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ABSTRACT

Glacial lake outburst floods (GLOFs) from moraine-dammed lake failures represent a significant threat to inhabitants of high moun-
tain areas across the globe. The first part of this paper summarises the causes and mechanisms of moraine-dammed lake failures through
a review of the scientific literature and unpublished reports. There are eight main causes, of which five are characterised as dynamic and
three as long-term, and these are associated with around twenty failure mechanisms. The dynamic causes are slope movements into the
lake, earthquakes, flood waves from a lake situated upstream, blocking of underground outflow channels, and intensive rainfall or snowmelt.
The long-term causes are the melting of buried ice, the impact of hydrostatic pressure, and the effect of time. These causes (triggers) and
the consequent mechanisms of dam failure are described in detail. The second part compares the historical moraine-dammed lake failures
within three regions between 1900 and 2009: the Cordillera Blanca of Peru, the North American Cordillera, and the Himalayas. It has been
found that dynamic causes are around four times more common than long-term causes although significant regional differences have been
observed. The most frequent causes in these regions were found to be slope movements in which the displaced material was dominated
by solid-state water (ice falls, ice avalanches, and snow avalanches). The other causes tended to show distinct regional patterns while the
temporal distribution of events also differs according to region. In the North American Cordillera and Himalayas moraine dam failures occur
exclusively during the summer season while in the Cordillera Blanca they are more evenly distributed with the exception of the dry season.
This reflects the general climatic setting of each of the study regions.
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1. Introduction

In this study moraine-dammed lakes are defined as
natural freshwater reservoirs dammed by material accu-
mulated from a glacier (the moraine). This type of lake
is not considered to be particularly stable because the
morainic material forming the dam is usually unconsol-
idated and, therefore, even a relatively weak trigger can
cause the dam to fail, leading to a glacial lake outburst
flood (GLOF) (e.g. Costa & Schuster 1988; Richardson
& Reynolds 2000a; Shrestha 2010). This form of flood
describes the sudden water release from any form of
glacial lake (e.g. bedrock-dammed, moraine-dammed,
or ice-dammed) irrespective of its cause (Benn & Evans
1998). These floods are characterised by peak discharges
that are many times higher than those of a hydromete-
orological flood (Clauge & Evans 2000). They, therefore,
have the potential to be highly catastrophic. GLOFs may
occur as a result of dam failure (moraine-dammed or ice-
dammed) or dam overflow (all types of glacial lake).

The study of moraine-dammed lake failure is complex
and requires interdisciplinary cooperation. It is appreci-
ated that two main groups of parameters are decisive in
contributing to a moraine dam failure, the first is that of
dam stability and the second is the possibility of a trig-
gering event (Richardson & Reynolds 2000a; Hegglin
& Huggel 2008). These are difficult to assess and quanti-
fy which leads to problems in estimating the probability

of a moraine dam failure (hazard assessment) (Emmer
& Vilimek 2013). It is possible for a moraine dam fail-
ure to be total or partial and, therefore, a given lake can
be subjected to repeated GLOFs (O’Connor et al. 2001;
Bajracharya et al. 2007a). GLOFs represent an increasing-
ly significant threat in high-mountain areas because the
number of potentially dangerous glacial lakes is increas-
ing as a result of global climate change and concurrent
glacier retreat (e.g. Evans & Clauge 1994; Bolch et al.
2008; Ives et al. 2010).

