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CHAPTER 1

INTRODUCTION

Glaciers reveal clues about climate change, its ice make them valuable for climate
research, also they are very important as a water supply for the population who is living
around. Otherwise they can cause natural hazards like mudflows. The main aim of this
project is to reconstruct the glacial phases in the SW slope of Nevado Coropuna in
order to achieve valuable information of all the changes that have happened and
analyze the glacier evolution.

1.1 Geographic settings

The Andes form an almost continuous topographic barrier along western South
America (Anders et al., 2002) and pass through Peru and Bolivia, where they host the
majority of the world’s remaining tropical glaciers (Kaser and Osmaston, 2002). The
Central Andes in South America are characterised by high altitudes, low temperatures,
intensive insolation and extremely dry conditions. Quaternary landscapes are therefore
often well preserved and are valuable archives for paleoenvironmental reconstruction.
Moraines, for example, document former extensive glaciations even between 18 and
27º S – an area where today no glaciers exist despite altitudes above 6000 m, owing to
the extreme aridity (Ammann et al., 2001). The Cordillera Ampato consists of three
different mountain groups, Nevados Ampato, Coropuna, and Solimana, and lies in the
Cordillera Occidental between lat 15º 24’ and 15º51’S, and long 71º51’ and 73º00’W.
The range extends in an easterly direction for about 140 Km. The glacierized area,
estimated from Landsat images, is 105 Km2. The area lies entirely within the Pacific
Ocean drainage and is drained by Rio de Majes and Rio Sihuas. The highest peak is
the Nevado Coropuna at 6,426m asl.

Nevado Coropuna (6426 m; 15º 33’S, 72º 39’W), located 150km northwest of Arequipa,
is both the highest peak in the Cordillera Ampato and the highest volcano in Peru. The
mountain comprises four andesite domes separated by broad saddles and rises
~2000m above the surrounding puna on all but the south side. Here, incision of the
underlying ignimbrite by the Rio Llacllaja, a tributary of the Colca Canyon, has resulted
in relief of more than 3500 m. Although andesitic eruptions at Coropuna began during
the late Miocene, the mountain’s present structure is attributed to prolonged
Quaternary volcanism (Venturelli et al., 1978; Weibel et al., 1978).
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Figure 1. 1.  Geographical setting or Cordillera Occidental. Landsat 7 MRSID (2000)
image (GFAM-GEM ).

According to the Peruvian Glacier Inventory (in 1998), the Cordillera Ampato has 93
tropical glaciers covering a total area of 147 Km2, with an estimated volume of 5,12
Km3. The tropical glaciers located on low-latitude, high-altitude mountain ranges are
highly sensitive components of the environment and appear to react more immediately
to fluctuations in climate than glaciers in the mid- and high-latitudes (Guilderson et al.,
1994; Hostetler and Mix, 1999; Hostetler and Clark, 2000; Seltzer et al., 2002). In
cross-section, the Andes consist of five topographic sections (west to east): the
western slope, the Western Cordillera, the high-elevation Central Andean Plateau, the
Eastern Cordillera, and the Subandean Zone (Isacks, 1988; Dewey and Lamb, 1992;
Gubbels et al., 1993). The Central Andean Plateau, an internally drained region with a
relatively constant altitude (~3500–4000m above sea level (a.s.l.)), lies between the
Western and Eastern Cordillera and stretches from about 11º S to 27º S (Isacks, 1988;
Kennan, 2000). The Central Andean Plateau is widest (up to about 500 km) between
about 15º S and 25º S in the Central Andes, where it is known as the Altiplano in Peru
and Bolivia and the Puna in Argentina (Dewey and Lamb, 1992).

From a glaciological point of view, the following delimitations give a useful definition of
the Tropics (Kaser, 1995, 1998; Kaser et al., 1996).: they must be within  (1) the
astronomical tropics (radiative delimitation); (2) the area where the daily temperature
variation exceeds the annual temperature variation (thermal delimitation) and  (3) the
oscillation area of the Inter Tropical Convergence Zone (ITCZ) (hygric delimitation).
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Figure 1. 2. The tropics and their delimitations from a glaciological point of view, and the
distribution of glacier areas according to countries’ ITCZ, taken directly from kaser (1999)

1.2 Geologic settings

The Andes vary considerably in structure, composition, volcanic activity and glacial
history along their 9000km length. They have developed as oceanic lithosphere
underlying the eastern Pacific Ocean has been subducted beneath continental
ithosphere of the South American Plate (e.g. Jordan et al., 1983). The Andes consist of
a variety of sedimentary, metasedimentary, plutonic and extrusive rocks ranging in age
from Precambrian to Recent (Clapperton, 1993; Kley, 1999).

In the Central Andean region, glaciers dynamically couple atmospheric and tectonic
processes through erosion. Located along a convergent plate boundary, the Andes
have formed during the relatively continuous subduction of the oceanic Nazca plate
beneath the South American continental plate since the Mesozoic (Allmendinger et al.,
1997). The hypsometry, cross-range asymmetry, width, and maximum elevation of the
Central Andes display a direct correspondence between climate zones and morphology
(Montgomery et al., 2001). According to Bromley et al. (2011) the Nevado Coropuna
comprises four andesite domes separated by broad saddles and rises ~2000m above
the surrounding puna on all but the south side. Here, incision of the underlying
ignimbrite by the Rio Llacllaja, a tributary of the Colca Canyon, has resulted in relief of
more than 3500 m. Although andesitic eruptions at Coropuna began during the late
Miocene, the mountain’s present structure is attributed to prolonged Quaternary
volcanism (Venturelli et al., 1978; Weibel et al., 1978).
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Figure 1. 3. Geomorphological cartography of Nevado Coropuna (GFAM-GEM).
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1.3 Climatic setting

The main source of precipitation for the tropical Andes of the Southern Hemisphere lies
to the east in the Atlantic Ocean and the Amazon Basin, and the primary transport
mechanism is seasonal easterly winds (Johnson, 1976; Vuille and Keimig, 2004). The
persistent inversion over the Pacific coast and strong Andean rain shadow effect
combine to maintain a semi-arid climate at Coropuna. Most precipitation (~390mm
water equivalent a-1 at 6080 m; Herreros et al., 2009) arrives during the brief summer
wet season (December–March). Coropuna currently supports an ice cap (~60 km2;
Racoviteanu et al., 2007) drained by 15 outlet glaciers, as well as extensive perennial
snow. Due to aridity, glaciers are restricted to elevations significantly higher (5100–
5500 m) than the local zero-degree isotherm (~4900 m; Dornbusch, 1998)

Within a perimeter of 60 km around the Nevado Coropuna, 15 meteorological stations
(operated by the Peruvian SENAMHI, Servicio Nacional de Meteorologia e Hidrologia)
provide important local climatic information. Monthly mean precipitation and air
temperature are available from1964 to 2003. Data series from the four highest stations
(Andagua: 3590 m; Arma: 4270 m; Orcopampa: 3780 m; Salamanca: 3200 m), panning
22 to 35 years, have been selected for a statistical study according to the consistency
of the records. Seasonal temperature amplitudes are small. Contrastingly, seasonal
precipitation amplitudes are very strong with most of the precipitation events taking
place during the austral summer: 70 to 90% of the annual precipitation occurs from
December to March (Fig. 2). A drastic decrease of precipitation was observed in 1982–
1983 and 1992 during strong El Niño events (Fig. 2). It is worth noting that other
notable El Niño episodes (such as in 1997) are not obvious in the precipitation records
(Herreros, 2009).
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Figure 1. 4. Map of the Andes showing the location of the Nevado Coropuna and a
schematic distribution of the weather stations located around (Salamanca, Arma,
Orcopampa and Andagua). Taken directly from Herreros et al., (2009)
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Figure 1. 5. Annual and monthly mean precipitation at selected SENAMHI-Peru
stations: Salamanca (15_300 S, 72_500 W), Andagua (15_290 S, 72_200),
Orcopampa (15_150, 72_200), Arma (15_240, 72_460) Herreros et al., (2009).

The tropical Andes of Peru have a wet season during the austral summer and a dry
season during the austral winter (Johnson, 1976). During the wet season, prevailing
easterlies deliver moisture from the Amazon lowlands, while the dry season is
dominated by moisture-deficient westerlies from the Pacific Ocean (Garreaud et al.,
2003). An east–west precipitation gradient across the Andes results, with more
precipitation typically falling on the east-facing slopes of the eastern cordillera than on
any of the slopes farther to the west (Kessler and Monheim, 1968; Johnson, 1976).

