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ABSTRACT. A surge of West Fork Glacier, a temperate glacier in the Susitna 
Basin of the Alaska Range, began soon after the end of the 1987 melt season and 
terminated on 6July 1988. Reconnaissance measurements of balance, elevation and 
speed had been made from 1981 to 1983. Daily measurements of surface speed at two 
points 9 km apart and of the characteristics of the stream draining the glacier were 
begun during the surge and continued through the following year. The maximum 
displacement of the ice during the surge was about 4 km; the maximum change in 
surface elevation was about 120 m. Between the time of the start of detailed 
observations on 12 February 1988 and the onset of a complex termination phase 
during the last month of the surge, the speed was almost constant, and the water 
discharge was totally free of turbidity, indica ting that no basal water was escaping 
from the glacier. During the termination phase, sharp changes in speed occurred, 
almost simultaneously at the two observation sites; each deceleration event was 
accompanied by high sediment concentration and high water discharge. This 
behavior is similar to that observed on Variegated Glacier during its 1982-83 surge. 
The mechanism of triggering (related to surface water input and the disruption of the 
internal drainage system) and the cause of the fast motion were probably the same for 
both surges, even though there are substantial differences in size and mass-balance 
ch arac teris tics. 

I. INTRODUCTION 

At the end of the 1987 melt season, West Fork Glacier in 
the Susitna River Basin, one of the larger glaciers in the 
Alaska Range, began a surge which lasted about IQ 

months. The changes in the glacier, although spectacular, 
were probably not unusual for this type of event, but the 
surge presented us with an unusual opportunity. First, we 
had carried out a reconnaissance study of the balance, 
dynamics, geometry and history of the glacier several 
years earlier, from 1981 to 1983, and a background of 
data on the sediment regime in the Susitna River, into 
which West Fork Glacier drains, had been acquired by 
others. Secondly, the timing of the surge commencement 
was constrained by aerial photography. Thirdly, we were 
able to mobilize resources from other projects to begin 
daily glacier and hourly river observations during the 
surge. These circumstances combined to produce the first 
detailed data from a large surging glacier and an 
assessment of the effect of a major surge on a large 
river, Susitna River, which drains the basin. 

observations of other surge-type glaciers. Some of the 
observations made in the stream near the glacier terminus 
are included for comparison with the measured speed, but 
a detailed description of the stream measurements, and of 
measurements made downstream in the river, will be 
given separately. 

This paper is focused on the observed changes in 
glacier geometry and speed, and their comparison with 

ll. WEST FORK GLACIER 

Description 

West Fork Glacier is in the Susitna River Basin on the 
south side of the central Alaska Range (Fig. 1). Several 
other well-known surge-type glaciers (Susitna, Black 
Rapids and Yanert Glaciers) and others which appear 
to be intermediate between "surge-type" and "normal" 
(such as Maclaren and Eureka Glaciers) are nearby (Post, 
1969; Mayo, 1978; T. S. Clarke, 1991). All the surge-type 
glaciers are confined to the central and southern parts of 
the range in this area, and all are relatively large; West 
Fork Glacier has a length of about 40 km, an area of 
about 257 km2 and an average width of about 3 km. The 
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Fig. 1. Location map. West Fork Glacier is to the left. 

average surface slope is about 1.50 over the part of the 
main trunk which surged. 

accumulation basins. Figure 2 is taken from U .S. 
Geological Survey maps, which are based on 1949 
photography. It therefore portrays conditions then, 
except that we have shown a lake, which was absent in 

West Fork Glacier is shown in more detail in Figure 2. 
It has two major tributaries (A and B) and two major 
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1949 but formed during the recent surge, between the 
main trunk of the glacier and the glacier labelled "C". 
Glacier C, probably a tributary of West Fork Glacier in 
the recent past, now calves into this lake. Figure 2 
includes a longitudinal coordinate system, drawn up the 
center line and labeled at 5 km intervals, to which all 
measurements are referred. The zero is taken at the lowest 
terminal moraine shown on the map, which has been 
unaffected by the last two surges. 

Before the surge, the surface of West Fork Glacier was 
not heavily crevassed, but was pitted with shallow holes as 
can be seen in Figure 3. These holes, called "potholes" by 
Sturm (1987), or "lacunas" by A. Post, seem to be 
characteristic features of some surge-type glaciers in 
Alaska and Yukon Territory. Those on the nearby Black 
Rapids Glacier (Fig. 1) often partially fill and drain, even 
in winter (Sturm and Cosgrove, 1990). Those on West 
Fork Glacier are unusual in that they occur far down into 
the ablation area; they are usually clustered near the 
equilibrium line (Sturm, 1987). Many of them were still 
identifiable after the surge. 

Geologic setting 

The geologic setting of West Fork Glacier is complex (Fig. 
4). The strike-slip McKinley Strand of the Denali Fault 
System underlies the glacier for much of its length above 
15 km (Sherwood and others, 1976; Brewer and Crad
dock, 1989). North of the McKinley Strand is the Aurora 
Peak Terrane which consists of schists, quartzite, and 
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Fig. 4. Geologic boundaries in the viciniry oJ West Fork 
Glacier. 

amphibolites of Cretaceous- Tertiary age intruded by 
Tertiary granitic piu tons; to the south is the Maclaren 
Terrane which also consists of Cretaceous-Tertiary 
metamorphic rocks, including greenschists, pelitic schists 
and gneiss. A band of mylonitic rock lies north of the 

Fig. 3. Photograph oJ West Fork Glacier on 25 August 1987, near the beginning of the surge (R. Krimmel and A. Post, 
U.S. Geological Survey, photograph #87R3-197). 
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McKinley Strand. The Nenana Glacier Fault, another 
strand of the Denali Fault System, cuts across the glacier 
near the equilibrium line. High in the accumulation area 
are outcrops of Mesozoic-Paleozoic phyllites, quartzites 
and conglomerates belonging to the Windy Terrane. The 
Deborah Thrust Fault underlies the uppermost part of 
the glacier. 

Surge history 

West Fork Glacier was first identified as surge-type by 
Post (1969). Its surge history has been studied and 
summarized by T. S. Clarke (1991). On the basis of 
evidence from a photograph taken by B. Washburn in 
July 1940 (#2814), Clarke concluded that the previous 
surge took place about 1935, or about 52 years before the 
1987-88 surge. He also found moraines from earlier 
surges in NASA U2 photographs taken on 29 August 
1981 (line 85, #5412 and 5413), and concluded that the c. 
1935 surge terminated about 1.1 km farther down-valley 
than the recent one. 