GLOFs from moraine-dammed lake failures have
been studied in high-mountain regions all over the
world including the Himalaya (Vuichard & Zimmer-
man 1987; Kattelmann & Watanabe 1997; Bajracharya
et al. 2007a,b), Hindu-Kush (Iturrizaga 2005; Ives et
al. 2010), Karakoram (Hewitt 1982), Tian-Shan (Jan-
sky et al. 2009; Narama et al. 2010; Bolch et al. 2011),
Caucasus Mts. (Petrakov et al. 2007), Cascade Range
(O’Connor et al. 2001), British Columbia (Clauge
& Evans 2000; Kershaw et al. 2005), Peruvian Andes
(Zapata 1984; Vilimek et al. 2005a; Carey et al. 2011;
Klime$ 2012), Patagonia (Harrison et al. 2006; Dussail-
lant et al. 2009) as well as in the European Alps (Hae-
berli et al. 2001; Huggel et al. 2004) and Scandinavia
(Breien et al. 2008). The objectives of this paper are to
provide an overview of moraine-dammed lake failures,
to investigate their causes and mechanisms, and to com-
pare the temporal aspect of these events within three
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regions: the Cordillera Blanca of Peru, the North Amer-
ican Cordillera, and Himalaya. These areas were chosen
because they have a long history of moraine-dammed
lake research and there is, therefore, a greater chance of
acquiring information about GLOFs. The flooding that
occurs as a result of moraine-dammed lake failures pos-
es a significant threat in high mountain regions and by
comparing events it is possible to recognise the regional
specifics that are necessary in order to build an optimal
regionally focused hazard assessment.

2. Materials and methods

The causes (triggers) and mechanisms of moraine-
dammed lake failures are summarised following an
extensive search of the published scientific literature and
unpublished reports from the archive of the Autoridad
Nacional de Agua in Huaraz, Peru. These causes and
consequent mechanisms of dam failure are described in
detail with examples given for each. The similarities and
disparities that exist between the particular causes have
been investigated as well as the temporal characteristics
of events in the Cordillera Blanca of Peru, the North
American Cordillera, and Himalaya. The GLOF database
(GLOFs database 2012) has been used as the basis for this
comparative analysis: the details of around ninety-five
moraine dam failures within the three study areas have
been compiled for the period 1900 to 2009. The causes of
the GLOFs are known in sixty of these cases (twenty in
Cordillera Blanca of Peru, eleven in the North American
Cordillera, and twenty-nine in Himalaya) but unknown
in the other instances. The precise dates of the GLOFs are
known in sixty-six of the cases and can be attributed to
a year in seventy-five instances. The temporal character-
istics of the GLOFs are considered both in terms of their
monthly and annual distributions.

3. The causes and mechanisms of moraine-dammed
lake failures

There is a close relationship between various types of
natural hazards and moraine-dammed lake failures that
result in GLOFs. The former, the various natural hazards,
often represent the cause of the latter, the lake failures.
These relationships are summarised in Figure 1. Yamada
(1998) divided the process of moraine dam failure into
two groups: the first consisted of dam failure caused by
a dynamic initiating event while the second consisted
of spontaneous “dam self-destruction” The latter group
are caused by long-term degradation of the dam with-
out a dynamic initiating event. This grouping is followed
here and the causes of moraine dam failure are classifies
as either dynamic causes or long-term.

3.1The dynamic causes of moraine-dammed lake failures

The dynamic causes are slope movements into the
lake, earthquakes, a flood wave from a lake situated
upstream, blocking of underground outflow channels,
and intensive rainfall or snowmelt. In this group the time
interval between the trigger and the moraine dam failure
ranges from minutes in the case of, for example, a slope
movement into the lake to hours or days in the case of, for
example, intensive rainfall or snowmelt. These dynamic
causes were termed “quasicoincidental” by O’Connor et
al. (2001) as it is not possible to accurately predict the
time or place in which they will occur.

