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Foreword

On 23 July 1972, the first Earth Resources Technology Satellite (ERTS 1
or Landsat 1) was successfully placed in orbit. The success of Landsat inau-
gurated a new era in satisfying mankind’s desire to better understand the
dynamic world upon which we live. Space-based observations have now
become an essential means for monitoring global change.

The short- and long-term cumulative effects of processes that cause sig-
nificant changes on the Earth’s surface can be documented and studied by
repetitive Landsat images. Such images provide a permanent historical
record of the surface of our planet; they also make possible comparative
two-dimensional measurements of change over time. This Professional
Paper demonstrates the importance of the application of Landsat images to
global studies by using them to determine the current distribution of gla-
ciers on our planet. As images become available from future satellites, the
new data will be used to document global changes in glacier extent by ref-
erence to the image record of the 1970’s.

Although many geological processes take centuries or even millennia to
produce obvious changes on the Earth’s surface, other geological phenom-
ena, such as glaciers and volcanoes, cause noticeable changes over shorter
periods. Some of these phenomena can have a worldwide impact and often
are interrelated. Explosive volcanic eruptions can produce dramatic effects
on the global climate. Natural or culturally induced processes can cause
global climatic cooling or warming. Glaciers respond to such warming or
cooling periods by decreasing or increasing in size, which in turn causes sea
level to rise or fall.

As our understanding of the interrelationship of global processes
improves and our ability to assess changes caused by these processes
develops further, we will learn how to use indicators of global change, such
as glacier variation, to manage more wisely the use of our finite land and
water resources. This Professional Paper is an excellent example of the way
in which we can use technology to provide needed earth-science informa-
tion about our planet. The international collaboration represented by this
report is also an excellent model for the kind of cooperation that scientists
will increasingly find necessary in the future in order to solve important
earth-science problems on a global basis.

Charles G. Groat,
Director,
U.S. Geological Survey
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Preface

This chapter is the sixth to be released in U.S. Geological Survey Profes-
sional Paper 1386, Satellite Image Atlas of Glaciers of the World, a series of
11 chapters. In each chapter, remotely sensed images, primarily from the
Landsat 1, 2, and 3 series of spacecraft, are used to study the glacierized
regions of our planet and to monitor glacier changes. Landsat images,
acquired primarily during the middle to late 1970’s, were used by an inter-
national team of glaciologists and other scientists to study various geo-
graphic regions or to discuss glaciological topics. In each geographic region,
the present areal distribution of glaciers is compared, wherever possible,
with historical information about their past extent. The atlas provides an
accurate regional inventory of the areal extent of glacier ice on our planet
during the 1970’s as part of a growing international scientific effort to mea-
sure global environmental change on the Earth’s surface.

The Andes Mountains of South America, from the Sierra Nevada de Mér-
ida, Venezuela, to Tierra del Fuego, Chile and Argentina, are glacierized to a
lesser or greater extent depending on latitude, altitude, and annual precipi-
tation. The largest area and volume of glacier ice, including two large ice
fields, each with numerous outlet glaciers, occurs in the Patagonian Andes,
southern South America. Landsat images are particularly valuable for mon-
itoring fluctuations of large glaciers, especially outlet glaciers from ice fields
and for delineating the areal distribution of large glaciers.

Venezuela has five cirque glaciers with a total area of 2 km?. A rapid loss
of glacier ice has taken place during the last century, a process that has
accelerated since 1972.

Colombia has many small glaciers with a total area of 104 km? on six
peaks. Its largest glacier (<20 kmz) is an ice cap on the active Nevado del
Ruiz volcano; in November 1985, an explosive eruption melted part of the
summit ice cap, which, when combined with heavy precipitation, generated
lahars that killed more than 23,000 people, more than 20,000 in the town of
Armero. A consistent and progressive loss of glacier ice and snowpack has
been noted since the late 1800’s, and many glaciers have completely disap-
peared during the 20th century.

Ecuador has more than 100 small ice caps, outlet glaciers, ice fields, and
mountain glaciers with a total area of about 97 km?2. Since the 1800’s, the
glacier area has undergone a significant continuing reduction.

Pert has a total glacier-covered area of 2,600 km? on 20 distinct cordille-
ras. The glacierized cordilleras are important sources of water and as loca-
tions of glacier-related avalanches and floods that have destroyed towns
and killed tens of thousands of inhabitants.

Bolivia has a total glacier-covered area of more than 560 km?. A few
small summit ice caps, outlet and crater glaciers (~10 kmz) are located on
extinct volcanoes of the Cordillera Occidental in northern Bolivia. Ice caps,
valley glaciers, and mountain glaciers (650 kmz) are located on the highest
peaks of the Cordillera Oriental.

Numerous glaciers in Chile and Argentina occur along the more than
4,000-km length of the Andes Mountains, from very small snow patches and
glacierets of the Desert Andes and the 2,200 km? of glaciers in the Central
Andes to the large ice fields and outlet glaciers of Patagonia. The Southern
Patagonian Ice Field (~13,000 kmz) is the largest glacier outside Antarctica in
the Southern Hemisphere. The Northern Patagonian Ice Field (~4,200 km?)
and the glacierized Cordillera Darwin in Tierra del Fuego (~2,300 kmz) also
contain a substantial volume of glacier ice.

Richard S. Williams, Jr.
Jane G. Ferrigno
Editors
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About this Volume

U.S. Geological Survey Professional Paper 1386, Satellite Image Atlas of
Glaciers of the World, contains 11 chapters designated by the letters A
through K. Chapter A is a general chapter containing introductory material
and a discussion of the physical characteristics, classification, and global
distribution of glaciers. The next nine chapters, B through J, are arranged
geographically and present glaciological information from Landsat and
other sources of data on each of the geographic areas. Chapter B covers
Antarctica; Chapter C, Greenland; Chapter D, Iceland; Chapter E, Conti-
nental Europe (except for the European part of the former Soviet Union),
including the Alps, the Pyrenees, Norway, Sweden, Svalbard (Norway), and
Jan Mayen (Norway); Chapter F, Asia, including the European part of the
former Soviet Union, China (P.R.C.), India, Nepal, Afghanistan, and Paki-
stan; Chapter G, Turkey, Iran, and Africa; Chapter H, Irian Jaya (Indonesia)
and New Zealand; Chapter I, South America; and Chapter J, North America.
The final chapter, K, is a topically oriented chapter that presents related
glaciological topics.

The realization that one element of the Earth’s cryosphere, its glaciers,
was amenable to global inventorying and monitoring with Landsat images
led to the decision, in late 1979, to prepare this Professional Paper, in which
Landsat 1, 2, and 3 multispectral scanner (MSS) and Landsat 2 and 3 return
beam vidicon (RBV) images would be used to inventory the areal occur-
rence of glacier ice on our planet within the boundaries of the spacecraft’s
coverage (between about 81° north and south latitudes). Through identifi-
cation and analysis of optimum Landsat images of the glacierized areas of
the Earth during the first decade of the Landsat era, a global benchmark
could be established for determining the areal extent of glaciers during a
relatively narrow time interval (1972 to 1982). This global “snapshot” of
glacier extent could then be used for comparative analysis with previously
published maps and aerial photographs and with new maps, satellite
images, and aerial photographs in order to determine the areal fluctuation
of glaciers in response to natural or culturally induced changes in the
Earth’s climate.

To accomplish this objective, the editors selected optimum Landsat
images of each of the glacierized regions of our planet from the Landsat
image data base at the EROS Data Center in Sioux Falls, S. Dak., although
some images were also obtained from the Landsat image archives main-
tained by the Canada Centre for Remote Sensing, Ottawa, Ontario, Canada,
and by the European Space Agency in Kiruna, Sweden, and Fucino, Italy.
Between 1979 and 1981, these optimum images were distributed to an
international team of more than 50 scientists who agreed to write a section
of the Professional Paper concerning either a geographic area or a glacio-
logical topic. In addition to analyzing images of a specific geographic area,
each author was also asked to summarize up-to-date information about the
glaciers within the area and to compare their present areal distribution with
historical information (for example, from published maps, reports, and pho-
tographs) about their past extent. Completion of this atlas will provide an
accurate regional inventory of the areal extent of glaciers on our planet
during the 1970,

Richard S. Williams, Jr.
Jane G. Ferrigno
Editors
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Glaciers of South America—

GLACIERS OF VENEZUELA

By CARLOS SCHUBERT

SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD

Edited by RICHARD S. WILLIAMS, Jr., and JANE G. FERRIGNO

U.S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 1386-I-1

Venezuela has five cirque glaciers that have a total area of 2 square kilometers
and are situated on three separate mountain peaks in the Sierra Nevada de
Mérida. A rapid loss of glacier ice has taken place during the last century, a
process that has accelerated since 1972
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TABLE 2.—Optimum Landsat 1, 2, and 3 images of the glaciers of Venezuela
[See fig.7 for explanation of symbols used in “Code” column]

Solar

Nominal Landsat 1 R Cloud
Path-Row scene center identification Date € E;Elsn Code cover Remarks
(lat-long) number (degrees) (percent)
6-54 08°40'N. 2372-14164 29 Jan 76 42 . 0 Pico Bolivar, Pico La Concha, Pico
70°38'W. Humboldt, and Pico Bonpland
glaciers; image used for figures 2, 6
6-54 08°40'N. 21434-14055 26 Dec 78 40 ‘ 0 Pico Bolivar, Pico La Concha, Pico
70°38'W. Humboldt, and Pico Bonpland
glaciers
6-54 08°40'N. 31385-14195 19 Dec 81 40 . 0
70°38'W.
Selected Landsat 4 and 5 images
6-54 08°41'N. 50356-14293 20 Feb 85 48 . 0 Pico Bolivar, Pico La Concha, Pico
70°29'W. Humboldt, and Pico Bonpland
glaciers
6-54 08°41'N. 52580-14204 25 Mar 91 52 0 10 Pico Bolivar, Pico La Concha, Pico
70°29'W. Humboldt, and Pico Bonpland

glaciers; image used for figure 6

Recent Glacier Recession

Early reports and paintings can be used to determine the approximate
location and extent of the glaciers in the Sierra Nevada de Mérida in the
mid- to late-1800’s. A comparison of these sources with present-day condi-
tions indicates that a rapid retreat has taken place during the last 100 years
(Schubert, 1980, 1984, 1987). The amount of retreat can be estimated by
comparing the mapping of the glaciers by Jahn in 1910 (fig. 4) with the
mapping and analysis by this author using 1952 data (figs. 4 and 5). The
glaciers in the Sierra Nevada de Mérida, estimated to cover 200 km® during
the Pleistocene (Schubert, 1972, 1984), were approximately 10 km? in
1910 and about 3 km? in 1952 (Schubert, 1972, 1980). However, the 1952
area was probably somewhat larger than indicated by these figures because
the high slope angle of the glacier surfaces was not taken into account
when the measurements were made. In addition, the accuracy of the mea-
surements also is affected by the distortion within the aerial photographs
caused by the rugged topography.

Since 1952, ground photographs and fieldwork have documented a sig-
nificant retreat of the glaciers; the recession is particularly evident since
1972 (Schubert, 1992). Of the 10 glaciers mapped in 1952, 4 have com-
pletely or almost completely disappeared, 1 has disintegrated into firn
patches, and the remaining 5 are substantially smaller (see table 1).
Although it is not possible to quantify the difference exactly, the remaining
glacier area is now probably less than 2 km?2. This type of rapid retreat is
also found in other parts of South America; such as Colombia, Ecuador, and

-

Per.

GLACIERS OF VENEZUELA 19



References Cited

Cartografia Nacional, 1977, Map sheets 5941 and 6041: Caracas,
Repiblica de Venezuela Ministerio de Obras Publicas, Direc-
cion de Cartografia Nacional, scale 1:100,000.

Defense Mapping Agency, 1993, Gazetteer of Venezuela, names
approved by the U.S. Board on Geographic Names: Washing-
ton, D.C., Defense Mapping Agency, v. 1 and 2, 701 p.

Field, W.O., and associates, 1958, Glaciers of Middle America,
map no. 4, in Atlas of mountain glaciers in the Northern
Hemisphere: Natick, Mass., U.S. Army, Quartermaster
Research and Engineering Command Headquarters, Quarter-
master Research and Engineering Center, Environmental
Protection Research Division, Technical Report EP-92, scale
1:20,000,000.

Fuchs, LM., 1958, Glaciers of the northern Andes, in Geographic
study of mountain glaciation in the Northern Hemisphere:
New York, American Geographical Society, pt. 3, chap. 4,
14 p.

Giegengack, Robert, and Grauch, R.I, 1975, Quaternary geology
of the central Andes, Venezuela: A preliminary assessment:
Boletin de Geologia (Venezuela), Publicacién Especial 7, v. 1,
p. 241-283.

Jahn, A, 1912a, La cordillera Venezolana de los Andes [The
Andean Cordillera of Venezuela): Caracas, Revista Técnica
del Ministerio de Obras Publicas, p. 1-40.

1912b, Mis ascensiones a la Sierra Nevada de Mérida [My
ascents to the Sierra Nevada de Mérida): Caracas, El Cojo
Nlustrado, no. 497, p. 466-474.

1925, Observaciones glaciolégicas en los Andes venezol-
anos [Glaciological observations in the Venezuelan Andes]:
Caracas, Cultura Venezolana, no. 64, p. 265-280.

1931, El deshielo de la Sierra Nevada de Mérida y sus cau-
sas [The deglaciation of the Sierra Nevada de Mérida and its
causes]: Caracas, Cultura Venezolana, no. 110, p. 5-15.

Lehr, Paula, 1975, Glaciers of the northern Andes, in Field, W.0.,
ed., Mountain glaciers of the Northern Hemisphere: Hanover,
N.H,, U.S. Army Corps of Engineers, Cold Region Research
and Engineering Laboratory, v. 1, p. 479-490.

110

SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD

Schubert, Carlos, 1972, Geomorphology and glacier retreat in
the Pico Bolivar area, Sierra Nevada de Mérida, Venezuela:
Zeitschrift fiir Gletscherkunde und Glazialgeologie, v. 8,
no. 1-2, p. 189-202.

1974, Late Pleistocene Mérida Glaciation, Venezuelan

Andes: Boreas, v. 3, no. 4, p. 147-151.

1975, Glaciation and periglacial morphology in the north-

western Venezuelan Andes: Eiszeitalter und Gegenwart, v. 26,

p. 196-211.

1980, Contribucion de Venezuela al inventario mundial de

glaciares [Venezuelan contribution to the World Glacier

Inventory]: Caracas, Boletin de la Sociedad Venezolana de

Ciencias Naturales, v. 34, no. 137, p. 267-279.

1984, The Pleistocene and recent extent of the glaciers of

the Sierra Nevada de Mérida, Venezuela: Stuttgart, Erdwis-

senschaftliche Forschung, v. 18, p. 269-278.

1987, La extensién de los glaciares pleistocenos en la

Sierra Nevada de Mérida [The extent of Pleistocene glaciers

in the Sierra Nevada de Mérida): Caracas, Boletin de la

Sociedad Venezolana de Ciencias Naturales, v. 41, no. 144,

p- 299-308.

1992, The glaciers of the Sierra Nevada de Mérida (Vene-
zuela), a photographic comparison of recent deglaciation:
Erdkunde, v. 46, p. 58-64.

Schubert, Carlos, and Clapperton, C.M., 1990, Quaternary glacia-
tion in the northern Andes (Venezuela, Colombia and Ecua-
dor): Quaternary Science Reviews, v. 9, p. 123-125.

Sievers, W., 1886, Uber Schneeverhiltnisse in der Cordillere Ven-
ezuelas [On snow conditions in the Venezuelan Cordillera]:
Jahresbericht der Geographischen Gesellschaft in Miinchen,
1885, p. 54-57.

1908, Zur Vergletscherung der Cordilleren des tropischen

Siidamerikas [Glaciation of the Cordillera of tropical South

America]: Zeitschrift fiir Gletscherkunde, v. 2, no. 4,

p. 271-284.

1911, Die heutige und die frithere Vergletscherung

Siidamerikas [Present-day and past glaciation in South Amer-

ica): Leipzig, Vogel Verlag, Sammlung Wissenschaftlicher Vor-

trage, Heft 5, p. 1-24.




Glaciers of South America—

GLACIERS OF COLOMBIA

By FABIAN HOYOS-PATINO

SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD

Edited by RICHARD S. WILLIAMS, Jr., and JANE G. FERRIGNO

U.S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 1386-1-2

Colombia has many small glaciers that have a total area of approximately 104
square kilometers on six nevados in four areas within the Sierra Nevada de
Santa Marta, Cordillera Oriental, and Cordillera Central. The largest glacier
(less than 20 square kilometers) is an ice cap on the active Nevado del Ruiz
volcano. A consistent and progressive loss of glacier and snowpack area has been
noted since the late 1800°s in the Colombian Andes, and many glaciers have
disappeared altogether during the 20th century
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undocumented migrant workers were included), and most of Armero, a city
of about 25,000, disappeared under a huge mudflow.

In June 1994, an avalanche originating in the Nevado del Huila took a toll
of at least 1,500 lives and destroyed hundreds of dwellings, tens of bridges,
and kilometers of roads in the basin of the Rio Paez. This avalanche was
unleashed from the glacierized area of the Nevado del Huila and from the
steep slopes of the upper Rio Paez basin by an earthquake of Richter mag-
nitude 6.2.

The study of snowfields, glaciers, and related features in Colombia has
drawn the attention of several scientists, including geologists and geogra-
phers (Fuchs, 1958; Lehr, 1975). However, the remoteness of most of the
snow-and-ice features has prevented, in the past, a systematic study of
their physical characteristics and history. A compilation of available infor-
mation suggests a consistent snowline retreat during the 20th century or
since the end of the “Little Ice Age” in the late 1800’s. A more extensive
snow cover in the mountain massifs in the past is suggested by the common
reference to the “sierras nevadas” (snow-covered summits) in the southern
part of the country by the conquistadores and in old chronicles cited by
Freire (1958). The Sierra Nevada de los Coconucos (4,300—4,850 m; lat
2°16'N., long 76°22'W.) no longer deserves the name nevada, and the Cerro
Nevado at the Paramo de Sumapaz (4,300 m) in the Cordillera Oriental
south of Bogotéa definitely lost its mantle of snow by 1917 and later changed
its name. La Pirafia (4,600 m), Nevado del Cisne (5,100 m), and Nevado del
Quindio (5,120 m), three formerly snowcapped summits in the Ruiz-Tolima
massif (Thouret, n.d.), and the Volcan Chiles (4,750 m) and Nevado de
Cumbal (4,764 m), two volcanoes near the southern border, cannot be con-
sidered nevados any longer, although they still had a snow or firn cover at
the beginning of the 20th century and, in some cases, retain ephemeral
snow areas. In the case of today’s glacierized areas, this trend toward loss of
snow cover is very apparent and will be discussed in more detail later. A
similar long-term retreat of the snowline and the recession of glaciers
throughout the country is corroborated by a comparison of ancient paint-
ings (Mark, 1976) with recent ground and aerial photographs from different
dates and by the evaluation of the physical geographic descriptions of the
highlands from old documents and reports (Ancizar, 1853; Reiss and Stii-
bel, 1892; Vergara y Velasco, 1892; Stiibel and Wolf, 1906; and Freire,
1958).

Subzero-degree temperatures and the high precipitation necessary to
produce snow are found in the high mountains near the Equator. Unlike the
climate at mid- and high-latitudes, the seasonal temperature varies little;
mean daily temperature is nearly constant. At high altitudes, the largest
daily variations (maximum to minimum) of about 25°C take place during
the diurnal cycle; however, the average daily temperature does not vary
more than +2°C throughout the year. Solar radiation also varies only slightly
(Guhl, 1983). The 0°C air temperature isotherm altitude is at about 4,800
m, although local variations caused by the orographic setting and cloud
cover can be found. At low latitudes, the equilibrium line altitude (ELA)
roughly coincides with the 0°C air temperature isotherm altitude, although
snowfalls can develop as low as 4,000 m. Local differences in snowline alti-
tude can be explained by the orographic effect on moisture distribution and
temperature. Short-term variations in snowline altitude originate within a
narrow range and are caused by variations in precipitation rather than in
temperature. On the other hand, long-term variations in snowline may be
caused by changes in precipitation and temperature associated with
changes in either local or global climate. Indicators of the level of snowline
during the last glacial maximum in the Colombian Andes, such as moraines,
reveal that during the Pleistocene, Colombia had a much more extensively
glacierized area. Moraines are found consistently all over the Colombian
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Andes at 3,800 m; where a sufficient accumulation surface existed, ice
reached at least as low as the 3,300-m level during the last advance. An
older snowline has been proposed close to the 3,000-m level, and the corre-
lated glacial drift has been observed at least as low as 2,700 m (Coleman,
1935; Oppenheim, 1940, 1942; Raasveldt, 1957; Brunschweiler, 1981; Van
der Hammen, 1984; and Helmens, 1990).

