Jowrnal of Glaciology Vol. 42 No. 140 1996

Centre for Glaciology. Institute of Earth Studies, University of Wales, Aberysticyth §123 3D B

Controls on glacier surging in Svalbard

GORDON S, HAMILTON
Biyrd Polar Research Center, The Olio State University. Columbas, Ohio 43210, U.S.A.

JULIAN A. DOWDESWELL

ABSTRACT. The geographical distibution of surge-type  glaciers worldwide
displays a remarkably non-random pattern. Surge-type glaciers tend o be
concentrated in certain glacierized arcas and to he completely absent in others. This
observation suggests that special conditions are required [or surges 1o occur. However,
the factors controlling the spatial occurrence of surge-type hehaviour are not known.
To investigate this problem we perlormed probability statistical analysis on a sample
population of 615 glaciers in Svalbard. The probability that a glacier in the sample
population is surge-type is 36.4%. Within the sampled area there is a spatial variation
in the concentration ol surge-type glaciers. Several scometric and environmental
lactors associated with glaciers in the sample population were measured and tested to
determine if they are related to the probability of surging, Of the eeometric factors
tested (length, slope, elevation, orientation and presence or absence of tributaries ),
only glacier length is related 10 surging. with surge probability increasing with
increasing length. Elevated probabilities of surging were also found for olaciers
associated with sedimentary subglacial rocks and sub-polar thermal regimes. The
distributions of related factors were used to predict the spatial distribution of surge-
type glaciers. However, in each case the individual factors were unable 1o reproduce

. Wales

the observed pattern ol surge-tyvpe glacier distribution.

INTRODUCTION

The spatial distribution of surge-type glaciers is enig-
matic. A non-random geographic pattern Ravmond,
1987 is characterised hy concentrations ol surge-tyvpe
glaciers in certain glacierized areas of the world and their
complete absence in others. Large numbers of surge-ty pe
glaciers are found, for example. in southeast Alaska and
the Yukon (Post, 1969; Clarke and others. 1986). the
Pamirs ' Dolgushin and Osipova, 19731, central West
Greenland (Weidick, 1992), Iceland (Thorarinsson.
1969) and Svalbard (Liestol. 1993). Yer no known
reports deseribe surges of elaciers in the European Alps,
mainland Scandinavia. New Zealand or the Rocky,
Cascade and Coast mountains of North America. This
pattern suggests that certain environmental controls are
required for surges to occur, although what these controls
are is not yet known. Elucidating these controls is
important since they are likely to constrain the possible
mechanisms by which glaciers can surge. Furthermore,
the exact nature of the surge mechanism itsell has vet to
be resolved (Clarke and others, 1984; Kamb, 1987).
Several studies have already attempted w identify the
factors controlling the distribution of surge-tvpe glaciers
Post, 1969; Glazyrin, 1978; Clarke and others, 1984;
Wilbur, 1988). With the exception of Post (1969, all
these studies involved statistical analysis. Post found that
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surge-type glaciers had no special geometric requirements
and that climatic variations or seismicity were not related
to surging in western North America. He did. however,
speculate that certain bedrock types might be related to
surging, noting that surge-type glaciers were rare in areas
ol predominantly granitic rocks. Glazyvrin (19781 worked
with a sample of 62 glaciers (surge-type and non-surge-
type) in Central Asia. He found that surging appeared to
be related to the ratios of accumulation-zone area to
ablation-zone arca, and accumulation-zone area o width
ol the glacier tongue. This latter ratio. according (o
Glazyrin, represented the “damming™ of the firn zone.
Clarke and others (1986 conducted a statistical analysis
of 2356 glaciers in Canada’s Yukon Territory. Several
n]”r])h()nll'“'i(' iln([ l(}]l”g]'ill)l]i(‘ |H|.ri|.n'll'!l'l'ﬁ WEre exams=
med, but only elacier length was [ound to be related to
surging. Why long glaciers should have an inereased
probability ol being surge-type has not been fully
explained (Raymond. 1987). The study carried out by
Wilbur (1988) used a sample of 146 glaciers in Alaska and
the Yukon. He concluded that surging tends to oceur in
glaciers with concave surface profiles and a greater
proportion ol arca at lower altitudes (described by
Wilbur as “hottom-heavy™ hypsometries). Wilbur sug-
gested  that the ultimate control on the distribution of
surge-type glaciers is geology, since glacier hypsometry is

inherited from mountain hypsometry. Support lor this
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hypulhvsis came from the observation that 11_\‘])501“(‘[1‘i('
curves tended to be non-randomly distributed.

None of the above studies has identified firmly what
controls the spatial distribution of surge-type glaciers.
With the aim of shedding more light on this problem. a
statistical analysis was performed on a sample of glaciers
on Svalbard.

DATA SOURCES

The high Arctic archipelago of Svalbard has approxi-
mately 2100 ice masses, of which a substantial number are
known or believed to be of surge type (Liestol, 1969, 1993;
Dowdeswell and others, 1991). It was likely, therefore,
that the islands would vield statstically representative
sample populations of normal and surge-type glaciers.

Data on individual glaciers were collected specifically
for this study. The principal sources of information were
Norsk Polarinstitutt’s (NP) topographic and geologic
map series and aerial photographs of the 35 1:100000
map sheets. Because of time considerations the study was
restricted to glaciers found on ten of the map sheets. The
ten selected map sheets were produced in colour. On
black-and-white maps the contrast between glaciers and
ice-free terrain is often indistinet, which made accurate
data compilation more diflicult. There are 18 colour maps
covering various parts of Svalbard; cight were not used
because, individually, they contain very few glaciers.

All of the selected map sheets were located on the
island of Spitsbergen (Ilig. la). The glaciers shown on
these maps formed the primary data set. A total of 615
glaciers were in this data set, representing approximately
30% of the total glacier population of Svalbard.

