methods and sources of
information have been used to study glacier fluctuations. Historical
records (maps, drawings, photographs and written reports) of
glaciers are generally available from the early 1900s/late 1800s.
This material has provided, especially for the Central and Patagonian
Andes, valuable information for documenting past glacier positions
and for illustrating the long-term behaviour of glaciers in the
cordillera (e.g. Espizua and Maldonado, 2007; Masiokas et al.,
2008; Le Quesne et al., 2009-this issue). North of ∼35°S, the high
elevation and relative scarcity of datable organicmaterial has yielded
very few glacial chronologies covering the past centuries. In the
Central Chilean–Argentinean Andes the maximum glacier extent of
the last few centuries occurred during the commonly known “Little
Ice Age” (hereafter LIA; Grove, 2004) and has been analyzed through
morphological and stratigraphical studies complemented with
radiometric age determinations of organic material associated with
terminal and lateral moraines. Radiocarbon dates of basal samples
from peat bogs inside these moraines have provided minimum age
estimates for these deposits (Espizua, 2005). The Patagonian Andes
contain a much larger number of glaciers and a greater variety of
datable material (e.g. subfossil/living trees, lichens, organic sedi-
ments) associated with glacier deposits. This makes the dating of
glacier events relatively easier and potentially more precise than in
the Andes to the north, and has resulted in a significantly higher
number of dated advances for the past 1000 years. Most of the
advances that occurred during this interval have been dated using
radiometric, dendrochronological and/or lichenometric methods. In
some cases (e.g. Villalba et al., 1990) the tree-ring dating of material
directly affected by glacier activity has provided precise, calendar-
dated estimates for moraine formation. However, in most cases the
available moraine ages are minimum age estimates based on the age
of the oldest tree or lichen growing on these deposits, or maximum
ages from radiocarbon dating of subfossil material buried by the
moraines.

The glacier histories discussed below contain inherent limitations
in both the dating techniques used and the glacier records themselves
(see Porter, 1981, 2000; Luckman and Villalba, 2001; for detailed
discussions). For example, when ages of glacier deposits are
determined using the age of living trees or lichens growing on their
surface, a common source of dating uncertainty is the estimation of
the lag time between moraine stabilization and tree or lichen
establishment (also known as “ecesis”, Sigafoos and Hendricks,
1969; McCarthy and Luckman, 1993). Ecesis estimates in studies of
Patagonian glaciers range from a few years to several decades, but
very few studies have used a direct, site-specific ecesis correction
factor (see Koch and Kilian, 2005). Dates obtained from radiocarbon
determinations for the past millennium may also be ambiguous and
subject to errors of over 100 years (e.g. Porter 1981; Luckman and
Villalba, 2001). As in many cases younger LIA advances overrode the
evidence of earlier events, the surface record available for analysis is
usually truncated. In addition, as the record from individual glaciers
contains unique elements due to topography, debris cover, conditions
at the glacier front or other factors, an adequate sample base of glacier
histories is needed to provide a reliable regional picture of glacier
fluctuations. Advances of surging and calving glaciers often compli-
cate analyses of regional patterns of fluctuations as they generally
respond to very specific, non-climatic factors (Warren, 1994; Warren
and Rivera, 1994; Warren et al., 1995; Naruse and Skvarca, 2000;
Rignot, et al., 2003; Benn et al., 2007). These issues result in
reconstructions of glacier histories that usually vary in detail, quality
and dating precision even within the last millennium. This should be
taken into account when interpreting regional and local glacial
histories (Luckman and Villalba, 2001).

The increasing detail and availability of satellite imagery during
the past 30 years has provided very useful tools for the inventory and
monitoring of glaciers, especially in numerous areas with difficult
access in the extratropical Andes. However, extensive portions of this
mountain range still lack detailed, up-to-date glacier inventories. The
existing inventories are of variable degree of detail and have been
developed based on field surveys, maps, aerial photographs and
satellite imagery (e.g. Bertone 1960; Rabassa, 1981; Corte and
Espizua, 1981; Espizua, 1982; Aguado, 1983; Cobos and Boninsegna,
1983; Valdivia, 1984; Aguado, 1986; Casassa, 1995; Aniya et al., 1996;
USGS, 1998; Casassa et al., 2002b; Rivera et al., 2007; Schneider et al.,
2007; Bown et al., 2008). For some areas, remote sensing techniques
complemented with the detailed mapping and the dendro-geomor-
phological dating of moraines have provided quantitative information
of changes in glacier extent during recent centuries (see e.g. Masiokas
et al., 2009-this issue).

4. Desert Andes (17° to 31°S)

Glaciers are sparsely distributed on both sides of the Desert Andes
between 17° and 31°S. At around 18°S there are a few cold-ice
glaciers, often located on active volcanoes such as Volcán Parinacota
(18°10′S). This volcano supports one of the biggest glacier areas with
6.6 km2 of ice in 2003 (Fig. 1). Several summits rise well above the
0 °C isotherm between 19° and 27°S. However, the low precipitation
is often insufficient to nourish glaciers, even at altitudes above 6000 m
(Jenny and Kammer, 1996). Small active and inactive rock glaciers
occur on Volcán San Pedro and Volcán San Pablo (21°53′S, Fig. 1).
Payne (1998) reports an active rock glacier reaching a minimum
altitude of 4525 m in that area. Garín (1987) inventoried several small
snow fields and glacierets, some of them located near the summits of
Volcán Llullaillaco at 24°43′S (Lliboutry, 1956; Grosjean et al., 1991)
and Volcán Ojos del Salado at 27°05′S (Lliboutry et al., 1958) (Fig. 1).
Between 27°S and 31°S, the greater winter precipitation levels and the
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existence of peaks reaching elevations higher than the modern
snowline allow the occurrence of a larger number of glaciers. The Río
Copiapó basin in Chile contains several glacierized peaks such as the
Nevados Tres Cruces (27°06′S) with 1.1 km2 of ice in 2000, Cerro El
Potro (28°23′S) with 11 km2 of ice in 1983 (Jenny and Kammer, 1996)
and Cerro Tronquitos (28°30′S) with several small glaciers (Fig. 1).

Brüggen (1928), Lliboutry et al. (1958) andMercer (1967) provide
early descriptions and useful information for the assessment of
historical variations of glaciers in the Desert Andes. In addition, the
Fig. 2. Frontal variations of selected glaciers in the extratropical Andes of South America. (a)
(f–g) North and South Patagonian Icefields and surrounding glaciers; (h) Magallanes regio
subdivisions except the Desert Andes. Note that not all glaciers displayed in the figures arem
activity or those with clearly anomalous behaviour were not included (see text).
analysis of aerial photographs— the earliest flight dating from 1955—

and recent satellite images have allowed the identification of an
important number of small glaciers and snow fields in this region.
These ice masses have shown a general retreating pattern over recent
decades at rates that vary between 4 and 35 myr−1 (Rivera et al.,
2000). Glaciar Tronquitos (2.7 km2 in 2002) is recording the largest
glacier retreat in this area (Fig. 2a).

The upper basin of Río Huasco in Chile (∼29°S, Fig. 1) contains about
15 km2of ice. GlaciarGuanaco (29°21′S; ca. 1.8 km2 in 2005) is oneof the
Desert Andes; (b–d) Central Chilean–Argentinean Andes; (e) North Patagonian Andes;
n. (i) shows the records longer than 150 years and includes glaciers from all regional
entioned in the text (see Appendix A for details). Glaciers of known or suspected surging
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biggest glaciers in this area and, similarly to other smaller neighboring
glaciers, has retreated at an average rate of about 7 myr−1 during recent
decades (Fig. 2a).

Espizua et al. (2006) focused on Los Amarillos, Guanaco (the
Argentinean portion of the same glacier discussed above), Canito and
Potrerillos glaciers in the Canito and Turbio basins in Argentina
(29°20′S). These small glaciers (<1 km2 in area) are between 1.2 and
1.7 km long and range between 5550 and 4775 m in elevation. Using
aerial photographs from 1959 and more recent satellite imagery,
Espizua et al. (2006) documented a general reduction in glacier area
between 1959 and 2005. Glaciar Canito has shown the greatest
relative reduction— approximately 33% of its area during this interval.

Colqui (1965) described the glaciers of the Quebrada de Agua
Negra in Argentina (30°10′S) and drew the first map of this area using
a phototheodolite. Glaciar Agua Negra is the most studied glacier of
this area and is currently ca. 2.3 km long, 550 m wide on average, and
extends from 4970 to 4600 m. Based on analyses of aerial photo-
graphs and a digital terrain model, Leiva (1999) estimated that this
glacier retreated 286 m between 1965 and 1981, advanced 34 m
between 1981 and 1984, showed little change from 1984 to 1988, and
retreated slightly between 1988–1993 (Fig. 2a). Analysis of recent
photographs shows a subsequent, noticeable reduction of this glacier
despite the occurrence of several warm El Niño-Southern Oscillation
(ENSO) episodes that generally bring heavy snow accumulation to the
region (Leiva, 1999).

5. Central Chilean–Argentinean Andes (31°–36°S; ‘Central Andes’
sensu Lliboutry)

The number of glaciological studies in the Andes adjacent to
Santiago (and in the Central Chilean Andes in general) has increased
Fig. 3. Twentieth-century variations of the Olivares Beta, Olivares Gama and
substantially in recent years. However, few glacier variations have
been studied in detail. Glaciar Juncal Norte (33°S) in the Río
Aconcagua basin, Chile, was first described in 1942 by Pfenniger
(Lliboutry, 1956). The partially debris covered terminal portion of the
glacier is ca. 2 km long, 500 m wide and 186 m thick (Rivera et al.,
2001). This glacier has retreated at rates between 4 and 20 myr−1 and
lost 1.46 km2 between 1955 and 2006 (Bown et al., 2008). Historical
records dating from the 1940s (Lliboutry, 1956) are also available for
glaciers on the southern flank of Nevados de Juncal in the upper part
of the Río Maipo basin, Chile (Fig. 1). The biggest glacier in this area is
Juncal Sur (22.7 km2 in 2006), which experienced a sudden advance
in 1946/47 during which the lower tongue expanded by ca. 1 km2

(Fig. 3). This advance partially dammed Río Olivares, forming a small
lagoon that had totally disappeared by 1954 (Lliboutry, 1956). Recent
analyses indicate that the glacier has been receding almost continu-
ously since 1947 with the greatest rates of recession at the beginning
of the series (Fig. 3). The lower glacier surface thinned by ca. 1 m yr−1

from 1955 to 1997 (Rivera et al., 2002). In the same area, Glaciar
Olivares Beta and Glaciar Olivares Gama had an area of 9.9 and
12.8 km2 in 2006, respectively. According to Lliboutry (1956) both
glaciers were still joined in 1935. Glaciar Olivares Beta has retreated
almost 3.9 km between 1935 and 2006, whereas Glaciar Olivares
Gama has retreated ca. 2 km over the same interval (Fig. 2b) and
thinned by ca. 0.7 m yr−1 between 1955 and 1997 (Rivera et al.,
2002). The longest record of historical variations in this region has
been compiled for Glaciar Cipreses (34°33′S, Fig. 2i) in the Río
Cachapoal basin, Chile. First described in 1842, this glacier had
retreated almost 4.4 km by 2004 (Rivera et al., 2006b; Le Quesne et al.,
2009-this issue). Röthlisberger (1986) describes at least four moraine
systems on bothmargins of this glacier. Buried by the inner left lateral
moraines he found a palaeosoil section that was dated to 625±
Juncal Sur glaciers in the upper Río Maipo basin, Central Chilean Andes.
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15514C yr BP and used to infer a glacier advance around or after that
date. A subsequent advance in 1858was documented by Pissis (1875).
This event was roughly concurrent with a sudden advance of Glaciar
Los Piuquenes in 1848 (some 30 km northeast of Glaciar Cipreses;
Plagemann, 1887). The Piuquenes advance was considered a “surge”
by Röthlisberger (1986) and according to Plagemann's description it
was accompanied by a disastrous outburst flood. Lliboutry (1958)
studied Glaciar Universidad (34°42′S; 70°49′W) in the Tinguiririca
basin and reported a sudden advance of the glacier in 1943. After this
event the glacier front receded approximately 2 km between 1945
and 2004 (Le Quesne et al., 2009-this issue; Rivera et al., 2002).

On the eastern slopes of the Central Chilean–Argentinean Andes,
annual precipitation is lower, ranging from about 400 mm at 31°–33°S
to 1000 mm at 35°–36°S (Ereño and Hoffmann, 1976). Many of the
lower glacier tongues are partially or completely covered by debris.
Glacier inventories for selected river basins between 31° and 34°S
have been developed by Cobos (1981), Corte and Espizua (1981),
Espizua (1982), and Aguado (1983, 1986). Glaciar Piloto Este, in the
Río de las Cuevas basin (32°27′S), covers ca. 1.4 km2 and ranges
between 4800 and 4185 m in elevation. This glacier is the only ice
mass with a mass balance record longer than 10 years in the
Argentinean Andes (Leiva, 1999, Leiva et al., 2007). Starting in 1979,
this record shows a predominance of negative annual net mass
balances which have resulted in marked glacier shrinkage over the
past three decades (Leiva et al., 2007).