Balance 

Balance measurements were carried out on West Fork 
Glacier from 1981 to 1983 at three points shown in Figure 
2, which at that time were situated at elevations of about 
980, 1430 and 1950 m, respectively. The results have been 
summarized by T. S. Clarke (1986). Averaged over the 3 
years, the annual balances at these points were about 
-4.1, -lA and 2.0 m (water equivalent), respectively, and 
imply an equilibrium-line elevation of about 1620 m then. 
(Small elevation corrections have been made to the data 
in Clarke's summary.) On the basis of these limited data, 
Clarke concluded that the annual balance averaged over 
the glacier was not greatly different from zero. 

TherItlal regillle 

No temperature measurements have been made on West 
Fork Glacier, but measurements on the nearby Black 
Rapids Glacier (Harrison and others, 1975) and on the 
adjacent Susitna Glacier (see Fig. I) suggest that West 
Fork Glacier is temperate, at least below 2350 m elevation 
(T. S. Clarke, 1991). A cold near-surface layer probably 
exists in the ablation area. However, the picture may not 
be so simple, because some of the snow accumulation 
takes place at elevations up to 3700 m, where little 
melting is expected. It is possible that the resulting cold 
ice may be transported to much lower elevations before it 
is warmed to near ODC. 

Speed before the surge 

Several years before the surge, from 1981 to 1983, speed 
was measured at point X, located at a longitudinal 
position of 24.2 km (Fig. 2). The results have been 
summarized by T. S. Clarke (1991). The speed showed a 
strong early summer maximum; the lowest measured 
value occurred in late summer. This behavior is common 
to the other major glaciers in the basin and to many 
glaciers elsewhere. The July 1981-June 1983 average 
speed was 62.2 m a-I. An interesting observation was that 
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the annual speed showed an increase of about 20% from 
1981-82 to 1982-83. 

Ill. SURGE INITIATION AND CHARACTERISTICS 

Initiation 

Soon after the 1981-83 studies of West Fork Glacier, T. S. 
Clarke (1986) noted that if its surge period is similar to 
that of the neighboring Susitna Glacier (which he had 
determined), "a surge may be expected fairly soon" . This 
conjecture turned out to be correct. R . Krimmel and A. 
Post (U .S. Geological Survey), during an observation 
flight on 25 August 1987, noticed new crevassing on the 
glacier surface, and suggested, in an internal U.S. 
Geological Survey memorandum summarizing their 
aerial observations for the year, that a surge was 
beginning or was imminent. Figure 3 is one of their 
photographs. The surge may well have been beginning at 
the time of this photograph, although the possibility that 
the crevassing was due to some precursor event cannot be 
excluded. At any rate, large displacements had not yet 
occurred, because the margins were still relatively 
unsheared and the surface relatively uncrevassed. On 5 
January 1988, while flying on another project, we 
independently discovered that a major surge was in full 
swing by then, as indicated by the sheared margins, 
crevassed surface and surge front. 

Unfortunately, the observations do not determine the 
region where the surge was initiated. We speculate that it 
was either distributed (rather than localized) or else 
spread very rapidly from a localized site. This is suggested 
by the observation that although high speeds may not 
have been attained by 25 August 1987, the relatively new 
crevassing was then fairly extensive. 

Affected parts of the glacier 

Beginning 29 January 1988, observation flights over the 
glacier were made at about 2 week intervals, and oblique 
photographs were obtained. A reasonably well-defined 
surge front was identified in the photographs. Its 
progression is shown in Figure 2. Most of the glacier 
was activated by the surge. The upper and lower limits 
are also shown in Figure 2. Our estimation of the upper 
limit of the surge, which is not distinct, is based on 
crevasse patterns and is subject to some uncertainty, 
particularly in the eastern of the two upper basins. The 
lower limit of the surge was in debris-covered ice, 
apparently deposited by earlier surges. The surface of 
the lower part of the glacier was severely crevassed during 
the surge (Fig. 5). Tributary A (Fig. 2) participated 
strongly in the surge. On this tributary, as on the main 
trunk, the upper limit of the surge was not distinct but an 
estimate is given in Figure 2. During the surge, when the 
ice from tributary A and the main trunk were both active, 
the two streams were separated by an impressive narrow 
"septum" of high ice pinnacles. Tributary B also 
participated in the surge, although less strongly, as 
indicated by the post-surge moraine patterns where it 
merges with the main trunk. Interpretation of the 
behavior of tributary B in terms of crevasse patterns is 
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Fig. 5. Ice surface near 13km in May 1988. 

complicated by the severely crevassed icefall over which it 
passes just before it enters the main trunk (Fig. 2). Glacier 
C did not participate in the surge. 

Total displacement during the surge 

The total displacement of the glacier during the surge was 
measured at several points by comparing the positions of 
surface features (mostly potholes fairly close to the center 
line), which could be identified in vertical photographs 
taken before and after the surge. For pre-surge positions, 
we used NASA U2 photographs taken on 5 August 1980 
(line 84, #8583-8585) and 29 August 1981 (line 85, 
#5409-5411). For post-surge positions, we used a mosaic 
of vertical 35 mm photographs which we took on 28 
September 1989 and a Landsat TM image which was 
acquired on 18 September 1988. 

Since we do not have vertical photography immed
iately before the surge, the estimates of the displacement 
during the surge itself depend somewhat upon assump
tions about the motion from 1981-82 (the dates of the U2 
photographs) and surge initiation in 1987. In Figure 6, 
the measured motion between the time of the U2 
photographs and the termination of the surge is shown, 
together with the displacement during the surge itself 
under two different assumptions: (1) the pre-surge speed 
from 1981-82 to 1987 was constant at its measured 1981-
83 average, and (2) the pre-surge speed continued the 
20% annual increase which was observed from 1981-82 
to 1982-83, as described above. Since the adjustments to 
the measured motion were based on pre-surge speed 
measurements that were made at only one of the points, 
the speed at the other points had to be estimated. 
However, the adjustments at these other points were 
relatively small and the resulting contribution to the 
uncertainty in the displacement during the surge is 
probably not significant. 