All glaciers on these map sheets were sampled. with
two exceptions. The first exception was bodies of ice less
than 1km in length. Examination of these features on
(1:18000) showed that
they are invariably remnant ice patches and not true

small-scale aerial photographs

glaciers. The second exception was plateau ice caps,
which were excluded from the sampling because they
lacked a single and distinct flow direction. The following
data were recorded for each sampled glacier: glacier
length, width and area (using a digitizer): maximum and
minimum elevations; the presence or absence ol tribu-
taries; and compass orientations of the upper and lower
regions [(corresponding roughly to accumulation and
ablation zones).

Geological information on the bedrock underlying
each glacier was also recorded for ice masses in the
sample population. Geological maps were available for
eicht of the ten sampled sheets used in this study.
Geological data for glaciers located on the remaining
two sheets were obtained from an NP 1:500000 scale
geological map.

Because data relating to the thermal regime of all 615
glaciers were not available, an analysis of the relationship
between thermal regime and glacier surging was carried
out for a smaller data set consisting of 136 glaciers.
Yu.Ya. Macheret (personal communication, 1991)
provided information concerning the thermal structure

se glaciers, based on the interpretation of radio-echo
sounding profiles.
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ESTABLISHING A SURGE INDEX

The data recorded for each glacier were completed by
assigning a value representing the likelihood that a
particular glacier is of surge type (the surge index). The
Canadian Glacier Inventory (CGI), from which Clarke
and others (1986) obtained their sample population, uses
a six-point surge index which describes various degrees of
certainty that a glacier is of surge type. In recent work
this index has been modified. Clarke (1991) simplified the
six-point index to a dichotomous scheme in which glaciers
were classified as either surge-type or normal. Wilbur
(1988
glaciers in the type 4 category that have been observed to

used the same six-point scheme, but included

surge but whose surges were minor events. Thus, his type
5 category was reserved for glaciers which had experi-
enced high-magnitude surges. Eventually, Wilbur re-
duced the index to a threefold classification of normal,
intermediate and surge-type categories. In the present
study, it was considered that the differences between
several of the eclasses in the CGI were indistinct.
Therefore, a modified version of this index, comprising
four classes (0-3). was defined. The surge index (i) is
described as follows;

i = 0: glacier most likely to be normal (no features
diagnostic of surging)

i = 1: possibly surge-type (1-2 surge-type features)

i = 2: probably surge-type (>2 features, and/or
historical report of surging)

i =3: most likely to be surge-type [“contemporary”
observation).

The number of glaciers in cach category is shown in
Table 1.
indication of surge-type behaviour., These features

Several features were considered to be an

included looped moraines, anomalous and/or widespread
crevassing, pronounced ice ramps, stagnant ice (Meier
and Post, 1969) and potholes (Sturm, 1967; Sturm and
Cosgrove, 1990). The principal documentary sources of
information used in the compilation of the surge index
were Liestol (1993 and Lefauconnier and Hagen (1991

Further references to the behaviour of individual glaciers
were contained in scientific papers, theses and historical
reports. However, most of the glaciers in the sample
population have not featured in the literature on

Table I. Surge-index distribution and probability scheme
Jor the Svalbard primary data sel. The surge probability
Jor the data sel is 36.4%

i n; i Dyl M)
0 393 0.639 0.051 20
| 141 0. 229 0.894 126
2 26 0.042 0.923 24
3 ] 0.089 0.980 54
Total 615 1.000 224
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Fig. 1. (a) Location and code numbers of the map sheets used to devive the primary data set. (b)) Geographic variation in
concentrations of surge-tipe glaciers in the sampled map sheets. The dearee of shading represents caleulated values of py,.
with the dark shades indicating areas where the probabilily of suiging is particutarly high. (c) Geographic varialion of
geologically predicted surge probabilities for th primary data sel, using a threefold geological classificalion scheme. Glaciers
underlain by sedimentary rocks have the highest probabilily of being surge-tope. This scheme Us unable lo differentiate
between regions of high and low concentrations of surge-lype glaciers. because large areas of sedimentary rocks were located
o cach mapy sheet. This suggests thal if surging ts geologically controlled. individual rock types ave likely to be maore
unportant than petrographic categories. (d) Geographic variation of surge probabilities for the primary data set. The

sfrm(g)”
of surge-type glaciers (b) (Spearman’s vank corvelation coefficient 0.93 ).

wnfluence of the bedrock geolagy has been removed by computing the ratio 1 Thes is similar to the observed distribution

Svalbard. Therefore, a substantial amount of information
wias obtained from aerial photographs.

The NP aerial-photograph archive contains images of

Svalbard from the following vears: 1936, 1938, 1948,
1956, 1960, 1961, 1966, 1969. 1970, 1971, 1977 and 1990.
The first four missions obtained oblique photography.,
The remaining photography is vertical, at scales ranging
from 1:15000 to 1:50000. The whole of Svalbard wis
covered by the 1936 and 1938 imagery combined. For

other vears, photographic coverage is restricted to certain
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arcas of the archipelago. Each glacier in the sample
population was photographed in 1936 or 1938 and. in

general, on at least four subsequent occasions.
THE PRIMARY DATA SET AND GEOGRAPHICAL
ANALYSIS

[nitial analysis of the primary data set ol Svalbard
glaciers involved calculating the probability that a glacier