1.4 Glacier hazards

The current topographic context of the glaciers contribute to extreme natural hazards.
Modern glaciers occupy steep slopes, causing concern for hazards in the form of ice
fall and dangerous lake formations. The combination of active tectonic faulting, steep
topography, and melting glaciers is tragic for human residents. Glacier-related hazards
are common in high mountain regions. Climate change and intensification of human
activities in mountains have attracted increasing interest to the related risks, where risk
is understood as a function of hazard (probability) and damage potential (e.g., Fell
1994). The management of these risks is a complex task involving analysis, evaluation,
and communication as well as prevention and mitigation (Greminger 2003).

Hazards associated with Andean volcanoes include pyroclastic and lava flows, lahars,
debris flows generated by sector collapse, and tephra falls. More than 25,000 people
have been killed by the >600 eruptions of these volcanoes catalogued since the year
1532, most of these by lahars generated during the eruption of Nevado del Ruiz,
Colombia, in 1985, a clear indication that much more needs to be done concerning
volcano hazard assessment and risk management in the Andes. Despite the fact that
>20 million people live within < 100 km of an active Andean volcano, mostly in low-lying
areas in the intermontane valleys of Colombia and Ecuador and the Central Valley of
south-central Chile, only <25 of these volcanoes are continuously monitored for signs
of activity (Stern, 2004). Coropuna has apparently not been active during since the
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Late Glacial but three youthful lava flows, not dated yet, filled glacial-shaped valleys on
the west, northeast and southeast flanks (Lamadon, 1999)

Lahar flows can be deadly because of their energy and speed. With the potential to
flow at speeds up to 100 kilometres per hour (60 mph), and distances of more than 300
kilometres (190 mi), a lahar can cause catastrophic destruction in its path (Hoblitt et al.,
1987). According with Tanguy et al. (1998) lahars have been responsible for 17% of
volcano-related deaths between 1783 and 1997. Lahars have several possible causes:
(1). Snow and glaciers can be melted by lava or pyroclastic flows during an eruption;
(2). A flood caused by a glacier, lake breakout, or heavy rainfall can release a lahar;
(3). Water from a crater lake, combined with volcanic material in an eruption.
Although lahars are typically associated with the effects of volcanic activity, lahars can
occur even without any current volcanic activity, as long as the conditions are right to
cause the collapse and movement of mud originating from existing volcanic ash
deposits.(1). Snow and glaciers can melt during periods of mild weather; (2).
Earthquakes underneath or close to the volcano can shake material loose and cause it
to collapse triggering a lahar avalanche; (3). Rainfall or typhoons can cause the still-
hanging slabs of solidified mud to come rushing down the causing devastating results.
(USGS, 2000)

The recognition of the slopes of Nevado Coropuna has proved that lahars are relatively
common in the volcanic complex. The emission of three lava channels during the
Holocene with their origin in areas that actually preserves mass of ice generated
melting glaciers, which deposits has been identified in the NW, SE and SW sectors of
the volcanic complex (Úbeda, 2010).

1.5 Glacier evolution

In the arid and semiarid regions of the tropics and subtropics more than 80% of the
freshwater supply originates in mountain regions, affecting populations downstream
(Messerli, 2001). Much of this water is initially stored as ice in mountain glaciers and
then gradually released over time. More than 99% of all tropical glaciers are located in
the Andes (Kaser, 1999). Mountain glaciers, such as those found in the tropical Andes,
therefore act as a critical buffer against highly seasonal precipitation and provide water
for domestic, agricultural or industrial use at times when rainfall is low or even absent.
At the same time these glaciers are particularly sensitive to climate change because
they are constantly close to melting conditions. They are arguably the most visible
indicator of climate change, due to their fast response time, their sensitivity to climate
variations and the clear visibility of their reaction (glacier growth or shrinkage) to the
public. The air temperature in Central Andes has increased 0,1ºC each decade since
the middle of the 20th century (Vuille et al., 2008).

There have been several studies in different Peruvian regions focused on
understanding glacier chronology and glacier retreat, ultimately aiming at analyzing the
processes of climate change (Giraldez, 2011). Smith et al. (2005) suggest that an
absolute chronology for the last glacial cycle and ice coverage in the tropics is
unavailable, largely because of the limitations of radio-carbon dating and the scarcity of
datable material in glacial environments above 4000 m above the sea level (masl). Also
suggest that existing glacial chronologies for the tropics are based primarily on
minimum-limiting radiocarbon dates and relative dating techniques.
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Giraldez (2011) pointed that the main studies in Central Andes can be classified in four
glacial phases: Local Last Glacial Maximum (LLGM), Younger Dryas (YD), Little Ice
Age (LIA) and modern glacier fluctuations.

Bromeley et al., (2009) reconstruct Late Pleistocene glacier fluctuations on Nevado
Coropuna. Through careful reconstruction of former glacier extent and chronologic
constraint of moraine records, is possible to determine both the timing and magnitude
of glacier events, and therefore climate change, in glaciated and formerly glaciated
regions. For observe glacier and paleo-glacier evolution is necessary to characterize
the ice mass in the different phases using indicators that shows the changes in the
chronology and magnitude of the glaciers. The best indicator for this purpose is the
Equilibrium Line Altitude (ELA) (Úbeda et al, 2012). The ELA is an isoline that divides
in the glacier the accumulation zone (where predominate the mass gain processes)
and the ablation zone (where predominate the mass loss processes).

Seltzer et al. (2000, 2002) interpreted sedimentological, palaeobiotic and isotopic
changes in a sediment core from Lake Junín (11º S, 76º W, ~4080 m a.s.l.) to indicate
that the local LGM in the central Peruvian Andes occurred ca. 30–22.5 ka, followed by
deglaciation ca. 22–21 ka and a minor readvance ca. 21–16 ka, all during wet climatic
conditions, and then rapid glacial retreat as the climate became drier after 16 ka. Wet
conditions returned after ca. 10 ka (Seltzer et al., 2000). According to Seltzer et al.
(2002), deglaciation ca. 22–21 ka occurred as a response to increased mean annual
temperatures rather than a change in the moisture regime. In some regions the glacial
advances of the local LGM are relatively minor compared to older advances (Smith et
al., 2005c), whereas in at least one neighbouring region ~100km away the local LGM
deposits mark the outermost moraines identified (Hall et al., 2006). Differences in
valley hypsometry and maximum peak altitudes seem likely to have played a role in
these regional variations.

According to Smith et al. (2008) interpretation of the timing of the local LGM in the Peru
and Bolivia depends to some extent on the manner in which CRN ages are calculated.
Studies that have used the time-dependent Lal (1991)/Stone (2000) scaling method
suggest that the local LGM in Peru (Farber et al., 2005; Smith et al. (2005b,c) and
Bolivia (Smith 2005b) occurred closer to ca. 30 ka than 21 ka (that is, before the global
LGM as inferred from the marine isotope record), whereas a study in Bolivia using an
alternative scaling method (Lifton et al., 2005) suggests that the local LGM was closer
to ca. 24 ka (Zech et al., 2007). (Smith et al., 2008) suggest the existence of
widespread evidence for a stillstand or readvance after the local LGM in the tropical
Andes (ca. 18– 15 ka as calculated by Smith et al., 2005c) implies a regionalscale
forcing. The coincidence with wet conditions in Lake Junín (Seltzer et al., 2000, 2002)
and the high stand of palaeolake Tauca on the Altiplano (Placzek et al., 2006) suggests
that the cause may have been a precipitation increase. Placzek et al. (2006)
speculated that the palaeolake high stand may have been linked to Pacific SST
gradients, creating a La Niña effect. An early local LGM (ca. 32–28 ka) in the tropical
Andes would have preceded a palaeolake high stand on the Altiplano by some 4–8 ka
(Placzek et al., 2006), suggesting a different climate forcing than the ca. 18–15 ka still
stand/readvance.