Present Snowfields and Glacier Distribution

Work by Thouret and others (1996) examined glacial stades in the Ruiz-
Tolima massif and possibly equivalent stades in other glacierized areas
(table 1). Thouret and others (1996) noted that the late neoglacial stade
(approximately 1600’s to 1900’s), named the “Little Ice Age,” is well docu-
mented on the basis of terminal moraines near present glacier termini. Evi-
dence for earlier neoglacial stades is more problematical (Thouret and
others, 1992, 1996).

TABLE 1.— Estimate of the glaciated areas in the Colombian and Ecuadorean Andes during the last (“Fuquene”) glaciation
[Modified from Thouret and others, 1996. Abbreviations: yrs B.P., years before present; ca., circa, MIS, marine isotope stage]

Approximate extent of glacierized areas (square kilometers)

Massif Total area
Glacial Age Nevadp del Sierra Nevada Sierra Nevada Nevad'a Colombian Ecuadorian East'en; Ave(‘)?igcee?rz‘;latgon éfi?]rzfegl:l:i‘ztg:nisf,
rslt:l?l;er B E) Nexljau;f; del del Cocuy! deSantaMarta!  delHuld  Andes® Andes?  Aftic Ruiz-Tolima Ruiz-Tolima
imal (meters above
Tolima mean sea level)
Present 34-36 28-30 14-18 25-28 100-112 220 9.5 4,750-4,700 4,500—4,400
1b.... Late neoglacial, Inner Ruiz 150 107 30(?) 350-400 255 31 4,600-4,300 4,300-4,200
late Holocene (?) 100
la.... Early neoglacial, Outer Corralitos Bolivar
late Holocene (?) Ruiz
2b.... Late Santa Isabel- 4,300-4,150 4,300-4,200
early Holocene :
[ca. 6,200 (?)]
2a.... Early Santa Isabel 4,200-4,100
(7,400-7,200)
3b.... Late Otun, late Bocatoma Naboba 2,600 460 190 4,000-3,800 3,800-3,600
late-glacial
(ca. 11,000~10,000)
3a.... Early Otun, 800 1,000 850 250(7) 3,500 2,050 3,800-3,600 3,400-3,300
early late-glacial Late
(MIS 2; ca. Lagunilla
13,000-12,400)
4b.... Late Murillo- Early Mamancanaca 3,600-3,400 3,300-3,100
late late full-glacial Lagunilla
(ca. 18,000-14,000)
4a.... Early Murillo-early 1,500(?)  2,000(?) 1,500(2) €] 12,000— @) 800 3,400-3,300 3,300-3,100
late full-glacial Concavo Aduria-meina 15,000
(MIS 3-2;
ca. 27,000-24,000)
5b.... Late “Rio Recio” early Rio Negro 3,300-3,200 3,100-2,900
to middle full-glacial
(MIS 3; ca. 40,000?)
5a.... Early “Rio Recio” 3,300-3,200 3,100-2,900
early full-glacial or
early glacial(?)

(MIS 4; >53,0007)

! Glacial stades in the Ruiz-Tolima massif are given along with possible equivalents in the Sierra Nevada del Cocuy (Van der Hammen and others,
1980/81) and the Sierra Nevada de Santa Marta (Raasveldt, 1957; Van der Hammen, 1984).

2 Compare the total glacierized area in the Colombian Andes with that in the Ecuadorean Andes (Hastenrath, 1981) and eastern Africa (Has-
tenrath, 1984). During the full-glacial period, the glaciers of the Colombian and Ecuadorean Andes were probably the most extensive ice fields
among the equatorial high-mountains.
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TABLE 6. — Optimum Landsat 1, 2, and 3 images of the glaciers of Colombia

[See fig. 16 for explanation of symbols used in “Code” column]

Ngf:::] Landsat ISola.r Cloud

Path-Row center identification Date € Z:‘agtll:n Code cover Remarks
(lat-long) number (degrees) (percent)

7-55 07°13'N. 30306-14262 05Jan 79 43 . 0 Sierra Nevada del Cocuy
T2°24'W.

7-56 05°47'N. 1179-14373 18 Jan 73 46 ‘ 0 Sierra Nevada del Cocuy; image used for
72°45'W. figure 7

8-53 10°06'N. 1162-14421 01 Jan 73 43 . 0 Sierra Nevada de Santa Marta; image
73°10'W. used for figure 48

8-53 10°06'N. 2716-14170 07 Jan 77 38 . 0 Sierra Nevada de Santa Marta
73°10'W.

8-57 04°20'N. 2716-14184 07 Jan 77 41 Q 10 Nevado del Tolima
T4°31'W.

9-57 04°20'N. 2375-14350 01 Feb 76 44 O 20 Nevado del Ruiz-Nevado del Tolima;
75°5T'W. image used for figure 8B

9-58 02°53'N. 2375-14353 01 Feb 76 44 O 40 Sierra Nevada del Huila; image used for
76°17T'W. figure 15B

but it is difficult to differentiate the snow cover from the glacier areas
because of the small size of the Colombian glaciers and the limitation of reso-
lution of the Landsat MSS sensor.

The mapping and measurements of snow-and-ice areas from Landsat
images tend to be less accurate than measurements of glacierized areas made
by the use of vertical aerial photography. This is because of the limitations of
the Landsat sensor, particularly the difficulty in differentiating snow from ice.
However, the Colombian glaciers appear to be receding fairly rapidly, and until
new aerial photography is acquired and analyzed of all the glacier areas, this
study offers the best comprehensive baseline comparison of the glacierized
areas of Colombia. Higher resolution Systéme Probatoire d’'Observation de la
Terre (SPOT) images were used by Vandemeulebrouck and others (1993) in
their study of tephra and lahar deposits in the vicinity of the ice cap on Nevado
del Ruiz (fig. 12). Both the Landsat 4 and 5 Thematic Mapper (TM) images
(30-m pixels) and the SPOT images (20-m and 10-m pixels) provide higher
resolution images than Landsat MSS images (79-m pixels). These and higher
resolution, satellite-imaging systems in the future will slowly replace the aerial
photogrammetric methods of mapping ice caps and outlet glaciers.

Conclusions

A historical review of glacier fluctuation in Colombia leads to the conclu-
sion that here, as in many places around the world, deglaciation is the rule.
The Sierra Nevada de Santa Marta lost. at least one-third of its snow- and ice-
covered area in the 34 years between 1939 and 1973, and several former gla-
ciers have vanished during this century. In the Sierra Nevada del Cocuy,
where actual figures are available, an average retreat of 1.6 m a~! has been
computed from Ancizar (1853) and Kraus and Van der Hammen (1959,
1960) during a period of slightly more than 100 years. A similar figure would
probably be valid for the Ruiz-Tolima massif, where the snow- and ice-cov-
ered area is now reduced to one-third of its 1845 extent. If the Reiss and Stii-
bel (1892) and Ingeominas (1984) figures on the Nevado del Huila are
correct, glacier recession there averages more than 8 m a~L. Should the
present trend continue, the 104 km? of snowfields and glaciers estimated for
Colombia in the early 1970’s will vanish in the not too distant future.
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Ecuador has more than 100 small ice caps, outlet glaciers, small ice fields, and
mountain glaciers that have a total area of 97.21 square kilometers. The glaciers
are located on the high summits of 4 mountains of the Cordillera Occidental
(21.92 square kilometers) and 13 mountains of the Cordillera Oriental (75.29
square kilometers). Since the 1800°s, the glacier area has undergone a
significant and continuing reduction
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Abstract

Even though Ecuador sits astride the Equator, 4 mountains in the Cordillera Occidental
(Western Cordillera) and 13 mountains in the Cordillera Oriental (Eastern Cordillera) have
summits that extend above the regional snowline and support more than 100 small glaciers.
Ecuadorean glacier types include ice caps and outlet glaciers, small ice fields, and mountain
glaciers on both volcanoes and nonvolcanic mountains. The total area of glaciers on the 17
volcanoes and other mountains is 97.21 square kilometers, 21.92 square kilometers in the
Cordillera Occidental and 75.29 square kilometers in the Cordillera Oriental. Field surveys,
photogrammetric analysis of vertical aerial photographs and Landsat images, and modern
maps were used to calculate the total glacier area. The Cotopaxi stratovolcano, one of the
highest active volcanoes on Earth at 5,911 meters, has an ice cap from which 23 outlet gla-
ciers flow (total area of 19.09 square kilometers). Climatic conditions in Ecuador vary consid-
erably, being influenced by the availability of moisture from either the Pacific Ocean or the
Amazon basin, terrain elevation, and the orientation of mountain ranges. Glacierization is
generally more developed on the eastern flanks of the cordilleras. A significant reduction in
glacier area has been noted in Ecuador since the 1800’s and apparently still continues.

Introduction

Ecuador’s glaciers are situated close to the Equator in South America
and thus can be considered to be among the best examples of continental
tropical glaciation. The glaciers are restricted to the highest peaks in the
Andes Mountains because of the proximity to the Equator and the prevail-
ing climatic conditions. The individual peaks, mostly of volcanic origin, do
not contain large contiguous ice fields, such as those found in Per, Bolivia,
Chile, and Argentina; instead, the glaciers occur as ice caps that feed
numerous outlet glaciers and are confined to the limited summit areas.
Table 1 provides information on the area and elevation of the small ice caps,
outlet glaciers, small ice fields, and mountain glaciers.

The glaciers in Ecuador are located on the two chains of the Andes
Mountains that flank the inter-Andean depression, the Cordillera Occi-
dental and the Cordillera Oriental (fig. 1). The peaks range in elevation
from around 4,000 m to more than 6,000 m. In the Cordillera Occidental,
the four glacierized mountains are, proceeding from north to south, Cotaca-
chi,3 Iliniza, Carihuairazo, and Chimborazo. In the Cordillera Oriental, the
following 13 mountains are glacierized: Cayambe, Saraurcu, Antisana, Sin-
cholagua, Cotopaxi, Quilindafia, Cerro Hermoso, Tungurahua, Altar,
Cubillin, Sangay, Collay, and Cerro Ayapungo (Soroche). Contradictory
information exists, however, in the literature regarding the presence of

Manuscript approved for publication 18 March 1998.

! Lehrstuhl fiir Physische Geographie, Heinrich-Heine-Universitit, Universititstrasse 1, 40225 Diissel-
dorf, Germany.

2 Department of Atmospheric and Oceanic Sciences, University of Wisconsin, 1225 West Dayton Street,
Madison, W1 53706, U.S.A.

3 The names in this section conform to the usage authorized by the U.S. Board on Geographic Names

in its Gazetteer of Ecuador (U.S. Board on Geographic Names, 1987). The names not listed in the gazetteer
are shown in italics.
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TABLE 1.—The glacierized areas of Ecuador
[Table 1 was compiled by Ekkehard Jordan from the following sources: field surveys in 1977 and 1980-1981; STEREOCORD interpretation of Cotopaxi (Jordan,
1983); official topographic map of Instituto Geografico Militar, Quito, Ecuador; Hastenrath (1981); and satellite image interpretation using STEREOCORD (Jordan,
1984). Mountain type: IV, inactive volcano during the Holocene; AV, active volcano; and NVM, nonvolcanic mountain]

. Lowest
Mt‘;,‘l‘)‘;t"““ Locality Latitude L(E’;sz:)de ggggr((’z) Nu;?ltt)lg of _ (sﬁﬁe eﬁg{%:;itn . f}f:;‘f;s
glacier(s) kilometers) (meters) (meters)
Cordillera Occidental (Western Cordillera)
Cordillera Occidental....... 0°22'N.-1°29'S.  78°20'-78°48' _ _ _ 6,310 4,600
Cotacachi 0°22'N. 78°20' Mountain _ 0.06 4,939 4,750
. lliniza.............. .. 0°39'S. 78°42' Ice cap 10 .84 5,263 4,800
V... Carihuairazo 1°24'S. 78°45' Ice cap 9 .78 5,020 4,600
V... Chimborazo.......c.cccvvvevveennnes 1°29'S. 78°48' Ice cap 22 20.24 6,310 4,600
Total 21.92
Cordillera Oriental (Eastern Cordillera)
Cordillera Oriental........... 0°1'N.-2°20'S.  77°54'-78°33' _ — 5911 4,150
IV...... Cayambe..........oveveennene. 0°1'N. 77°59' Ice cap 20 17.73 5,790 4,200
V... SATAULCU. ..cvovrrverececreronensncane 0°4'S. 77°54' _ _ .05 4,676 4,500
AV...... ANtiSANA c...covvnvvreeciicnisrnans 0°29'S. 78°08' Ice cap 17 22.68 5,704 4,200
IV Sincholagua..........cccovcuevrenenne. 0°32'S. 78°22' 3ice fields _ .18 4,893 4,700
AV......... Cotopaxi ...cceverererecreererennnees 0°41'S. 78°25' Ice cap 23 19.09 5911 4,400
V... Quilindafia ........ccccervricrienenc 0°47'S. 78°19' 2 mountain _ .06 4,760 4,650
NVM...... Cerro Hermoso .......c.cccoceeeen. 1°17'S. 78°17! Mountain _ .02 4,640 4,600
AV..... Tungurahua ...........ccccccvrnnnee. 1°28'S. 78°26' Ice cap _ .78 5,016 4,800
Vo ARAT ..ot erereienen 1°40'S. 78°24' Ice cap, 6 14.80 5,319 4,150
3 mountain
V... CUbLIN e _ _ _ _ _ — —
AV..... SaNGaY ....ccocvrerererenrenieeeieeienens 1°58'S. 78°20' Snowpack or _ 3.32 5,230 _
icecap ?
NVM...... Collay ...covvvmmerireenirireienences 2°14'S. 78°32' _ _ _ 4,630 —
NVM...... Cerro Ayapungo
(SOTOCRE) ..., 2°20'S. 78°33' _ _ _ 4,730 _
Total 75.29

Grand total 97.21

glaciers on Sangay and Cerro Ayapungo. Some references describe a partial
glacier cover, and others mention only névé (perennial snow or firn) that
persists for several years.

The total glacierized area in Ecuador is 97.21 kmz, 21.92 km? in the Cor-
dillera Occidental and 75.29 km? in the Cordillera Oriental. The glacieriza-
tion is more pronounced in the Cordillera Oriental because this eastern
range is better exposed to the moisture supply from the Amazon basin.
Also, glaciers are more abundant on the eastern, as opposed to the western,
flanks of individual mountains.

Historical documentation of varying ice conditions in Ecuador is among
the most numerous and continuous in all of the glacierized tropical areas
(Hastenrath, 1981). The earliest reference to the glacierization of the Ecua-
dorean Andes dates back to the era of Spanish colonization in the 1500’s. A
geodetic expedition of the French Academy made observations in the mid-
dle 1700’s. Von Humboldt visited the country in 1802, and geographic infor-
mation from a variety of travelers remains abundant to the beginning of the
20th century. Recent surveys of ice conditions in Ecuador include those of
Mercer (1967) and Hastenrath (1981). These varied sources indicate a
rather extensive glacierization from the 1500’s to the first part of the 1800’s,
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Paleoclimatic Conditions

Studies of ice cores from the Quelccaya ice cap in southern Perd by
Ohio State University, in cooperation with Electropert, have provided new
data about climatic conditions during the last 1,500 years. The studies
included measurement of oxygen and other isotopes, as well as the study of
conductivity and microparticles in the ice cores (Thompson and Dans-
gaard, 1975; Thompson, Hastenrath, and Morales Arnao, 1979; Thompson,
1980; Thompson, Bolzan, and others, 1982; Thompson, Mosley-Thompson,
Grootes, and others, 1984; Thompson, Mosley-Thompson, and Morales
Arnao, 1984; Thompson, Mosley-Thompson, Bolzan, and Koci, 1985;
Thompson, Mosley-Thompson, Dansgaard, and Grootes, 1986; Thompson
and Mosley-Thompson, 1987, 1989; Thompson, Davis, and others, 1988).

The results of such paleoclimate studies, including those of Hastenrath
(1967), Nogami (1972), Mercer and Palacios (1977), and Wright and others
(1989), together with present-day climatic data, will lead to a more accu-
rate understanding of climatic variability in the region. This information
also should be helpful in planning the most cost-effective development of
the hydrological resources of Peru.

History of Glacier Studies

The presence of glaciers in Perd was first mentioned in 15632 by Miguel
de Astete, who was one of the members of the Hernando Pizarro Expedi-
tion; they crossed the Cordillera Blanca while traveling from Cajamarca to
Pachacamac (Lima) (fig. 2). The first noted major glacier-related catastro-
phe was in 1702, when an outburst flood from a glacier lake destroyed part
of the city of Huaraz. In 1725, floods again caused damage in Huaraz, and
on the same day, an ice avalanche destroyed the town of Ancash. Antonio
Raymondi described glaciers of the Cordillera Blanca in 1866 (Raymondi,
1873).

Modern Glacier Studies

Glacier studies were begun in modern time by Ingeniero (Ing.) Jorge
Broggi (Broggi, 1943, 1945) who, in 1927, commented on the influence of
glaciers at the Raura Mines. Since 1932, several Austro-German expeditions
led by P. Borchers and Professors Hans Kinzl and E. Schneider have sur-
veyed and studied the Cordillera Blanca (Kinzl, 1935, 1942, 1964; Kinzl and
Schneider, 1950) and Cordillera Huayhuash (Kinzl, Schneider, and Ebster,
1942; Kinzl, Schneider, and Awerzger, 1954); they made several accurate
maps at scales of 1:200,000, 1:100,000, and 1:50,000 by using terrestrial
photogrammetry. The expeditions also included observations of lakes and
glaciers of the region (Kinzl, 1940).

In December 1941, a flood caused by the failure of a moraine dam at a
lake in the Cordillera Blanca destroyed about 25 percent of the city of Hua-
raz. The catastrophe prompted the Instituto Geolégico del Perd, under the
direction of Ing. Jorge Broggi and the Commission of Cordillera Blanca
Lakes, to begin a study and inventory of lakes and glaciers in the Cordillera
Blanca. In addition, engineering projects were initiated to prevent or miti-
gate flood disasters caused by glacier-lake outbursts. This work has contin-
ued with some interruptions until the present (Fernandez Concha, 1957;
Morales Arnao, B., 1969¢).
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Between 1944 and 1945, the Instituto Geoldgico del Pert extended its
glacier studies to the Cordilleras Central, Vilcabamba, Carabaya, and
Apolobamba (fig. 2). Between 1945 and 1972, the Corporacién Peruana del
Santa and the Regional Office of Electricity sponsored a number of studies
that led to a series of reports on glaciers, glacial geology, and glacier lakes
in the Cordillera Blanca: Oppenheim and Spann (1946), Heim (1947),
Szepessy (1949, 1950), Trask (1952, 1953), Fernandez Concha (1957),
Morales Arnao, B. (1962, 1966, 1969a, d), Petersen (1967), Ames (1969),
Lliboutry (1977), Lliboutry, Morales Arnao, Pautre, and Schneider (1977),
and Lliboutry, Morales Arnao, and Schneider (1977).

From 1966 to 1986, Ing. Benjamin Morales Arnao, initially with the Cor-
poracién Peruana del Santa and later with Electroperti, organized a special
department of glacier studies (Kinzl, 1970); this department had as its pri-
mary objective the carrying out of studies of glaciers of the Cordillera
Blanca and the planning of construction projects that would prevent cata-
strophic floods (Corporaciéon Peruana del Santa, Electroperi, 1967-1995;
Morales Arnao, B., 1969c¢, 1971; Schneider, 1969). The studies were begun
in the northern part of the country. The Instituto de Geolégia y Mineria
extended glacier studies to the entire country and had the goal of a com-
plete inventory of glaciers and glacier lakes in Perd. The inventory was
completed in 1988 (Hidrandina, 1988).

Starting in 1978, international agreements were signed with several
institutions to support glacier studies, these included an arrangement with
the Federal Institute of Technology, Zirich, Switzerland, to contribute
Peruvian glacier data to the World Glacier Inventory Project, as well as
cooperative research with Ohio State University on studies of paleoclimate
from ice cores of the Quelccaya ice cap in the Cordillera de Vilcanota
(Thompson, Mosley-Thompson, Grootes, and others, 1984) and from the
Cordillera Blanca. More recently cooperative glacier studies have been
established with the French Institute of Andean Studies and the Institute of
Geography at the University of Innsbruck, Austria.