Fluctuations of the east-facing Glaciar de las Vacas and Glaciar
Güssfeldt, located 10 km east of Glaciar Piloto Este in the vicinity of
Cerro Aconcagua (6959 m; Fig. 1), have been studied by Espizua and
Maldonado (2007). Their study used a combination of historical
information that includes photographs from many sources [including
Fitz Gerald (1899) who photographed and drew a sketch map of both
Fig. 4. Landsat 5 TM image showing the fluctuations between 1896 and 2005 of Las Vacas and
Maldonado, 2007).
glaciers in 1896–1897], aerial photographs from 1963 and 1974,
Landsat images, and field observations. Between 1896–1897 and
2005, Glaciar de las Vacas and Glaciar Güssfeldt have experienced a
marked overall retreat only interrupted by minor advances or
standstills (Figs. 2b and 4). Glaciar de las Vacas retreated ca. 3040 m
between 1896 and 1974, advanced ca. 690 m between 1974 and 2003,
and retreated slightly after 2003. Glaciar Güssfeldt retreated ca.
5000 m between 1896 and 1999 and showed little change during
1999–2005 (Espizua and Maldonado, 2007; see Espizua and Pitte,
2009-this issue, for more details). Glaciar Horcones Inferior (32°40′S),
located below the south face of Cerro Aconcagua, is a well-
documented case of a surging glacier. It experienced a rapid advance
of several kilometers between 1984 and 1989 (Happoldt and Schrott,
1993; Unger et al., 2000; Llorens, 2002) and a new andmore extensive
surge event in 2004–2006 (Espizua et al., 2008).

The Río del Plomo basin (32°57′S, Fig. 1) was first studied by
Helbling in 1909 who published a detailed 1:25,000 map based on a
terrestrial photogrammetric survey (Helbling, 1919). Espizua (1986)
reconstructed 20th-century glacier fluctuations in this basin using
aerial photographs and the information provided by Helbling (1919)
and Reichert (1929). She indicates that between 1909 and 1974 the
glaciers in the Río del Plomo basin experienced a generalized
retreating pattern (Fig. 2c). In 1909 Glaciar del Plomo was 16.5 km
long and 15 m thick at its terminus which was at an altitude of
3160 m. The body of this glacier was originally formed by the
confluence of four major valley glaciers, but between 1909 and 1934
the main glacier retreated ca. 1580 m and separated from one of its
tributaries, Glaciar Grande del Juncal. Between 1934 and 1955 the
recession of Glaciar del Plomo continued and glaciers Bajo del Plomo,
Alto del Plomo and Oriental del Juncal were formed as independent
ice bodies. Helbling (1919, 1935, 1940) indicates that Glaciar Grande
Güssfeldt glaciers, Aconcagua region, Central Argentinean Andes (based on Espizua and
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del Juncal advanced approximately 500–1000 m in 1910 whereas
Espizua (1986) deduced another advance between 1934 and 1955 as
the snout was about 140 m downvalley of the 1934 position in 1955.
On January 10, 1934, a disastrous glacial lake outburst flood affected
the human settlements located along the valley of Río Mendoza. The
flood started in the tributary Río del Plomo valley by the sudden
discharge of a 3 km-long lake dammed by Glaciar Grande del Nevado,
which had advanced ca. 900 m beyond its 1912 position (Helbling,
1935, 1940). Based on aerial photographs, Espizua (1986) identified
another advance of the glacier front of ca. 1050 m between 1963 and
1974. As other adjacent glaciers experienced a marked retreat over
the 1909–74 period (Fig. 2c), Espizua (1986) suggested that the
isolated advances of the Grande del Juncal and Grande del Nevado
glaciers were glacier surges. The evolution of another, recent surge of
Glaciar Grande del Nevado was documented using Landsat imagery.
Following a sudden advance of ca. 2.7 km from its 1974 position, the
glacier dammed Río del Plomo in November 1984 and created a new,
2.8 km-long lake that drained gradually through a natural subglacial
tunnel in March 1985 (Espizua and Bengochea, 1990). Llorens and
Leiva (1995) updated the mapping of glacier front positions in this
area using satellite images and aerial photographs for the period
1974–1992. They report a relatively synchronous reactivation of the
glaciers in this area starting in 1982–85 that lasted in some cases until
1991. Videla (1997) analyzed historical documents, photographs and
field observations from the upper Río del Plomo valley. They did not
recognize moraines or other glacial deposits outside the 1909 limit
and suggested that glaciers in this area probably reached their Late
Holocene maximum extent at the beginning of the 20th century.
However, Espizua (1986) describes three terminal recessional
moraines within 1 km of the 1909 glacier margin indicating older
and more extensive advances.

Ferri Hidalgo et al. (2006) studied the fluctuations of several
glaciers surrounding Cerro Tupungato (6800 m; 33°15′S; Fig. 1) using
historical material from 1912, aerial photographs from 1963 and
Landsat satellite imagery for the period 1987–2005. Their analyses
showed that these glaciers have followed a general retreating pattern
for most of the 20th century. This pattern appears to have slowed
down in recent years as most glaciers have remained in nearly stable
positions (Ferri Hidalgo et al., 2006). Llorens and Leiva (2000) also
studied the Tupungato glaciers together with those on the nearby
Cerro Tupungatito and Cerro San Juan using aerial photographs and
satellite imagery for the period 1963–94. They report that the glaciers
fronts advanced between 1982 and 1985 but retreated slightly
between 1986 and 1993. Earlier advances for this area were reported
by Lliboutry (1954, 1958), who identified a 1935 advance of ca. 5 km
for Glaciar Río Museo (Tupungato massif), and a 1927 advance of 4–
5 km for Glaciar Colina (south of Volcán San José, Marmolejo massif).
Gargantini (2008) studied the 1963–2007 frontal variations of five
glaciers in the Río Tunuyán Sur basin (33°40′S). He found that these
glaciers have experienced an overall marked retreat but recorded
readvances during 1987–1999.

Twentieth-century glacier fluctuations in the Río Atuel basin
(34°20′–35°20′S, Fig. 1) were discussed by Cobos and Boninsegna
(1983) based on historical information, aerial and field photographs
and a detailed 1:2000 map. Groeber (1947, 1954) also studied the
area and observed that in 1914 Glaciar Corto and Glaciar Humo were
originally merged into a single terminal tongue, but by 1934 they had
receded and separated. Cobos and Boninsegna (1983) estimate that
Glaciar Humo retreated by ca. 3200 m between 1914 and 1947
(Fig. 2d). Groeber (1947, 1954) described Glaciar Fiero, also in the
Atuel basin, as having in 1937 a tongue covered with detritus.
Subsequent analyses at this site indicate that this glacier retreated
between 1948 and 1970 and has continued retreating until recent
times. The glacier located on the southwestern slope of Volcán Overo
(4800 m, Fig. 1) also receded between 1948 and 1970 (Cobos and
Boninsegna, 1983). Another glacier studied in the Atuel basin is
Glaciar Laguna, which in 1914 was located only a few meters away
from the shoreline of Laguna Atuel. This glacier showed a gradual
retreat between 1914 and 1970 but advanced ca. 1400 m sometime
between 1970 and 1982 (Cobos and Boninsegna, 1983). The
magnitude of change and the fact that most glaciers in the basin
retreated over this interval suggest that this recent Glaciar Laguna
advance is probably a surging event. Le Quesne et al. (2009-this issue)
document the continued recession of glaciers in this basin.

The glaciers in the Río Grande basin (∼35°S) have attracted the
attention of explorers and scientists since the end of the 19th century
(Burckhardt, 1900; Gerth, 1931), but it was not until recently that
glaciological studies started in this area. Glaciar El Peñón, located at
Volcán Planchón–Peteroa (4138 m, Fig. 1), and Glaciar El Azufre have
shown a complex history of fluctuations embedded in an overall
retreating pattern between 1894–1897 and 2005 (Espizua and
Maldonado, 2007). These glaciers retreated in 1894–1963, advanced
between 1963 and 1986, remained nearly stationary between 1986
and 1990, retreated from 1990 to 2004 and remained nearly stable
during 2004–2005 (see Figs. 2i and 5; and Espizua and Pitte, 2009). The
occurrence and outline of the maximum LIA extent in El Azufre and El
Peñón glaciers, and in the nearby Las Choicas and Las Damas valleys,
have been determined from geomorphological analyses, radiocarbon
determinations of basal peat samples, andfield surveys of terminal and
lateral moraines (Espizua, 2004; Espizua, 2005; Espizua and Pitte,
2009-this issue). Based on this evidence, the LIA maximum at these
sites was tentatively dated to between 1550 and 1720, with a
subsequent advance around 1830. The relatively similar dating, the
freshness of the landforms and the proximity to the present glacier
fronts led Espizua and Pitte (2009-this issue) to indicate that these
advances could correspond to a relatively synchronous glacier
reactivation during the LIA in the four valleys of the Río Grande basin.

6. The North Patagonian Andes (36°–45°S)

Interestingly, in the North Patagonian Andes, the available
information for regional glacier fluctuations is more detailed and
complete for the time of the last glacial maximum (see e.g. Denton,
1999 and references therein) than for the past few centuries. Very few
studies have focused on glacial fluctuations of the last 1000 years (e.g.
Rabassa et al., 1984; Villalba et al., 1990; Masiokas et al., in press) for
which the available glacial evidence is usually relatively abundant,
well preserved and most easily dated. There is, however, a relatively
rich record of historical photographs of glaciers in this region that has
been used successfully to document historical changes in glacier cover
(e.g. Rabassa, 2007; Masiokas et al., 2008).

In northern Chilean Patagonia there has been a considerable
reduction in glacier area over the past ∼150 years. Philippi (1863)
reported that glaciers at Nevados de Chillán (36°56′S, Fig. 1) had an
area of ca. 30 km2 in 1862which had been reduced to ca. 6 km2 in 2004
(Zenteno et al., 2004). Further south, the glaciers at Sierra Velluda
(37°28′S, 71°25′W)werefirst surveyed in 1828 by Poeppig (1835) and
a comparison of his drawings with photographs taken in 1950 also
shows a marked reduction in glacier area (Poeppig, 1960). A
systematic glacier mass balance program complemented with studies
of frontal and surface elevation changes is presently been conducted at
the glaciers in the active, ice-capped Villarrica (39°25′S) and Mocho–
Choshuenco (39°55′S) volcanoes (Rivera et al., 2005a, 2006a, Fig. 1).
These studies have determined a thinning rate of 0.81±0.45 myr−1

for Glaciar Pichillancahue–Turbio at Volcán Villarrica between 1961
and 2004 and an area loss of 13% between 1979 and 2005 (Fig. 2e).
Glaciar Mocho at Volcán Mocho–Choshuenco has lost 17% of its area
between 1976 and 2004 (Rivera et al., 2006a; Fig. 2e). At similar
latitudes on the Argentinean side of Volcán Lanín (39°39′S, Fig. 1), a
drastic icemass loss of Glaciar LanínNorte between 1896 and 2001 has
been documented through the use of repeat photographs and
historical documents (Masiokas et al., 2008).



Fig. 5. Landsat 5 TM image showing the fluctuations since ∼1550 of El Azufre and El Peñón glaciers, Río Grande basin, Central Argentinean Andes (based on Espizua and Maldonado,
2007).
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Monte Tronador (41°10′S, Fig. 1) is covered by a thick icecapwhich
feeds several glaciers that flow into Chile and Argentina. The first
detailed glaciological study in this area was carried out in the late
1950s by Lawrence and Lawrence (1959), who dated the moraines of
Glaciar Río Manso (41°12′S, 71°51′W) using tree-ring records and
tephrochronology. Several subsequent studies have focused on the
Tronador glaciers (e.g. Rabassa et al. 1978, 1984; Villalba et al. 1990;
Bown, 2004; Bown and Rivera, 2007; Masiokas et al., in press) but a
relatively detailed chronology of LIA and post-LIA fluctuations is
available only for Glaciar Frías (41°09′S, 71°48′W) and Glaciar Río
Manso (also known as Ventisquero Negro) on the Argentinean side of
the mountain.

Villalba et al. (1990) used dendroglaciological techniques to
develop a detailed chronology of fluctuations for Glaciar Frías during
the past ∼1000 years. Based on careful field surveys, air photo
interpretation, and the tree-ring dating of living trees in the glacier
forefield, they identified at least nine glacier events during the past
millennium (Figs. 2i and 6). The maximum LIA extension was tree-
ring dated to 1638–39 using an ice-scarred tree and other living trees
growing on the moraine. Inside this peak LIA ridge, another living
tree, that was also apparently impacted by ice ca. 1719–21, provided
a precise limiting date for a younger moraine system. Villalba and
collaborators found that increased annual growth of local Fitzroya
cupressoides trees was positively correlated with cool and wet
climatic conditions in this region. This relationship (wider rings
during cool/wet periods) associated with the age of the oldest trees
on inner moraines was used for dating subsequent readvances to ca.
1742–52, 1835–43, 1878–84, 1912–16 and 1941–43. A later read-
vance that culminated in 1976–77 was precisely identified from
direct measurements of the ice front position (available for 1976–
1986) and the tree-ring patterns of another ice-damaged tree
(Fig. 6). Several in situ and reworked stumps were recently found
buried within the most external LIA moraine and immediately
outside an outermost pre-LIA moraine (assumed to have been
formed before 1236 based on the age of the oldest tree sampled on
this deposit; Villalba et al., 1990). This material is currently being
processed and could provide key information to improve the dating
of these outermost moraines.