The slope movement into the lake includes various
types of mass-movement such as icefalls, avalanches,
rockfalls, landslides, debris flows, and mudflows. The
mass of material entering the lake causes water displace-
ment in the form of surge (displacement) waves (Richard-
son & Reynolds 2000a) and these can reach heights of tens
of metres (Plafker & Eyzaguirre 1979 in Costa & Schuster
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Fig. 1 The causes and mechanisms that underpin the process of moraine dam failure.
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1988). The waves have a considerable impact on the sta-
bility of the moraine-dam (e.g. Kattelmann & Watanabe
1997; Clauge & Evans 2000). The slope movement into
the lake and its related displacement wave may lead to two
different mechanisms of dam failure. The first is that of
immediate dam rupture following the impact of the dis-
placement wave and this represents the most catastroph-
ic scenario while the second is that of dam failure due
to an increase in outflow channel discharge. The second
mechanism is essentially caused by the increased water
level within the lake which increases the outflow channel
discharge and causes increased incision which then, in
turn, increases the discharge and increases the incision.
This “positive feedback” (Yamada 1998) continues until
the outflow channel is either able to resist the incision due
to structural changes or until the lake empties (Clauge
& Evans 2000). However, if the displacement wave has
the necessary energy and moraine dam is at the same
time sufficiently resistant, flooding may result from dam
overflow (Kershaw et al. 2005). This may happen without
significant damage to the moraine dam and an example
occurred on 22nd April 2002 as a result of rockfall into
lake Safuna Alta in the Cordillera Blanca (Hubbard et al.
2005). It is possible for dam overflow and outflow chan-
nel incision caused by sudden rise of the water level to
occur during the same flood event. Kershaw et al. (2005)
presented stratigraphical and sedimentological evidence
from the Queen Bess lake GLOF on 12th August 1997
that indicated both scenarios. The first phase of flooding
was represented by dam overflow during which the bulk
of the flood volume escaped (Clauge & Evans 2000) while
the second phase was represented by dam incision and
final failure. The time interval between these phases was
in order of minutes (Evans et al. 2002).

It is possible for an earthquake to directly initiate
a moraine-dammed lake failure as the shock can cause
sufficient damage to a dam for it to fail (Clauge & Evans
2000) while there is also the chance that the seismic activ-
ity may initiate slope movements. In some cases it is not
known whether dam failure was caused directly by an
earthquake or if it was caused by slope movements ini-
tiated by an earthquake and this is particularly difficult
distinguish in the case of historical events (Strasser et al.
2008). There is also the chance that an earthquake could
change the internal structure of the moraine dam causing
internal erosion in the form of piping which may then
lead to the emptying of the lake (Lliboutry et al. 1977).
In contrast, changes in the internal structure of the dam
may serve to reduce infiltration through the moraine
by blocking underground outflow channels. This may
be dangerous in instances where the lake does not have
a surface outflow as there is then a continuous rise in lake
water level. It was seen at lake Paron (Cordillera Blanca)
when an earthquake in 1966 inhibited flow along under-
ground channels and the water level rose steadily until
next strong earthquake in 1970 when discharge turned
into the values before 1966 event (Lliboutry et al. 1977).

The flood wave from an upstream lake can cause dam
failure on a lake situated downstream. The flood wave can
often transform easily into different types of flows because
of its high erosion and transport potential (Cenderelli &
Wohl 2001; Breien et al. 2008). It produces a displacement
wave or a significant rise in the water level when entering
the downstream lake and this has the same consequences
as a slope movement into the lake. A dam failure may
occur as a result of the direct impact of the displacement
wave or following incision of the outflow channels. The
overall flood volume often considerable in these cases as
there are inputs from two lakes. This was seen in the Cor-
dillera Blanca following the Palcacocha outburst flood
which destroyed the downstream lake Jircacocha on 13th
December 1941 (Vilimek et al. 2005b) (Figure 2). The cat-
astrophic debris-flow incorporated water from both lakes
and destroyed one-third of the city of Huaraz claiming
about 6000 lives (Lliboutry et al. 1977). However, in some
cases, the downstream lake may absorb the flood wave
if it has a sufficiently large accommodation space. It is
known that lake Parén in the Cordillera Blanca has been
able to absorb outburst floods from two lakes, the first
from lake Chacrucocha prior to 1950 and second from
lake Artesoncocha in 1951 (Lliboutry et al. 1977; Carey
etal. 2012).

