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ABSTRACT. Here we report a laboratory study of the effects of debris thickness, diurnally cyclic
radiation and rainfall on melt rates beneath rock-avalanche debris and sand (representing typical highly
permeable supraglacial debris). Under continuous, steady-state radiation, sand cover >50mm thick
delays the onset of ice-surface melting by >12 hours, but subsequent melting matches melt rates of a
bare ice surface. Only when diurnal cycles of radiation are imposed does the debris reduce the long-
term rate of ice melt beneath it. This is because debris >50mm thick never reaches a steady-state heat
flux, and heat acquired during the light part of the cycle is partially dissipated to the atmosphere during
the nocturnal part of the cycle, thereby continuously reducing total heat flux to the ice surface
underneath. The thicker the debris, the greater this effect. Rain advects heat from high-permeability
supraglacial debris to the ice surface, thereby increasing ablation where thin, highly porous material
covers the ice. In contrast, low-permeability rock-avalanche material slows water percolation, and heat
transfer through the debris can cease when interstitial water freezes during the cold/night part of the
cycle. This frozen interstitial water blocks heat advection to the ice–debris contact during the warm/day
part of the cycle, thereby reducing overall ablation. The presence of metre-deep rock-avalanche debris
over much of the ablation zone of a glacier can significantly affect the mass balance, and thus the
motion, of a glacier. The length and thermal intensity of the diurnal cycle are important controls on
ablation, and thus both geographical location and altitude significantly affect the impact of debris on
glacial melting rates; the effect of debris cover is magnified at high altitude and in lower latitudes.

INTRODUCTION
The role of debris cover in modifying glacier behaviour is
well known, but poorly understood as yet. Small-scale field
studies have described enhanced (for very thin cover) to
significantly reduced (for thicker cover) ice-surface ablation
(e.g. Østrem, 1965; Lundstrom and others, 1993; Mattson
and others, 1993). These field measurements are comple-
mented by theoretical studies based on heat-flux calculations
(e.g. Nakawo and Young 1981, 1982; Bozhinskiy and others,
1986). Broader field studies have shown that debris cover
resulting from extensive, deep (metre-scale) dominantly fine-
grained rock-avalanche deposits can significantly affect mass
balance of the glacier and cause it to advance (Post, 1968;
McSaveney, 1975; Kirkbride, 1989; Hewitt, 2009) on
decadal to centennial timescales in the absence of climate
forcing. Thus not all terminal moraines result from climate
alterations. Between these theoretical calculations and field
observations, however, there is a dearth of information on the
processes by which debris affects melt rates. Herein we
describe laboratory experiments to investigate these pro-
cesses, focusing on the roles of diurnal cyclicity and debris
thickness and permeability in modifying melt rates under
debris. These experiments aim to clarify the process details,
rather than attempting to replicate field conditions in which
other factors play a part. The objective is to isolate the effects
of debris thickness and permeability on radiation- and
rainfall-induced ice-surface melting.

A thin debris cover accelerates the melting rate of the
underlying ice through increased absorption of solar energy

by low-albedo debris and rapid transmission of this heat to
the ice surface (Clark and others, 1994). Increasing debris
thickness causes a corresponding decrease in the ablation
rate; this was recognized in very early studies of glaciers by
Agassiz (1840). Debris cover thicker than a particular depth
acts as a barrier to heat transfer and decreases ice-melting
rates with increasing debris thickness, leading to a reduction
of the total underlying ice-surface ablation. From obser-
vations at many glaciers, a general relationship between
debris-cover thickness and ablation has been developed
(Mattson and others, 1993; Clark and others, 1994). In
comparison with bare ice, mean daily ablation decreases
exponentially with increasing debris thicknesses above the
‘critical thickness’; this is defined as a debris depth at which
melt rates are identical to those on adjacent bare ice
(Adhikary and others, 1997; Nakawo and Rana, 1999).

Several numerical models have been proposed for
calculating the insulating effect of debris cover (e.g.
Khodakov, 1972; Nakawo and Young 1981, 1982; Bozhin-
skiy and others, 1986; Kayastha and others, 2000; Konova-
lov, 2000; Han and others, 2006; Nicholson and Benn,
2006). These are generally based on an energy balance for
the debris layer. Ablation under the debris cover is usually
calculated on the basis of heat conduction through the
debris layer as a function of its thickness and the physical
properties of the debris, or by comparison with the surface
ablation of adjacent bare ice under the same conditions.
McSaveney (1975) developed methods for calculating long-
term ablation rates beneath thick debris, by analysis of the
thermal conductivity of the debris layer as a function of
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debris thickness, thermal gradient, length of the ablation
season and rainfall. None of these methods explicitly
considers the effect of temporal variation of radiation,
though many use a degree-day approach to estimate time-
averaged ablation.

Relatively few studies have considered the effect of
rainfall on ablation rates, where the presence of percolating
water can affect the heat flux through the debris layer itself
and thus modify the ice-surface melt rate (McSaveney, 1975;
Bozhinskiy and others, 1986; Röhl, 2008). It is established
that rain and snowmelt contribute negligible heat to debris-
free temperate glaciers (Paterson, 1994); however, different
thicknesses and properties of the debris cover will alter the
contribution of rainfall to ablation beneath it. Thus the effect
of the heat advection by rainfall through different debris
depths may be significant and still needs detailed investi-
gation. This study demonstrates the role of debris permea-
bility in modulating ice-surface melt rates under rainfall.

All previous data describing ice ablation rates under
debris cover have been derived from observations or
experiments conducted on glaciers, and thus involve site-
specific physical parameters that may affect ablation. These
observations were mostly obtained for small (and spatially
varying) debris thicknesses, and the resulting models were
based on parameters obtained from field observations or
adjusted according to specific site conditions. Such ap-
proaches inevitably leave considerable uncertainty about the
physical processes involved in ice-surface ablation beneath
debris covers of different thicknesses. Herein we present the
results of laboratory experiments on the effect of debris cover
on underlying ice-surface ablation. This appears to be the
first experimental approach to this problem; it directly
measures the effect of a debris cover of known depth and
physical properties on ice melt under controlled conditions,
and provides potentially useful insights into the effects of
debris on ablation rates under different insolation regimes.

We designed the experiments to test two specific
hypotheses:

1. That the insulating effect of debris on ice depends on the
occurrence of cyclic radiation input;

2. That the effect of rainfall on ice-surface ablation beneath
debris is affected by the permeability of the debris.

SUPRAGLACIAL DEBRIS
Supraglacial ablation-zone debris cover has two distinct
sources: englacial and extraglacial. The commonest source
of ablation-zone debris is from meltout of englacial debris,
which may itself be subglacially or extraglacially sourced
(e.g. rockfall in the accumulation zone which is buried by
snowfall (Sharp, 1949; Rogerson and others, 1986)). The
resulting cover is thin (up to 10 cm thick and very variable in
depth); it comprises usually angular clasts typically up to a
few tens of cm in size (Fig. 1a). Externally sourced material is
from rockfall onto the ablation-zone ice surface. Small
rockfalls leave deposits that may appear similar to englacially
derived cover, but are less areally uniform in depth. Large
rockfalls (of the order of hundreds of thousands or millions of
cubic metres, known as rock avalanches), however, leave
distinctly different debris cover. This is usually one to several
metres thick, has always been supraglacial, and comprises
high proportions of very fine material below a ‘carapace’ of
coarser material, giving it lower permeability than ‘normal’
(englacially derived) debris (Fig. 1a and b).

While there are certainly intermediate members, our
experience on debris-covered glaciers in New Zealand is
that these two types represent the majority of debris-cover
occurrences. Most of the area of debris-covered glaciers is
covered by the first type of debris. Rock-avalanche debris is
less common. We do not consider terminal, medial or lateral
moraines herein, as they occupy a relatively small propor-
tion of glacier area.

In the laboratory, we used well-sorted medium grey-
wacke river sand to represent normal (englacially derived)
supraglacial debris; like normal supraglacial debris the
material is highly permeable (Drewry, 1986) and has
relatively low thermal inertia. To represent rock-avalanche
debris we took material from below the carapace of the
Coleridge rock-avalanche deposit, New Zealand (Lee and
others, 2009). This material is typical of rock-avalanche

Fig. 1. (a) Meltout debris on Tasman Glacier, New Zealand. Note the thickness of the debris layer (a few cm) and the relative lack of fines.
(b) Rock-avalanche debris at the Mueller Glacier terminus, New Zealand, about 2–3m thick. Fines are plentiful, and there is wet material at
the ice contact.
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debris: very widely (fractally) graded, with low permeability,
and with coarser fragments embedded in pulverized matrix
and containing abundant ‘powder’ (Hewitt and others,
2008). Being poorly sorted, it has a higher bulk density
and thermal inertia than the sand. The contrast in properties
between the sand and the rock-avalanche debris is similar to
that between the two main types of supraglacial debris, so
the difference in their effects on ice-surface ablation will be
similar to that of the two types of supraglacial debris.

EXPERIMENTAL METHODS
The objective of the experiments was not to reproduce
conditions on a glacier, but to study the processes by which
the presence of overlying debris affects ice-surface melting
due to incident radiation and rainfall. Thus we use radiation
that may not correspond to specific glacial conditions in, for
example, wavelength or incident angle, but we do use a
realistic timescale for radiation cyclicity. Similarly the
experimental debris in one case (sand) does not correspond
in size range to supraglacial debris; we use two types of
debris with identical lithology but very different grading and
permeability, to represent the relevant differences between
rock-avalanche debris and ‘ordinary’ supraglacial debris.

In the experiments, blocks of bare ice and identical
blocks of ice with different thicknesses of debris cover were
exposed to identical radiation (either constant or diurnally
cyclic), and the differences in ice surface ablation rate were
measured both with and without precipitation. The ice
blocks (approximately 450� 350�260mm3) were made by
freezing approximately 35 L of water in insulated containers;
these containers had basal drains which were opened once
freezing was complete. To simulate solar radiation, incan-
descent light bulbs with different light spectra (short- and
longwave radiation of 350–750 nm wavelength using
incandescent and warm white electric bulbs) were used
simultaneously. Two types of debris were used as noted
above, specific thicknesses of which (10, 50, 90 and
130mm) were uniformly placed on the ice surface.

Because the objective was to compare melt rates between
bare and debris-covered ice under identical conditions, it

was not necessary to monitor or control ambient conditions
in the laboratory; however, debris-surface air temperatures
gave a good indication of variations in ambient temperature.
Air temperatures at the debris surface, within the debris layer
and at the ice–debris interface were measured to �0.58C
with thermocouples and recorded on a Campbell Scientific
21X micrologger connected to a computer (Fig. 2). Heat-flux
sensors measured the vertical local heat flow (Wm–2) at the
same positions as the thermocouples. All data were
recorded at 10min intervals. Ice-surface levels were meas-
ured at intervals of 12 hours with �2.5mm accuracy, using a
system of vertical strings frozen inside the ice blocks. Water
discharge rates (mL h–1) of melted ice were recorded, which
included ice-surface melting plus the (minimal) melting
adjacent to the insulated sides and bottom of the container.

To examine the influence of debris cover on ablation rates,
‘bare-ice’ rates were compared with those under debris
thicknesses of 10, 50, 90 and 130mm. Two sets of
experiments were conducted. In the first, bare and debris-
covered ice blocks were exposed to identical steady
continuous radiation until melting was complete. This we
refer to as the ‘steady-state’ experiment, where the main aim
was to see how the debris functions as an insulator. The
second set of experiments examined the effects of diurnal
temperature and radiation cycles, which were generated by
alternately cooling the ice in chest freezers for half of the
cycle and exposing it to radiation for the same length of time.

The experiments to study the effect of rainfall were
conducted in a similar manner to the cyclic experiments, but
with 10mm depth of water sprayed onto the experiment
each day over the course of 1 hour during the radiation part
of the cycle. We used only the shortwave radiation bulb
during this hour to eliminate longwave heating and replicate
the cooling effect of cloud cover. We carried out two sets of
rainfall experiments, one set with low-permeability rock-
avalanche debris and the other with high-permeability sand.

Note that rock-avalanche debris was not used in the non-
rainfall tests, because using small depths of material (up to
130mm) would have been very unrealistic; rock-avalanche
deposits on glaciers are rarely <1m thick (Shulmeister and
others, 2009). We expect that the effect of rock-avalanche
debris on ablation in the absence of rainfall would be similar
to that of sand, with the higher thermal inertia due to the fines
content increasing the delay before steady-state conditions
are achieved. Considering the depth of rock-avalanche
debris, we expect that, in reality, dry rock-avalanche debris
would effectively cause ice-surface ablation to cease.

The data collected are presented as graphs of temperature
profiles, heat fluxes, ice surface reduction rates, water
discharge rates and coefficient of ice surface melting (k)
against time, for each debris-cover thickness. k was defined
as the ratio of the melting rates of debris-covered ice and
bare ice:

k ¼ Vd=Vb,

where Vd and Vb are the melting rates of the debris-covered
ice surface and the bare ice surface respectively.

EXPERIMENTAL RESULTS
Steady-state conditions
The first series of experiments with constant radiation and
narrowly graded sand showed that previously reported rates
of ice ablation, as a function of debris-cover thickness (e.g.

Fig. 2. The experimental arrangement for tests with diurnal cycles:
(a) melting blocks of bare and debris-covered ice exposed to
identical radiation during the 12 hour ablation period (attained by
two electric bulbs with short- and longwave radiation, shown by
grey lines) and cooling by freezer during the 12hour night (shown
by black lines); (b) Campbell Scientific 21X data logger and PC,
which recorded temperature and heat-flux profiles.
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Østrem, 1965; Lundstrom and others, 1993; Mattson and
others, 1993), corresponded in general with laboratory data
at the start of the experiment; ice initially melted faster
under 10mm debris cover, and more slowly with thick-
nesses �50mm, than with bare ice. The reduction of
melting rate under the thicker debris cover was primarily
caused by the absorption of heat by the initially cold debris
cover at the beginning of the experiment, which delayed
and retarded the melting of the underlying ice. Once heat
conduction through the debris achieved a steady state, and
the melting rate became constant, the ice-ablation rates
under different debris-cover thicknesses and with bare ice
were fairly similar (Fig. 3); the melting rate with bare ice
was about 10% less than with 10mm of debris, presumably
an albedo effect.

The effect of the debris in slowing the melting rate prior to
stabilization varied in direct relationship to its thickness.
Additionally, thicknesses greater than 90mm delay the onset
of melting significantly. The onset of ice melting under
130mm of debris was delayed >12 hours and the system
stabilized only after 60 hours (Fig. 4). The duration of
retarding of the melting rates depends on the initial
condition of the system (e.g. debris thickness, its physical
properties and the initial debris temperature) and on the
radiation intensity.

These results show that, under constant radiation, signifi-
cant debris cover delays the occurrence of steady-state
ablation, but once this occurs, the debris does not affect it.
In particular, under steady-state conditions it took >12 hours
to establish constant heat conduction and to achieve the
same ablation rates as those for bare ice with a debris layer

thicker than 50mm (Fig. 4). This suggests that under
diurnally cyclic radiation, steady-state heat transmission
may never occur through debris of this thickness. We
therefore investigated the ablation of ice beneath debris
layers under diurnally cyclic radiation and cooling.

Diurnal cycles
Under diurnal cycles, the time-averaged melt rate was
slower, so it took longer to melt the ice than under steady-
state conditions (Fig. 5). As suggested by the steady-state
tests, with debris thicknesses >50mm, a stable heat-
conduction profile, in which the debris thickness does not
affect melting rates, was never achieved under diurnal
cycles (Figs 6 and 7).

Heat-flux and temperature-profile changes through the
debris layer clearly show the effect of the debris layer on heat
conduction (Fig. 6). After the ablation period of the cycle,
when radiation ceases and cooling begins, the system tem-
perature decreases. However, due to the heat capacity of the
debris, it takes longer than the cooling part of the cycle to
fully cool the debris. With every cycle these processes recur,
and consequently the system never reaches a steady state.
Figure 6 shows examples of the temperature profiles and heat
fluxes for one cycle through different debris thicknesses in
comparison with noncyclic experiments, where with 90 and
130mm of debris layer the overall melting of ice is
significantly slower under diurnal conditions.

During all experiments the basal part of the debris layer
consistently became saturated with meltwater; and in
steady-state experiments, depending on the debris thickness,
the whole debris cover became saturated after a time. In the

Fig. 3. Ice-surface lowering of bare ice and ice under 10, 50, 90 and 130mm debris cover in steady-state conditions. The almost parallel
lines after the initial period of heat-conduction stabilization through the debris and almost constant melt rates indicate the similar effect of
different thicknesses of debris cover on ablation rates.

Fig. 4. Water-discharge rates for bare ice and ice under 10, 50, 90 and 130mm debris cover in steady-state conditions, where the arrows
indicate the end of melting for bare ice and ice under debris of different thicknesses (note also the different initial rates of melting under
different thicknesses of debris). The decrease of melt rate with time is caused by the increasing distance of the ice or debris surface from the
radiation source as melting proceeds.
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diurnal-cycle experiments, this process was significantly
retarded and it took of the order of days to saturate the debris
layer to >50mm from the ice surface.

The results from all non-rainfall experiments are summar-
ized and presented in Figure 8. For each experiment the
average coefficient of ice-surface melting (k) was calculated
and plotted according to the debris layer thicknesses.
Although the average k for the steady-state conditions was
calculated from data after stabilization of the heat flux
through the debris and melting rates, the average k for the
ice under cyclic conditions remains significantly lower.

Effect of rainfall
Rainfall experiments were conducted with two different
debris materials: one of these was narrowly graded medium
sand with high permeability (1.6�10–3m s–1), used in the
other experiments; the other was rock-avalanche material
with lower permeability (1.8�10–7m s–1). Rain percolated
through the medium sand and reached the debris–ice
interface in about 1 hour, and caused the melting rate under
the debris cover to increase (Fig. 9). Melting rates under the

debris were higher than those with no rainfall because
percolating rain advects heat from the warm debris to the ice.
The sand used in our experiments is intended to represent
thin supraglacial material, which also has a high permea-
bility, and has a similar effect on ice-surface ablation.
Because rainfall accelerates the ablation of the bare ice to
almost the same degree as with debris cover (Fig. 9), it could
be concluded from our experiments that the rainfall has the
same effect on a clean glacier as on a glacier with a thin
supraglacial layer of highly permeable debris cover.

The experiment was then repeated using 90mm depth of
rock-avalanche material instead of sand. Rock-avalanche
material differs from ordinary supraglacial debris by the
much greater proportion of very fine (micron-scale) material,
which remains preserved within the avalanche deposit
below the noticeably coarser carapace (McSaveney and
Davies, 2007; Shulmeister and others, 2009), and, as a
result, it has low permeability. It is also usually much deeper
(of the order of 1–5m; Shulmeister and others, 2009) than
normal supraglacial debris sourced from meltout of en-
glacial debris. Our experiment had an unrealistically small

Fig. 5. Ice-surface lowering of bare ice and ice under debris cover of 10, 50, 90 and 130mm under diurnal-cycle conditions; note the
duration of the experiments and different slopes of the ice-surface lowering lines in comparison with steady-state conditions (Fig. 3). In both
sets of experiments the initial ice volumes were equal; however, the diurnal-cycle experiments were not all run to the end of melting.

Fig. 6. Examples of heat fluxes and temperature profiles through a 90mm debris layer (at debris-cover surface, at depths of 30 and 60mm
and at ice–debris interface) under diurnal-cycle conditions. ‘h’ indicates the heating part of the cycle with radiation exposure, and
‘c’ indicates the cooling part of the cycle. Heat-flux profiles show the delayed response of the deeper layer of the debris to radiation exposure
during the ablation period of the cycles, where it takes >6 hours (half the period) to start heat conduction through the whole layer. Note the
same trend in the temperature profiles, where as a result the temperature variation decreases towards the ice–debris interface.
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depth of rock-avalanche material, so the effects we noted
would be increased by the usually much greater depth.

During the experiments with rain on rock-avalanche
material, cyclicity played a crucial role. The rate of heat
advection by rain through the rock-avalanche debris was
very slow because saturation of the initially dry debris layer
required longer than the 12 hour ablation period, so the
debris was unable to transmit heat by water to the debris–ice
interface. Furthermore, during the cooling period of the
cycle, the saturated layer of debris froze, and consequently,
during the next cycle, normal heat percolation through the
debris layer was delayed because extra energy was needed
to melt the interstitial water in the debris. In this case, the
start of ice ablation under the rock-avalanche debris cover
was significantly delayed; in fact, in our study, ablation did
not initiate (i.e. the ice-surface temperature never rose to
08C; Fig. 10). This contrasts with the acceleration of ablation

with rainfall under a 90mm sand cover (Fig. 9). It is
concluded that debris permeability is a crucial parameter
that affects ablation during rainfall, and the direction and
intensity of the effect will depend on the amplitude of the
diurnal cycles, the duration of the part of the cycle that is
below 08C, and debris-cover thickness at a particular glacier.
In particular, the presence of rock-avalanche debris can
significantly reduce rainfall-generated ice-surface ablation.

DISCUSSION
The experimental data indicate clearly (1) the importance of
the diurnal radiation cycle, and (2) the importance of debris
permeability, on the rate of ice-surface ablation beneath a
debris cover due to radiation and rainfall, supporting our
hypotheses. The direct application of the laboratory data to
any specific glacier, however, would be unrealistic due to

Fig. 7. Examples of one cycle (24 hours) of temperature profiles and heat fluxes through debris-cover thicknesses of 50mm (a), 90mm (b) and
130mm (c), where the first 12 hours of the cycle is a cooling part, in comparison with the steady-state temperature profiles and heat fluxes
through 50mm debris-cover thickness. Note the constant heat transmission through the layer under steady radiation in comparison with
changes under diurnal cycles.

Fig. 8. Average coefficients of ice-surface melting ratio (k) for bare
ice and ice under 10, 50, 90 and 130mm of sand debris cover.
Black points: steady-state experiments after the heat flux through
the debris layer stabilized; grey points: cyclic experiments.

Fig. 9. Examples of the ice-surface level lowering beneath 90mm of
sand and with bare ice under cyclic conditions; and also with bare
ice and with ice covered with 90mm of sand, with 10mm of water
sprayed onto the surfaces daily.
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the idealized laboratory conditions required for testing
specific hypotheses. On a glacier, a wide range of additional
effects occur that will potentially affect ice-surface ablation,
including variations in intensity, wavelength and angle of
incidence of radiation; variations of temperature and
humidity different from those in the laboratory; sensible
heat and upwelling longwave radiation fluxes; wind; spatial
variations in debris thickness and composition; varying
rainfall; and ice motion. Evidently, realistic reproduction of
specific field conditions in the laboratory is extremely
difficult, so we have concentrated on investigating some
basic processes. Nevertheless, as demonstrated below,
laboratory data indicate that diurnal cyclicity is crucial to
insulation under debris, and suggest that the global variation
of diurnal cyclicity may be a significant parameter in the
global variation of glacier-surface insulation by debris.

Diurnal radiation cycles and debris properties
The steady-state experiments showed that melting of the
underlying ice begins with different rates for different debris
thicknesses, whereas, after the system achieves a steady state
or stabilizes (which takes longer with greater debris depths),
melting rates are similar under different debris depths. The
main conclusion is that the debris cover delayed the onset of
steady melting but did not significantly affect overall ice-
melting rates after the stabilization of the heat conduction
profile through the debris layer. By contrast, under diurnal
cycles, when the system is repeatedly exposed to changing
environmental conditions, these delays in response, re-
peated daily, result in the insulating effect of the debris cover
on the glacier ice.

This suggests that the ablation rates of ice under debris will
vary with the relative amplitudes and durations of the heating
and cooling parts of the radiation cycle, because these
determine the degree of insulation effect of the debris cover.
In other words, a given depth of given debris has a particular
thermal inertia; the duration and intensity of the radiation
cycles, relative to this inertia, determine the delivery of
energy to the underlying ice and thus the melt rate.