Glaciar Castaño Overo (41°11′S, 71°49′W) is approximately 4 km
south of Glaciar Frías. Until about the mid 1980s, the lower portion of
the glacier was a regenerated ice cone below a 200 m high bedrock
cliff. This cone has completely disintegrated in recent years (Rabassa,
2007; Masiokas et al., 2008). Rabassa et al. (1984) identified a series of
terminal and lateral moraines downvalley of this cone on the south
margin of the glacier. Using a tentative relationship based on the
diameters of trees growing on these deposits, they concluded that the
most extensive LIA event at this glacier occurred ca. 1818–29. Four
sub-parallel moraine systems located inside these main LIA deposits
were tentatively dated to ca. 1842, 1857, 1884 and 1902 (Rabassa
et al., 1984). On the south side of the glacier cone Röthlisberger
(1986) found a small in situ stump and some roots that were 14C dated
to “modern” times, suggesting that a recent glacier advance might
have overridden these samples.

Masiokas et al. (in press) focused on Glaciar Río Manso and used
field surveys, dendrochronology and the analysis of historical and
aerial photographs to update earlier work by Lawrence and
Lawrence (1959), Rabassa et al. (1984) and Röthlisberger (1986)
and develop a well dated chronology of LIA and post-LIA glacier
fluctuations at this site. The tree-ring dating indicates that the most
extensive glacier expansion of the past several centuries took place
between the late 1700s and the 1830–40s as the glacier thickened
and advanced into adjacent forests. Tree-ring dating of overridden
in situ snags on the inner flank of the north lateral moraine
provides a maximum age of 1789 for this event and a tilted tree and



Fig. 6. Fluctuations of Glaciar Frías in the Monte Tronador area, North Patagonian Andes, during the past four centuries (updated to 2003 from Villalba et al., 1990).
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stumps drowned by an ice marginal lake indicate that this glacier
advance culminated in the 1840s. Living trees growing on this
moraine indicate that the glacier was already in recession by the
mid 1850s, providing closely bracketed dating control for this event.
The only morphological evidence for earlier glacier activity at this
site during the last millennium comes from a south lateral moraine
section that is at least 300 years old (based on the oldest trees
growing on its surface; Masiokas et al., in press). In addition,
Röthlisberger (1986) reports 14C dates from in situ stumps located
on the proximal slope of the north lateral moraine and suggests that
they indicate at least three glacier events occurring around (or soon
after) 950, 600 and 30014C yr BP. A series of moraine ridges on the
southern flank of the glacier provided evidence for several post-LIA
readvances that were tree-ring dated to ca. 1875, 1890, 1899, 1919,
1949, 1955, and during the mid 1970s. A more recent advance has
been tentatively dated to the late 1990s (from aerial and field
photographs; Masiokas et al., in press).

Despite the occurrence of several readvances during the 20th
century, the Tronador glaciers have experienced an overall retreating
trend over this interval, as documented by Masiokas et al. (2008)
using photographs of early views of Frías, Castaño Overo and Río
Manso glaciers (see also Rabassa 2007). On the Chilean side of Monte
Tronador, old photographs dating back to 1898, aerial photographs
and satellite images were used to reconstruct the frontal variations for
Glaciar Casa Pangue: the total retreat amounts to 2.7 km between
1911 and 2007 (Rivera et al., 2002; Fernández et al., 2006; Rivera et al.,
2008; Fig. 2e). The partially debris-covered lower tongue of the glacier
(extending from ca. 1100 to 700 m) has thinned at a rate of 3.6±
0.6 myr−1 between 1981 and 1998 (Bown and Rivera, 2007).

Information about LIA glacier fluctuations in the southern sector
of the North Patagonian Andes is only available for Glaciar Esperanza
Norte and Glaciar Torrecillas on the eastern side of the Andes.
Esperanza Norte (42°15′S, 72°10′W) is a small, land terminating
glacier located in the Cordón de las Agujas range (Fig. 1). Field
surveys indicate up to eleven morainic systems in front of the glacier
snout. Tree-ring dating of these moraines is currently in process and
preliminary results suggest the outermost ridge has been formed in
the early 17th century. Several in situ stumps that were uncovered by
the proglacial stream were found immediately outside this outer-
most moraine. One of these stumps has been dated to 375±4014C yr
BP, which provides complementary evidence for the dating of this
event.

Glaciar Torrecillas (42°40′S, 71°55′W, Fig. 1) was first described by
Colqui and Madejski (1952). The glacier forefield is characterized by
the presence of well-defined lateral trimlines and at least nine,
relatively recent moraine ridges. Preliminary results from tree-ring
samples collected on these deposits have been presented by Masiokas
et al. (2000) but have been complemented by more recent sampling.
The results indicate that the outermost moraine associated with the
most extensive LIA expansion formed before 1738. Garibotti and
Villalba (2009) also studied this area and developed a chronose-
quence for the formation of the moraines using lichens of the species
Rhizocarpon. Their analysis represents the first attempt to develop and
apply lichenometric curves of this species for dating glacier fluctua-
tions in the Patagonian Andes. Vegetated soil covering the surface of
the outermost moraine hampered the use of lichens for dating this
surface but samples from the inner ridges indicate they formed before
1735, 1755, 1891, 1900, 1906, and 1934, respectively. An additional,
inner ridge has been dated to ca. 1937 based on historic photographs
(Garibotti and Villalba, 2009). Several in situ stumps were found
buried by glacial outwash approximately 600 m downvalley from the
outermost moraine (Masiokas et al., 2000). The outer portion of one of
these stumps dated to 440±3014C yr BP and provides additional,
complementary evidence for the occurrence of an earlier, less
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extensive glacier advance that was apparently obliterated during the
maximum LIA expansion.

In Chile, the southern portion of the North Patagonian Andes has
several active volcanoes with glaciers in their calderas or on their
flanks. However, most glaciers are associated with non-volcanic
mountains, such as those near Lago Inexplorado (41°58′S, Fig. 1).
Glaciar Inexplorado has shown an overall recession (with rates of up
to 176 m yr−1) since 1961 when it covered almost the entire upper
valley of Río Blanco (Rivera et al., 2008). This glacier was formed by
two main streams that separated after 1985 and were still receding in
2006, yielding total retreats between 1961 and 2006 of 3340 m and
4060 m for the southern and northern tongues, respectively (Glaciar
Inexplorado 3 and 2, Fig. 2e). The glaciers on Volcán Michinmahuida
(42°48′S; Fig. 1) have also shown noticeable recent retreats. Over the
past three decades, this volcano has lost ca. 13% of its total glacierized
area (from 93.3 km2 in 1979 to about 81.4 km2 in 2007). The largest
glacier in this area is the south facing Glaciar Amarillo (Fig. 2e). Over
the past two centuries, this glacier has been affected by several lahars
during eruptive events of the volcano (González-Ferrán, 1995).
Between 1961 and 1985, the lower tongue of Glaciar Amarillo was
partially debris covered but is currently a stagnant ice mass detached
from the main glacier body (Fernández et al., 2006; Fig. 2e).

7. The South Patagonian Andes (45°–55°S)

The southern portion of the Patagonian Andes supports a very
large number of glaciers including three major icefields (Lliboutry,
1998; Fig. 1). The description of past glacier variations along this
extended region is divided into five sub-regions to facilitate the
interpretation of results.

7.1. Glaciers north of the North Patagonian Icefield

The region north of the North Patagonian Icefield contains many
poorly known glaciers, such as those at Volcán Melimoyu, Volcán
Maca and Volcán Hudson (González-Ferrán, 1995; Fig. 1). One of
largest glacierized areas is located within the 10-km wide caldera of
Volcán Hudson (45°54′S), which is the most active volcano in
southern Chile (Stern, 1991). This volcano has experienced major
eruptions in 1971 and 1991 that generated large lahars due to the
melting and collapse of the ice (Naranjo et al., 1993). The main outlet
is Glaciar Huemules which extends 8 km west from the caldera and is
partially covered by ash and volcanic material from the recent
eruptions (Fig. 2f). In 2005, the total area of Glaciar Huemules was ca.
65 km2 — approximately 25% smaller than in 1979—with most of the
areal loss occurring after the 1991 eruption (Rivera et al., 2006c).
Glaciar Erasmo (46°07′S) is located in a non-volcanic setting south of
Volcán Hudson. This glacier has a size of approximately 45 km2 and
has lost ca. 15% of its area between 1979 and 2005 (Rivera et al.,
2006c; see Fig. 2f for frontal retreat values).

7.2. The North Patagonian Icefield (NPI)

The first aerial photographs of the NPI (Fig. 1) were obtained in
1944/45 by the US Air Force. These photographs allowed the first
complete compilation of the glaciers of the NPI (Keller, 1947;
Lliboutry, 1956). This compilation has been subsequently updated
and improved by Aniya (1988) and Rivera et al. (2007). According to
Rivera et al. (2007) the NPI is formed by 70 glaciers with a total area of
3953 km2 in 2001.

Glaciar Reichert (46°30′S, 73°35′W) and Glaciar Gualas (46°33′S,
73°39′W) are two contiguous outlet glaciers on the northwestern
portion of the NPI. Harrison and Winchester (1998) provide a tree-
ring based minimum age estimate of ca. 1876 (ecesis 6 years) for a
conspicuous vegetation trimline observed at Glaciar Reichert. Trees
growing on two moraines below this limit in front of the proglacial
lake indicate that these deposits were free of ice by ca. 1930 and 1970.
An additional readvance was tentatively dated to ca. 1953. At Glaciar
Gualas, Harrison and Winchester (1998) obtained a similar exposure
tree-ring date of ca. 1876 for an upper trimline and a 1909 date for
another trimline below the 1876 feature. Glacier retreat from a third,
lowest trimline was tree-ring dated to between 1954 and 1964, which
may correspond to a minimum age estimate of 1961 for low moraine
ridges on the northern shore of the proglacial lake. Remnants of an
apparently earlier event were dated to ca. 1936; and a more recent
advance of Glaciar Gualas was observed by Harrison and Winchester
in 1994.

Glaciar San Rafael (46°41′S) is the lowest latitude tidewater glacier
in the world. Antonio Vea named the proglacial lagoon (“Laguna San
Rafael”) in 1675 and provided the first historical reference to a glacier
from the NPI (Casassa and Marangunic, 1987). The first rough map of
the lagoon and the glacier dates from 1766 (García, 1889), and the
first lithograph of the glacier was produced by Captain Simpson from
the Chilean Navy in 1871 (Simpson, 1875). Steffen (1909, 1937)
published some of the first glaciological studies of the NPI and
Brüggen (1936) compiled ice front variations until 1935 based on the
earliest photographs of Glaciar San Rafael taken by Martin Gusinde in
1921(Reichert, 1924). Although different studies show some dis-
crepancies regarding the historical positions of this glacier (see
Winchester and Harrison, 1996), the differences are relatively minor
compared to the general agreement that the glacier has followed an
overall retreating pattern over the past ∼130 years. However, some
advances have been identified within this retreating pattern. Heusser
(1960) reported the advance of the glacier against trees in 1959, and
Winchester and Harrison (1996) indicated a standstill or slight
advance on the north side of the ice front in 1991–93. Araneda et al.
(2007) published a new interpretation of the historical variations of
this glacier, concluding that Glaciar San Rafael reached the LIA
maximum extent around 1875. Figs. 2f and 7 show an updated record
of historical positions for Glaciar San Rafael.

Glaciar San Quintín (46°52′S, 74°04′W; also known as Glaciar San
Tadeo) is located to the south of Glaciar San Rafael and was first
mapped by Darwin (1839). It has also been described by Reichert
(1924) and Brüggen (1950). The moraines and frontal variations of
this glacier were studied by Winchester and Harrison (1996), who
tree-ring dated the LIA maximum advance to the mid-1800s. They
also identified a subsequent advance sometime between 1935 and
1945 based on aerial photographs and earlier reports and observed
that the glacier advanced over vegetated ground during 1991–93.
After this short period of advance, the snout has experienced a strong
thinning and has started to disintegrate in place (Fig. 2f; Aniya, 2001;
Rivera et al., 2007).

On the northeastern side of the NPI, Aniya et al. (2007) identified
threemainmoraine systems in front of Glaciar Exploradores (46°30′S;
73°10′W). No conclusive dating control was provided for the
formation of the outermost moraine, but Aniya and collaborators
used two radiocarbon dates of 870±60 and 820±60 14C yr BP
obtained from wood embedded in the second moraine (six samples
were collected) and a rough estimate of the age of an associated tree,
to postulate that this moraine was formed between the 12th and 17th
centuries. The innermost moraine system was apparently formed in
two pulses: seven 14C dates (ranging between 108 and 147 14C yr BP)
obtained from organic material associated with the moraines indicate
the first pulse occurred during the early-mid 19th century and aerial
photographs suggest the latest pulse took place after 1944 (Aniya et
al., 2007).