159
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Fig. 1. (¢) Geographic varialion of surge probabilities for the primary data sel predicled using the revised geological
classification scheme. Comparison with the observed distrtbution (b) of surge-type glaciers is qualitatively better than that
between (d) and (b). This suggests that the move detailed lithological classification scheme is a betler prediclor of surge-
type behaviour. However, a Spearman’s rank correlation coefficient of 0.2 indicales only weak agreement belween this
prediction and the observed pattern. (f) Geographic variation of surge probabilities for the primary data sel. The influence
of the revised geological classification scheme has been removed by computing the ralio v, - There is reasonable
agreement with the observed distribution of surge-lype alaciers (b) (Spearman’s rank correlation coefficient (1.853).
Hozwever, this ralio cannol identify map sheels with abnormal concentrations of surge-lype glaciers, which suggests thal the
revised geological classification scheme was partly successful in predicting the spatial variation of surging. (g) Geographic
sariation of length-predicted surge probabilities (p,, ) for the primary data set. Long glacters have a greater probability
of being surge-lype (Fig. 4). Lengths of glaciers on each map sheet were analyzed and the data used lo predict the
distribution of surge-type behaviour. Comparison with (b) shows that the length-predicted pattern of swrge-type glacier
distribution does not match the observed pattern. This difference was confirmed by a low Spearman’s rank correlation
coefficient belween observed and length-predicted surge distributions. (h) Geographic variation of surge probabilities for the
primary data set. The length influence has been removed by compuling my” Comparisen with (b) shows close agreement
( Spearman’s rank correlation coefficient 0.87). suggesting that length does not influence the spatial distribution of surge-
trpe glaciers.

in the sample is surge-type. The surge probability was conducted a similar study in the Yukon Territory,
calculated first for the entire sample population and then Canada. The probability statistics are based on the
for individual geographical areas. Much of the methodol- classical work of Laplace (Stuart and Ord, 1987). The
ogy is taken from Clarke and others (1986), who oeneral expression for the probability of an event, .

https://doi.org/10]13389/500221430000306 16 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000030616

occurring in a sample population, N is p, = n, /N, where
n, is the frequency of . If the probahility of an event,
18 certain, then p, = 1 (or 100%

Surge probability for the primary data set

The primary data set is composed of 615 glaciers sampled
from ten map sheets. The surge probability for this sample
population was caleulated [rom the surge-index data
recorded for each glacier. The number of glaciers in each
class ¢ is denoted n;. The probability that a particular
glacier is “i-type”™, p;, was found from p; = n;/N, where
N is the total number of glaciers in the data set. The surge
index is a qualitative description of the likelihood that a
glacier is of surge type. It was. therelore, necessary (o
quantify this index to provide a measure of the
probability that a glacier surges, given that it is -1y pe,

pyi- This was achieved by estimating the number of

incorrect identifications associated with each i category.
This is a subjective estimate by the person carrying out
the elassification of glaciers in the sample and, therefore,
lacks any rigorous mathematical justification. The
estimate would most likely vary il another person were
to perform the exercise with the same data. In this study.
the classification of glaciers into i categories was
performed entirely by G.S.H.

If cach surge-type glacier in the sample is identified
correctly, then pyi—y = 1 and py; .3 = 0. However, given
the large sample population size it is likely that some
glaciers were assigned to incorrect i categories. For the
data set discussed here, we are confident that all but one
ol the glaciers we identified as type 3 are of surge Ly pe.
Therefore, py; 5= 0.980, or, in other words. if a
particular glacier is classified as type 3 there is a 98%
probability that it is surge-type. Similarly, for type 2
glaciers we estimate that only two might be wrongly
classified. giving py;—» = 0.923. For type | glaciers there
was greater scope lor error because of the increased n;
and the lack of corroborating evidence suggesting surge-
type behaviour. In this group we estimate 135 incorrectly
classified glaciers. Thus p;—; 22 0.894. The largest errors
were associated with type 0 glaciers. Again, this was
partly a result o the increased ;. It was also a reflection
ol the long quiescent-period length
many surge-type glaciers in Svalbard [ Dowdeswell and
others, 1991

quicscent phase may not develop surge-type features

For example, a glacier with a very long

over the period for which aerial photography is available

a maximum of 34 vears). Such a glacier will have
escaped identification as being surge-type during the
analysis of the photographs. For the type 0 category we
estimate 20 possibly  incorrect identifications. giving
Daji=o = 0.051.

Once pg; had been quantified, it was possible o
calculate the number ol surge-type glaciers in cach
category, ng;, from the product of n; and pg;. The surge
probability for the primary data set was computed from
the expression:

3
Ps = Z["hhn“t * “ J
§=l)

The caleulated values of n;. pg; and ng, for the primary
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data set are shown in Table 1. In the sample population.
224 glaciers were estimated to be of surge type. This
represents a surge probability for the sample of 36.4%.
Clarke and others (1986) calculated a surge probability
for their Yukon sample population of 6.4%.

Geographical analysis

The purpose of the geographical analysis was to examine
whether spatial variations in the concentration of surge-
type glaciers exist in Svalbard. In this case, the regions
were taken to be the ten map sheets used for sampling
(Fig. 1a).

Map sheets were delined by the subseript *m™. The i-
distribution of each sheet, n;,,,, was determined. and from
this the probability that a particular glacier in a map
=Mn m/”m-
This enabled the surge probability on each map to be

area, m, is i-type was calculated from p;,

computed from:

3
Psjm = Zp, mPsii - (2)

=0

Map surge probabilities are expressed as percentages.
Map sheets with higher than average concentrations ol
surge-type  glaciers are those with surge probabilities
greater than py for the primary data set, i.e. 36.4%. The
values range from 15.8% for sheet AG (Krossfjorden| to
16.8% for sheet B8 (St Jonsfjorden) (Table 2). The
spatial variation of p,, is represented graphically by
dillerent shading of the sampled aveas (Fig, 1b).

Three map sheets were found to contain particularly
high concentrations of surge-type glaciers. These clusters
are located in sheets A7, B8 and C12 (Fie. 1b). High
concentrations are also found in maps C9 and D9, The
arca with the greatest deficiency of surge-type glaciers was
sheet AG. Low concentrations were also found in maps
BIT and C11. Thus, the clustering of surge-type glaciers
observed at the global scale is reflected at the regional
scale in Svalbard.

Sample size Is not constant between the various map
sheets (see n,, in Table 2). To test the null hypothesis that
the d-distribution of cach map sheet does not differ
signilicantly  from that of the primary data set, \?
calculations were made. At a 93% sienificance level,
only map BI1 fell below the rejection limits. The y*
values [or all other areas exceeded the critical limit at this
level. Therefore, the null hypothesis is rejected and the
differences in é-distribution between these map areas and
the primary data set can be attributed to non-random
variation with 93% certainty.

