1 February 1985, Volume 227, Number 4686

Glacier Surge Mechanism: 1982-1983
Surge of Variegated Glacier, Alaska

Barclay Kamb, C. F. Raymond, W. D. Harrison
Hermann Engelhardt, K. A. Echelmeyer, N. Humphrey

Glacier surging—popularly called
“‘galloping’’—is one of the most dramat-
ic phenomena of glacier motion. A surg-
ing-type glacier, after flowing along in an
apparently normal manner for years,
speeds up for a relatively short time to
flow rates as much as a hundred times
the normal rate and then drops back to
an apparently normal flow state. The
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recognized as one of the outstanding
unsolved problems of glacier mechanics.
It is also of wider interest, because of the
possibilities that glacier surges may im-
pinge upon works of man and that surg-
ing of the Antarctic ice sheet may be a
factor in the initiation of ice ages and in
cyclic variations of sea level (7). Glacier
surging also bears a relation to over-

Summary. The hundredfold speedup in glacier motion in a surge of the kind that
took place in Variegated Glacier in 1982-1983 is caused by the buildup of high water
pressure in the basal passageway system, which is made possible by a fundamental
and pervasive change in the geometry and water-transport characteristics of this
system. The behavior of the glacier in surge has many remarkable features, which
can provide clues to a detailed theory of the surging process. The surge mechanism is
akin to a proposed mechanism of overthrust faulting.

process repeats itself with a period (typi-
cally in the range 10 to 100 years) that is
thought to be roughly constant for any
given glacier of surging type (I, 2). This
phenomenon has intrigued and puzzled
glaciologists since it was brought to sci-
entific attention by the 1906 surge of
Variegated Glacier, Alaska (3). Evidence
has accumulated that a good many gla-
ciers are of surging type, even though
relatively few have actually been ob-
served in the act of surging (4). A num-
ber of theoretical explanations of surging
have been proposed (/, 5), but progress
toward a firm understanding of the phe-
nomenon has been slow because of a
lack of sufficient field observations pro-
viding clear indications of the causative
factors (6). The surge phenomenon is
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thrust faulting and gravity tectonics in
the earth and to landsliding.

We have made detailed observations
of the surge of Variegated Glacier that
took place in 1982-1983. Our observa-
tions reveal many new facts about the
surge process and provide the basis for
some informed reasoning about the
physical mechanism of surging. We pre-
sent here a summary of the principal
results at an early stage in their evalua-
tion.

Background and Presurge Buildup
Surges of Variegated Glacier are

known (or believed on the basis of limit-
ed evidence) to have occurred in 1906,
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the late 1920’s or early 1930’s, about
1947, and 1964-1965 (4). The recurrence
period is thus about 17 to 20 years, and a
surge in about 1981 to 1985 was expect-
ed.

In 1973 a continuing program was initi-
ated to monitor the glacier in its ‘‘nor-
mal”’ state and to follow the buildup to
the anticipated surge (8). The ice mass
was found to be already at the melting
point throughout, ruling out the idea that
surging occurs when cold basal ice
warms up to the melting point (5). Figure
1 shows a map of the glacier and indi-
cates our terminology for its component
parts and for the longitudinal coordinate
(expressed in ‘‘Km’’) by which we desig-
nate the positions of points along the
length of the glacier. Measurements re-
vealed that from year to year the ice was
thickening in the middle and upper part
of the glacier (upstream from Km 12) and
thinning in the lower part (downstream
from Km 12). Above Km 15 there was a
progressive increase in ice flow velocity:
in the middle glacier (~Km 11) it approx-
imately doubled between 1973 and 1981,
and in the upper glacier (~Km 95) it
approximately quadrupled. Summertime
flow velocities in 1981 were 0.4 to 1.0
m/day in the upper glacier (Km 3 to 10)
and 0.1 to 0.2 m/day in the lower glacier
(Km 12 to 15). The terminal lobe, below
Km 16, was essentially stagnant.