We expect that the most realistic estimate of total 
surge motion is the one resulting from the assumption of 
pre-surge 20% annual speed increase; the points rep
resenting this situation in Figure 6 have been connected 
with a curve. This interpretation is consistent with the 
motion of a set of potholes (one of the markers used to 
obtain the data in Figure 6 at about 25 km) between 
1981-82 (when the NASA U2 photographs were taken) 
and 25 August 1987. The position of these potholes at the 
latter date was estimated to an uncertainty of about 
200 m from one of the U.S. Geological Survey photo
graphs (#87R3-199). The position of the maximum in the 
displacement curve (at about 16 km) is approximately the 

E 
"" 

5 
~ t.4EASURED TOTAL 

1981,82 TO 1988 

~~ 
" DURING SURGE (PRE-

~ SURGE VELOCITY 
CONST) 

... 
z ... 
::I 
W 

~ J 

o DURING SURGE (PRE
SURGE VELOCITY 20 
ANNUAL INCREASE) 

"-en ~ 

C 
v 

~ 2 
z 
C 
::J 
t: 
'" z 
0 
....0 

1 

0 o 
0 10 20 JO 

INITIAL LONGITUDINAL POSITION (km) 

Fig. 6. Longitudinal displacement of the ice near the center 
line during the surge as a function of initial longitudinal 
position. The result requires estimation of the motion from 
1981-82 to 1987, as explained in the text. The curve 
represents the best estimate of the result. Above 26.3 km, the 
displacement has been estimated from continuiry and 
measurements of elevation change made at the margin of 
the glacier. 
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boundary between the ice-"reservoir" area and the ice
"receiving" area of the surge, as defined by Meier and 
Post (1969). This boundary is shown in Figure 2 and is 
seen to be well down in the ablation area of the glacier. 
The maximum displacement was about 4 km. For the 
sake of comparison, the maximum width of the glacier is 
about the same. 

Irregular motion 

On 10 February 1988, two people made their way 
through the sheared margin on the northwest side of the 
glacier, and then to the center of the glacier at a 
longitudinal position of about 13 km. The sheared margin 
consisted of ice rubble, with large blocks of ice (up to 7 m 
in length), separated by smaller "ice ball-bearings" 1 m 
or less in diameter, and, of course, crevasses. In this 
region, they could feel what appeared to be sudden 
acceleration events, which occurred at fairly predictable 
1 min or so intervals. The events were accompanied by 
shattering of some of the "ice ball-bearings" and shifting 
of the larger blocks. Relatively quiescent conditions 
between events gave rise to the feeling that the sheared 
margin of the glacier was moving in a jerky fashion. 

IV. GEOMETRY AND SHEAR STRESS 

Surface elevation 

A longitudinal profile of elevation along the center line 
was obtained from V .S. Geological Survey topographic 
maps, which have 100 ft [30.5 m] contour intervals and 
are based on 1949 photography. This profile is shown in 
Figure 7a. During the summer of 1982, several surface
elevation measurements were made at the three points 
shown in Figure 2 using the altimeter of a helicopter, or, 
in the case of the highest point, by surveying relative to 
fixed bedrock points. Elevations were referenced to the 
V.S. Geological Survey bench mark "Sitna" (Fig. 2). The 
positions of the lower two points were estimated from the 
glacier surface by compass bearings to known points. The 
estimated elevation uncertainty is about 18 m. These data 
were used to estimate the 1987, pre-surge elevation, of the 
three points measured in 1982. This was done by inferring 
a rate of elevation change obtained by comparison of the 
1949 and 1982 elevations, and making a small extrapol
ation from 1982 to 1987. The 1982 points are shown in 
Figure 7a. 

The elevation of the surface was also determined on 18 
May 1990, 22 months after the termination of the surge, 
again using a helicopter altimeter. The measurement 
points are shown in Figure 2. Compass bearings to known 
points were used to determine their position. Altimetry 
was also used to measure the ice-thickness change during 
the surge at points a and {J at the margin of the glacier; 
these points have longitudinal coordinates 28.5 and 
31.2km (Fig. 2). This was possible because ice from the 
pre-surge (1987) surface was left hanging on the valley 
walls at these points. The results are shown in Figure 7a. 
A continuous interpolation of the data is given by the 
indicated curve; it contains slightly more information 
than a smooth curve through the data because it includes 
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Fig. 7. a. Surface and bed elevations. The measurements 
were made near the center line, except for those noted by 
"margin" (see Fig. 2) . The 1987 curve was estimated as 
described in the text. b. Ice-thickness change near the center 
line during the surge, as estimated from the data in Figure 
7a. The dot near 37 km represents our estimate of the upper 
limit of the surge in the western of the two upper basins. 
Elevation changes measured at the side of the glacier have 
been used above 24.2 km. 
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features of the surface profile noted in the field, and is 
influenced somewhat by the well-determined 1949 profile. 

An interpolation of the 1987 profile is also given in 
Figure 7a. It is more subjective than the 1990 inter
polated profile, because there are much less data. Above 
point X at 24.2 km, it is assumed that the center-line 
elevation changes were the same as measured at the two 
points at the margins. This enables the 1987 elevations to 
be constructed from the 1990 elevations, but with 
relatively large uncertainty. 

The ice-thickness change during the surge was found 
by subtracting the 1987 and 1990 profiles. This is shown 
in Figure 7b, in which the most uncertain part (above 
point X) is dotted. A point of zero change, based on our 
estimate of the poorly defined upper limit of the surge in 
the western upper basin, is also shown. The reservoir and 
receiving areas are defined by the areas of thinning and 
thickening, respectively. The boundary between them is 
at about 16 km. 

Although these data give a reasonable picture of pre
and post-surge topography, they contain no information 
about its possibly complex evolution during the surge, 
when there may have been initial thickening followed by 
thinning associated with propagation of the surge front. 
Photographs taken at the lower of two time-lapse camera 
sites (Fig. 2) were inspected with this in mind. They 
suggest that there, from about 12 March 1988, and 
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possibly from the beginning of the photography a month 
earlier, the surface elevation dropped monotonically until 
surge termination. This is not surprising because the surge 
front was far down-glacier from this site over this interval 
(Fig. 2). 

Ice thickness 

The ice thickness was measured on 18 May 1990 at 
several points using monopulse radar. The results of 
measurements made near the center line are shown in 
Figure 7a. Several measurements were also made across 
one transverse section at 23.4 km. 

Width 

The width of the glacier was measured from our 
photographs, maps and Landsat imagery. The width 
changed little during the surge, except near the lower 
limit of the surge, where the width of the activated ice was 
used in the mass-continuity calculations described below. 

Shear stress 

The basal shear stress In 1949, 1987 and 1990 was 
calculated by the methods of Kamb and Echelmeyer 
(1986) from the measured surface- and bed-elevation 
profiles and a stress shape factor of 0.63, the latter 
estimated by the methods ofNye (1965) from the shape of 
the cross-section measured at 23.4 km. A triangular 
averaging window with a base of 4 km (about six times 
the ice thickness) was used; the validity of this averaging 
depends upon the densi ty of the data, which is highest for 
1949. The result is shown in Figure 8. 