The diurnal cycles also affected melting rates under debris
cover with rainfall. The extra energy input to a glacier due to

rainfall above 08C was pointed out by Paterson (1994) in
calculating the effect of rainfall on ablation rates of clean
ice, but he considered these effects insignificant in mass-
balance changes of the glacier. It is to be expected, however,
that when water can percolate through sun-warmed debris
to the ice surface, melt will be enhanced, as we found. An
unexpected effect was that the low-permeability rock-
avalanche debris not only reduced the enhanced melting
effect of the rainfall; as a result of the freezing part of the
cycle, it reversed that effect and, in our laboratory
conditions, led to the cessation of ablation under the debris.
Evidently, freezing may not be a universally occurring effect,
depending on debris depth, permeability and diurnal cycle
characteristics. However, the fact that it may occur indicates
that radiation intensity and duration (cyclicity) and debris
permeability need to be included in the estimation of
ablation rates under debris cover, rather than using only
debris depth and daily average values of radiation (e.g.
Kayastha and others, 2000; Mihalcea and others, 2006).

Critical thickness and diurnal cyclicity
The critical thickness (defined as the thickness at which the
underlying ice ablation equals that of adjacent bare ice, and
with increase of which the debris has an insulation effect on
the underlying ice) has been reported at a number of glaciers
round the world (Table 1). Critical thickness is determined
by the same parameters that determine total ice-surface
ablation, so consistent trends in critical thickness indicate
consistent trends in debris insulation of underlying ice.
Despite the presence of significant local effects, the global
distribution trends of critical thicknesses are quite distinct
(Fig. 11), and indicate the general trend of the effect of
debris cover on glacier-surface ablation; this must reflect the
effect of radiation cycle variability, since noise from local
effects will be more-or-less randomly distributed. Numerous
field experiments on snowmelt under dust show that critical
thickness increases linearly with increasing average solar
energy input rate (Adhikary and others, 1997).

Our experiments demonstrated the crucial role of diurnal
cyclicity in generating the insulating ability of debris cover.
Therefore we expect the variability of global radiation

Fig. 10. Examples of the heat-flux and temperature-profile changes through 90mm of rock-avalanche debris layer under diurnal-cycle
conditions with rainfall of 10mmd–1. Temperature at the ice–debris interface (grey solid curve) during the experiment remains negative and
does not reach melting point due to very slow heat conduction through saturated frozen rock-avalanche debris. ‘h’ indicates the heating part
of the cycle with radiation exposure, ‘c’ indicates the cooling part of the cycle and arrows indicate the occurrence of rainfall during the cycles.
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cyclicity to be reflected in debris-cover insulation, and
Figure 11 shows that global solar-energy input cyclicity
(varying with latitude and elevation) indeed correlates well
with critical thickness. Although most of the field obser-
vations in Table 1 were conducted during the maximum-
ablation seasons of the glaciers, local factors (e.g. meteoro-
logical conditions, slope orientation and shading, measure-
ment technique) will cause significant differences in
ablation rates. However, the general trends of Figure 11

are clear and must be controlled by the radiation cycles; the
critical thickness decreases with increasing latitude and
increasing elevation.

The decrease of the critical thickness with increasing
latitude is explained by the decreasing amplitude of the
diurnal cycle with increasing latitude, and the correspond-
ing decrease of average temperatures (Barry, 2008). With
increasing altitude the diurnal amplitude increases, due to
enhanced outward radiation (Oerlemans, 2001) and lower

Table 1.Measured critical thicknesses on glaciers; critical thickness is thickness at which sub-debris ablation rate equals ablation of adjacent
bare ice

Glacier Country Latitude Elevation Critical thickness Source

8N ma.s.l. mm

Khumbu Nepal 27.57 5400 50 Kayastha and others (2000)
Lirung Nepal 28.13 4400 80 Tangborn and Rana (2000)
Rakhiot Pakistan 35.21 3400 30 Mattson and Gardner (1989)
Barpu Pakistan 36.11 4000 25 Khan (1989)*
Kul’dgilga Kyrgyzstan 39.30 5000 115 Demchenko and Sokolov (1982)
Djankuat Russia 42.12 2700 70 Popovnin and Rozova (2002)
Eliot USA 45.23 2200 40 Lundstrom and others (1993)
Peyto Canada 51.41 2600 15 Nakawo and Young (1981)
Dome Canada 52.12 2200 20 Mattson (2000)
Athabasca Canada 52.12 2200 20 Mattson (2000)
Bilchenok Russia 56.10 700 40 Yamaguchi and others (2000,

2007)
Kaskawulsh Canada 60.46 1000 35 Loomis (1970)*
Isfallsglaciären Sweden 67.54 1200 30 Østrem (1965)

Fig. 11. Critical thicknesses (mm) are varying with altitude (ma.s.l.) and latitude (Northern Hemisphere) from the available observed data
(Table 1). The critical thickness of the equivalent latitudes (dashed lines) decreases with increasing elevation. Kh: Khumbu Glacier, Nepal
(Kayastha and others, 2000); Ku: Kul’dgilga glacier, Kyrgyzstan (Demchenko and Sokolov, 1982); L: Lirung Glacier, Nepal (Tangborn and
Rana, 2000); Ba: Barpu glacier, Pakistan (Khan, 1989, in Kirkbride and Dugmore, 2003); R: Rakhiot glacier, Pakistan (Mattson and Gardner,
1989); D: Djankuat glacier, Russia (Popovin and Rozova, 2002); E: Eliot Glacier, Oregon, USA (Lundstrom and others, 1993); P: Peyto
Glacier, Canada (Nakawo and Young, 1981); D: Dome and Athabasca Glaciers, Canada (Mattson, 2000); I: Isfallsglaciären, Sweden
(Østrem, 1965); Ka: Kaskawulsh Glacier, Canada (Loomis, 1970, in Kirkbride and Dugmore, 2003); Bi: Bilchenok glacier, Russia (Yamaguchi
and others, 2000, 2007).
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temperatures at night. Absorption of shortwave radiation by
thin low-albedo debris cover during the day exceeds
absorption by bare ice (Slaymaker and Kelly, 2007);
however, the lower night-time temperatures enhance the
insulation effect of thicker debris covers, leading to in-
creasing requirement for heat percolation through the debris
during the next day to restart ablation. Figure 11 suggests
that at a given latitude there tends to be a slight decrease of
the critical thickness with increasing elevation; this indicates
that factors such as reduced atmospheric and vapour
pressure, humidity, and the frequency of below-freezing
temperatures outweigh the effect of enhanced daytime
radiation. This corresponds to the decrease of annual mean
ablation rate for bare ice with increasing latitude and
elevation found by Budd and Allison (1975, fig. 1).

Another factor that influences the intensity of the diurnal
cycles is the degree of continentality of the climate.
Continental climates are characterized by less cloudiness
and consequently greater shortwave radiation in the glacier-
surface heat budget than maritime climates (Oerlemans,
2001). Under continental conditions the low-albedo debris
cover absorbs more shortwave radiation and the debris-
cover insulation properties are reduced, which may explain
high critical thickness in the Pamir mountains at Kul’dgilga
glacier where very little cloud occurs and annual precipi-
tation is low.

There is a general correlation between radiation cycle
amplitude and intensity, and global distribution of critical
thickness that is logical in terms of the processes considered.
Other factors and processes (e.g. meteorological conditions,
debris-cover lithology and continuity, slope orientation and
shading, roughness, measurement technique, etc.) may
affect the distribution, but Figure 11, like the experimental

data, supports our hypothesis that radiation cyclicity is
important in determining ice-surface ablation under debris.

Application: debris cover and glacier mass balance
Our experimental results suggest that debris cover should
have a greater effect on ablation, and thus on mass balance
and glacier behaviour, in areas with strong diurnal cycles
such as the Karakoram Himalaya, compared with areas of
lower diurnal variability at higher latitudes, all other things
being equal. In a similar analysis of data from four glaciers
Mattson and others (1993) concluded that the location of the
glaciers will affect the intensity of the ablation (or the
quantity of melted ice) with differences in debris-cover
thickness. They point out that glaciers located at low
latitudes or high elevations will receive more energy per
unit time; however, when the debris cover becomes
relatively thick, the location becomes less important due
to the overwhelming influence of the debris cover.

If the debris cover significantly reduces ablation rates, the
behaviour of a glacier will to some extent become less
dependent on climate (Hewitt and others, 2008). The
reduced surface melt in the ablation zone of a rock-
avalanche-covered glacier causes ice to thicken due to
slower ablation (McSaveney, 1975). Thus, a large area of
thick ice persisted on Bualtar glacier, Karakoram (Hewitt,
2009), where rock-avalanche debris cover reduced ablation,
and had an impact on mass balance equivalent to a 20%
increase in annual accumulation. The relatively thin rock
avalanche deposited on Sherman Glacier by the Alaska
earthquake of 1964 (1.5m deep on average; McSaveney,
1975) covered 50% of the ablation zone and altered the
mass balance of the glacier from negative to slightly positive
(Post, 1968; McSaveney, 1975), and the glacier is still

Fig. 12. The rock avalanche caused by the 1964 Great Alaska Earthquake covered part of the ablation zone of Sherman Glacier. (a) The rock-
avalanche cover after its emplacement in 1967. (b) The rock avalanche reached the terminus of the glacier in 2008 (pictures from
McSaveney).
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advancing some 45 years after the event (Fig. 12). Shul-
meister and others (2009) point out that such landslide-
driven advances (and their subsequent retreats) can generate
terminal moraines which can be misidentified as climate-
driven, and spurious palaeoclimatic inferences could be
drawn; given the crucial role of glacial palaeoclimatology in
understanding the likely effects of anthropogenic climate
change, improved understanding of the effect of supraglacial
debris on ablation, and hence mass balance, is important.

CONCLUSIONS
We have carried out the first laboratory experiments
comparing ablation from bare ice with that from debris-
covered ice, investigated the effects of debris permeability
and of rainfall, and suggested on this basis that variations in
diurnal cyclicity contribute significantly to the known global
distribution of critical thickness (a surrogate for the insulat-
ing effect of debris).

We conclude that:

1. The strength of the diurnal cycle plays a significant role
in controlling the rate of melting beneath debris:

in the absence of diurnal variability of radiation, the
primary role of debris cover is to delay the onset of
steady ice surface melting; once melting rates stabilize,
the debris has no further significant effect;

under cyclic diurnal radiation, a long-term reduction in
ablation rate occurs, and the degree of reduction is
controlled by the debris-cover thickness.

2. The effect of rainfall on ice ablation under debris
depends both on diurnal cyclicity and on the permea-
bility of the debris cover:

high-permeability thin supraglacial debris cover accel-
erates ablation from the ice surface to a similar degree to
that from clean ice under rainfall;

rock-avalanche debris is relatively impermeable and
under particular conditions can dramatically reduce
ablation rates with daily rainfall.

3. Ice-surface ablation rates are conditioned by debris cover
due to variations in diurnal cycle intensity and thus
geographical location because:

debris cover retards ice-surface ablation when its
thickness exceeds the critical thickness for a given
glacier;

the critical thickness generally decreases with increasing
latitude and with increasing elevation.

4. The effect of debris cover on the mass balance of a
glacier depends on the permeability and dimensions
(thickness and proportion of ablation zone covered) of
the deposit together with the diurnal-cycle amplitude at
the particular location.

5. Understanding the role of supraglacial debris on mass
balance is crucial in distinguishing terminal moraines
which reflect climatic change from those caused by
debris-cover induced advance.
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Röhl, K. 2008. Characteristics and evolution of supraglacial ponds
on debris-covered Tasman Glacier, New Zealand. J. Glaciol.,
54(188), 867–880.

Sharp, R.P. 1949. Studies of superglacial debris on valley glaciers.
Am. J. Sci., 247(5), 289–315.

Shulmeister, J., T.R. Davies, D.J.A. Evans, O.M. Hyatt and
D.S. Tovar. 2009. Catastrophic landslides, glacier behaviour
and moraine formation: a view from an active plate margin.
Quat. Sci. Rev., 28(11–12), 1085–1096.

Slaymaker, O. and R.E.J. Kelly. 2007. The cryosphere and global
environmental change. Malden, MA, Blackwell Publishing.

Tangborn, W. and B. Rana. 2000. Mass balance and runoff of the
partially debris-covered Langtang Glacier, Nepal. IAHS Publ.
264 (Symposium at Seattle 2000 – Debris-Covered Glaciers),
99–108.

Yamaguchi, S., T. Matsumoto, T. Sawagaki, Y.D. Murav’yev,
A.A. Ovsyannikov and R. Naruse. 2000. Glaciological research
of Bilchenock Glacier in Kamchatka, 1998. Bull. Glaciol. Res.,
17, 43–50.

Yamaguchi, S., T. Sawagaki, T. Matsumoto, Y.D. Muravyev and
R. Naruse. 2007. Influence of debris cover on ogive-like surface
morphology of Bilchenok Glacier in Kamchatka. Arct. Antarct.
Alp. Res., 39(2), 332–339.

MS received 5 October 2009 and accepted in revised form 19 April 2010

Reznichenko and others: Effects of debris on ice-surface melting rates394



275 
 

 
 
 
 
 

Appendix B 
  
 
 
 
 
Reznichenko, N.V., Davies, T.R.H. and Alexander, D.J., 2011. Effects of rock 
avalanches on glacier behaviour and moraine formation. Geomorphology, v. 132, 
is.3-4, p. 327-338. 
 
This paper is the outcome of Chapter 4 and 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Geomorphology 

Volume 132, Issues 3–4, 15 September 2011, Pages 327–338 

 

Effects of rock avalanches on glacier behaviour and moraine formation 

 Natalya V. Reznichenkoa, , ,  

 Tim R.H. Daviesa,  

 David J. Alexanderb 

 a Department of Geological Sciences, University of Canterbury, Private Bag 

4800, Christchurch, New Zealand  

 b School of Geography, Planning and Environmental Management, University of 

Queensland, QLD 4072, Brisbane, Australia 

 Received 10 January 2011. Revised 24 May 2011. Accepted 25 May 2011. 

Available online 1 June 2011. 

 http://dx.doi.org.ezproxy.canterbury.ac.nz/10.1016/j.geomorph.2011.05.019,  

 

Abstract 

Although large rock avalanches are infrequent, sediment production in active orogens is dominated by 

such events, which may strongly influence geomorphic processes. Where rock avalanches fall onto 

glaciers, they may affect glacier behaviour and moraine formation. We outline the processes of rock 

avalanche initiation and motion, and show that supraglacial deposits of rock avalanche debris have 

distinct sedimentological and thermal properties. Laboratory experiments on the effects of such debris 

on ice ablation are supplemented by field data from two rock avalanches in the Southern Alps, New 



Zealand. Their effects are compared with those of the thinner supraglacial debris that results from 

small rockfalls and melt-out of englacial debris. Implications of rock–avalanche debris cover for glacier 

behaviour are explored using a mass-balance model of the Franz Josef Glacier in New Zealand, 

demonstrating a likely supraglacial rock avalanche origin for the Waiho Loop moraine, and 

considering the potential hazard of a large rock avalanche onto the present-day glacier. 

 

Highlights 

► We summarised the knowledge of rock avalanche initiation and runout onto glaciers. ► The rock 

avalanches effect on ice-surface ablation is compared with melt-out debris. ► These effects are 

studied on two modern rock avalanches on glaciers, Southern Alps. ► Resultant effects on glacier 

mass balance, its dynamic and deposition are determined. ► The Franz Josef Glacier used as an 

example of hazard and paleoclimatic implications. 
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Influence of rock avalanches upon the formation of moraines and their subsequent 
palaeoclimatic interpretation: a critical appraisal.  
 
Reznichenko, N.V.; Davies, T.R.H.; Shulmeister, J.; Winkler, S.  
with 4 figures 
 
 
Abstract 
We provide a critical appraisal of the impact of rock avalanches on the formation of moraines, 
and implications for their subsequent palaeoclimatic interpretation. First we present a 
conceptual model of how rock avalanche deposits could influence moraine formation by 
mountain glaciers during the Holocene, followed by a brief literature review on empirical 
studies that may reveal evidence of this influence. We summarise results from our own work 
addressing the possible influence of rock avalanches on glaciers in the Southern Alps of New 
Zealand. From analysis of available techniques for definite indication of which moraines are 
suitable for paleoclimatic interpretation, we suggest that future approaches must include 
microsedimentological studies. This is the basis for futures strategies to resolve the potential 
uncertainties in palaeoclimatic interpretations of moraines in tectonically active mountain 
ranges. 
 
Keywords 
Moraine formation, rock avalanches, mass balance, microsedimentology, palaeoclimate 
interpretations  
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1. Introduction  
 
The value of mountain glaciers as high-resolution archives of past and present climate 
information has been acknowledged widely during recent years (e.g. IPCC 2007, WGMS 
2008, WINKLER ET AL. 2010). Accurate reconstruction of Holocene glacier chronologies is 
crucial for understanding global climate dynamics and for developing realistic climate-change 
scenarios. It also appears to be a reliable way of testing and calibrating glacier models before 
they are applied to predict changes in glacier mass, volume and length as a consequence of 
future climate change scenarios. Such predictions are of importance for developing strategies 
for sustainable development and natural risk management in many high mountain regions 
(DIKAU ET AL. 2002, HUBER ET AL. 2005).  
 
Furthermore, the comparative analysis of Holocene glacier chronologies is a key way to 
investigate spatial and temporal patterns of past climate changes. Such studies are urgently 
needed to distinguish global from intra-hemispheric atmospheric circulation patterns acting as 
drivers of glacier behaviour. Although significant  progress has been made in this field over 
the past two decades (cf. DAVIS ET AL. 2009), timing of glacier variations remains a critical 
issue due to the need for spatial differentiation of glacier response to climate changes, varying 
timescales of glacier response, and varying levels of resolution achievable with different 
dating techniques (WINKLER & MATTHEWS 2010a). Because the reconstruction of 
Holocene glacier chronologies often relies entirely on dating and palaeoclimatic interpretation 
of moraine sequences and related landforms (SHULMEISTER ET AL. 2010), any 
uncertainties about the origin of the landforms will automatically be incorporated into such 
chronologies. 
 
The Southern Alps of New Zealand are a key site for the study of Holocene glacier history. 
They are one of the few mid-latitude Southern Hemisphere glaciated mountain regions, thus 
are crucial for comparing glacier variations between the Northern and Southern hemispheres 
(and any subsequent climatologic interpretation). However, the Southern Alps are also located 
on an active plate margin in a highly dynamic geomorphologic environment characterized by 
frequent large-scale mass movements such as landslides and rock avalanches 
(WHITEHOUSE 1983, WHITEHOUSE & GRIFFITHS 1983, WHITEHOUSE & PEARCE 
1992, MCSAVENEY 2002, KORUP 2004). A prominent example of how these large-scale 
mass movements affect moraine formation and subsequent palaeoclimatic interpretation is the 
Waiho Loop of Franz Josef Glacier, Westland. This Late-Glacial moraine loop has for a long 
time been subject of a controversial discussion about whether or not glaciers in New Zealand 
advanced during the (Northern hemisphere) Younger Dryas (cf. DENTON & HENDY 1994, 
IVY-OCHS ET AL. 1999, BARROWS ET AL. 2008, APPLEGATE ET AL. 2008) (Fig.1). In 
addition to this discussion of dating techniques and their actual meanings, TOVAR ET AL. 
(2008) and SHULMEISTER ET AL. (2009) recently presented evidence that clasts in this 
moraine comprises debris originating from a big rock avalanche onto the glacier. Since it is 
likely that this rock avalanche would have affected glacier dynamics, and moraine formation 
the Waiho Loop can no longer be utilised as reliable tool for palaeoclimatic interpretation 
without acknowledging the uncertainties associated with the effects of this rock avalanche.  
 
Due to the frequent occurrence of rock avalanches in the Southern Alps, it seems very 
unlikely that the Waiho Loop is unique in this and similarly tectonically active environments. 
On the contrary, as rock avalanches have been deposited on glacier surfaces recently (see 
discussion below), one must assume that the possibility of such impacts can never be 
excluded a priori in interpreting moraines in a palaeoclimatic context in the Southern Alps 
and other tectonically active mountains ranges. However, the potential influence of rock 
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avalanches on moraine formation (as well as on glacier dynamics) has not yet been properly 
investigated. 
 
 

Fig. 1. The oblique view of the Waiho Loop moraine, West Coast of South Island, New 
Zealand. Photo taken at March, 2007.  
 
In this study, therefore,  we aim to (i) present some theoretical considerations on how rock 
avalanches deposits could influence moraine formation by Holocene mountain glaciers, (ii) 
investigate how existing reports possibly reveal evidence of these considerations, (iii) 
summarise work already done in the Southern Alps of New Zealand to address the possible 
influence of rock avalanches on moraine characteristics, and finally (iv) develop strategies for 
resolving these uncertainties in the palaeoclimatic interpretation of moraines in tectonically 
active mountain ranges. 
 
 
2. Influence of rock avalanches upon moraine formation – a conceptual approach 
 
In order to better understand the impact of rock avalanche deposits on moraine formation, we 
first will approach this question from the stand-point of glacial geomorphology. As we want 
to focus on the glaciers in the Southern Alps of New Zealand, we consider only mid-latitude 
Holocene mountain glaciers.  
 
Firstly, we must clearly distinguish between moraines at different positions relative to the 
glacier margin, because terminal, and lateral moraines differ in their modes of formation. 
Terminal moraines of mid-latitude mountain glaciers fall broadly into two major groups; 
thrust moraines (proglacial glacitectonic landforms) and push/squeeze moraines (BENN & 
EVANS 2010). As thrust moraines and glacitectonic processes are often (although not 
necessarily) associated with permafrost conditions at the terminal glacier margins (cf. 
BENNETT & GLASSER 2009, BENN & EVANS 2010 etc.), these are assumed to be of low 
relevance in our case, because, the present and (assumed) Holocene frontal positions of most 



294 
 

New Zealand glaciers are at low elevations and latitudes. Permafrost and cold-based frontal 
marginal conditions can, therefore, in general be excluded with the possible exception of a 
few small high-altitude glaciers. Thus we will restrict our focus to the quite heterogeneous 
group of push moraines. 
 
In detail, the formation of push moraines involves a range of individual processes. Ice pushing 
or bulldozing is perhaps the most widespread, and necessarily related to an advancing glacier 
front. This advance need not be of long duration; short-term readvances or even seasonal 
advances can produce terminal moraines indistinguishable from those of multi-year advances 
(cf. WINKLER & NESJE 1999, WINKLER & MATTHEWS 2010b). Another process 
occasionally involved in the formation of push moraines by ice pushing is ice-marginal 
squeezing (EVANS & HIEMSTRA 2005). There are numerous examples of push moraines 
being formed over a multi-year period at stationary glacier front positions. Freezing-on of 
subglacial sediment slabs and an incremental built-up of moraine ridges by during seasonal 
oscillating have been reported e.g. by (KRÜGER 1985 ff., MATTHEWS ET AL. 1995, 
WINKLER 1996).  These are unlikely to be important in low elevation mid-latitude settings 
like New Zealand where freeze-on will be minor or absent. 
 
A specific problem for the preservation of terminal moraines in New Zealand is the very large 
year-round discharges from the glacial river systems, which severely affects the preservation 
potential of terminal moraines. In many cases only the moraine from the most recent season is 
preserved. 
 