Harrison et al. (2007) studied Glaciar Calafate in the Río Leones
valley (46°44′S, 73°05′W) and identified two moraines in front of
the glacier. Minimum ages derived from a combination of lichen and
tree-ring dates indicate that these deposits probably formed prior to
1871 and 1925, respectively. Glacier recession after 1925 led to the
formation of a moraine-dammed lake that was affected in 2000 by a



Fig. 7. Fluctuations of the tidewater Glaciar San Rafael, North Patagonian Icefield, Chile, during the past 136 years.
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large rockfall which caused a catastrophic glacial lake outburst flood
and deposited ca. 2 million m3 of material along the Calafate and Río
Leones valleys (Harrison et al., 2007). At the nearby Glaciar León,
Harrison et al. (2008) used a combination of lichenometric,
dendrochronological, cosmogenic and optically stimulated lumines-
cence (OSL) techniques to provide a late-Holocene record of
fluctuations for this calving glacier. Cosmogenic and OSL dates
from a terminal moraine complex at the end of the 10-km long Lago
Leones indicate glacier recession from these deposits after ca.
2500 yr BP. Three large, inner ridges were identified by bathymetric
surveys on the lake floor between the lake-end moraine and the
present glacier front. No dates are available for the outer two of
these ridges but the inner one was identified as the LIA maximum
extent and dated to ca. 1867 (using the age of a tree sampled on a
small till-covered peninsula on the northern lakeshore ca. 3.5 km
from the present ice front). As the glacier was in 1945 ca. 300 m
from its 1991 position, Harrison et al. (2008) postulate that most of
the post-LIA recession probably took place in the first half of the
20th century. They also identify a ca. 190 m advance of the ice front
between 1994 and 1999 and a subsequent retreat of ca. 100 m for
1999–2000.

Radiocarbon dating of stumps in the forefield of Glaciar Soler
(46°55′S, 73°09′W) provides one of the better indicators of “early LIA”
glacier activity for this part of the Andes (Glasser et al., 2002). Seven
samples of reworked wood collected from reworked glaciolacustrine
sediments in front of the 1999 ice margin were dated to between 600
and 1015 14C yr BP and indicate that the glacier overrode the
proglacial lake bed sometime during the earlier part of the past
1000 years. Two samples of trees with in situ roots plastered onto a
large boulder immediately in front of the glacier were dated to 536±
40 and 782±45 14C yr BP and, according to Glasser et al. (2002),
constrain the period of glacier advance to between AD 1222–1342.
Aniya and Naruse (1999) report a date of 270±50 14C yr BP for tree
leaves in a depression within the terminal moraine. They indicate that
the LIA maximum advance occurred ca. AD 1650 but, given the
context and type of evidence, this may not be a closely limiting dating
control. More recent advances at Glaciar Soler were roughly dated to
1850, 1890, 1910, and 1940 using tree ages with an ecesis period of
50 years (Sweda, 1987).

Glaciar Nef (47°07′S, 73°11′W) is a 14-km-long outlet glacier on
the eastern side of the NPI. This glacier has retreated ca. 3360 m
between 1944 and 2000 (Aniya, 2001) which has led to the formation
of a proglacial lake that is bordered by a complex moraine system
comprising several moraine ridges. According to lichen dating
estimates, Winchester et al. (2001) conclude that the outermost
terminal ridge was formed before AD 1863. An additional minimum
date of ca. AD 1884was obtained for a ridge inside this outermost limit,
and at least fivemore push ridges of decreasing height were identified
between the 1884-limit and the lake shore. The innermost of these
ridges beside the lake was dated using tree-rings and lichens to ca.
1935. The age of two mature trees growing along an older lateral
moraine on the west valley side was extrapolated using the trees'
diameter and an estimate of the number ofmissing rings from the pith.
According to this preliminary evidence, Winchester et al. (2001)
suggest that the lateral morainesmay have been deposited prior to AD
1370.

Harrison and Winchester (2000) studied the variations of three
adjacent glaciers (Colonia, Arenales and Arco) on the southeaster
margin of the NPI (ca. 47°14′S, 73°15′W). Glaciar Arenales joins
Glaciar Colonia from the west. At the junction of these two glaciers,
lichen and tree ages on a lateral trimline to the west of the valley
indicate that the ice was in recession by ca. AD 1883. Below this
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trimline there are four lateral moraines: lichens on the highest of
these moraines suggest that this surface was ice free by 1970. Field
examination of the morphological characteristics of the ice and
sediments at the junction of these glaciers suggests that the
Arenales tongue was advancing in 1996. Several additional tree-
ring dates associated with the upper trimlines along the Colonia
valley indicate a LIA maximum extent of Glaciar Colonia during the
late 19th century. Lichen and tree-ring dates on fragments of inner,
lateral and terminal moraines indicate minimum ages of ca. 1904,
1914–17, 1945–48 and 1980 for these deposits. A 90-m-high
terminal moraine marks the maximum extent of Glaciar Arco
during the LIA. Although it is uncertain when the glacier deposited
this moraine, a lichen date on the moraine and trees growing on
lateral trimlines indicate the ice was already in recession by AD
1881. A subsequent readvance ca. 1956 was identified from a tree-
ring date obtained on the distal side of a recessional moraine located
between Lago Arco and the present glacier snout (Harrison and
Winchester, 2000).

7.3. The South Patagonian Icefield (SPI)

Aniya et al. (1997) determined the total area and frontal variations
of the 48 major glaciers of the SPI (Fig. 1) between 1944 and 1986
using 1:250,000 preliminary maps, aerial photographs and satellite
imagery. They found that the SPI and surrounding small glaciers had a
total area of ca. 13,000 km2 in 1986. Over the 1944–86 interval 42
glaciers retreated, 4 glaciers (HPS 13, HPS 15, Calvo and Spegazzini)
were in equilibrium, and 2 glaciers (Pío XI and Moreno) increased in
size. Other authors have extended this record using historical data and
recent aerial photographs and/or satellite images of individual
glaciers (Warren and Aniya, 1999; Aniya et al., 2000; Skvarca and
De Angelis, 2002; Rivera and Casassa, 2004; Raymond et al., 2005).
These analyses conclude that an overall pattern of retreat dominates
the regional behavior of glaciers at the SPI.

On the Chilean side of the icefield, most glaciers have been
retreating and thinning at very high rates during recent years. The few
exceptions to this pattern are the Glaciar Trinidad (49°25′S), which
was advancing against trees until 2000 (Rivera et al., 2002), and
Glaciar Pío XI (49°08′S, 73°54′W), which was advancing until recent
times. This glacier was first visited by Juan Ladrillero in AD 1558 and
has the longest record of frontal variations in the SPI (King, 1839;
AHMC, 1880). The first map of the glacier was prepared in 1830 (King,
1839). Since then, Glaciar Pío XI advanced approximately 7200 m to an
initial maximum in 1928 (De Agostini, 1945), then retreated ca.
2450 m until 1945 (Rivera, 1992) when both arms of the glacier
started advancing again for 11 km to reach their Holocene maximum
extent in 1994 (Warren et al., 1997). At that time, the southern arm of
the glacier was destroying trees that were more than 350 years old
(Rivera et al., 1997a). Between 1995 and 1999, the glacier was
relatively stable with an overall minor retreat. But by 2000 the glacier
readvanced again reaching a position close to the 1994-maximum
extent in 2008. The anomalous behavior of Pío XI has been associated
with surging events (Rivera et al., 1997a,b) and, therefore, the frontal
fluctuations are probably not directly related to climate (Warren et al.,
1997).

Mercer (1970) visited the northwestern portion of the SPI in
1967–68 and studied the Late-Glacial and Holocene variations of
several outlet glaciers (from north to south: Ofhidro Norte, Ofhidro
Sur, Bernardo, Témpano and Hammick). Excellent descriptions and
extensive evidence was provided for these glaciers. However, for the
past 1000 years, Mercer reported evidence from a few sites only. At
Glaciar Ofhidro Norte (48°26′S, 73°49′W) he described four moraines
bounding a small proglacial lake; the innermost was treeless but the
three outer moraines had trees that were 45, 50 and 105 years old.
Allowing 70 years for the establishment of seedlings, he estimated the
deposits were formed between about AD 1790 and 1850. In an
inactive outwash plain about 700 m outside the outermost moraine,
Mercer found stumps rooted in peat that had been exhumed by the
proglacial stream. These stumps were ca. 3 m below the outwash
surface. One sample was dated to 800±95 14C yr BP, which provided
strong evidence that a glacier advance was in progress around the
early 1300s (Mercer, 1970).

Glaciar Bernardo (48°37′S, 73°54′W) was separated from Fiordo
Bernardo by a 2-km wide outwash plain (Mercer, 1970). A narrow
belt of small moraine ridges was described across the outwash
between 500 and 600 m from the ice front position. As trees on the
outermost ridge were ca. 115 years old (and between 75 and
85 years old in the inner ridges), Mercer estimated that the glacier
reached the greatest extent around AD 1775 and fluctuated near
this point for 35–45 years. Only 100 m from the 1968 ice front
position, he found that stream erosion had exhumed rooted stumps
of mature trees (up to 1.5 m in diameter) buried by outwash and
covered with till. One sample was 14C dated to 270±90 yr BP.
Mercer estimated that these trees were overridden by the glacier
probably between the 15th and 18th centuries. The frontal moraines
on the outwash plain continue as lateral moraines and several tilted,
dead trees were found immediately outside the outermost ridge.
Unfortunately, no living tree was found to provide a precise date for
the tilting of these specimens. However, Mercer (1970) concluded
that the late 18th century advance was probably the greatest of the
recent centuries.

Along the south margin of the terminal, calving portion of Glaciar
Témpano (48°43′S, 73°58′W), Mercer (1970) described four lateral
moraines that formed in the past few centuries. According to aerial
photographs, a fresh innermost ridge was close to the ice margin in
1945, whereas three outer ridges (with trees of up to 140 years old
on the outermost deposit) were within 60 m distance from the inner
moraine. Mature forest surrounds these moraines but along the
forest trimline, Mercer found a tilted but still living Pilgerodendron
uviferum tree. Examination of the growth rings patterns of this tree
indicated that it was tilted during the moraine emplacement around
AD 1760.

The last outlet glacier visited by Mercer on the northwest side of
the SPI was Glaciar Hammick (also known as Glaciar Occidental;
48°50′S, 74°09′W). In 1968, the ice margin was about 50–200 m away
from a massive, forested end moraine with a smaller moraine
superposed on its inner face (Mercer, 1970). As trees on these two
moraines were 150 and 60 years old, Mercer estimated that they were
formed ca. AD 1750 and AD 1840, respectively. Fourmuch smaller and
treeless ridges (the outer two completely vegetated, the third
partially vegetated and the innermost bare) were described between
the outer moraines and the ice margin. Aerial photographs indicate
that the glacier front was close to the inner ridge in 1945 but had
receded by 20 to 60 m until 1968 (Mercer, 1970). Outside the 18th
century moraine there is an older moraine with mature forest.
Between these two ridges there is inactive outwash presumably
associated with the most recent advance. Meltstream erosion had
exhumed many in situ stumps that are less than 25 cm in diameter
and reach about 2 m into the outwash. No date was reported for these
stumps but Mercer indicates these trees were probably growing no
more than a few centuries before the 18th century maximum. An
additional set of much larger (up to 1.5 m in diameter) in situ stumps
was also found in the area where the proglacial stream cuts through
this moraine. These trees were buried by outwash and covered with
till, but according toMercer they were not related to the stumps in the
outwash outside the moraine. A date of 2800±100 14C yr BP from the
outer portion of one of these stumps corroborates this assertion and
indicates that the outwash that buried these larger trees is
significantly older than the overlying 18th century moraine (Mercer,
1970).

In 1981 Röthlisberger visited several glaciers in the vicinity of
Lago O'Higgins on the northeastern margin of the SPI (Fig. 1) and
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reported extensive evidence for past glacier activity in this area
(Röthlisberger 1986). Reworked and in situ tree stumps, together
with tephra layers and paleosoils directly affected by glacier
deposits, were radiocarbon dated to obtain approximate dates for
the occurrence of several Holocene glacier advances and volcanic
eruptions in the region. However, we will concentrate on evidence
for glacier advances during the past ∼1000 years and, in particular,
on evidence from in situ material. This material provides, compared
to reworked material, more robust and accurate information about
the specific timing and location of past glacier frontal positions (for
further details see Röthlisberger, 1986). In front of the SPI outlet
Glaciar Bravo (48°39′S, 73°12′W), Röthlisberger found up to six
poorly preserved end moraine ridges. On the left proximal slope
behind a bedrock outcrop and about 50–70 m above the ice surface
and 80 m below the lateral trimline, he found the remnants of a
buried forest with a 30–60 cm thick paleosol. Three in situ stumps
were dated to 665±80, 270±100, and 165±50 14C yr BP, which
was interpreted as evidence for two separate glacier advances
around 670 14C yr and 270 14C yr BP. Based on historical photographs
(De Agostini, 1945) he also estimated a ∼500 m glacier front
recession between 1937 and 1981.

Further south from Glaciar Bravo, Röthlisberger visited Glaciar
O'Higgins (48°55′S, 73°07′W). This glacier is a large outlet of the SPI
and has a ∼4 km-wide front that calves into Lago O'Higgins. The
glacier front has experienced a drastic retreat of about 14.6 km
between 1896 and 1995 (Fig. 2g; Casassa et al., 1997). There is a clear
trimline that is at some points about 400 m above the lake level
(Röthlisberger, 1986). Below this trimline, at about 9 km from the
glacier front and 200 m above Lago O'Higgins, Röthlisberger found an
impressive set of well-preserved reworked and in situ stumps (see
Fig. 181, p. 241 in Röthlisberger, 1986). Two of these stumps were
dated to 790±55 and 345±55 14C yr BP. Although they were
apparently buried by glacial drift and may point to two different
glacier events, Röthlisberger doubted the origin of these samples and
suggested that this particular group of stumps might alternatively
represent the remnants of a portion of forest that collapsed from the
lateral slopes due to recent glacier shrinkage.