The studies of Mercer and Palacios (1977), Mercer (1982, 1984), Goodman et al.
(2001) and Mark et al. (2002) in and around the Cordillera Vilcanota and the Quelccaya
Ice Cap provide considerable radiocarbon age control for late Quaternary glaciation in
this region. The outermost moraines at ~3600 m a.s.l. in the Upismayo Valley of the
Cordillera Vilcanota are older than 41 520±4430 14C a BP, which is the basal age of a
10 m thick peat layer located upvalley at 4450 m a.s.l. (Goodman et al., 2001). A
sample from the upper part of the same peat layer provided a maximum-limiting age of
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13 880±150 14C a BP (ca. 16.7 cal. ka BP) for a group of seven nested moraines
located farther upvalley (Goodman et al., 2001). Results from sediment coring provide
minimum-limiting dates for deglaciation from the local LGM in the Cordillera Vilcanota.
In Laguna Casercocha (4010 m a.s.l. on the northwestern side of the Cordillera in a
tributary to the Upismayo Valley), organic material overlying glacial silts in a sediment
core yielded a radiocarbon age of 15 640±100 14C a BP (ca. 18.5 cal. ka BP), indicating
a transition from glacial to non-glacial sedimentation beginning shortly after 20 cal. ka
BP (Goodman et al., 2001). In moraine-dammed Laguna Comercocha (4580 m a.s.l.
approximately 6 km east of the Upismayo Valley), basal lacustrine organic material
dated to 14 00±220 14C a BP (ca. 17.4 cal. ka BP; Goodman et al., 2001). Mercer and
Palacios (1977) identified three moraine belts in the Huancane Valley on the west side
of the Quelccaya Ice Cap and obtained a minimum-limiting age of 12 240±170 14C a
BP (ca. 14.3 cal. ka BP) at 4750 m a.s.l. for the outermost belt (Huancane´ III).
Additional minimum-limiting ages (e.g., Rodbell and Seltzer, 2000; Goodman et al.,
2001; Mark et al., 2002) have been published for the Huancane´ moraines, but no
maximum-limiting ages have been reported. Kelly and Thompson (2004) presented
preliminary surface exposure ages (10Be) from moraines along the margins of the
Quelccaya Ice Cap. The ages were generally Lateglacial to early Holocene.

In Perú the YD appears to correspond to an interval of rapid ice retreat based on
radiocarbon-dated ice margin positions in the Cordillera Blanca and in the Cordillera
Vilcanota (Rodbell and Seltzer, 2000), but there is little firm evidence for glacial
advances in the tropical Andes during the YD climate reversal. Also (Robell et al.,
2009) suggest that in peruvian central Andes, ice was retreating during much of the
remaining YD interval, but point that well-dated moraines record a significant ice re-
advance at the onset of the YD.

The spatial–temporal pattern of Holocene glaciation exhibits tantalizing but incomplete
evidence for an Early to Mid-Holocene ice advance in many regions, but not in the arid
subtropical Andes, where moraines deposited during or slightly prior to the Little Ice
Age (LIA) record the most extensive advance of the Holocene. The records obtained by
Licciardi et al.(2009) in the Cordillera Vilcabamba do not exclude the possibility of
multiple Holocene glacier expansions. However, the combined geomorphic and
geochronologic evidence clearly indicates the dominance of two major episodes,
including an early Holocene glacial interval and a somewhat less extensive glaciation
during the LIA. The most precisely dated LIA maximum in the Vilcabamba (C.E. 1810 ±
20) postdates LIA maxima in the Cordillera Blanca by ~180 years, which may be
explained in part by uncertainties in lichenometric and 10Be exposure dating methods,
but probably indicates real differences in the timing of glacial culminations (Licciardi et
al., 2009).

Tropical glaciers have drastically retreated since the end of the Little Ice Age. The
small glaciers — and those in Irian Jaya which extend only over a small altitude range
— had the highest relative area losses, whereas the large glaciers in the Cordillera
Blanca and in the Cordillera Real have had relatively small losses. This can be
expected because of the year-round ablation below the equilibrium line of tropical
glaciers. The respective strong vertical balance gradient leads to a substantially high
sensitivity of the tongues to a rise of the ELA. Glaciers with a small altitudinal extent
are obviously most effected (Kaser, 1995, 1998).

Modern ELAs in the tropical Andes have been estimated at 5000–5200 m a.s.l. (e.g.
Wagnon et al., 1999). Smith et al. (2008) suggest that the steep vertical mass balance
profiles of tropical glaciers result in different climate sensitivities of ELA positions along
and across the Andes. Glaciers in the inner tropics have ELAs close to the 0ºC
isotherm, and respond directly to temperature changes. Those in the outer tropics and
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subtropics (including glaciers in the arid Western Cordillera of southern Peru and
Bolivia) commonly have ELAs well above 0ºC isotherms, and thus are not as
temperature-sensitive. Rather, they are more responsive to changes in precipitation
and humidity that alter the sublimation/melt regime (Kaser, 2001).

Zech et al., (2008) proposed the following tentative of palaeoclimate model to explain
the reviewed glacial chronologies: 1) Glaciers in the northern, tropical parts of the
Central Andes were mainly temperature sensitive and advanced during temperature
minima, i.e. the global LGM (ca. 20–25 ka), Heinrich event 1 (ca. 15 ka) and the
Lateglacial reversals (YoungerDryas and/or Antarctic Cold Reversal, ca. 11–13 ka). 2)
South and west of the Cordillera Oriental, glaciers become much more precipitation
sensitive. Major advances therefore occurred during the Lateglacial, synchronous with
respective lake transgression phases on the Altiplano (18–14 and 13– 11 ka). The
intensification and/or southward shift of the tropical circulation even affected regions in
northern Chile, 30º S, implying a southward shift of the Arid Diagonal. 3) From 30 to
40º S latitude glaciation reached a maximum extent before the global LGM at ~35–40
ka. Glaciers there were likely very sensitive to precipitation changes, and we assume
an increase in extra-tropical precipitation, caused by a northward shift of the
atmospheric circulation and the Arid Diagonal. 4) South of ~40º S, precipitation is much
higher and glaciers become more temperature sensitive again. Accordingly, maximum
glaciation occurred synchronously with the global temperature minimum of the LGM.

According to the investigation of Alcalá et al.(2011) of the Ampato Volcanic Complex,
the glaciers on HualcaHualca volcano reached the minimum altitude of the whole
volcanic complex during the LGM  (3900 m on its northern flank) probably due to the
great accumulation basin formed by the caldera opening in this direction, compared to
4300 m on its other slopes. The most important re-advance glaciers reached 4645 m
on the eastern side, 4450 m on the western side and 4170 m on the northern side.
Moraine ridges presumably of the LIA can be found in many of the valleys al short
distance from the glacier fronts of 1955, with a mean minumum altitude of 5628 m and
overall minimum altitude of 5400 m for the Ampato Volcanic Complex as a whole.
Dornbusch (1997, 2000, 2002) calculated the paleo-ELA for the LGM period in the
Central Volcanic Zone, identifying moraines in the northern. His estimates range
between 4600 and 5400 m for north facing slopes. On the Nevado Sara Sara he
obtained a mean paleo-ELA for the LGM of ~4700 m, with a depression of 500 m
compared to 1955. The corresponding values are 4970 m and 500 m for Nevado
Solimana; 4750 m and 670 m for the south side of Coropuna.

Úbeda et al. (2009) obtained results on both sides of the Coropuna, similar to the
results of Alcalá et al.(2011) on Hualca-Hualca, with a mean of 5070 m and a
depression of around 850 m. ELA depressions for the LGM of ~1000 m have been
reported in models of the general distribution of Pleistocene glaciers in the central
Andes (Klein and Isacks, 1998; Hastenrath, 2009) and in specific locations such as the
north-central Cordillera Oriental and the Cordillera Blanca (Rodbell, 1991, 1992)

In Queñua Ranra gorge of Nevado Coropuna, Úbeda and Palacios (2009) dated
moraines similar to those of HualcaHualca in 17,0 36Cl kyr. Bromley et al. (2009)
studies shows numerous LGMA moraine dating with 3He, also from the Coropuna, with
results ranging between 24,5 and 25,3 kyr, and between 16,7 and 21,1 kyr,
respectively,depending on the cosmogenic production model used. Interestinly, in
many masimum advance moraines there are boulders of both ~21,0 kyr and ~17,0 kyr.

According with Racoviteanu et al. (2007) Coropuna decreasing from 82.6 km2 in 1962
to 60.8 km2 in 2000 and with a retreat rate of the terminus of Qori Kalis that was 10
times faster (~60myr−1) between 1991 and 2005 than in the initial measuring period,
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1963–1978 (Thompson et al., 2006). Since the middle of  the 20th century the glacier
system of Nevado Coropuna has been decreased, and is accelerating this decreasing
during the last decades. According to Úbeda (2010) investigation, since 1955 to 1986
has decreased 2,1 km2, a 3,7% in 31 years, that implies a 0,1 km2 of loss. In the period
that goes from 1986 to 2007 the glacier decreased 7,5 km2, a 13,9% in 21 years, this
suppose a deglaciation rate of 0,4 km2, 0,6% each year.
The investigation shows that between 1986 and 2007 the surface loss of the glacier
system was 5,4 km2 greater and increased by 10,2% over the three previous decades.
The acceleration of the process is obvious. Actually, the summit areas of Nevado
Coropuna are covered by a glacier system of almost 50 Km2, the glaciers descend by
the slopes in all directions until arrive to a elevation between 5200 and 5600 meters
(Úbeda, 2010).