An important effect of rock avalanche deposits on moraine formation is that they will add a 
very large volume of supraglacial debris (compared to volumes from other sources) to the 
glacier transport and debris cascade system (cf. WINKLER 2009, BENN & EVANS 2010). 
Except when such deposit on a highly crevassed section of a glacier and some can enter the 
low-level englacial or subglacial transport paths, this plentiful debris will be transported either 
entirely supraglacially (if the deposit occurred below the glacier equilibrium line altitude 
(ELA)) or, if emplaced above the ELA, debris will enter the higher-level englacial transport 
paths with consequent redistribution and eventual melt-out in the ablation zone. As a result of 
the supraglacial debris depth and composition, the debris-covered ice surface is likely to 
reduce in elevation more slowly due to reduced ablation (REZNICHENKO ET AL. 2010), 
and to alter the geometry of the glacier surface as the debris is transported down-glacier. As a 
result, large quantities of supraglacial debris will move to the frontal margins of the glacier 
and potentially (see below) be deposited there by dumping. 
 
Recent observations have revealed that dumped supraglacial debris can be present in push 
moraines at mountain glacier termini (e.g. Karakoram: HEWITT 1967; Rofenkarferner, 
Ötztal/Austria: WINKLER 1996; Storjuvbreen, Jotunheimen/Norway: WINKLER & 
MATTHEWS 2010b; Fox and Franz Josef Glaciers, Southern Alps/New Zealand: BROOK & 
WINKLER 2011). In all those cases, supraglacial debris (not originating from individual rock 
avalanches) was dumped on the marginal glacier foreland and later incorporated in the 
moraine ridge either by ice-push and/or by covering the surface of a push moraine ridge being 
formed simultaneously. The relative volume of the ‘push’ and the supraglacial ‘dump’ 
components will vary depending on the activity of the ice front and the volume of supraglacial 
materials available for incorporation. The occurrence of such dumping with terminal push 
moraine formation will result in a distinctively higher percentage of angular (and very 
angular) clasts compared to push moraines without this component. As the sedimentology of 
moraines primarily formed by ice pushing is sensitive to the character of the proglacial 
material affected, a possible confounding factor would be a glacier advancing over previously 
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emplaced rock avalanches deposits. If dump materials are deposited simultaneously with the 
ice push it would be expected that there will be rough segmentation into an upper dump 
component and a lower push component and this may help to identify true supraglacial 
contributions. 
 
In a setting with large volumes of free water available such as the lowland reaches of modern 
or former New Zealand glaciers where the glacier was advancing through its own outwash, 
the core of the moraine may actually be dominated by steep fronted ice-contact debris-flow 
fans (EVANS ET AL. 2010). As with thrust moraines, there is evidence of glaciotectonic 
deformation of the fan beds but it is often weak and localised.  
 
Returning to push moraines, it should be noted, that the modern observations were made 
during climate-driven glacier advances or seasonal glacier front oscillations at stationary 
glacier fronts. No process of terminal moraine ridge formation has yet been postulated for 
highly debris-covered glaciers in a stage of retreat without considerable seasonal front 
oscillations, (cf. BENN ET AL. 2005, BENNETT & GLASSER 2009, BENN & EVANS 
2010). By contrast, these marginal landsystems are characterised by ablation moraines, 
glaciofluvial depositional features and hummocky moraines rather than distinct moraine 
ridges or in a New Zealand setting often by no moraine preservation at all.   
 
Glaciers trapped behind outwash fan heads, can and do hold terminal positions for extended 
periods of time. Prior to the rapid calving from the 1980-90s due to the proglacial lake 
formation (WARREN & KIRKBRIDE 2003) the Tasman Glacier at Aoraki/Mt. Cook held a 
virtually stable margin for over a hundred years (SPEIGHT 1940, KIRKBRIDE 2000). This 
sort of stable margin might assist the construction of a rock avalanches enhanced moraine as 
supra-glacial material could be contributed to the moraine over decades. The issue of long-
term moraine preservation is still problematic and is more likely in a relatively unconstrained 
setting likely the Waiho Loop than in a confined setting such as the Tasman Valley. 
 
With lateral moraines, the identification of possible rock avalanche impact on moraine 
formation requires a more sophisticated sedimentological and morphological approach. 
Typical lateral moraines at mountain glaciers (Alpine-type lateral moraines following the 
classification of WINKLER & HAGEDORN 1999) are mainly formed by dumping of 
supraglacial debris (cf. HUMLUM 1978, BOULTON & EYLES 1979, SMALL 1983, 
SMALL ET AL. 1984, WINKLER & HAGEDORN 1994, 1999, BENN & EVANS 2010). 
Like frontal moraines, there will be no change in the process of lateral moraine formation if a 
surplus of supraglacial debris originating from a rock avalanche event is added to the glacier 
transport system. It will be dumped in the same way as “normal” supraglacial debris 
(passively transported rockfall or meltout material – BENN & EVANS 2010). Here we note 
that the ‘normal’ supraglacial debris cover often originates, not only from melt-out debris, but 
also from small-scale but high-frequency mass movements that can create continuous 
supraglacial cover (WINKLER 2009), the angularity of whose clasts may be indistinguishable 
from those of rock avalanche deposits. If the supraglacial debris cover is thin, meltwater on 
the glacier surface might potentially remove fines; in addition, rock avalanches which form 
thicker supraglacial deposits originally contain a very much higher percentage of fines 
(MCSAVENEY & DAVIES 2007). Furthermore, the micro-morphology of the fines in rock 
avalanche deposits will be different due to the environment (high stress and high strain-rate) 
during the emplacement of rock avalanches (REZNICHENKO ET AL. 2011).  
 
As different morphological types of lateral moraines (accretion-mode, superposition-mode; cf. 
RÖTHLISBERGER & SCHNEEBELI 1979, WINKLER 2009) have been recognized, 
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morphological criteria for detecting the presence of rock avalanche deposits on their 
formation need correspondingly different approaches. Supraglacial debris availability for 
dumping explains e.g. asymmetrical dimensions and different types of lateral moraines at an 
individual glacier (OSBORN 1978, MATTHEWS & PETCH 1982 etc.). Breach-lobe 
moraines intersecting lateral moraines (DELINE 1999, KIRKBRIDE 2000) could be an 
additional indication, but again not a definitive one (BENN ET AL. 2005). Of course, lateral 
moraines and their sedimentology can be influenced e.g. by different slope processes on the 
adjacent valley flanks (cf. BENN & EVANS 2010) or by interaction with glaciofluvial 
deposition (ITURRIZAGA 2001). But this applies to all lateral moraines - those potentially 
influenced by rock avalanche event and those not.     
 
Moraine formation results from glacier dynamics and, therefore, cannot be considered 
separately from the glaciological context. Investigation of the impact of rock avalanche 
deposits on moraine formation would therefore be incomplete without considering the 
potential impact of such a deposit on the glacier dynamics. However, this field is at present 
insufficiently well understood to be dealt with herein. Apart from the well-established and 
frequently reported fact that a thick debris-cover reduces surface ablation (cf. CUFFY &  
PETERSON 2010), the determination of any further effect of rock avalanche deposits on the 
actual glacier mass balance, glacier flow and front behaviour requires much more empirically 
measured, experimental and modelled data than are available today. Glaciological modelling 
of glacier response to climate variations has made remarkable progress in the past 2 decades 
(cf. BAMBER & PAYNE 2004, MACHGUTH ET AL. 2006, MARSHALL 2006, JOUVET 
ET AL. 2008, 2009), but the call for an international initiative to compare all existing glacier 
models for validation purposes (Johannes Oerlemans, personal communication)  reveals that 
this field is very complex. Recent attempts have been made to model the impact of a rock 
avalanche deposits on glacier behaviour at specific glaciers (VACCO ET AL. 2010, 
ALEXANDER ET AL. 2011), but these cannot yet be considered robust due to lack of 
adequate glaciological validation. The impact of rock avalanche deposits on glacier behaviour 
depends on local factors such as the size of the event relative to the glacier size, its location 
(above/below equilibrium line, or both), and the state (mass balance situation) of the glacier 
prior to the event (cf. DELINE 2009). The general tendency to avoid – if possible – using 
debris-covered glaciers in studies of glacier-climate relationships (WGMS 2008, WINKLER 
ET AL. 2010) underlines these difficulties. Thus, in this article, we focus on identifying 
moraine characteristics resulting from supraglacial rock avalanche deposits without involving 
glacier dynamics. 
 
 
3. Influence of rock avalanche deposits upon moraine formation – a brief review 
 
Apart from more general studies on the effect of debris on surface ablation, and on special 
glacial geomorphological processes at highly debris-covered glaciers, there is also an 
increasing number of studies directly addressing the impact of rock avalanches upon glaciers 
and moraine formation. These can broadly be classified into two groups: (i) direct 
observations of rock avalanches on glaciers and their impact and (ii) re-interpretations of 
landforms - formerly recognised as moraines or related glacial deposits - as rock avalanche 
deposits or, at least, rock-avalanche-influenced glacial deposits. Among the latter are 
examples of rock avalanches in the Karakoram Himalaya (HEWITT 1999, HEWITT ET AL. 
2008), the European Alps (RÖTHLISBERGER 1969, OROMBELLI & PORTER 1988, 
DELINE & KIRKBRIDE 2009, IVY-OCHS ET AL. 2009, PRAGER ET AL. 2009) and 
Southern Alps of New Zealand (MCCOLL & DAVIES 2011) that previously had been 
assumed to constitute moraines.  
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We now consider these classes in turn. 
(i) 
There are many recent observations of rock avalanches onto glaciers (e.g., POST 1967, 
MCSAVENEY 1978 2002, GORDON ET AL. 1978, EVANS & CLAGUE 1988, 
LIPOVSKY ET AL. 2008, DELINE 2009, HEWITT 2009, JISKOOT 2011). However, only 
recently has the question of debris supply to glacier systems by rock avalanches and their 
contribution to moraine formation been addressed (PORTER 2000, LARSEN ET AL. 2005, 
SHULMEISTER ET AL. 2009). Whereas some studies suggest a contribution and influence 
of rock avalanches on moraine formation (DELINE 2009), others postulate that moraine 
formation is entirely caused by such events and recognise a “non-climatic” moraine formation 
independent of the glacier’s mass budget situation (RÖTHLISBERGER 1969, OROMBELLI 
& PORTER 1988, HEWITT ET AL. 2008). There remains a lack of empirical and theoretical 
studies on the mechanisms of moraine formation as most researches focus on the potential 
impact on the glacier dynamics, i.e. possible advances triggered by these events and advances 
coinciding with rock avalanche events (e.g., PORTER & OROMBELLI 1981, GARDNER & 
HEWITT 1990, DELINE & KIRKBRIDE 2009, HEWITT 2009). However, historical cases 
of recently supraglacially emplaced rock avalanches (JIBSON ET AL. 2006; LIPOVSKY ET 
AL. 2008) that in future could result in the moraines formation will potentially contribute to 
understanding of these processes.   
 
(ii) 
The identification of rock avalanches in these studies is primarily based on sedimentological 
approaches; this is not surprising as the geomorphology of the depositional landform 
previously led to its classification as moraine. Sediment originating from rock avalanches 
should exhibit a homogeneous lithology matching that of the potential source area. Unless the 
lithology of the entire glacier catchment is fairly uniform, climatically-formed moraines 
should reflect the mixture of the lithologies of the catchment as distributed by the glacier 
transport system (HEWITT 1999). Based on its monolithology and high angularity, 
OROMBELLI & PORTER (1988) linked a moraine at Triolet Glacier to a rock avalanche. 
Similarly, TOVAR ET AL. (2008) demonstrated that the sediments in the Late-Glacial Waiho 
Loop at Franz Josef Glacier must originate from the rock avalanche because of the dominance 
of angular clasts of a specific rock type found only in the upper part of the catchment.  
 
Rapid comminution under high stress conditions during rock avalanche emplacement 
(MCSAVENEY & DAVIES 2007) results in specific internal sediment characteristics, such 
as matrix-dominated coarse clastic diamicts with individual clasts of up to several tens of 
metres sizes, angular or very angular grain shapes, unsorted sediment bodies, and low 
permeability due to large quantities of the fine silt-clay fraction (REZNICHENKO ET AL. 
2010), often with a coarse carapace on the surface. The facies are characterised by tightly 
interlocking matrix grains, imbrications and impact fracturing of megaclasts (HEWITT 1999, 
DUNNING 2004) with distinctive deformation structures, such as jigsaw breccia and mosaics 
of clasts (LAZNICKA 1988, KARIYA ET AL. 2011). However, grain size analysis alone is 
not regarded as useful tool for the identification of such deposits, mainly due to 
inconsistencies in the particular analysis methods, dispersing techniques and equipment 
(WILSON ET AL. 2005). During its emplacement, rock avalanche material is rarely mixed 
with the underlying substrate (YARNOLD & LOMBARD 1989, ABBOT ET AL. 2002) and 
usually the contact with buried soil can be traced (SMITH ET AL. 2006), whereas glacial 
advance includes incorporation, bulldozing or pushing of the substrate material available in 
the valley (see part 2).  Additionally, dates obtained for boulders and buried trees and soils in 
comparison with landforms of known age could support the rock avalanche origin of a 
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particular landform (OROMBELLI & PORTER 1988, DELINE & KIRKBRIDE, 2009, IVY-
OCHS ET AL. 2009, KARIYA ET AL. 2011).  
 
Thus, landform genesis based on its sedimentology can be ascertained from sediments with, 
of course, some uncertainties. For example, a site at the Macaulay river, Southern Alps, NZ, 
that comprises an early Holocene bouldery deposit that overran a vegetated alluvial terrace, 
has been several times re-interpreted as of glacial or slope process origin by its 
geomorphology, sedimentology and 14C dating of the buried organics (GRANT-TAYLOR & 
RAFTER 1971, BURROWS 1972, BECK 1972, MCSAVENEY & WHITEHOUSE 1989). 
MCSAVENEY & WHITEHOUSE (1989) used morphologic evidence, such as the morainic 
topographic surface of the deposit slopes and lack of rock avalanche diagnostic features, to 
show that the overlying deposit is of glacial origin, whereas recent geomorphological and 
topographical re-assessment by PUTNAM ET AL. (2010b) concluded that the deposit is the 
result of a large debris flow.   
 
Among several attempts to distinguish rock avalanche deposits from moraines (HEWITT 
1999, MCSAVENEY 2002, DELINE 2009) the most reliable technique is based on the 
microsedimentology of rock avalanche material that is uniquely characteristic of its 
production under conditions of high stress and high strain rate (REZNICHENKO 2011). The 
conditions during the rapid fall and runout of a rock avalanche (lasting several minutes, 
travelling at speeds up to hundreds of m/s and for distances in the order of 10 km, HEWITT 
1999, MCSAVENEY 2002) produce a high proportion of extremely finely crushed material 
comprising agglomerations of clay- to silt-size clumps. These clumps are quite resistant to 
sieving and disaggregation and are composed of many smaller (down to nanometer scale) 
largely sub-angular microclasts of the parent material lithology. Such agglomerations appear 
to be generated only under these conditions, and persist in deposits for thousands of years 
(REZNICHENKO 2011). The presence of agglomerations in significant quantities in the fine 
fraction of moraines in tectonically active terrains is thus evidence that these moraines contain 
a significant proportion of rock avalanche debris, and are therefore likely to have been 
influenced by that debris. The proposed method is unique and definite in results; however, the 
main constraint in using it is lack of available outcrops in moraines, and their 
representativeness. Morphologically these moraines will be similar to climatically-generated 
ones. Therefore, the correct interpretation of moraines can be achieved by sedimentological 
description based on understanding of the formation processes of rock avalanche- and 
climatically–induced moraine formation, and supported by evidence of the sediment genesis 
based on microsedimentology. 
 
In the majority of studies the identification of rock avalanche deposits were supported by 
geomorphological evidence. Detachment scars will usually be preserved for thousands of 
years (TURNBULL & DAVIES 2006, TOVAR ET AL., 2008, MCCOLL & DAVIES, 2011) 
and, unless the travel path and runout zone was entirely on a glacier surface, 
geomorphological evidence like boulder lobes should have been preserved (STROM 1998, 
HEWIT 1999, OWEN ET AL. 2010). As mentioned earlier, the morphology of the 
depositional landforms created by rock avalanches share many characteristics of glacial 
landforms, and post-depositional processes could further complicate the morphology. 
Nevertheless, moraine size (compared to normal glacial features), a thickening against the 
impact slopes, and topography-confined and substrate-induced forms may be used to indentify 
rock-avalanche deposits (cf. HEWITT 1999). The mismatch between the elevation of such 
forms and former glacier surfaces, and steeper slope angles, could be further significant 
indicators (HEWITT 2002). However the morphology of a moraine formed as a result of a 
rock avalanche deposit on a glacier is largely indistinguishable from the morphology of other 
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moraines (OROMBELLI & PORTER 1988; HEWITT, 1999; TOVAR ET AL 2008; DELINE 
2009), so only the sedimentological approach remains reliable. However, an unusually large 
and steep terminal moraine at a particular glacier and the dominance of dumped supraglacial 
debris was used by DELINE (2009) to indicate a rock avalanche contribution. It certainly 
helps if some remnants of the event are preserved adjacent to the glacier (HEWITT 2002). 
    
 
4. Influence of rock avalanches upon moraine formation with some examples from New 
Zealand  
 
Supraglacially-emplaced rock avalanches modify glacier mass balance primarily because 
thick debris-cover acts as an insulator, causing reduction of ablation (e.g., ØSTREM 1965, 
NAKAWO & YOUNG 1981, BOZHINSKIY AT AL. 1986, NICHOLSON & BENN 2006). 
This effect was investigated under controlled laboratory conditions (REZNICHENKO ET AL. 
2010) to eliminate environmental noise and understand the physical process associated with 
various debris thicknesses and properties, and radiation inputs. The insulation effect of 
supraglacial rock-avalanche debris under diurnally-cyclic radiation suppresses ablation very 
effectively due to its minimum thickness of 1-2 metres and the composition of the sediment 
with very high percentages of fine (clay size) particles (MCSAVENEY & DAVIES 2007, 
REZNICHENKO 2011). The protection of the underlying ice from melting, in comparison 
with adjacent clear or thinly-debris-covered ice, causes the characteristic platform of ice up to 
30-50 metres in thickness capped with rock avalanche deposit observed on glaciers (Fig. 2).  
 
 

Fig. 2. The oblique view of the Beatrice rock avalanche on the ablation zone of the Hooker 
Glacier, Aoraki/Mt. Cook National Park, Southern Alps of New Zealand. Photo taken at 
December, 2010. 
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The degree to which the deposit suppressed the total ablation of a glacier depends on the 
volume of the rock avalanche and the proportion of the ablation zone covered by the deposit 
(the minimum of > 10% coverage can affect the glacier behaviour; SHULMEISTER ET AL, 
2009; REZNICHENKO ET AL, 2011). Firstly, if the deposit is small it would be reworked by 
the glacier ice flow and the resultant deposit will contribute to en- and supraglacial debris 
transportation. Several rock avalanches onto the large glaciers in Alaska after the 1964 Great 
Alaskan Earthquake were small in comparison with the glacier ablation zone areas and 
eventually become entrained by the glacier flow and incorporated into the medial moraines 
(Fig.3). 
 
 

Fig. 3. The small rock avalanche changes on ablation zone of Schwan Glacier, north-central 
Chugach Mountains, Alaska, after the emplacement, 1964 by A. Post (left), and after more 
than 20 years the deposit entrained into the glacier ice flow, photograph by Bruce F. Molnia, 
USGS. 
 
Secondly, the occurrence of a small rock avalanche that is not large enough to cover > 10% of 
the ablation zone will affect mass balance of the glacier only locally, but the glacial flow will 
be unable to disperse the deposit totally before it reaches terminus. The supraglacial deposit 
will protect ice from melting and, eventually, the elevated deposit will be brought by glacier 
flow to the terminus. These deposits usually do not have significant effects on glacier 
behavior; however, their sediment delivery to the glacier system may be equivalent to many 
years of conventional delivery, so the resulting moraines may be prominent. Numerous recent 
rock avalanches in the Southern Alps are examples of this. In the Aoraki/Mt. Cook area since 
the 1950s more than 20 rock avalanches deposited on glaciers (ALLEN ET AL. 2011). The 
deposit of the 1991 Aoraki/Mt. Cook rock avalanche (estimated volume about 11.8±2.4 x 106 
m3, MCSAVENEY 2002) contributed several decades-worth of sediment delivery to the 
Tasman Glacier, but the mass balance change occurred only in the area of the deposit and had 
no effect on the 10 km-distant glacier terminus calving rapidly into its proglacial lake 
(QUINCEY & GLASSER 2009) (Fig. 4). The 2004 Mt. Beatrice rock avalanche (estimated 
volume about 1.4-2 x 105 m3, REZNICHENKO ET AL. 2011) onto the Hooker Glacier is 
another example that affected only the local glacier mass balance. Because the Mt. Beatrice 
and Aoraki/Mt. Cook rock avalanches covered 1% and less than 4% of the ablation zones 
respectively, no noticeable change of glacier behaviour occurred. Several rock avalanches 
from Mt. Vampire onto the Mueller Glacier resulted in multiple and often superposed deposits 
on its surface (COX ET AL. 2008), and possible remnants of earlier similar events can be 
seen at the modern terminus of the glacier. In the Aoraki/Mt. Cook area this type of event has 
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occurred every 10 to 50-100 years (COX ET AL. 2008; ALLEN ET AL. 2011); with a stable 
terminus position, these deposits will reach the terminus and eventually dump or stagnate 
there contributing to a large moraine.  
 
 

Fig. 4. The modified by the Hoschtetter iceflow 1991 Aoraki/Mt. Cook rock avalanche at the 
Aoraki/Mt. Cook National Park, Southern Alps of New Zealand. Photo taken at June, 2010.   
 
In third case, the rock avalanche deposit covers a large enough proportion of the ablation zone 
to change the total glacier mass balance significantly, causing glacier behavior to change 
noticeably; when it reaches the terminus it could cause formation of a non-climatic terminal 
moraine. Among historical examples are the Triolet, Brenva, Bualtar Glaciers (PORTER & 
OROMBELLI 1981, BARLA ET AL. 2000, HEWITT 2009), where in New Zealand Waiho 
Loop moraine, Southern Alps, was identified as the result of such event in the past (TOVAR 
ET AL. 2008). All these glacier mass balances were altered and the rock avalanche material 
was eventually deposited at the front of the glacier. The type of glacier response to the 
deposit, such as cessation or slowing of retreat, or re-advance, or surge, depends on the glacier 
regime, configuration and rock avalanche relative size and location; and as noted above, the 
type of response is likely to affect the type of moraine formed. Hence, these require further 
investigations.        
 
It is likely that if a rock avalanche-triggered advance occurred in the distant past the 
depositional evidence would be removed by subsequent advances. As for moraines formed 
due to climate change, rock avalanche triggered moraines reflect the most recent margin 
(terminal position) of the glacier, since the glacier has not subsequently overrun it. Therefore, 
only the youngest moraines, rather than those of the whole Holocene, will be preserved 
(KIRKBRIDE & BRAZIER 1998). However, the frequency of such events in historic times 
suggests that rock-avalanche-driven moraines were formed often in the past, and it is likely 
that some present-day moraines previously assumed to result from climate cooling could have 
been formed by rock avalanches. 
 



302 
 

In Southern Alps of New Zealand there are many moraine ridges whose origins could be 
questioned. The Waiho Loop terminal moraine of the Franz Josef Glacier has received much 
attention in attempts to correlate it to the northern hemisphere Younger Dryas (YD) event 
(DENTON & HENDY, 1994) or to the Antarctic Cold Reversal (ACR) about 13,000 BP 
(PUTNAM ET AL. 2010a). TOVAR ET AL. (2008) by contrast attributed the moraine 
formation to a catastrophic rock avalanche; such events must be common in this seismically 
active area (LARSEN ET AL. 2005). The moraine could be the result of an advance resulting 
from significant ablation reduction due to the large rock avalanche deposit on its surface, or 
the moraine could have been formed without significant advance by the glacier, with a fixed 
position of the terminus during the deposition of the bulk of the supraglacial rock avalanche 
deposit (EVANS ET AL. 2010). SHULMEISTER ET AL. (2009) provide evidence of a rock 
avalanche in a Pleistocene moraine at nearby Gillespies Beach, which could have been 
deposited by the LGM extension of the Fox Glacier. Similar events must be common in areas 
like the Southern Alps. 
 