Until 1978 the flow increase was more
marked in summer than in winter. This
indicated that the buildup was having a
marked effect on basal sliding, which is
thought to be the cause of the summer-
time speedup of ‘‘normal’’ glaciers (9).
Starting in 1978, wintertime flow veloci-
ties began to show an anomalous in-
crease, small but definite, which suggest-
ed that increased basal sliding was now
occurring in winter as well as in summer.

In 1978 we became aware that short
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Fig. 1. Map of Variegated Glacier, Alaska, showing the longitudinal coordinate scale (0 to 20 Km) by which locations on the glacier are referenced
in the text. Light arrows indicate the general direction of glacier flow. Heavy arrows show outflow streams near the terminus. The dashed line
shows the boundaries of the part of the glacier that surged in 1983. Crosses indicate approximate positions of reference markers for which ice-
flow velocity data are given in the text. Open circles are approximate positions of boreholes drilled to the glacier bed. The point labeled CA is the
location of a crevasse whose water content was observed during February through May 1983. The location of a seismometer on bedrock is shown
with an X north of Km 6.5; LL designates the location of the lake shown in the cover photo and discussed in the text; LTS signifies the lower ter-
minus stream; CS and TS are other outflow streams.
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spurts of accelerated flow velocity were
occurring in Variegated Glacier during
the summertime. These events, which
we call “‘minisurges,’’ were documented
in 1979 to 1981 (10). In an event of this
kind, the flow velocity increases rapidly
from ~0.4 m/day to 1 to 3 m/day, in an
hour or two and then declines to ~0.4
m/day in 10 to 20 hours. Four or five
minisurges occurred in the early part of
each summer of 1979 through 1981, in
June and early July. The flow-velocity
peak of each minisurge propagated as a
wave down the glacier over the reach
from near Km 3 to about Km 9, at a
propagation speed of about 400 m/hour.

The velocity increase in a minisurge is
accompanied by a simultaneous abrupt
rise in the level of water standing in
boreholes that reach the glacier bed. In
such boreholes, once a hydraulic con-
nection with the basal water system of
the glacier has been established, the wa-
ter level reveals the pressure in the basal
water system (/7). (By basal water sys-
tem we mean the system of passageways
by which water entering the glacier from
the surface or sides and finding its way
to the bottom is conducted down along
the glacier bed and delivered as outflow
at the terminus.) In minisurges the peak
basal water pressure occurs synchro-
nously with the peak flow velocity and is
high enough to ‘‘float’’ the glacier (water
level closer than 40 m to the surface in
ice 400 m thick). It seems clear that the
pulses of high flow velocity are caused
by the peaks of high water pressure.

The Surge

The surge began in January 1982. The
onset was detected by a marked increase
in seismic icequake activity picked up by
a seismometer located on bedrock 0.5
km north of the upper glacier (location
shown in Fig. 1). (A strong correlation
between seismic activity and glacier mo-
tion had been established in the mini-
surges and was later reinforced by obser-

Fig. 2. Glacier flow velocity versus time in the
1982-1983 surge of Variegated Glacier: (A and
B) the velocity in the upper glacier in 1982 and
1982~1983; (C) the velocity in the lower gla-
cier in 1982-1983. Velocity values are daily
averages where available, otherwise longer
term averages. The averages are shown as
horizontal lines over the time intervals over
which they were measured. Dotted lines show
conjectured or interpolated velocities over
intervals where short-term measurements are
lacking. The data in (C) were measured on
markers near Km 15; (A) and (B) are a compi-
lation of data measured on markers over the
interval Km 2.8 to 8.3.
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vations during the surge.) Flow-velocity
measurements beginning on 26 March
showed that the upper glacier was mov-
ing at surging speed, about 2 m/day. The
course of the surge motion is shown in
Fig. 2. From late May to late June 1982
the velocity in the upper glacier (Fig. 2A)
rose gradually from 2.6 to 9.2 m/day. On
the morning of 26 June the velocity
peaked at 10.4 m/day and then abruptly
dropped to less than half its value in a
few hours. The motion thereafter was
pulsatory, with five major pulses of
movement (peak velocities of 3 to 7
m/day) superimposed upon a decreasing

trend. By mid-August the velocity had
declined to about 1 m/day. It remained
low through August and September, and
the surging seemed to have stopped,
ending phase 1 of the surge.