1.6 Aims and objectives

Is a fact that there is a lot of population living around tropical glaciers that depend of
the water supply that the glaciers provide them. The live around the glaciers also
implies a risk, glacial hazards and risk associated with glacier retreat, such as ice
avalanches, new glacier lake formation and glacial lake outburst floods (GLOF),
constitute a major cause of severe catastrophes in populated mountain areas(Huggel
et al., 2004). The management of these risks is a complex task involving analysis,
evaluation, and communication as well as prevention and mitigation (Greminger 2003).
The tropical glaciers located on low-latitude, high-altitude mountain ranges are highly
sensitive components of the environment and appear to react more immediately to
fluctuations in climate than glaciers in the mid- and high-latitudes (Guilderson et al.,
1994; Hostetler and Mix, 1999; Hostetler and Clark, 2000; Seltzer et al., 2002). These
glaciers has a faster reaction to the climate change than mid-latitude glaciers
(Solomina et al., 2007), this is why they are a key indicator for the climate change (Frey
et al., 2010).

The objective of this project is to obtain information about the changes that have
happened in the glaciers of the SW slope of Nevado Coropuna and analyze their
evolution in two glacial phases (1955 and 2007). The methods used are geographical
information technologies, particularly ESRI’s ArcGIS 10 and photointerpretation. The
final result has the purpose of increasing the knowledge about these glaciers.

1.7 Organization of the Thesis

This thesis is structured in four chapters, the actual is an introduction, followed by the
description of the geographical information technologies applied in this project, in the
second chapter. The chapter 3 presents an analysis of the results obtained, followed by
a discussion of the results in the chapter 4.
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CHAPTER 2

METHODOLOGY

In the present chapter, a description of the geographical information technologies
applied in this project is presented: the GIS software used for the analysis was ESRI
ArcGIS10 in its ArcMap environment. The first part of this chapter is followed by a
presentation of the materials needed for the analysis and the necessary steps for
complete all the methodological phases: georeferentiation, moraine mapping, glacier
and paleo-glacier delimitation, surface calculation and ELA and paleo-ELA calculation.

(1): Georeferentiation, one of the ArcGIS software characteristics is the stacking of
georeferenced data in layers in order to establish comparisons, this first step is very
important because is the basis of all the subsequent work.

(2): Moraine mapping, in this part of the work the moraines were digitalized following
the traces that the paleo-glaciers left behind, was the step from which to delimit paleo-
glaciers in the LLGM glacial phase.

(3): Glacier and paleo-glacier delimitation, for establish the glacier limits was necessary
the interpretation of satellite and aerial photographs, in the case of paleo-glaciers the
reconstruction was made starting from moraine mapping.

(4): Surface calculation and ELA and paleo-ELA calculation: for check the evolution of
the glaciers was necessary to calculate this imaginary line in order to establish the
limits of the ablation zone and accumulation zone of the glaciers, the application of
some equations (collected on a spreadsheet) was required for this purpose.

2.1 Materials

A list of materials used for the analysis is the following:

Source Data
IGN (Instituto Geográfico
Nacional de Perú)

Aerial photographs 1955

GFAM-GEM ASTER image 2007
Google Google Earth mosaic
GFAM-GEM Contour lines
GFAM-GEM AABR Spreadsheet

(Osmaston 2005)
GFAM-GEM Moraine situation

The aerial photographs obtained from the 1955 flight were obtained from IGN (Instituto
Geográfico Nacional de Perú) and were used for the 1955 glacier delimitation.

The ASTER image and was used for the 2007 glacier delimitation combined with
Google Earth mosaic. High resolution mosaic of the West Slope of Nevado Coropuna
was elaborated from Google Earth images and was used also for calculate the glacier
delimitations.
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The contour lines of the Nevado Coropuna were obtained from GFAM-GEM. An excel
spread sheet used for the AABR calculation was made by Osmaston (2005) and
provided by GFAM-GEM

Figure 2. 1. From left to right, image from 1955 flight and ASTER image 2007.

Figure 2. 2. Google Earth mosaic provided by GFAM-GEM
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2.2 Georeferencing

The images used in this analysis had been georeferenciated previously by GFAM-
GEM. The aerial photographs from 1955, previously to the georeferencing process
were scanned in high resolution and converted to raster files. The “Georeferencing”
toolbar options of ArcMap were used for this geocoding process. Coordinates had been
assigned to points of the image of known locations that were distinguished on a
georeferenced image used as a control layer. This control points helps to “fit” the image
in the coordinates in the “Rectify” step of the georeferencing. At the end of this process
a georeferenced image were obtained.

The accuracy of the transformation is evaluated with the Root Mean Square error
(RMS), which measures the accuracy of control points and can be used to find and
delete inaccurate entries. Once at least four control points have been added, RMS
error will be calculated for each entry. Basically, residual error is the measure of fit
between the true and transformed locations of the control points. Depending on the
number of control points, is possible to perform either a 1st, 2nd, or 3rd order
transformation. These transformations compare the coordinates of the source image
with the control points creating two least-square fit equations to translate the image
coordinates into map coordinates. A 1st order transformation shifts the image up, down,
right, or left, stretches the image larger or smaller, or rotates the entire image. The 2nd

and 3rd order transformations fit higher-order polynomial equations to the data, allowing
points to be shifted in a non-uniform manner.

2.3 Moraine mapping

Once the reference images were properly geocoded, the first step in the process of
reconstructing Ice Age glaciers is to establish the geometry of the paleo-glaciers from
which other characteristics and mechanisms can be deduced (Haeberli, 2010). The
moraine mapping used in this analysis has been done previously by GFAM-GEM. The
mapping was done with photointerpretation techniques using a stereoscope with aerial
photographs, also Google Earth helps in the interpretation process. Once the moraines
were identified, the next step was the digitalization process with the ArcGIS software,
the digitalization of the moraines were done over a Google Earth mosaic using the
“Editor” toolbar and its options.
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Figure 2. 3. Moraine mapping over W slope of Nevado Coropuna, with volcanic forms and
information about actual and paleo glaciers (GFAM-GEM).
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From the mapped moraines the glacier delimitation is the next step of the analysis.

2.4 Glacier delimitation and surface calculation

The glacier delimitation process is based in the interpretation of the Google Earth
mosaic and aerial photographs (using also in this case a stereoscope), in order to
establish the limits and calculate the surface of the glaciers. In the case of paleo-
glaciers, moraine mapping is used for their delimitation.

According to Ben et al. (2005), reconstructing the former extent of glaciers requires
detailed geomorphic mapping and the analysis of landforms and sediments. The most
accurate methods also require that there is sufficient geomorphic evidence, usually
lateral-terminal moraines and trimlines, to allow the shape of the former glacier to be
reconstructed. However, glacial moraine evidence is by nature discontinuous; and
relatively younger and larger advances of a glacier will destroy moraines deposited in
older, less-extensive advances, leaving an incomplete geomorphic record. Lake
sediments down-valley from the moraines may provide an important source of data to
help reconstruct glacier front oscillations, but it cannot automatically be assumed that
clastic sediment peaks in lacustrine records correspond to glacial maxima, rather than
paraglacial sediment reworking during deglaciation (Ballantyne, 2002). If is possible, is
important to use images of the dry season, because there was no snow over the ice
and the glaciers are clearly visible. If the snow covers the glacial ice is difficult to
recognize the limits of the glaciers. For the 1955 glacier delimitation, a careful
interpretation has been done, because the images from the aerial flight were not taken
in the dry season and the glacial ice was partially covered by the snow. In the 2007
process, the ASTER image was taken in October and there is no snow over the ice.

Would be suitable a paleo-glacier reconstruction based on field observations, aerial
photographs, satellite imagery and high-resolution digital topographic data, however it
was not possible to make field observations for this reconstruction, this phase of the
analysis was done with Google Earth mosaic observation combined with aerial
photographs and using also the topographic contour lines.
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Figure 2. 4. Names given to glaciers over Google Earth mosaic
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2.5 ELAs AABR

The ELA (Equilibrium Line Altitude) is an imaginary line that separates the ablation
zone and the accumulation zone. At this altitude, the amount of new snow gained by
accumulation is equal to the amount of ice lost through ablation. According to Paterson
(1994), traditional definitions of the ELA refer to the altitude where bn = 0, where bn is
the net balance at the end of the (summer) ablation season. This definition was
developed for mid- and high-latitude glaciers, but is less obviously applicable to tropical
glaciers where there is year-round ablation. Where there is a distinct dry season, the
end of the dry season provides a convenient end point for the balance year. The
altitude of the equilibrium line is rarely constant across a glacier, but varies with
patterns of snow accumulation, shading, and other factors (Benn et al., 2005).

