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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.
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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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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.
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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) 2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>