Peruvian Cordilleras

Cordillera Occidental

Cordillera Blanca

The Cordillera Blanca is the most extensive tropical ice-covered moun-
tain range in the world and has the major ice concentration in Perd. It is
part of the Cordillera Occidental and trends in a northwesterly direction for
about 200 km between lat 8°08' and 9°58'S. and long 77°00' and 77°52'W.
(figs. 2-5). It marks the continental divide; Rio Santa on the west drains
into the Pacific Ocean, whereas Rio Marafiéon on the east drains into the
Atlantic Ocean. The Cordillera Blanca has five of the most spectacular
peaks above 6,000 m in the Peruvian Andes. The highest peak (Nevado
Huascaran) rises to an elevation of 6,768 m asl. A total of 722 individual gla-
ciers are recognized in the Cordillera Blanca, and these cover an area of
723.4 km2. Most of these glaciers are on the western side of the ranges,
where 530 glaciers cover an area of 507.5 km?. On the eastern side are 192
glaciers that cover an area of 215.9 kmz; the lowest glacier terminus is at
4,200 m asl. Most of the glaciers, 91 percent of the total, are classified as
mountain glaciers; they are generally short and have extremely steep
slopes. The rest are classified as valley glaciers, except for one ice cap. Four
are similar to rock glaciers (Kinzl, 1935, 1942, 1964; Kinzl and Schneider,
1950; Morales Arnao, C., 1964; Morales Arnao, B., 1969a, b; figs. 3 and 4;
tables 1 and 2).
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and avalanche from the summit of Huascaran, the National Aeronautics and
Space Administration carried out an aerial reconnaissance of part of the
Cordillera Blanca that produced false-color infrared aerial photographs.

In 1972, Dr. Walter Welsch of Munich, Germany, using photogrammetric
methods, compiled a map of Huascardn and the avalanche zone at scales
of 1:25,000 and 1:15,000 (Welsch and Kinzl, 1970). In other parts of the
country, the Instituto Geografico Militar has compiled maps at scales of
1:100,000 and 1:250,000 by the use of aerial photographs. Between 1970
and 1974, photogrammetric maps of most of Perti were prepared at a scale
of 1:25,000 as part of the Reforma Agraria programs.

The climatic conditions of the Cordillera Oriental, which include fre-
quently cloudy weather, make it difficult to conduct aerial surveys and to
acquire the vertical aerial photography needed to prepare maps. In order to
avoid delays and the other problems caused by the cloudy conditions, the
Government of Pert carried out an aerial survey between 1974 and 1977
that used side-looking airborne radar (SLAR) of the entire Cordillera Orien-
tal of Pert from Ecuador in the north to Bolivia in the south. The SLAR sur-
vey also included parts of the Cordillera Central and Cordillera Occidental.

The information from the glacier and glacier lake inventory conducted
by Electroperu has been plotted on the 1:25,000-scale photogrammetric
maps produced for Reforma Agraria. The best examples of large-scale maps
of glaciers of Perd are the 1:5,000-scale topographic maps prepared by
Electroperu of five different types of glaciers in the Cordillera Blanca and
Cordillera Raura. In addition, Cesar Morales Arnao and Grocio Escudero
constructed an 11-m model of the Cordillera Blanca at the scales of
1:25,000 and 1:12,500. Other regions of Pert have few large-scale maps that
are useful for studies of glaciers. For example, no accurate maps exist for
the Cordillera Vilcabamba and Cordillera Urubamba in the southern part of
the country. Tables 5 and 6 list a selected group of maps and aerial photo-
graphs of the glacierized areas of Peri. A good listing of early sketch maps
of glacierized areas of Pert is found in Mercer (1967).

Landsat Imagery

Good quality, cloud-free Landsat imagery is available for many of the gla-
cierized areas of Perd (table 7 and fig. 15). However, the use of satellite
imagery is somewhat limited for studying small mountain-type glaciers or
areas that are obscured by shadows in high-relief regions. Where available,
satellite imagery acquired during dry periods at the end of the melt season
is particularly useful because it shows glacier margins that are not masked
by snowpack.

Landsat images have been used to make a general inventory of the gla-
ciers of Perii on which this report is based. Photographic prints at a scale of
1:1,000,000 or enlarged to a scale of 1:250,000 were used to estimate the
glacier area and were especially useful for several cordilleras that are not
covered by aerial photography (table 1). Newer satellite systems that have
increased resolution will provide even more accurate information in the
future.
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TABLE 6.—Selected aerial photographs of the glacierized areas of Perd

Aerial photographs
Glacierized area Scale Date Proj tje;;:ég?:&gﬁraph Archive
Chonta, Huanzo, Chila, Ampato, Volcdnica, Barroso,
La Raye 1:60,000 1955-56 IGM!
Blanca, Huallanca, Huayhuash, Raura, La Viuda, Central,

Chonta, Huaytapallana, La Raya, Huagdruncho,

Urubamba, Vilcanota, Carabaya, Apolobamba................... 1:50,000-1:60,000 1961 Topographic mapping IGM
Vilcabamba..........c.ciiic s 1:40,000 - Proyecto 66-60-A SANZ
Carabaya and Apolobammba ..............cc.oeceevveeeivreeeseveraieaeneans 1:40,000 1961-62 Proyecto 70-60-A SAN
L0 VEUAQ ..ottt 1:35,000 1955 Proyecto 7500-22 SAN

1961 Hunting Survey Corp.
1956-58 The Peruvian Corp.
1:20,000 1948 Proyecto 2524 SAN
1:20,000 1956 Proyecto 8485 SAN
1:20,000 1961
1:15,000 1954 Proyecto 6900-5 SAN
1:15,000 1954 SAN
1:10,000 1950 Proyecto 3800 SAN
1:10,000 1956 Proyecto 8485A SAN
1:8,000 1951 Proyecto 5460 SAN
.......................................................................................................... Nov 1962  AF 60, frames
33804-33807,
33011-33012
May 1963 AF 60, frames
40796-40799
Jul 1963  AF 60, frames
4822348224
Photomosaic
Glacierized area Name Scale Date Publisher
QUELCCOY A LCE CAP ...evvveneveeinrieircreiceeenrsanessessseoseseeseneeserssnasens Marcapata, hoja 28-111 1:50,000 1966 IGM
(Fotocarta Nacional)

1 1GM, Instituto Geogréfico Militar, Lima.
2 SAN , Servicio Aerofotogréfico Nacional.
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Bolivia has a total glacier-covered area of more than 560 square kilometers. A
few crater glaciers, small summit ice caps, and outlet glaciers (about 10 square
kilometers) are located on the extinct volcanoes of the Cordillera Occidental of
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Cordilleras Apolobamba, Real, and Tres Cruces and Nevado Santa Vera Cruz
of the Cordillera Oriental
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TABLE 2.—Optimum Landsat 1, 2, and 3 images of the glaciers of Bolivia
[See fig.18 for explanation of symbols used in “code” column]

Nominal scene Landsat ISOI?.I SOIarth Cloud Remarks
Path-Row center identification Date elevation  azimu Code cover (image archived by U.S. Geological Survey EROS Data Center,
(latlong) nurmber angle angle (percent) Sioux Falls, S. Dak., unless otherwise noted)
(degrees) (degrees)
249-74 20°11'S. 2148-13415 19 Jun 75 30 44 . 0 No Holocene, only Pleistocene glacier areas;
65°59'W. image used for figure 9
249-75 21°38'S. 2418-13382 15 Mar 76 42 71 . 0 Bolivia-Argentina; no Holocene, only Pleistocene
66°21'W. glacier areas; moderate snow cover; image used
for figure 20C
249-75 21°38'S. 2148-13421 19 Jun 75 29 44 . 0 Bolivia-Argentina; no Holocene, only Pleistocene
66°21'W. glacier areas; moderate snow cover; image used
for figure 20E, F
249-75 21°38'S. 2310-13401 28 Nov 75 54 96 ‘ 0 Bolivia-Argentina; no Holocene, only Pleistocene
66°21'W. glacier areas; minimal snow cover; image used
for figure 20A, B
249-76 23°04'S. 2256-13411 05 Oct 75 48 69 . 0 Argentina-Bolivia-Chile; no Holocene, only Pleis-
66°44'W. tocene glacier areas; minimal snow cover
250-72 17°19'S. 2149-13464 20 Jun 75 33 45 . 0 Cordilleras Tres Cruces - Nevado Santa Vera Cruz;
66°42'W. moderate sSnow cover
250-74 20°11'S. 1243-13595 23 Mar 73 46 65 . 0 Bolivia-Chile, Cordillera Occidental
67°25'W.
250-75 21°38'S. 1243-14001 23 Mar 73 45 64 . 0 Bolivia-Chile, Cordillera Occidental; minimal snow
67°48'W. cover; image used for figure 19
250-76 23°04'S. 2401-13450 27 Feb 76 44 78 ‘ 0 Chile-Bolivia; moderate snow cover
68°10'W.
250-76 23°04'S. 1243-14004 23 Mar 73 44 63 0 Excellent with minimal snow cover on mountain
®
68°10'W. peaks; no Holocene glaciers
250-76 23°04'S. 2257-13470 06 Oct 75 48 70 . 0 Excellent but with considerable snow cover in the
63°10'W. cordillera; no Holocene glaciers
251-71 15°52'S. 2168-13520 09 Jul 75 34 47 . 0 Cordillera Real; minimal snow cover, image used
67°47'W. for figure 8
251-72 17°19'S. 2276-13505 25 Oct 75 54 86 . 0 Southern Cordilleras Real and Tres Cruces, and
68°08'W. Nevado Santa Vera Cruz; moderate snow cover;
image used for figures 7 and 8
251-72 17°19'S. 1100-14041 31 Oct 72 58 89 . 0 Southern Cordilleras Real and Tres Cruces and
68°08'W. Nevado Santa Vera Cruz; minimal snow cover
251-73 18°45'S. 1100-14043 31 Oct 72 57 87 ‘ 0 Bolivia-Chile, Cordillera Occidental; minimal snow
68°30'W. cover; image used for figure 24, B
251-74 20°11'S. 1244-14053 24 Mar 73 46 65 . 0 Chile-Bolivia, Cordillera Occidental
68°51'W.
1-70 14°26'S. 2223-13561 02 Sep 75 44 62 . 0 Bolivia-Perii, Cordillera Apolobamba; substantial
68°52'W. snow cover; image used for figure 54
1-70 14°26'S. 2187-13565 28 Jul 75 37 51 . 0 Bolivia-Perti, Cordillera Apolobamba; minimal
68°52'W. snow cover; image used for figure 8
1-70 14°26'S. 277108-133941 18 Apr 77 39 62 ‘ 10 Bolivia-Pert, Cordillera Apolobamba; marginal
68°52'W. cloud cover; excellent glacier without snow
cover; image source: Brazil
1-71 15°52'S. 277108-134006 18 Apr 77 38 61 0 10 Bolivia-Perti, Northern Cordillera Real, Lake Titi-
69°13'W. caca; excellent glacier; image source: Brazil
1-72 17°19'S. 106514091 26 Sep 72 52 69 ‘ 0 Peru-Bolivia-Chile, Cordillera Occidental; minimal
69°34'W. SNOW cover
1-72 17°19'S. 277108-134031 18 Apr 77 38 60 0 Perii-Bolivia-Chile, Cordillera Occidental; image
®
69°34'W. source: Brazil
1-73 18°45'S. 2061-13583 24 Mar 75 44 68 . 0 Chile-Bolivia-Perii, Cordillera Occidental; glaciers
69°56'W. masked by snow cover
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Capabilities and Limitations of Interpreting
Glaciological Phenomena from Satellite Images of
Bolivia’s Semitropical Glaciers

The following discussion is limited to the manual-optical analysis of
1:1,000,000-scale satellite images from the Landsat series. Because of the
scanning element (pixel) size of 79x79 m in Landsat multispectral scanner
(MSS) images, certain limits are set for interpretation. Yet these limits are
not only determined by the pixel resolution but also by the discrimination
of various materials within the spectral ranges of the images, by the sea-
sonal and climatic conditions during imaging, and finally, by the character-
istics of tropical glaciers. In this section, the occurrence of the Bolivian
glaciers will be examined, including a discussion of the limitations just men-
tioned. The facts are essentially the same for the increased resolution of
Landsat TM, SPOT, and MOMS images.

Initial difficulties emerge in the general determination of glacier distribu-
tion. Distinguishing between ice and snow and salt areas, and also cloud
cover, is difficult. It is made easier with the proper selection of the available
multispectral images, especially by using MSS spectral band 7.

The glaciers of the Cordillera Occidental have a spectral reflectance that
is similar to salt efflorescences and salars (figs. 2, 3, and 19). As a rule, the
latter are located in intermontane basins, whereas snow and glaciers cover
the volcanic peaks. Stereoscopic observation capability, therefore, makes
differentiation possible with absolute certainty. Since 1986, SPOT has pro-
vided this capability, as have the 1983-84 and 1993 MOMS test series
images. Landsat imagery does not have true stereoscopic quality. However,
the azimuth and orientation of the Sun at the time of imaging give the ter-
rain the appearance of substantial relief so that, except for some borderline
cases, it is possible to differentiate between ice and snow and salt areas
with fair certainty.

On the other hand, the difficulty of spectrally separating and therefore
delineating areas of snow, firn, glacier ice, and glacier ice covered with
snow and firn is much more important. For example, snow cover gives the
false impression that many of the volcanic cones of the Cordillera Occiden-
tal and the Cordillera de Lipez are covered by glaciers (figs. 2, 19, and 20).
However, only a few volcanoes (table 1) are actually capped by ice; all the
others have only a temporary firn cap, which may persist, in part, for sev-
eral years, with an especially strong definition after the rainy season in
March and April (see fig. 20).

In the case of extratropical glaciers, definite accumulation and ablation
phases exist, and in the fall, the highest snow and firn lines can be noted. In
the tropics, these phases cannot be so clearly defined (fig. 20). Thus, a spe-
cific time of year cannot be selected for the optimum analysis of glacier
areas. Therefore, analysis of satellite images of Bolivia is always accompa-
nied by the uncertainty of having included in the peripheral areas some
large firn and snow-covered areas—as has obviously happened with the
"Mapa de cobertura y uso actual de la tierra Bolivia" (Brockmann, 1978).

A further difficulty in analyzing satellite images results from the size of
the glaciers. The total extent of the glaciers, about 600 kmz, is substantial.
However, the glacierized area includes many small glaciers, strongly seg-
mented recharge areas, fragmented glaciers, and steep cliff glaciers and
glacier tongues. As a rule, these small glacier areas are generally less than
1 km? in size. Because of the limitation of the resolution of Landsat imag-
ery, these areas are hard to delineate.

The abundance of small, steep glaciers is also difficult to discern owing
to the strong shadows on the slopes oriented toward the southwest (figs. 2
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TABLE 1.—Optimum Landsat 1, 2, and 3 images of the glaciers of Chile and Argentinal

[See fig. 4 for explanation of symbols used in “code” column]

Solar

Nominal Landsat levati Cloud
Path-Row scene center identification Date € eval on Code cover Remarks
(lat-long) number ( dzgfeis ) (percent)
242-98 54°22'S. 30380-13120 20 Mar 79 21 ‘ 0 Beagle Channel; multiple scan lines missing
67°54'W.
242-99 55°45'S. 1397-13225 24 Aug 73 11 O 90
68°42'W,
243-98 54°22'S. No usable data Q
69°21'W.
243-99 55°45'S. No usable data @
70°09'W.
244-97 52°58'S. No usable data @
70°02'W.
244-98 54°22'S. No usable data G
70°47'W.
245-97 52°58'S. No usable data 6
71°28'W.
245-98 54°22'S. No usable data G
72°13'W.
246-94 48°44'S. 21441-13193 02 Jan 79 41 . 0
70°52'W.
246-95 50°09'S. 21441-13200 02 Jan 79 41 . 0 Lagos Viedma and Argentino
71°30'W.
246-96 51°34'S. 30060-13331 04 May 78 10 O 50 Thin cloud, snow cover
72°11'W.
246-96 51°34'S. 21441-13202 02 Jan 79 40 O 50
72°11'W.
246-97 52°58'S. No usable data @
72°64'W.
246-98 54°22'S. No usable data G
73°39'W.
247-92 45°55'S. 1474-13470 09 Nov 73 45 . 0 Snow cover
71°06'W.
247-93 47°20'S. 1474-13473 09 Nov 73 44 . 0 Snow cover
71°41'W.
247-94 48°44'S, 1474-13475 09 Nov 73 44 ‘ 0 Snow cover
72°18'W.
247-95 50°09'S. No usable data @
72°56'W.
247-96 51°34'S. 30385-13400 25 Mar 79 22 A B A=20 Landsat 3 RBV; Archived by USGS GSP?
73°37'W. ABCD COD B=0
C=20
D=0
247-97 52°58'S. No usable data @
74°20'W.
248-77 24°31'S. 1223-13493 03 Mar 73 46 O 50
65°40'W.
248-78 25°56'S. 1223-13495 03 Mar 73 46 O 60
66°03'W.
248-79 27°23'S. 2417-13342 14 Mar 76 40 0 10
66°27'W.
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TABLE 1.—Optimum Landsat 1, 2, and 3 images of the glaciers of Chile and Argenti na'—Continued
[See fig. 4 for explanation of symbols used in “code” column]

Nominal Landsat 1S°1f:‘l_r Cloud
Path-Row scene center identification Date € eval on Code cover Remarks
(lat-long) number ( d?egrgeis) (percent)
248-80 28°49'S, 2039-13384 02 Mar 73 42 O 20
B6°51'W.
248-85 35°58'S. 2363-13381 20 Jan 76 45 ‘ 0
68°58'W.
248-86 37°24'S. 2363-13383 20 Jan 76 45 0 10
69°26'W.
248-87 38°49'S. 2399-13381 25 Feb 76 37 . 0
69°54'W.
248-88 40°14'S. 2399-13383 25 Feb 76 36 ‘ 0
70°24'W.
248-89 41°40'S. 2417-13383 14 Mar 76 31 . 0
70°54'W.
248-90 43°05'S. 2417-13385 14 Mar 76 30 0 10
71°25'W.
248-91 44°30'S. 21515-13324 17 Mar 79 29 . 0 Montes Melimoyu and Mentolat, image used for
71°58'W. fig. 24
248-92 45°565'S. 2399-13401 25 Feb 76 33 O 25 Montes Maca and Cay; image used for fig. 25
T2°32'W.
248-93 47°20'S. 2399-13404 25 Feb 76 32 O 30 Northern Patagonian Ice Field
73°07'W.
248-93 47°20'S. 30368-13444 08 Mar 79 30 O 20 Northern Patagonian Ice Field; image used for fig. 42
73°07'W.
248-93 47°20'S. 30368-13444 08 Mar 79 30 A B A=50 Landsat3 RBV images; archived by USGS GSP
73°07W.  ABCD CO . BN
C=50
D=30
248-94 48°44'S. 2399-13410 25 Feb 76 31 O 35 Northern part of Southern Patagonian Ice Field;
73°44'W. image used for fig. 33
248-94 48°44'S. 30368-13450 08 Mar 79 29 O 40 Image used for fig. 51
73°44'W,
248-94 48°44'S, 30368-13450 08 Mar 79 29 B B=40 Landsat 3 RBV images. Subscene B used for fig. 50;
73°44W.  BCD (O~ =80  subscene D used for fig. 49. Archived by USGS GSP
€70 popo
248-95 50°09'S. 30368-13453 08 Mar 79 28 O Southern part of Southern Patagonian Ice Field
T4°22'W.
249-76 23°04'S. 1008-13533 31 Jul 72 33 . 0
66°44'W.
249-77 24°31'S. 1008-13540 31 Jul 72 32 . 0
G7°06'W.
249-78 26°66'S. 2418-13393 15 Mar 76 40 . 0
67°29'W.
249-79 27°23'S. 2418-13400 15 Mar 76 39 O 15
G7°53'W.
249-80 28°49'S. 2418-13402 15 Mar 76 39 0 10
68°17'W.
249-80 28°49'S. 2040-13443 03 Mar 75 42 ‘ 0 Nevado de Famatina
68°17'W.
249-81 30°15'S. 2040-13445 03 Mar 75 41 ‘ 0
68°41'W.
249-82 31°41'S. 2040-13452 03 Mar 75 40 . 0
69°06'W.
1116 SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD



TABLE 1.—Optimum Landsat 1, 2, and 3 images of the glaciers of Chile and Argentinal —Continued

[See fig. 4 for explanation of symbols used in “code” column]