The frontal recession of Glaciar O'Higgins is one of the most
impressive recent recessions of all outlet glaciers in the SPI (Fig. 2g,
Casassa et al., 1997). This recession continued between 1995 and
2001, which opened a new bay between O'Higgins and GAEA glaciers
(Rivera, 2004). Other Chilean glaciers with noticeable retreating
patterns are Amalia and Jorge Montt (Rignot et al., 2003) and those in
Torres del Paine National Park (especially the Dickson and Grey
glaciers, Rivera and Casassa, 2004). In contrast, the SPI outlet Glaciar
Chico has shown relatively minor recession (2.6 km during the 20th
century, Fig. 2g; Rivera, 2004; Rivera et al., 2005b). Glaciar Viedma
(Fig. 2g) is the biggest outlet flowing from the SPI into Argentina and
was mapped in 1903 (Risopatrón, 1905) and in 1916 (Kölliker et al.,
1917). This glacier has also shown a relatively little retreat over the
20th century (Rivera et al., 2008).

Glaciar Upsala (50°S, 73°20′W) has a 4 km-wide calving front in
Lago Argentino and has thinned and retreated drastically during the
20th century (Aniya and Skvarca, 1992; Aniya et al., 1992; Naruse et
al., 1995; Aniya et al., 1997; Warren and Sugden, 1993; Aniya, 1999).
The late Holocene fluctuations of this glacier were first studied by
Mercer (1965). More recent work has provided additional informa-
tion that has modifiedMercer's original glacial chronology for this site
(Aniya, 1995; Aniya and Sato, 1995a). The available evidence suggests
that Glaciar Upsala has experienced at least four major advances
during the past 3000 years. The two older advances occurred ca.
2400–2200 years BP and ca. 1600–1400 years BP based on 14C dating
of subfossil wood and basal peat samples associated with moraines
(Mercer, 1965; Aniya, 1995). Using tree-ring counts two later
advances have been dated to between AD 1600 and AD 1760, and to
the early 19th century (Mercer, 1965).
Glaciar Ameghino (50°25′S, 73°10′W) is another low-gradient
eastern outlet glacier from the SPI (Figs. 2g and 8). Nichols and
Miller (1951) described a series of terminal and lateral moraines in
front of the glacier and a “small” moraine-dammed lake between
the ice and the terminal moraine. They also described a clearly
visible trimline at both sides of the valley about 150m above the
glacier level. Based on field surveys and tree-ring counts of trees
growing inside the trimline, they estimated that these features
formed at around the same time ca. AD 1870–1880 (Fig. 8).
However, their most important finding was an in situ buried forest
exposed by erosion of the proglacial stream in the valley bottom in
front of the terminal moraine. Nichols and Miller suggested that
these “hundreds of dead trees” were buried by glacial outwash
during the formation of the lateral and terminal moraines.
However, no radiocarbon dates were reported for the stumps.
Aniya (1996) radiocarbon dated a tree that had been apparently
crushed by the right lateral moraine at the trimline to 320±80 14C
yr BP, and dated this lateral trimline to about AD 1600–1700. He
also identified remnants of three minor moraines outside the
Nichols and Miller's terminal moraine (Fig. 8). One in situ stump,
associated with the outermost of these three moraines, was 14C
dated to 380±80 14C yr BP. Another exhumed (but not in situ)
stump, assumed to be related to the buried forest described by
Nichols and Miller (1951), was 14C dated to 480±80 14C yr BP.
Therefore, Aniya (1996) dated the formation of the outermost
moraine and the deposition of the glacial outwash that buried the
forest to about AD 1500. Several living trees and more than 100
cross-sections from the buried forest were sampled by members of
the Instituto Argentino de Nivologia y Glaciologia (IANIGLA,
Mendoza) in 2000 and 2004. A preliminary floating chronology
built from these stumps and several 14C dates were presented by
Masiokas et al. (2001). We have not been able yet to crossdate the
floating tree-ring series with the oldest living trees sampled on the
adjacent slopes outside the glacier forefield. The 14C ages obtained
from the outer portion of several stumps range between 315±30
and 150±3014C yr BP (Fig. 8).

With a calving front ca. 5 kmwide, Glaciar PeritoMoreno (50°28′S,
73°02′W) is a major eastern outlet of the SPI. This glacier has
experienced several readvances during the 20th century. This
anomalous behaviour has attracted considerable scientific attention;
Glaciar Perito Moreno is the most visited and one of the better studied
glaciers in Argentina (e.g. Heim, 1951; Nichols and Miller, 1952;
Lliboutry, 1953; Mercer, 1968; Warren, 1994; Warren et al., 1995;
Skvarca and Naruse 1997; Skvarca et al. 2002, 2004). Based on several
14C dates from peat samples in front of the glacier margin, Mercer
(1968) concluded that the ice front has not advanced beyond its
current position during the past 10,000 years. Aniya and Sato (1995b)
dated an in situ stump at the south lateral trimline to 820±80 14C yr
BP and suggested that the glacier advance that affected this tree
probably occurred during the 12th century.

Glaciar Frías (50°45′S, 73°05′W; homonymous to that described
for the Tronador area at around 41°S), is located a few km to the
south of Glaciar Perito Moreno. With about 9 km in length, it is one
of the smallest outlet glaciers of the SPI. Mercer (1968, 1976)
identified three recent moraines within one km from the present ice
margin. Although the approximate age for these three younger
moraines was not estimated, Mercer reported the age of some trees
sampled on the deposits and on the glacier forefields. Based on this
information and using an ecesis correction of 100 years (a value that
Mercer used in several other glaciers in the region), we have
estimated the formation of the three younger moraines to the mid-
19th, early-19th, and mid-17th centuries. The recent variations of
this glacier have been documented by Rivera and Casassa (2004).
These authors determined a total area loss of 11% between 1945 and
2000 (5.9 km2 in 1945) and a thinning rate of 1.4 m yr−1 between 1975
and 1995.



Fig. 8. (Left) Historical fluctuations of Glaciar Ameghino, South Patagonian Icefield, Argentina. The location of the buried in situ stumps (dots) and the main moraine ridges (white
dotted lines) identified in front of the glacier are also indicated. (Right) Length of record, radiocarbon dates and mean tree-ring width chronology for in situ stumps buried by
outwash at Glaciar Ameghino (modified from Masiokas et al., 2001).
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Further south in the Torres del Paine area (Fig. 1), Marden and
Clapperton (1995) describe a series of bare or partially vegetated
recent moraines situated close to the modern glaciers. At the SPI
outlet Glaciar Grey they provide minimum tree-ring dates for these
moraines and indicate a main LIA extension around AD 1660 (100-
year ecesis used). Dates of formation for younger deposits were
estimated to ca. AD 1805, AD 1845 and AD 1890 (Marden and
Clapperton, 1995). Twentieth-century frontal variations of Glaciar
Grey and Glaciar Dickson (another SPI outlet glacier adjacent to
Glaciar Grey) are shown in Fig. 2g.

7.4. Glaciers adjacent to the South Patagonian Icefield

Monte San Lorenzo (47°35′S, 72°21′W, 3706 m) is the third-
highest summit in the Patagonian Andes and covers an area of
approximately 25 km×25 km astride the border between Chile and
Argentina (Fig. 1). The Italian priest Alberto De Agostini explored this
area in the early 1940s and provided excellent photographs of the
glaciers and valleys in this region (De Agostini, 1945). Glacier San
Lorenzo Sur (47°35′S, 72°20′W) is one of the largest ice bodies of
Monte San Lorenzo and has shown a drastic thinning and frontal
recession during recent decades (Fig. 2i). The glacier forefield has five
well-defined moraine systems indicating at least five different glacier
advances during the past 500 years. The innermost moraine ridge
lacks vegetation for dendrochronological dating, but tree-ring dates
from the four outer moraine systems indicate they were formed prior
to AD 1665, AD 1769, AD 1819 and AD 1864 (García-Zamora et al.,
2004). A similar study at glaciers Calluqueo, Río Tranquilo, and Arroyo
San Lorenzo on the Chilean side of the mountain identified seven
well-defined moraines dated to between ca. AD 1600 and the early
1900 s (Aravena, 2007). Glaciar Calluqueo has the most complete
sequence of moraines with minimum age estimates dating to ca. AD
1652, 1683, 1715, 1742, 1760, 1845 and 1910. The lateral and terminal
moraines formed by the five earliest advances were relatively similar
in size. However, after ca. AD 1760 the glacier tongue experienced a
huge downwasting of more than 100 m of the ice surface. Since 1940
the ice front has receded approximately 2500 m, and the rapid
collapse of the lower portion of the glacier has resulted in the
formation of a proglacial lake (Aravena, 2007). Fernández et al. (2006)
report a continuous retreat for Glaciar Arroyo San Lorenzo between
1975 and 2003 (Fig. 2f).

In 1966 Mercer visited Glaciar Narváez (48°29′S, 72°24′W),
located in the Sierra de Sangra about 50 km to the east of the
northern tip of the SPI (Fig. 1). Mercer (1968) reported that the glacier
had formed a 2 km-long proglacial lake behind a bare terminal
moraine. He also indicated that, according to historical photographs
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(Hatcher, 1903), the lakewas just starting to form by AD 1897. At least
two older moraines with immature forest cover were identified
downvalley of this “bare” moraine, with 200 year-old trees on the
outermost moraine. Based on this information, Mercer estimated that
the bare, inner moraine probably formed about AD 1880, whereas the
outer moraine formed during the 17th century. IANIGLA members
visited this site in 2001 and found in situ stumps in a stream cut
through a southern lateral moraine. This moraine was initially
correlated with Mercer's 17th century glacier advance, but four 14C
dates obtained from the stumps (925±30, 720±35, 655±30, and
645±4514C yr BP) seem to indicate that they were buried by an
earlier event that probably occurred between the 12th and 14th
centuries (Masiokas et al., 2001).

Röthlisberger (1986) visited Ventisquero Huemul (located in the
vicinity of Glaciar O'Higgins and also known as Glaciar Mellizo Norte,
Aniya et al., 1996) and identified up to seven moraine systems on the
left margin of a ∼1 km long proglacial lake and the vegetation trimline
about 150–200 m above the ice surface. One in situ stump exposed by
erosion on the left proximal slope was dated to 465±65 14C yr BP and
suggests a glacier advance after that time.

Masiokas et al. (2009) provide a detailed map and preliminary
tree-ring dating of the main moraine ridges observed at three small,
east facing glaciers located immediately to the west of Lago del
Desierto, Argentina (49°04′S, 72°54′W; Fig. 1). Between eight and 10
moraine ridges were observed in front of these three glaciers, and
minimum dates from trees sampled on selected moraines suggest the
main LIA advances occurred in the early 17th century. Tree-rings from
in situ, overridden material and living trees growing on the moraines
provide well dated evidence for an advance in the early 17th century
at all three glaciers. Two or three subsequent advances were
identified at the Lago del Desierto glaciers. Living trees growing on
the moraines indicate that most of them formed in the first half of the
20th century. Garibotti and Villalba (2009) developed a logarithmic
lichen growth curve that allowed the dating of selected moraines at
Glaciar Huemul (Glaciar Lago del Desierto II in Masiokas et al., 2009).
Due to the lack of trees, dendrochronological dating of thesemoraines
was not possible.

Masiokas et al. (2009) also present an updated compilation of
available evidence for late Holocene glacier fluctuations at the
Piedras Blancas and Torre glaciers, in the Monte Fitz Roy area
(49°19′S, 73°01′W, Figs. 1 and 2i). Their study indicates that the LIA
maxima at these sites occurred probably around the late 1500s–
early 1600s. Conspicuous moraine ridges outside the LIA deposits
suggests at least three earlier glacier events in this area. For the
inner of these older deposits, Mercer (1965) provided a minimum
age of 800±85 14C yr BP derived from a basal peat sample collected
immediately outside the moraine. The formation of the innermost
moraines at Glaciar Torre was tree-ring dated to AD 1727, 1799,
1866 and during the late 19th century–early 20th century (see
Masiokas et al., 2009). At Glaciar Piedras Blancas, three moraines
were observed inside the main LIA deposits. The limited evidence
available indicates that the innermost moraine was formed ca. 1931.
Garibotti and Villalba (2009) sampled over 400 lichens on the
Piedras Blancas forefield and concluded that the moraine located
outside the 1931 limit was formed ca. 1904. A more recent
readvance that occurred between 1968 and 1981 was identified
from aerial photographs (Masiokas et al., 2009).

The Cañón Cerro Norte area (50°S, 73°15′W, Fig. 1) is a north–
south valley located 5km to the east of Glaciar Upsala. Mercer (1965)
studied this area to examine the differences between a large low-
gradient outlet glacier (Upsala), and two short steep glaciers that are
not connected to the SPI. Four moraine systems were identified at
Glaciar Dos Lagos. Assuming 100 years for ecesis and using the age of
the oldest trees growing on the deposits as a reference, a massive
moraine located about 500 m from the ice front position (measured in
the 1960s) was dated to ca. AD 1760. The three innermost moraines
were dated to around AD 1780, AD 1820 and the early 1900s. At the
nearby Glaciar Cerro Norte, one in situ stump exposed by stream
erosion was dated to 390±85 14C yr BP. This date provides an age
estimate for the formation of a large, forested moraine that has been
almost completely covered by another younger 120 m-high moraine
(Mercer, 1965).