The blocking of underground outflow channels can
be caused by four mechanisms: clogging by sediments
brought into the lake by its tributaries; clogging by
material brought into the lake during mass-movements;
freezing of outflow channels (O’Connor et al. 2001); and
blocking of outflow channels caused by the changing
internal structure of dam due to an earthquake (Lliboutry
et al. 1977). The water level of the lake starts to rise if the
channels are blocked and this leads to the same mech-
anism of dam failure as occurs during intense rainfall
or snowmelt — dam rupture caused when the lithostatic
pressure exceeds that of hydrostatic pressure (Richardson
& Reynolds 2000a). There will also be increased erosion
in instances of dam overflow. However, unlike the rise in
water level caused by intense rainfall or snowmelt, the
blocking of underground outflow channels usually caus-
es the water level to increase until the lake basin is full.
This occurs unless the hydrostatic pressure exceeds the
lithostatic pressure as blocked channels do not usually
unblock spontaneously. The moraine dam failure at lake
Zhangzhanbo in Tibet on 11th July 1981 was caused by
blocking of underground outflow channels (Ding & Liu
1992; Yamada 1998).

Itis also clear that intense rainfall or snowmelt will lead
to a rise in the water level of the lake. This cause depends
on many factors of which the variability and extremity
of the precipitation are perhaps the most significant or,
alternatively, the variability and extremity of air tempera-
ture in relation to snowmelt (Yamada 1998). If a lake has
surface runoff the increasing water level may lead to an
increase in the erosion of the outflow channels and to the
cycle of “positive feedback” (see above). If a lake does not
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Fig. 2 The former lake basin of Jircacocha in the Cordillera Blanca. Its dam failed after the arrival of a flood wave from lake Palcacocha. The
horizontal line indicated by arrows shows the former water level.

have surface runoff then the most important factor is the
dam freeboard which is defined as the vertical elevation
between the lake level and the lowest point on the dam
crest. The rise in lake water level can lead to two different
mechanisms of dam destruction. The first mechanism is
dam rupture due to the increased hydrostatic pressure.
This happens when the hydrostatic pressure overcomes
the lithostatic pressure, which keeps the components of
the dam together (Richardson & Reynolds 2000a). The
second is dam overflow from which the subsequent ero-
sion may induce dam failure (Kattelmann & Watanabe
1997). The failure of a dam under the Dallier glacier in the
Cascade Range provides an example of one that occurred
as a result of intense rainfall or snowmelt (O’Connor et
al. 2001). It is also well known that intense rainfall also
a major trigger for slope movements, which may initiate
moraine dam failure.

3.2 The long-term causes of moraine-dammed lake failures
The long-term causes of dam destruction are the ice

melting of buried ice, the impact of hydrostatic pres-
sure, and the effect of time. It is difficult to accurately

constrain which of these long-term issues ultimately leads
to the destruction of the dam. This led Yamada (1998) to
group these under the title of “self-destruction” due to
the absence of an initial external dynamic event (Yama-
da 1998; Bajracharya et al. 2007b). The long-term causes
also weaken the resistance of the dam to dynamic causes:
while the impact of hydrostatic pressure and the effect of
time have some influence on the moraine dam they are
not often the main cause of dam destruction. The deg-
radation of a moraine dam is a function of time and this
function does not constitute a single process. It is, instead,
a group of processes that may lead to the degradation of
a dam over a protracted period and which affects the
moraine slope stability, dam freeboard, internal struc-
ture etc. In combination with, for example, intense rain-
fall, the effect of time may lead to mass movements on
moraine slopes (Awal et al. 2010). If a lake is associated
with a surface outflow, its sequential erosion may cause
the lake to empty, without a significant GLOF (Yamada
1998). If a lake is not associated with a surface outflow,
the internal erosion of outflow channels through piping
may also cause the lake to empty, without a significant
GLOF (Clauge & Evans 2000; Haeberli et al. 2001).
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Fig. 3 An example of an uncovered ice lens in the protruding basal
moraine of the developing lake Llaca in the Cordillera Blanca.

The term “buried ice” describes an ice lens integrated
into the body of the moraine dam (Figure 3). It is pos-
sible for this to represent up to 90% of the dam volume
(Costa & Schuster 1988). The melting of this buried ice
weakens the stability of the dam as it disrupts its struc-
tural integrity and may also decrease the dam freeboard
(Richardson & Reynolds 2000b; Huggel et al. 2002). The
disruption of the structural integrity of the dam enables
rupture by hydrostatic pressure while it also decreas-
es the ability of the dam to withstand other causes that
would not normally represent a significant problem. For
example, the long-term degradation of the moraine dam
leads to a decrease in the freeboard which, in combina-
tion with moderate rainfall or snowmelt, may lead to dam
destruction.