Solar

Nominal Landsat levati Cloud
Path-Row scene center identification Date € evalné)n Code cover Remarks
(lat-long) number ¢ dzgfees) (percent)
249-83 33°07'S. 2022-13455 13 Feb 75 43 . 0
69°32'W.
249-83 33°07'S. 2418-13414 15 Mar 76 36 . 0 Cerro (Volcdn) Tupungato, Cerros Chimbote and
69°32'W. Aconcagua; image used for fig. 9
249-83 33°07'S. 30675-13415 09 Jan 80 48 A A=20 Landsat 3 RBV images; Volcan Maipo and Cerro
69°32'W. ACD c O o C=15 (Voledn) El Palomo. Archived by USGS GSP
D=50
249-84 34°32'S. 2022-13461 13 Feb 75 42 . 0
69°58'W.
249-84 34°32'S. 2418-13420 15 Mar 76 35 . 0 Volcan Maipo and Cerro (Volcdn) El Palomo; image
69°58'W. used for fig. 10
249-85 35°58'S. 2418-13423 15 Mar 76 34 . 0 Volcan Domuyo
70°24'W.
249-86 37°24'S. 2382-13440 08 Feb 76 41 . 0 Volcanes Antuco, Copahue, and Callaquén, Sierra
70°52'W, Velluda
249-87 38°49'S. 2382-13442 08 Feb 76 41 . 0 Volcanes Llaima, Villarrica, and Quetrupilldn,
71°20'W. Nevados de Sollipulli
249-88 40°14'S. 2436-13431 02 Apr 76 27 . 0
71°650'W.
249-89 41°40'S. 2436-13433 02 Apr 76 26 ‘ 0 Monte/Cerro Tronador; image used for fig. 21
72°20'W.
249-90 43°05'S. 21516-13380 18 Mar 79 28 O 50 Volcan Minchinmavida
72°51'W.
249-91 44°30'S. 2130-13485 01 Jun 75 11 O 15 Montes Melimoyu, Mentolat, Cay, and Maca; snow
73°24'W. cover
249-92 45°55'S. No usable data e
73°58'W.
249-93 47°20'S. No usable data Q
74°33'W.
2560-75 21°38'S. 1243-14001 23 Mar 73 45 . 5
67°48'W.
260-76 23°04'S. 1243-14004 23 Mar 73 44 . 5
68°10'W.
260-77 24°31'S. 1243-14010 23 Mar 73 43 ‘ 0
68°33'W.
250-78 25°56'S. 1243-14013 23 Mar 73 42 ‘ 0
68°55'W.
250-78 25°56'S. 2401-13455 27 Feb 76 43 . 0
68°55'W.
250-79 27°23'S. 1243-14015 23 Mar 73 41 . 0
69°19'W,.
250-80 28°49'S. 1243-14022 23 Mar 73 40 . 0
69°43'W.
250-81 30°15'S. 1243-14024 23 Mar 73 39 . 0 Cerro de Olivares
70°07'W.
250-82 31°41'S. 1243-14031 23 Mar 73 38 . 0
70°33'W.
250-83 33°07'S. 2419-13472 16 Mar 76 36 . 0
70°58'W.
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TABLE L.—Optimum Landsat 1, 2, and 3 images of the glaciers of Chile and Argentina’—Continued

[See fig. 4 for explanation of symbols used in “code” column]

Nominal Landsat ISOIB.I Cloud
Path-Row scene center identification Date elevation Code cover Remarks
(lat-long) number « d:giis) (percent)
250-84 34°32'S. 2365-13491 22 Jan 76 46 . 0
T1°24'W.
250-85 35°58'S. 2059-13521 22 Mar 75 34 . 0 Volcan Descabezado
71°61'W.
250-86 37°24'S. 2365-13500 22 Jan 76 45 . 0 Nevados de Chillan, Volcan Antuco, and Sierra
72°18'W. Velluda
250-87 38°49'S. 2383-13501 09 Feb 76 40 ‘ 0
T2°46'W.
250-88 40°14'S. 2383-13503 09 Feb 76 40 0 10
73°16'W.
250-89 41°40'S. 2383-13510 09 Feb 76 39 Q 10
73°46'W.
251-72 17°19'S. 1100-14041 31 Oct 72 58 . 0
68°08'W.
251-73 18°45'S. 1010-14035 02 Aug 72 36 0 10
68°30'W.
251-73 18°45'S. 1100-14043 31 Oct 72 57 ‘ 0
68°30'W.
251-74 20°11'S. 1100-14050 31 Oct 72 56 . 0
68°51'W,
251-74 20°11'S. 1244-14053 24 Mar 73 46 . 0
68°51'W.
251-75 21°38'S. 2312-13514 30 Nov 75 51 . 0
69°14'W.
1-72 17°19'S. 1065-14091 26 Sep 72 52 . 0
69°34'W.
1-73 18°45'S. 1065-14093 26 Sep 72 51 . 0
69°56'W.
Landsat 5 images
1-73 18°47'S. 51281-14022 03 Sep 87 44 . 0
68°48'W.
231-94 48°52'S. 50684-13530 14 Jan 86 43 O 20 Northern part of Southern Patagonian Ice Field,;
72°45'W. image used for fig. 32
231-95 50°17'S. 50684-13533 14 Jan 86 43 O 20 Middle part of Southern Patagonian Ice Field; image
73°20'W. used for fig. 32
231-96 51°42'S. 50684-13535 14 Jan 86 42 0 10 Southern tip of Southern Patagonian Ice Field; image
73°57'W. used for fig. 32
232-92 46°01'S. 51075-13514 09 Feb 87 39 O 35 Northern part of Northern Patagonian Ice Field;
73°18'W. image used for fig. 26
232-93 47°26'S. 51075-13520 09 Feb 87 38 0 10 Southern part of Northern Patagonian Ice Field;
73°50'W. image used for fig. 26

1 Six supplemental Landsat 5 images are included, three of which provide excellent coverage of the Southern Patagonian Ice Field (fig. 32).
2 USGS GSP is the U.S. Geological Survey Glacier Studies Project.

1118 SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD



Glaciers of the Dry Andes
By Louis Lliboutry3

Abstract

From a glaciological perspective, the Dry Andes can be divided into the Desert Andes
north of latitude 31° South and the Central Andes between latitude 31° and 35° South.
Because of lower precipitation and elevations, only permanent snow patches and glacierets
are present in the Desert Andes. Large glaciers are situated in the Central Andes because of
higher mountains and greater amounts of precipitation. In the Desert Andes, the glaciation
level is variable and depends on the amount and source direction of the precipitation. At lati-
tude 27° South, it lowers eastward from 6,200 meters to 5,500 meters or less. At latitude 29°
South, it rises eastward from below 5,600 meters to about 6,000 meters. Glaciers of the Cen-
tral Andes cover about 2,200 square kilometers and can be as much as 14 kilometers in
length. Their lower ends are partly or completely covered with morainic debris and are indis-
tinguishable from rock glaciers. Some surging glaciers are present. The Rio del Plomo has
been dammed at least three times historically by a surge of Glaciar Grande del Nevado. An
ephemeral lake was created that eventually drained rapidly and caused a destructive flood
downstream of the failed ice dam. During the “Ice Age,” a significant expansion of the gla-
ciers in the Central Andes took place. The lowering of the Equilibrium Line Altitude (ELA)
should have been about 1,000 meters from today’s ELA. The lowering of the mean annual
temperature should have been small. The main factor was an increase of the annual precipi-
tation, caused by a 200- to 250-kilometer shift northward of the wetter climate to the south.

Geographic Setting

The very high, semiarid plateau, known in southern Peri and western
Bolivia as the Altiplano, extends southward into Chile and Argentina to lat
28°S. The plateau has an elevation of about 4,000 m above sea level and
becomes narrower as it extends to the south. In Chile and Argentina, it is
called la Puna (puna also means mountain sickness). At its west border,
near the Chilean desert, are a series of Quaternary volcanoes, often reaching
elevations of more than 6,000 m, an extension of the Cordillera Occidental in
Bolivia. Mountain ranges, running in a north-south direction, exist on the east
side of the Puna. The Cordillera de los Andes (the Andes Mountains) is a set
of more or less parallel mountain ranges, not a single one. In Spain, a range is
called sierra; in South America, it is called cordén or cordillera.

South of lat 28°S., isolated volcanoes do not exist. The main range is both
the drainage divide between the rivers that flow into the Pacific and Atlantic
Oceans and the international border between Chile and Argentina. The Trat-
ado de Limites (Boundary Treaty) officially delimited the border between
both countries as “the water divide,” which, they thought, was a line connect-
ing the highest mountain peaks. The existence of mountain ranges between
drainage basins was, at the time, a very popular theory among military geogra-
phers to the extent that, in France, an imaginary mountain range was drawn
between the Seine and the Loire (rivers), a region that is, in fact, completely
flat. The nonsensical theory of such “natural frontiers” led to many border
controversies in Patagonia up to recent times, but at the same time, it has
been the motivation behind many useful expeditions to explore the region.

Mapping and Aerial Photography

Glaciologists and geographers should not trust any elevation that is indi-
cated on maps of the Andes Mountains. The sources of their elevation data
are never indicated, and these sources may differ from one another by sev-
eral hundred meters. The critical work of a historian is often necessary to
judge accuracy.

3 3, Avenue de la Foy, 38700 Corenc, France.
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Considerable ground geodesy was done at the beginning of the 20th cen-
tury by an Argentine-Chilean Comisién de Limites, which was charged to
delimit the international border. The first edition in 1915 of the Carta Nacio-
nal de Chile (CNC), a set of maps at a scale of 1:500,000, used these data. Its
last edition, with liftle modification, was published in 1945. Up to recent
times, it was the best source for geographic place-names and for elevations
north of lat 41°30'S. on the Chilean side and near the border. Near Santiago,
Chile, the CNC was improved (more details and place-names, without modi-
fying the elevations) in 1929 by W. Klatt and F. Fickenscher (KF). Their map
at a scale of 1:250,000 was used by Chilean andinistas (mountaineers) up to
1956. On the Argentine side, very accurate maps at a scale of 1:25,000 of the
Aconcagua group (lat 32°30'-32°50'S.) and of the glaciers in the Rio del
Plomo drainage basin (lat 32°565'-33°20'S.) were made by terrestrial photo-
grammetry (Helbling, 1919). Elsewhere, cartography of the Argentine Andes
remained very poor up to recent times.

From April 1944 to April 1945, at the request of the Chilean Government,
a Trimetrogon aerial survey of all of Chile was done by the U.S. Army Air
Force and was compiled in Panama by the Army Map Service. Very few place-
names were indicated, and glaciers of the Central Andes were not repre-
sented. (This region had been surveyed in winter, and the plotter’s carto-
graphic technicians did not recognize or discriminate glaciers in snow-
covered areas.) The Instituto Geografico Militar de Chile (IGMC) sold this
preliminary chart (Carta Preliminar, CP), at a scale of 1:250,000, in the 1950’s
without making changes other than metric conversions. At the same time, I
drew a more detailed map at a scale of 1:150,000, extending from lat 32°30' to
34°30'S., long 69°40' to 70°30'W. (Lliboutry, 1956). For the first time, glaciers
of this area were represented. The contour lines came from the CP (with
some corrections near the border); the elevations came from CNC, KF, and
Argentine maps.

Vertical aerial photographs that are suitable for accurate cartography were
taken in 1955 and 1956 in Chile and in 1963, 1974, and 1980-81 in Argentina.
They have been used, together with modern geodetic-control networks, for
compilation of maps at scales of 1:50,000 in Chile (denoted IGMC) and at
1:100,000 in Argentina. Today all of these photographs and maps are on sale
without restrictions in both countries. Nevertheless, many geographers still
use the U.S. Operational Navigation Charts (ONC) at a scale of 1:1,000,000
(the same scale as the standard Landsat images), which were printed before
the modern accurate maps became available (fig. 5). For Chile, the ONC is a
reduction of the CP. For Argentina, the ONC reproduces the navigation chart
Carta Aerondutica Mundial (OAIC) made by the Instituto Geografico Militar
de Argentina (IGMA). In both cases, elevations were drawn from all the maps
available at that time. Where the elevation of a given summit was not the
same in the different maps, the highest elevation was kept, a logical choice
for an aeronautical navigation chart. Many elevations, especially in the Argen-
tine Andes, came from climbers who had reached a summit and merely read
their pocket altimeters. They were calibrated in the early morning before the
ascent, and the summit was reached in the afternoon, when atmospheric
pressures are much lower. Therefore, their reported elevations are too high.
For instance, Volcan San José (lat 33°45'S.) (5,830 m CNC, 5,856 m IGMC) is
credited with 6,100 m on the ONC, and Cerro (Volcdn) Tupungato (6,550 m
CNC) is credited with 6,800 m on the ONC. The elevation of Cerro/Nevado
Ojos del Salado (lat 27°07'S.) is 6,880 m on the CNC, 6,863 m according to a
Polish triangulation in 1937, 6,937 m according to an Argentine one, 6,885 +3
m according to a U.S. Commission led by Adams Carter in 1956, and 6,900 £5
m according to Spedizione Condor (1989), whereas it is credited with 7,084
m on the ONC. This last elevation, which appears to make this summit shared
by Chile and Argentina higher than the summit of Argentine Aconcagua, was
obtained with a pocket altimeter by the official Chilean expedition of Captain
Gajardo in 1956.
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TABLE 4.—Area of drainage basin and discharge of mountain rivers in the Chilean Andes

Drainage basin and river (measurement point)

Area of drainage basin (km?) Discharge! (m? s7) Totalannual ~ Specific
discharge1 discha\rge1
Totall  Glacierized area® Maximum Minimum (108 2™ (rum)

Rio Aconcagua drainage basin: .........cccocccveeeeeveeeeeeeeene,

Rio Colorado Provincia de Aconcagua
(CONIUENCE) ..o eeee

Rio Juncal (confluence)............cococvvuererenrnencrenenn.

Rio Blanco (Saladillo).....

Rio Colorado Provincia de Santiago
(CONFIUENCE) ..ot

Rio Yeso (confluence).........coocoevneieiecneesnnnnnecsssnnens
Rio El Volcan (Los Queltehues) ..o,

Ri0 MAIPO SUPETIOT......covirerrierirircverere e

(L0S BYiONES) .c..ccvererreerinieirireieesesesieresess s aessssesasesaens

151.5=10.4 %

830 31.45 (Dec) 43 (Jun) 399 480

247.2 14.86 (Jan) 1.9 (Aug) 206 840

384.6 27.62 (Jan) 1.5 (Jub) 308 800
422.1=11.6%

1,020 82 (Jan) 11 Jub 1,730 1,590
573 25 (Dec/Jan) 45 (May) 379 660
546 37 (Jan) 6 (Aug) 505 920

1,540 - - 950 620

221.9=9.6 %

2,320 171,56 (Jan) 41.9 (Jub) 2,610 1,120

106.4=7.0 %

1,525 114.1  (Jan) 24.8 (Apr) 1,730 1,130

1 Data from Empresa Nacional de Electricidad, Sociedad Anénima (ENDESA) [National Electric Power Enterprise, Incorporated, Chile].

2 Data from Valdivia (1984).

TABLE 5.— Most useful Landsat 1, 2, and 3 images of the glaciers of the Dry Andes
[Table 1 lists all the optimum Landsat 1, 2, and 3 images of the glaciers of Chile and Argentina]

Nominal scene

PathRow o identiication mumber Date
24877 24°31'S,, 65°40'W, 1223-13493 03 Mar 73
24879 27°23'S., 66°27'W, 2417-13342 14 Mar 76
249-77 24°31'S,, 67°06'W. 1008-13540 31 Jul 72
249-78 25°56'S., 67°20'W. 2418-13393 15 Mar 76
249-79 27°23'S., 67°53'W. 2418-13400 15 Mar 76
249-80 28°49'S., 68°17'W. 241813402 15 Mar 76
249-82 31°41'S,, 69°06'W. 2040-13452 03 Mar 57
249-83 33°07'S,, 69°32'W. 2022-13455 13 Feb 75
249-83 33°07'S., 69°32'W. 30675-13415 09 Jan 80
ACD

249-83 33°07'S., 69°32'W. 2418-13414 15 Mar 76
249-84 34°32'S., 69°58'W. 2022-13461 13 Feb 75
249-84 34°32'S., 69°58'W. 2418-13420 15 Mar 76
250-75 21°38'S., 67°48'W. 1243-14001 23 Mar 73
2650-76 23°04'S., 68°10'W. 1243-14004 23 Mar 73
260-77 24°31'S., 68°33'W. 1243-14010 23 Mar 73
2650-78 25°56'S., 68°55'W. 2401-13455 27 Feb 76
250-80 28°49'S., 69°43'W. 1243-14022 23 Mar 73
250-81 30°15'S., 70°07'W. 1243-14024 23 Mar 73
250-82 31°41'S., 70°33'W. 1243-14031 23 Mar 73
250-83 33°07'S., 70°58'W. 2419-13472 16 Mar 76
251-73 18°45'S., 68°30'W. 1010-14035 02 Aug 72
251-74 20°11'S., 68°51'W. 1244-14053 24 Mar 73
1-72 17°19'S., 69°34'W. 1065-14091 26 Sep 72
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Table 6 lists all the mountain summits north of lat 31°S. where snow or
ice was present in all the analyzed Landsat images. A total of 83 summits
are listed, as compared to 38 reviewed by Mercer (1967). For sake of com-
parison, the southernmost cordillera in Perti (Cordillera del Barroso) has
been included. From this list, the glaciation level may be estimated.

At about lat 24°42'S. and long 68°30'W., an ice field existed in December
1952 between 5,600 m and 6,500 m on Llullaillaco (Lliboutry, 1956, p. 305;
1958), whereas the highest lower summit, Volcan Socompa (6,050 m), has
no ice. Thus, the glaciation level is at about 6,100 m. At the same latitude
but at about long 66°W., it has lowered to less than 5,800 m (Nevado de
Acay, Nevado de Chani).

At about lat 27°S., long 68°42'W.,, ice is found at Nevado Tres Cruces
(6,330 m) but not at Cerro Solo (6,190 m), which indicates a glaciation
level at about 6,200 m. At the same latitude and long 66°W., it is at 5,500 m
or less in Nevado de Aconquija (5,550 m), the easternmost mountain range.

At lat 29°S., where the source of precipitation is from the southwest, the
situation is reversed. The glaciation level is below 5,600 m at Nevados de
Tambillos on the border, and it is at about 6,000 m at Nevado de Famatina,
175 km to the east.

At about lat 30°S., Paskoff (1967) described young rock glaciers above
4,000 m at the head of Rio La Laguna, near a road from La Serena, Chile, to
San Juan, Argentina, that crosses the border at Paso de Agua Negra (4,775
m). The thick morainic dam of Lago La Laguna at 3,100 m indicates the ter-
minus of a Pleistocene glacier about 30 km long.