5. Discussion and recommendations for future work 
 
The conclusions that result from our theoretical approach alongside the outcome of the related 
literature review and our own studies in New Zealand (chapter 4) clearly reveal that there is a 
need for a critical appraisal of the impact of rock avalanches upon the formation of moraines, 
and the implications for reliable palaeoclimatic interpretation. In detail, there are different 
ways in which this impact might lead to potential misinterpretation of moraines. In all such 
cases, these potential misinterpretations occur if palaeoclimatic inferences are drawn from any 
(dated) moraines that are not entirely (or at least predominantly) the result of a climate-driven 
glacier advance or, in case of some types of moraines, a seasonally-oscillating stationary 
glacier front position. Especially in tectonically active regions, it seems very likely that rock 
avalanches contribute to the formation of moraines that do not reflect regional climate 
fluctuations. Additionally, any thick and widespread supraglacial debris cover originating 
from a rock avalanche will drastically decrease surface ablation within the affected area. If the 
area is large enough, the average total ablation of the glacier will be lowered and its net mass 
balance influenced. According to published models (VACCO ET AL. 2010, ALEXANDER 
ET AL. 2011) this effect can be strong enough to cause a glacier advance in a situation where 
a purely climate-driven glacier net balance would not support an advance. Therefore, there 
may be moraines that potentially might not “contain” any palaeoclimatic information at all; 
these need to identify and should be interpreted with caution. 
 
The essential requirement, therefore, is to detect those moraines potentially influenced by 
rock avalanches. Morphological criteria alone (e.g. unusually shaped frontal moraine ridges or 
multi-ridged, complex moraine systems) are not sufficient. The Waiho Loop at Franz Josef 
Glacier is an example of a terminal moraine that morphologically shows no characteristics 
(apart from size) that would indicate any influence by rock avalanches. A sedimentological 
approach is the only suitable way for any final indication (as the Waiho Loop has shown). The 
conventional techniques (degree of angularity, source of material etc. HEWITT 2009) need to 
be accompanied and improved by the microsedimentological methods described above, 
especially for glaciers with thin supraglacial debris cover. The degree of angularity of this 
debris might be comparable to that of deposits originating from rock avalanche events, but the 
microsedimentological properties will be distinctively different.  
 
Theoretical considerations clearly support possible rock avalanche-triggered overtopping of 
lateral moraines or the dumping emplacement of subsequent lateral moraine ridges. The 
overall increase in debris thickness and further decreases in surface ablation will cause the 
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glacier surface to rise above the previous elevation as the debris is transported down-glacier. 
Such a “bulge” in the glacier length profile might over-top the existing crest of a lateral 
moraine and dumping of supraglacial debris will cause a superposition-mode of lateral 
moraine formation. Such a situation could even result in the creation of “breached lobes” 
intersecting lateral moraines (BENN & EVANS 2010). Alternatively, if the pre-rock-
avalanche-event glacier surface was too low for the surface to reach the existing moraine 
crest, dumping of large quantities of supraglacial debris could form parallel lateral moraine 
ridges on the inner flank of the moraine complex as with the formation of accretion-mode 
lateral moraine systems. In all these cases, it would be crucial for any palaeoclimatic 
interpretation to distinguish the consequences of lateral dumping (from catastrophic mass 
slope failures) from those due to a glacier surface rise as part of a climate-driven advance of 
the glacier.  
 
At this stage, the major problem with the investigation of the potential impact of rock 
avalanches on moraine formation is the situation at the frontal margins. As long as the 
landforms created by the deposition of thick and extensive supraglacial debris can easily be 
identified by their morphology as former ablation moraines (e.g. irregularly shaped, 
hummocky moraine terrain with a high contents of coarse, angular material), the risk of 
palaeoclimatic misinterpretation will be low. In the classic German geomorphological 
terminology, the term “Bergsturzmoräne” (rock avalanche moraine) has been introduced for 
such deposits. A few of these deposits have later been identified as rock avalanches that have 
not been deposited on a glacier surface, but they had never been used for palaeoclimatic 
interpretation (e.g. as evidence of a climate deterioration). But if “typically”-shaped terminal 
moraine ridges (like the Waiho Loop) or multi-ridge moraine systems are related to rock 
avalanches based on clear sedimentological evidence, they must be terminal dump moraines, 
as dumping clearly is clearly the dominant process of moraine formation by supraglacial 
debris. In order to relate moraine formation to a rock avalanche-triggered advance without 
any climate impact, the most important task is to develop a mechanism of moraine formation 
that can create a well-defined ridge. Unfortunately, there are as yet no empirical studies that 
could be used as a sound basis for such a model; the traditional theories would rather expect a 
broad zone of hummocky moraine than a well-defined ridge to be built up, so are evidently 
inadequate. 
 
Another option is the build up by small-scale oscillations or seasonal advances during a 
period of more-or-less stationary glacier front position with a relatively steep and convex 
shaped glacier tongue. This model would, however require at least a minor climate-impact 
and would work best with a slightly positive net balance and considerable mass fluxes of ice 
towards the tongue. A rock avalanche would, thus, potentially substantially enhance the scale 
of deposition associated with minor (seasonal) climate fluctuations and thereby confound 
climatic interpretations. This still leaves some unanswered questions regarding the details 
mechanisms of moraine formation. 
 
Eventually, the formation of a terminal dump moraine ridge would be easier to explain if the 
rock avalanche supraglacial debris is already heavily compressed and concentrated in a small, 
but massive/thick band perpendicular to the glacier flow and deposited over a very short time 
periods. But this hypothesis seems very unlikely as no obvious mechanism would create such 
bands if larger sections of a glacier are covered. Small high-altitude cirque glaciers tend to 
exhibit very stable frontal margins if an existing moraine on the cirque sill acts as an obstacle 
for the glacier to advance further. Dumping of supraglacial debris could, in such cases, over 
long periods built up a considerable moraine ridge, eventually supported by an ice-core. But 
this model does definitely not work at low-altitude frontal margins at maritime temperate 



304 
 

glaciers with a high mass-turnover like e.g. Franz Josef Glacier. A two-step model comprising 
an initial stage of a highly debris-covered frontal dead or stagnant ice complex effected by a 
successive (strong) advance could cause the supraglacial debris to be pushed (or thrusted) up 
into a well-defined ridge. But apart from the fact that one would expect some related inner 
structures in the moraine, this moraine would also be critical for any palaeoclimatic 
interpretation.  
 
6. Conclusions  
 
It is clear that the use of moraines as palaeoclimatic indicators in tectonically active mountain 
systems could be improved by assured identification of those moraines potentially influenced 
by rock avalanches. Although no final identification methodology has emerged yet, the first 
step towards a solution is the sedimentological/microsedimentological approach which 
enables the definite identification of rock avalanche deposits present in a moraine. 
Morphological characteristics of the deposits and the appearance of scars might, in the first 
instance, help to identify moraines where this approach should be applied, but in general it is 
sensible to treat all moraines as potentially rock-avalanche-influenced in tectonically-active 
ranges. 
 
However, the next crucial step, the development of a comprehensive model of moraine 
formation by supraglacial debris, has not yet been completed. This is needed because the wide 
variety of terminal moraine morphologies appears to require a suite of different processes 
according mainly to scale and degree of supraglacial debris cover. 
 
In the current status of understanding, moraines in tectonically active regions should be used 
with great care for palaeoclimatological studies. Unless it is able to be disproved, one should 
seriously consider the potential influence of rock avalanches on moraine formation and 
address the resulting uncertainties – e.g. by not solely relying on a small number of dated sites 
and including glacial geomorphological and microsedimentological investigations as part of 
any dating campaign. 
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ABSTRACT 12 

Moraine chronologies are widely used to infer local climate change events and to 13 

correlate these events globally, based on the assumption that moraines always reflect climatic 14 

drivers. However, this assumption is unreliable in tectonically-active terrain because moraines 15 

can also be formed by large landslide (rock avalanche) deposits on glaciers. These can affect 16 

glacier motion and cause moraines to form while requiring no climate variation, and can thus 17 

cause significant errors in climatic signals extracted from moraine chronologies. To eliminate 18 

such errors requires a method for identifying moraines that have been influenced by rock 19 

avalanches. Herein we present and test a new diagnostic technique that unambiguously identifies 20 

rock avalanche sediments using newly-discovered fine-sediment signatures characteristic of 21 

rapid, high-stress comminution. We test this technique on Holocene moraines in the Southern 22 
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Alps, New Zealand, which have previously been interpreted as climatic indicators and 23 

demonstrate that some of them unambiguously contain rock avalanche material; so their climatic 24 

significance is questionable.  25 

ROCK-AVALANCHE-INDUCED MORAINES 26 

A number of moraines worldwide, originally identified as being of climatic origin, have 27 

recently been reinterpreted as the products of readvances triggered by the deposition of rock 28 

avalanche debris on glaciers (Hewitt, 1999; Tovar et al., 2008; Deline, 2009). Large rock 29 

avalanche deposits on glacier ablation zones insulate the underlying ice, suppress ablation 30 

(Reznichenko et al., 2010), alter mass-balance (McSaveney, 1978; Hewitt, 2009) and may cause 31 

glacier advances. This can generate moraines that are not the result of any climatic variation 32 

(Porter, 2000; Larsen et al., 2005; Hewitt et al., 2008; Deline, 2009), though a synchronous 33 

climatic event is not precluded. Including such moraines in chronologies from which 34 

palaeoclimate inferences are drawn (e.g. Schaefer et al., 2009; Kaplan et al., 2010; Putnam et al., 35 

2010) can cause potentially serious errors. An example is the prominent late glacial Waiho Loop 36 

moraine of the Franz Josef glacier in Westland, New Zealand, that was for many years assumed 37 

to reflect a major climate-driven advance (Denton and Hendy, 1994). Recent work indicates that 38 

it may have been generated by a rock avalanche (Tovar et al., 2008; Shulmeister et al., 2009), 39 

and thus may not result from climatic variation. 40 

In order to identify moraines that may generate problems of this type we present and test 41 

a technique for ascertaining whether rock-avalanche debris is present in any given moraine. This 42 

uses characteristics of rock-avalanche-derived fine sediments that we have recently identified. 43 

ROCK-AVALANCHE-DERIVED FINES 44 
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The deposits of large (>10
6
 m

3
) rock avalanches contain very large proportions of fine 45 

(~10 μm and smaller) sediments (McSaveney and Davies, 2007), produced by intense rock 46 

comminution during the event (Dunning, 2004; McSaveney and Davies, 2007; Hewitt et al., 47 

2008). Rock avalanche fines show specific characteristics which reflect the rapid, intense 48 

comminution of intact grains under high stresses (Reches and Dewers, 2005). Stereomicroscope 49 

examination shows that individual fine grains in rock avalanche deposits are coated with 50 

particles of smaller (sub-micron) size (Fig. 1.A, Supplementary Fig.3). Closer (SEM) 51 

examination of grain cross-sections reveals that many fine grains are themselves composed of 52 

large numbers of much smaller (sub-micron) particles (Fig. 2.A). These persist even after lengthy 53 

washing and dispersion. Agglomeration occurs because fragments resulting from comminution 54 

in strongly confined conditions cannot disperse when formed. The high ratio of surface to inertial 55 

forces characteristic of very fine grains prevents their later dispersion under shear. We formally 56 

term these clumps of particles ‘agglomerates’. This is the first time they have been recognised as 57 

characteristic of rock-avalanche sediments. Agglomerates comprise widely-graded, largely sub-58 

angular clasts of the parent material lithology (Fig.2.A), and remain intact under sieve analysis. 59 

Agglomerated grains are present in all rock-avalanche deposits we have examined in a range of 60 

lithologies (sandstone, schist, diorite) and locations (New Zealand and Norway).   61 

GLACIALLY DERIVED FINES: COMPARISON 62 

By contrast, agglomerates are completely absent from all the sediments we have sampled 63 

from glacial deposits known to lack rock-avalanche material, including modern moraines in 64 

Westland (New Zealand), Jostedalsbreen (Norway), and old continental glacier margin moraines 65 

(Western Russia). In these deposits the finest (silt-sized; >63 μm) grains are individual clean 66 

intact clasts (Fig.1.B; 2.B; Supplementary Fig.3).  67 
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In both subglacial and rock-avalanche environments fine grains are produced by crushing 68 

larger grains, which requires stresses that exceed the rock strength. However, these environments 69 

have important differences that affect the grain-sizes arising from comminution: 70 

1. Fine grains in rock avalanches are produced at high strain rates, under which conditions rock 71 

strength is high (Kobayashi, 1970). This typically causes a grain to break into a large number 72 

of small fragments (Zhang et al., 2004).  73 

2. At low subglacial strain rates, which are maintained continuously for long periods, grains 74 

break into a smaller number of larger fragments. Stress corrosion (Masuda, 2001) also causes 75 

cracks to grow slowly at stresses much lower than the rock strength under these conditions.  76 

3. The environment in a large rock avalanche is mostly dry (demonstrated by the large volumes 77 

of very fine airborne dust produced), by contrast with the saturated sediment beneath a warm-78 

based glacier. The subglacial water enhances stress corrosion and disperses any very fine 79 

fragments that are produced by comminution.  80 

Thus sub-glacially-sourced moraine material contains neither the fines-coated grains nor 81 

the agglomerates found in rock avalanche deposits. Consequently these characteristics, if found 82 

in moraines, indicate the presence of rock avalanche material. The microsedimentology can thus 83 

be used to distinguish moraines that may have been formed by rock-avalanche-influenced 84 

processes from those formed by purely climatically-generated advances. We tested this concept 85 

in Aoraki/Mt. Cook and Westland National Parks, the Southern Alps, New Zealand. 86 

FIELD STUDIES 87 

More than 20 rock avalanches have fallen onto glaciers in the Aoraki/Mt. Cook area since 88 

the 1950s (Allen et al., 2011). None of these has caused a significant glacial advance, because 89 

none has covered a sufficient proportion of the glaciers’ ablation zones (Reznichenko et al., 90 



Publisher: GSA 

Journal: GEOL: Geology 

Article ID: G32684 

Page 5 of 12 

2011). The deposit of the 1991 Aoraki/Mt. Cook rock avalanche onto the Tasman Glacier 91 

(McSaveney, 2002) is still clearly visible. Our sampling of this deposit confirms that it shows 92 

characteristic coated and agglomerated grains (Fig. 2.Ab).  93 

Exposures within terminal moraines in this area are limited to two river-cut sections in 94 

the Mueller Glacier moraines (no artificial excavation is permitted in this National Park). These 95 

moraines, dated to ~600 BP and ~390 BP (Schaefer et al., 2009), both contain heavily-coated 96 

particles and agglomerates, indicating the presence of rock avalanche debris (Fig. 3.A; 97 

Supplementary Fig.3). This raises a potentially fundamental question about the reliability of 98 

palaeoclimatic deductions from these moraines.  99 

We also sampled fine material from the modern moraines of the Franz Josef Glacier, 100 

which do not contain rock avalanche materials (Fig. 1.Bj; 2.B), reflecting the lack of recent 101 

supraglacial rock avalanches. However, we found that rock avalanche signatures are present in 102 

the Waiho Loop deposit at least 10,000 years after emplacement (Fig. 1.Ae and f; 2.A; 103 

Supplementary Fig.3). This supports the interpretation of Tovar et al. (2008) and Shulmeister et 104 

al. (2009) that was based on clast lithology and angularity, and on the size and morphology of 105 

the deposit, that the Waiho Loop has a landslide origin.  106 

PALAEOCLIMATE IMPLICATIONS 107 

In recent palaeoclimate interpretations of moraine chronologies in New Zealand that were 108 

used to infer global climate teleconnections, Schaefer et al. (2009-supplementary data)
 
stated that 109 

rock avalanches have no effect on glacier mass balance and cannot contribute to moraine 110 

formation. However, other studies have inferred or demonstrated rock avalanche contributions to 111 

moraines (Orombelli and Porter, 1988; Hewitt et al., 2008; Deline, 2009; Vacco et al., 2010; 112 

Alexander et al., 2011) including arguments by Porter (2000) and Larsen et al. (2005) that the 113 
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moraines at Aoraki/Mt. Cook studied by Schaefer et al. might be of rock avalanche origin or at 114 

least contain rock avalanche material. 115 

Any supraglacial rock avalanche large enough (relative to the size of the ablation zone; 116 

Shulmeister et al., 2009) to affect glacier behaviour must contribute a significant proportion of 117 

the moraine formed by that advance or stillstand. Thus, if a moraine sample contains rock 118 

avalanche material then that moraine might be rock-avalanche generated. In such a case other 119 

indicators, including the correspondence of moraine ages with known earthquakes (which are 120 

likely to cause rock avalanches), can be useful. For example, the 600 BP and 390 BP Mueller 121 

Glacier moraines (part of the Schaefer et al. (2009) dataset), that we found to contain rock 122 

avalanche debris, correlate well with the AD 1420 and AD 1620  Alpine fault earthquakes (Fig. 123 

3.B; Rhoades and Van Dissen, 2003) supporting the possibility of a rock-avalanche-related 124 

origin. Our finding that rock avalanche material is present in both of the Aoraki/Mt. Cook 125 

moraines that we were able to sample (as well as in the Waiho Loop: Fig.1.Ae and f; 126 

Supplementary Fig.3), together with the fact that many recent moraine ages coincide with 127 

established dates of major earthquakes (Fig. 3.B), suggest that the moraines in question may 128 

have been formed as a result of rock avalanches. Thus their climatic significance is questionable. 129 

A number of other late Holocene moraine dates in the Southern Alps also correspond with 130 

established earthquake dates (Larsen et al., 2005), so sedimentological investigation of these 131 

moraines is important to assess their reliability as climatic indicators.  132 

If a moraine shows no signs of rock-avalanche debris, it can be assumed that it is not the 133 

result of a rock-avalanche-driven advance and so may be safely used to infer past climate. The 134 

presence of rock avalanche debris does not prove that a moraine was the result of a rock-135 

avalanche-driven advance, because a rock avalanche can fall onto a glacier that is advancing due 136 
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to climate change, or it may be too small to noticeably affect the behaviour of a large glacier. 137 

However, the possibility of a non-climatic rock-avalanche-caused advance cannot realistically be 138 

ignored if rock-avalanche material is present. The potential value of our new technique for 139 

identifying moraines that have not been affected by rock avalanches is clear.  140 

CONCLUSIONS 141 

We present and test a new method for recognizing rock avalanche debris in moraines. 142 

This provides a method to identify moraines for which a rock avalanche origin can be eliminated, 143 

and thus to reduce the potential contamination of palaeoclimatic data by non-climatically related 144 

moraine dates. This is important for interpreting global climate forcing. Use of the technique on 145 

some dated moraines in the Southern Alps, New Zealand, highlights the value of applying this 146 

method to avoid using rock-avalanche-influenced moraines for climate reconstruction, and 147 

challenges recent conclusions about inter-hemispheric climate linkages.  148 

ACKNOWLEDGMENTS 149 

We thank the Brian Mason Trust for funding fieldwork, Stefan Winkler for 150 

assistance in collecting sediment data from moraines in Norway, and the N.Z. Department of 151 

Conservation for permission for and support of fieldwork in Aoraki/Mt. Cook National Park. 152 

 153 

REFERENCES CITED 154 

Alexander, D.J., Shulmeister, J., and Davies, T.R.H., 2011, A steady-state mass-balance model 155 

for the Franz Josef glacier, New Zealand: testing and application: Geografiska Annaler, 156 

Series A: Physical Geography, v. 93, p. 41-54.  157 



Publisher: GSA 

Journal: GEOL: Geology 

Article ID: G32684 

Page 8 of 12 

Allen, S.K., Cox, S.C., and Owens, I.F., 2011, Rock avalanches and other landslides in the 158 

central Southern Alps of New Zealand: a regional study considering possible climate change 159 

impacts: Landslides, v. 8, p. 33-48. 160 

Deline, P., 2009, Interactions between rock avalanches and glaciers in the Mont Blanc massif 161 

during the late Holocene: Quaternary Science Review, v. 28, p. 1070-1083. 162 

Denton, G. H. and Hendy, C. H., 1994, Younger Dryas age advance of Franz Josef Glacier in the 163 

Southern Alps of New Zealand: Science, v. 264, p. 1434-1437. 164 

Dunning, S.A., 2004, Rock avalanches in high mountains [Ph.D. thesis]: Luton University, UK. 165 

Hewitt, K., 1999, Quaternary moraines versus catastrophic rock avalanches in the Karakorum 166 

Himalaya, Northern Pakistan: Quaternary Research, v. 51, p. 220–237. 167 

Hewitt, K., 2009, Glacially conditioned rock-slope failures and disturbance-regime landscapes, 168 

Upper Indus Basin, Northern Pakistan: Geological Society, Special Publications, v. 320, p. 169 

235-255. 170 

Hewitt, K., Clague, J.J., and Orwin, J.F., 2008, Legacies of catastrophic rock slope failures in 171 

mountain landscapes: Earth Science Review, v. 87, p. 1–38. 172 

Kaplan, M.R., Schaefer, J.M., Denton, G.H., Barrell, D.J.A., Chinn, T.J.H., Putnam, A.E., 173 

Andersen, B.G., Finkel, R.C., Schwartz, R., and Doughty, A.M.,  2010, Glacier retreat in 174 

New Zealand during the Younger Dryas stadial: Nature, v. 467., no. 7312, 175 

doi:10.1038/nature09313 176 

Kobayashi, R., 1970, On mechanical behaviours of rocks under various loading rates: Rock 177 

Mechanics (Japan), v. 1, p. 56–58. 178 



Publisher: GSA 

Journal: GEOL: Geology 

Article ID: G32684 

Page 9 of 12 

Larsen, S., Davies, T.R.H., and McSaveney, M.J., 2005, A possible coseismic landslide origin of 179 

late Holocene moraines of the Southern Alps, New Zealand: New Zealand Journal of 180 

Geology and Geophysics, v. 48, p. 311–314.  181 

Masuda, K., 2001, Effect of water on strength in a brittle regime: Journal of Structural Geology, 182 

v. 23, p. 1653-1657. 183 

McSaveney, M. J., 1978, Sherman Glacier rock avalanche, in Rockslides and Avalanches, 184 

Voight B, Ed., New York, Elsevier, v. 1, p. 197–258. 185 

McSaveney, M.J., 2002, Recent rockfalls and rock avalanches in Mount Cook National Park, 186 

New Zealand, in Evans, S.G., and DeGraff, J.V., eds., Catastrophic Landslides: Effects, 187 

Occurrence, and Mechanisms: Geological Society of America, reviews in engineering 188 

geology, v. 15, p. 35–70. 189 

McSaveney, M.J., and Davies, T.R., 2007, Rockslides and their motion, in Sassa, K., Fukuoka, 190 

H., Wang, F., Wang, G., eds., Progress in Landslide Science: Springer-Verlag, p. 113-134. 191 

Norris, R. J., Cooper, A. F., Wright, T., and Berryman, K. R., 2001, Dating past Alpine Faulty 192 

Rupture in South Westland: EQC Research Report 99/341. 193 

Orombelli, G, and Porter, S.C., 1988, Boulder deposit of upper Val Ferret (Courmayeur, Aosta 194 

valley): Deposit of a historic giant rockfall and debris avalanche or a late-glacial moraine?: 195 

Eclogae Geologicae Helvetiae, v. 82, no. 2, p. 365-371. 196 

Porter, S.C., 2000, Onset of Neoglaciation in the Southern Hemisphere: Journal of Quaternary 197 

Science, v. 15, no. 4, p. 395-408. 198 

Putnam, A.E., Denton, G.H., Schaefer, J.M., Barrell, D.J.A., Andersen, B.G., Finkel, R.C., 199 