There are several methods for reconstructing former glacier ELAs, the methods in
common use are: (1) Accumulation Area Ratios (AAR); (2) Area Altitude Balance
Ratios (AABR); (3) Maximum Elevation of Lateral Moraines (MELM); (4) Terminus to
Head Altitude Ratios (THAR); and (5) gross morphological indices such as glaciation
threshold and cirque floor altitudes. The first two methods are based on assumed forms
of the glacier mass–balance gradient, and are therefore broadly compatible with the
concept of the steady-state ELA as defined above. MELM makes use of the fact that
formation of moraines only occurs below the contemporary ELA, and therefore gives a
minimum altitude. THAR invokes general relationships between glaciers and basin
relief, but without reference to assumed mass–balance curves (Benn et al., 2005).
Úbeda (2010) distinguishes morphometric methods for the paleo-glaciers
reconstruction and statistical methods for current and former glaciers.

The Area Altitude (AA) and Area Altitude Balance Ratio (AABR) methods take account
of the hypsometry (the detailed distribution of surface area with respect to altitude) of a
glacier, unlike other methods in general use. All are based on the principle that parts of
a glacier which are far above or below the ELA have greater spot net balances (plus or
minus) and so have more influence on the total mass balance of a glacier, and hence
on the ELA, than those which are close. Thus they require knowledge of the position of
the margin of a glacier and contour data for its surface, so that the area and mean
altitude of successive contour belts of its surface can be determined (Osmaston, 2005).
Úbeda (2010) chose the AA and AABR methods for calculate the ELAs and paleo-
ELAs in his investigation of the glaciers and paleo-glaciers of the NE and NW slope of
Nevado Coropuna. Osmaston (2005) suggest that within statistical methods the AABR
is considered to be rigorous and reliable. For these reasons, the AABR method was
used in this project for calculate the ELAs and paleo-ELAs of glaciers of the SW slope
of Nevado Coropuna. According to the explanation of Osmaston (2005) AABR method
is based on the principle of weighting the mass balance in areas far above or below the
ELA by more than in those close to it. However this is then refined by providing for
different linear slopes of the mass balance/altitude curve above and below the ELA.
Many glaciers conform roughly to this specification, and it serves as a useful first
approximation for former glaciers for which there is no a priori knowledge about their
mass balance.
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2.5.1 ELAs AABR of 1955 and 2007 glaciers.

For the application of the ELAs AABR method the glacier delimitation (previously
calculated) and contour data for its surface were required. The contour data were
contour lines with 50 m resolution transformed into contour belts. For the generation of
a contour belt the area between two contour lines was calculated. ArcGIS10 in its
ArcMap environment was used for the creation of the contour belts, which had to be
contained in a polygon shapefile in order to calculate each surface area. For this
process was necessary the use of three ArcGIS tools: (1) Intersect; (2) Feature to
Polygon, (3) Clip.

(1): The contour lines covers more surface than that needed, is for this reason that the
Intersect tool (ArcToolbox → Analysis Tools → Overlay → Intersect) was used. This
tool computes a geometric intersection of the input features. Features of portions of
features which overlap in all layers and feature classes were written to the output
feature class. The contour lines and the area of study (polygon representing the glacier
delimitation) were introduced as an input features and the output was a shapefile with
the contour lines of the area of study.

(2): Once a shape with the contour lines was created, next step was to obtain the
contour belts of the study area, for this purpose the Feature to Polygon tool was used
(ArcToolbox → Data Management Tools → Features → Feature to Polygon). This tool
creates a feature class containing polygons generated from areas enclosed by input
line or polygon features. The result of the previous step (contour lines of the study
area) was used as the input and the output was a shapefile with the contour belts of the
same area.

(3): The last step was the obtaining of the contour belts individually for each single
glacier. The Clip tool was used for this purpose (ArcToolbox → Analysis Tools →
Extract → Clip), this tool extracts input features that overlay the clip features, cut out a
piece of one feature class using one feature in another feature class. The contour belts
of the study area calculated in the step before and the selected glacier polygon (as a
clip feature) were used as the inputs for the Clip operation, the output result was a
shapefile with the contour belts of the selected glacier. This process has to be repeated
for each glacier. The field “Area” of the Attribute table of the shapefile had to be
recalculated.
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Figure 2. 5. 1955 Contour belt sections

Figure 2. 6. Attribute table with the selected
contour belt (6150-6200 m)

At this point, the calculations were completed with a programmed spreadsheet. The
attribute tables of the shapefiles of the glaciers’ contour belts were exported as a .dbf
archive in order to open it with the spreadsheet for the AABR method. According to
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Osmaston (2005), Sissons (1974, 1980) rediscovered the AA method, he greatly
simplified the calculation by the insight that the ELA it yielded is the median value of
the product of the area and mean altitude of successive contour belts of the glacier
surface (not the median altitude which is the centre value of the altitude range).

Osmaston (2005) developed a method that refined Sissons (1974, 1980) idea by
providing for different linear slopes of the mass balance/altitude curve above and below
the ELA. Many glaciers conform roughly to this specification, and it serves as a useful
first approximation for former glaciers for which there is no a priori knowledge about
their mass balance. Benn and Gemmell (1997) provided a spread sheet for calculating
ELAs by this method. The programme was in two parts. The first was a calculation of
the ELA by the short AA method; this gave a good preliminary estimate of the ELA and
was so simple that was unlikely that any error would occur in it. Thus it could be used
as a general check on results, and in particular it should be equal to the AABR when
BR = 1. An automatic internal check was provided using this relationship. The second
part estimated the ELA by the full iteration procedure using a series of trial contour
altitudes for the ELA and for each calculated the net balance of the whole glacier.
These results were then reviewed and the pair at which the balance changes sign was
selected. The exact ELA between these values was then estimated by the proportions
of the two net balances.

The following procedure for AABR presented by Osmaston (2005) were applied in this
project:

1. Check correct operation of spread sheet with trial data.

2. Check that contour table will cover glaciers to be examined and that VI is correct.

3. Enter contour belt area table for glacier 1, the fields “Z interval”, “Mean Z” and “Area”
in the columns D, E and F respectively.

4. Enter altitude of first trial reference contour.

5. Enter BR = 1 and check correct operation of programme.

6. Record ELA.

7. Enter in succession a series of BR values (e.g. 1, 1.5, 2.0, 2.5, 3.0) and record the
ELA for each. Ratios can be selected by a priori knowledge of what is likely; most
glaciers are likely to have BRs of 1.5–3.5, though on a debris-covered one it may be
less than 1.

8. Repeat for the other glaciers.

9. Enter results in a spread sheet for displaying them and calculating the mean and
standard deviation of the estimated ELAs for each BR value.

10. Select the BR with the lowest standard deviation, which indicates the ELA with the
best statistical probability of being correct.

11. Plot the ELAs on a map to see if they show any pattern of grouping, clines or
sloping surfaces and re-analyse the data accordingly.
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Table 2.1. AABR spreadsheet for glacier Rio Blanco 2 in 2007.

In the step 4, column I contains the altitude of the first reference contour line
immediately below the first ELA value obtained with an AA ELA shortcut method
presented by Sisson (1974, 1980):

ELA = Z * A / A

The column L represents the contour line above the reference contour line in column I,
the table repeats columns D, E and F for successive values of trial ELA until 10 trials.

Once obtained the results, these were introduced in other spreadsheed in order to
obtain the mean and standard deviation of the estimated ELAs for each BR value. After
obtaining these parameters the BR with lowest standard deviation was selected, which
indicated the ELA with the best statistical probability of being correct.
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Table 2.2. Spreadsheet for the calculation of the standard deviation of ELAs.