TABLE 6.—Mountains and volcanoes that have permanent snow patches and glaciers north of lat 31°S., Peri, Bolivia, Chile, and Argenting
[Slash (/) indicates a place-name variation between Argentina and Chile (for example, Cerro/Nevado El Fraile: Argentina, Cerro El Fraile; Chile, Nevado El Fraile). Elevations from Carta Nacional de Chile
(CNC), 1945 edition, unless otherwise indicated; ONC, U.S. Air Force Operational Navigation Chart; OAIC, Carta Aeronsutica Mundial; CP, Carta Preliminar; IGMC, Instituto Geogréfico Militar de Chile. Infor-
mation on eruptive history from “Volcanoes of the World” (Simkin and Siebert, 1994) and “Global Volcanism 1975-1985" (McClelland and others, 1989); n.a., not applicable, not considered a Holocene volcano]

: . . . Number of
e e e oy Henon Lt onginde Jandt ot Rears
Cordillera del Barroso:
Nevado Chontacolio ............ Pera 5,484 17°26' 69°52" 1-72 na.
Nevado Casiri............c....... Peru 5,699 17°28' 69°49' 1-72 n.a.
Nevado Corufit................... Perti 5,692 17°29" 69°52 1-72 n.a.
Nevado Barroso .................. Peri 5,741 17°33' 69°52' 1-72 n.a.
Cerro Churivicho................ Peri 5,463 17°36' 69°53' 1-72 n.a.
Cerro Ancochaullane................. Peru 5,640 17°35' 69°48' 1-72 n.a.
Nevado El Fraile .............c..... Pert, Chile 5,695 17°39' 69°48' 1-72 n.a.
Nevado Chupiquifia...........ccevevenien. Pert, Chile 5,787 17°41' 69°49' 1-72 na.
Volcan Tacora.........coeeveeeeeeerrurennes Chile 5,988 17°43' 69°47' 1-72 Solfatari ONC: 19,521 £t=5,950 m
Nevado de Chuquiananta............. Chile 5,488 17°47' 69°31" 1-72 n.a.
Cerro Cosapilla..........cccoveverernenne Chile 5,330 17°51' 69°30' 1-72 n.a. ONC: 17,671 £t=5,386 m
Nevado de Putre........ccoocvvirevnennne Chile 5,815 18°07 69°32' 1-72 n.a. ONC: 19,357 ft=5,900 m
Cerro Anallacsi..........coccereeverunencnes Bolivia 5,583 17°56' 68°55' 1-72, Holocene  ONC: 18,316 ft=5,683 m
251-73 age
Nevado de Sajama.......ccccccerenee... Bolivia 6,520 18°07 68°53' 1-72, Holocene  ONC: 21,463 ft=6,542 m
251-73 age
Cerro Larancagua..........c.ccoevevvvneee Bolivia, Chile 5,630 18°02' 69°04' 1-72, n.a.
251-73
Nevados de Payachata:
Cerro Pomerape............ccoueece. Bolivia, Chile 6,240 18°08' 69°07" 1-72, n.a. ONC: 20,413 ft=6,222 m
251-73
Cerro Parinacota..........c.cceuen.. Bolivia, Chile 6,330 18°10' 69°08' 1-72, Fumarolic
251-73
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TABLE 6.—Mountains and volcanoes that have permanent snow patches and glaciers north of lat 31°S., Perii, Bolivia, Chile, and Argentina—Continued

Number of

Mo oo e oy Mot Lottt Lo Lot il Renarts
Cerro Quisiquisini.......c...cooveceenneene Bolivia, Chile 5,480 18°14' 69°03' 251-73 na.
Nevados de Quimsachata:
Cerro ACOtango...........coceeveunens Bolivia, Chile 6,050 18°23' 69°03' 251-73 Holocene ONC: 19,918 ft=6,071 m
age
Cerro Capurata.........cccceevrnene Bolivia, Chile 5,990 18°25' 69°03' 251-73 na.
Volcan Guallatiri ........ccovvcrennenes Chile 6,060 18°25' 69°06' 251-73  4in 1960
Cerro Puquintica..........ccccvevvenene. Bolivia, Chile 5,760 18°44' 68°58' 251-73  Solfatari ONC: 18,852 ft=5,746 m
Volcan Isluga ........cocovveivenrcninenes Chile 5,630 19°09' 68°50' 251-73  8in 1960
Cerro Cabaray ...........cocvcnveenneens Bolivia 5,860(2) 19°08' 68°37' 2561-73 na ONC: 21,230 ft=6,471 m
Cerro Sillajguay..........ccecveereenniens Bolivia, Chile 5,995 19°44' 68°42' 251-74 na. ONC: 19,670 £t=5,995 m
Cerro Aucanquilcha...................... Chile 6,180 21°13' 68°28' 260-75  Solfatari ONC: 20,300 ft=6,187 m
Volcan Oyahue (Ollague)............. Bolivia, Chile 5,870 21°18' 68°11' 250-75  Solfatari ~ ONC: 19,248 ft=5,867 m
Cerros de Carapa:
Cerro Coyumiche..........cccoee. Bolivia 5,838 21°17' 67°658' 250-75 n.a. ONC: 19,324 ft=5,890 m
Cerro de Callejon.................... Bolivia 5,880 21°29' 68°06' 260-75 na.
Cerro Tapaquilcha ... Bolivia 5,765 21°29 67°56' 250-75 n.a.
Cerro Aguas Calientes... Bolivia 5,765 21°36' 67°57' 260-75 n.a.
Cerro Palpana............. ... Chile 6,045 21°33' 68°32' 250-75 n.a
Cerro Polapi............. ... Chile 5,957 21°39' 68°24' 250-75 na
Volcan San Pedro........c.cocvevnnne Chile 6,063 21°64' 68°24' 250-75 Hin ONC: 20,210 f1=6,160 m
1960(?)
Volcan San Pablo .........cooceureeene Chile 6,118 21°53' 68°21" 250-75 n.a. Twin volcano of Volcan San
Pedro
Cerro Paniri........cccovverecnncennenes Chile 5,940 22°04' 68°14' 250-75 n.a. ONC: 19,550 ft=5,959 m
Cerro del Ledn........oovueievvcrcncnnnns Chile 5,771 22°09' 68°07" 250-75 n.a.
Cerros de Tocorpuri ... Bolivia, Chile 5,833 22°26' 67°54' 250-76  Solfatari ONC: 6,766 m (a misprint?)
Volcan Palar.........coocnenvcncnunnne Chile 6,225 24°12' 68°03' 250-77 na. ONC: 20,420 ft=6,244 m
Cerro Pajonales.........ccoccuveeenrneen. Chile 5,958 24°15' 68°07' 250-77 na.
Cerro/Volcan Llullaillaco ............  Argentina, Chile 6,723 24°43' 68°33' 250-77 3in1577  ONC: 22,060 ft=6,724 m
Cerro Mifique.......cccoeveveerrrrerererenes Chile 5,916 23°49' 67°45' 249-77, na. ONC: 19,450 ft=5,928 m
260-77
Cerro ATacar.........oovicevcurieriienones Argentina 6,080 24°17 67°47 249-77 na ONC: 19,950 {t=6,081 m
Nevado de Charii.......c..ccoevuvuvinenes Argentina 5,803 (ONC) 24°04' 65°45' 248-77 n.a. OAIC: 6,200 m
Cerro Quironcollo............ccnune. Argentina 6,130 (ONC) 24°18' 66°44' 249-77 na.
Nevado de Acay ........ccvvervveveunnan. Argentina 5,886 (ONC) 24°25' 66°10' 248-77 na. OAIC: 5,950 m
Unnamed.........ecovoveeerniverenenninns Argentina 6,047 (ONC) 24°08' 66°37' 249-77 na.
Nevados de Cachi .........ccceeenenecne Argentina 6,380 (ONC) 24°56 66°23' 249-77 na
Volcan Antofalla.......ccoervererreannes Argentina 6,440 (ONC) 26°33' 67°63' 249-78  Fumarolic
Cerro Galan ........ccocoeevecneeerneee Argentina 6,114 (ONC) 25°53' 67°05' 249-78 na. OAIC: 6,600 m
Unnamed.........oo.ooerecimmemnnnnnenneens Argentina ~6,000 (ONC)  25°58' 66°55' 249-78 n.a.
Cerro Laguna Blanca................... Argentina 6,194 (ONC) 26°32' 67°04' 249-78 n.a.
Sierra Nevada de Lagunas
Bravas: Cumbre del Laudo ....... Argentina 6,400 26°29' 68°34' 249-78, na. ONC: 20,750 ft=6,3256 m
250-78
Cerro E1 CONndor.......ccooeivinicrennae Argentina 6,300 26°38' 68°21' 249-78, na. ONC: 21,430 £t=6,532 m
260-78,
249-79
Cerro Ermitafio ......c.cccerevcvvnnnnnene Chile 6,140 26°47 68°36' 249-79 na. ONC: 20,300 ft=6,187 m
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TABLE 6.—Mountains and volcanoes that have permanent snow patches and glaciers north of lat 31°S., Perd, Bolivia, Chile, and Argentina—Continued

Moo heme oy Bty latinde tmgde Lt i’ Remats
Cerro/Nevado de San
Francisco.......cocccovvereverecsesrecnans Argentina, Chile 6,005 26°65' 68°16' 249-79 na.
Cerro/Nevado de Incaguasi.......... Argentina, Chile 6,610 27°02' 68°18' 249-79 n.a ONC: 22,010 ft=6,708 m
Cerro/Nevado El Fraile................. Argentina, Chile 6,044 27°03' 68°23' 249-79 n.a. CP: 6,060 m
Cerro/Nevado El Muerto.............. Argentina, Chile 6,478 27°03' 68°29' 249-79 na CP: 6,470 m
Cerro/Nevado Ojos del Salado
NOITE ...t Argentina, Chile 6,863 27°07 68°32' 249-79 na. CP: 6,880 m;
ONC: 23,240 £t=7,083 m;
OAIC: 6,900 m
Cerro/Nevado Ojos del Salado
SUL oot Argentina, Chile 6,660 (CP) 27°12' 68°34' 249-79 n.a.
Cerro del Nacimiento ................... Argentina 6,493 27°17 68°31" 249-79 n.a. ONC: 21,300 ft=6,492 m
Cerro/Nevado Tres Cruces........... Argentina, Chile 6,330 27°06' 68°47 249-79 n.a. ONC: 22,270 t=6,788 m;
OAIC: 6,356 m
Cerro de los Patos........ccccevunne. Argentina, Chile 6,250 27°18' 68°49' 249-79 na.
Nevado Pissis.......cccooveernriencnecnne Argentina 6,858 (ONC) 27°47 68°47 249-79 na.
Cerro Bonete.........cooceerverireerereennne. Argentina 6,714 (ONC) 28°01" 68°46' 249-79 n.a. Mercer (1967): 6,410 m;
OAIC: 6,872 m
Nevado de Aconquija.........ccccoeuc. Argentina 5,650 (ONC) 27°13" 66°05' 248-79 n.a.
Nevado de Famatina................... Argentina 6,251 (ONC) 29°01" 67°50" 249-80 n.a. OAIC: 6,421 m
Cerro El/del Potro...........ccocue.... Argentina, Chile 5,830 28°23' 69°37' 250-80 n.a. ONC: 19,080 ft=5,816 m
Cerro Cantaritos..........oeverereeevnnas Chile 5,590 28°32' 69°43' 250-80 n.a. ONC: 18,360 ft=5,596 m
Nevados de Tambillos. Argentina, Chile 5,630 28°58' 69°45' 250-80 n.a. ONC: 18,460 ft=5,627 m;
OAIC: 5,547 m
Cerro del TOro..........ccoreerererennnns Argentina, Chile 6,380 29°08' 69°47' 250-80 n.a. ONC: 19,490 ft=5,940 m
Unnamed......ccooeeeeevneneneensesnreens Argentina, Chile 5,440 29°17 70°00' 250-80 n.a. ONC: 18,180 ft=5,541 m
Cordillera de la Ortiga, Norte ...... Argentina 5,780 29°16' 69°48' 250-80 na. ONC: 18,530 ft=5,648 m;
OAIC: 6,060 m
Cordillera de Colangiiil................. Argentina 6,020 (OAIC)  29°36' 69°27 2560-81 n.a. ONC: 19,780 £t=6,029 m
Cerro Dofia AN@........coveververennennens Chile 5,690 29°46' 70°06' 250-81 n.a. ONC: 18,580 ft=5,663 m
Cerro Las/de las Tértolas.............. Argentina, Chile 6,323 29°56' 69°53' 250-81 na. ONC: 20,030 ft=6,105 m
Cerro de Tapado(?) ....ccccceeveveuennen. Argentina, Chile 5,915 30°07" 69°57" 250-81 na IGMC: 5,820 m
Cerro Agua Negra.........cocvveenenen.. Argentina 5,602 (ONC) 30°13' 69°46' 250-81 na.
Cerro de Olivares..........cccccoeunnce. Argentina, Chile 6,252 30°17' 69°54' 250-81 na. ONC: 20,330 £t=6,197 m
Cordillera de Olivares................... Argentina 6,215 (OAIC)  30°25' 69°47' 250-81 n.a. ONC: 20,270 ft=6,178 m
Cerro San Lorenzo.............cccooeue... Argentina 5,570 30°25' 69°57' 250-81 n.a. ONC: 18,150 ft=5,532 m
Cerro del Volcan..........ccoovvreennee. Chile 5,510 30°30! 70°16' 250-81 n.a. OAIC: 5,540 m
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TABLE 7.—Total glacier area in the Central Andes
[Given in square kilometers. Data for Chile from Valdivia (1984); data for Argentina from Espizia and Aguado (1984)]

Location Uncovered Covered Total
Chile
Basin of Rio Aconcagua..........cooveivveevevieinesenincicnennne ~76 ~76 ~162
Rio Maipo .....coveevieieieinnecetieccrenreneene 257.6 164.6 422.1
Rio Cachapoal 175.3 46.6 221.9
Rio Tinguiririca 103.2 3.2 106.4
Subtotal................. ~612 ~290 ~902
Argentina
Basin of Rio San Juan ... 140 206 346
Rio Mendoza .......ovccvemneveiriniirenirnieenaans 304 363 667
RIO TUNUYAN ..ottt iecenrereiceneene 57 87 144
RIO A€l 148 38 186
Subtotal.......ccccn.. 649 694 1,343
Total.....coceeeee ~1,261 ~984 ~2,245

not agree with this definition. He notes that old rock glaciers have no ice at
depth; young ones may reach an elevation where permafrost is absent. The
main characteristic is to appear like a mountain glacier and to show signs of
flow.] A survey of the literature suggests that rock glaciers can be classified
by genetic groups. Seven rock-glacier types are suggested that are created
from four genetic groups (fig. 144) (Giardino and others, 1987). A taxonomic
classification of active rock glaciers is shown in figure 145. In Argentina and
Chile, the term rock glacier is used to describe a series of ice bodies covered
with debris that are produced by different processes. At one end of the series
are the primary type of rock glaciers, those that are formed below snow- and
debris-avalanche chutes (fig. 15). At the other end of the series are glaciers
that have varying amounts of surface debris (fig. 12). Between these two
extremes is a range of various morphological types of ice-and-debris bodies.
However, both Louis Lliboutry and the author, following the concept of
French morphologists concerning “pattern convergence,” conclude that no
matter what the origin of rock glaciers, they will tend to produce the same
pattern if the climate, rock type, exposure, and cryogenic processes involved
are similar (Lliboutry, 1956, 1961, 1965, 1986, 1990a, b). The main pattern
consists of arched rolls (fig. 16). In the furrows, meltwater has washed down
the silt, and squeezed clasts lie on the edge. In certain areas of the Dry
Andes, where glaciers do not surge, glaciers covered by debris can contain
up to four facies: (1) nondebris-covered ice, (2) thermokarst, (3) structural
debris, and (4) inactive debris-covered ice. Some glaciers of the last type
have been found to contain fossil ice that is a relict feature of a past colder
climate during the Holocene (Corte, 1980). The different facies are present
in different proportions on different glaciers. The Glaciar Sur del Tupungato
is noted for a very large area of thermokarst features that is 9.3 km long and
900 m wide. Figure 12 illustrates the thermokarst facies of Glaciar Sur del
Tupungato as seen from the air.

In other areas of the Dry Andes where surging glaciers are observed, it is
possible to recognize some, like the Glaciar Grande del Nevado in the Rio del
Plomo basin, that reach old rock glaciers (Corte, 1976). Other glaciers that
could be surging glaciers intercept (Glaciar del Tigre) or overtop (Glaciar del
Plata) older rock glaciers. This is also visible in the Cerro Mercedario area
(fig. 17). Under such conditions, the four glacier facies above are absent, iso-
lated, or superimposed.
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In the field along the Argentine Rio Mendoza and the Chilean Rio Juncal-
Aconcagua, which flow in opposite directions, the following morainic sys-
tems have been recognized (Caviedes and Paskoff, 1975; Espizia, 1993):

Chilean side Argentine side

Portillo (2,650 m) Horcones (2,750 m)

Ojos de Agua (2,100 m) Penitentes (2,500 m)
Guardia Vieja (1,600 m) Punta de Vacas (2,350 m)

Salto del Soldado (1,300 m) Uspallata (1,870 m)

Today, large glaciers in the region flow down to 3,000-3,600 m on the
Chilean side and down to 3,200-3,800 m on the Argentine side. The lowest,
oldest moraines should correspond in the Rio Maipo drainage basin (south-
western part of fig. 9) to moraines at 1,400-1,800 m, in particular the huge
moraine in the Rio Yeso valley studied by Marangunic and Thiele (1971)
(south-central part of fig. 9).

According to Espizua (1993), the glacial drift of the Uspallata morainic
system is older than 360 ka (103 years). Therefore, a moraine that has
abundant pumice and was deposited by a piedmont glacier at Pudahuel
(Santiago airport, 600 m) should be even older. It might have been depos-
ited at 1.2 Ma (106 years), the time of the largest glaciation in Patagonia. At
the Santiago site, the moraine has been covered by fluvial sediments. Cor-
ings reveal other fluvial sediments below the pumice moraine and, below
that, very old and altered glacial drift. We speculate that this altered drift
may be of the same age (3.5 Ma) as the glacial drift discovered by Mercer
and Sutter (1982) in Patagonia.

Kuhle (1985) found erratic boulders 7.5 km upstream from Punta de
Vacas at 3,620 m, 1,020 m above the bottom of the valley. If they were
deposited by the glacier ending at Uspallata, 51 km downstream, the mean
surface slope of this “Ice Age” glacier would have been 3.43 percent. It was
surrounded by summits 800 m higher. These figures are very similar to the
ones for the Batura Glacier (Karakoram, Pakistan), which has been thor-
oughly studied by a Chinese group (Batura Glacier Investigation Group,
1976, 1980). The ablation zone of the Batura Glacier is a valley glacier 43.5
km long that has a mean slope of 3.565 percent. Therefore, we may assume
similar balances and temperatures. The Uspallata Glacier probably had an
ELA at about 4,000 m (instead of the present 5,000-m ELA in this area). In
fact, it was less than 4,000 m because of the subsequent uplift of the Andes
Mountains by several hundred meters. At that elevation, the mean air tem-
perature was about —5°C, and the mean precipitation over the glacier was
the equivalent of about 1.35 m of water per year, a value that is now
reached 200-250 km farther to the south. Thus, contrary to Kuhle’s asser-
tion, the lowering of the air temperatures was small and might only have
compensated for the somewhat lower elevation of the Andes. As already
suggested by Viers (1965) and by Caviedes and Paskoff (1975), the main
factor of the “Ice Age” was a northward shift of the rainy province. Lower
mean temperatures on a global scale might have caused this shift of the
general atmospheric circulation.
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Glaciers of the Wet Andes
By Louis Lliboutry1

Abstract

In the southern part of South America in the Wet Andes, the mean air temperature at sea
level decreases progressively from 13.7 degrees Celsius at latitude 37°23' South to 6.5 degrees
Celsius at latitude 53°10' South, where west winds become almost permanent and very
strong. Precipitation reaches 4.0 to 4.7 meters per year on the west, windward side of the
mountains, and 6 to 7.5 meters per year on the Patagonian ice fields, but it remains very low
on the east, leeward side. In Patagonia, precipitation is evenly distributed throughout the
year, but in summer, it is frequently rainy even on the ice fields.

Between latitude 35° and 45°30' South (extended Lakes Region), 37 volcanoes have about
300 square kilometers of glaciers, most of them on the west side of the ice divide. South of
latitude 41° South, cirque glaciers are found as well. South of latitude 45°30' South in the Pat-
agonian Andes, a very large number of glaciers are present in addition to three large ice
fields: the Northern Patagonian Ice Field (4,200 square kilometers, with 30 outlet glaciers
[Editor’s note: Masamu Aniya inventoried 28 outlet glaciers in 1988 from this field]), the
Southern Patagonian Ice Field (13,000 square kilometers, with 48 outlet glaciers of more than
20 square kilometers in area), and the ice field of Cordillera Darwin in the southwest part of
Tierra del Fuego (2,300 square kilometers).

In the 1990’s in Patagonia, the time of geographical exploration and of the conquest of vir-
gin summits is almost over, but glaciological investigations have replaced them. Some glacier-
velocity, mass-balance, and even energy-balance measurements have been made on 4 outlet
glaciers of the Northern Patagonian Ice Field and 11 outlet glaciers of the Southern Patago-
nian Ice Field. Subglacier topography has been determined along a single east-west profile
across the Northern Patagonian Ice Field; the elevation of the glacier bed ranges there
between +596 meters and —223 meters. Two glaciers fiowing westward, Glaciar San Rafael
(Northern Patagonian Ice Field) and Glaciar Briiggen (or Pio XI) (Southern Patagonian Ice
Field) have flow velocities near their calving fronts of more than 17 meters per day and
15.2-36.8 meters per day, respectively. Three bands of tephra ejected by Cerro (Volcdn) Lau-
taro are visible on a large part of the Southern Patagonian Ice Field. They are the outcrops of
three layers of tephra within the ice.

Patagonian ice fields are temperate. The mean mass balance at 1,296 meters on Glaciar
San Rafael, about 250 meters above the equilibrium line altitude, was found to be 3.45 meters
per year (water equivalent). The main climatic factor providing glacier fluctuation is the ele-
vation of the limit between rain and snowfall during every precipitation event.

Glacier fiuctuations in the Wet Andes have been monitored since 1945 by aerial photo-
graphic surveys and satellite imagery. A general recession has taken place, but different pat-
terns emerge from one glacier to another. The largest recessions are those of Glaciar
O’'Higgins (12.4 kilometers), which calves into Lago San Martin/O'Higgins, and of Glaciar
Upsala, which calves into Lago Argentino. An abnormal behavior is the large advance of Gla-
ciar Briiggen (Pio XI) into Fiordo Eyre. It is suggested that its former recession was due to
the volcanic activity of Cerro (Volcdn) Lautaro.