The surge motions in phase 1 took
place only in the upper glacier. The flow
velocity was high and approximately
constant from Km 4 to Km 7 and de-
creased both up- and downstream from
this reach. At Km 9.5 the velocity was
only about half that at Km 7, and the
lower glacier, below about Km 12, was
practically unaffected. The surge motion
extended headward to within about 2 km
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Fig. 3. Views of Variegated Glacier near Km 13 taken from the same point before the surge, July
1982 (A), and during the surge, 4 July 1983 (B). The view is upglacier. The scale, which is
identical in (A) and (B), can be judged from the fact that the width of the glacier is
approximately 1 km. In (A) the position of the ice surface in surge, as seen in (B), is marked with

dashed lines.
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of the head of the glacier and of its main
tributary, as shown by the dashed lines
in Fig. 1.

Phase 2 of the surge began in October
1982 with a gradual increase in seismicity
and flow velocity in the upper glacier
(Fig. 2B). This continued until early Jan-
uary 1983, when the velocity reached a
stable level of 5 to 7 m/day, about three
times the wintertime level in phase 1. An
abrupt major drop on 3 February was
followed by a gradual recovery to the
stable level. In April the velocity began a
further gradual but substantial increase,
reminiscent of the phase 1 increase in
May to June 1982, and reaching a broad
maximum of about 15 m/day in mid-
June, upon which large, complex fluctu-
ations were superimposed, beginning
about 1 June. In the afternoon and eve-
ning of 4 July the surge entered into
an abrupt termination. The velocity
dropped in a few hours to about a quarter
of its previous value. There was a slight
recovery on 6 July, but by 8 July the
velocity had decreased to 1.2 m/day or
less throughout the glacier. A slow de-
crease continued thereafter. By 26 July
the velocity in the upper glacier was no
more than about 0.2 m/day, lower than
presurge velocities.

In phase 2 the surge propagated pro-
gressively down into the lower glacier.
Flow velocities there, which had been
very low (0.2 m/day or less) in the pre-
surge condition, rose dramatically as the
surge front arrived and reached 40 to 60
m/day during June (Fig. 2C). The highest
velocity measured was 65 m/day, on
June 9, for about 2 hours, at Km 14.5.
The surge termination affected the lower
glacier similarly to the upper. By 27 July
the velocity was down to about 0.4
m/day and by September to about 0.2
m/day.

The surge produced great changes in
the glacier (Fig. 3). The surface became
intensely crevassed throughout the surg-
ing part (delimited in Fig. 1). In the upper
glacier, above Km 8, the ice was thinned
from its presurge condition by as much
as 50 m. Below Km 8, thickening oc-
curred, up to a maximum of 100 m at Km
16.

The Surge Front

The enhanced downstream transport
of ice in phase 1 of the surge produced a
general thickening of about 30 m in the
lower half of the reach affected by this
phase, from about Km 7 to 12.5. In phase
2 this ‘‘bulge’” began to propagate as a
wave downglacier, and, as the thicken-
ing increased further, the forward side of
the wave steepened and sharpened to

form an impressive surge front sweeping
ponderously down the glacier. The prop-
agating surge front is depicted in Fig. 4,
where it is seen as a downstream-facing
topographic ramp about 1 to 2 km long,
behind which the ice has thickened by
about 100 m from its presurge thickness
(which can be judged from the dashed
line in Fig. 4B). Within the front there is
a high longitudinal gradient of the flow
velocity (Fig. 4A), corresponding to ex-
tremely large compressive strain rates of
up to 0.2 per day. (Compare these with
typical rates of <0.1 per year in nonsurg-
ing glaciers.) Ahead of the surge front
the flow velocity is about nil, while be-
hind it the ice is moving at full surge
speed and the longitudinal velocity gradi-
ent is small and in fact becomes locally
extensile as a velocity maximum devel-
ops around the topographic crest of the
surge-front wave from 23 May onward.
The leading edge of the surge front had
reached Km 13.5 by 15 February 1982,
and by 15 May it had propagated down
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Fig. 4. Forward propagation of the surge
front, shown by longitudinal profiles of ice
flow velocity (A) and ice surface elevation (B)
as a function of the longitudinal coordinate &
in Km (see curvilinear coordinate scale in Fig.
1). The profiles are shown at five successive
times in May and June 1983, at intervals of 6
to 8 days. The position of the ice surface in
August 1982 is shown in (B) with a dashed
line, and the approximate position of the
glacier bed as determined by reflection seis-
mology (8) is also shown.