2.5.2 Paleo-ELAs AABR of paleo-glaciers.

For calculate the paleo-ELAs AABR for the paleo-glaciers the same procedure was
applied, but for this case a step was added at the beginning of the process. The
contour lines were modified for the paleo-glaciers representation due to the non
existence of the paleo-glaciers when the contour lines were created. Giraldez (2011)
pointed what in current topography appears as glacier eroded valleys, it is assumed
that in former times were filled with glaciers. For this reason, the contour lines should
be adjusted to a hypothetical reconstruction of the ice surface and volume. Each
contour line had been modified.
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For the reconstruction of the paleo-topography the ArcGIS10 in its ArcMap
environment was used. The use of the following tools was necessary: (1) Clip; (2)
Editor, (3) Erase, (4) Merge.

(1): The first was the obtaining of the paleo-glacier limits with their contour lines. The
original contour lines were used as the input for the Clip operation, the output result
was a shapefile with the contour lines in the paleo-glacier limits.

(2): Due to the changes that the topography inside the glaciers was experimented, a
modification of the original contour lines was realized, for this purpose the options of
the “Editor” toolbar were used in order to obtain reconstructed contour lines inside the
paleo-glacier limits.

(3): Next step was to obtain the contour lines of the study area without the inside
contour lines of the paleo-glacier, the tool Erase was used for this operation
(ArcToolbox → Analysis Tools → Overlay → Erase), this operation created a feature
class by overlaying the input features (original contour lines of the study area) with the
polygons of the Erase features (inside contour lines of the paleo-glacier). Only those
portions of the input features falling outside the erase features outside boundaries were
copied to the output feature class.

(4): The tool Merge (ArcToolbox → Data Management Tools → General → Merge) was
used to combine the erased contour lines of the study area with the previously created
hypothetical contour lines of the former glaciers. The output obtained was a shapefile
with the hypothetical topography of the study area in the paleo-glacial phase.

After the reconstruction of the paleo-topography, the contour belts had to be created.
For this purpose the tools (1) Feature to Polygon and (2) Clip were used.

(1): The reconstructed paleo-topography and the study area were introduced as inputs
of the operation and the contour belts of the study area were obtained.

(2): Using the Clip tool with the output of the preceding operation and the selected
paleo-glacier the contour belts of the paleo-glacier were obtained.

These steps had to be repeated for each paleo-glacier and the area was calculated.

At this point, like in the section 2.5.1, ELA AABR calculations were completed in the
spread sheet. The mean and standard deviation were calculated with the obtaining of
the weighted ELAs by different Balance Ratio.

2.6 Spatial model of ELAs and accumulation and ablation zones

Several possible values were offer the calculation of ELAs AABR, one for each BR
value. According to Osmaston (2005) method, the selection of the BR with the lowest
standard deviation, which indicates the ELA with the best statistical probability of being
correct. Osmaston pointed that a homogeneous group of glaciers should react similarly
to the climate they experience. Therefore their ELAs should be closely similar,
differentiated only by such local individual factors as shading by valley-side precipices.
Osmaston (2005) commented that in statistical terms the standard deviation of these
individual ELAs from the group mean value will be less than that of other possible sets
of ELA estimates from their means. Therefore for each input value of the ratio or index
set we should calculate the standard deviation of its predictions (or the standard error
of the mean), and select the value which has the smallest standard deviation.
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2.6.1 ELAs spatial model

For the calculating of the ELA the software ArcGIS10 in its ArcMap environment was
used. The use of the following tools was necessary: (1) Dissolve; (2) Create TIN, (3)
Surface Contour, (4) Intersect. These operations were done for each glacial phase
treated in the present project (LLGM, 1955, 2007).

(1): The first step was the creation of a shapefile containing the outermost limits of
glaciers. The tool Dissolve (ArcToolbox → Data Management Tools → Generalization
→ Dissolve) was used with the glacier limits input.

(2): The contour lines used have an interval of 50 m and for the ELAs altitudes a lower
interval was needed (1 m), for this reason the Create TIN tool (ArcToolbox → 3D
Analyst Tools → TIN Management → Create TIN) was used with the contour lines of
the study area as an input of the operation. TIN (Triangular Irregular Netwoks) are a
digital means to represent surface morphology and allow to model heterogeneous
surfaces efficiently with higher resolution in areas where a surface is highly variable or
where more detail is desired, in this case the glacier surface. A model with 50 m
resolution contour line was created.

(3): The Surface Contour operation creates a feature class containing a ser of contours
generated from a TIN surface, the output feature class is 2D and contains an attribute
with contour values. From the 50 m resolution layer obtained previously, the Surface
Contour tool (ArcToolbox → 3D Analyst Tools → Terrain and TIN surface → Surface
Contour) provided a contour line layer with 1 m resolution.

(4): The Intersect tool (ArcToolbox → Analysis Tools → Overlay → Intersect) was used
for mapping the ELAs in the glacial phases. For obtain the ELA spatial model the
outermost glacier limits and the 1 m contour line (representing the ELA) were used as
an input of the operation. For the selection the single 1 m contour line the Select by
attributes tool from the tool bar was used (Selection → Select by attributes) to select
the desired contour line. This process had to be repeated for each glacial phase.

2.6.2 Accumulation and ablation zones spatial model

As described previously in this project, the ELA is an imaginary line that separates the
ablation zone and the accumulation zone. At this altitude, the amount of new snow
gained by accumulation is equal to the amount of ice lost through ablation. The
accumulation and ablation zones were deduced dividing in two different polygons the
polygon that formed the outermost glacier limits by the ELA line.

For this operation these tools were used: (1) Polygon to Line; (2) Editor; (3) Merge; (4)
Feature to Polygon.

(1): The outermost glacier limits polygon was converted into poly-line feature with the
Polygon to Line tool (ArcToolbox → Data Management Tools → Features → Polygon
to Line).

(2): The Editor toolbar and its Split tool (Editor → Split) were used for cut the glacier
poly-lines over the intersection with the ELA.
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(3): The tool Merge was used to combine the glacier poly-lines over the intersection
with ELA with the ELA poly-line. The output obtained was a shapefile with a single
poly-line layer.

(4): Once the shapefile with a single poly-line was created, next step was to obtain the
accumulation and ablation spatial model, for this purpose the Feature to Polygon tool
was used. From the single poly-line layer with accumulation selected lines a polygon
was created. The same process was done for the creation of the ablation spatial
model. This process had to be repeated for each glacial phase.

2.6.3 Surface calculation

A new field was added in the attribute tables of the single polygons for the calculation
of the accumulation and ablation zones surfaces, in this field the surfaces were
calculated (in km2) with the “Calculate Geometry” tool in the corresponding column of
the attribute table.
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CHAPTER 3

RESULTS

Glaciers are good indicators of the climate change, they are also an important supply of
resources for the population who is living there. The purpose of this project was to
reconstruct glaciers on the SW slope of Nevado Coropuna in several glacial phases
through photointerpretation and moraine mapping (for paleo-glacier reconstruction),
and calculate the glacier surfaces and their ELAs in order to analyze the glacier
evolution and achieve valuable information of the changes that have happened. The
following results explain the methodology used for these purposes, first the moraine
mapping, followed by the glacier delimitation and their surface calculation and finally
the calculation of ELAs and the accumulation and ablation zones of the glaciers.

3.1. Moraine mapping

The moraines are a geomorphological evidence of the movements of the glaciers in the
past, from the moraines distribution is possible the paleo-glacier reconstruction.

In figure 3.1 the moraine cartography of the zone of study is presented over a
LANDSAT image. The Local Last Glacial Maximum (LLGM) moraines were mapped
between 4450 and 4700 m. The mapping range of the Holocene moraines was
between 4750 and 5000 m, and the Little Ice Age moraines were mapped between
5200 and 6100 m.
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Figure 3. 1. Moraine mapping of the zone of the paleo-glaciers calculated in this work.

3.2 Glacier delimitation and surface calculation

Two delimitation phases were established for the glaciers of the SW slope of Nevado
Coropuna: 1955 and 2007. Figure 3.2 shows the 1955 and 2007 glacier limits over
Google Earth image mosaic. Reference materials to delimit glaciers in 1955 were
aereal photographs and Google Earth mosaic for 2007 delimitation.
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Figure 3. 2. 1955 and 2007 glacier limits over Google Earth image mosaic

In 1955 the upper glacier limits were above 6350 m for Rio Blanco 1 and lower glacier
limit was 5050 m for Tuialqui 1. In 2007, for the same glaciers, the limits were above
6350 m and lower glacier limit 5150 m.
The figure 3.3 shows that the total glaciated surface in 1955 was 10,7 km2, the surface
decreased until 8,4 km2 in 2007, this means a 21,5% retreat of the total glaciated
surface in 1955.
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Figure 3. 3. Comparison of the glaciated area in 1955 and 2007

Individually the glaciated area retreat are showed in the table 3.1, Tuialqui 5 is the one
with the maximum glaciated are retreat with 46,39% and Tuialqui 2 only loss 2,56% of
their glaciated area.
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Table 3.1. Glaciated area retreated in each glacier in 2007 regarding 1955.