Schwartz, R., Doughty, A.M., Kaplan, M.R., and Schlüchter, C.,  2010, Glacier advance in 200 

http://www.scopus.com.ezproxy.canterbury.ac.nz/authid/detail.url?origin=resultslist&authorId=35728271300
http://www.scopus.com.ezproxy.canterbury.ac.nz/authid/detail.url?origin=resultslist&authorId=12780166800
http://www.scopus.com.ezproxy.canterbury.ac.nz/authid/detail.url?origin=resultslist&authorId=14010351500
http://www.scopus.com.ezproxy.canterbury.ac.nz/authid/detail.url?origin=resultslist&authorId=36522178700
http://www.scopus.com.ezproxy.canterbury.ac.nz/authid/detail.url?origin=resultslist&authorId=34869459600
http://www.scopus.com.ezproxy.canterbury.ac.nz/authid/detail.url?origin=resultslist&authorId=9839527000


Publisher: GSA 

Journal: GEOL: Geology 

Article ID: G32684 

Page 10 of 12 

southern middle-latitudes during the Antarctic Cold Reversal: Nature Geoscience, v. 3, p. 201 

700-704. 202 

Reches, Z. and Dewers, T.A., 2005, Gouge formation by dynamic pulverization during 203 

earthquake rupture: Earth and Planetary Science Letters, v. 235, p. 361–374 204 

Reznichenko, N.V., Davies, T.R.H., Alexander, D.J., 2011, Effects of rock avalanches on glacier 205 

behaviour and moraine formation: v. 132, is.3-4, p. 327-338. 206 

Reznichenko, N., Davies, T.R.H., Shulmeister, J., and McSaveney, M.J., 2010, Effects of debris 207 

on ice-surface melting rates: an experimental study: Journal of Glaciology, v. 56, no. 197, p. 208 

385-394. 209 

Rhoades, D.A., and Van Dissen, R.J., 2003, Estimates of the time-varying hazard of rupture of 210 

the Alpine fault, New Zealand, allowing for uncertainties: New Zealand Journal of Geology 211 

and Geophysics, v. 46, p. 479-488. 212 

Schaefer, J. M., Denton, G.H., Kaplan, M., Putnam, A., Finkel, R.C., Barrell, D.J.A., Andersen, 213 

B.G., Schwartz, R., Mackintosh, A., Chinn, T., and Schluechter, C., 2009, High-frequency 214 

Holocene glacier fluctuations in New Zealand differ from the northern signature: Science, v. 215 

324, no. 5927, p. 622-625. 216 

Shulmeister, J., Davies, T.R., Evans, D.J.A., Hyatt, O.M., and Tovar, D.S., 2009, Catastrophic 217 

landslides, glacier behaviour and moraine formation - A view from an active plate margin: 218 

Quaternary Science Review, v. 28, no. 11-12, p. 1085-1096. 219 

Tovar, D.S., Shulmeister, J., and Davies, T.R.H., 2008, Evidence for a landslide origin of New 220 

Zealand's Waiho Loop moraine: Nature Geoscience, v. 1, no. 8, p. 524-526. 221 

Vacco, D.A., Alley, R.B., and Pollard, D., 2010, Glacial advance and stagnation caused by rock 222 

avalanches: Earth and Planetary Science Letters, v. 294, p. 123-130. 223 

http://www.scopus.com.ezproxy.canterbury.ac.nz/authid/detail.url?origin=resultslist&authorId=6701624358


Publisher: GSA 

Journal: GEOL: Geology 

Article ID: G32684 

Page 11 of 12 

Wardle, P., 1973, Variations of the glaciers of Westland National Park and the Hooker Range, 224 

New Zealand: New Zealand Journal of Botany, v. 11, p. 349–388. 225 

Wells, A., and Goff, J., 2007, Coastal dunes in Westland, New Zealand, provide a record of 226 

palaeoseismic activity on the Alpine fault: Geology, v. 35, no. 8, p. 731-734. 227 

Zhang, Y.-Q., Lu, Y., and Hao, H., 2004, Analysis of fragment size and ejection velocity at high 228 

strain rate: International Journal of Mechanical Sciences, v. 46, p. 27-34. 229 

FIGURE CAPTIONS 230 

Figure 1. Examples of the stereomicroscopy examination of sediment from rock avalanches and 231 

known rock avalanche free glacier sediments (bar indicates the approximate scale for all 232 

pictures): A. Rock avalanche sourced sediment with heavily coated grains and agglomerates of 233 

smaller size particles: a - Coleridge, NZ, b – Acheron, NZ; c – Mt. Round Top, NZ; d – Mt. 234 

Vora, Norway; e, f – Waiho Loop moraine, NZ; B. Clean grains of rock avalanche free glacial 235 

sediment: g – Tasman Glacier supraglacial; h - Briksdalsbreen Glacier moraine 1997, Norway; i 236 

– Fox Glacier terminal moraine 1999; j – Franz Josef Glacier terminal moraine 2008/9; k – 237 

Nigardsbreen Glacier basal sediment at terminus, 2010; l – basal till from a continental glacier, 238 

Western Russia, on the Baltic Sea coast. 239 

 240 

Figure 2. Examples of the SEM micrographs of the polished mounted grains of the size less than 241 

1 mm: A. Agglomerates of finer grains in rock avalanche deposits: a. Round Top, NZ; b. 242 

Aoraki/Mt. Cook, NZ; c. Coleridge, NZ; d. Coleridge with a section magnified to show that 243 

agglomerates are visible  at higher resolution. B. Clean grains of glacial deposit with no rock 244 

avalanche input: e. Franz Josef Glacier terminal moraine 2008/09; f. Fox Glacier terminal 245 

moraine 1999; g. Franz Josef Glacier LIA moraine (1750); h. Mueller Glacier lateral moraine; i. 246 

http://www.sciencedirect.com/science/journal/00207403
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Bødalsbreen Glacier terminal position 2010. Note the different scales for each micrograph, the 247 

scale bars are indicated. 248 

 249 

Figure 3.  250 

A. The Mueller Glacier terminal moraines. Samples were taken at outcrops a and b (left). These 251 

contained sediment agglomerates (right) and grains coated with finer particles indicating a rock 252 

avalanche origin. 253 

B. Moraine ages in the Aoraki/Mt. Cook region drawn as age range bars. Ages with square mid-254 

points come from Schaefer et al. (2009) while the single circle age comes from Wardle (1973). 255 

These ages are compared with the dates of Alpine fault earthquakes (vertically shaded 256 

rectangles). The dates for the earthquakes are derived from several papers as indicated by the 257 

superscript numbers on the shaded event 
1
Wells and Goff, 2007; 

2
Rhoades and Van Dissen, 258 

2002; 
3
Norris et al., 2001. 259 

1
GSA Data Repository item 2012xxx, xxxxxxxx, is available online at 260 

www.geosociety.org/pubs/ft2012.htm, or on request from editing@geosociety.org or Documents 261 

Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. 262 
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SUPPLEMENTARY TABLE 1: Location and characteristics of the sampled rock 25 

avalnches deposits, New Zealand and Norway.  26 

Rock avalanche Location Lat Long 

 

Lithology 

 

Volume  

x10
6
 m

3
 

    Age,  
years BP 

Vertical 

drop, m 

 

Coleridge              

Acheron 

Aoraki/ Mt. Cook 

Mt. Beatrice 

 

Mt. Round Top 

Mt. Wilberg 

 

Mt. Vora 

 

Coleridge lake, 

Ryton River, NZ 

Acheron stream, NZ 

Tasman Glacier, 

supraglacially, NZ 

Hooker Glacier, 

supraglacially, NZ 

 

West coast, NZ 

West coast, NZ 

 

Inner Nordfjord, lake 

Torheimsmyra, 

Norway 

43 16S 

43 19S 

43 35S 

43 38S 

42 53S 

43 09S 

 

61 44N 

 171 32E 

171 39E 

171 13E 

170 07E 

171 05E 

170 37E 

 

6 31E 

  greywacke    

  sandstones 

 

          " 

" 

          " 

 

Haast schist 

" 

 

 granitic 

gneiss 

10 

10 

11.8 

0.17 

 

45 

40 

 

100 

     700
1
 

1100
2
 

 19
3
 

    6
4, 5

 

1080
6
 

710
7
 

 

7100-3600
8
 

 

   

   450 

 

   550  

  2300 

1200 

550   

300 

       

1000        

1
Lee et al., 2009; 

2
Smith et al., 2006; 

3
McSaveney, 2002;

 4
Reznichenko et al., 2011;  27 

5
Allen et al., 2011, 

6
Wright et al., 1998; 

7
Chevalier et al., 2009; 

8
Aa et al., 2007. 28 
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 40 
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SUPPLEMENTARY TABLE 2: Location and description of the sampled deposits of 49 

glacial origin, New Zealand, Norway and Russia. 50 

51 Glacier Location Sampled deposit Lat Long 

Franz Josef 

 

Franz Josef 

Fox 

Franz Josef 

Franz Josef 

Fox 

 

Bødalsbreen 

 

Brenndalsbreen 

 

Briksdalsbreen 

 

Kjenndalsbreen 

Bergsetbreen 

 

Nigardsbreen 

 

 

Weichselian 

ice sheet over 

Fennoscandia 

 

Mueller 

 

 

 

Waiho Loop 

moraine 

 

Westland, New 

Zealand 

- 

- 

- 

- 

- 

 

Jostedalsbreen,         

Norway 

- 

 

- 

 

- 

- 

 

                - 

 

 

SE Baltic coast, 

Kaliningrad 

region,  

Western Russia 

 

Aoraki/Cook 

National Park, 

New Zealand 

 

Westland, New 

Zealand 

 

Terminal moraines 1999 

 

Terminal moraines 2008-09 

Terminal moraines 1999 

Lateral true left moraine 

Supraglacial debris, 2009 

Dead-ice cover, 2009 

 

Terminal moraines, 2000;  

deposit at terminus 2010 

Terminal moraines 2000,  

Terminal moraines 2001; 

Terminal moraines 1997 lake cost; 

1997 true right 

Terminal moraine 2000 

Terminal moraine 2000; supraglacial 

debris 

Basal debris at terminus 

                   - 

 

Till from continental glacier, 

c.a. 14-13.5 ka BP moraine 

 

 

Terminal moraine, river outcrop;        

Terminal moraine, old swing bridge 

outcrop 

 

Tatare Stream outcrop 

43 26 26S 

 

43 26 32S 

43 26 29S 

43 26 36S 

43 26 36S 

43 29 49S 

 

61 47 46N       

61 47 28N 

61 40 53N       

61 40 52N 

61 39 51N        

61 39 52N 

61 44 38N 

61 38 52N       

61 38 56N 

61 40 41N               

61 40 39N 

 

54 56 46N 

 

 

 

43 42 23S                                           

43 43 03S 

 

 

43 21 11S 

170 10 19E 

 

170 10 22E 

170 10 19E 

170 10 13E 

170 10 16E 

170 02 35E 

 

007 06 04E               

007 06 02E 

006 51 32E            

006 51 21E 

006 51 32E            

006 51 34E 

007 01 54E 

007 06 19E            

007 06 10E 

007 12 21E                

007 12 23E 

 

020 01 43E 

 

 

 

170 05 58E     

170 06 15E 

 

 

170 09 57E 
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SUPPLEMENTARY FIGURE 1. 52 

Location of sampled rock avalanche deposits (red) and the sediment from glacial 53 

environments (yellow), the Southern Alps, New Zealand (on the left) and Jostedalsbreen, 54 

Norway (on the right). 55 

SUPPLEMENTARY FIGURE 2. 56 

Location of the sampled basal till from a continental glacier, Weichselian ice sheet over 57 

Fennoscandia, Western Russia, on the Baltic Sea coast, of the deglaciation period after 58 

LGM (according to the Donner, 1995) with respect to the Jostedalsbreen ice cap, Norway. 59 

SUPPLEMENTARY FIGURE 3. 60 

Examples of sampled rock avalanche (RA) deposits where red arrows indicate the samples 61 

points: A. Acheron RA deposit resting on alluvial gravels, outcrop along the Acheron 62 

stream, Canterbury, New Zealand. B. Aoraki/Mt. Cook 1991 RA deposit on the ablation 63 

zone of the Tasman Glacier, Aoraki/Mt. Cook National Park, New Zealand, the sample was 64 

recovered about 0.5 m below the surface.  65 

SUPPLEMENTARY FIGURE 4. 66 

Examples of the sampled modern moraines in New Zealand and Norway and Holocene 67 

moraines at Aoraki/Mt. Cook National park, New Zealand, where red arrows indicate the 68 

sampling sites: A. The Franz Josef Glacier, New Zealand terminal (push/dump) moraine of 69 

1999. B. The Brenndalsbreen Glacier, Norway, terminal moraine of 2001, with a person for 70 

the scale in circle. C. The Mueller Glacier terminal moraine at Aoraki/Mt. Cook, New 71 

Zealand, with outcrop at the site of the old swing bridge. D. The lateral moraine on the true 72 
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left side of the Mueller Proglacial Lake, New Zealand. This is typical of the moraines 73 

where no outcrop was available. 74 

SUPPLEMENTARY FIGURE 5. 75 

Comparison of the polished mounted grains of the particles from different environments, 76 

SEM images: a. Basal sediment at front position of the Nigardsbreen, 2010, Norway; b. 77 

Supraglacial sediment at the Bergsetbreen stagnant ice, Norway; c. Continental glaciation 78 

till sediment, Western Russia; d. Mt. Vora RA sediment, Norway; e. Waiho Loop moraine 79 

sediment, New Zealand; f. RA sediment traces in the Mueller Glacier terminal moraine, 80 

river outcrop, New Zealand. 81 

SUPPLEMENTARY FIGURE 6. 82 

Grain Size Distribution curves for rock avalanche sediments (top) and modern moraine of 83 

glaciers at Norway and West Coast at New Zealand (bottom), which show the volume 84 

frequency (%) of the material that finer than 63 microns (4Ф), analysed on ―Saturn 85 

DigiSizer 5200‖ Laser Particle Size Analyzer (see Supplementary Table 1 and 2 for 86 

locations). Note the more homogenous distribution for the rock avalanche sediment and the 87 

significant amount of finer (< 4 microns) size grains (top), whereas for the glacial sediment 88 

the finer grains (< 4 microns) are minor with a prevalence of silts (> 4 microns). Because of 89 

the difficulty of disaggregating RA sediments, the amount of finer grains (< 4 microns) for 90 

the RA deposit must be regarded as a minimum. 91 



                                                                             

 6 

SUPPLEMENTARY REFERENCES 92 

Aa, A.R., Sjåstad, J., Sønstegaard, E., and Blikra L.H., 2007, Chronology of Holocene rock 93 

avalanche deposits based on Schmidt-hammer relative dating and dust stratigraphy in 94 

nearby bog deposits, Vora, inner Nordfjord, Norway: The Holocene, v. 17, p. 955–964. 95 

Chevalier, G., Davies T.R.H., McSaveney, M.J., 2009, The prehistoric Mt. Wilberg rock 96 

avalanche, Westland, New Zealand: Landslides, v. 6, p. 253–262. 97 

Donner, J.J., 1995, The Quaternary history of Scandinavia: Cambridge, New York, 98 

Cambridge University Press, 200 pp. 99 

Lee, J., Davies, T.R., and Bell, D.H., 2009, Successive Holocene rock avalanches at Lake 100 

Coleridge, Canterbury, New Zealand: Landslides, v. 6, p. 287-297. 101 

Reznichenko, N.V., Davies, T.R.H., and Alexander, D.J., 2011, Effects of rock avalanches 102 

on glacier behaviour and moraine formation: Geomorphology, v. 132, p. 327-338 103 

Smith, G.M., Davies, T.R., McSaveney, M.J., and Bell, D.H., 2006, The Acheron rock 104 

avalanche, Canterbury, New Zealand—morphology and dynamics: Landslides, v. 3, p. 105 

62-67.  106 

Wright, C.A., 1998, The AD 930 long-runout Round Top debris avalanche, Westland, New 107 

Zealand: New Zealand Journal of Geology and Geophysics, v. 41, no. 4, p. 493–497. 108 



Figure 1
Click here to download high resolution image

http://www.editorialmanager.com/geology/download.aspx?id=92841&guid=cc5830bd-bd1c-4157-b4a9-2ae2f7eec2f7&scheme=1


Figure 2
Click here to download high resolution image

http://www.editorialmanager.com/geology/download.aspx?id=92842&guid=a9bb0a1e-703c-4206-be38-f7b7e1479168&scheme=1


Figure 3
Click here to download high resolution image

http://www.editorialmanager.com/geology/download.aspx?id=92843&guid=992ffab2-8974-4324-b6c3-0fe9be6116ca&scheme=1


Supp Figure 1
Click here to download high resolution image

http://www.editorialmanager.com/geology/download.aspx?id=92844&guid=5a165c15-35f2-434e-87c7-9a5fccb3e7a4&scheme=1


Supp Figure 2
Click here to download high resolution image

http://www.editorialmanager.com/geology/download.aspx?id=92845&guid=9ba80d49-1fd5-4995-9698-7e5342f369f9&scheme=1


Supp Figure 3
Click here to download high resolution image

http://www.editorialmanager.com/geology/download.aspx?id=92846&guid=82a26faf-974d-46ca-a83e-a864ec3e5093&scheme=1


Supp Figure 4
Click here to download high resolution image

http://www.editorialmanager.com/geology/download.aspx?id=92847&guid=230544c3-2f71-4f3a-94ad-1a4ce8e02e4e&scheme=1


Supp Figure 5
Click here to download high resolution image

http://www.editorialmanager.com/geology/download.aspx?id=92848&guid=2d38f6a5-12c0-4673-824c-f9b6d4fea665&scheme=1


Supp Figure 6
Click here to download high resolution image

http://www.editorialmanager.com/geology/download.aspx?id=92849&guid=082515cd-0f8f-48cc-9997-7d672b9310e8&scheme=1


343 
 

 
 
 

Appendix E 
  
  
 
 
 

Detailed descriptions of sample sites (Tables E1-E4 and Figures E1-13). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



344 
 

 
 
 
 
 
 
 
 
 
 



345 
 

 
Table E.1. Location and characteristics of the sampled rock aval anches deposits, New Zealand and Norway 

(Fig.E.1 and E.2). 

 

1Lee et al., 2009; 2Smith et al., 2006; 3McSaveney, 2002; 4Reznichenko et al., 2011;  
5Allen et al., 2011, 6Wright, 1998; 7Chevalier et al., 2009; 8Aa et al., 2007. 
 
 
Table E.2. Location and description of the sampled deposits of non-rock avalanche glacial origin, New Zealand 
and Russia (Fig. E.3, E.4 and E.8). 

 
 

Rock 
avalanche Location Lat Long 

 
Lithology 

 
Volume  
x106 m3  

    Age,  
years BP 

Vertical 
drop, m 

 
Coleridge              

Acheron 
Aoraki/ Mt. Cook 

Mt. Beatrice 

 
Mt. Round Top 
Mt. Wilberg 
 
Mt. Vora 

 
Coleridge lake, 
Ryton River, NZ 
Acheron stream, NZ 
Tasman Glacier, 
supraglaci ally, NZ 
Hooker Glaci er, 
supraglaci ally, NZ 
 
West coast, NZ 
West coast, NZ 
 
Inner Nordfjord, lake 
Torheimsmyra, 
Norway 

  43 16S 

43 19S 

43 35S 

43 38S 

42 53S 

43 09S 
 

61 44N 

  171 32E 

171 39E 

171 13E 

170 07E 

171 05E 

170 37E 
 

6 31E 

  greywacke    
  sandstones 
 
          " 
          " 
          " 
 

Haast schist 
" 
 

 granitic gneiss 

10 

10 

11.8 

0.17 
 

45 
40 

 
100 

     7001 

11002 

 193 

    64, 5 

10806 
7107 

 
7100-36008 

 
   
450 
 
 550  

 2300 

1200 

 550   
 300 
       
1000        

Glacier Location Lat Long Sampled deposit 
 
Franz Josef 
 
Franz Josef  
Franz Josef 
Franz Josef 
Franz Josef 
Franz Josef 
Franz Josef 
Fox 
Fox 
Fox 
Fox 
 
Weichselian ice 
sheet over 
Fennoscandia 

Westland, New 
Zealand 

- 
- 

 - 
 - 
 - 
 - 
 - 
 - 

               - 
               - 

 
SE Baltic coast, 

Kaliningrad region, 
Western Russia 

 
43 26 29S 

 
43 25 13S 
43 26 32S 
43 26 36S 
43 26 29S 
43 26 32S 
43 26 35S 
43 25 20S 
43 29 49S 
43 26 29S 
43 30 04S 

 
54 56 46N 

 
170 10 19E 

 
170 10 33E 
170 10 22E 
170 10 13E 
170 10 18E 
170 10 23E 
170 10 16E 
169 47 36E 
170 02 35E 
170 10 19E 
170 03 33E 

 
020 01 43E 

 
Terminal moraines 1999 
 
‘1750 moraine’  
Terminal moraines 2008-09 
Lateral true left moraine 
Terminal moraines 1999 
Supraglacial sediment, 2008 
Supraglacial sediment, 2009 
Gillespie’s Beach moraine 
Dead-i ce cover, 2008-09 
Terminal moraines 1999 
Supraglacial sediment, 2011 
 
Till from continental glacier,  
c.a. 14-13.5 ka BP moraine 
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Table E.3. Location and description of the sampled deposits of glacial and rock avalanche sediment in Norway.  