The pre-surge stress, represented by the 1987 curve in 
Figure 8, shows a broad, secondary maximum in the 
vicinity of the boundary between the reservoir and 
receiving areas, and reaches a maximum of 1.3 X 

105 Pa at roughly 28 km. I t should be recalled that there 
is considerable uncertainty in the 1987 surface geometry, 
and therefore in the shear stress, especially above point X 
at 24.2 km. The data are more reliable for the other years, 
particularly 1949, but in all cases there is considerable 
uncertainty in the stress shape factor and in the details of 
the bed geometry. Also, complications due to the entry of 
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Fig. 8. Estimated shear stress at the base of the glacier at 
three times. 
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tributaries A and B (Fig. 2) are neglected. High on the 
glacier, above 32 km, there are no data and the geometry 
is complicated by the existence of two more-or-less 
distinct upper basins as seen in Figure 2. Neither the 
pre- nor post-surge stress regimes of the glacier appear to 
be particularly unusual. 

v. MASS CONTINUITY, ICE-FLOW REGIME AND 
ICE FLUX 

Mass continuity applied to the changes in geo
metry 

Mass continuity provides a connection between the 
displacement of the ice (Fig. 6) and the ice-thickness 
change (Fig. 7b) during the surge. It can be used to give 
information about the flow regime of the ice during the 
surge, the volume of ice which was transported, and the 
displacement of the ice above the highest point that was 
directly measured. We characterize the flow regime by a 
volume-transport shape factor 9 defined by 

Q(x) = g(x)A(x)D(x) (1) 

in which Q is the total volume of ice transported during 
the surge in the main trunk of the glacier through a 
transverse cross-section located at a longitudinal position 
x, A is the area of the transverse cross-section and D is 
the displacement of the ice at the center line during the 
surge. For plug flow, 9 should be unity, while for non
surge, non-slip flow in a channel like that of West Fork 
Glacier, 9 should be typically about 0.6, using the results 
ofNye (1965). 

The details of the calculation of the shape factor, the 
volume of the ice transported and the displacement on the 
upper part of the glacier are described in the Appendix. 
The results are as follows. 

Shape jactor 
The volume-transport shape factor 9 shows a marked 
change at about 10km (Fig. 9) . Below 10km its average 
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value is 0.78; from 10 to 18 km it is 0.90. It is quite 
possible that the difference is due to the presence of the 
bend near 10 km, which distorts the surge front (Fig. 2) 
and probably the transverse profile of speed, and there
fore the flow regime as characterized by g. Uncertainty in 
the channel shape might also contribute to the difference. 
The value 0.90 above 10 km is closer to plug flow and 
probably more typical of surge motion; a value close to 
unity also seems consistent with the data. 

Volume of ice transported 
The volume of ice transported in the main trunk during 
the surge Q(x), and the contribution of the tributaries 
T(x), are shown in Figure 9. T(x) represents the 
integrated volume decrease of the tributaries below 
position x on the main trunk of the glacier. The total 
contribution of the tributaries is roughly 750 x 106 m3

, 

about 20% of the maximum volume transported in the 
main trunk. This maximum occurs at about 16 km, the 
posi tion of the boundary between l"eservoir and receiving 
areas as estimated from the thickness change. 

Displacement 
The displacement of the ice D above its highest measured 
point at x = 26.3 km is shown in Figure 6. The break in 
slope in D (which is not necessarily sharp nor precisely 
located at the point of highest measurement as sketched in 
Figure 6) is probably due to the entry of the ice from 
tribu tary A. 

Ice flux before and during the surge 

From the mass-balance measurements discussed in section 
Il, T. S. Clarke (1991) estimated the balance flux at point 
X in Figure 2 to be (109 ± 30) x 106 m3 of ice per year. 
(This is the volume of ice accumulated annually above 
point X, and is the same as the volume of ice that would 
flow annually through a transverse section at point X if 
the glacier were in equilibrium.) He compared this with 
the actual annual ice flux at point X as estimated from 
the average center-line speed from July 1981 to June 
1983, and concluded that the actual flux was about 
0.44 ± 0.18 of the balance flux then. As discussed above, 
a 20% annual increase in speed was observed between 
1981 and 1983. If it persisted during the 5 years before the 
surge, then at surge initiation the annual flux was 
(0.44 ± 0.18) x 1.25 

= 1.09 ± 0.45 of the balance 
flux. Therefore, although the uncertainties are large, we 
must take seriously the possibility that the glacier was 
already transporting balance flux (or even more) at point 
X by the time the rapid surge motion began. This calls 
into question what at first seems an intuitively reasonable 
assumption, that surge-type glaciers transport signif
icantly less than balance flux at all points throughout 
the quiescent phase. 

The volume of ice transported past point X during the 
surge was estimated from Figure 9. It is equivalent to 
about 21 years of balance flux. Ifsimilar surges occur with 
a period of about 52 years and if the balance can be 
considered relatively constant, this means that about 
21/52 = 0.4 of the total ice transport past point X occurs 
during surges. Farther down-glacier, at the boundary 
between the receiving and reservoir areas for example, it 
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is likely that the fraction of ice transport which occurs 
during surges is larger. 

VI. SPEED DURING AND AFTER THE SURGE 

Speed during the surge - measurement 

Speed during the surge was measured by time-lapse 
photography at two points. For several reasons, including 
the necessity of using many different natural surface 
features as targets, the rotational instability of one of the 
cameras, and a paucity of survey data, the reduction of 
the data was a major task and has been described 
separately (Harrison and others, 1992). The methods 
used were an extension of those described by Harrison 
and others (1986b, c). The cameras were located at the 
sites labeled Lower and Upper in Figure 2. The 
approximate locations of the targets are also shown; they 
were not on the center line. Data were acquired from 12 
February 1988 to 3 August 1989 at the lower site, and 
from 6 April 1988 to 4 November 1988 at the upper. The 
results are given in Figure 10. At Upper Camera, the 
scale of the speed was not determined directly, but was 
taken to be the same as at Lower Camera multiplied by 
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Fig. 10. Speed at the two camera sites and sediment 
concentration at the stream-sampling site shown in Figure 
2. In the insert, between panels 2 and 3, the time-scale is 
expanded and the speed and concentration curves are 
superimposed. The dashed line in panel 2 shows one 
possible scenario for the speed before the cameras were 
installed, as explained in the text. 

https://doi.org/10.3189/S0022143000007334 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000007334


the ratio of the displacements of the ice at the two sites 
during the surge. 