Röthlisberger (1986) also provides evidence for Holocene
advances at several small glaciers in the Torres del Paine area on
the southwestern margin of the SPI (Fig. 1). On the right (west)
margin of Glaciar Francés (51°01′S, 73°02′W) he found a palaeosoil
exposed with many roots ca. 3 m below the lateral moraine crest. Two
14C dates of 675±45 and 235±65 14C yr BP from samples of humic
acid and in situ wood, respectively, were obtained from this cross-
section. Accordingly, Röthlisberger suggested two separate glacier
advances. A similar geomorphological setting was observed at Glaciar
Perro (50°56′S, 73°06′W), where a palaeosoil and several overridden
in situ stumps were found along a bedrock outcrop on the right lateral
moraine ca. 30 m below the crest. Four 14C dates (795±80, 345±100,
295±75 and 260±50 14C yr BP) were obtained from the stumps
whereas two additional dates (1730±80 and 205±50 14C yr BP)
resulted from samples of humic acid and embedded wood in the soil,
respectively (Röthlisberger, 1986). The disparity of the dates and the
location of the samples in a sheltered site led Röthlisberger to suggest
the existence of different generations of trees and soils with different
ages indicating separate advances around or after 1700, 800 and 400–
200 years BP.

7.5. Glaciers in the Magallanes-Tierra del Fuego region

The administrative region of Magallanes in Chile contains many
small icecaps and mountain glaciers that have been much less studied
than the glaciers of the icefields further north (Fig. 1). Koch and Kilian
(2005) studied the LIA fluctuations of Glaciar Lengua and used
dendro-geomorphological analyses to date several moraine systems
damming a small proglacial lake. Tree-ring dates (20-year ecesis
used) indicate the main moraines were formed ca. AD 1628, 1872–75,
1886, 1902, 1912 and 1941. The dating of the advance in the 1870s
was more precisely determined using death and tilt dates of trees
associated with the moraine. An older, outermost moraine was also
identified and tentatively dated to between the 13th and 15th
centuries, assuming a correspondence with other glacial advances in
Patagonia (Koch and Kilian, 2005).

Two additional glaciers recently studied in this region are
Alejandro and Beatriz on Santa Inés Island (53°45′S, 72°30′W;
Aravena, 2007). At these sites, several glacier advances were
identified that produced well-defined, clearly separated frontal
moraines. Using an ecesis of 32 years, tree-ring based minimum age
estimates indicate that the main moraines at the flat valley of Glaciar
Alejandro formed ca. AD 1675, 1758, 1794, 1843 and 1895 (Aravena,
2007). The moraine system at Glaciar Beatriz had fewer and younger
moraines. The oldest advance was dated to ca. AD 1773. This advance
overrode likely any evidence of earlier events since a prominent
bedrock outcrop constricts the downvalley extent of ice. Subsequent
advances are indicated by small moraines located on the inner slope of
the oldest moraine. These were dated to ca. AD 1845, 1916 and 1945.
A basal radiocarbon date of 5310±80 14C yr BP from surface peat ca.
0.5 km outside the LIA limit of Glaciar Beatriz indicates that the LIA
advance of this glacier was the most extensive in the last 5300 years
(Aravena, 2007).

Other sites with significant glacier areas in the Magallanes
region are the Monte Sarmiento massif and the Cordillera Darwin
in Tierra del Fuego (Fig. 1). The Schiaparelli and Conway glaciers on
the western side of Monte Sarmiento (54°27′S) were first described
by King (1839; Rivera et al., 2008). Following his voyage in the
“Beagle”, Captain Fitz-Roy (1839) also published a lithograph of
this mountain with a glacier that seems to have reached the ocean
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in AD 1836. Conway (1902) who first climbed Monte Sarmiento
described the glacier as having retreated from the AD 1836 position
behind densely vegetated moraines. In 1913, De Agostini (1959)
also visited the area, took the first available photograph of the
glacier and prepared a map using aerial photographs from 1945
(Lliboutry, 1956). Mercer (1967) argued that Fitz Roy incorrectly
concluded that the glacier was reaching the ocean in 1836 because
it was behind dense forest when Conway visited the area in early
20th century. Although Fitz Roy's 1836 lithography seems to be
conclusive, a more detailed analysis of this site, including the tree-
ring dating of trees growing on the frontal moraines is needed to
resolve this question.

Strelin et al. (2008) studied the Holocene variations of Glaciar Ema
(54°25′S, 70°44′W), on the eastern side of Monte Sarmiento. For the
past 1000 years they identified an advance around 695±95 14C yr BP
based on dates fromwell-preservedwood embedded in till exposed in
a stream cross-section. At least six subsequent events were identified
during the second half of the last millennium. Three events were
dated to ca. 379±75, 335±70, and 251±70 14C yr BP based onwood
samples within till, whereas soil development and tree size were used
for tentatively dating three minor periods of glacier reactivation (or
standstills during recession) to ca. 120–100, 100–70, and 70–60 yr BP
(Strelin et al. 2008).

At Bahía Pía on the southern sector of Cordillera Darwin (54°40′S,
70°W), Kuylenstierna et al. (1996) identified three late Holocene
glacier advances based mainly on sedimentological evidence. The
dating of wood in a silt/sand layer within two till units provides
evidence for a glacier advance prior to 940±70 14C yr BP. An
additional advance was inferred between this date and 675±70 14C
yr BP. This date was obtained from a basal gyttja and peat overlaying a
Fig. 9. Recent fluctuations of Glaciar Garibaldi at the southern edge of Cordillera Darwin, T
southernmost South America.
bed of silt that, according to Kuylenstierna et al. (1996), was
associated with the upper till mentioned above. Interestingly, no
morphological evidence was found at Bahía Pía for glacier advances
during the “classical” LIA period of the last centuries.

Holmlund and Fuenzalida (1995) studied the recent behavior
of the glaciers in the Cordillera Darwin. They describe an
interesting contrast between glaciers that are retreating on the
northern and eastern flanks of the cordillera and glaciers that
reached recently positions at or close to their Holocene maxima on
the southern and western flanks. Glaciar Marinelli, located on the
northern margin of Cordillera Darwin, has experienced a very
noticeable retreat of 11.5 km between 1903 and 2002 and the
collapse of the lower tongue of the glacier between 1992 and 2000
(Porter and Santana, 2003; Fig. 2h). In contrast, at least two south-
facing glaciers on the southern edge of Cordillera Darwin were
advancing in 2007: a glacier at Bahía Pía (54°26′S; Porter, personal
communication), and Glaciar Garibaldi (54°40′S) which was
advancing against trees in January 2007 (Figs. 2h and 9). It is
interesting to note that (except for isolated examples such as
Glaciar Perito Moreno and Glaciar Pío XI in the SPI, see above) the
southern edge of Cordillera Darwin is the only region in the
Patagonian Andes where several glaciers have been concurrently
advancing in the last few years.

Past glacier fluctuations of four small cirque glaciers have been
studied in the Cordón Martial, Cordillera Fueguina Oriental, Tierra
del Fuego (54 47′S, 68 24′W; Strelin and Iturraspe, 2007).
Assuming regional stratigraphic correlations and using the dating
of glacier events at Glaciar Ema as a reference (see above), Strelin
and Iturraspe indicate that the main LIA advances of glaciers at
Cordón Martial occurred around 330 14C yr BP. Since that advance,
ierra del Fuego, Chile. This glacier is one of the few ice masses currently advancing in
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glaciers have receded slowly until ca. 60 years ago, when the rate
of glacier retreat accelerated. Between 1984 and 1998, Glaciar
Martial Este lost about 0.64×106 m3 of ice. Modelling results based
on the annual mass balances recorded in Glaciar Martial Este since
Fig. 10. Compilation of evidence for glacier advances over the past millennium in Andean
classified as follows: aerial photos and/or satellite imagery (brown bars); direct observations
(light and dark gray bars, respectively), showing 2σ uncertainty ranges and the most probab
(light and dark green bars, respectively); lichen dates (blue bars). Note: (*) Four glaciers a
Tunuyán Sur basin (ca. 33°40′S; see Appendix B).
1998 and future regional temperature projections for the region
suggest that it is only Glaciar Martial Este, the largest of the four ice
masses, that will survive the 21st century (Strelin and Iturraspe,
2007).
South America between ca. 17° and 55°S (see Appendix B for details). The evidence is
and/or historical documents (black bars); minimum andmaximum radiocarbon dating
le calibrated date as a white box; minimum and maximum tree-ring based estimations
t Cerros Tupungato, Tupungatito, and San Juan (ca. 33°15′S); (**) Five glaciers in the



Fig. 11. Glacier advances in the extratropical Andes of South America during the past 1000 years. The diagram is based on Appendix B and Fig. 10 and events are grouped into 20-year
periods. Advances identified by the original authors as the LIA maximum extent are indicated by dark gray bars, whereas other advances are indicated by light gray bars. For dates
based on radiocarbon determinations we used the mid-point of the most probable calibrated age range (white boxes in Fig. 10). Except for (a), the histograms in (b–e) are portrayed
using the same scale to show the relative differences in the number of dated glacier advances in each subregion.
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8. Summary and conclusions

The Andes of extratropical South America contain an extensive
glacierized area and an extremely rich variety of glaciers. Given the
particular geographic location of this mountain range with respect to
other glacierized landmasses in the Southern Hemisphere, this region
has the potential to provide unique insights regarding the nature and
mechanisms of past and present glacier variations and their relation-
ships with atmospheric processes at local, regional and hemispheric-
global scales. The extensive compilation of evidence on glacier
variations discussed in this paper provides an updated overview of
the type, quality and limitations of the data currently available. This is
the first attempt to cover glacier variations of the past 1000 years both
in Chile and Argentina between ∼17° and 55°S. In some cases the
evidence available is detailed enough to allow a relatively reliable
reconstruction of glacier variations for most of this period, but in the
majority of cases the evidence is rather limited and the history of
fluctuations could be substantially improved with further detailed
research at these sites. Thus, although not definitive, the information
compiled in this review should be useful to gauge the current
knowledge about late Holocene glacier fluctuations in southern South
America and to promote and facilitate further related research in this
region.

Figs. 10 and 11 and Appendix B summarize the informa-
tion available on glacier advances for the past 1000 years and
complement Fig. 2 which shows mainly frontal variations during the
past ∼100–150 years. Glacier fluctuations in the Desert Andes
during the past millennium are virtually unknown as the informa-
tion presently available starts only after ca. 1950 (Fig. 2a). This
information indicates a general recession of glaciers during the
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second half of 20th century. The evidence for the Central Andes
(sensu Lliboutry) includes a larger number of study sites but few
glacier chronologies extend prior to 1900 (Figs. 2b–d, 10 and 11a).
These chronologies indicate that glaciers were generally more
extensive in earlier centuries, with dates of the LIA maximum
expansion around the 16th century. Except for a few cases that are
known for their surging activity, the majority of glaciers across the
Central Andes have shown a generalized retreating pattern
throughout the 20th century. There is a serious lack of long, good
quality high elevation climate records across the extratropical
Andes, but the recent glacier shrinkage observed in the Central
Andes appears to have been mostly driven by regional warming and
increased ablation rates combined with a long-term reduction in
winter precipitation. Carrasco et al. (2005) found that since 1975
the 0 °C isotherm at these latitudes has risen ca. 122±8 m in winter
and 200±6 m in summer. Falvey and Garreaud (2009) report a
trend of ca. +0.25 °C/decade in mean annual temperatures for the
period 1979–2006 using in situ and gridded datasets from locations
above 500 m in elevation in the Andes between 17° and 37°S. In
addition, central Chile precipitation (a variable closely related to
winter snowpack levels in the mountains) shows a long-term
decline over the past century (see e.g. Luckman and Villalba, 2001;
Le Quesne et al., 2009-this issue). It is interesting to note, however,
that after 1976 there has been a higher frequency of years with
above-average winter snow accumulation in the mountains (com-
monly associated with warm El Niño events in the tropical Pacific,
see e.g. Masiokas et al., 2006). This increase may explain the
readvances observed during the last quarter of the 20th century
(Figs. 10 and 11a) and has probably reduced to some extent a more
drastic ice mass loss that would have otherwise occurred given the
increases in temperatures reported for this portion of the Andes.
The mass balance records of Glaciar Echaurren Norte and Glaciar
Piloto Este start in 1975 and 1979, respectively, and are the longest
direct records available for extratropical South America (see e.g.
Casassa et al., 2006; Leiva et al. 2007). Over this period both records
show years with positive mass balance associated with El Niño
events but overall negative cumulative series, which is consistent
with the glacier recession observed in this region (Rivera et al.,
2006b).