 

m.s.l. 
World Geodetic System 

1984 Sample name Site description Sampled sediment 
N E 

N
or

w
ay

 

 
61 47 27.5 007 06 02.0 NBo1 Bødalsbreen glacier sediment Just at front of terminus see Chapter 6, Fig. E.5 

 
61 47 45.6 007 06 04.3 NBo2 AD 2000 moraine see Chapter 6, Fig. E.5 

 
61 40 53.4 006 51 36.6 NBre1 Brenndalsbreen glacier. AD 2000 moraine see Chapter 6, Fig. E.5 

 
61 41 51.6 006 51 20.6 NBre2 Brenndalsbreen glacier. AD 2001 moraine see Chapter 6, Fig. E.5 

337 61 39 51.1 006 51 32.5 NBri1 Briksdalsbreen glacier, AD 1997 moraine, collected from 
10m from lake Briksdalsvatn see Chapter 6, Fig. E.5 

359 61 39 51.6 006 51 33.9 NBri2 Briksdalsbreen glacier, AD 1997 same moraine but more 
to the rue right valley side see Chapter 6, Fig. E.5 

 61 44 33.7 007 01 53.5 NKj1 Kjenndalsbreen glacier, AD 2000 moraine see Chapter 6, Fig. E.5 
287 61 44 23.2 006 31 46.6 NVor1 Vora RA, Norway, road quarry, see Chapter 6, Fig. E.2 
287 61 44 23.2 006 31 46.6 NVor2 Vora RA, Norway, road outcrop see Chapter 6, Fig. E.2 
287 61 44 23.2 006 31 46.6 NVor3 Vora RA, Norway, road outcrop see Chapter 6, Fig. E.2 

475 61 38 51.7 007 06 19.1 NBer1 Bergsetbreen glacier.  2000 moraine see Chapter 6, Fig. E.5 

473 61 38 56 007 06 10 NBer2 
Bergsetbreen glacier. the dirt from the surface of dead ice, 
stagnate ice see Chapter 6, Fig. E.5 

329 61 40 40 007 12 20.8 NNig1 
Nigardsbreen glacier, the basal sediment form the 
terminal 2010 position of ice see Chapter 6, Fig. E.6 

328 61 40 39 007 12 23 NNig2 
Nigardsbreen glacier, the  sediment form the terminal 
2010 position of ice see Chapter 6, Fig. E.6 
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Table E.4. Location and description of the sampled deposits of glacial sediment at Aoraki/Mt. Cook and Cameron valley and from other environments, New Zealand.  

msl 
World Geodetic System 

1984  Sample name Site description 
 

Sampled sediment 
  S E 

M
ue

lle
r G

la
ci

er
 

768 43 43 13.776  170 05 34.788  MG1.1, no sample Foliage Hill, ca r park  Fig.E.9 a 
769 43 43 08.059  170 05 32.872  MG1.15 within carpak hump silts to fine gravels contaminated with organic 
843 43 42 33.620  170 05 01.371  MG4.1 Kea Point collups ing outcrop silts to sandy-gravels, Fig.E.9 b 
883 43 42 30.793  170 04 53.820  MG4.2 Kea point, lateral moraine  silts to sandy-gravels contaminated with organic 
902 43 42 32.038  170 04 52.017  MG4.3 Kea point, seq4 lateral moraine  silts to sandy-gravels contaminated with organic 

873 43 42 41.207  170 04 57.773  MG4.31 moraine on the way to Kea point left, seq4 
lateral moraine  silts to sandy-gravels contaminated with organic 

851 43 42 33.745 170 05 01.072 4.1 no sample   Kea point, seq9 la teral moraine  
 800 43 42 58.374 170 05 36.612 1.3 no sample  white horse, point opposite to the ca r park  
 

850 43 42 52.913 170 05 36.537 1.5 no sample  after white horse, point seq befor the termina l 
one 

 
871 43 42 40.929 170 05 06.311 W1 White horse moraine, the outcrop by Kea 

point, 1.5 m from top silts to sandy-gravels, Fig.E.9 c 

895 43 42 43.022 170 05 07.839 W2 
White horse sample from Kea point, top, 5m 
from surface of  outcrop  silts to sandy-gravels, Fig.E.9 c 

895 43 42 50.785 170 05 37.068 W3 White horse, true left side, scree sediment scree sediment, sands and fine g ravels 

814 43 42 58.548 170 05 45.404 MG2.1 terminal mora ine seq4 left s ide before 
memorial silts to sandy-gravels, soils  

769 43 43 02.648 170 06 15.203 MG2.11 terminal mora ine seq4 river outcrop see Chapter 7, Fig.7.6 

780 43 43 00.218 170 06 09.891 MG2.3 terminal mora ine seq6, 1m below lookout 
point sandy gravels with some silts 

784 43 42 59.254 170 06 05.571 MG2.4 close to track, terminal mora ine seq7 silts to sandy-gravels, Fig.E.9 d 

781 43 42 54.941 170 05 50.843 MG2.5 true right side of the first terminal moraines 
seq9 silts to sandy-gravels, Fig.E.9 d 

816 43 43 00.490 170 05 37.082 w5, no sample  True white horse point, soil covered hill, car 
park side  

 827 43 42 22.893 170 06 02.362 MTOP1 latero-frontal moraine along the track, the 
topest moraines  sandy-gravels with soil, Fig.E.9 e 
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822 43 42 23.238 170 05 58.195 MTOP2 latero-frontal moraine along the track, river 
outcrope where old bridge  see Chapter 7, Fig.7.6 

806 43 42 31.766 170 06 00.907 MTOP3 
latero-frontal moraine along the track, near 
the track, under the boulder silts to sandy-gravels, Fig.E.9 e 

800 43 42 32.991 170 05 57.991 MTOP4 latero-frontal moraine along the track, next 
down prof ile ridge silts to sandy-gravels, Fig.E.9 e 

789 43 42 33.662 170 05 55.221 MTOP5 latero-frontal moraine along the track, the last 
ridge before colapse to lake  silts to sandy-gravels, Fig.E.9 e 

H
oo

ke
r G

la
ci

er
 

886 43 41 15.866 170 05 58.718 HG1.1 first moraine from terminus  true right, digged 
3 m from surface silt to fine gravel matrix, Fig.E.10 d 

892 43 41 15.961 170 05 56.308 1.6, no sample first moraine from terminus  true right Fig.E.10 d 
939 43 40 55.966 170 06 43.514 L1 Lateral moraine, Firs t from lake outcrop  silt to fine gravel matrix, Fig.E.10 e and f  
948 43 40 55.406 170 06 45.116 L2 Lateral moraine, second from lake outcrop  silt to fine gravel matrix contaminated with soil  
949 43 41 05.026 170 06 40.224 L3 Lateral moraine, third from lake outcrop  silt to fine gravel matrix contaminated with soil  
879 43 41 22.063 170 06 05.928 T1 terminal mora ine from the lake  silt to fine gravel matrix, Fig.E.10 a and b 

889 43 41 22.731 170 06 05.146 T1.2 no sample  terminal mora ine from the lake surfa ce, distal 
side of moraine1 Fig.E.10 a 

881 43 41 22.982 170 06 04.782 T1.3 no sample  
terminal mora ine from the lake surfa ce 
between moraines 1 and 2 Fig.E.10 a 

894 43 41 23.975 170 06 03.557 T2.1 terminal mora ine 2.1 from the lake surface, 
hump after moraine2 silt to fine gravel matrix with some soils  

905 43 41 25.226 170 06 00.137 T3 terminal mora ine 3 from the lake surface, 
hump after moraine3 silt to fine gravel matrix with some soils, Fig.E.10 c 

910 43 41 28.442 170 06 01.160 T5 no sample  terminal mora ine 5 from the lake surface  
 

880 44 41 21.14 171 06 11.52 T2  terminal mora ine from the lake surfa ce 2, 
from the track side  silt to fine gravel matrix 

1113 43 38 40 170 07 22  p17 supraglacial material was collected from the 
lower tongues  the finest sediment from sandy gravels  

Ta
sm

an
 

G
la

ci
er

 760 43 41 47.148 170 09 50.938 TG1.2 Blue lakes, first moraine from ca r pa rk, seq1  silts to fine gravels contaminated with organic 
760 43 41 42.773 170 09 55.075 TG1.4 no sample  Blue lakes, sediment between lakes silts from sandy gravel sediment, Fig.E.11 c 
768 43 41 40.824 170 09 56.361 TG5, no sample  Blue lakes moraine,  first after lake silts from sandy gravel sediment, Fig.E.11 c 
803 43 41 40.994 170 10 01.122 TG1.7 moraine, 1.5m from top of  seq7  silt to fine gravels, Fig.E.11 c and d 
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774 43 41 53.010 170 10 08.159 TG2.2 moraine, 1m from top of seq7  sands to f ine gravels  
760 43 41 56.380 170 10 05.052 2.1 no sample  scree 3m from top of seq7  

 720 43 42 02.136 170 09 36.606 TG1.1 first moraine before car park  thick loess, no sample  
734 43 42 20.702 170 10 14.454 T1  terminal moraine by Tasman River, on top silts to snady gravels, Fig.E.11 a 

711 43 42 22.018 170 10 17.091 T2  terminal moraine Tasman River outcrop, 2 m 
from top silts to snady gravels, rounded clast, Fig.E.11 a and b 

1010 43 37 49   170 11 26 TL1 lateral moriane, collupsing exposure at the 
end of the drive way silts to fine gravels, Fig.E.11 e and f 

  43 35 33   170 13 15 TG3 supraglacial sediment upvalley from the 
Aorkai/Mt.Cook RA depos it the finest sediment from sandy gravels  

  43 35 28 170 13 13 TG4 supraglacial sediment upvalley from the 
Aorkai/Mt.Cook RA depos it the finest sediment from sandy gravels  

C
am

er
on

 G
la

ci
er

 

1356 43 21 47.961 171 00 45.659 c1 true right mora ine, 1000 BP silt to fine gravels  
1354 43 21 30.169 171 00 47.825 c2 outcrop along river, true left silt to sandy-gravels 

1344 43 21 35.498 171 00 59.768 c3 hill within (0-500 BP)  fine sediment from the top  
of the bouldery ca rapace 

1295 43 21 52.151 171 01 04.578 c4 moraine, river outcrop true right silt to sandy-gravels 
1309 43 21 52.461 171 00 55.136 c5 moraine, outcrop, stream outcrop silt to sandy-gravels 
1344 43 21 49.905 171 00 47.712 c6 true right mora ine, 1000 BP,  outcrop the finest sediment from sandy gravels  

1283 43 21 58.634 171 01 11.702 c7 true right river, within 1000 BP the finest sediment from sandy gravels,  
soils, Fig.E.12 

1277 43 21 59.448 171 01 14.128 c8 true right river, within 1000 BP the finest sediment from sandy gravels, Fig.E.12 
1229 43 22 05.400 171 01 22.415 c9, no sample  true left cross the river outcrop 1000 BP 

 1236 43 22 04.569 171 01 21.610 c10 true left cross the river outcrop 1000 BP silt to fine gravels with angula r boulders, Fig.E.12 
1221 43 22 12.862 171 01 18.708 c11, no sample  8000-8500 BP, no sample  

 1209 43 22 11.301 171 01 22.060 c12 7000 BP, outcrop on the true right silt to fine gravels, Fig.E.12 

1611 43 21 18.667 171 00 16.972 c13, no sample  top of  lateral moraine, 300  till iceface, true 
right 

 
1527 43 21 22.056 171 00 25.972 c14 lateral moraine sample point ar front of  scree 

and snow avalanche silt to fine gravels, Fig.E.12 

1301 43 22 04.441 171 01 07.823 c15 high hill before 700, topest point the finest sediment from sandy gravels, soils, 
Fig.E.12 
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1282 43 22 06.090 171 01 06.784 c16 scree on true right, 700 old moraine  the finest sediment from sandy gravels, soils, 
Fig.E.12 

W
ai

ho
 L

oo
p 

  43 21 30  170 09 19 WL1 the distal (north) part of the moraine, 
quarry excavation   description in Chapter 7, Fig.7.8 

  43 21 14 170 09 59 WL2 true left of the Tatare River outcrop  description in Chapter 7, Fig.7.9 

  43 21 14  170 10 05 WL3 outcrop on the true right of the Tatare 
River, 3 m from the base   description in Chapter 7, Fig.7.10 

  43 21 12  170 10 00 WL4 outcrop on the true right of the Tatare 
River, 1 m from the bottom of outcrop  description in Chapter 7, Fig.7.11 

O
th

er
 e

nv
ir

on
m

en
ts

   43 26 32 170 10 23  P1 rockfall, the Franz Josef Glacier true left 
side wall  finest sediment,silty sands, Fig.E.7 a 

  43 42 48  169 13 41 RF1 rockall by road, West Coast by Knight 
point finest sediment,silty sands  

  44 11 22   170 08 25  PW1 water from lake Pukaki the sediment suspended in a wa ter 
  44 10 42  170 11 06 PW2 water from lake Pukaki the sediment suspended in a wa ter 

  43 56 52 170 30 00 Tekapo 
Lake Tekapo sediment from exposure, 
from the base on the SW shore  

taken from 1.5 m from base, stratif ied silts, 
Fig. E.7 b 

  43 26 32 170 10 23 AF1  sediment  from fault gouge at the roadside 
6-8 m outcrop, Westland clays from 3 cm layer, Fig.E.7 c and d 
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Figure E.1. Examples of sampled rock avalanche (RA) deposits where red arrows  indicate the samples  
points: A. Acheron RA deposit resting on alluvial gravels, outcrop along the Acheron stream, Canterbury, 
New Zealand. B. 1991 Aoraki/Mt. Cook RA deposit on the ablation zone of the Tasman Glacier, Aoraki/Mt. 
Cook National Park, New Zealand, the sample was recovered about 0.5 m below the surface. C. Mt. Round 
Top RA deposit sampled from quarry at two locations indicated by red arrow. D. 2004 Mt. Beatrice rock 
avalanche deposit carapace was sampled from surface (red arrow). Photos by N. Reznichenko. E. Lake 
Coleridge RA deposit, sampled deposit (red arrow) with overlying deposit 3 (showed by yellow arrow), Lee 
et al., 2009.     
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Figure E.2. Mt. Vora rock avalanche. A. Indicated outlet area and extension of rock avalanches at north 
slope of Mr. Vora. Photo from Aa et al. (2007). B. Fresh outcrop of the rock aval anche deposit with large 
boulders up to 3 m in size, quarry on the shore of the Lake Torheimsmyra. C. Close view of the deposit. D. 
The look from the quarry outcrop onto the north face of the Mt. Vora with source area on the top and covered 
with forest deposit. Photos by N. Reznichenko, June 2010.  
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Figure E.3. Sampled Franz Josef Glacier sediment, Westland, New Zealand, where red arrows indicate the 
sampling sites: A. The ‘1750’ moraine, figure from Shulmeister et al., 2009. B. Terminal (push/dump) 
moraine of 1999, photo Oct 2009. C. Terminal (push/dump) moraine of 2009, photo Oct 2011. C. True left  
lateral moraine, photo Oct 2011. E. Sediment from the ice at the terminus at Oct 2008. Photos by N. 
Reznichenko.   
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Figure E.4. Sampled Fox Glacier sediment, Westland, New Zealand, where red arrows indicate the sampling 
sites: A. The Gillespie Beach moraine, photo Oct 2008, with B. Close look of the sampled area indicated at  
A. C. Terminal (push/dump) moraine of 1999, photo Nov 2009, with D. Close look of the sampled area. E. 
Sediment from dead ice along the track, photo Oct 2009. F. Supraglacial sediment at Feb 2011. Photos by N. 
Reznichenko.   
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Figure E.5. Studied glaciers at Jostedalsbreen, Norway, where: A. The view of the terminus at June, 2010; 
B. Examples of sampled moraines with indication of the moraine data; C. The sediment of the sampled 
moraines. Photos by N. Reznichenko, June 2010.   
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Figure E.6. The Nigardsbreen Galciers: A. The terminus at June 2010 descending into the lake; B. The 1873 
largest moraine in the valley, the person in the circl e for scale; C. The current proglaci al area of the glaciers  
with some vegetation, exposed bedrock and larger boulders; D. The example of the subglacial environment  
exposed at the current terminus of the glaci er; E. The sampled sediment at the base of the glacier exposed at  
the terminus; F. The sediment left  by the retreated gl aciers that  is modi fied by the gl aciofluvial processes. 
Photos by N. Reznichenko, June, 2010. 
 
 

 
Figure E.7. Example of other environments in the Southern Alps where samples were collected from. A. 
Rockfall at the terminus of The Franz Josef Glacier, Westcoast. B. Tekapo Lake sediment. C. Fault Gouge 
exposed by the road, Westland. D. Close view of the sampled sediment indicated on C. Photos by N. 
Reznichenko.  
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Figure E.8. A. Area of the collected samples from the basal moraines at continental glaciation, Weichselian 
ice sheet over Fennoscandia, South-East Baltic. B. Sediment sampled from beach outcrop 2 km east from 
Primor`e. C. Sampled beach outcrop 2 km east from Primor`e. D. Moraine outcrops on the coast of Baltic sea 
in an area of an anthropogenically produced series of terraces in the cliff near Primor`e. E. Sampled sediment 
in an area of an anthropogenically produced series  of t erraces in the cli ff near Primor`e. Photos by N. 
Reznichenko, August, 2010. 
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Figure E.9. Examples of sampled Mueller Glaci er moraines. A. The Foliage Hill sediment. B. Kea point 
sampled sediment. C. Kea point sampled sediment from latero-frontal moraines exposures. D. Sampled 
sediment from frontal moraines. E. Sampled latero-frontal moraines sequences between two swing bridges. 
Photos by N. Reznichenko, November, 2009. 
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Figure E.10. Examples of sampled Hooker Glaci er moraines. A. Overview of sampled terminal moraines. B. 
Sampled terminal moraines. C. Close look of the sampled sediment indicated on B. D. Sampled later true 
right moraines. E. Sediment of sampled lateral true left moraine. Photos by N. Reznichenko. 
 
 
 



360 
 

Figure E. 11. Examples of sampled Tasman Glacier moraines. A. Sampled terminal moraine. B. Sediment of 
the sampled terminal moraine indicated on A. C. Sampled moraines at the Blue Lakes moraine complex. D. 
Sampled latero-frontal moraine. E. Sampled lateral true right moraine by the end of the road. F. Sediment of 
sampled lateral true right moraine. Photos by N. Reznichenko. 
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Figure E. 12. Examples of sampled Cameron Glacier moraines indicated in Table 3. Photos by N. 
Reznichenko, November 2011. 
 
 
 
 
 



362 
 

 
 

Figure E.13. Roundness for the sampled sediment from moraines in the Cameron Valley.  
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Appendix F 
  
 
 
 
 
Laser diffraction method (LDM) plots as PSD output: examples of PSD for Round 
top rock avalanche (L12-2 63) and Franz Josef terminal moraine (P4) sediment (< 
63 μm size fraction). 
 
The results (data tables and graphs) for all samples are enclosed in CD-ROM.  
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Combined Report

Particle Diameter (µm)
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Volume Frequency Percent Cumulative Finer Volume Percent

Volume Frequency vs. Diameter

Summary Report

Sample
Sample Concentration: 0.00731 %

Obscuration:  15.3 %
Volume Distribution Arithmetic Statistics

Std Dev of 3 Std Dev of 3
Mean  26.23  1.598 Mode  29.90  0.000
Median  16.77  0.629

Peaks
 

Peak
Number

 
%

of Dist.*

% of Dist.
Std Dev of 3

 
 

Mean

Mean
Std Dev of 3

 
 

Median

Median
Std Dev of 3

 
 

Mode

1  56.0   1.2  8.592  0.014  7.871  0.022  13.36
2  26.2   0.5  32.43  0.037  31.38  0.044  29.90
3  17.5   1.4  70.35  1.405  66.77  1.555  59.66

* Peaks must comprise at least  5.00 % of the distribution.
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

244.062 230.409 237.137 100.0   0.0
230.409 217.520 223.872 100.0   0.0
217.520 205.353 211.349 100.0   0.0
205.353 193.865 199.526  99.9   0.0
193.865 183.021 188.365  99.9   0.1
183.021 172.783 177.828  99.8   0.1
172.783 163.117 167.880  99.7   0.1
163.117 153.993 158.489  99.7   0.0
153.993 145.378 149.624  99.7   0.0
145.378 137.246 141.254  99.7   0.0
137.246 129.569 133.352  99.6   0.0
129.569 122.321 125.893  99.5   0.1
122.321 115.478 118.850  99.4   0.1
115.478 109.018 112.202  99.2   0.2
109.018 102.920 105.925  98.8   0.4
102.920 97.163 100.000  98.3   0.5

97.163 91.728 94.406  97.6   0.7
91.728 86.596 89.125  96.8   0.9
86.596 81.752 84.140  95.8   1.0
81.752 77.179 79.433  94.5   1.2
77.179 72.862 74.989  93.2   1.4
72.862 68.786 70.795  91.7   1.5
68.786 64.938 66.834  90.1   1.6
64.938 61.306 63.096  88.5   1.6
61.306 57.876 59.566  86.9   1.6
57.876 54.639 56.234  85.3   1.6
54.639 51.582 53.088  83.7   1.6
51.582 48.697 50.119  82.1   1.6
48.697 45.973 47.315  80.5   1.6
45.973 43.401 44.668  78.9   1.6
43.401 40.973 42.170  77.3   1.6
40.973 38.681 39.811  75.6   1.7
38.681 36.517 37.584  73.9   1.7
36.517 34.475 35.481  72.1   1.8
34.475 32.546 33.497  70.2   1.9
32.546 30.726 31.623  68.4   1.9
30.726 29.007 29.854  66.5   1.9
29.007 27.384 28.184  64.6   1.9
27.384 25.852 26.607  62.7   1.8
25.852 24.406 25.119  61.0   1.8
24.406 23.041 23.714  59.2   1.7
23.041 21.752 22.387  57.6   1.7
21.752 20.535 21.135  55.9   1.7
20.535 19.387 19.953  54.3   1.6
19.387 18.302 18.836  52.6   1.7
18.302 17.278 17.783  50.9   1.7
17.278 16.312 16.788  49.2   1.7
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

16.312 15.399 15.849  47.4   1.8
15.399 14.538 14.962  45.6   1.8
14.538 13.725 14.125  43.7   1.8
13.725 12.957 13.335  41.9   1.8
12.957 12.232 12.589  40.1   1.8
12.232 11.548 11.885  38.3   1.8
11.548 10.902 11.220  36.6   1.7
10.902 10.292 10.593  34.9   1.7
10.292  9.716 10.000  33.3   1.6
 9.716  9.173  9.441  31.7   1.5
 9.173  8.660  8.913  30.3   1.5
 8.660  8.175  8.414  28.9   1.4
 8.175  7.718  7.943  27.5   1.3
 7.718  7.286  7.499  26.2   1.3
 7.286  6.879  7.079  25.0   1.2
 6.879  6.494  6.683  23.8   1.2
 6.494  6.131  6.310  22.7   1.2
 6.131  5.788  5.957  21.6   1.1
 5.788  5.464  5.623  20.5   1.1
 5.464  5.158  5.309  19.4   1.0
 5.158  4.870  5.012  18.4   1.0
 4.870  4.597  4.732  17.5   1.0
 4.597  4.340  4.467  16.6   0.9
 4.340  4.097  4.217  15.7   0.9
 4.097  3.868  3.981  14.9   0.8
 3.868  3.652  3.758  14.1   0.8
 3.652  3.447  3.548  13.4   0.7
 3.447  3.255  3.350  12.6   0.7
 3.255  3.073  3.162  12.0   0.7
 3.073  2.901  2.985  11.3   0.7
 2.901  2.738  2.818  10.6   0.6
 2.738  2.585  2.661  10.0   0.6
 2.585  2.441  2.512   9.4   0.6
 2.441  2.304  2.371   8.9   0.6
 2.304  2.175  2.239   8.3   0.5
 2.175  2.054  2.113   7.8   0.5
 2.054  1.939  1.995   7.3   0.5
 1.939  1.830  1.884   6.9   0.5
 1.830  1.728  1.778   6.4   0.5
 1.728  1.631  1.679   6.0   0.4
 1.631  1.540  1.585   5.5   0.4
 1.540  1.454  1.496   5.1   0.4
 1.454  1.372  1.413   4.7   0.4
 1.372  1.296  1.334   4.2   0.4
 1.296  1.223  1.259   3.8   0.4
 1.223  1.155  1.189   3.4   0.4
 1.155  1.090  1.122   3.0   0.4
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

 1.090  1.029  1.059   2.6   0.4
 1.029  0.972  1.000   2.2   0.4
 0.972  0.917  0.944   1.8   0.4
 0.917  0.866  0.891   1.5   0.3
 0.866  0.818  0.841   1.2   0.3
 0.818  0.772  0.794   1.0   0.3
 0.772  0.729  0.750   0.7   0.2
 0.729  0.688  0.708   0.5   0.2
 0.688  0.649  0.668   0.4   0.2
 0.649  0.613  0.631   0.3   0.1
 0.613  0.579  0.596   0.2   0.1
 0.579  0.546  0.562   0.1   0.1
 0.546  0.516  0.531   0.1   0.0
 0.516  0.487  0.501   0.0   0.0
 0.487  0.460  0.473   0.0   0.0
 0.460  0.434  0.447   0.0   0.0
 0.434  0.410  0.422   0.0   0.0
 0.410  0.387  0.398   0.0   0.0
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Report by Size Table
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

250.000 200.000 223.607  99.9   0.1
200.000 150.000 173.205  99.7   0.2
150.000 100.000 122.474  98.6   1.1
100.000 80.000 89.443  95.3   3.3

80.000 60.000 69.282  87.9   7.4
60.000 50.000 54.772  82.8   5.1
50.000 40.000 44.721  76.6   6.2
40.000 30.000 34.641  67.6   9.0
30.000 25.000 27.386  61.7   5.9
25.000 20.000 22.361  55.2   6.5
20.000 15.000 17.321  46.5   8.6
15.000 10.000 12.247  34.1  12.5
10.000  8.000  8.944  28.4   5.7
 8.000  6.000  6.928  22.2   6.1
 6.000  5.000  5.477  18.9   3.4
 5.000  4.000  4.472  15.4   3.5
 4.000  3.000  3.464  11.7   3.7
 3.000  2.000  2.449   7.6   4.1
 2.000  1.500  1.732   5.3   2.3
 1.500  1.000  1.225   2.4   2.9
 1.000  0.800  0.894   1.1   1.3
 0.800  0.600  0.693   0.2   0.9
 0.600  0.500  0.548   0.0   0.2
 0.500  0.400  0.447   0.0   0.0
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Report by Volume Percent
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