At Lower Camera, the displacement during the 
complete surge (Fig. 6) and the displacement during 
the period of camera measurements (beginning on 12 
February 1988) are both known, the latter by integration 
of the measured speed. The displacement between the 
onset of the surge and the beginning of the measurements 
follows by subtraction. This places a constraint between 
the timing of surge initiation and the average speed 
during this interval. The simplest scenario, in which an 
abrupt onset of rapid motion is taken to be 25 August 
1987, the date of the photograph of Figure 3, is illustrated 
by the broken line in the second panel of Figure 10. This 
speed is seen to be slightly greater than that measured 
later but, when the uncertainties in the scale of the 
measured speed (roughly 10%) and in the displacement 
are taken into account, the difference may not be 
significant. In this scenario, then, the speed was 
essentially constant during the surge until shortly before 
its termination. However, since large displacements 
probably did not occur before the photograph of 25 
August 1987 (or else the margins of the glacier would 
have been more sheared, as noted above) and high speed 
may well have started later, the average surge speed over 
some interval before 12 February 1988 could have been 
significantly larger than that measured after 12 February. 

The speed at Lower Camera was almost constant 
(within the systematic errors caused by uncertainty in 
camera-pointing direction, as discussed by Harrison and 
others (1992)), from 12 February 1988 to the first part of 
June, when a complex termination phase lasting about a 
month began. We define this phase to have begun with 
the slight increase in speed, more noticeable at Upper 
Camera, which peaked in mid-June. Several large 
acceleration and deceleration events occurred soon 
after, the only such events during the observation 
period. The end of the surge, well-defined to within a 
day or so, was 6 July 1988. A slow decay in the already 
low speed occurred subsequently, as discussed below. A 
striking result is that the structure of the rapid speed 
variations at both sites, which are about 9 km apart, was 
virtually identical during the termination phase, at least 
within the I d time resolution of the data. 

Speed during the surge - advan cing surge fro nt 

During the interval 29 January 29-18 March 1988, a 
reasonably well-defined surge front advanced from 7.6 to 
3.8 km (Fig. 2), an average rate of 78 m d- I. Simple 
continuity considerations (Raymond and others, 1987), 
neglecting changes in the shape of the front, indicate that 
the speed of the ice U just upstream of the front and the 
speed of the front itself Ufront should be related by 

8H 
U = "]jUfront (2) 

in which 8H is the unknown height of the front and H is 
the ice thickness just upstream of the front . If the 
thickening of the receiving area took place entirely by 
propagation of the front, 8H would be equal to the 
thickness change for the entire surge plotted in Figure 7b 
and H would be close to the 1990 ice thickness obtained 
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from Figure 7a. Making these approximations, Equation 
(2) implies a speed of about 23 m d- I for the ice just 
upstream of the front over this 29 J anuary-18 March 
interval. This should be considered only an upper limit 
because of the approximations. It is also worth noting 
that the speed may be quite peaked upstream of such a 
front (Raymond, 1987) . At any rate, this speed is about 
twice that measured higher on the glacier, at Lower 
Camera (Fig. 10). 

During the interval 18 March-23 June 1988, the front 
advanced from 3.8 to 1.8 km (Fig. 2) , an average rate of 
21 m d-I. The corresponding speed of the ice is about 
12 m d-I, which is only half that of the upper limit 
obtained for the previous interval. This suggests a 
significant decrease in speed near the surge front during 
the latter part of the surge, but not conclusively because 
of the approximations made in the evaluation of 8H and 
H. 

Speed after the surge 

As noted above, we may d efine the final surge termination 
at both measurement sites as occurring within a day of 6 
July 1988. However, at leas t at Lower Camera, there is a 
slow decay of speed which is detectable over most of the 
1 year data-acquisition period after the surge. The first 
part of the decay can be seen in Figure 10. The latter part 
can be seen by averaging the data over sufficiently long 
time intervals to overcome the effect of noise (Fig. 11) . It 
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Fig. 11. Post-surge behavior of the speed at the lower 
camera site. 

is seen that the post-surge speed eventually decreases to a 
very small value, close to 0.020 md-I, with a decay half
life of several months. This is the same as the predicted 
speed under conditions of no basal sliding using the 
simplest methods, with Paterson's (1981) suggested values 
for the parameters describing the flow of temperate ice, a 
stress shape factor of 0.63 and values of thickness and 
shear stress at 13 km taken from Figures 7a and 8, 
respectively. 

VII. CHARACTERISTICS OF THE DISCHARGE 
STREAM 

Suspended-sediment concentration, turbidity, electrical 
conductivity and stage were measured in the stream 
draining the glacier, at the site near the terminus shown 
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in Figure 2. (No sediment was found in another, much 
smaller stream, farther to the east.) Limited measure
ments were also made at several points as far as 250 km 
downstream on Susitna River. Most of these results will 
be discussed separately. Here, we focus on the results of 
the suspended-sediment measurements near the terminus. 

During winter and spring 1988, water samples were 
taken during irregular visits to the stream. From early 
June 1988, an automatic water sampler (ISCO Model 
2700) was used to obtain samples twice daily, which were 
later analyzed for sediment concentration. The results are 
shown in Figure 10. During the 1988 winter and spring 
sampling period, the samples showed no trace of 
turbidity, even though the surge was in full swing. We 
conclude that no basal water was escaping from the 
glacier then. The first sediment, along with an increase in 
stage, appeared in early June, about the time of the onset 
of the termination phase of the surge (defined above as 
the time of the slight increase in speed which immediately 
preceded the first deceleration event). The sediment
concentration maxima have a convincing correlation with 
deceleration events. The same is true of the stream stage. 
The highest stage of the year coincided with final 
termination. The concentration-speed correlation is best 
seen in the inset in panels 2 and 3 of Figure 10. The 
maximum sediment concentration of about 30 g 1-1 
occurred near the beginning of the surge-termination 
phase. This is much higher than has been found in the 
drainage streams of non-surging glaciers in the central 
Alaska Range (e.g. Gaddis, 1974), and it is one or two 
orders of magnitude higher than we measured, at about 
the same time, in Susitna River above the confluence of 
the stream draining West Fork Glacier (Fig. 1). 

The water sampler was also operated during the late 
spring and summer of 1989, a year after the surge (Fig. 
10). There was no rejuvenation of the surge motion in 
1989, but the timing of the onset of high sediment 
concentration and of the seasonal maximum were 
virtually the same as they had been in 1988 during the 
termination phase of the surge. This timing of sediment 
appearance is also typical for non-surging glaciers in this 
area. An interesting conclusion is that the seasonal cycle 
seems to be controlling the timing of sediment concent
ration under both surge and non-surge conditions. The 
sediment concentration in 1989 was lower than in 1988 
but still high by normal standards. A flood, probably 
from the draining of the lake in front of glacier C, 
damaged the sampling site on 28 July 1989 and carried 
away the samples from the ten previous days. It had no 
detectable effect on the speed as measured at the lower 
camera site. A rather similar pattern of sediment concen
tration, but again less than the previous year, was also 
observed in 1990. 