Detailed, well-dated chronologies of fluctuations covering the
past 1000 years in the North Patagonian Andes are also scarce
(Figs. 2e, 10 and 11b). The available evidence indicates that glaciers
in this region reached the maximum extent sometime between the
16th and 19th centuries during the LIA. After this period of
maximum ice extent, several readvances have been identified
(Fig. 11b) but glacier shrinkage has dominated and significant ice
mass losses are clearly evident throughout this region. Masiokas et
al. (2008) used hydroclimatic records from northwestern Patagonia
and showed that glacier recession over the past century could be at
least partially explained by a regional trend towards reduced winter
accumulation and increased summer ablation. They also linked
some of the 20th century readvances in the Tronador area to multi-
year periods of overall cooler and wetter conditions across this
region. This relationship has also been discussed by Villalba et al.
(1990), who associated extended periods of cool/wet conditions —

inferred from tree-ring records — with the formation of the main
moraine systems at Glaciar Frías in the Tronador area (∼41°S).
Bown (2004) and Bown and Rivera (2007) presented analyses of
surface climate records and 1958–2000 upper air temperatures
(derived from radiosonde data from Puerto Montt, 41°26′S, 73°07′
W; ca. 95 km SW of Tronador). They found a significant warming
aloft between the 850 and 300 hPa geopotential height levels (i.e.,
between ca. 1500 and 9000 m in elevation) with the strongest
warming located at around 3000 m (700 hPa geopotential height).
They proposed that this tropospheric warming, in conjunction with
the significant decrease in precipitation observed in this region, had
probably contributed to the recent, generalized glacier shrinkage
observed in northern Patagonia.

In the South Patagonian Andes, several glacier advances have been
identified at a (growing) number of sites during the first half of the
past millennium (Figs. 10 and 11c–e). The evidence for these earlier
advances (based primarily on palaeosoils and/or subfossil wood
material) has usually been found underneath or overridden by more
extensive massive moraine systems that were generally emplaced
between the 17th and 19th centuries during the peak LIA advances in
this region. After the LIA, most glaciers in southern Patagonia have
followed a marked retreating pattern that has continued until present
times. Similar to the situation described further north, numerous
glacier advances have occurred in the South Patagonian Andes during
the past century but these readvances have not been sufficient to
counteract the dominant pattern of glacier recession in this region
(Figs. 2f–h, 10 and 11c–e). Villalba et al. (2003) showed that the
southern tip of South America has warmed significantly over most of
the 20th century and that this period has been the warmest for at
least the past 400 years. This warming has very likely been a major
forcing behind the widespread glacier recession but a decrease in
precipitation is also usually discussed in the literature as an
additional factor contributing to the recent ice mass loss observed
in southern Patagonia (Rosenblüth et al., 1995; Rignot et al. 2003;
Rivera, 2004). However, given the lack of good quality, long-term
climatic data near glaciers, analyses of glacier–climate relationships
in this portion of the Andes are tentative and the potential impacts of
past and present climate changes on these ice masses are difficult to
assess in detail. Recent important advances on this issue include the
use of upper-air records derived from the NCEP-NCAR Reanalysis
datasets to explain recent glacier changes (Rasmussen et al., 2007) or
the detailed glaciological and meteorological modelling of conditions
for some specific glacierized areas (Möller et al., 2007; Möller and
Schneider, 2008).

From the regional histories described above it is possible to
extract a broad, large-scale pattern of fluctuations characterized by
isolated advances during the first half of the past millennium
followed by a relatively synchronous glacier reactivation between
the 17th and 19th centuries and widespread glacier shrinkage
afterwards (see Figs. 2, 10 and 11). Embedded in this broad regional
pattern of fluctuations it is possible to identify some interesting
local and regional discrepancies. On a local scale, these discrepan-
cies are probably the result of differences in topography, microcli-
mate and conditions at the glacier fronts combined with the
inherent limitations of the glacier records and/or the dating
techniques used in the different studies. The cases of glacier surges
(identified mainly during the 20th century, see above) constitute
one of the most interesting and challenging issues from a
glaciological and palaeoclimatic point of view because these records
could potentially complicate the development of regionally repre-
sentative glacier chronologies based on surficial evidence. The
oscillations of many freshwater and tidewater calving glaciers,
which are widely distributed in southern Patagonia and Tierra del
Fuego, are also known to be influenced by non-climatic factors such
as water depth, width of the calving front, and other site-specific
factors (Warren, 1993, 1994; Warren and Rivera, 1994; Naruse and
Skvarca, 2000; Rivera and Casassa, 2004; Benn et al., 2007). Volcanic
activity is another potentially important factor influencing glacier
behaviour on active ice-capped volcanoes throughout the extra-
tropical Andes (Rivera et al., 2007). The dating of glacier events
using radiocarbon data may also complicate the development of
local (or regional) glacier histories. Given the low resolution of
radiocarbon age determinations, it is currently difficult (if not
impossible) to differentiate short-term glacier fluctuations on the
basis of 14C dates alone. This is especially true for the earlier part of
the past millennium, when these data are the main source of
information (see Fig. 10). Radiocarbon dating of glacier events of
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the past 3–4 centuries may also be problematic due to the non-
linearity of the 14C calibration curve (Porter, 1981).

Arguably the most important regional contrast found in this
review is the difference in timing of the LIA maxima at the NPI
compared to the SPI and glaciers further south and in surrounding
areas (Fig. 11). The dating of trimlines and moraines associated with
several NPI outlets showed consistently that the LIA maximum extent
in this icefield occurred sometime during the 19th century. In
contrast, for other glaciers in southern Patagonia the LIA maxima
have been generally identified one to three centuries earlier (Fig. 11).
As the NPI is located in a transitional position between two major
climatic regimes in the north and south Patagonian Andes (Winches-
ter and Harrison, 1996; Villalba et al., 2003), these differences may
reflect the contrasting influences of these different regional climatic
patterns. This contrasting behaviourmay also reflect differences in the
way and methods these glacier records were developed (i.e. through
tree-ring or lichenometric age determinations, etc). Regardless of
these potential confounding factors, the date of formation of the main
LIA moraines are in most cases only known as minimum age
estimates. There are very few cases where the occurrence of LIA
advances have been estimated through closely bracketing dating
controls (e.g. Villalba et al., 1990). Clearly, these issues require further
research and attention as they could potentially influence future
regional and larger-scale analyses of past and present glacier–climate
relationships.

Despite these caveats, thewealth of glacier records gathered in this
review shows some very interesting results and promising perspec-
tives formulti-proxy climate reconstructions integrating, for example,
the low-resolution information derived from the glacier records with
other higher-resolution palaeoenvironmental indicators from the
Andes (see other research papers presented in this Special Issue).
The use of independent, complementary climate proxy records could
help elucidate some interpretative problems regarding the temporal
and spatial synchronicity of the main glacier and climate changes of
the last millennium or help understand the main causes of the
observed glacier changes from a broader perspective. However, as
indicated by Luckman and Villalba (2001), there is still a significant
need for a larger number of detailed, well-dated records of glacier
fluctuations and a better understanding of the factors that control
glacier mass balance if we are to use these records as palaeoclimatic
indicators.
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Appendix A

Basic information for the Chilean and Argentinean glaciers
depicted in Fig. 2.
Glacier in Fig. 2
 Subregion—country
 Lat. (S)
 Long. (W)
 Period
Tronquitos
 Dry Andes—Chi
 28.53
 69.72
 1955–2005

Guanaco
 Dry Andes—Chi
 29.35
 70.02
 1976–2005

Agua Negra
 Dry Andes—Arg
 30.15
 69.80
 1965–1993

Tapado
 Dry Andes—Chi
 30.13
 69.92
 1955–1978

Juncal Norte
 Central Andes—Chi
 33.03
 70.10
 1942–2006

Olivares Beta
 Central Andes—Chi
 33.13
 70.18
 1935–2006

Olivares Gama
 Central Andes—Chi
 33.13
 70.17
 1935–2006

Universidad
 Central Andes—Chi
 34.71
 70.35
 1955–2007

De Las Vacas
 Central Andes—Arg
 32.53
 69.98
 1896–2007

Güssfeldt
 Central Andes—Arg
 32.62
 70.03
 1896–2007

Del Plomo
 Central Andes—Arg
 33.03
 70.00
 1909–1934

Bajo del Plomo
 Central Andes—Arg
 33.00
 69.97
 1934–1974

Alto del Plomo
 Central Andes—Arg
 32.98
 70.00
 1934–1974

Oriental del Juncal
 Central Andes—Arg
 33.02
 70.03
 1934–1974

Alfa
 Central Andes—Arg
 33.07
 70.05
 1909–1974

Beta
 Central Andes—Arg
 33.08
 70.05
 1909–1974

Gama
 Central Andes—Arg
 33.10
 70.03
 1909–1974

Pequeño del Nevado
 Central Andes—Arg
 33.13
 70.03
 1909–1974

Corto
 Central Andes—Arg
 34.58
 70.14
 1948–2007

Humo
 Central Andes—Arg
 34.57
 70.13
 1914–2007

Fiero
 Central Andes—Arg
 34.61
 70.16
 1948–2007

Palomo
 Central Andes—Chi
 34.55
 70.27
 1955–2007

Cortaderal
 Central Andes—Chi
 34.64
 70.26
 1987–2007

Pichillancahue
 N. Patag. Andes—Chi
 39.43
 71.87
 1961–2007

Mocho SE
 N. Patag. Andes—Chi
 39.93
 72.00
 1976–2004

Casa Pangue
 N. Patag. Andes—Chi
 41.13
 71.87
 1911–2007

Turbio
 N. Patag. Andes—Chi
 39.42
 71.88
 1961–2007

Inexplorado 2
 N. Patag. Andes—Chi
 41.93
 72.17
 1961–2006

Inexplorado 3
 N. Patag. Andes—Chi
 41.98
 72.20
 1961–2006

Michinmahuida Norte
 N. Patag. Andes—Chi
 42.77
 72.42
 1961–2007

Michinmahuida Este
 N. Patag. Andes—Chi
 42.80
 72.38
 1961–2007

Río Amarillo
 N. Patag. Andes—Chi
 42.83
 72.45
 1961–2007

Huemules
 S. Patag. Andes—Chi
 45.88
 72.97
 1979–2007

Erasmo
 S. Patag. Andes—Chi
 46.12
 73.17
 1979–2007

San Quintín
 S. Patag. Andes—Chi
 46.85
 73.80
 1921–2003

San Rafael
 S. Patag. Andes—Chi
 46.68
 73.80
 1871–2007

Colonia
 S. Patag. Andes—Chi
 47.23
 73.25
 1944–2005

O'Higgins
 S. Patag. Andes—Chi
 48.88
 73.25
 1900–2005

Chico
 S. Patag. Andes—Chi
 49.08
 73.15
 1900–2006

Viedma
 S. Patag. Andes—Arg
 49.45
 73.22
 1900–2005

Ameghino
 S. Patag. Andes—Arg
 50.42
 73.17
 1947–2005

Grey (western arm)
 S. Patag. Andes—Chi
 50.93
 73.27
 1937–2006

Dickson (southern arm)
 S. Patag. Andes—Chi
 50.78
 73.17
 1896–2006

Arroyo San Lorenzo
 S. Patag. Andes—Chi
 47.55
 72.32
 1975–2003

Narváez
 S. Patag. Andes—Arg
 48.48
 72.40
 1896–2005

Río Mosco
 S. Patag. Andes—Chi
 48.45
 72.43
 1945–2005

Lengua
 Magallanes—Chi
 52.73
 73.12
 1942–2002

Marinelli
 Magallanes—Chi
 54.53
 69.57
 1913–2002

Garibaldi
 Magallanes—Chi
 54.67
 69.93
 1945–2007

Cipreses
 Central Andes—Chi
 34.56
 70.37
 1842–2007

Peñón
 Central Andes—Arg
 35.27
 70.57
 1550–2007

Azufre
 Central Andes—Arg
 35.28
 70.55
 1550–2007

Frías
 N. Patag. Andes—Arg
 41.15
 71.80
 1640–2003

San Lorenzo Sur
 S. Patag. Andes—Arg
 47.58
 72.33
 1650–2004

Piedras Blancas
 S. Patag. Andes—Arg
 49.26
 72.98
 1610–2005

Torre
 S. Patag. Andes—Arg
 49.32
 73.04
 1594–2005

Schiaparelli
 Magallanes—Chi
 54.38
 70.83
 1839–2005
Appendix B

Summary of the evidence for glacier advances in extratropical
South America for the past 1000 years. The glaciers have been ordered
following the sequence used in the text. Notes: (1) Dates for glacier
advances derived from radiocarbon determinations are reported as 2σ
calibrated calendar age ranges rounded to the nearest decade. All 14C
dates were calibrated using the program CALIB 5.0.1 (Stuiver and
Reimer, 1993) and the Southern Hemisphere calibration dataset
SHCal04 (McCormac et al., 2004). When calibration resulted in two or
more non-overlapping calendar age segments, we report the segment
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with the highest associated probability. (*) Where multiple 14C dates
are available for the same deposit/event in a forefield, a pooled mean
and standard deviation estimate from all samples were calculated
prior to calibration using CALIB 5.0.1. (2) The evidence is abbreviated
as follows: (AP―SI) aerial photos and/or satellite imagery; (OBS)
direct observations and/or historical documents; (PSO) palaeosoil
Glacier Dated period
of glacier
advance (1)

Evidence
(2)

14C age BP
(code)

Desert — Central Chilean–Argentinean Andes
Agua Negra (30°10′S) 1981–84 AP–SI
Juncal Sur (33°S) 1946–47 OBS
Cipreses (34°33′S) 1150–1650 PSO 625±155 (Hv-1091

1858 OBS
Piuquenes (34°S) 1848 OBS
Universidad (34°42′S) 1943 OBS
de las Vacas (32°30′S) 1974–99 AP-SI
Horcones Inferior (32°40′S) 1984–89 AP–SI