through the lower glacier to Km 15.6, at
an average propagation speed of 23
m/day. The forward propagation over
the period 17 May to 13 June is docu-
mented in Fig. 4. During this time the
sharply defined leading edge of the front
advanced at a nearly constant speed of
80 m/day. This speed was maintained,
with only a slight decrease, up to the
surge termination on 4 to 5 July.

The propagation speed of the surge
front can be explained on the basis of
conservation of ice volume (continuity).
If v, is the flow velocity at the trailing
edge of the front, A, is the ice thickness
there, and &, the thickness at the leading
edge (where v, = 0), then continuity re-
quires the front to advance at a speed V
given by V = vyh/(h, — hy). For the val-
ues of hy, hy, and v, seen in Fig. 4, this
equation gives V values in the range 50 to
100 m/day, in rough agreement with the
observed speed of advance. This agree-
ment supports the conclusion that the
advance of the surge front is a phenome-
non of kinematic-wave type, although
different from the kinematic waves pre-
viously proposed for glaciers (/2). The
details of the surge mechanism govern
the propagation speed V via their effect
on h, and v,.

Detailed Flow Features of the Surge

Large pulsations or oscillations in the
surge velocity occurred during July 1982
and June 1983; the latter are shown in
detail in Fig. 5. Three distinct types of
fluctuations are recognizable. (i) Quasi-
regular oscillations with a period of
about 2 days are very pronounced in the
upper glacier (Fig. 5, A and B). From 19
June to 6 July they have a very regular
period of about 40 hours; prior to 19 June
the period is longer and more irregular.

. (ii) Oscillations of shorter period, gener-

ally somewhat shorter than 1 day, are
pronounced in the lower glacier (Fig.
5C). (iii) Approximately every 4 or 5
days there occur major slowdown
events, in which the velocity, after first
rising to a peak, drops rapidly, in a few
hours, to a level distinctly lower than
was reached in the previous several
days. The surge termination on 4 to 5
July 1983 was an event of this type, as
was the major slowdown on 26 June 1982
and the slowdowns that ended the subse-
quent movement pulses in phase 1. The
major slowdown on 3 February 1983 is
also similar except that it was not pre-
ceded by a peak in motion. Major slow-
downs in June 1983 are marked with
downward-pointing arrows in Fig. 5. Be-
tween slowdown events, there is a ten-
dency toward progressive increase in



velocity, superimposed on the oscilla-
tions.

There is a very clear correlation of
individual velocity peaks, troughs, and
slowdowns as observed at different
points along the length of the upper
glacier (Fig. 5, A and B). The correlation
is somewhat confused as we move to the
lower glacier (Fig. 5C) because of the
increased number of peaks and troughs
there, but in many cases a correlation
can nevertheless be identified; in partic-
ular, the major slowdown events clearly
affect the entire surging length of the
glacier. Close inspection of Fig. 5 reveals
definite shifts in the time of individual
peaks, troughs, and slowdowns at differ-
ent points. In general, these features
arrive later at points farther downglacier,
indicating downglacier propagation of
the velocity fluctuations. From 17 June
onward the propagation speed is approx-
imately 600 m/hour. Prior to 17 June the
propagation speed is generally faster,
and in many cases the fluctuations ap-
pear to be almost synchronous through-
out the surging part of the glacier. The
major slowdown on 3 February 1983,
and also minor slowdown events on 21
February and 22 and 31 March, showed
downglacier propagation effects as de-
tected in records of strain, tilt, and seis-

micity that accompanied these events;
the propagation velocity for the 21 Feb-
ruary event was 500 m/hour.