The lake in front of glacier C in Figure 2 apparently 
owes its existence to the surge. A U2 photograph (29 
August 1981; line 85, #5410) indicates that it did not exist 
in 1981. Photographs and observations show that by 23 
June 1988 the lake had formed and was filling. There was 
little calving into it from glacier C then but by 19 July 
1988 calving was active, the lake was full of icebergs and 
it had at least doubled in volume. The large size of the 
lake on 19 July suggests that it did not drain during surge 
termination on 6 July. Substantial floods, probably from 
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the draining of the lake, occurred at the terminus in 1989 
(peaking on 28 July, as noted above) and probably again 
in 1990 (peaking on 26 July). 

VIII. COMPARISON WITH OTHER SURGES 

The difficulty of defining a surge-type glacier was first 
discussed in detail by Meier and Post (1969). While there 
is agreement that surges are quasi-periodically occurring 
episodes of relatively rapid motion, surges are often quite 
different from glacier to glacier, or even for a single 
glacier. It has therefore been of considerable interest to 
determine the systematics of surge-type glaciers by 
comparing them both with other surge-type glaciers and 
with "normal" glaciers (e.g. Post, 1960; Meier and Post, 
1969; G. K. C. Clarke and others, 1986; Echelmeyer and 
others, 1987; Raymond, 1987; Wilbur, 1988; Dowdeswell 
and others, 1991; G. K. C. Clarke, 1991). These discus
sions are continued here, with emphasis on West Fork 
Glacier and its comparison with Variegated Glacier, the 
most-studied surging glacier to date, and the one most 
familiar to us (Kamb and others, 1985; Raymond and 
Harrison, 1988). A comparison of the Variegated Glacier 
surge with those of other glaciers has been given by 
Raymond (1987) . 

Size and setting 

The most obvious difference between West Fork Glacier 
and Variegated Glacier is size; length 40 vs 20 km, typical 
thickness 600 vs 350 m and average surface slope of the 
surging length 1.5° vs 5.4° for West Fork Glacier and 
Variegated Glacier, respectively. West Fork Glacier 
receives moderate precipitation, whereas Variegated 
Glacier's precipitation is heavy. Both almost certainly 
have temperate beds. The surge recurrence period for 
West Fork Glacier (slightly over 50 years) is roughly three 
times that of Variegated Glacier. 

Both glaciers lie in a complex geologic environment 
and flow along, or are cut by major faults (see Frost, 
1976). This suggests that the beds of both glaciers are 
complex, in the sense that easily erodible materials could 
lead to deformable basal sediments and complex 
su bglacier drainage systems. It has been noted (Post, 
1969) that in the Alaska Range many surging glaciers (in 
addition to West Fork Glacier) are found within the 
prominent Denali Fault System, although other moun
tain regions with major and active faults do not 
necessarily have surging glaciers. On the other hand, 
Post noted that there are no surging glaciers in the 
granitic-and we may speculate, generally more compet
ent-rocks of the Coast Mountains. It appears that a 
complex bed (as defined above) cannot be eliminated as a 
necessary (though not sufficient) condition for surging. 

Pre-surge behavior 

The pre-surge data are limited from West Fork Glacier, 
but the 20% annual increase in annual speed noted 
several years before the surge is similar to the progressive 
acceleration which occurred on Variegated Glacier 
(Raymond and Harrison, 1988) prior to the rapid surge 
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motion. A similar pattern, although more complex than 
observed on Variegated Glacier, was observed on 
Medvezhiy Glacier (Dolgushin and Osipova, 1975, 
1978). Some glaciers may be more complicated still; 
Post (unpublished) believes that precursor false starts to 
surges, which may fade as rapidly as they start, are 
common. At any rate, significant changes in the flow 
regimes of many surge-type glaciers evidently occur 
several years before the rapid surge motion. If, as 
discussed above, West Fork Glacier was transporting 
balance flux at point X by the time of surge initiation, it 
suggests that during the pre-surge acceleration phase 
events were already in progress which made a surge 
almost inevitable regardless of possible changes in 
balance. The significant pre-surge acceleration of West 
Fork and Variegated Glaciers would have permitted 
prediction of the imminence of their surges several years 
in advance. In contrast, the speed of Black Rapids Glacier 
(like West Fork Glacier, a large surge-type glacier in the 
central Alaska Range; Fig. 1) has undergone a large 
oscillation with a period of roughly 15 years (Heinrichs 
and others, 1991), but no surge has occurred yet. 

Seasonal timing 

The most obvious difference in seasonal timing between 
West Fork and Variegated Glaciers is that the surge of the 
latter took place in two phases, the first beginning 
(probably suddenly) in early January 1982, and the 
second (relatively smoothly) in October 1983. Both 
phases terminated abruptly in late June or early July, 
as did the single phase of the West Fork Glacier surge. 
The initiation of the West Fork Glacier surge was 
probably some time soon after 25 August, as discussed 
above. Raymond (1987), reviewing the limited evidence 
available, noted that there were no known exceptions to 
surge initiation in winter; this was supported subsequently 
by observations of Peters Glacier which surged in 1986-87 
(Echelmeyer and others, 1987). We therefore need to 
consider whether the timing of the West Fork Glacier 
surge fits into this picture. 

The timing of surge initiation is critical for testing an 
idea about surge initiation discussed by Raymond (1987). 
The basic idea is that, as the water supply from the 
surface turns off late in the season, the pressure in the 
main internal water passageways draining the glacier rises 
as they shrink in response to decreased melting at their 
walls (Rothlisberger, 1972). If the pressure rises suf
ficiently, water stored within the glacier might not be able 
to reach the passageways but might be diverted to form a 
distributed drainage system at the glacier bed at the 
expense of the passageways, which could collapse. (The 
"linked cavity" system of Kamb (1987) is one of the 
possible configurations of such a distributed system.) If 
this were to occur, it would have to do so before most of 
the stored water had been discharged, and the discharge 
rate had decreased to its base winter value. The collapse 
of the original drainage system could initiate the surge. 

The behavior of West Fork Glacier seems to be 
consistent with this idea, even though the surge could 
have begun as early as the latter part of August. In this 
part of the Alaska Range, late August is usually a time of 
little or no surface melt, except low on the glaciers, and it 
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is likely that the glaciers' internal drainage systems are 
already contracting by this time. Indeed, we have 
observed that late-summer rainstorms often cause short
lived motion events on the nearby Black Rapids and Fels 
Glaciers (Fig. 1), probably because of the transient high 
water pressures which they induce in the already 
contracted passageways. The early initiation of the West 
Fork Glacier surge relative to that of Variegated Glacier 
could therefore be interpreted as a relatively rapid 
collapse of the drainage system in response to the turning 
off of the surface water, and not due to a different kind of 
triggering mechanism. Also, the greater thickness of West 
Fork Glacier may be a factor in the more rapid collapse. 
Raymond's (1987) hypothesis of winter-surge initiation 
may therefore hold if "winter" is defined as the time that 
surface water is absent. This important question still 
seems to be open. Post (unpublished) believes that, 
although rapid acceleration seems to occur during winter 
months, shearing along the margins of some surging 
glaciers may begin when run-off is still high. 