2005–06 OBS
Grande del Juncal (32°57′S) ca. 1910 OBS

1934–55
1985–91 AP–SI

Grande del Nevado (32°57′S) 1933–34 OBS
1984–85 OBS

Oriental del Juncal 1982–91 AP–SI
Juncal Beta 1986–91 AP–SI
Juncal Gama 1986–91 AP–SI
Pequeño del Nevado 1985–91 AP–SI
Innominado 1986–91 AP–SI
4 glaciers at Cerros Tupungato,
Tupungatito, and San Juan
(ca. 33°15′S)

1982–85 AP–SI

Río Museo (34°S) 1935 OBS
Colina (34°S) 1927 OBS
5 glaciers in the Tunuyán Sur
basin (ca. 33°40′S)

1987–99 OBS

Laguna (34°S) 1970–82 AP–SI
El Peñón (35°S) 1460–1660 BPS 340±50 (GD-12764

1790–1950 BPS 150±65 (GD-15831
1963–86 AP–SI

El Azufre (35°S) 1460–1640
(*)

BPS 400±60 (LP-930);
350±60 (LP-1442)

1963–86 AP–SI
Las Choicas (35°S) 1800–1950 BPS 80±60 (BETA-1251

Las Damas (35°S) 1500–1660
(*)

BPS 360±40 (CURL-594
230±60 (BETA-119

North Patagonian Andes
Frías (41°09′S) 1236 TRD

1638–39 TRD
1719–21 TRD
1742–52 TRD
1835–43 TRD
1878–84 TRD
1912–16 TRD
1941–43 TRD
1976–77 OBS-TRD

Castaño Overo (41°11′S) 1818–29 TRD
1842 TRD
1857 TRD
1884 TRD
1902 TRD

Río Manso (41°12′S) 950–1300 ISS 940±110 (Hv-1180
1380–1440
(*)

ISS 620±50 (Hv-12865
585±50 (Hv-12864

1450–1710 ISS 300±85 (HV-11799
1701 TRD
1789–1850s TRD
1875 TRD
1890 TRD
1899 TRD
1919 TRD
buried/overridden by glacier deposits; (BPS) basal peat sample; (ISS)
in situ stump buried/overridden by glacier deposits; (RWS) stump
reworked by glacier deposits (TRD) tree-ring dating of deposits; (LI)
lichenometric determination. (3) Type of date obtained: (Adv)
advance around indicated date; (Max) maximum age for deposits;
(Min) minimum age for deposits.
Comments
(3)

Reference

Adv Leiva (1999)
Adv Lliboutry (1956)

5) Max Röthlisberger (1986)
Adv Pissis (1875)
Adv (surge?) Plagemann (1887)
Adv (surge?) Lliboutry (1958)
Adv Espizua and Maldonado (2007)
Adv - Surging glacier Various refs. (see text)

Adv (surges?) Various refs. (see text)

Adv – Surging glacier Various refs. (see text)

Adv Llorens and Leiva (1995)
Adv Llorens and Leiva (1995)
Adv Llorens and Leiva (1995)
Adv Llorens and Leiva (1995)
Adv Llorens and Leiva (1995)
Adv Llorens (2002)

Adv Lliboutry (1958)
Adv Lliboutry (1958)
Adv Gargantini 2008

Adv (surge?) Espizua (1986)
) Min Espizua and Pitte (2009-this issue)
) Min

Adv Espizua and Maldonado (2007)
Min Espizua (2005)

Adv Espizua and Maldonado (2007)
98) Min Espizua (2004); Espizua and Pitte

(2009-this issue)
8);
845)

Min Espizua (2004); Espizua and Pitte
(2009-this issue)

Min Villalba et al. (1990)
Max
Max
Min
Min
Min
Min
Min
Adv
Min Rabassa et al. (1984)
Min
Min
Min
Min

0) Max Röthlisberger (1986)
);
)

Max

) Max
Min Masiokas et al. (in press)
Bracketing dates
Min
Min
Min
Min



(continued)

Glacier Dated period
of glacier
advance (1)

Evidence
(2)

14C age BP
(code)

Comments
(3)

Reference

1949 TRD Min
1955 TRD Min
Mid 1970 s AP-TRD Min
Late 1990 s AP-OBS Adv

Esperanza Norte (42°15′S) 1460–1630 ISS 375±40 (NSRL-12467) Max This study
Torrecillas (42°40′S) 1440–1510 ISS 440±30 (NSRL-11093) Max Masiokas et al. (2000)

1735 LI Min Garibotti and Villalba (2009)
1738 TRD Min This study
1755 LI Min Garibotti and Villalba (2009)
1891 LI Min
1900 LI Min
1906 LI Min
1934 LI Min
1937 OBS Adv

North Patagonian Icefield
Reichert (46°32′S) 1876 TRD Min Harrison and Winchester (1998)

1930 TRD Min
1953 TRD Min
1970 TRD Min

Gualas (46°35′S) 1876 TRD Min Harrison and Winchester (1998)
1909 TRD Min
1936 TRD Min
1954–64 TRD Min
1994 OBS Adv

San Rafael (46°41′S) 1875 OBS Adv Araneda et al. (2007)
1956 OBS Adv Heusser (1960)
1991–93 OBS Adv Winchester and Harrison (1996)

San Quintín (46°52′S) 1851 TRD Min Winchester and Harrison (1996)
1935–45 AP-OBS Adv
1991–93 OBS Adv

Exploradores (46°30′S) 1170–1280
(*)

RWS 870±60; 820±60. No codes
available

Probable maximum ages,
but evidence is poorly
described and documented

Aniya et al. (2007)

1810–1930
(*)

RWS and other
organic sediments

7 samples: 108 to 147 14C yr BP.
No error terms or codes available.
We used a 30-year standard
deviation for all samples.

1944 AP Adv
Calafate (46°44′S) 1871 LI-TRD Min Harrison et al. (2007)

1925 LI-TRD Min
León (46°44′S) 1867 TRD Min Harrison et al. (2007)

1994–99 OBS Adv
Soler (46°55′S) 1300–1410

(*)
ISS 536±40 (SRR-6605); 782±45

(SRR-6608)
Max Glasser et al. (2002)

1610–1810 Leaves on
depression

270±50 (N/A) Min Aniya and Naruse (1999)

1850 TRD Min Sweda (1987)
1890 TRD Min
1910 TRD Min
1940 TRD Min

Nef (47°07′S) 1370 TRD Min Winchester et al. (2001)
1863 LI Min
1884 LI Min
1935 LI-TRD Min

Arenales (ca. 47°14′S) 1883 LI-TRD Min Harrison and Winchester (2000)
1970 LI Min
1996 OBS Adv

Colonia (ca. 47°14′S) 1883 TRD Min Harrison and Winchester (2000)
1904 LI–TRD Min
1914–17 LI–TRD Min
1945–48 LI–TRD Min
1980 LI–TRD Min

Arco (ca. 47°14′S) 1881 LI–TRD Min Harrison and Winchester (2000)
1956 TRD Min

South Patagonian Icefield
Trinidad (49°25′S) 2000 OBS Adv Rivera et al. (2002)
Pío XI (49°08′S) 1928 OBS Adv Various refs. (see text)

1994 OBS Adv
2008 OBS Adv Rivera, personal observation

Ofhidro Norte (48°30′S) 1130–1400 ISS 800±95 (I-3827) Max Mercer (1970)
1790 TRD Min
1845 TRD Min
1850 TRD Min

North Patagonian Andes
Río Manso (41°12′S)

(continued on next page)
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(continued)

Glacier Dated period
of glacier
advance (1)

Evidence
(2)

14C age BP
(code)

Comments
(3)

Reference

Bernardo (48°40′S) 1480–1820 ISS 270±90 (I-3824) Max Mercer (1970)
1775 TRD Min
1825 TRD Min

Témpano (48°47′S) 1760 TRD Max Mercer (1970)
1945 AP Adv

Hammick (48°50′S) 1750 TRD Min Mercer (1970)
1840 TRD Min
1945 AP Adv

Bravo (48°39′S) 1260–1440 ISS 665±80 (Hv-10899) Max Röthlisberger (1986)
1660–1900
(*)

ISS 270±100 (Hv-10900);
165±50 (Hv-11556)

Max

O'Higgins (48°53′S) 1180–1320 ISS? 790±55 (Hv-11558) Probable maximum ages, but
origin of samples uncertain

Röthlisberger (1986)
1450–1670 ISS? 345±55 (Hv-10905)

Upsala (49°42′S) 1600 TRD Min Mercer (1965)
1820 TRD Min

Ameghino (50°25′S) 1430–1670 ISS 380±80 (NU-658) Max Aniya (1996)
1730–1800
(*)

ISS 315±30 (NSRL-11092);
290±30 (NSRL-11086);
285±40 (NSRL-11090);
205±35 (NSRL-11085);
170±30 (NSRL-11091);
160±30 (NSRL-11087);
150±30 (NSRL-11084)

Max Masiokas et al. (2001)

Moreno (50°30′S) 1130–1330 ISS 800±80 (NU-355) Max Aniya and Sato (1995b)
Frías-SPI (50°41′S) 1660 TRD Min Mercer (1968, 1976)

1810 TRD Min
1860 TRD Min

Grey (50°49′S) 1660 TRD Min Marden and Clapperton (1995)
1805 TRD Min
1845 TRD Min
1890 TRD Min

Glaciers adjacent to SPI
San Lorenzo Sur (47°35′S) 1665 TRD Min García-Zamora et al. (2004)

1769 TRD Min
1864 TRD Min
1819 TRD Min

Calluqueo (47°35′S) 1652 TRD Min Aravena (2007)
1683 TRD Min
1715 TRD Min
1742 TRD Min
1760 TRD Min
1845 TRD Min
1910 TRD Min

Río Tranquilo (47°35′S) 1632 TRD Min Aravena (2007)
1669 TRD Min
1726 TRD Min
1770 TRD Min
1873 TRD Min

Arroyo San Lorenzo
(47°35′S)

1675 TRD Min Aravena (2007)
1802 TRD Min
1820 TRD Min

Narváez (48°29′S) 1270–1310
(*)

ISS 925±30 (NSRL-12461);
720±35 (NSRL-12460);
655±30 (NSRL-12462);
645±45 (NSRL-12463)

Max Masiokas et al. (2001); This study

1880 TRD Min Mercer (1968)
1680 TRD Min

Huemul-Mellizo Norte (48°34′S) 1410–1630 ISS 465±65 (Hv-10894) Max Röthlisberger (1986)
Lago del Desierto I
(49°04′S)

1740 TRD Min Masiokas et al. (2009-this issue)
1901 TRD Min
1905 TRD Min
1975 TRD Min

Lago del Desierto II-Huemul
(49°04′S)

1481 LI Min Masiokas et al. (2009-this issue);
Garibotti and Villalba (2009)1645 TRD Min

1743 TRD Max
1841 LI Min
1886 LI Min
1900 TRD Min
1936 TRD Min
1964 TRD Min

Lago del Desierto III (49°04′S) 1655 TRD Min Masiokas et al. (2009-this issue)
1734 TRD Min
1867 TRD Min
1920 TRD Min
1945 TRD Min
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(continued)

Glacier Dated period
of glacier
advance (1)

Evidence
(2)

14C age BP
(code)

Comments
(3)

Reference

Piedras Blancas (49°15′S) 1610 TRD Min Masiokas et al. (2009-this issue);
Garibotti and Villalba (2009)1815 TRD Min

1904 LI Min
1931 OBS Adv
1968–81 AP Adv

Torre (49°24′S) 1140–1400 BPS 800±85 (I-984) Min Mercer (1965)
1594 TRD Min Masiokas et al. (2009-this issue)
1727 TRD Min
1799 TRD Min
1866 TRD Min
1910 TRD Min

Dos Lagos (49°47′S) 1760 TRD Min Mercer (1965)
1780 TRD Min
1820 TRD Min
1910 TRD Min

Cerro Norte (49°47′S) 1410–1670 ISS 390±85 (I-989) Max Mercer (1965)
Francés (51°01′S) 1290–1400 PSO 675±45 (Hv-10844) Max Röthlisberger (1986)

1620–1950 PSO 235±65 (HV-11984) Max
Perro (50°56′S) 1150–1390 ISS 795±80 (HV-10887) Max Röthlisberger (1986)

1730–1800
(*)

ISS-PSO 345±100 (HV-10886);
295±75 (HV-11554);
260±50 (HV-11555);
205±50 (HV-11986)

Max

Magallanes region
Lengua (52°44′S) 1628 TRD Min Koch and Kilian (2005)

1872–75 TRD Max
1886 TRD Min
1902 TRD Min
1912 TRD Min
1941 TRD Min

Alejandro (53°45′S) 1675 TRD Min Aravena (2007)
1758 TRD Min
1794 TRD Min
1843 TRD Min
1895 TRD Min

Beatriz (53°45′S) 1773 TRD Min Aravena (2007)
1845 TRD Min
1916 TRD Min
1945 TRD Min

Ema (54°25′S) 1210–1440 RWS 695±95 (UA-13425) Max Strelin et al. (2008)
1430–1670 RWS 379±75 (UA-13419) Max
1450–1680 RWS 335±70 (UA-13420) Max
1610–1820 RWS 251±70 (UA-13424) Max
1830 TRD Min
1850 TRD Min
1870 TRD Min

Bahía Pía (54°40′S) 1020–1270 RWS 940±70 (UA-4886) Max Kuylenstierna et al. (1996)
1270–1430 BPS 675±70 (UA-4884) Min
2007 OBS Adv Porter, pers. comm.

Garibaldi (54°40′S) 2007 OBS Adv Rivera, personal observation
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