Asspatial variation in the concentration of surge-type
glaciers on Svalbard has now been established. We seck
to explain this variable distribution. The first stage in
this process is to analyze [actors associated with glaciers
toidentify characteristics that appear to be related o the
occurrence of surge-type behaviour. Ifa relationship can
be established the spatial distribution of this Factor can
be used to predict where surge-type glaciers are likely 1o
be located. The closer a predicted pattern is o the
observed distribution (Fig. 1b) the greater the prob-
ability that the factor concerned is in some way
connected with surging.

161
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Table 2. Various stage probability statistics for the primayy data set arranged by map sheet. "T'he columns headed Lithology

[ and Lithology Il use the threefold geological classification scheme and the revised geological classification scheme,

respectively. Variations are shown graphically in Figure I

Map Geagraphic Lithology 1 Lithology 17 Length
sheet n Ns|m Psjm p;|m(_q'] r:\m(_-j) p:!m[Iilh] T:!ml_lhh) p:‘m[n’! r:'.-uh’)
AbB 56 79 15.8 19.3 82 19.3 82 35.4 15
A7 36 16:3 45.3 34.0 153 38.7 i 34.1 133
B8 56 26.2 46.8 38.7 121 45.6 103 38.2 122
Bl 76 2 ) 28.9 37.0 78 43.7 66 34.9 83
Cc7 AL 274 38.1 35.9 106 43.2 88 34.9 109
9 98 40.0 10.8 39.8 103 45.1 90 314 130
10 98 36.7 37.4 39.8 9% 14.3 84 95.D 105
€11 50 157 274 39.8 69 43.3 63 0.7 67
cl2 42 18.5 46.4 39.8 117 41.5 T2 38.9 118
29 gl 13,1 42.3 39.8 106 36.7 LIS 35.9 118

SURGE PROBABILITY AND SUBGLACIAL
GEOLOGY

There is general agreement amongst glaciologists that the
nature of the ice/bed interface is a significant component
of the surge mechanism. An unresolved issue is whether
surging takes place on an essentially rigid and imperme-
able bed (e.g. Kamb, 1987) or il deformation of subglacial
sediments is the surge trigger (Clarke and others, 1984 ) or
a combination of bed types is involved. The geological
characteristics of bedrock bencath glaciers are, therefore,
likely 10 be a key factor in determining the surge
mechanism.

Initial geological classification and surge
probability

Data obtained [rom geological maps were reorganised (o
find the i-distribution for each lithological type. It was
usually not possible to specify a single rock type on which
an individual glacier is resting, for two reasons, First, the
geological maps of Svalbard tend to assign several diflerent,
although lithologically similar, rock types to a given shaded
area. There is insullicient detail available concerning
regional geology to enable a more precise classification.
Secondly, glaciers often cross geological boundaries and are
underlain by more than one lithology. In total, 41 different
combinations of rock type were noted.

With so many lithological combinations it was
inevitable that some of these groups contained very few
glaciers. In such cases, the sample populations would
have been too small to permit a valid statistical analysis.
Thus, in order to obtain viable populations, the data were

regrouped. This regrouping took the simple form of

classifving the rock types according to the major
petrological categories: igneous, metamorphic and sedi-
mentary. lIgncous rocks (g=1) in the sample were
granites, migmatite and gabbro. The metamorphic
category (g = 2) contained quartzite, pelite, schist, gneiss
and slate. Tillites, limestone, sandstone, Old Red
Sandstone, shale and conglomerate were classified as
sedimentary (g = 3).

https://doi.org/1bﬁ?89/5002214300003061 6 Published online by Cambridge University Press

The i-distribution for each geological category was
determined, [rom which the probability that a glacier
overlying lithology ¢ is i-type was calculated as
Pilg = 1‘1,-“,,,/71,”. The surge probability of each petrological
group was computed from:

3
I)hl_f,l = Zptjyph,.' : (3)
=

Table 3 presents the results of the above calculations. 1f
the rock type beneath glaciers does not influence surging,
then py|, should be roughly equal for cach category. In the
Svalbard sample population this is not the case. Igneous
rocks have a surge probability of 5.1%. This value
matches the surge probability for type i =0 glaciers
hecause no glaciers from any other i category were found
overlying igneous rocks. Admittedly, the number of
glaciers in the sample population with igneous subglacial
rocks was fairly small (Table 3). Metamorphic rocks have
a much greater surge probability (27.5% ). The highest
surge probability was found for glaciers overlying
sedimentary rocks (39.8% ).

The above analysis demonstrates a marked association
between subglacial geology and the probability of
surging. There might, therefore, exist a geological
control on the geographical distribution of surge-type
glaciers. To test this hypothesis, the geological variability
of each map sheet was examined. The probability that a
glacier in map sheet m is resting on bedrock g was found
from pyjm = Ny /M, where 1y, is the number of glaciers
above rock type g in map m. The geologically predicted

Table 3. Surge probability stalistics for the lhree
petrological categories derived from the primary dala sel

Lithology Ng Pa ¥ Dslg /o
legneous 18 b, o=l
Metamorphic 82 13.0 275
Sedimentary ) 84.0 39.8
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surge probability for cach map sheet was then caleulated
from:

3
p:m(_f,ll = Z!’yuupﬂg- ( 1)

y=1

The map surge probability predicted by geology was
lowest for sheet A6 (19.3% ). All the glaciers on this map
were observed o be overlving igneous and metamorphic
rocks. In comparison, maps C9, C10, C11, C12 and DY
had a Py ©f 39.8% (Table 2). These arcas were
entirely composed of sedimentary rocks. Figure ¢ shows
that this geological analysis is unable to identify those
map sheets which have an observed concentration of
surge-type glaciers (Fig. 1b). Only sheet A6 stands out as
an area with a low surge probability. x? calculations
showed that this map sheet was the only one to differ at
the 95% significance level, in terms of geological
variability, from the primary data set.