The timing of surge termination does not seem to be as 
uniform as initiation, as discussed by Raymond (1987) 
and Echelmeyer and others (1987). It is probably 
common for surges to terminate suddenly early in the 
melt season when surface water first becomes abundant, 
as did West Fork Glacier and both phases of the 
Variegated Glacier surges. However, some surges, such 
as that of Peters Glacier (Echelmeyer and others, 1987), 
terminate in winter, which shows that the input of surface 
water is not essential to termination. The position of the 
surge front must be a significant variable. When it is in 
the terminal region, termination may occur at any season. 
If it has not reached this region by the time that surface 
water becomes abundant, termination may occur 
followed by re-initiation when the surface water next 
turns off-the pattern followed by Variegated Glacier. 

Surge speed and changes in geometry 

The West Fork Glacier surge was a moderate surge of a 
large glacier (see Meier and Post, 1969). The changes in 
surface elevation (roughly 60 m draw-down in the 
reservoir area and up to 120 m thickening in the 
receiving area) were somewhat greater than observed on 
Variegated Glacier, but the surface of West Fork Glacier 
was less crevassed. The maximum estimated pre-surge 
basal shear stress was higher on Variegated Glacier 
(1.8 x 105 Pal than on West Fork Glacier (1.3 x 
105 Pal. The measured speed of West Fork Glacier was 
comparable to that measured on upper Variegated 
Glacier during the second phase of its surge, but the 
50 m d- l or more reached briefly on lower Variegated 
Glacier was probably never approached during the West 
Fork Glacier surge. Both surges were followed by a 
further, slow decay of speed which lasted several months 
(see Harrison and others, 1986c). 

The most obvious difference in the structure of the two 
surges was that Variegated Glacier's took place in two 
well-defined phases, as discussed above. In addition, a 
short-lived but major deceleration event took place 
during the second winter of the Variegated Glacier 
surge. In contrast, the surge speed of West Fork Glacier 
(at least where it is best known at Lower Camera) was 
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essentially constant from the beginning of the observat
ions midway through the surge, until the beginning of the 
surge-termination phase. It is also possible, as discussed 
above, that the average speed was not greatly different in 
the earlier phase of the surge, before the detailed obser
vations of speed began. 

Despite these differences, there are remarkable 
similarities in the behavior of the speed. The termination 
phases of the West Fork and Variegated Glaciers surges 
were complex but, in both cases, the behavior at widely 
separated points showed coherence. In the Variegated 
Glacier surge, events at different points were slightly 
phase-shifted by an amount corresponding to down
glacier propagation at speeds of 0.6-D. 7 km h -1. The time 
resolution of the speed measurements at the two camera 
sites on West Fork Glacier was marginal to identify a 
similar effect but some shift may have been present. 
Another similarity is that a premonitory acceleration 
heralded the beginning of the termination phase in both 
cases, although it was much stronger and lasted longer on 
Variegated Glacier. Also, in both surges, the deceleration 
events, including the final one, were abrupt. 

Water and sedhnent characteristics 

The most striking similarity in the surges of West Fork 
and Variegated Glaciers is the behavior of the streams 
draining the glaciers. In the case of West Fork Glacier, no 
sediment nor turbidity were visible in samples of the 
stream water until the beginning of the termination 
phase, after which deceleration events were accompanied 
by floods of sediment-charged water. The largest was the 
flood which accompanied the final termination. In the 
case of Variegated Glacier (Rumphrey, 1987), the water 
was unusually turbid throughout the surge, but the 
pattern of coincidence between deceleration events and 
floods with extremely high sediment concentration was 
the same. Peak sediment concentrations were slightly 
lower on West Fork Glacier but still an order of mag
nitude or more greater than what might be considered 
normal. It is clear that no water at all was escaping from 
the base of West Fork Glacier until the beginning of the 
termination phase. The disruption of the basal drainage 
system was the central conclusion of the studies of the 
Variegated Glacier surge; this phenomenon was even 
more complete in the case of the West Fork Glacier surge, 
at least as it affected the stream. The studies on both of 
these glaciers confirm early suggestions (Rothlisberger, 
1969; Post, unpublished) that surges are the result of the 
disruption of the internal drainage systems of glaciers . 
Although the information is less detailed, floods and high 
sediment discharge are known to have occurred in the 
surges of other glaciers; e.g. Black Rapids Glacier, Alaska 
(Ranee, 1937), Peters Glacier, Alaska (Echelmeyer and 
others, 1987) and Bruarjokull, Iceland (Thorarinsson, 
1969), and several in Central Asia (Shchegolva and 
Chizhov, 1981). This suggests that the disruption of the 
internal drainage system, which results in large water 
storage and high basal pressure, is the usual, if not 
necessarily universal, cause of glacier surges. 

IX. SUMMARY AND CONCLUSIONS 

A surge of West Fork Glacier, a 40 km long, essentially 
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temperate glacier situated in a complex geologic setting in 
the Alaska Range, began just after the end of the melt 
season 1987 and terminated suddenly 10 months later on 
6 July 1988. The previous surge occurred about 1935. 
Measurements from 1981 to 1983 indicated, at a point 
slightly below the equilibrium line, a 20% increase in 
annual speed. About half the balance flux was then being 
transported at this point, but it is quite possible that 
balance flux was reached before the initiation of rapid 
motion. Most of the glacier, including its two tributaries, 
was affected by the surge. The maximum total displace
ment of the ice during the surge was 4km. The maximum 
thinning in the reservoir area was roughly 60 m and the 
maximum thickening in the receiving area was 120 m. 
The highest basal shear stress before the surge was about 
1.3 x 105 Pa, which is not exceptionally high for a valley 
glacier. 