Glaciers retreat (km2)
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Figure 3. 4. Comparison of the evolution of each glacier

The glaciated area has been retreated in all the glaciers, one more than others, in 2007
was a total glaciated area of 78,5% (8,4 km2) of the total glaciated area in 1955 (10,7
km2).

These calculations of the glacier evolution were possible mapping de limits of the
glaciers and their surfaces from aerial photographs and satellite images.
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3.3 ELAs ABBR

For the estimation of the climate change Benn et al. (2005) pointed that the difference
in altitude between modern and former ELAs has been widely used.

The glacier delimitation  and contour data for its surface were required for the
application of the AABR method. Osmaston’s spreadsheed was used for the
calculation of ELAs and paleo-ELAs, in the case of paleo-ELAs the topography was
reconstructed previously. Figure 3.5 shows the reconstructions of the topography for
the paleo-ELA calculation.

Figure 3. 5. Reconstructions of the topography for the paleo-ELA calculation compared
with the actual topography

The spreadsheet calculate first the ELA AA, and then is weighted by different values of
balance ratio (BR), the BR with the lowest standard deviation indicates the ELA with
the best statistical probability of being correct (see chapter 2). The tables 3.2, 3.3 and
3.4 present the AABR calculations for 1955, 2007 and LLGM glacial phases. The
selected ELAs values are highlighted in blue.
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Table 3.2. AABR calculations for 1955.
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Table 3.3. AABR calculations for 2007.

Table 3.4. AABR calculations for LLGM.
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Figure 3.6 shows the altitude values of ELA in LLGM, 1955 and 2007 glacial phases,
and the figure 3.7 presents the vertical shift in ELAs (ΔELA). The altitude has shifted
984 m from LLGM to 2007 and 13 m from 1955 to 2007, that means a vertical shift of
0,25 m/year.
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Figure 3. 6. Altitude values of ELA in LLGM, 1955 and 2007 glacial phases.
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Figure 3. 7. Vertical shift in ELAs (ΔELA)

The results show an ELA vertical shift of 984 m from LLGM to 2007, and 13 m from
1955 to 2007. The changes in ELA are caused by changes in temperatures and
climatic conditions, therefore is important the study of ELAs for the information that
provides about the climate change.
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3.4 Spatial model of ELAs and accumulation and ablation zones

As commented in chapter 2, the ELA is an imaginary line that separates the ablation
zone and the accumulation zone. At this altitude, the amount of new snow gained by
accumulation is equal to the amount of ice lost through ablation. In figure 3.8 and figure
3.9 the ELAs were plotted over the Google Earth mosaic, the figure shows that the
modern ELA is still far of the upper limits of the glaciers, this would mean that the
glaciers would disappear, because the non existence of the accumulation zone and the
melting of the ice in the ablation zone.

Figure 3. 8. 1955 and 2007 ELAs over the google earth mosaic
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Figure 3. 9. LLGM paleo-ELAs over the google earth mosaic

Both accumulation and ablation surfaces has been decreased due to the glaciers
retreat. The table 3.5 shows the accumulation and ablation surfaces in the 1955 and
2007 glacial phases. Figure 11 presents the data respect the total surface of the
glaciers. The accumulation area has decreased from 5,02 km2 in 1955 to  4,5 km2 in
2007 (10,36%), and the ablation area also has decreased from 5,76 km2 in 1955 to 3,9
km2 in 2007 (31,22%).

Table 3.5. Accumulation and ablation surfaces in the 1955 and 2007 glacial phases.

These data explains that the percentage over the total surface has decreased in both
accumulation and ablation zones, but percentage is higher in the ablation zone, this
could mean that the ice in the ablation zone is melting quickly during the last years.
The AAR (Accumulation Area Ratio) is the ratio of the accumulation area to the total
glacier area: AAR = AC/TS, where AC is the accumulation area and TS is the total
surface, this indicator has increased from 0,47 in 1955 to 0,54 in 2007. This indicates
that the glaciers in 1955 had larger ablation area and in 2007 had a larger
accumulation area. Is possible to follow the evolution using the mapped paleo-glacier,
this glacier had larger ablation zone, 71,67% of the glacier (28,33% accumulation
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zone), and their AAR was 0,28. Observing these results the trend seams clear, the
percentage of the accumulation area is growing each glacier phase.

Is possible to study the variation of the climate analyzing the ELAs vertical shifts,
because the changes in these vertical shifts are caused by changes in temperatures.
An equation which assumes that changes in ELA are entirely a function of the changes
in temperature was used by Úbeda (2010), this equation calculates the temperature
shift from the product of the MALR (Moist Adiabatic Lapse Rate) and the shift in the
ELA.

ΔT = MALR * ΔELA

The vertical shift in ELA selected was the LLGM with respect to 2007, which is 984 m.
According to Úbeda (2010) the MALR is 6,5ºC/km (0,0065ºC/m), and the MALR in the
NE slope of Nevado Coropuna is 0,0084ºC/m, this last one was selected because of
the geographic situation of the study area, this data is provided by a group of data
loggers situated in NE slope of Coropuna since 2007. This MALR is close to the MALR
dry limit of 0,0098ºC/m (Kaser & Osmaston 2002). This equation gives a temperature
shift of 8,26 ºC (0,0082ºC/m) from LLGM to 2007 for the SW slope of Nevado
Coropuna.

In summary, the ELAs can be provide valuable paleoclimatic information and could
indicate the climatic trend for future predictions.
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Figure 3. 10. Accumulation and ablation surfaces in 1955 and 2007
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Figure 3. 11. Accumulation and ablation zones in LLGM paleo-glaciers.
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CHAPTER 4

DISCUSSION AND FUTURE WORK

Glaciers of the tropical Andes are sensitive climate indicators because of their peculiar
mass balance seasonality (Kaser and Osmaston, 2002). These glaciers exist only
under certain conditions of temperature, precipitation and solar radiation receipt
(Seltzer, 2001). The aim of this project was to reconstruct glacial phases in the SW
slope of Nevado Coropuna in order to achieve valuable information of all the changes
happened in the zone, analyze the glacier evolution and their relationship with the
climate.

The results of the present work shows that the glaciated surface area has retreated
21,50% from 1955 to 2007, that means that in 2007 had the 78,50% of the glaciated
area of 1955, from 10,7 km2 to 8,4 km2, this is a deglaciation rate of 0,044 km2/year.
The ELA AABR vertical shift referred to 2007 was 13m for 1955 and 984 m for LLGM
calculated glaciers, that means a vertical shift of 0,25 m/year from 1955 to 2007.

4.1 Moraine mapping

The moraine mapping is an important step in the process of paleo-glacier
reconstruction establishing the geometry because geomorphological traces left by
ancient glaciations (Giraldez, 2011). The moraine mapping I used in this analysis has
been done previously by GFAM-GEM through photointerpretation techniques using a
stereoscope with aerial photographs and Google Earth images in the interpretation
process. The mapped moraines from LLGM were between 4450 and 4700 m.

Alcala et al. (2011) suggest that on Ampato volcanic complex the ice tongues  reached
a minimum elevation of 4270 m during the LGMA, with a minimum on the southern side
(4240 m). During the most important re-advance phase the glacier front was at 4520 m,
as shown by the moraine record. On Sabacaya, the moraine record was largely
covered by recent lava flows, except in one of the valleys of the western side, where
the moraines show a minimum altitude of 4430 m for the LGMA. In the present
investigation, LLGM moraines in SW slope of Nevado Coropuna were higher than
those studies, this differences probably are given by the using of different dating
methods or differences related to the glacier locations and topography.

According to Smith et al.(2005c), in some regions the glacial advances of the local
LGM are relatively minor compared to older advances, differences in valley hypsometry
and maximum peak altitudes seem likely to have played a role in these regional
variations. For several authors (e.g. Rodbell and Seltzer, 2000) there is no solid
evidences for glacial advances in the tropical Andes during the YD climate reversal.

(Robell et al., 2009) suggest that there was a significant ice re-advance at the onset of
YD because a well-dated moraines, however, ice was retreating during much of the
remaining YD interval. Also suggested that the spatial–temporal pattern of Holocene
glaciation exhibits tantalizing but incomplete evidence for an Early to Mid-Holocene ice
advance in many regions, but not in the arid subtropical Andes, where moraines
deposited during or slightly prior to the Little Ice Age (LIA) record the most extensive
advance of the Holocene. And Licciardi et al.(2009) do not exclude the possibility of
multiple Holocene glacier expansions. However, the combined geomorphic and
geochronologic evidence clearly indicates the dominance of two major episodes,
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including an early Holocene glacial interval and a somewhat less extensive glaciation
during the LIA.