On 23 July 1983, well after the surge
termination, a minisurge occurred in
which the flow velocity quickly quadru-
pled and then dropped back to ~0.4
m/day in ~10 hours. It was detected
strongly at Km 9.5 and, 7 hours later, at
Km 14.5. The time delay corresponds to
an average downglacier propagation

speed of 700 m/hour. This is at the upper.

end of the range of minisurge propaga-
tion speeds (250 to 700 m/hour) observed
in 1979 through 1981 (/0).

Basal Sliding in the Surge

In order to determine how much of the
surge motion is due to internal deforma-
tion within the ice mass and how much to
basal sliding, on 8 June 1983 a borehole
was drilled 385 m to the bed (/3) at Km
9.5. The spatial configuration of the hole
was measured on 10 June and again on 12
June by means of borehole inclinometry
(Fig. 6). Over the 2-day interval the ice
moved forward 27.3 m at the surface,
while the bottom of the borehole lagged
behind by slightly less than 1 m as a
result ‘of internal deformation in the ice

mass. Thus about 95 percent of the mo-
tion is due to basal sliding and about 5
percent to internal deformation, the lat-
ter being at least roughly (within a factor
of 2) the amount of internal motion that
would be expected to take place in the
absence of the surging. This result dem-
onstrates that the surge motion is caused
by extreme enhancement of basal slid-
ing—a conclusion often previously sur-
mised but never before demonstrated by
actual observation.

Indirect confirmatory evidence for the
large enhancement of basal sliding in the
surge is given by comparison of trans-
verse profiles of flow velocity as ob- .

~ served under nonsurging and surging

conditions (Fig. 7). The change from a
quasi-parabolic transverse profile of ve-
locity across the width of the glacier
under nonsurging conditions (Fig. 7, A
and D) to a flat profile, representing
“plug flow”’ (/4), under surge (Fig. 7, B
and C) is interpretable in terms of a great
increase in basal and marginal sliding in
the surge.

Observations of closely spaced mark-
ers near the south margin of the profile in
Fig. 7C reveal that there is a large veloci-
ty discontinuity within the ice mass near
the edge. This discontinuity, marked by
shear arrows in Fig. 7C, occurs across a
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Fig. 5. Glacier flow velocity versus time over the period 7 June to 7 July 1983 at (A) a point in the upper glacier near Km 5.5, (B) a point in the mid-
dle glacier near Km 9.5, and (C) a point in the lower glacier in the reach Km 13.5 to 15. Each velocity value is plotted as a horizontal line over the
time interval over which it was measured. (The actual velocity as a function of time is doubtless a smooth curve through these data lines.) The
graphs have a common time abscissa; the ordinate scales are offset as indicated. The downward-pointing arrows mark major slowdowns in flow
velocity, which occurred throughout the surging part of the glacier; dashed arrows are shown for the slowdown on 16 to 17 June because of the
complexity of this event. Discontinuities in the data occur where there is a switch between different markers whose motion is being followed.



deep, sharp cleft in the glacier surface,
parallel to the margin and about 50 m in
from it (Fig. 8). The cleft is the surface
expression of a discrete shear surface or
wrench fault within the ice and is analo-
gous to such shears sometimes seen in
sea-ice packs. A cleft of this kind, usual-
ly accompanied by heavy blackening of
the ice surface with rock debris, is seen
at many places near the margins of the
glacier in surge. No such feature was
present before the surge. The fault prob-
ably extends down vertically to an inter-
section with the bed, where the internal
velocity discontinuity across the shear
surface is transferred to the basal veloci-
ty discontinuity that is the expression of
rapid basal sliding.