The influence of geology on the surge probability can
be removed by computing the probability ratio:

* o & E
"r-.mly,rl — p‘\”' /l)\‘mwl : (°)}

According to Clarke and others (1986), this ratio provides
a measure of the difference between the observed surge
probability and the factor-predicted surge probability, in
this case geologically predicted. The probability measure
Timig Was computed for each map to assess the
magnitude of the difference between actual and gcologi-
Table 2). The

obtained flor sheet Cl1

cally predicted surge probabilities
minimum ratio was
— BRRYLY Thic s | g e SO BT
Pomig = 68.8%). This map had an actual map surge
probability of 27.4%. However, hecause all ¢laciers on
this map are underlain by sedimentary rocks, the
probability of surging predicted by geology is 39.8%.
The maximum ratio was calculated for sheet A7
L — 199 90 & . “aletilats i
Pomiy = 133.2%). In the original calculation of Dslm
this map had the second highest surge probability, at
45.3%. When geology was used to predict the probability
geology I )
ol surging, the value for A7 dropped o 34.0%. The
comparatively low result is due to a large proportion of
glaciers on this map being based on metamorphic rocks.
Figure 1d illustrates the map probability ratios caleulated
bl 7
from the geology predictions. Comparison of this figure
‘ 8Y 1 | g
with Figure 1h shows some similarity.

Surge probabilities associated with individual
rock types

The above examination sugeests that subglacial geology
does have an influence on the probability of surging.
However, geology cannot account for the geographical
distribution ol surge-type glaciers (as shown by compar-
ison of Figure 1b and ¢). The analysis performed above
considered subglacial geology in terms of only  three
petrological groups. It is possible that by grouping many
different rock types into just three categorics some
significant information was lost. Individual lithologies
probably play a more important role than petrological
classes in influencing surge-type behaviour, This hypoth-
esis was tested.

[t was demonstrated that glaciers overlying sedimen-
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tary rocks have the highest probability of being surge-
type. Approximately 80% of the primary data set was
composed of glaciers overlying sedimentary rocks. It was
considered  that the individual lithologies within this
group provided sufficient sample numbers 1o Justify a
statistical analysis of the influence of each. The sample
sizes associated with the igneous and metamorphic groups
were too small to permit a similar examination.

The following lithologics were analysed individually:
tillites, limestone, sandstone, Old Red Sandstone. shale
and conglomerate. The number of glaciers underlain by
cach lithology was denoted nyy, and the probability that
a glacier has a certain subglacial geology was pry,. Over
half the glaciers in the sample were underlain by shale,
Limestone was the least frequently occurring rock type.
The i-disuribution for each rock 1y pe was established. The
number of i-type glaciers resting on that lithology was
denoted 1y, and the probability that a glacier with a
certain subglacial geology s L-Lype was P =
Rann/ M- The probability that a glacier SUrges given
its subelacial geology was then found from:

3
Pyjlith = Zpiilithl"s;; = ((’}
=l

Values ranged from 62.5% for limestone to 35.0% for
conglomerate (Table 4. The sedimentary petrology of
cach map sheet was examined in more detail and the
frequency of individual rock types nated. [rom which
values of iy, were calculated. This cleared the way lor
new estimates of map surge probabilities 1o be prediced
[rom the revised geological classification using a modilied
Equation (4). Table 2 summarizes the results of this
analysis, and Figure le illustrates the differences between
the map sheets graphically.

New values of the probability  ratio Pl Wwere
obtained o compare the revised geologically predicted
surge probabilities with the actual probabilities. Table 2
lists the calculated values. The maximum and minimum
ratios were found. once again, 1o occur on map sheets A7
and CI1, respectively. The probability ratios were plotted

Fig. 11) and compared with other maps showing dilferent
measures of surge probabhility.

Figure le shows that using the revised eeological

Table 4. Surge probability siatistics prepared using the
revised geological classification scheme, T he figures for the
metamorphic and igneous groups remain as before. The
additional data were obtained by subdividing the lithologies
comprising the original sedimentary grouf

l,il/m."ugr Niith Dith Yo Pullith Yo
Tillite 52 8.5 17.5
Limestone 9 155 625
Sandstone 6l 9.9 30.6
Old Red Sandstone 36 5.9 47.5
Shale a3y 54.8 36.7
Conglomerate 20 33 35.0)
Metamorphic 82 13.5 AT
lencous 18 29 9.1
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classification scheme to predict surge-type behaviour
results in closer agreement with the pattern of actual
surge probabilities (Fig. 1b) than does the original
approach using geology (Fig. lc). However, it tends 1o
overpredict slightly the likelihood of surging in maps B11
and C11, and underpredict that for map A7. Nonetheless,
it correctly identifies sheets A6 and B8 as arcas with

extremely low and high concentrations, respectively, of

surge-type glaciers. When the revised probability ratios
are plotted (Fig. 1f) there is slight reorganisation of the
probability distribution to a pattern broadly similar 1o
that of the actual surge probabilities (Fig. 1b). This ratio
cannot, however, identify map sheets with extreme
values.

INTERNAL REFLECTING HORIZONS, GLACIER
THERMAL REGIME AND SURGE PROBABILITY

Thermal instabilities have been considered as trigger
mechanisms for elacier surges (e.g. Robin, 1955; Clarke,
1976), although they can only explain surges ol glaciers
where there is an element of basal [reezing (Paterson,
1981). Schytt (1969) speculated that parts ol ice caps in
eastern Svalbard surged when an inner core of ice at the
melting point broke through an annulus of colder ice
[rozen to the hed.