Some authors suggest different dating of the YD moraines, from these different ideas
can be deduced that these moraines may need further study.

Úbeda (2010) classified the moraines of the Nevado Coropuna volcanic complex in
four big groups, depending to their relative chronologies:
(1): Last advance, during LIA, between XVI and XIX century.
(2): Re-advance later to the LLGM
(3): Last maximum advance, in the LLGM, between 22 and 12 ka.
(4): Advances and re-advances earlier to the LLGM

Summarizing, the moraine mapping of the study zone showed in this work is based on
Úbeda (2010) mapping shows the altitude of moraines in LLGM, Holocene and LIA
glacial phases. As I said before the differences with other studies probably are given by
the using of different dating methods or differences related to the glacier locations and
topography.

4.2 Glacier delimitation and surface calculation

For the reconstruction of the climate history, the delimitation of the glaciers and paleo-
glaciers is very important due to the clues that they bring through the reconstruction of
their ELAs and surfaces. Photographs from aerial flights and satellite images were
used to delimit current glaciers, and the moraine mapping to delimit paleo-glaciers.

The results obtained shows that the 1955 glacier limits were from 5050 m the lower
glacier limit (Tuialqui 1) and the upper glacier limit 6350 m (Rio Blanco 1), the 2007
limits for the same glaciers were 5150 m and 6350 m respectively. The glaciated area
has been retreated in all the glaciers of the zone of study, the total glaciated surface
was 10,7 km2 in 1955 and 8,4 km2 in 2007, this means a 21,5% retreat of the total
glaciated surface in 1955. Individually the Tuialqui 5 glacier are retreat with 46,39%
and Tuialqui 2 only loss 2,56% of their glaciated area.

Racovietanu et al. (2007) suggested a reduction of the ice cover of approximately 26%
between 1962 and 2000 on Nevado Coropuna. Úbeda and Palacios (2009) calculated
a reduction of the glacial system surface for the entire Nevado Coropuna of ~18% in 52
years (from 1955 to 2007). They pointed that the process appears to have speeded up
in the last decades (~13% in only 21 years). These results are similar to those obtained
in the chapter 3, a 21,5% retreat between 1955 and 2007.

Giraldez (2011) obtained in the SW slope of Nevado Hualcán a deglaciation rate of
0,076 km2/year, while in the present work the deglaciation rate was 0,044 km2/year, the
differences in this case seems to be the glacier locations and the different topography.

In summary, the glacier delimitation helps to calculate the surface of the glaciers and
offers quantitative information of their evolution. Due to the tropical glaciers are
sensitive indicators of climate change, their delimitation can help to study the evolution
of the glaciers and predict the future of the resources that they provide to the
population around.
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4.3 ELAs AABR

Paleo-climatic reconstructions based on the limits of former glaciers commonly make
use of estimates of the associated equilibrium-line altitudes (ELAs), where
accumulation of snow is exactly balanced by ablation. The equality of accumulation
and ablation at the ELA means that the local climate can be parameterized in terms of
accumulation-season precipitation and ablation-season temperatures, using statistical
and analytic methods (Kuhn, 1989; Ohmura et al, 1992; Selzer, 1994).

I the present study I calculated the ELAs of the SW slope of Nevado Coropuna
following the AABR method (Area x Altitude Balance Ratio). The results show ELA
AABR altitudes of 5821 m for 1955 and 5834 m for 2007, with an altitude shift of 13 m,
to further study in this concrete point a field work would be required, but that was out of
the scope of the present work. I calculated also the paleo-ELA of a paleo-glacier of the
zone of study obtaining a result of  4850 m, which can be an indicator of the
approximate paleo-ELA of the zone of study in LLGM.

The results I have obtained can be compared with Úbeda (2010) investigation in the
Coropuna volcanic complex. This author found that the altitude of the ELA AABR in the
SE slope was 5844 m for 2007, similar to the result in the present work that suggests
an ELA AABR of 5834 for 2007 in the SW slope. However the vertical shift is lower in
the present work, this could be because of the different topography of both slopes, a
future research will be required for specify this point.

According with Giráldez (2011), Kaser and Osmaston (2002) considered the value
AAR=0,67 as the most appropiate for tropical glaciers. In their investigation, Úbeda
(2010) obtained a mean AAR value of 0,58 for the flaciers in the Coropuna volcanic
complex and Giráldez (2011) found a range from 0,54 in YD to 0,51 in 2003 in the
study of the SW slope of Nevado Hualcán. In the present study, the obtained value was
0,54 in 2007 for the SW slope of Nevado Coropuna, close to the results of the
mentioned authors.

A common approach to investigating the structure of past climate events is to
reconstruct paleo-snowlines (frequently equated with the ELA) on glaciated or formerly
glaciated peaks, as a proxy for mean atmospheric temperature (Benn et al., 2005).

Bromley et al. (2011) calculated the modern ELAs for Coropuna’s glaciers obtaining an
average results of 5850 ± 54 m for the West slope and 5580 ± 54 m for South aspect.
In the present study the mean obtained value was 5834 m, this is closest to the W
slope results of Bromley, this could be because the geographic position of the analyzed
glaciers (more in the West than in South). According to (Benn et al., 2005) the altitude
of the equilibrium line is rarely constant across a glacier, but varies with patterns of
snow accumulation, shading, and other factors.

Alcalá et al. (2011) reported an LLGM ELA in the Huayuray valley of 4980 m. Bromley
et al. (2001) used the MELM (Maximum Elevation of Lateral Moraines) and THAR
(Terminus Headwall Altitude Ratio) methods for the calculation of LLGM ELAs for the
Pucuncho peaks, the results reported with the MELM method were an average of 4887
± 77 m for the W slope and 4745 ± 66 m for the S, and with the THAR method (with
ratio of 0,28), an avegare of 5059 ± 68 m for West and 4728 ± 228 for the South. ELA
values are highest on northflowing glaciers and lowest on south-flowing glaciers. The
ELA ABR for LLGM obtained in the present study was 4850 m, this result is close to
the reported by Bromley et al. (2001) with the MELM method.
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Changes in ELAs are caused by changes in climatic conditions, this climatic
interpretations can be studied based on ELAs with different methods, and allow to
understanding that changes and their implication. Analyzing the ELAs vertical shift is
possible to study the climate change, the changes in temperature was estimated
multiplying the MALR and the ΔELA. The results obtained was a ΔT of 8,26 ºC/km
(0,0082ºC/m) from LLGM to 2007 for the SW slope of Coropuna. These results are
very close to Úbeda (2010) study for the NE slope of Coropuna.

4.4 Conclusions

Glaciers not only reveal information about climate change, they are very important as a
water supply for the population who is living around, and they can cause natural
hazards. The investigation and monitoring of the glaciers makes them valuable for
climate research, and their future evolution can be predicted.

The aim of this project was to reconstruct the glacial phases in the SW slope of Nevado
Coropuna in order to generate quantitative information of surface areas and ELAs as a
first step for the analysis of glacier evolution and the achievement of valuable
information of the changes that have happened.

The specific conclusions of the present study are:

(1): Moraines on the SW slope of Nevado Coropuna served as the reference to
reconstruct the geometry of paleo-glaciers in LLGM glacial phase. Modern glaciers
from 1955 and 2007 were also delimited using aerial photographs for 1955 glaciers and
Google Earth image mosaic for 2007 glaciers.

(2): The surface areas of the glaciers were calculated from their delimitation. The
results indicated that the total surface has retreated 2,3 km2 from 1955 to 2007, this is
a reduction of the 21,5% of the glaciated surface. The deglaciation rate is 0,044
km2/year (44.000 m2/year).

(3): The ELAs AABR of the glaciers were calculated from their delimitation. The results
show an altitudinal shift of the ELA of 13 m from 1955 to 2007 and 984 m from LLGM
to 2007. The analysis shows ELA AABR altitudes of 5834 m for actual glaciers (2007),
this data match with the results of other authors.

(4): Is assumed that ELAs vertical shifts are caused by changes in temperatures. By
analyzing the ELAs vertical shift is possible to study the climate change. The
temperature shift from LLGM to 2007 in the NW slope of Nevado Coropuna was
8,26ºC/km (0,0082ºC/m).
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