Tab. 1 The basic characteristics of the studied regions.

The hydrostatic pressure is the pressure exerted by
the gravitational force acting on a water column at cer-
tain depth. The water dammed in a moraine-dammed
lake affects the dam by this pressure and its long-term
affect may lead to the dam failure (Yamada 1998). This
cause becomes especially significant if the moraine dam
is weakened by, for example, buried ice melting while
deep lakes are more susceptible to rupture caused by
hydrostatic pressure. The destruction caused by the sys-
tematic effect of hydrostatic pressure occurs when the
moraine dam is no longer able to resist the hydrostatic
pressure, i.e. the hydrostatic pressure exceeds the litho-
static pressure (Richardson & Reynolds 2000a). This
may be caused by an increase in the lake water level or
the protracted degradation of the moraine dam (Yama-
da 1998; Jaboyedoft et al. 2004 in Vilimek et al. 2005a).
The increase in lake water level may be caused by intense
rainfall or snowmelt or the blocking of underground out-
flow channels (Costa & Schuster 1988; Grabs & Hanish
1993; Jansky et al. 2006). It is also possible to increase
the hydrostatic pressure by basal ice melting and lake
deepening (Watanabe & Rothacher 1996). In cases where
dam degradation occurs as a result of buried ice melting,
intense slope erosion, or changes in the internal structure
of the dam, rupture by hydrostatic pressure may occur
without a significant change in the pressure (Richardson
& Reynolds 2000a). These all represent examples of “dam
self-destruction” and may occur without a dynamic trig-
ger. This happened in 1994 at lake Lugge Tsho in Bhutan
(Watanabe & Rothacher 1996). The impact of hydrostatic
pressure has a specific position in the categorisation of
mechanisms of dam destruction as both dynamic and
long-term causes can lead to dam rupture caused by
hydrostatic pressure (Figure 1).

4. The comparative analysis

The comparative analysis investigates historical
moraine-dammed lakes failures between 1900 and 2009
from three regions: the Cordillera Blanca of Peru, the
North American Cordillera, and Himalaya. The basic
characteristics of these regions are listed in Table 1.
These regions are commonly characterised by glacier
retreat at present which is leading to the formation and

Region Mountains Coordinates Highest peak(s) Climatic settings
Cordillera Blanca Cordillera Blanca (Peru) 8°-10°S Huascaran Tropical High Mountain
Cordillera Huayhuash (Peru) 77°-78°W (6768 m asl) Climate - Wet & Dry Seasons
. Mt. Waddington
North American ;Ziit TA?;:T;:::;%:%)) 30°-50°N (4019m asl) Temperate High Mountain
Cordillera Casc;lde Range (USA) 120°-135°W Mt. Rainier Climatic Zone - 4 Seasons
9 (4392m asl)

Himalava Himalaya 27°-35°N Mt. Everest/ Sagarmatha Temperate High Mountain
4 (China, India, Nepal, Bhutan) 75°-95°E (8848 m asl) Climatic Zone - 4 Seasons
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development of new potentially dangerous moraine-
dammed lakes. The threat of GLOFs in these areas is real
while the downstream valleys are often settled.

4.1 The spatial analysis

It is important to assess whether there are differences
regarding the causes of moraine-dammed lake failures
across the three study regions. The slope movements
have been divided into two subgroups for this purpose:
the first incorporates slope movements in which the
displaced material was dominated by solid-state water
(ice falls, ice avalanches, and snow avalanches) while
the second incorporates movements in which the dis-
placed material was dominated by rock or liquid-state
water (rockfalls, landslides, and various types of flows).
It should be noted that the failure mechanisms for these
two subgroups are identical. Furthermore, the concept of
dam failure stemming from a combination of long-term
causes without an evident dynamic cause (“dam self-de-
struction” (Yamada 1998) suggests that it will always be
difficult to define the precise cause of failure (i.e. there
is no distinguishing between the ice melting of buried
ice, the impact of hydrostatic pressure, and the effect of