Schytt (1969) based his hypothesis on limited field
data. Since then, more evidence has been obtained on the
thermal characteristics of glaciers and ice caps in
Svalbard. Much of this information has been derived
from the results of radio-echo sounding programmes. A

persistent feature of many echo returns is the presence of

internal reflecting horizons (IRHs) giving the appearance

of two-layered glaciers. Bamber (1987) reported  the

presence of continuous horizons, situated at a depth of

100 200 m below the ice surface, on approximately 60%
of the glaciers surveved by the Scott Polar Research
[nstitute in 1983. The distribution of glaciers with such
horizons exhibits a clear geographical trend (Bamber,
1987: Macheret and others, 1991; Fig. 2), which Bamber
1987) attributed to variations in climate over the
archipelago.

Two-lavered glaciers are inferred to have a sub-polar
thermal regime characterised by cold surface ice over-
lying temperate basal ice (also called a polythermal
regime by Blatter and Hutter (1991)). An IRH marks the
houndary between the two conditions. Thermistor
measurements in boreholes in several Svalbard glaciers
support this hypothesis (Hagen and Satrang, 1991
Hagen, 1992; Odegard and others, 1992 Bjornsson and
others, In press). Borchole temperature measurements
enabled Holmlund and Eriksson (1989) to make a similar
interpretation for the presence of a reflecting horizon in
radar surveys of Storglaciiren, northern Sweden. The
connection between IRHs and a two-layered thermal
structure has not, however, been shown beyond doubt. In
most of the above studies, temperature measurements
were not made below the depths of the IRHs; the
presence of warmer ice at depth was based on extrapola-
tion.

Yu. Ya. Macheret (personal communication, 1991)
provided information, obtained during Russian radio-
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Fig. 2. Location of glaciers in Svalbard where internal
reflecting horizons (IRH) have been recorded during
yadio-echo sounding. The dashed lines show echo-sounding
[light paths. Based on Bamber (1987 and Macherel and
others (1991).

echo sounding programmes, on the thermal regime of 136
glaciers in Svalbard. Several of the ice masses in his
sample are included in the primary data set, although, in
addition. the Russian sample contains glaciers in north-
cast Spitshergen and Nordaustlandet.

Macheret organised his data set in two ways. I'irst, he
was able to classify most of the sample glaciers according
to thermal regime on the basis of radio-echo sounding
1993). The three
categories of thermal regime used are “cold”, “‘rela-

results (¢f. Macheret and others,

tively warm™ and ““two-layered™, corresponding to polar,
temperate and sub-polar (polythermal) thermal regimes,
respectively. For a few glaciers, a thermal regime could
not he specified, giving a fourth category. Secondly,
Macheret organised his data into a dichotomous surge
classification scheme in which glaciers were either surge-
type or normal. This was done using information reported
by Liestol (1993). which lists as surge-type only those
olaciers which have been observed to surge this century.
It is likely that some of Macheret’s "normal’ olaciers are
actually surge-type but were not included in Liestol’s list
because they have not been observed to surge.

Using Macheret's sample population we were able to
do a simple analysis of the relationship between surging
and thermal regime. The probability that a glacier in the
Russian sample is surge-1ype is PyRussian = 23.5%. This is
less than the p. = 36.4% for the primary data set,
probably because the Russian sample contains surge-
type glaciers incorrectly classified as normal. The
probability that a glacier is surge-type given its thermal
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regime was estimated as Pyam = Myjtherm/ Piherms Where
Nyl 18 the number of surge-type glaciers, and g is
the total number of glaciers, in a particular thermal

category, Table 5 summarises the data and the results of

this simple analysis. Note that two-lavered (sub-polar)
glaciers have the greatest probability of being surge-type

15.7% ). Neglecting glaciers which could not be classified
by thermal regime, cold glaciers have the second highest
surge probability. but the figure is much lower (13.29% ).
Temperate glaciers have 4.3% probability of being surge-
type. The proportion of two-layered glaciers in the
Russian sample is 65.6%. which is consistent with the
proportion of two-layered glaciers in a sample reported
by Bamber (1987

Table 5. Surge probability statistics for the Russian
sample (data from Vu. Ya. Macheret. personal conmun-
weation, 1991 )

Thermal regime n Petitioen: Diliherm. 20
Cold 38 5 132
Two-lavered 1) 21 15.7
Relatively warm %3 1 1.3
Not specified 29 53 172

The possibility that previous surges have altered the
thermal regime of some glaciers, causing. lor example, the
non-appearance ol reflecting horizons in several glaciers
in the sample. has not heen considered here. There is also
a possibility that the occurrence of IR Hs is length-related.
1991 ) reported that IRHs occur
more [requently in long glaciers than in short glaciers.

Hagen and Swirang

Length s shown later o be associated with increased
surge  probabilities. The potential bias introduced by
length into the relationship of IRHs and surging has not
been removed in this study.

Two explanations might account for the statistical
relationship between two-layered glaciers and surge-type
glaciers. One interpretation is based on the observation
by Hagen and Swetrang (1991 ol an englacial channel in
Austre Broggerbreen, Svalbard, at a depth corresponding
1987)
suggested that the presence ol cold, impermeable ice

to a measured reflecting horizon. Bamber

above and warmer, more permeable ice below might be
important in conwrolling the vertical position of these
englacial conduits. We suggest that during the quiescent
phase ol a two-layvered surge-tvpe glacier a large
proportion of water drains through englacial channels.
Hamilton (1992
drainage beneath Bjuvbreen, a quiescent surge-type

found little evidence ol subglacial

glacier in Svalbard. Englacial channels are maintained
by a balance between [rictional heating of the ice walls by
flowing water and creep closure caused by internal
deformation of the glacier, as suggested by Rathlisherger

19727, As a glacier approaches its active phase, increased
overburden pressure and enhanced creep deformation
might succeed in closing the englacial channels. Water
will be driven down through the permeable lower lavers
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of the glacier and could accumulate at the base where
there are no efficient drainage pathways. A linked-cavity
1987) or
unlithified subglacial sediments could begin o deform

drainage system might develop (Kamb,
Clarke and others, 1984). both of which are suggested
surge mechanisms. Alternatively, the water might
accumulate in lower ice strata leading to an increase in
creep deformation. This explanation does not advocate a
thermal instability mechanism for surges, nor does it
imply that only glaciers with a two-layered thermal
structure are ahle to surge. Instead, the presence of a two-
layered thermal regime serves 1o “encourage” surging.
rather than heing the primary cause.