579.642 579.642 579.642 100.0   0.0
579.642 115.357 258.584  99.4   0.6
115.357 102.727 108.859  98.8   0.6
102.727 96.135 99.377  98.2   0.6

96.135 90.783 93.421  97.5   0.7
90.783 87.199 88.973  96.9   0.6
87.199 83.707 85.435  96.2   0.7
83.707 81.124 82.405  95.6   0.6
81.124 78.799 79.953  95.0   0.6
78.799 76.690 77.737  94.4   0.6
76.690 74.733 75.705  93.8   0.6
74.733 72.913 73.817  93.2   0.6
72.913 70.919 71.909  92.5   0.7
70.919 69.303 70.106  91.9   0.6
69.303 67.767 68.531  91.3   0.6
67.767 66.040 66.898  90.6   0.7
66.040 64.625 65.329  90.0   0.6
64.625 63.251 63.934  89.4   0.6
63.251 61.912 62.578  88.8   0.6
61.912 59.128 60.504  87.5   1.3
59.128 57.885 58.503  86.9   0.6
57.885 56.666 57.272  86.3   0.6
56.666 55.470 56.065  85.7   0.6
55.470 54.103 54.783  85.0   0.7
54.103 52.952 53.524  84.4   0.6
52.952 51.631 52.287  83.7   0.7
51.631 50.520 51.073  83.1   0.6
50.520 49.431 49.973  82.5   0.6
49.431 48.364 48.895  81.9   0.6
48.364 47.318 47.838  81.3   0.6
47.318 46.294 46.803  80.7   0.6
46.294 45.131 45.709  80.0   0.7
45.131 44.162 44.644  79.4   0.6
44.162 43.217 43.687  78.8   0.6
43.217 42.151 42.681  78.1   0.7
42.151 41.268 41.707  77.5   0.6
41.268 40.410 40.837  76.9   0.6
40.410 39.582 39.994  76.3   0.6
39.582 38.649 39.113  75.6   0.7
38.649 37.877 38.261  75.0   0.6
37.877 37.131 37.502  74.4   0.6
37.131 36.409 36.768  73.8   0.6
36.409 35.709 36.057  73.2   0.6
35.709 34.920 35.312  72.5   0.7
34.920 34.266 34.591  71.9   0.6
34.266 33.524 33.893  71.2   0.7
33.524 32.907 33.214  70.6   0.6
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Report by Volume Percent
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

32.907 32.307 32.606  70.0   0.6
32.307 31.721 32.013  69.4   0.6
31.721 31.146 31.432  68.8   0.6
31.146 30.583 30.863  68.2   0.6
30.583 29.940 30.259  67.5   0.7
29.940 29.400 29.668  66.9   0.6
29.400 28.868 29.133  66.3   0.6
28.868 28.257 28.561  65.6   0.7
28.257 27.740 27.997  65.0   0.6
27.740 27.147 27.442  64.3   0.7
27.147 26.643 26.894  63.7   0.6
26.643 26.144 26.393  63.1   0.6
26.144 25.650 25.896  62.5   0.6
25.650 25.160 25.404  61.9   0.6
25.160 24.674 24.916  61.3   0.6
24.674 24.192 24.432  60.7   0.6
24.192 23.636 23.912  60.0   0.7
23.636 23.163 23.398  59.4   0.6
23.163 22.618 22.889  58.7   0.7
22.618 22.158 22.387  58.1   0.6
22.158 21.702 21.929  57.5   0.6
21.702 21.253 21.476  56.9   0.6
21.253 20.814 21.032  56.3   0.6
20.814 20.383 20.597  55.7   0.6
20.383 19.890 20.135  55.0   0.7
19.890 19.478 19.683  54.4   0.6
19.478 19.076 19.276  53.8   0.6
19.076 18.685 18.880  53.2   0.6
18.685 18.242 18.462  52.5   0.7
18.242 17.812 18.026  51.8   0.7
17.812 17.456 17.633  51.2   0.6
17.456 17.109 17.282  50.6   0.6
17.109 16.773 16.940  50.0   0.6
16.773 16.445 16.608  49.4   0.6
16.445 16.127 16.285  48.8   0.6
16.127 15.817 15.971  48.2   0.6
15.817 15.465 15.640  47.5   0.7
15.465 14.838 15.149  46.2   1.3
14.838 14.560 14.699  45.6   0.6
14.560 14.288 14.424  45.0   0.6
14.288 14.021 14.154  44.4   0.6
14.021 13.760 13.890  43.8   0.6
13.760 13.503 13.631  43.2   0.6
13.503 13.209 13.355  42.5   0.7
13.209 12.962 13.085  41.9   0.6
12.962 12.719 12.840  41.3   0.6
12.719 12.479 12.599  40.7   0.6
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Report by Volume Percent
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

12.479 12.204 12.341  40.0   0.7
12.204 11.932 12.067  39.3   0.7
11.932 11.702 11.817  38.7   0.6
11.702 11.475 11.588  38.1   0.6
11.475 11.250 11.362  37.5   0.6
11.250 11.027 11.138  36.9   0.6
11.027 10.806 10.916  36.3   0.6
10.806 10.587 10.696  35.7   0.6
10.587 10.333 10.459  35.0   0.7
10.333 10.081 10.207  34.3   0.7
10.081  9.867  9.974  33.7   0.6
 9.867  9.654  9.760  33.1   0.6
 9.654  9.441  9.547  32.5   0.6
 9.441  9.230  9.335  31.9   0.6
 9.230  9.019  9.124  31.3   0.6
 9.019  8.810  8.914  30.7   0.6
 8.810  8.566  8.687  30.0   0.7
 8.566  8.359  8.462  29.4   0.6
 8.359  8.152  8.255  28.8   0.6
 8.152  7.946  8.048  28.2   0.6
 7.946  7.708  7.826  27.5   0.7
 7.708  7.505  7.605  26.9   0.6
 7.505  7.303  7.403  26.3   0.6
 7.303  7.103  7.203  25.7   0.6
 7.103  6.873  6.987  25.0   0.7
 6.873  6.678  6.775  24.4   0.6
 6.678  6.486  6.581  23.8   0.6
 6.486  6.296  6.390  23.2   0.6
 6.296  6.077  6.185  22.5   0.7
 6.077  5.862  5.969  21.8   0.7
 5.862  5.680  5.771  21.2   0.6
 5.680  5.501  5.590  20.6   0.6
 5.501  5.324  5.412  20.0   0.6
 5.324  5.148  5.235  19.4   0.6
 5.148  4.974  5.060  18.8   0.6
 4.974  4.801  4.887  18.2   0.6
 4.801  4.601  4.700  17.5   0.7
 4.601  4.431  4.515  16.9   0.6
 4.431  4.261  4.345  16.3   0.6
 4.261  4.093  4.176  15.7   0.6
 4.093  3.897  3.994  15.0   0.7
 3.897  3.730  3.813  14.4   0.6
 3.730  3.565  3.647  13.8   0.6
 3.565  3.402  3.483  13.2   0.6
 3.402  3.215  3.307  12.5   0.7
 3.215  3.058  3.136  11.9   0.6
 3.058  2.904  2.980  11.3   0.6
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Report by Volume Percent
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

 2.904  2.752  2.827  10.7   0.6
 2.752  2.579  2.664  10.0   0.7
 2.579  2.409  2.492   9.3   0.7
 2.409  2.264  2.335   8.7   0.6
 2.264  2.121  2.191   8.1   0.6
 2.121  1.980  2.049   7.5   0.6
 1.980  1.706  1.838   6.3   1.2
 1.706  1.557  1.630   5.6   0.7
 1.557  1.437  1.496   5.0   0.6
 1.437  1.326  1.380   4.4   0.6
 1.326  1.222  1.273   3.8   0.6
 1.222  1.125  1.173   3.2   0.6
 1.125  1.032  1.078   2.6   0.6
 1.032  0.941  0.985   2.0   0.6
 0.941  0.847  0.893   1.4   0.6
 0.847  0.742  0.793   0.8   0.6
 0.742  0.387  0.536   0.0   0.8
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Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63

Particle Diameter (µm)
0.1 0.5 1 5 10 50 100 500

C
um

ul
at

iv
e 

Fi
ne

r V
ol

um
e 

P
er

ce
nt

00

10

20

30

40

50

60

70

80

90

100
Test 3 Test 1 Test 2

Cumulative Finer Volume Percent vs. Diameter



University of Canterbury

Saturn DigiSizer 5200 V1.09 Saturn DigiSizer 5200 V1.09 5200 LSHU V2.01  S/N 203 Page 11

Sample: 20-2
Operator: ultra

Submitter: L12-2 63
File: C:\5200\NATASHA\20-2.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 16/04/2009 16:15:02p.m. Material: Fraunhofer / Water
Reported: 16/04/2009 16:15:25p.m. Background: Water RI 1.331

Background: 16/04/2009 14:00:35p.m. Smoothing: Medium

Comments: with ultrasound, L12-2 63
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Sample: P4
Operator: Natasha

Submitter: Franz Josef Gl, terminal moraine 08-09
File: C:\...\19-201~1.09\P4.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 27/10/2009 12:11:34p.m. Material: Fraunhofer / Water
Reported: 27/10/2009 12:11:38p.m. Background: Water RI 1.331

Background: 27/10/2009 10:33:31p.m. Smoothing: Medium

Comments: 50% ultrasoun, no calgon, 45% beam

Combined Report

Particle Diameter (µm)
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Volume Frequency vs. Diameter

Summary Report

Sample
Sample Concentration: 0.01252 %

Obscuration:  15.4 %
Volume Distribution Arithmetic Statistics

Std Dev of 3 Std Dev of 3
Mean  24.19  0.078 Mode  42.23  0.000
Median  22.37  0.072

Peaks
 

Peak
Number

 
%

of Dist.*

% of Dist.
Std Dev of 3

 
 

Mean

Mean
Std Dev of 3

 
 

Median

Median
Std Dev of 3

 
 

Mode

1  94.4   1.0  25.50  0.253  23.84  0.261  42.23

* Peaks must comprise at least  5.00 % of the distribution.
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Sample: P4
Operator: Natasha

Submitter: Franz Josef Gl, terminal moraine 08-09
File: C:\...\19-201~1.09\P4.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 27/10/2009 12:11:34p.m. Material: Fraunhofer / Water
Reported: 27/10/2009 12:11:38p.m. Background: Water RI 1.331

Background: 27/10/2009 10:33:31p.m. Smoothing: Medium

Comments: 50% ultrasoun, no calgon, 45% beam

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

61.306 57.876 59.566 100.0   0.0
57.876 54.639 56.234  99.4   0.6
54.639 51.582 53.088  97.8   1.6
51.582 48.697 50.119  95.0   2.8
48.697 45.973 47.315  91.3   3.8
45.973 43.401 44.668  86.9   4.3
43.401 40.973 42.170  82.5   4.5
40.973 38.681 39.811  78.2   4.3
38.681 36.517 37.584  74.3   3.9
36.517 34.475 35.481  70.9   3.5
34.475 32.546 33.497  67.8   3.1
32.546 30.726 31.623  64.8   2.9
30.726 29.007 29.854  62.0   2.8
29.007 27.384 28.184  59.2   2.8
27.384 25.852 26.607  56.5   2.7
25.852 24.406 25.119  53.9   2.7
24.406 23.041 23.714  51.3   2.6
23.041 21.752 22.387  48.8   2.5
21.752 20.535 21.135  46.4   2.4
20.535 19.387 19.953  44.1   2.3
19.387 18.302 18.836  41.8   2.3
18.302 17.278 17.783  39.6   2.3
17.278 16.312 16.788  37.3   2.2
16.312 15.399 15.849  35.1   2.2
15.399 14.538 14.962  32.9   2.2
14.538 13.725 14.125  30.8   2.1
13.725 12.957 13.335  28.8   2.0
12.957 12.232 12.589  26.9   1.9
12.232 11.548 11.885  25.1   1.8
11.548 10.902 11.220  23.4   1.7
10.902 10.292 10.593  21.7   1.6
10.292  9.716 10.000  20.2   1.5
 9.716  9.173  9.441  18.8   1.4
 9.173  8.660  8.913  17.5   1.3
 8.660  8.175  8.414  16.3   1.2
 8.175  7.718  7.943  15.1   1.1
 7.718  7.286  7.499  14.1   1.0
 7.286  6.879  7.079  13.2   0.9
 6.879  6.494  6.683  12.3   0.9
 6.494  6.131  6.310  11.5   0.8
 6.131  5.788  5.957  10.7   0.8
 5.788  5.464  5.623  10.0   0.8
 5.464  5.158  5.309   9.2   0.7
 5.158  4.870  5.012   8.5   0.7
 4.870  4.597  4.732   7.9   0.6
 4.597  4.340  4.467   7.4   0.5
 4.340  4.097  4.217   6.9   0.5
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Sample: P4
Operator: Natasha

Submitter: Franz Josef Gl, terminal moraine 08-09
File: C:\...\19-201~1.09\P4.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 27/10/2009 12:11:34p.m. Material: Fraunhofer / Water
Reported: 27/10/2009 12:11:38p.m. Background: Water RI 1.331

Background: 27/10/2009 10:33:31p.m. Smoothing: Medium

Comments: 50% ultrasoun, no calgon, 45% beam

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

 4.097  3.868  3.981   6.4   0.5
 3.868  3.652  3.758   6.0   0.5
 3.652  3.447  3.548   5.6   0.4
 3.447  3.255  3.350   5.2   0.3
 3.255  3.073  3.162   4.8   0.4
 3.073  2.901  2.985   4.3   0.5
 2.901  2.738  2.818   3.8   0.5
 2.738  2.585  2.661   3.6   0.2
 2.585  2.441  2.512   3.6   0.0
 2.441  2.304  2.371   3.6   0.0
 2.304  2.175  2.239   3.4   0.2
 2.175  2.054  2.113   2.9   0.5
 2.054  1.939  1.995   2.2   0.7
 1.939  1.830  1.884   1.8   0.4
 1.830  1.728  1.778   1.7   0.1
 1.728  1.631  1.679   1.7   0.0
 1.631  1.540  1.585   1.7   0.0
 1.540  1.454  1.496   1.7   0.0
 1.454  1.372  1.413   1.7   0.0
 1.372  1.296  1.334   1.7   0.0
 1.296  1.223  1.259   1.6   0.2
 1.223  1.155  1.189   1.0   0.6
 1.155  1.090  1.122   0.3   0.7
 1.090  1.029  1.059   0.0   0.3
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Sample: P4
Operator: Natasha

Submitter: Franz Josef Gl, terminal moraine 08-09
File: C:\...\19-201~1.09\P4.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 27/10/2009 12:11:34p.m. Material: Fraunhofer / Water
Reported: 27/10/2009 12:11:38p.m. Background: Water RI 1.331

Background: 27/10/2009 10:33:31p.m. Smoothing: Medium

Comments: 50% ultrasoun, no calgon, 45% beam

Report by Size Table
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

60.000 50.000 54.772  96.5   3.5
50.000 40.000 44.721  80.7  15.8
40.000 30.000 34.641  63.7  17.0
30.000 25.000 27.386  55.0   8.7
25.000 20.000 22.361  45.4   9.6
20.000 15.000 17.321  34.1  11.3
15.000 10.000 12.247  21.0  13.1
10.000  8.000  8.944  15.8   5.1
 8.000  6.000  6.928  11.2   4.6
 6.000  5.000  5.477   8.8   2.4
 5.000  4.000  4.472   6.7   2.2
 4.000  3.000  3.464   4.6   2.1
 3.000  2.000  2.449   2.6   2.0
 2.000  1.500  1.732   1.7   0.9
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Sample: P4
Operator: Natasha

Submitter: Franz Josef Gl, terminal moraine 08-09
File: C:\...\19-201~1.09\P4.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 27/10/2009 12:11:34p.m. Material: Fraunhofer / Water
Reported: 27/10/2009 12:11:38p.m. Background: Water RI 1.331

Background: 27/10/2009 10:33:31p.m. Smoothing: Medium

Comments: 50% ultrasoun, no calgon, 45% beam

Report by Volume Percent
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

282.267 282.267 282.267 100.0   0.0
282.267 54.546 124.083  99.4   0.6

54.546 53.122 53.829  98.8   0.6
53.122 52.127 52.622  98.2   0.6
52.127 51.174 51.648  97.5   0.7
51.174 50.467 50.819  96.9   0.6
50.467 49.740 50.103  96.2   0.7
49.740 49.184 49.461  95.6   0.6
49.184 48.676 48.929  95.0   0.6
48.676 48.193 48.434  94.4   0.6
48.193 47.726 47.958  93.8   0.6
47.726 47.278 47.501  93.2   0.6
47.278 46.781 47.029  92.5   0.7
46.781 46.378 46.579  91.9   0.6
46.378 45.996 46.187  91.3   0.6
45.996 45.563 45.779  90.6   0.7
45.563 45.197 45.380  90.0   0.6
45.197 44.835 45.015  89.4   0.6
44.835 44.478 44.656  88.8   0.6
44.478 43.722 44.098  87.5   1.3
43.722 43.382 43.552  86.9   0.6
43.382 43.046 43.214  86.3   0.6
43.046 42.715 42.881  85.7   0.6
42.715 42.333 42.524  85.0   0.7
42.333 42.009 42.171  84.4   0.6
42.009 41.632 41.820  83.7   0.7
41.632 41.311 41.471  83.1   0.6
41.311 40.989 41.150  82.5   0.6
40.989 40.668 40.828  81.9   0.6
40.668 40.345 40.506  81.3   0.6
40.345 40.022 40.183  80.7   0.6
40.022 39.645 39.833  80.0   0.7
39.645 39.321 39.483  79.4   0.6
39.321 38.997 39.159  78.8   0.6
38.997 38.620 38.808  78.1   0.7
38.620 38.293 38.456  77.5   0.6
38.293 37.962 38.127  76.9   0.6
37.962 37.628 37.794  76.3   0.6
37.628 37.233 37.430  75.6   0.7
37.233 36.892 37.062  75.0   0.6
36.892 36.547 36.719  74.4   0.6
36.547 36.201 36.374  73.8   0.6
36.201 35.852 36.026  73.2   0.6
35.852 35.442 35.646  72.5   0.7
35.442 35.085 35.263  71.9   0.6
35.085 34.664 34.874  71.2   0.7
34.664 34.298 34.480  70.6   0.6
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Sample: P4
Operator: Natasha

Submitter: Franz Josef Gl, terminal moraine 08-09
File: C:\...\19-201~1.09\P4.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 27/10/2009 12:11:34p.m. Material: Fraunhofer / Water
Reported: 27/10/2009 12:11:38p.m. Background: Water RI 1.331

Background: 27/10/2009 10:33:31p.m. Smoothing: Medium

Comments: 50% ultrasoun, no calgon, 45% beam

Report by Volume Percent
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

34.298 33.931 34.114  70.0   0.6
33.931 33.565 33.747  69.4   0.6
33.565 33.196 33.380  68.8   0.6
33.196 32.823 33.009  68.2   0.6
32.823 32.384 32.603  67.5   0.7
32.384 32.010 32.196  66.9   0.6
32.010 31.637 31.822  66.3   0.6
31.637 31.202 31.419  65.6   0.7
31.202 30.829 31.015  65.0   0.6
30.829 30.395 30.611  64.3   0.7
30.395 30.027 30.210  63.7   0.6
30.027 29.661 29.843  63.1   0.6
29.661 29.298 29.479  62.5   0.6
29.298 28.938 29.118  61.9   0.6
28.938 28.580 28.759  61.3   0.6
28.580 28.227 28.403  60.7   0.6
28.227 27.819 28.022  60.0   0.7
27.819 27.472 27.645  59.4   0.6
27.472 27.072 27.271  58.7   0.7
27.072 26.732 26.902  58.1   0.6
26.732 26.396 26.564  57.5   0.6
26.396 26.062 26.229  56.9   0.6
26.062 25.732 25.897  56.3   0.6
25.732 25.404 25.567  55.7   0.6
25.404 25.023 25.212  55.0   0.7
25.023 24.699 24.860  54.4   0.6
24.699 24.377 24.538  53.8   0.6
24.377 24.058 24.217  53.2   0.6
24.058 23.686 23.871  52.5   0.7
23.686 23.316 23.500  51.8   0.7
23.316 23.000 23.157  51.2   0.6
23.000 22.686 22.843  50.6   0.6
22.686 22.373 22.529  50.0   0.6
22.373 22.062 22.217  49.4   0.6
22.062 21.751 21.906  48.8   0.6
21.751 21.442 21.596  48.2   0.6
21.442 21.084 21.262  47.5   0.7
21.084 20.424 20.752  46.2   1.3
20.424 20.124 20.274  45.6   0.6
20.124 19.827 19.975  45.0   0.6
19.827 19.532 19.679  44.4   0.6
19.532 19.239 19.385  43.8   0.6
19.239 18.951 19.094  43.2   0.6
18.951 18.618 18.784  42.5   0.7
18.618 18.337 18.477  41.9   0.6
18.337 18.060 18.198  41.3   0.6
18.060 17.786 17.923  40.7   0.6
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Sample: P4
Operator: Natasha

Submitter: Franz Josef Gl, terminal moraine 08-09
File: C:\...\19-201~1.09\P4.SMP          

Test Number: 3 Model: Fraunhofer, 1.331
Analyzed: 27/10/2009 12:11:34p.m. Material: Fraunhofer / Water
Reported: 27/10/2009 12:11:38p.m. Background: Water RI 1.331

Background: 27/10/2009 10:33:31p.m. Smoothing: Medium

Comments: 50% ultrasoun, no calgon, 45% beam

Report by Volume Percent
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

17.786 17.472 17.629  40.0   0.7
17.472 17.163 17.317  39.3   0.7
17.163 16.901 17.032  38.7   0.6
16.901 16.644 16.772  38.1   0.6
16.644 16.389 16.516  37.5   0.6
16.389 16.138 16.263  36.9   0.6
16.138 15.890 16.014  36.3   0.6
15.890 15.644 15.767  35.7   0.6
15.644 15.362 15.502  35.0   0.7
15.362 15.082 15.221  34.3   0.7
15.082 14.844 14.962  33.7   0.6
14.844 14.608 14.725  33.1   0.6
14.608 14.374 14.490  32.5   0.6
14.374 14.141 14.257  31.9   0.6
14.141 13.909 14.025  31.3   0.6
13.909 13.679 13.794  30.7   0.6
13.679 13.411 13.545  30.0   0.7
13.411 13.182 13.296  29.4   0.6
13.182 12.954 13.068  28.8   0.6
12.954 12.726 12.840  28.2   0.6
12.726 12.461 12.593  27.5   0.7
12.461 12.234 12.347  26.9   0.6
12.234 12.007 12.120  26.3   0.6
12.007 11.781 11.893  25.7   0.6
11.781 11.516 11.648  25.0   0.7
11.516 11.290 11.403  24.4   0.6
11.290 11.064 11.177  23.8   0.6
11.064 10.839 10.951  23.2   0.6
10.839 10.575 10.706  22.5   0.7
10.575 10.312 10.443  21.8   0.7
10.312 10.086 10.199  21.2   0.6
10.086  9.860  9.972  20.6   0.6
 9.860  9.633  9.746  20.0   0.6
 9.633  9.404  9.518  19.4   0.6
 9.404  9.174  9.289  18.8   0.6
 9.174  8.943  9.058  18.2   0.6
 8.943  8.670  8.805  17.5   0.7
 8.670  8.433  8.550  16.9   0.6
 8.433  8.192  8.311  16.3   0.6
 8.192  7.948  8.069  15.7   0.6
 7.948  7.657  7.801  15.0   0.7
 7.657  7.403  7.529  14.4   0.6
 7.403  7.142  7.271  13.8   0.6
 7.142  6.878  7.009  13.2   0.6
 6.878  6.567  6.721  12.5   0.7
 6.567  6.299  6.432  11.9   0.6
 6.299  6.034  6.165  11.3   0.6
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Report by Volume Percent
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Volume
Finer

(Percent)

 
Volume 

Frequency
(Percent)

 6.034  5.774  5.903  10.7   0.6
 5.774  5.480  5.625  10.0   0.7
 5.480  5.191  5.333   9.3   0.7
 5.191  4.941  5.064   8.7   0.6
 4.941  4.685  4.812   8.1   0.6
 4.685  4.411  4.546   7.5   0.6
 4.411  3.816  4.103   6.3   1.2
 3.816  3.465  3.637   5.6   0.7
 3.465  3.136  3.297   5.0   0.6
 3.136  2.928  3.030   4.4   0.6
 2.928  2.728  2.826   3.8   0.6
 2.728  2.109  2.398   3.2   0.6
 2.109  1.999  2.053   2.6   0.6
 1.999  1.895  1.947   2.0   0.6
 1.895  1.198  1.507   1.4   0.6
 1.198  1.138  1.167   0.8   0.6
 1.138  1.031  1.083   0.0   0.8
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Appendix G 
  
 
 
 
 
Method and index of microtextures identified on the quartz grains surfaces. 
 