Daily measurements of speed at Lower Camera (Fig. 
2) indicated a speed of about 11 m d-1 from 12 February 
1988 to early June 1988. The speed during the earlier part 
of the surge was at least as large. The termination phase of 
the surge, the onset of which was defined by a slight 
acceleration, began in early June, and was marked by 
events of rapid acceleration and deceleration until the 
final termination, which was abrupt. The speed varied 
coherently at two measurement sites about 9 km apart. 
No turbidity or sediment were found in the stream 
draining the glacier until the beginning of the termination 
phase. Sediment concentrations of 30 g 1-1 were reached 
during the first deceleration event and each such 
subsequent event was accompanied by a concentration 
maximum. After surge termination, the speed at Lower 
Camera showed an additional deceleration lasting several 
months. Higher-than-normal sediment concentration in 
the stream, with a similar seasonal timing of the first 
sediment appearance, also occurred in 1989 and 1990, 
but there was no resumption of surge speed - not 
surprisingly, since the surge front at the time of 
termination was not far from the positions of moraines 
deposited by previous surges. 

Comparison of the surge of West Fork Glacier with 
that of the smaller Variegated Glacier indicates several 
differences, which may be summarized by noting that the 
West Fork Glacier surge was a considerably simpler 
event. However, these differences do not indicate 
differences in the basic mechanisms. The implications of 
that study and of more limited observations on several 
other glaciers are therefore confirmed. First, although the 
geometry and resulting stress fields may be important in 
setting the stage for surge initiation, surge initiation 
occurs after water supply from the surface turns off. 
Secondly, the rapid motion is caused by disruption of the 
internal drainage system. Moreover, the similar behavior 
of the speed during both surges, and the similar 
relationship of speed to water and sediment discharge, 
suggest that the details of the mechanism of fast motion 
were the same in both cases. Other similarities, such as 
characteristic pre- and post-surge behavior, the location 
of both glaciers in a complex geologic setting, and high 
erosion rates implied by the sediment discharges, can be 
iden tified. 

Needless to say, the problem of glacier surging cannot 
now be considered solved. The most important unan-
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swered question is the structure of the bed, a rigid bed 
everywhere beneath the glacier being one extreme, and a 
deformable bed everywhere, the other. Aspects of this 
question have been discussed by several authors and have 
been summarized by Raymond (1987). The connection 
between bed structure and the nature of the internal 
drainage system is a parallel question (G. K. C. Clarke 
and others, 1984; Boulton and Hindmarsh, 1987; Fowler, 
1987; Kamb, 1987, 1991) . On the rigid bed, surging 
could be considered to have resulted from something akin 
to floating; on the deformable bed, it could have resulted 
from failure of the bed. These processes are quite 
different, even though they would both be caused by 
disruption of the internal drainage system. Nothing is 
known about the bed of West Fork Glacier, other than 
that it is situated in a highly faulted geologic environ
ment. On Variegated Glacier, television observations, 
made at the bottom of several holes drilled with hot water 
in the reservoir area about 2 years before the surge, 
suggested that most of the basal motion (at least in the 
small area studied) was taking place in a basal debris 
layer (Harrison and others, 1986a). An actively deform
ing debris layer is known to be present beneath at least a 
part of Trapridge Glacier and Breidamerkurjokull 
(Thorarinsson, 1969; Boulton and jones, 1979; G. K. C . 
Clarke and others, 1984), both surge-type glaciers. 
Evidently, the question of bed structure remains open. 
The observation of deforming sediments beneath parts of 
two other kinds of rapidly moving ice masses, Antarctic 
ice streams (Blankenship and others, 1987; Engelhardt 
and others, 1990) and tide-water glaciers (Engelhardt 
and others, 1987), should be kept in mind. However, the 
question is not only the structure of the beds of rapidly 
moving ice masses, but whether these beds are system
atically different from the beds of "normal" glaciers, 
under which active sediment layers have also been found 
(e.g. Engelhardt and others, 1978; Brand and others, 
1987) . 

DATA AVAILABILITY 

All of the data shown in the figures of this paper are 
available in numerical form on a disk from the authors or 
from World Data Center A, Glaciology. 
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APPENDIX 

APPLICATION OF MASS CONTINUITY 

This Appendix provides the background for the results 
given in section V. Since the cross-sectional area A(x) in 
Equation (1) is not known, it is approximated by defining 
an area shape factor f by 

where H is the known center-line thickness of the ice, W is 
the known width, and for all positions X we use the value 
f = 0.66 calculated from the cross-section measured near 
point X. Equations (I) and (AI) give 

Q=gfWHD (A2) 

in which Q is the volume of ice transported in the main 
branch. The meaning of these equations is complicated by 
the fact that the displacement D is large; for example, the 
fractional change in thickness H at a given point may be 
appreciable during the surge. For this reason, we use for 
H the average of its values before and after the surge. 

The next step is to note that the volume transport Q at 
x is equal to the volume increase of the glacier below that 
point, at least if volume changes due to crevassing are 
neglected: 

Q(x) = 1: .. (.1H)Wdx' - T(x). (A3) 

Xlower is the longitudinal coordinate of the lower limit of 
the surge. LJ.H is the increase in ice thickness averaged 
across the glacier; we will make the approximation that it 
is the same as the measured center-line thickness change. 
The integration is carried out over the main trunk of the 
glacier. The volume change of the tributaries is 
represented by the term T(x). For a single, narrow 
tributary, T(x) would approximate a step function at the 
confluence with the main trunk. T(x) has the following 
limits: 

T(x) = 0 

T(x) = QT 

(below the tributaries) 

(above the tributaries) 

(A4a) 

(A4b) 

In which QT is positive and equal to the decrease in 
volume of the tributaries during the surge. (In actuality, 
T(x) will be some function of X connecting these two 
limits.) 

Below the tributaries, where T(x) = 0 (Equation 
(A4a)), Equation (A3) determines Q, from which 
Equation (A2) determines 9 (Fig. 9). At points farther 
up-glacier, we fix gat 0.90, its value below the tributaries. 
Equation (A2) then determines Q up to point X at 
24.2 km, the highest point at which elevation change at 
the center of the glacier was determined. T(x) then 
follows from Equation (A3) (Fig. 9). (T(x) is somewhat 
arbitrary where the tributaries enter because it depends 
upon the definition of the width of the main trunk and the 
meaning of the shape factor there.) Next, QT can be 
found by evaluating Equation (A3) at some point above 
the tributaries, such as point X, so that by Equation 
(A4b) one can substitute T(x) = QT. Solving the 
resulting version of Equation (3) gives QT ~ 750 X 

106 m3
. Using this value of QT in Equation (A3) for all x 

above X, one can solve for Q above point X (dotted line 
in Figure 9). The displacement D above the highest 
measured point at 26.3 km follows from Equation (A2) 
(dotted line in Figure 6). The uncertainty in these values 
for Q and D is large because above X the changes in 
elevation upon which they depend were measured at the 
valley walls only, and may not be as representative of 
average thickness change as values measured at the center 

A(x) = f(x)W(x)H(x) (AI) of the glacier. 
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