time). Indeed, unless a lake is continuously monitored,
it is often difficult to determine the cause of a contem-
porary GLOF, and even more so in the case of historical
events. Therefore, while a single cause may be the most
commonly ascribed, there is a possibility that it in part
reflects the ease with which it can be identified. The com-
parison of dynamic and long-term causes (Table 2) shows
that, across all three regions, dynamic causes prevail over
long-term causes by a ratio of 4 : 1. There are, however,
significant regional differences. In the Cordillera Blanca
all of the twenty dam failures resulted from a dynamic
event while more than two-fifths resulted from a long-
term cause in Himalaya (“dam self-destruction”).

The most frequent cause of failure in three regions of
interest was found to be slope movements in which the
displaced material was dominated by solid-state water
(ice falls, ice avalanches, and snow avalanches) (Figure 4).
This finding corresponds with those of previous studies
(e.g. Costa & Schuster 1988; Ding & Liu 1992; Clauge
& Evans 2000; Jiang et al. 2004; Awal et al. 2010). The
second and the third most frequent causes tend to show
distinct regional patterns with the second most common
cause being slope movements dominated by solid rock or
water in the Cordillera Blanca of Peru, intensive rainfall

Tab. 2 The dynamic and long-term causes of moraine-dammed lake failures (60 instances where causes of the moraine dam failures are known).

X Dynamic Causes Long-term Causes Total number
Region Number of events % Number of events % of events
Cordillera Blanca 20 100.0 0 0.0 20
North American Cordillera 10 90.9 1 10.1 1
Himalaya 17 58.6 12 414 29
Total 47 783 13 21.7 60

W —————— - ——————— - — - — —

number of events

545 %

o - — -

Northamerican Cordillera

Cordillera Blanca

Himalaya

B slope movement of material with dominance of solid state water (ice falls, ice and snow avalanches)
B slope movement of material with a dominance of rocks or liquid water

(rock falls, landslides, various types of flows)
B intense rainfall / snow melting
O earthquake
B flood wave form lake situated upstream
O blocking of underground outflow tunnel
O selfdestruction

Fig. 4 A representation of the causes of moraine-dammed lake failures in the Cordillera Blanca, the North American Cordillera, and Himalaya.
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or snowmelt in the North American Cordillera, and
self-destruction in Himalaya. It is of interest to note that
intensive rainfall or snowmelt is only recorded as a trigger
in the North American Cordillera and it may be that this
reflects the particular climatic setting of the region. The
moraine-dammed lakes in the North American Cordille-
ra are situated between 1400 and 2400 m asl (O’Connor
et al. 2001) whereas in the Cordillera Blanca and Hima-
laya they generally occur between 4000 and 5000 m asl
(Lliboutry et al. 1977; Yamada 1998). The intensity of
the combined rainfall and snowmelt may be greater in
the North American Cordillera during the summer due
to these lower elevations. Thereafter, only one moraine-
dammed lake failure in the North American Cordillera
was attributed to dam self-destruction.

The trigger of dam self-destruction represents the
second most frequent cause of moraine dam failures in
Himalaya. This may reflect the significant volumes of
buried ice that occur in many moraine dam bodies in
this region (Yamada 1998; Bajracharya et al. 2007b). The
melting of buried ice leads to degradation of moraine
dam and this may lead to its failure, especially in com-
bination with the affect of hydrostatic pressure impact,
without a dynamic triggering event (see above). Thereaf-
ter, one moraine dam failure in the region was caused by
the blocking of underground outflow channels and one
by a slope movement into a lake in which the displaced
material was dominated by rock or liquid-state water. The
second most frequent cause of moraine-dammed lake
failures in the Cordillera Blanca were slope movements
into lakes in which the displaced material was dominat-
ed by rock. In fact, slope movements account for 80% of
all moraine dam failures in this region while 15% could

be attributed to an earthquake. Thereafter, one dam fail-
ure was caused by the propagation of a flood wave which
resulted from the failure of an upstream dam.