Many glaciations (maybe 40) have taken place in Patagonia during the last 7 million years,
but only one at 1.2-1.0 Ma was more extensive than the last glaciation (by 80 kilometers at
the latitude of Lago Argentino). The last glaciation left two morainic systems, the inner one
resulting from at least five glacier advances between 70 ka and 11 ka. The elevation of the ice
divide on the northern Southern Patagonian Ice Field was probably 2,100£200 meters at that
time, 300 to 700 meters higher than today. Thus, all the relief was not covered by a convex ice
cap, as assumed by others. To explain the scouring and overdeepening of north-trending Pat-
agonian channels, it is suggested that local ice fields often formed on the Pacific islands. Four
“Little Ice Ages,” dated at 3.6 ka, 2.3 ka, 1.4 ka, and 250 years before present, have been recog-
nized in Patagonia. The last one folowed a time that had a milder climate than the one today,
and had winds from the northeast, as documented by old logbooks.

Mapping, Aerial Photography, and Satellite Imagery

In 1954, the orography of the Andes Mountains south of lat 35°S. was
more or less well known as far south as lat 42°S. on the Chilean side and as
far south as Iat 43°S. on the Argentine side. This was because mountaineers
from Club Andino Bariloche (C.A.B.) had explored the area around Lago

13 Avenue de la Foy, 38700 Corenc, France.
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Puelo (lat 42°10'S., long 71°38'W.). In the same year, the U.S. Army Air
Force Preliminary Charts (Carta Preliminar, CP) became available. At a
scale of 1:250,000, these were compiled from 1945 Trimetrogon aerial sur-
veys. After reduction, they became the 1:1,000,000-scale U.S. Air Force
(USAF) Operational Navigation Charts (ONC) R-23, S-21, and T-18 that
cover the Wet Andes area. On the CP’s, contour lines were drawn at 500
feet, 1,000 feet, and then at 1,000-foot contour intervals. On a large part of
the ONC’s, no contour lines are shown at all.

North of Puerto Aisén (lat 45°25'S., long 72°42'W.), the Trimetrogon
aerial photographic survey was done too early in the season, when exten-
sive snowpack covered the terrain. Therefore, these charts, CP’s at a scale
of 1:250,000 and ONC'’s at a scale of 1:1,000,000, cannot be used as a basis
for a glacier inventory. In particular, the extensive glaciers shown on the
northern part of ONC S-21 on the Argentine side of the popular Lakes
Region simply do not exist.

South of Puerto Aisén, most of the Andes lie in Chile. The west side is
almost always hidden in the rain and fog. At Grupo Evangelistas (lat
52°20'S., long 75°05'W.), there are 360 rainy days a year! Rain forest,
swamps, fjords, and ice fields that have tidal outlet glaciers make ground
exploration exceptionally difficult and commonly nearly impossible. In spite
of considerable effort by mariners since the 16th century, the fantastic lab-
yrinth of channels and fjords along the west coast of Chile south of Puerto
Aisén was very poorly known before publication of the CP. The Trimetrogon
aerial surveys were carried out in this area from December 1944 to March
1945 on the very rare cloudless days. Publication of the chart in 1953-54
allowed the biggest map revision in the Earth’s geography to be made in
modern times. Only mysterious Isla Santa Inés at lat 53°46'S., long
72°40'W., remained incompletely surveyed. This highly dissected island has
several fjords, one of which hid the German battleship Dresden in 1914
after the battle of the Falkland Islands (Islas Malvinas).

In spite of the fact that the aerial surveys of the southern Wet Andes
were carried out under optimum conditions, the ice fields, outlet glaciers,
and other glaciers are very poorly defined on the CP and on the three ONC’s
(R-23, S-21, and T-18). In addition, geographic place-names are few and
far between, and many are incorrect. For this reason, my sketch maps, pub-
lished in Lliboutry (1956), are reproduced here and have some new geo-
graphic names added (see figs. 27, 29, 30, and 37).

Because the Trimetrogon aerial survey of January and February 1945
remains an essential source of data for the Northern and Southern Patago-
nian Ice Fields, the following information is provided on Sorties (flights)
and photographic frame numbers in order to complete the ones given by
Mercer (1967, p. 133-145). The survey mission designation for all the U.S.
Army Air Force aerial survey flights over southern Patagonia is
91-PC-5M-4028, except for Sortie 406, which is 91-PC-4M—4028 (Masumu
Aniya, written commun., 1997).

Northern Patagonian Ice Field:

Sortie 406, Frames 85-124: East side from Glaciar Circo (Glaciar Grosse)
to Glaciar Pared Sur

Sortie 558, Frames 10-41: West side from Glaciar Steffen to Golfo Ele-
fantes

Southern Patagonian Ice Field (northern part):

Sortie 556 (2 January 1945),
Frames 16-49: East side from Rio Pascua to Glaciar Viedma
Frames 53-85: West side from Meseta del Comandante
(Caupolicdn) to the north limit of the ice field
Frames 100-110: West side, 30 km farther west overflying
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Glaciar Occidental

Frames 115-149: Center of ice field from Glaciar Briiggen to
the vicinity of Fiordo Calén (Cerro (Volcdn) Lautaro on
556-V-124)

Southern Patagonian Ice Field (southern part):

Sortie 410 (23 January 1945),
Frames 115-223: From the south end (Cordillera Sarmiento)
to Glaciar O’Higgins (valley from Fiordo Peel to Fiordo
Mayo) on 410-V-168 (Nunatak del Viedma on
410-V-207)
Sortie 411, Frames 1-25: From Lago Argentino to the Paine group (ter-
minus of Glaciar Moreno on 411-V-9)

[In Lliboutry (1956), I wrote 1946 instead of 1945 for the date of the
photography, as was told to me at the Instituto Geografico Militar of Chile
(IGMC). However, Prof. Aniya has brought to my attention that the months
and years are printed on all of the CP maps, and they are always from
December 1944 to March 1945.]

The era without accurate maps is now over. Aerial surveys by the Chil-
ean Air Force and by the USAF started in May 1966 and used Doppler posi-
tioning to measure and locate surveyed peaks accurately. The surveys
allowed the progressive publication from north to south in the 1970’s and
1980’s by the IGMC of maps at a scale of 1:50,000. The map of the Northern
Patagonian Ice Field, based on aerial photographs of 1974, was published in
1982. However, the elevations and contour lines that are essential for glaci-
ological work remain questionable on the large ice fields of southern Pat-
agonia, where the ground is uniformly white and stereoscopic observation
of photographs is impossible. As for the highest summit, Monte San
Valentin, an elevation of 3,876 m was based on terrestrial triangulation by
Nordenskjold in 1921. Later the elevation was thought to be 4,068 m. The
1:50,000-scale map shows 3,910 m. A French group that climbed the peak
in 1993 included two surveyors, who calculated an elevation of 4,080+20 m
by using a Global Positioning System (GPS).

On the Argentine side, the IGMA compiled maps at a scale of 1:100,000
that cover the east side of the ice field from Monte FitzRoy/Cerro Chaltél to
Lago Frias. Geodetic ground control was provided through triangulation,
traversing, and some Doppler (Transit system) satellite determinations.
Although these maps have been available for sale to the public since their
publication in the late 1980’s, my sketch maps of 1956 are still used by
mountaineers visiting this region. Argentina also made aerial surveys of the
area between Monte FitzRoy/Cerro Chaltél and Lago San Martin/O’Higgins
in 1966 and 1981. The IGMA compiled maps at a scale of 1:50,000 from the
coverage of 1966, as required by the Argentine-Chilean Commission in
charge of establishing the international boundary in this region. From this
map and the 1981 aerial photographs, Gonzalez and Veiga (1992) drew a
map of the FitzRoy group.

A comparison of the 1945 aerial surveys and more recent data (Landsat
images, aerial photographs, and maps, for example) allows a comparative
time-lapse study of glacier variation in Patagonia. Unfortunately, good sat-
ellite images without cloud cover are scarce. The most useful Landsat 1, 2,
and 3 multispectral scanner (MSS) images of glaciers of the Wet Andes are
listed in table 8. Naruse and Aniya (1992) published a Landsat 5 Thematic
Mapper (TM) false-color mosaic of the Southern Patagonian Ice Field [see
fig. 32B| using three images (table 1) acquired on 14 January 1986 under
very rare, almost cloudless conditions.

In spite of extremely adverse weather conditions, the mountains and ice
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TABLE 8.—Most useful Landsat 1, 2, and 3 images of the glaciers of the Wet Andes
[Table 1 lists all the optimum Landsat 1, 2, and 3 images of the glaciers of Chile and Argentina]

Nominal scene center Landsat
Path-Row identification Date

(lat-long) number

242-98 54°22'S. 30380-13120 20 Mar 79
67°54'W.

246-95 50°09'S. 21441-13200 02 Jan 79
71°30'W.

246-96 51°34'S. 21441-13202 02 Jan 79
72°11'W.

247-96 51°34'S. 3038513400 25 Mar 79
73°37'W.

248-91 44°30'S. 21515-13324 17 Mar 79
71°58'W.

248-92 45°55'S. 2399-13401 25 Feb 76
72°32'W.

248-93 47°20'S. 2399-13404 25 Feb 76
73°07'W.

248-93 47°20'S. 30368-13444 08 Mar 79
73°07'W.

248-94 48°44'S. 2399-13410 25 Feb 76
73°44'W.

248-94 48°44'S. 30368-13450-D 08 Mar 79
73°44'W.

248-94 48°44'S. 30368-13450 08 Mar 79
73°44'W.

248-94 48°44'S, 30368-13450-B 08 Mar 79
73°44'W.

248-95 50°09'S. 30368-13453 08 Mar 79
74°22'W.

249-84 34°32'S. 2418-13420 15 Mar 76
69°58'W.

249-85 35°58'S. 2022-13464 13 Feb 75
70°24'W.

249-86 37°24'S. 2382-13440 08 Feb 76
70°52'W.

249-87 38°49'S. 238213442 08 Feb 76
71°20'W.

249-88 40°14'S. 2436-13431 02 Apr 76
71°50'W.

249-89 41°40'S. 2436-13433 02 Apr 76
72°20'W.

249-90 43°05'S. 21516-13380 18 Mar 79
72°51'W.

249-91 44°30'S. 2130-13485 01 Jun 75
73°24'W.

fields of southern Patagonia have been the goal of many expeditions (Naruse
and Aniya, 1992, 1995). The results of these expeditions allow confirmation
of interpretations made from aerial photographs and satellite images.

This section of the “Satellite Image Atlas of Glaciers of the World” (“Gla-
ciers of South America” volume) is an assessment of existing knowledge in
1997. An extremely important development of Patagonian glaciology is fore-
seeable in the near future with the use of spaceborne imaging radar, which
can survey the Earth’s surface through cloud cover. Moreover, interferomet-
ric observations from sequential radar images will allow daily measurements
of the velocities of fast outlet glaciers (Rignot and others, 1996b).
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Climatic Setting

As one travels to the south, the mean annual temperatures decrease pro-
gressively. Near sea level, the mean annual temperatures at the following
meteorological stations are as follows:

Los Angeles (Central Valley, lat 37°23'S.) 13.7°C

Melinca (Islas Guaitecas, lat 43°54'S.) 10.0°C

Punta Arenas (Strait of Magellan, lat 53°10'S.) 6.5°C

At the same time, the wind (always from the west or northwest)
becomes stronger and stronger, and the climatological differences between
the west and the east sides of the Andes Mountains become more pro-
nounced.

Very few meteorological stations exist in the Andes and in Chilean Pat-
agonia. Therefore, the type of vegetation present is a very useful indicator
of the climate and for preparing climatic maps (Quintanilla, 1974).

At lat 35°S., the annual precipitation in the Andes is about 1,500 mm a L.
It is 2,471 mm a~! at the Albanico hydroelectric plant (lat 37°20'S., eleva-
tion 850 m) and 3,083 mm a~! at the Las Raices tunnel on the Lonquimay
railroad (lat 38°30'S., elevation 1,200 m). In this region at moderate eleva-
tions, the characteristic flora (which includes Peumus boldus and Quil-
laja saponaria) of the Tinguiririca and Cachapoal valleys is replaced by a
roble forest (Nothofagus obligua). At higher elevations, the forest is
mainly the spectacular pehuén (Araucaria araucana).

At lat 39°30'S., the already high annual precipitation shows a major
increase, and precipitation becomes distributed throughout the year.
Whereas the annual precipitation is 2,489 mm a~! at Valdivia on the Pacific
coast (lat 39°50'S.), in the Andes at the same latitude, 4,970 mm a! has
been measured at Puerto Fuy on Lago Pirehueico (lat 39°52'S., elevation
750 m). At Petrohué on Lago Todos Los Santos (lat 41°08'S., elevation 700
m), the figure is 4,000 mm a™l, although this site is in the lee of Volcan
Osorno. Under this extremely wet climate at moderate elevations, the roble
forest is replaced by the Bosque valdiviano along with Aextoxicum punc-
tatum (olivillo), Eucryphia cordifolia (ulmo), and Drimys winteri
(canelo). At higher elevations, the Arawucaria forest is replaced by an
impenetrable rain forest that has evergreen leaves of Nothofagus dombeyt
(coigiie) and other species.

South of lat 42°S., the Bosque valdiviano disappears, and Nothofagus
dombeyt is progressively replaced by Nothofagus betuloides (guindo). On
the drier Argentine side, forests of Fitzroya cupressoides appear (alerce,
which has given its name to an Argentine national park), including individu-
als as old and as large as those in the sequoia forests of North America.

Near sea level, no further increase in precipitation exists. On most west
coasts, it has only been measured at lighthouses, the only inhabited places.
At Valdivia (lat 39°50'S.), the precipitation was measured at 2,489 mm al.
At Melinca (lat 43°54'S.), the measurement was 3,174 mm a”l; at Cabo
Raper (lat 46°50'S.), it was 2,000 mm a~!; and at Islas Evangelistas (lat
52°20'S.), it was 2,900 mm a~L. In the interior of fjords and channels, pre-
cipitation is higher, similar to that in the Lakes District (Regién de los
Lagos) of Chile. At the meteorological station of Laguna San Rafael (lat
46°37'S.), the mean annual precipitation during the years 1981-85 was
4,440 mm a‘l; at the entrance from the Pacific Ocean to the Strait of Magel-
lan (lighthouse of Bahia Félix, lat 52°58'S.), it was 4,700 mm a L. Precipita-
tion increases with elevation and exceeds 6,000 mm al of water equivalent
on the Patagonian ice fields (Inoue and others, 1987; Pefia and Gutiérrez,
1992). From the discharge of rivers, Escobar and others (1992) infer 7,000
mm a~! of water equivalent on the western part of the Northern Patagonian
Ice Field, 6,000 mm a™! on its eastern part, and 6,000 to 7,500 mm a~lon
the Southern Patagonian Ice Field.
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In the lee of the Andes, precipitation decreases sharply. At Estancia
Madsen (12 km east-southeast of FitzRoy, at lat 49°10'S.), 850 mm a~! was
measured in the 1940’s. Farther east, the Patagonian pampa is a steppe that
has 200-300 mm a~! of annual precipitation. This steppe extends south to
the east side of Torres del Paine, where a small endorheic salty lake,
Laguna Amarga, is found.

To the south, changes in vegetation are the result of colder tempera-
tures. Evergreen species are replaced by deciduous species, such as Notho-
Sagus pumilio (lenga) and Nothofagus antarctica (fiirre), and the forest
becomes penetrable wherever no bogs are found. The highland forest
extends upward in elevation to bare rock, perennial snow, or glaciers. No
intervening highland zone of grasses exists, as in the European Alps.

Wet Andes between Tinguiririca Pass and Puerto Aisén
(Lat 35° to 45°30'S.)

As shown in figure 2 of the “Glaciers of the Dry Andes,” the elevation of
the main mountain range that forms the water divide is much lower south
of lat 35°S. than in the Central Andes (lat 31°8S. to lat 35°S.). Thus, in spite
of the existence of cirque basins, no cirque glaciers are present until one
reaches the vicinity of Lago Nahuel Huapf (lat 41°S.).

On the west side of the main range dominating the Chilean Central Val-
ley and the sea of Chiloé, an extensive string of 37 volcanoes has sufficient
elevation to rise above the equilibrium line for glaciers. These volcanoes are
listed in table 9. The total area of glaciers, according to an unpublished
inventory by Gino Casassa, is 267 km?. Almost no glaciological observations
have been made on these ice-capped volcanoes because scientific interest
in them is minimal. The main utility of satellite imagery in this area is to
analyze any changes that follow effusive or explosive volcanic eruptions
(Gonzalez-Ferran, 1995). A preliminary inventory of the glaciers and snow-
fields in the Argentine Andes between lat 39° and 42°20'S. was published
by Rabassa (1981). A review of the inventories of the glaciers of Chile was
done by Casassa (1995).

TABLE 9.—Ice-capped volcanoes south of lat 35°S., Chile and Argentina
[Slash (/) indicates a place-name variation between Argentina and Chile (for example, Monte/Cerro Tronador: Argentina, Monte Tronador; Chile, Cerro Tronador). Elevations from Carta Nacional de
Chile (CNC), 1945 edition, unless otherwise indicated; CP, Carta Preliminar, which became a U.S. Air Force Operational Navigation Chart (ONC) after reduction; C.A.B., Club Andino Bariloche. Infor-
mation on eruptive history from “Volcanoes of the World” (Simkin and Siebert, 1994) and “Global Volcanism 1975-1985" (McClelland and others, 1989); additional information from Andrés Rivera;
n.d., no data are available. ** indicates that the volcano is not listed in either volume]

Volcano (alternate name) Elevation Latitude Longitude Landsat Number of and last

Argentina/Chile Country (meters) south west Path-Row eruption(s) Remarks

Cerro del Planchén/Volcan

El Planchon.......ccooevvecenecnenee Argentina, 3,891 35°15' 70°34' 249-84, n.d.
Chile 248-85
Volcan Peteroa ........cococevevennnne Argentina, 3,951 35°17' 70°34' 249-84, 13in 1991
Chile 249-85
Volcéan Descabezado Chico...... Chile 3,250 35°31" 70°37' 249-85 nd
Volcan Descabezado Grande... Chile 3,880 35°33' 70°45' 249-85  1in 1932 CP: 3,830 m
(fumarolic)

Volcan Quizapu...........coeveeeeenee. Chile 3,810 35°35' 70°45' 249-85  131in 1967 CP: 3,050 m (after explosion that
(before covered entire region with
explosion) white tephra)

Cerro Campanario .................... Argentina, 4,002 35°55' 70°22' 249-85  **

Chile

Volcdn San Pedro=Las Yeguas Chile 3,500 35°59' 70°51' 249-85  ** CP: 3,499 m

Cerro Lastimas Chile 3,050 35°59' 71°08' 249-85  **

Nevado Longavi.......c..ccccecereenne Chile 3,230 36°12' 71°10'  249-85  ** CP: Nevado de Lonquen

Volcan Domuyo..........ccccevevenenne. Argentina 4,709 36°38' 70°26' 249-85  ** CP: 4,785 m

Nevados de Chillan................... Chile 3,180 36°50' 71°25' 249-86  17in 1987 CP: 3,169 m
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TABLE 9.—Ice-capped volcanoes south of lat 35°S., Chile and Argentina—Continued

Volcano (alternate name)

Elevation

Latitude

Longitude

Landsat

Number of and last

Argentina/Chile Country (meters) south west Path-Row eruption(s) Remarks
Volcan Antuco ... Chile 2,985 37°24' 71°22! 249-86 12in 1972
Sierra Velluda ..o Chile 3,685 37°28' 71°26' 249-86  ** CP: 3,385 m
Volcan Copahue .........ccceveeenen.. Argentina, 3,010 37°51" 71°10' 249-86  2in 1992 CP: 2,969 m
Chile
Volcan Callaquén (Callaqui) .... Chile 3,164 37°55' 71°25' 249-86 2in 1980
(fumarolic)
Volcdn Tolhuaca............c.oeu.. Chile 2,780 38°18' 71°39" 249-87  ** CP: 3,780 m (misprint)
Volcan Lonquimay.......cccoeeeenee Chile 2,822 38°22! 71°35' 249-87 4in 1989 Place-name misplaced on ONC
R-23
Cordillera Blanca.........cccoeuee. Chile 2,654 38°34' 71°34' 249-87  ®* CP: Sierra Nevada
(%] Late Pleistocene-
Holocene age
Volean Llaima.........ccccevreearennnes Chile 3,124 38°42' 71°42' 249-87 36in 1994
Nevados de Sollipulli... Chile 2,326 39°00" 71°34' 249-87 ¥k CP: Picos de Llollicupi
Volcan Villarrica......ooveeeeeeee. Chile 2,840 39°25' 71°657 249-87, 51in 1985
249-88
Volcan Quetrupillan.................. Chile 2,360 39°29' T1°42' 249-87, Holocene age
248-88
Volcan Lanin .......occceiiiicninnnnne Argentina, 3,774 39°39' 71°31' 249-87, Holocene age
Chile 249-88
Volean Shoshuenco (Chos Chile 2,430 39°56' 72°02! 249-88 n.d.
Huenco).......cccovennievivenianne
Cerro (Voledn) Puntiagudo...... Chile 2,490 40°57' 72°16' 249-88, 1in 1930(?)
249-89
Monte/Cerro Tronador ............. Argentina, 3,470 41°09' 71°55' 249-89 CP: 3,460 m
Chile
Volean OSOorno........coeeeeeeevonenine Chile 2,660 41°06' T72°30" 249-89 11in 1869
Volcan Calbuco........cocceeeeenenee Chile 2,015 41°19' T72°36' 249-89 10in 1972 Small glacier on south flank
Monte Yate ........ccouovvrverircerrennnns Chile 2,185 41°47 72°24' 249-89  wk
Volcin Minchinmavida Chile 2,470 42°47 T72°26' 249-90 1in 1835 CP: 2,481 m; name and elevation
(Minchinmahuida) ................. given to a much lower caldera
to the west-southwest
Volcan Yelcho ..........cccccveeennenen. Chile 2,020 43°09' T2°34' 249-90 ¥k
Volcan Corcovado......cocccuecuene Chile 2,300 43°11' 72°47 249-90 2in 1835 ONC 8-21
(CP)
Cerros (Volcdn) Yanteles......... Chile 2,042 43°30' 72°49' 249-90  Fumarolic (3
cp) volcanoes)
Monte Melimoyu ......c.coecevvunnns Chile 2,400 44°05' T72°52! 248-91, Holocene age
249-91
Monte Mentolat Chile 1,660 44°41" 73°05' 248-91, n.d.
(on Isla Magdalena)............... 249-91
Monte Cay .........cccvirvieivriieninns Chile 2,200 45°03' 72°59' 248-91, ** ONC 8-21
(CP) 249-91,
248-92
Monte (Volcdn) Maca ............... Chile 2,960 45°06' 73°12! 249-91, Holocene age Elevation is much less according to
248-92 Neumeyer (C.A.B., 1954, p. 20)
Volcanoes of the Patagonian Andes
Cerro (Voledn) Hudson............. Chile ~2,500 45°55' 72°5T 248-92 1991 Tephra over a wide area in 1971
Cerro (Voledn) Arenales........... Chile 3,437 47°12! 73°29' 248-93 1979 Landsat image 30368-13444
shows tephra
Cerro Mimosa ... Chile ~2,000 48°57' 73°32' 248-94 Fumarolic in 1973
Cerro (Volcdn) Lautaro ........... Chile 3,380 49°02' 73°33' 248-94 5in 1979
Cerro Aguilera.........ccoevvveecens Chile 2,438 50°25' 73°47 248-95 Holocene age Recognized as a volcano in 1985
Monte (Volcdn) Burney ............ Chile 1,758 52°21" 73°23' 246-97 1910
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Research, nos. 4 (Naruse, 1987), 10 (Naruse and Aniya, 1992), and 13
(Naruse and Aniya, 1995). A comprehensive review of glaciological stud-
ies in Patagonia was published by Warren and Sugden (1993).