G K Clarke

offers an alternative explanation for the link hetween

personal communication, 1993

IRHs and surging. He notes that very high subglacial
water pressures commonly associated with actively
surging glaciers cause ice quakes. These events create
networks of small fault planes. Impure basal water under
high pressures propagates upward along these [aults hut
freezes quickly because of the cold surrounding ice. The
upper limit of water propagation appears as a diclectric
boundary in radio-echo sounding profiles due 1o the
presence ol impurities carried up [rom the bed. This
explanation implies that IRHs are a product of glacier
surges and not a cause ol surges.

We are unable o evaluate which explanation is more
likely, because of the lack of detailed, long-term studies of
surge-type glaciers in Svalbard.

INFLUENCE OF GEOMETRY AND
TOPOGRAPHY ON GLACIER SURGING

Various morphometric and topographic parameters
associated with cach glacier in the sample population
were analyzed to determine whether any of these factors
are related 1o the occurrence of surging, The parameters
analyzed were glacier length. clevation and slope.
orientation and the presence or absence of tributaries.
The only factor which showed a statistical relationship
with surging was glacier length (described below . The
analyses demonstrated  that surge-type glaciers do not
have special clevation, slope, orientation or tributary
reached by Clarke and others (1986) in their study of
Yukon elaciers,

The influence of glacier length

Clarke and others (1986
increased  with elacier leneth in their Yukon sample

found that surge probability

population, although the glaciological signilicance ol this
Raymond, 1987, The
the hypothesis that, in the

discovery was not apparent
present  analysis tested
Svalbard data set, long glaciers have an increased
probability ol being surge-type.

lee masses in the Svalbard sample population have
lengths, L. in the range 1.0 > L < 35 km. These glaciers
were organised into one of nine length bins delined by
various length limits (Table 6. The probability that a
glacier will fall into bin L p, was calculated from
p=ny/N. where ny is the number of glaciers in that
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Table 6. Length limits for each of the length bins, the
probability that a glacier in the sample population will fall
into a given bin and surge probabilities for each length bin

Length bin, 1 Length limits km  p; %

| 12 11 20.4
2 23 257 278
: o2k 20,7 36.2

! 4-5 10.9 32.4
i) -6 7.8 31
6 6-8 7.6 42.4
7 8-10 89 50.7
8 10-15 ol 50.8
9 |54} 3 75.1

length bin. Figure 3 illustrates that glaciers have the
highest probability of falling into bin [ =2(2<L <
3km).

Probability, %
S5 @ R
o o o
"To= T S SE S S SN B =
L]
.
L]

. -
5 . * .
0 T T T T T T T T
1 3 3 4 5 6 7 8 9
Length bin

Fig. 3. Distribution of glacier lengths for the Svalbard
sample population. Plotied values represent the probability
that a glacter has certain length limils.,

Next, the influence of glacier length on the probability
of surging was examined. The number of i-type glaciers in
cach length bin, n;; was established and. from that, the
probability that a glacier in bin [ is i-type was found from
pij-= /. The glacier surge probability for each
length bin was then computed using the expression:

3
Psy = Z Pisi - (7)

i=0

Il there is no relationship between glacier length and
surging, then p,; should be roughly equal for each length
bin. Figure 4 illustrates that this is not the case. Instead,
we observe an almost monotonic upward trend in the
probability of surging with increasing glacier length.
Values of pyy range from 20.4% for [ =1 to 75.1% for
[ =9 (Table 6). This trend suggests that, in the sample
population, long glaciers have a greater probability of
surging than do short ones. The analysis does not reveal
distinct peaks of py;. This could have been the case il short
alaciers surged by one mechanism and long glaciers by
another. The results obtained using the Svalbard data set
are similar to those obtained by Clarke and others (1986)
for the Yukon glacier population, although Post (1969,
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Fig. 4. Influence of glacier length on the probability of
surging, There is an almost monolonic increase in surge
probability with glacler length. indicating lhal long
glaciers are much more likely to be surge-type.

using a much smaller data set. found no qualitative
relationship between glacier length and surging. Weert-
man (1969) demonstrated theoretically that surges were
more likely in large glaciers (roughly >10km long).
According to Weertman, glaciers draining a large area
would be able to accumulate a layer of subglacial water
thick enough to reduce bed friction.

The relationship between glacier length and surging
may be a product of the sampling process. It is unlikely
that surge-type [eatures associated with long glaciers
(~>6km) would go unrecorded, although it is con-
ceivable that similar characteristics on short glaciers were
missed during observations. If so, we would expect at least
75.1% of the glaciers in the sample population to be
surge-type. This is almost double the figure calculated
from the original data. It is unlikely that such a
considerable number of short surge-type glaciers went
unrecorded. Therefore, it is concluded that length does
influence the probability of surging.

Il this conclusion is correct, it suggests that the
concentration of surge-type glaciers in certain geographi-
cal areas could be a function of the distribution of long
alaciers. We now investigate this possibility.