4.2 The temporal analysis

This section focuses on the temporal distribution of 66
moraine-dammed lake failures and GLOFs over months
(Figure 5) and 75 moraine-dammed lake failures and
GLOFs over years (Figure 6). The monthly differences in
the distribution of GLOFs shown in Figure 5 clearly reflect
the general climatic setting of each of the study regions.
The temporal distribution of moraine dam failures is sim-
ilar in the North American Cordillera and Himalaya as
dam failures occur exclusively during the summer season
from June to September. The lake water levels are higher
at this time because the warmer temperatures melt gla-
cial ice and, thereby, reduce the dam freeboard. In the
Cordillera Blanca, with its alternating wet and dry sea-
sons, moraine dam failures are more evenly distributed
but cluster during the wet season from December to May.
The lake water levels are again higher at this time because
there is a considerable amount of precipitation while the
temperatures are also slightly warmer than they are dur-
ing the dry season. These data indicate that the moraine
dam failures occur most commonly during the warmer
times of the year and corroborate the notion the most fre-
quent cause of moraine dam failures are dynamic slope
movements in which the displaced material was domi-
nated by solid-state water (ice falls, ice avalanches, and
snow avalanches).

The annual distribution of moraine dam failures has
been analysed using a dataset of seventy-five events

== Himalaya
V. »xx Cordillera Blanca (Peru)
= Northamerican Cordillera

Fig. 5 The distribution of moraine dam failures plotted according to month (66 instances overall).
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for which the year of failure is known. In the period
between 1900 and 1924 only one moraine-dam fail-
ure was recorded - this occurred at lake Zhanlonba in
China during 1902 (Ding & Liu 1992) (Figure 6). In
the period between 1935 and 1944 eight moraine-dam
failures were recorded in the Cordillera Blanca region.
These events claimed thousands of lives and caused
considerable damage to infrastructure as well as lead-
ing to a series of investigations into moraine-dammed
lakes (Zapata 2002; Carey 2005). These investigations
called for remedial work at thirty-five sites in the form
of artificial dams, concrete outlets, tunnels, etc. (Reyn-
olds 2003; Carey et al. 2012). It may also be one of the
reasons for the decreased number of moraine dam fail-
ures in the following years. In the period between 1970
and 1974 five failures were recorded in the region. These
were all triggered by the catastrophic earthquake that
occurred in Cordillera Blanca on 31st May 1970. The
next moraine dam failure did not occur for another
twenty-seven years. This protracted period of stability is
thought to reflect the extensive remedial works and rup-
ture of the most unstable lake dams following the earth-
quake in 1970. The annual distribution of moraine dam
failure in Himalaya is more regular with at least two
failures in each five-year period between 1955 and 2004.
There was a maximum of six failures in the five-year
period between 1980 and 1984. The annual distribution
of moraine dam failures in the North American Cordil-
lera is also broadly constant with no peaks evident.
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5. Discussion

There are a number of published lists of moraine-
dammed lake failures for specific regions such as those
that have been compiled for the Cordillera Blanca (Zap-
ata 2002), the North American Cordillera (Clague &
Evans 2000; O’Connor et al. 2001), and Himalaya (Yam-
ada 1998; Ives et al. 2010). These lists have been updated
and supplemented with as much data as it was possible
to attain. There is, however, a paucity of events both at
the beginning and at the end of the period from 1900
to 2009. The paucity of events at the beginning of this
period may reflect an absence of moraine-dammed lake
failures at that time or, more likely, that such events were
not recorded if the areas in which they occurred were
uninhabited or if no significant damage occurred. The
paucity of events at the end of this period may again
reflect an absence of moraine-dammed lake failures but
is more likely to reflect the amount of time it takes for
the data to be processed and published. In a number of
instances the cause of the moraine-dammed lake failure is
not known with certainty and it is only possible to attrib-
ute a probable cause. It is, nonetheless, evident that the
most common causes are slope movements in which the
displaced material is dominated by solid-state water (ice
falls, ice avalanches, and snow avalanches). This finding
corresponds with those of previous studies (e.g. Costa &
Schuster 1988; Ding & Liu 1992; Clauge & Evans 2000;
Jiang et al. 2004; Awal et al. 2010).
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Fig. 6 The distribution of moraine dam failures plotted according to year (75 instances overall).
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6. Conclusions