Glaciological Observations on the Northern Patagonian Ice Field

The 600-m-wide Rio de la Colonia valley is flooded each summer by the
outburst of an ice-dammed lake, a fact that has destroyed any hope of a
permanent settlement (colonia) there (southeast side of NPIF, fig. 27). The
Trimetrogon aerial survey first documented the location of the lake 2 km
from the glacier terminus, on the right bank of the glacier. It is crossed by
an arcuate terminal moraine, hence its name of Lago Arco. Landsat MSS
images of 25 February 1976 and 8 March 1979 (table 8 and fig. 42, respec-
tively) show a situation just after a flood, when dry land is downstream of
the arcuate moraine. They also show that a second lake, 9 ki from the gla-
cier terminus on the left bank of Rio de la Colonia, was partially drained on
those dates; thus, this lake also contributes to the flooding. A Japanese-
Chilean expedition headed by Professor Tanaka, which made the first
ascent of Cerro (Volcdn) Arenales in 1958, studied the flood problem
(weekly “Ercilla” of 2 April and 21 May 1958: Tanaka, 1980).

Supraglacier debris produced by rockfalls and avalanches on two gla-
ciers south of Cerro (Volcdn) Arenales has been used to calculate the gla-
cier surface velocity between two dates of Landsat MSS images (25
February 1976 and 8 March 1979). The surface velocity was about 200 m a~
1 on Glaciar Pared Norte, at its elbow near the right bank, and about 260 m
a~! on Glaciar Pared Sur (fig. 27). Velocities can also be inferred from wave
ogives forming at the foot of ice falls (Lliboutry, 1957). These data are of lit-
tle interest as long as glacier thicknesses remain unknown.

Glaciar Soler is the only east outlet of the NPIF that has been thor-
oughly studied (Aniya and Naruse, 1987; Casassa, 1987; Naruse, 1987).
At the foot of its ice fall, wave ogives show that the surface velocity in
the middle of the glacier is 300 m a~l. It decreases progressively down-
stream on the tongue. At 1.5 km from the ice fall, the surface velocity is
200 m a~!. At that point, the glacier is 1,590 m wide and has a maximum
thickness of 575 m. Bottom sliding probably accounts for one-third of
the surface velocity, whereas near the terminus, where the ice is thin-
ner, it accounts for 90 percent. At the equilibrium line, found at 1,350
m in the ice-fall area, the Glaciar Soler discharges about 1x108 m3 a7l of
ice from an accumulation area of 36.4 km?2.

The drift in the proglacial area and in ice-cored moraines consists mostly
of well-rounded gravel and boulders, which the glacier has picked up from
an outwash plain (Aniya, 1987). Similar forms have been observed, some-
times akin to eskers, in the Central Andes (Lliboutry, 1958).

On the west side of the NPIF, interest has focused on Glaciar San Rafael,
which is one of the fastest flowing ice streams in the world. It has a calving
ice cliff 3 km long and 30-70 m high above the tidal Laguna San Rafael (a
circular lagoon about 15 km in diameter that is limited by a Holocene
moraine (Heusser, 1960), which was reached again during the “Little Ice
Age™). Velocities at the terminus were measured in the summer of 1984 by
Kondo and Yamada (1988). More detailed investigations, including bathym-
etry and monitoring of calving rates, were done by Warren and others
(1995) in February 1991 and February 1992. Lastly, velocities more than 17
m d~! were determined in October 1994 by Rignot and others (1996a, b).
They used a National Aeronautics and Space Administration imaging radar
(SIR-C) on board the space shuttle at an altitude of 175 km that employed
a radar-interferometry technique.

Over its last 18 km, Glaciar San Rafael has a very regular slope of 5.7 per-
cent. A rule of thumb estimation of its mean thickness is 11.3 m/0.057=200
m. Nevertheless, it probably exceeds 300 m in thickness along its axis,
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where a fast ice stream is found. However, the transversal profile of the bot-
tom of Laguna San Rafael near the calving front is concave, and has a maxi-
mum depth of 272 m at the middle. In this ice stream, surface velocities are
about 3.0 m d~! all along a 12-km distance. Only about 1.0 m d~! can be
explained by ice deformation, and about 2.0 m d™! comes from sliding. Such
a large sliding velocity has never been observed over such a long distance in
temperate mountain glaciers, even at the climax of the melting season. On
the last 6 km, the ice stream speeds up, progressively but dramatically,
reaching 17.0£0.2 m d! at the calving front. Such a large velocity has only
been observed during some glacier surges, but in this case, it is not a surge;
the velocities were about the same in 1984, 1991, 1992, and 1994. The flux
of ice that is calved amounts to 2,170,000 m® d~' (Warren and others,
1995). Glaciar San Rafael can well provide this amount of flux continuously
on an annual basis because it corresponds to an ice layer about 1.35 m thick
over the entire accumulation area (585 kmz), several times less than the
mean mass balance in this area. The acceleration area 6 km from the
front is probably where the bed becomes lower than the surface of
Laguna San Rafael, and the water pressure in the subglacier cavities
begins to increase.

Glaciological Observations on the Southern Patagonian Ice Field

Among the west-calving glaciers of the SPIF, Glaciar Briggen (Pio XI) is
the only one where velocities have been measured (Rivera and others,
1997). At four points (S3 to S6) in its central part, at 1.4 to 2.7 km from its
calving front in Fiordo Eyre, the mean velocity ranged from 15.2 to 36.8 m
d™! on 14-17 November 1995. These velocities are faster than at Glaciar
San Rafael, but they oscillate much more. No precipitation fell during these
4 days, and air temperatures were higher on 15-16 November 1995. There-
fore, the doubling of the sliding velocity seems to have been caused by sur-
face melting. Meltwater reaching the bottom probably does not drain off
easily.

Glaciers calving into east lakes do not flow as fast (Naruse and others,
1992). In November 1990, the velocity of Glaciar Upsala at about 4 km from
the front was 3.5-3.7 m d‘l, and the velocity of Glaciar (Perito) Moreno at
4.5 km from the calving front was about 2.0 m d™L.

A puzzling feature on the SPIF is the presence of looping banas of volca-
nic tephra that were discovered from the Trimetrogon aerial photographic
surveys (figs. 45-48). We now know that the tephra originates from Cerro
(Voledn) Lautaro (lat 49°01'S., long 73°33'W.; 3,380 m). The explorers of
Patagonia during the years 1867 to 1878 were told by natives on the Argen-
tine side that an active volcano was present within the ice field. On the Chil-
ean side, Lord Thomas Brassey, on board his yacht Sunbeam along Canal
Messier, observed a fall of tephra in 1876, and the officers of the American
corvette Omaha reported in 1878 that they had seen an active volcano
within the ice field, which they called Humboldt (Martinic, 1982). In recent
times, Cerro (Volcdn) Lautaro has had five documented eruptions:

(1) 1933 (seen by Reichert (1947); compare Shipton (1963, p. 38-39)

and Agostini (1945, p. 24))
(2) January 1945 (documented by Trimetrogon survey flight, aerial
photograph 556-L-124)

(3) January 1960 (reference in Shipton (1963, p. 73))

(4) 1972 (evidence reported by farmers to C. Marangunic, oral com-

mun.)

(5) June 1978 (evidence reported by farmers to C. Marangunic, oral

commun.)

Landsat 3 RBV (30368-13450-D, Path 248, Row 94; 30368-13453-B,
Path 248, Row 94) and MSS (30368-13450, band 5; Path 248, Row 94)
images taken on 8 March 1979 show the tephra airfall pattern extending
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TABLE 10.— Energy balances on ablation zones of the Patagonian Andes

[Given in megajoules per square meter per day (MJ m2 d'l). Based on data from Ohata and others (1985), Fukami and Naruse (1987), and Takeuchi and others (1995).
Asterisk (*) indicates a kind of féhn blows on some days]

Glacier, elevation, latitude, aspect

) Radiation balance Sensible Latent Melting
Period

(solar + thermal infrared) heat heat emd!ofice
San Rafael, 104 m, lat 46°41'S., west ~ 29-31 DecC 1983.........c.comerreeeemrererrierrerercenane 11.7 8.9 3.5 7.1
19-23 Jan and 30 Jan-1 Feb 1985 ............... 2.3 4.5 2.5 7.7
Soler, 370 m, lat 46°54'S., east -5 NOV 1985 ..ot cvestesveesennes 5.30 5.54 -76 3.0
25-29 Nov 1985 ...... 14.34 7.62 -.32 5.9
15-29 Dec 1983*......oveececrrereereecersvsrcsnenens 7.0 119 7.1 8.6
Moreno, 330 m, lat 50°28'S., east 14-15 and 18-26 Nov 1993..........cceeeveernneee. 12.0 10.9 -8 7.4
16-17 NOV 1993*.....cooeieieieererreeeenreresnonenen 16.3 23.6 1.6 13.8
Tyndall, 700 m, lat 51°15'S., south 11-16 Dec 1993....eoeeeeeeceereereerreeeeeee e 11.8 9.6 1.6 7.7

mean value of the AAR is only 0.63 (Aniya, 1988). In the European Alps at the
beginning of the century, the AAR was (.75 according to Penck and Briickner
(Lliboutry, 1965, p. 444), but it is much less today, often less than 0.60.

Energy balances have been determined by Ohata and others (1985) and
by Fukami and Naruse (1987) on two ablation zones of the NPIF; later, by
Takeuchi and others (1995) on two ablation zones of the SPIF. Measure-
ments were done at low elevations, during periods of 2 to 14 days, in sum-
mer. Given the very large variability of the different terms of the balance
(excepting the energy emitted in the thermal infrared by melting ice), this
sampling cannot be extrapolated to the whole ablation season nor to the
whole ablation zone. The results are very interesting, however, and are
given in table 10.

On leeward Glaciares Soler and (Perito) Moreno, a kind of fohn blows on
some days (indicated by asterisk in table 10). This is a wind that has
warmed by losing a large percentage of its moisture on the windward side
of the mountain. Its dew point remains more than 0°C, however, and thus, it
conveys latent heat to the melting ice surface. On Glaciar San Rafael, a
katabatic wind at the surface blows westward, in the opposite direction of
the wind at higher altitude (Inoue, 1987). This air has been cooled by con-
tact with the glacier, but when it reaches the site of the measurements, it
has been warmed by adiabatic compression.

Historic Fluctuations of Outlet Glaciers from the Pat-
agonian Ice Fields

Northern Patagonian Ice Field

Laguna San Rafael was discovered in 1675. The glacier that bears its
name did not reach the lagoon at that time. It probably reached it at some
time between 1741 and 1766 (Casassa and Marangunic, 1987), and it has
maintained a calving front since then. It has been inferred from actual gla-
cier velocities that the lagoon extends 6 km eastward of the 1994 calving
front.

The first documents on Glaciar San Quintin followed a visit by Norden-
skjold in 1921 and another by Briiggen in 1935. Its front had receded by 2
km between those dates (Lliboutry, 1956). Between 1939 and 1959, it
advanced by 2.3 km. Between 1959 and 1992, it receded by 3.7 km (War-
ren, 1993). Comparison of the oscillations of Glaciars San Quintin and San
Rafael were made by Winchester and Harrison (1996) using dendrochronol-
ogy.

Variations of all the outlet glaciers of the NPIF have been determined
from Trimetrogon aerial photography acquired in January and February
1945, as well as from Landsat MSS imagery of 1974-75 and 1985-86 (Aniya,
1988, 1992). Hirano and Aniya (1996) compared MSS Landsat imagery of
1987 and Russian satellite photography (KFA-1000) of 1988. Wada and
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TABLE 11.— Mean variation of the glaciers of the Northern Patagonian Ice Field

[Given in ha a~'=1072 km? a™. Based on data from Aniya and Wakao (1997).
Those marked with an asterisk (*) are not outlet glaciers of the ice field]

Glacier name 1945 to 1975 1975 to 1996

North side (from east to west)

Exploradores* (San Valentin east)..........cccocerevennen. -0.53 -3.10
GrosSe™ (CIrC0) ..oveevererenerirmirceeees e -1.30 -3.00
Reichert* northeast arm ........ocovcveevcvecivnencnnnne -2.03 -8.43
southwest arm.........cococvevccnvnncnennnaee -1.20 -17.19
West side (from north to south)
Gualas  NOTth ... -43 -3.00
SOULN ..t eieee -57 —-2.86
San Rafael ... -11.87 —40.19
SaN QUINEIN «..ocveereeiicieeeeec v -25.00 -23.57
Benito -2.20 —4.43
HPN-1 -5.83 —6.76
HPN-2 -4.70 -8.22
HPN-3 -73 -7.81
South side (from west to east)
Steffen. ... -8.07 -14.67
PiSCIS* ... -1.63 -.10
Pared Sur*.. -4.73 -1.29
Pared Norte -3.23 -1.52
East side (from south to north)
de 1a Colonia......coiiieiieriiiceceeee e -3.23 —4.95
Cachet® ..o e -8.93 -6.48
NEF oottt eeaen -4.87 -13.24
SOIET ...ttt -1.27 -3.57
-.07 -2.44
-.50 -1.33
Total of the NPIF .........cicoiicoccnearosnnecaerannene -92.9 -174.2

Aniya (1995) and Aniya and Wakao (1997) used oblique aerial photographs
taken by hand-held 35 mm cameras in 1990-91, 1993-94, and 1995-96. The
variation in areas between 1945, 1975, 1986, 1991, 1994, and 1996 are given
in a paper by Aniya and Wakao (1997). To smooth out the short-term irreg-
ularities and to obtain smoothed data pertinent to climatological studies,
the mean recession rates between 1945 and 1975 (30 years) are compared
in table 11 with the ones between 1975 and 1996 (21 years). It appears that
all outlet glaciers are receding and that the recession rates increased after
1975, except for four glaciers on the southeast, which are not outlet gla-
ciers of the ice field.

The area of the NPIF in 1945 was 4,400 km?, according to Lliboutry
(1956). In 1975, it was 4,200 ka, according to Aniya (1992). Because the
area of the NPIF was measured on different maps by different authors, it is
difficult to judge the accuracy of the change. According to Aniya and Wakao
(1997), the change between 1945 and 1975 has been only —28 ko (and
-37 km? between 1975 and 1996). The general recession of the Patagonian
ice fields is probably related to a general warming by 0.4°C to 1.4°C since
the beginning of the century south of lat 46°S. and to a decrease of the pre-
cipitation on the Pacific Ocean side of the ice field by as much as 1.4 m a~l
(Rosenbliith and others, 1995).
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Cordillera Darwin

Holmlund and Fuenzalida (1995) compared aerial photography of Cor-
dillera Darwin taken in 1943-44, 1960, and 1984-85. They also visited the
area in 1993-94. During all this time, in general, glaciers have receded
slowly on the order of 1.0 m a™L. Nevertheless, the front of the largest gla-
cier, Glaciar Marinelli (142 km2), receded by —0.2 km between 1943 and
1960 and by —5.0 km between 1960 and 1993. Probably the front of this
tidewater glacier became afloat. On the other hand, during the second
period of time, three out of the six glaciers flowing to the southwest into
Bahia Pia (an embayment of the Beagle Channel) advanced by +0.2 to +0.4
km in 33 years.

In the Cordillera Darwin area, cyclonic fronts are less active than in the
SPIF, and thus, annual precipitation is lower. The cyclones, which cross the
Drake Passage to the south from northwest to southeast, are generally
occluded systems and provide precipitation in their lee. Therefore, snow-
falls are accompanied by southwest winds. In the SPIF, which runs north to
south, a strong dissymmetry is found in the precipitation from west to east.
In Cordillera Darwin, which runs northwest to southeast, the same dissym-
metry is recorded from southwest to northeast.

The meteorological station at Punta Arenas (figs. 1 and 3) has monitored
temperature and precipitation on the leeward side of the region (the semi-
arid pampa) since the beginning of the century. Mean annual temperature
has increased by only 0.3°C, and precipitation (about 400 mm a‘l) shows
no significant trend. The data from the lighthouse of Islas Evangelistas, at
the west entrance of the Strait of Magellan, show an increase in mean tem-
perature by about 1°C and a decrease in mean precipitation from about
3,000 mm a~1 to about 2,000 mm a~!. Holmlund and Fuenzalida (1995) sug-
gest that the same trends hold for the southwest, windward side of Cordil-
lera Darwin. Given that its glaciers have been more or less in equilibrium,
such is probably not the case.

Contrasting Behaviors Due to Glacier Geometry

Aniya and others (1997) did not find any correlation between the varia-
tions of the SPIF glaciers and latitude, accumulation area ratio (AAR), total
glacier area, or surface gradient at the equilibrium line. The first absence of
correlation is not a surprise: around lat 50°S., the variation in climate with
latitude is insignificant compared to the climate variation between the
windward and leeward sides of the Andes. The three other factors that can-
not be correlated are discussed as follows:

AAR. Glaciers that have smaller AAR’s would be expected to recede, and
the opposite would be true for glaciers that have larger AAR’s. However, the
history of variation in AAR for SPIF glaciers does not meet this expected
norm. Two classes of outlet glaciers have been distinguished: tidewater gla-
ciers and glaciers that terminate on land. In 1945 among tidewater glaciers,
the lowest AAR’s were for Glaciar Asia (0.65) and Glaciar Amalia (0.66).
The very large recession of Glaciar Amalia has raised its AAR to 0.80, its
standard value. The surprising fact is that, up to 1986 at least, the recession
of its neighbor, Glaciar Asia, has been insignificant. As for glaciers that calve
into lakes or that lack a calving front, their mean AAR in 1986 was 0.736.
The three glaciers of this kind that had the largest recession between 1945
and 1986 are Glaciar Lucia, whose AAR increased from 0.66 to 0.72, Glaciar
Greve (0.62 to 0.67), and the west stream of Glaciar Jorge Montt (0.70 to
0.75 for the entire glacier). In contrast, with smaller AAR’s of 0.62, Glaciar
Tyndall had a normal recession, and Glaciar Grey, a small one. Glaciar
Viedma, having an AAR of 0.58, did not recede at all.