Emploving the notation used earlier, ny,, is defined as
the number of glaciers in length bin [ in map sheet m. If
N,y is the number of glaciers in a given map sheet, then
the probability that a particular glacier in map m is in
bin | is pym = Mjm/Mm- The length-predicted surge
probability for each map sheet can thus be calculated
[rom:

9

p:im(l’) = Z PlimPs|l - {8)

=1

Table 2 lists the values of length-predicted surge
probabilities for each map sheet. It can be seen that the
variation in pg,, ) between the different areas is not great.
The calculated values range from 31.4% [or sheet €9,
which has a large proportion of short glaciers, to 40.7%
for map C11, which has a large proportion of long
glaciers. The length-predicted surge probability for the
primary data set was 33.3%. The [-distribution for each
map sheet was analyzed using the x? statistic. This tested
the null hypothesis that the I-distribution for a particular
map sheet did not differ significantly from that for the
primary data set. At the 95% significance level, sheets A6,
Cl1, €12 and D9 had different [-distributions [rom the
primary sample, but for different reasons. Sheet A6 has a
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higher number of glaciers in hin I = 4 and a deficit in bin
I =5, Cl1 has slightly more olaciers in bins I > 6. and
C12 has a greater proportion of mid-length glaciers. Map
D9 is characterised by a noticeable peak of glaciers in bin
=9 (Hamilton, 1992, p.68). Maps with high y*
percentile values are not necessarily those with concen-
trations of surge-type glaciers. For example, sheet D9 is
an area with an apparent deficit of surge-type glaciers
(Fig. 1b), despite its favourable [-distribution. In
addition, map B8 has a laree length-predicted concentra-
tion of surge-type glaciers, but x? calculations do not
support the hypothesis that it has a significantly diflerent
[-distribution [rom the primary sample. Figure lg
illustrates the geographical distribution of P This
figure shows that there is some reorsanisation in the
distribution of “surge clusters”™ when length is used (o
predict probabilities, compared to the actual probabilities
(Fig. 1h).

The influence of length on the suree probability can
be removed by computing the probability ratio:

Pim(ty = Ps m/l‘:lmtﬂ}‘ (())

These values are compared in Table 2. The ratios range
[rom a high of 133% lor map A7 which has a number of
short glaciers which are surge-type, o a low of 45% for
A6 which has several long glaciers which are not surge-
tpe. When the ratios are plotted graphically (Fig. 1h

there is a redistribution of the areas where surge-type
glaciers are clustered. relative (o Figure lg. This
reorganisation produced a broadly similar pattern Lo
that found when original values of . were plotted (Fig.
Ib). Thus, the arcas with the highest concentrations of
surge-type glaciers, caleulated with the length influence
removed, are A7 and 9. Surge probability also remains
high in map sheets B8, €7, C10, C12 and D9, If the
various measures of surge tendeney for cach map are
ranked (Table 7)., the same map sheets appear in the top
e although in slightly different
order. The Spearman’s rank correlation coeflicient lor
Py and 7

slm(l)
coellicient for pg,, and Pl 1 only 0.091, indicating a

live of hoth pg, and i
is 0.867. In contrast. the correlation

very weak correlation between the actual and length-
predicted surge probahilities for each map sheet. We
conclude that glacier length cannot fully explain the
observed concentration of surge-type glaciers in certain
map sheets.

SUMMARY

The work deseribed in this paper reveals several
characteristics of surge-tvpe glaciers in Svalbard. These
can be summarised as follows:

The proportion of surge-type glaciers in the sample
population is relatively high, at 36.4%. It contrasts
with a lower surge probability ol 6.4% found for
glaciers in the Yukon (Clarke and others, 1986).
indicating that conditions favourable for surging occur
more frequently in Svalbard.

Certain areas of the archipelago have higher than
average concentrations of surge-type glaciers, while in
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Table 7. Various measures of surge probability, arranged
by map sheet and ranked in order, with greatest gl
Comparison of the columns headed p.,,, and ',.:\mt 1y Shows
that the same map sheets occur in the lop five of both,
although the order is stightly different. A Spearman’s rank
correlation cocfficient of 0.87 for these two columns
indicates statistically that they are very similar

Rank o p_'\'lmm "':qu(f)
] B8 Cl11 A7
2 12 19 9
3 A7 B8 B8
| DY DY a5
5 9 Cl10 DY
6 c7 A6 i
7 Cl0 (84 Clo
8 Bll Bl1 Bll
9 Cl1 A7 @11

10 A6 o Ab6

other areas surge-type glaciers are rave. This non-
random geographical distribution is a local reflection
ol a global pattern.

Factors such as glacier slope, elevation, orientation
and the presence or ahsence of tributaries do not have
a significant influence on the probability of surging.
These findings agree with Clarke and others (1986
and Post (1969).

Glacier length was [ound to have an influence on the
probability of surging. in agreement with Clarke and
others (1986). Recent work by Clarke (1991)
confirmed that, of length, slope and width, length
was the dominant variable correlated with surging,
and that slope and width influences were derived from
this association. Length by itsell was not completely
suceessful at predicting the location of surge clusters.
This must be the case, since not all long glaciers in
Svalbard are of surge tvpe. Furthermore, there are
long glaciers in the European Alps, the New Zealand
Alps and the Coast Mountains of British Columbia.
ATCas w l]l']“' ."il_ll'g'('-l_\rl)(' ‘L"‘I'(](‘iL'l'h‘ fl(] not occur.

Glaciers possessing an internal reflecting horizon in
radio-echo sounding profiles have an elevated prob-
ability of being surge-type. IRHs might be an
indication ol a sub-polar thermal regime. One
interpretation is that a sub-polar thermal regime
could serve as a kind of encouragement (o a alacier
already close to being surge-type. An alternative
mterpretation is that surges cause a glacier (o develop

an [IRH.

The probability of surging is greatly increased for
glaciers underlain by sedimentary rocks. This connec-
tion between lithology and surging was first proposed,
qualitatively, by Post (1969). Further evidence of a
geological control on glacier surging was provided by
Weidick (1992) who noted that surge-type glaciers in
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central West Greenland occur on predominantly
basaltic rocks. The interpretation is that some
sedimentary rocks, and other softer rocks, are eroded
to form potentially deformable beds. This supports
surge mechanisms involving  deforming beds (e.g.
Jones, 1979; Clarke and others, 1984). The geological
data used in this study were not detailed enough to
identify which particular lithologies are most related
to surge-type glaciers.

None of the factors analyzed in conjunction with
surging of Svalbard glaciers was able to explain, on its
own, the distribution of surge-type glaciers in the
archipelago. This implies that surging is probably a
product of more than one environmental condition,
The combination of factors responsible for glacier
surging might be better identified in a multivariate
statistical analysis.
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