There are eight main causes, of which five are charac-
terised as dynamic and three as long-term, and these are
associated with around twenty failure mechanisms. The
dynamic causes are slope movements into the lake (e.g.
icefalls, avalanches, rockfalls, landslides, and other types
of flow), earthquakes, a flood wave from a lake situated
upstream, blocking of underground outflow channels,
and intensive rainfall or snowmelt. The long-term causes
are the ice melting of buried ice, the impact of hydrostat-
ic pressure, and the effect of time. It is, therefore, clear
that GLOFs are associated closely to various types of nat-
ural hazard. The similarities and disparities between the
particular causes were investigated as well as the tem-
poral characteristics of events in the Cordillera Blanca
of Peru, the North American Cordillera, and Himalaya.
It was found that dynamic causes are around four times
more common than long-term causes although signif-
icant regional differences are seen: in the Cordillera
Blanca of Peru all dam failures resulted from a dynamic
event while more than two-fifths resulted from a long-
term cause in Himalaya. The most frequent causes of
GLOFs from moraine-dammed lakes were found to be
slope movements in which the displaced material was
dominated by solid-state water (ice falls, ice avalanches,
and snow avalanches). This accounted for around half of
all events irrespective of the specific study area. The oth-
er causes tended to show distinct regional patterns with
the second most common cause being slope movements
dominated by solid rock or water in the Cordillera Blan-
ca of Peru, intensive rainfall or snowmelt in the North
American Cordillera, and self-destruction in Himalaya.
The temporal distribution of moraine dam failures is
similar in the North American Cordillera and Himalaya
as dam failures occur exclusively during the summer
season from June to September while in the Cordillera
Blanca they are more evenly distributed but cluster dur-
ing the wet season from December to May. These pat-
terns clearly reflect the general climatic setting of each
of the study regions. The annual distribution of these
failures is broadly constant with no particular trends yet
evident. The recognition of these regional differences is
necessary in order to build optimal regionally focused
methods for moraine-dammed lakes hazard assessment
in the future.
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RESUME

Analyza pficin a mechanismii destruki hrazi jezer hrazenych
morénami v pohoftich Cordillera Blanca (Peru), Severoamericka
Kordillera a Himaldj

Prispévek je ¢lenén do dvou casti. Prvni ¢ast md reSersni
charakter a shrnuje rozli¢né pri¢iny a mechanismy destrukci
(protrzeni) hrazi jezer hrazenych morénami. Pét dymanickych
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pri¢in (rizné typy svahovych pohybt, zemétfeseni, povodnova
vlna z vySe poloZeného jezera, intenzivni destové srazky / tani
snéhu, ucpani podzemnich odtokovych kanali) a tf'i dlouhodobé
pric¢iny (odtavani pohtbeného ledu, piisobeni hydrostatického
tlaku a dlouhodobd degradace télesa hraze v case) jsou popsany
spolu s mechanismy vedoucimi k destrukcim morénovych hrazi,
a to v¢etné konkrétnich prikladu ze zdjmovych oblasti. Ve druhé
casti prispévku je provedena srovnavaci analyza téchto udalosti
mezi oblastmi pohofi Cordillera Blanca (Peru), Severoamericka
Kordillera a pohoti Himaldj. Na zakladé vytvorené databaze pro-
trzenych morénovych hrazi mezi lety 1900 a 2009 je zhodnoce-
no jednak zastoupeni raiznych pfi¢in, jednak ¢asova distribuce
téchto udalosti. Nejfrekventovanéjsi pri¢inou ve vech studova-
nych oblastech byl dynamicky svahovy pohyb do jezera. Zastou-
peni a vyskyt dal$ich pfi¢in se v§ak mezi jednotlivymi oblastmi
vyrazné ligl. Casové distribuce udalosti vyrazné odliduje oblast
Cordillera Blanca od zbyvajicich dvou, coz do ur¢ité miry odrazi
ro¢ni chod klimatu a na néj vazanych pri¢in destrukci moréno-
vych hrazi.