Quantitative summary of grain microtextures for analysed sediments.  
 
Examples of analysed grains, SEM micrographs. 
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Method and index of microtextures identified on the quartz grains surfaces. 
 

The scanning electron microscope (SEM) with its extremely high resolving potential 

(about 50 A) has applications for geology in general, but for sedimentology in particular. 

Compound light microscope resolution is not sufficient to accurately resolve the grain 

size or surface detail on particles finer than 0.5 mm and, as a result, significantly limits 

investigations of sedimentary micromorphology. As an appropriate alternative, the SEM 

micrograph is formed by an internally generated electronic beam which is able to resolve 

detail determined by the dimensions and geometry of the primary beam. As this beam 

traverse the sample, the secondary electron detector collected emitted secondary electrons 

and process it by the electronics console into SEM image (Mahaney, 2002) with 

magnifications from 10X up to 20,000X.   

By the end of 1960s, SEM’s were in general use and allowed new, detailed investigations 

of the surfaces on fine particles, which are characteristic of particular sedimentary 

environments. Further research (e.g. Krinsley and Doornkamp, 1973; Whalley, 1978; 

Mahaney, 2002) concentrated on the effect of diagenesis across environments on grains 

and to allow determination of the environment of deposition for sedimentary grains 

extracted from strata representing much of the geological record. Quartz grains are 

common in sediments and hard enough to retain surface textures inherited as a result of 

the impact of erosion and transportation under a variety of environmental conditions. For 

glacial sediment there have been many attempts to determine the nature and impact of 

particle crushing, abrasion, transportation and deposition using numerous surface texture 

features, such as conchoidal fractures, angular edges and high-relief particles (Mahaney 

and Kalm, 2000). The main assumption, being that the associated sedimentary debris is 

only altered by crushing and abrasion associated with subglacial transportation (Boulton, 

1978; Haldorsen, 1981), but passive along supraglacial and englacial pathways, lead to 

conclusion that specific features from brittle fracture of quartz grains. These features 

could be use to differentiate subglacially grains from en- and subglacial or even indicate 

on the former ice thickness under which the deposit was transported (Mahaney et al., 

1988; Mahaney, 2002). However, additional research has lead to the conclusion that these 

features can be observed on quartz particles recovered from other environments, even in 

passively transported en- and supraglacial sediment (Krinsley and Doornkamp, 1973; 

Whalley, 1978; Sharp and Gomez, 1986).  
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Although, utility of the grain surface texture methodology is questionable, it may be 

useful for the identification of grains produced in contrasting environments with different 

modes of comminution. Possibly, the surface features of grains transported by glaciers 

are not useful for the differentiation of same, but these will contrast significantly from 

grains produced under the high stress conditions such as those associated with rock 

avalanches. This idea was first proposed by Chinn (1975) after he highlighted the 

problem of rock avalanche deposits being misidentified as moraines, suggesting the 

examination the surfaces of grains from both environments may provide a resolution. 

However, subsequent studies of sediment from different environments so included only a 

few grains from rockfalls and none from rock avalanche deposits. Therefore, the current 

study first concentrated on a comparison of surface features of grains from rock 

avalanche sediments with those from glacial deposits using a referenced set of 

characteristics first proposed by Mahaney and Kalm (2000) and Mahaney (2002).  

The dried samples of fraction 63-1000 µm and < 63 µm without any treatment were 

examined under stereomicroscope. Approximately 30 grains in the coarse fraction (size in 

order of 500-1000 µm) and > 100 grains in the finer fraction were collected randomly for 

detailed analysis using the SEM. The grains from glacial sediments show classical 

surface features. The problem arose with grains from rock avalanche sediment with 

irregular surfaces, where it was impossible to differentiate the lithology of the grains 

because of the presence of a thick coating of adhering, finer particles. As a result, the 

lithology of grains and their surface features were usually unidentified or were wrongly 

identified simply because they are not true surface features, but rather features of the 

particles adhering to that surface. 

Several tests were applied on grains from rock avalanche sediments from Aoraki/Mt. 

Cook and Coleridge rock avalanches in order to image clear surfaces considered 

characteristic of glacial sediment. The sediments were exposed to prolonged washing in 

water, a process that was repeated until the water remained clear.  Some grains (coarser 

fraction) were also cleaned this way, but the surface for majority of those grains could 

still not be viewed. Sediments were then treated with 10% solution of sodium 

hexametaphosphate (Calgon) for 24 hours and then repeatedly washed, however, SEM 

images and stereoscopy gave clear indication that the surfaces were still covered with 

finer grains and, that many grains were consisted of agglomerations finer grains which 

gave the appearance of being ‘solid’ grains. As a result of further SEM imaging it is now 

evident that differentiation of the grains covered with finer adhering particles from those 

that are agglomeration of finer particles, or glued together particles is not possible. 
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Additionally, several mounted grains/agglomerates from rock avalanche sediment were 

exposed ultrasonic disaggregation for 10 min and later for 30 min; however, the grain still 

had rough surfaces and some preserved as agglomerates.    

Therefore, this method of differentiation of the rock avalanche sediment from glacial one 

by quartz grain surface texture was abandoned because: 

1. In attempt to see the clear surfaces for grains from rock avalanche deposits the 

discovery that previously assumed solid grains are in fact agglomerations of coarser 

and smaller particles, or just agglomerations of smaller particles, in itself may be a 

way of validating the unique characteristics rock avalanche deposits and 

differentiating those from glacial sediments. The nature of the “grain by grain” glacial 

comminution in the presence of constantly flowing water resulted in production of 

sediment that without any treatment is composed of clean grains with obvious and 

easily resolved surface features. Therefore, in glacial sediments agglomerates will not 

be found unless there was post-deposition impact. 

2. This method is time consuming. For sediments from rock avalanche deposits the 

consumed time has to be multiplied by range of techniques for disaggregation of the 

adhered particles or agglomerates, the success of which are questionable.  

3. Even if ‘appropriate’ patterns with respect to surface features were obtained for rock 

avalanche and glacial sediments, such features do not necessarily indicate the specific 

conditions that operated during sediment production. The ‘characteristic’ features 

often attributed to supposed subglacial comminution, such as conchoidal fractures, are 

also found on grains from other environments (Sharp and Gomez, 1986; Whalley, 

1996) including those recovered from rock avalanche deposits.  
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Quantitative summary of grain microtextures for analysed glacial and rock 
avalanche sediments.  
 
1. Microtexture index: 

 
1 

re
lie

f low 
2 medium 
3 high 
4 

ed
ge

 round 
5 sharp 
6 flat cleavage face 
7 cleavage-planes (parallel lines) 
8 mechanically upturned plates 
9 fresh surfaces 

10 

co
nc

ho
id

al
 

fr
ac

tu
re

s < 25% 
11 25-50% 

12 > 50% 

13 

w
ea

th
er

ed
 

su
rf

ac
es

 < 25% 

14 25-50% 

15 > 50% 

16 

gr
oo

ve
s 

curved 

17 straight 
18 crescentic gouge 
19 V-shaped cracks 
20 sharp angular features 
21 arc-shaped steps 
22 adhering particles 
23 solution etching 
24 silica precipitation 
25 

gr
ai

n 
si

ze
 <  100 µm 

26 100 – 500 µm 
27 > 500 µm 

 
 

 
 

Examples of microtextures, SEM 
micrographs: 
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Quantitative summary of grain microtextures for analysed sediments. 
glacial sediment:                                                           rock avalanche sediment   
                                                                                       (without acknowledge of the 
agglomerates): 
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Examples of analysed grains, SEM micrographs. 
 
Glacial sediments: 
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Rock avalanche sediments: 
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ROCK AVALANCHES ON GLACIERS: PROCESSES AND IMPLICATIONS 

PhD thesis by NATALYA REZNICHENKO 

EXAMINERS REPORT: Martin Brook, Soil & Earth Sciences, Institute of Natural 

Resources, Massey University 

In summary, this thesis looks at the effects of rock avalanches on glaciers and investigates the 

effects of debris on ice melt via some well controlled laboratory experiments. The thesis also 

explores the sedimentological characteristics of rock avalanche deposit components of moraines 

and “normal”, climate-driven glacial moraines. This work is a combination of novel empirical 

research in the field and laboratory. The project then develops and utilizes these empirical 

findings by formulating a theoretical framework (agglomeration of fines) by which moraines can 

be analyzed, potentially allowing rock avalanche components of moraines to be delineated 

elsewhere. This in itself is an important theoretical advance, because multitudes of published 

studies routinely make palaeoclimatic extrapolations from moraine systems, when the precise 

process-origin of “glacial” moraines is often simplified or ignored. Hence, the thesis will be of 

interest to many, and this has already been demonstrated by acceptance and/or publication of 

Natalya‟s work in high-ranking international journals.  Although journal publication of PhD work 

prior to thesis submission does not always signify high quality, in this case, publication of 

Natalya‟s work does unequivocally demonstrate and underpin the exceptional quality of her 

work. The journal articles that have stemmed from the work are included in the thesis appendices. 

The thesis is of such high technical quality that the minor typographic errors that do exist 

do not detract from the technical aspects of thesis content.  However, I list these typos at the end 

of my report, and these will increase the finesse of the final submitted thesis. Therefore, I 

recommend that the thesis be passed with minor emendations, as outlined below. Natalya is to be 

congratulated on a very thought-provoking piece of work. My assessment of the thesis is set out 

chapter-by-chapter below. 

 

CHAPTER 1: INTRODUCTION  

This chapter is as long as is necessary at <3.5 pages, and clearly and unambiguously outlines the 

rationale for the project in the first paragraph. The purpose of the project and the need for it, is 

demonstrated by a slick inclusion of some key journal works published over the last decade or so. 

This global context unequivocally sets the scene and underpins the whole thesis right from the 
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outset. The succinct (but adequate) introductory statements are then followed by a clear series of 

objectives. This then flows into the thesis structures, where the key components of the following 

eight individual thesis chapters and appendices are summarized. Hence, Chapter 1 is exactly what 

it needs to be. 

 

CHAPTER 2: LITERATURE REVIEW 

Natalya has thoroughly and comprehensively engaged with the literature related to her chosen 

field of study. I doubt very much that there are any relevant journal articles or reports in existence 

that Natalya has not cited and referenced in her thesis.  The literature cited is mainly from journal 

articles, and covers a broad spectrum of work, across many continents and mountain belts, over 

several decades, by a multitude of different authors.  In addition, it is refreshing to see that 

Natalya has also sourced and utilized numerous reports from the „grey literature‟, along with 

many textbooks and conference proceedings.  Possibly the most pertinent point made in the 

whole review are on p. 31 and p. 33, where the following summary statements are made: “It is 

crucial to differentiate normal supraglacial cover from supraglacial rock avalanche deposits 

because the latter will significantly modify the glacier morphology and behaviour‟ (p. 31); “It is 

crucially important to differentiate between the slower responses of these debris-covered glaciers 

to climate changes and the short-lived alterations in glacier regime caused by individual large 

rock avalanches, which are independent of climate” (p. 33). In one sentence this succinctly and 

successfully re-iterates the rationale for the whole thesis. 

Moreover, the way that she has synthesized the literature into related sub-sections, 

extracting out the key components and most salient points out of some, at times, very complex 

pieces of work, reveals that she can demonstrate a complete mastery of the literature regarding 

her chosen are of geological studies. In fact, Natalya has not just reviewed, but has critically 

analyzed and appraised a very large body of work here. Indeed, many articles have now been 

drawn to my attention by reading this thesis that were unknown to me, and will be useful in my 

own work - I now look forward to tracking down some of these articles and reading them.  A 

final point regarding the extensive literature that Natalya has reviewed and synthesized is that is 

is impressive to see Natalya engaging with the broader geomorphic literature, such as the 

following on p. 67: 
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Haines-Young, R., and Petch, J. (1983) Multiple working hypotheses: equifinality and the study 

of landforms. Transactions of the Institute of British Geographers 8: 458–66. 

Indeed, in a sense, the problem Natalya has outlined and attempted to address is really a 

classic example of equifinality in geomorphology – i.e. what is the process origin of landforms 

that may look and appear very similar? Hence, Natalya is to be commended for venturing into the 

broader geomorphic literature, and contextualizing her work within such models.  

 

CHAPTER 3: DESCRIPTION OF STUDY SITES 

This chapter uses a neat selection of annotated photographs, some taken by the author, and where 

not taken by the author, the source is cited. Along with maps and diagrams, the chosen field sites 

(Southern Alps, NZ; Norway; Kaliningrad, Russia) are introduced and outlined.  This is generally 

done very well, and the chapter provides a solid introduction to the field sites.  The chapter is 

slightly asymmetric, in that the Southern Alps are given a lot of treatment (14 pages), Norway 

given 6.5 pages, and Kaliningrad 1.5 pages.  Regarding Southern Alps uplift rates that are quoted, 

it‟s a bit puzzling why Stevens (1990) is cited rather than Tippett and Kamp‟s (1993, 1995) more 

recent fission track work, whose NW-SE transects across the Alps give a detailed insight into 

spatial variations in uplift.  As I‟m not familiar with the Norwegian and Kaliningrad literature, 

I‟m not sure if this is due to a large amount of literature available on the Southern Alps, and a 

lack of relevant literature in the other two sites.  Perhaps a comment or a justification on apparent 

lack of geological/geomorphic literature included on certainly the 3
rd

 field site would be useful, 

maybe as part of a one-paragraph summary at the end of the chapter summing up the choice of 

fieldsites.  The Norwegian study sites outline is particularly interesting, but on the last line of 

p.91, perhaps a more precise timeline of the Younger Dryas than simply (about 11 ka yr BP) 

would be advantageous – especially given the controversy surrounding the age and process origin 

surrounding the Waiho Loop event. With the temperatures reported for 4 Norwegian glaciers (p. 

91), Natalya should make clear that these temperatures are not actually readings from the 4 sites, 

but are “lapse rated” from 2 other stations.  This should be made clear. 

 

CHAPTER 4: LABORATORY STUDIES: THE IMPACT OF DEBRIS COVER 

This chapter in a sense creates a further rationale for the study because it demonstrates 

unequivocally that debris cover on glaciers has complex effects.  In the past, very simple models 
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using degree-day or simple debris thickness-ablation field experiments have been undertaken. 

The issues with previous research are described specifically on p. 103. This chapter goes a step 

(or several steps) further by carrying out some very well-designed laboratory experiments 

looking at the effect of climatic variations on ablation of debris-covered ice. Moreover, the 

chapter cleverly includes a rare analysis of the effects of different types of debris cover. The 

chapter demonstrates that the nature of weather cycles and their duration and perturbations can 

have dramatic effects on heat conductivity through a debris layer and melting of sub-debris ice. 

This is an advancement in itself, and it is good to see the work has been synthesized into an 

article for Journal of Glaciology (published), as the study will be of broad interested to many in 

the glaciological community. Table 4.2, which is a review of measured critical thicknesses, 

including latitude, elevation and source, is particularly interesting and useful. In this regard, 

Figure 4.22 is also excellent. 

 

CHAPTER 5: FIELD INVESTIGATIONS OF ABLATION UNDER MODERN ROCK 

AVALANCHES ON GLACIERS 

This chapter looks at the effects of two recent rock avalanches on glacier surface ablation in the 

central Southern Alps of New Zealand. The rock avalanches chosen for study are the 1991 

Aoraki/Mt Cook rock avalanche onto Tasman Glacier and the 2004 Mt Beatrice rock avalanche 

onto Hooker Glacier, and the effects of the rock avalanche debris on glacier surface ablation 

relative to adjacent clean ice are explored. The justification for using ground penetrating radar to 

estimate the thickness of rock avalanche deposits is very well made in section 5.2.2., by reference 

to how the properties of different medium reflect the electromagnetic energy transmitted and 

received by a GPR – namely changes in relative dielectric permittivity. Different radar antennae 

frequencies were used for each of the two deposits – 50 MHz antenna for the Mt Beatrice deposit 

and 100 MHz antenna for the Mt Cook deposit.  Radargrams very clearly show the ice-debris 

interface, and these have been used to estimate volumes of the deposit. A conceptual model is 

also produced of how debris avalanches control subsequent evolution of glacier surface 

morphology. There is no mention of any post-processing of the radar data, but I assume this was 

minimal anyway. This is a particularly interesting piece of work, as it has relevance for the 

evolution of moraines such as the Waiho Loop, as Natalya explains.  Results are nicely situated 
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within a global context with reference and comparison to findings by other researchers and 

glaciers in North America and Iceland.  

 

CHAPTER 6: A NEW TECHNIQUE FOR IDENTIFYING ROCK AVALANCHE 

SEDIMENTS IN GLACIAL SEDIMENTS 

This chapter utilized sediments sampled from glaciers and moraines to determine whether 

particular characteristics are dominant in rock avalanche-derived moraines and climate-driven 

glacial moraines.  Rock avalanche sediments were sampled from know rock avalanche deposits, 

such as the Acheron, Lake Coleridge, Round Top deposits in the Southern Alps.  Rock avalanche 

deposits from the 1991 Mt Cook and 2004 Mt Beatrice rock avalanches, onto the Tasman and 

Hooker glaciers, respectively, were also sampled.  Further samples came from Mt Vora rock 

avalanche in Norway.  For comparison, glacial moraine sediments were sampled from sites in the 

Southern Alps, such as Little Ice Age moraines (e.g., the „1750‟ moraine in the Waiho valley), 

contemporary terminal, lateral and supraglacial moraines, and LGM latero-frontal moraines at 

Gillespies Beach, distal to the current Fox glacier terminus. Recent terminal moraines from 5 

Norwegian glaciers and contemporary supraglacial material from debris-covered glaciers in Mt 

Cook National Park was also sampled. This extensive sampling campaign has allowed Natalya to 

make comparisons and distinctions of sediments of differing process-origins.   

 Results showed that rock avalanche „fines‟ tend to have a uniform distribution, with no 

distinct modal size, but with a domination of fines under 1 micron.  In contrast, Natalya found 

that glacial sediment „control‟ samples that are known not to have any rock avalanche 

component, have a mode 30-60µm.  As well as particle size, sand samples were also 

distinguished successfully under a stereomicroscope. Scanning Electron Microscopy was then 

used to examine quartz grain microtextures. Comparison with the extensive quartz grain 

microtexture work of W. C. Mahaney at this point, may have been useful.  It was found that rock 

avalanche sediments, in contrast to glacial sediments „agglomerate‟ or „clump‟ into larger 

particles; potentially this is very useful. This contrast is beautifully illustrated by the 

photomicrographs and sketches in Fig 6.6.   

 

CHAPTER 7: APPLICATION OF THE TECHNIQUE FOR ROCK AVALANCHE-

INDUCED MORAINES AND PALEOCLIMATIC IMPLICATIONS 



6 
 

In this chapter Natalya field-tests the technique that was developed in the previous chapter.  The 

Southern Alps is a particularly good site to carry out such field tests, and this has been 

demonstrated in the previous chapters, and is outlined again here.  The important factors in the 

choice of study sites appear to be (1) accessible moraines, (2) equivocal moraine ages/moraines 

with an uncertain process-origin; (3) the interaction between topography and a tectonic plate 

boundary that allows rock avalanches to occur.  Three glacier systems were chosen: Holocene 

moraines around Mueller, Hooker, Tasman glaciers; Holocene moraines of Cameron Glacier; 

pre-Holocene Waiho Loop.  The first is a particularly intriguing site, because as Natalya correctly 

outlines, the most recent chronological work on these moraines by Schaefer et al. (2009) 

appeared to ignore a potential rock avalanche-onto-glacier origin. Hence, this is good survey 

design, and potentially of high importance.  The potential importance of the work is signified by 

Table 7.1, which nicely synthesizes moraine ages by 5 different authors over the last 40 years on 

the Mueller, Hooker and Tasman moraines. It‟s a little puzzling, as indicated on p. 211, that no 

moraine exposures for the Hooker Glacier could be found, so that only surface material could be 

sampled.  I have found exposures myself on the true left (western edge) of the lake that are 

accessible in the past – maybe this has been made inaccessible since my visit 2 years ago.  The 

main limitation in inferring rock avalanche origin for moraines, rather than a full climatic origin 

is that it is difficult to quantify the relative of rock avalanche vs. climatic drivers within a 

moraine, and this is something Natalya does highlight earlier in the thesis.  In Southern Alps 

moraines, marked differences in sedimentology can occur across very short spatial scales. Hence, 

when invoking a rock avalanche or climate origin for a moraine, it would seem that the spatial 

density/distribution of sediment sampling sites and particular locations might be of pivotal 

importance in generating conclusive ideas about moraine process-origin. Three points that are 

made toward the end of the chapter that I thought were particularly interesting, and 

contextualized the results nicely: (1) that the relatively small rock avalanche from Mt Cook in 

1991, covering <4% of Tasman‟s surface has limited ablation, thereby affecting mass balance; 

(2) the discussion about paleoclimate implications (p. 224) with reference to other published 

effects of rock avalanches in terms of mass balance and advances overseas; (3) the 

correspondence of some dated Mueller moraines (Schaefer et al‟s 600 and 390 BP) with Alpine 

Fault earthquakes (AD 1420, 1620).  In summary, the main outcome of this chapter is that the 

geomorphic context of moraines and process-origin (assessed via sedimentology, particularly the 



7 
 

presence of „agglomerates‟) needs to be assessed well before expensive dating techniques are 

employed.  

 

CHAPTER 8: SUMMARY AND FUTURE WORK 

The final chapter is succinct and summarizes the conclusions from the previous chapters.  The 

outcomes of the research have not been directly related back to the objectives stated on p. 1 and 

2, but rather indirectly.  This is not an issue as such, because some of the outcomes cross-cut 

several of the stated objectives.  In this way, all of the objectives have been met, and exceeded in 

some ways.  The outcomes are listed in bullet-point format, with direct reference to where the 

research has been published or is due to be published.  The most interesting part of this section is 

Future Work (8.2). If anything, Natalya could be slightly bolder in some of the statements here. 

Regarding proposed future work (3), I think there is now urgent need for key moraines in both 

hemispheres to be re-analyzed in terms of their sedimentology, using Natalya‟s, as well as other 

criteria, especially moraines in tectonically active orogens that have been given particular 

paleoclimatic „credentials‟. Natalya‟s results support this and more, and she is to be congratulated 

on a well-presented thesis that has been a very thought-provoking read. 

 

Martin Brook 

15 January 2012 

 