Total glacier area. Table 12 shows that even the relative change in area
is not correlated with the total glacier area. The most important variable is

GLACIERS OF CHILE AND ARGENTINA 1193



the glacier length because of the well-known lag in time between any
change of the mass balance and the response of the front. The response
may be considered as the sum of kinematic waves starting from all the
points of the glacier, and the velocity of these waves is independent from
the glacier area. In the case of Glaciar Upsala, its east stream, which is
about 60 km long, should lag in time behind its west stream, which is fed by
tributaries 10-15 km long.

Surface gradient. As a first, rough approximation, kinematic waves may
be ignored. The discharge of ice through a fixed cross section near the gla-
cier terminus, which governs the position of this front, equals the sum of
the mass balance over the entire glacier surface. With 2 denoting the sur-
face elevation, S(z) the area from the cross section, and b(z) the mass bal-
ance, the discharge is | b (95/92) 9z. The variations of the discharge depend
on the surface gradient (9S/02), where the variations of b are the largest. In
Patagonia, the main factor in the variations of b is a change in the mean alti-
tude of the rain-snowfall limit (mean RSLA). Aniya and others (1997) con-
sider implicitly that the mean RSLA is the ELA, but this assumption is
questionable. In Patagonia, the RSLA ranges from nearly sea level in winter
to 2,600-2,700 m in February, and precipitation falls all year and has com-
parable monthly totals. Therefore, the statistical distribution of the RSLA
and the whole hypsography of the glacier are involved, not only 9S/dz at
some elevation.

We have no statistics of the RSLA for a full year in the Patagonian
Andes. An estimate of its mean value might be drawn from the contrasting
behaviors of Glaciares (Pertto) Moreno and Upsala, the only ones whose
hypsographies have been published (Aniya and Skvarca, 1992). If the high-
est 10 percent and the lowest 10 percent of their areas are ignored, the ele-
vation of the surface of Glaciar (Perito) Moreno ranges between 530 m and
2,130 m, and the median elevation (50 percent of the area above and 50
percent below) is 1,560 m, whereas its ELA (in 1986) was at 1,150 m. Gla-
ciar Upsala, over 80 percent of its area, ranges between 800 m and 1,800 m,
and its median elevation is 1,290 m, whereas the ELA is at 1,200+£50 m.
Because Glaciar (Perito) Moreno is more or less in equilibrium and Glaciar
Upsala has receded at an accelerating rate, we suggest that the difference
between the median elevation and the ELA is critical.

The Unusual Case of Glaciar Briiggen (Pio XI)

The first records about glacier termini in both Americas came from
Spanish seamen who, starting from Valparaiso, Chile, tried to pass through
the Strait of Magellan in a direction opposite to that traveled by Magellan in
1520. (Remember that no other way into the Atlantic Ocean was known
until 1578.) Francisco de Ulloa in 1553 and Cortés Ojeda and Ladrillero in
1557 (both captains of ships sent by Governor Garcia Hurtado de Mendoza)
all made the same error. They entered Estrecho de Concepcion (Canal
Concepcién) thinking that it was the Strait of Magellan (Estrecho de Magal-
lanes), whose entrance is 200 km farther south (see fig. 54). The fact that a
series of channels and a fjord (Fiordo Eyre) ran northeast or north-north-
east instead of southeast did not induce them to turn around until they
were stopped by the calving front of Glaciar Briiggen, which was as
advanced as it is today. In 1993, Rivera, Aravena, and Casassa (1997) found
trees up to 524 years old (Ciprés de las Guaitecas, Pilgerodendron
uviferum) close to the glacier margin, north of the mouth of Fiordo
Exmouth. Thus, since at least 1469, Glaciar Briiggen has never advanced as
far southward as in recent times (fig. 55).

No other visit to Fiordo Eyre is known until the one by Captain Parker
King on board H.M.S. Beagle in 1830. He described Rio Greve as flowing at
the head of the fjord over flat land from Glaciar Greve, but no calving front
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Inspection of Landsat imagery shows that Glaciar Briiggen has under-
gone little change since 1976 (Aniya and others, 1992).

In my opinion, the situation as it was in 15563-57, and as it has been again
since 1947, is the normal one. The considerably large recession observed in
1830 was probably caused primarily by the nearby volcanic activity of
Cerro (Volcdn) Lautaro (see Rivera and others, 1997).

Periodic Dammings by Glaciar (Perito) Moreno

Glaciar (Perito) Moreno has repeatedly blocked Canal de los Témpa-
nos (the “channel of theSoler icebergs”) and separated Lago Argentino
from its southernmost arms, Brazo Rico and Brazo Sur. According to Raffo
and others (1953), the water level in the dammed part (called Lago Rico)
rose 14.9 m in March 1942 and 14.4 m in March 1953 and flooded as much
as 66.7 km? of grassland. However, height measurements to the vegeta-
tion line, which is clearly marked by water erosion, indicate that the max-
imum rise of Lago Rico during this century was around 23 m, and it was
about 19 m in 1988 (Pedro Skvarca, written commun.). The outburst of
the stored water (on the order of 1x10? m3) floods the shores of Lago
Argentino and its outlet, Rio Santa Cruz (fig. 54).

The width of the dam formed by Glaciar (Perito) Moreno is only a few
hundred meters, although the calving fronts in Canal de los Témpanos
and in Brazo Rico are 3.0 km and 2.1 km wide, respectively (figs. 39 and
43). The depth of these arms and the temperature and circulation of their
water have never been studied. In Brazo Rico, which trends west to east,
the wind propels the icebergs into warmer water. A return current at
about 4°C (the temperature for which the density of pure water is a max-
imum) probably exists at depth. This water would melt the ice cliff at its
bottom, and thus, the calving process would be different from the one in
tidewater glaciers, where most melting is near the ocean surface. In Canal
de los Témpanos, which runs north to south, the circulation should be
much slower. Advances and retreats of the calving front result from the
balance of glacier velocities and calving rates, the former being more vari-
able than the latter. Therefore, the monitoring of closures is useful. Over
the long term, Glaciar (Perito) Moreno is more or less in equilibrium
(Naruse and others, 1995).

Raffo and others (1953) gathered all information previously known
about ice dammings. The first reported one was in January 1917, after a 1-
km advance of the front. (Other dammings might have taken place prior to
this, but no local inhabitants were around to report their occurrence.) After
January 1917, the following ice dams formed:

From January to December 1935

From July 1939 to 17 February 1940

From the beginning of January 1941 to 21 March 1942

In December 1946

In November 1947

From April to December 1948

From the end of September 1951 to the beginning of March 1952

From October 1952 to the end of March 19563

Ice dammings also took place in 1966, 1970, 1972, 1975, 1977, 1980
(together with an outburst flood on 17 February 1980), 1984, 1988, and
1990 (del Valle and others, 1995). The successive lapses of time during
which the channel has been open have lasted 216, 43, 11, 69, 11, 5, 33, 7,
36, and 156 months. The duration of the ice dammings (excepting the very
short ones in 1946 and 1947) has been more regular: 83 months. About 8
months is probably the time needed for subglacial waterways to become
enlarged by melting of the conduit walls, which precedes the final collapse
of their roofs. The fact that the failure of the ice dam always happens in
summer, especially in late summer, indicates that the water flowing into the
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waterway probably consists of surface water warmed by the Sun and that
the melting of the ice walls by this warmth is the main factor for the open-
ing of the dam.

A rough modeling of the opening is possible assuming that, at a given
instant ¢, the water in the conduit is at a uniform temperature () in spite of
the melting at the walls, an assumption that implies that the increase of the
discharge (&) along the conduit is negligible. Then, the cross-sectional area
of the conduit (S) remains uniform over its entire length (L), and H
denotes the level of Brazo Rico above Canal de los Témpanos, so the piezo-
metric gradient is H/L. The Manning empirical formula for turbulent steady
flows reads

szl 84/3 H1/2
where k; is a constant. With ¢ denoting the water input into Brazo Rico, we
have

o0H/dt=ks (¢—Q).

Last, the melting of the walls of the waterway yields

aS/dt=kg 0 Q
where ¢ and 6 are given functions of time. At the start, H=@Q=0, and 5=,
The cross section S is an ever-growing function of time. H is a maximum
when @=¢, and then @ is still increasing. Later, assuming ¢ and @ are con-
stant, @ decreases and tends toward ¢, S goes on increasing more or less
linearly with time, and H decreases as 3. The model is no longer valid
when open flow takes place in the subglacial channel. The tunnel is then
about 30 m in diameter, and it collapses the following day. Photographs of
this spectacular event have been taken by DeRoy Moore (1981}, and a vid-
eotape of it is for sale.

Past Glaciations and “Little Ice Ages”

Past Glaciations

Satellite images show the amazing labyrinth of channels, fjords, and
elongated lakes along the Pacific coast of Patagonia, which had been
mapped in the Carta Preliminar of the 1950’s. It is strikingly noticeable that
the features trend in only three directions: the direction of the Andean
ranges and two others at about a 60° angle to the ranges (fig. 56). The two
latter directions correspond to the directions of maximum shear stress
caused by plate convergence. The orientation of these features probably
represents shear zones that have been preferentially scoured by glaciers in
the past. It cannot be denied that the entire Pacific continental shelf of Pat-
agonia has been covered by ice in the past: the emerged islands are almost
devoid of sedimentary terrane, and the granodiorite batholith is
exposed at the surface everywhere.

The bottom of channels and fjords is normally about 200 m below the sea
bottom, whereas their shores commonly rise above 1,000 m. The largest
measured overdeepening is 1,344 m in Fiordo Baker (approximately 48°S.),
which trends east, but a depth of 1,288 m has been measured in the north
part of Canal Messier, which trends north between Isla Wellington and other
Pacific islands and the continent (fig. 54). This strong glacial erosion seems
to indicate that local glaciers and ice fields have existed repeatedly on the
Pacific islands and that the ice streams ran in directions other than from east
to west. The Northern and Southern Patagonian Ice Fields were often larger
than today, but their western outlet glaciers flowed generally in the south to
north channels. Today, a negative isostatic anomaly exists on the SPIF and
on the Pacific islands but not between them (Kraemer, 1992). This indicates
that in the late Pleistocene another ice field was present on the Pacific
islands, together with a thicker SPIF. The idea of a single, elongated ice cap,
with a convex east-west profile, covering the Patagonian Andes from the
limit of the continental shelf to the Argentine pampa must be dismissed.
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Figure 56.—Isla Wellington between
lat 49 and 50°S. showing that chan-
nels and fjords have three preferred
orientations. They cannot have been
scoured by glacier flow from east to
west during glacial epochs. The topog-
raphy is very rough; steep slopes and
rain forest make the island impenetra-
ble. Nevertheless, the elevation does
not exceed 1,463 m anywhere.
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The glacial history of Patagonia has begun to be deciphered, in particu-
lar thanks to the work of the late John Mercer (Mercer, 1968, 1970, 1976;
Mercer and Sutter, 1982). More detailed studies, leading to a major revi-
sion in the dating of the last morainic system, have been done by Clapper-
ton and others (1995).

Caldenius, in his pioneering work of 1932, recognized an “old glaciation”
and a young one (Lliboutry, 1956, p. 421-424). In fact, at least three old gla-
ciations are evident.

(1) The oldest glacial drift is found between lava flows at 7.0 and 4.6 Ma
from YAr dating. This glaciation might have been synchronous with
the formation of the ice sheet in West Antarctica (6-5 Ma) and with
a glaciation in southern Alaska.

(2) A second glaciation happened at around 3.6 Ma.

(3) The third glaciation at 1.2-1.0 Ma was the most extensive. Caldenius
and other authors thought that it reached long 69°W., the location of
the current Atlantic coast. (During the glaciation, the continental
shelf, which extends to the east of the Strait of Magellan as far as the
Falkland Islands (Islas Malvinas), had emerged, and the coast was
farther east.) According to Mercer’s studies and K-Ar dating, how-
ever, this greatest glaciation only went 80 km farther than the exist-
ing Lago Argentino in the Rio Santa Cruz valley, a position 140 km
inland from the current coast (fig. 54).

Between these main glaciations, smaller ones probably took place. At

Cerro del Fraile (just east of Brazo Rico of Lago Argentino), glacial drift
alternates with lava flows that are well dated by magnetic reversals. This
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exposure reveals five glaciations between 2.43 Ma and 1.67 Ma. At that rate,
one could speculate at least 40 glaciations in Patagonia.

The youngest glaciation, more or less simultaneous with the Wisconsinan
stage in North America and the Weichselian stage in northern Europe, left
terminal moraines at or near the east shores of the large piedmont lakes of
central Patagonia and the piedmont embayments of southern Patagonia.
From north to south, they are Lago Buenos Aires/General Carrera, Lago
San Martin/O’Higgins, Lago Viedma, Lago Argentino, Seno Skyring, Seno de
Otway, the Strait of Magellan, and Bahia Inttil in Tierra del Fuego (fig. 54).
Two distinct systems can be recognized, Caldenius’ “third” and “fourth” sys-
tems of end moraines, which are better identified by the names of the nar-
rows created by their moraines in the Strait of Magellan: the Primera
Angostura (the outer “third” system) and the Segunda Angostura (the
inner “fourth” system). The outer system limits the four mentioned lakes,
and the inner one limits the Senos Skyring and de Otway and Bahia Inutil.
Caldenius’ second system, farther to the east, was not confirmed by his suc-
CEesSors.

Caldenius thought that the moraines corresponded to the Gotiglacial and
Finiglacial stages in Scandinavia (dated at about 18 ka and 10 ka, respec-
tively), but they are older. According to Clapperton and others (1995), the
moraines of Segunda Angostura were deposited not at 10 ka but during at
least five advances ranging in age from about 70 ka to about 11 ka. The last
advance is also documented in the Beagle Channel, near Ushuaia (Heusser
and Rabassa, 1987) (figs. 40 and 54). It corresponds to the Younger Dryas
in Europe. Nevertheless, around Laguna San Rafael at 11 ka, glaciers were
probably smaller than today (Mercer, 1970), a fact that would confirm that
the cooling of the Younger Dryas had its origin in the Atlantic Ocean.

During the last glacial maximum at 20-18 ka, the Patagonian ice fields
would have been relatively extensive and thick. In fact, only 1 glaciation
among maybe 40 earlier glaciations was more extensive, and at the time of
the most extensive glaciation at 1.2-1.0 Ma, the “piedmont glacier Argen-
tino” extended only 80 km farther to the east from this last glacial maxi-
mum. The extension and thickening of the Patagonian ice fields was
probably only slightly less during previous glaciations.

When looking at the FitzRoy group from the northeast, a striking differ-
ence is revealed between the lower half of Cerro Eléctrico, smoothed by
glacial erosion below about 1,300 m, and its upper part, without any sign of
erosion. On its north side in Valle Eléctrico, a glacial terrace exists at
1,300-1,400 m (fig. 36). It confirms that this was the elevation of the sur-
face of an outlet glacier, probably about 80 km long, that discharged ice
from the SPIF through Paso Marconi. At Paso Marconi, 10 km upstream,
the surface elevation was probably 1,800£100 m (200-400 m higher than
today). The ice stream thinned and locally had a large surface slope as it
flowed through Paso Marconi. Consequently, the central part of the ice
sheet should have been at 2,100+200 m (300-700 m higher than today)
during the last glacial maximum.

According to a numerical simulation by Hulton and others (1994), the
ice-sheet surface would have exceeded 2,700 m. With a maximum width
of about 400 km, the bottom drag would have been about 3.6 bar (0.36
megapascal), much too large a value. In fact, the calculation by Hulton
and others cannot be trusted at all because it is based on an arbitrary
model for the ELA, an isothermal, albeit cold, ice sheet, always at —6°C,
and a fanciful topography. In their model, all the relief of the unglaciated
land has been smoothed out; all the elevated islands and deep channels
have been replaced by a flat, emerged land below 300 m, and all north to
south ranges exceeding 1,200 m in height have been erased. With this
model, only a large thickness of the ice sheet allows its surface to rise
above the ELA. With elevations more than 2,700 m, the ice sheet would
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have been cold, and the accumulation would have been a weak function of
the mean temperature. With elevations of about 2,000 m, the ice sheet
would have been temperate as the ice fields are today, and the accumula-
tion would have been a strong function of the mean air temperature
because of the changes in the rain-snow limit. Because of the temperate
nature of the glacier and this strong function, the lowering of the temper-
ature required to start a glaciation would have been much smaller in Pat-
agonia than in the polar regions.

We may also be skeptical about the changes in the ELA that have been
inferred from various “models.” Although Hulton and others (1994) claim
that their model is grounded on mass and energy balances, it is, in fact, a
mere correlation with some meteorological averages. Owing to the rain-
snowfall discontinuity, relations are not linear, and averages cannot be
used. For instance, Kerr and Sugden (1994) predict activity coefficients of
about 0.9 m of ice per 100 m of elevation, whereas in Patagonia, the mea-
sured ones are about 1.5 m/100 m.

“Little Ice Ages”

The story of the late Pleistocene has not been as well studied in conti-
nental Patagonia as it has been in the Strait of Magellan by Clapperton and
others (1995). On the shores of Lagos Buenos Aires/General Carrera,
Viedma, and Argentino, several benches of outwash (kame terraces) can be
seen clearly on Landsat imagery. According to Lliboutry (1952) and Mercer
(1965), they were formed after the last glacial maximum at 20 ka. If the
oscillations of the Pleistocene ice sheet were about the same as those in the
Strait of Magellan, the highest terraces might be older than 20 ka.

Climatic changes and terminal moraines of the Holocene are better
known. A review of knowledge of that time, and a comparison between Pat-
agonia and western North America, is found in Heusser (1961).

The chronology of Holocene moraines in front of Glaciares Upsala and
Tyndall has been established by Aniya and Sato (1995a, b). The moraines
were deposited around 3.6 ka, 2.3 ka, 1.4 ka, and 250 years before
present. (In the Lakes District, Mercer’s (1976) dating of the oldest
moraine is different, 4.6-4.2 ka, and the third one is not found.) 1t is pref-
erable to call the first three epochs of temporary glacier advance “Little
lce Ages” rather than neoglaciations. The last “Little Ice Age” began in
Patagonia between A.D. 1614 and A.D. 1600. In Europe and Iceland, it
had already started by A.D. 1570, but to the contrary, the climate in Pat-
agonia at the end of the 16th century was much milder. These facts were
established in 1993 by Marfa del Rosario Prieto and Herrera in an impor-
tant work, which unfortunately has not yet been published. These two
historians located at the Archives of the Merchant Marine in Seville,
Spain, 20 logbooks of ships crossing the Strait of Magellan to or from Val-
paraiso (fig. 1), b from each of the following intervals of time: 1520-26,
1535-58, 1578-99, and 1615-24. Only during the second and third time
periods was any mention made of numerous icebergs in the channels and
of winds from the northeast. During the period 1578-99, mild northeast
winds, quite unusual today, were the most common, and the weather was
warm, whereas in the interval 1615-24, the wind blew from the southwest
quarter one-half of the time and from the northwest quarter one-third of
the time, and the weather was very cold.

The icebergs found in the channels in 1535-58 and 1578-99 were blown
there by the northeast winds. In 1615-24, as today, the westerly winds kept
the icebergs calved by the SPIF' at the far ends of the fjords. To have had
winds from the northeast, a high-pressure system must have existed to the
south of the ships over the Strait of Magellan. The synoptic situation would
have been still more extreme than the one depicted in figure 3C, which is
rather unusual today (note in this figure a northeast wind at Comodoro
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Rivadavia).

Compared with the big climatic change around A.D. 1600, the climatic
changes in Patagonia during the two last centuries have been extremely
modest. Around the NPIF, dendrochronological studies of Podocarpus
nubigemus have been used to infer paleoclimate (Sweda, 1987; Sweda and
Inoue, 1987). The only significant change in tree-ring widths during the last
200 years is a very strong increase between 1963 and 1978, uncorrelated
with any change in the temperature or precipitation at Puerto Aisén (fig.
54).

Conclusions

This critical review of Patagonian glaciology has a broader scope than
that of a mere glacier inventory because now, in 1997, a copious literature
has appeared, most of which remains poorly known. Because this review
overturns several preconceived ideas, such as the utility of monitoring gla-
cier advances on an annual basis, the synchronism of glaciations and “Little
Ice Ages” in the Northern and Southern Hemispheres, and the existence in
the past of a single ice sheet covering all Patagonia, investigators in glaciol-
ogy and in paleoclimates should pay attention to the actual hard facts. Pat-
agonian glaciology poses fascinating problems. This paper stresses the
utility of satellite imagery for studies of these problems, not only for peri-
odic mapping of the glaciers.
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