Role of Basal Water

Pressure in the Surge

The record of water level as a function
of time in boreholes drilled to the glacier
bed near Km 9.5 (Fig. 9) shows that the
pattern of fluctuating levels underwent a
distinct change at the time of surge ter-
mination on 4 to 5 July 1983. Before the

termination, the fluctuations were rela-
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Fig. 6 (left). Ice motion at depth in the glacier,
measured from the displacement of a borehole
(82-E) drilled to the glacier bed at Km 9.5.
The location and shape of the borehole on 10
June and 12 June 1983 are shown, the individ-
ual dots representing the individual borehole-
inclinometry measurements. The abscissa is
horizontal distance in the flow direction
(N64°W), with an arbitrary zero. The bore-
hole is plotted in projection onto a vertical
plane in this direction. Arrows represent the
horizontal component of the forward motion
of the glacier over the 2-day period. The
displacement at the surface was measured by
surveying to fixed bedrock points. Fig. 7
(right). Transverse profiles of ice flow veloci-
ty at Km 8 measured at four different times,

tively modest and the lowest levels
reached were at a depth of 80 to 90 m,
whereas afterward the fluctuations be-
came much larger and the lowest levels
reached dropped to 120 to 195 m. In
phase 1 of the surge, continuously high
water levels (35 to 80 m) were recorded
during June and July 1982 in boreholes at
Km 6.3, whereas in prior years the bore-
hole water levels had ranged over 50 to
210 m except for the high peaks accom-
panying minisurges. As surge phase 1
was ending, during July 1982, water lev-
els in boreholes at Km 9.5 dropped pro-
gressively from 40 m to more than 150 m.
Superimposed on this declining trend
were several high peaks, which coincid-
ed with the surge pulses that occurred
during this period. Similarly, there is a
strong correlation between water-level
peaks and flow-velocity peaks in phase 2
(Figs. 9 and 5B).

It thus appears that the glacier under
surge is characterized by consistently
high basal water pressures, with peaks in
pressure that coincide with pulses in
surge movement. The pressure levels are
best stated relative to the ice overburden
pressure, which at the borehole site was
about 36 bars, corresponding to an ice
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two (B and C) during surge and two (A and D) under nonsurging conditions. The location of the
profile line is indicated in Fig. 1 by the transverse line of crosses at Km 8. The abscissa is
distance measured in the direction N50°E from the southwest margin of the glacier. The arrows
represent marginal shear zones. In (C) these occur as wrench faults in the glacier about 50 m in

from the margins. The profile in (A) is from (8).
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thickness of about 400 m; a borehole
water level at a depth of 40 m corre-
sponds to a basal water pressure equal to
the ice overburden. Relative to this, the
basal water pressures during surge are,
at a minimum, within 4 to S bars of the
ice overburden pressure, and there are
transient fluctuations often up to within
1.5 bars of overburden and infrequently
to as much as 0.5 bar above overburden
(as on 27 June and 4 July 1983, see Fig.
9). After surge and also prior to surge (as
observed in 1978 through 1980), the pres-
sures are as a whole lower, particularly
the minimum pressures, which are 8 bars
to as much as 16 bars below overburden,
but there are also transient fluctuations
to high levels. The highest of these, in
which the basal water reaches or ex-
ceeds the overburden pressure, coincide
with the occurrence of minisurges, as in
the minisurge that occurred on 23 July
1983 after surge termination (see Fig. 9).

Further evidence for the role of water
pressure in the surge was the formation
of a lake along the southwest margin of
the glacier at Km 15.2 in early June 1983
(see cover photo and Fig. 1). The lake
contained highly turbid water, typical of
basal water charged with comminuted
rock debris or ‘‘glacial flour,”” and it
filled from water that welled up in a large
crevasse 100 m in from the margin and
then flowed outward to the margin. Thus
the main source of the water was the
basal water system, not marginal
streams. The highest lake level was
about 75 m below the laterally averaged
ice surface in the cross profile of the
glacier through the lake. The lake
drained away as the surge terminated. It
reappeared for a few hours on the morn-
ing of 24 July, as the minisurge was in
progress.

There is some evidence that the basal
water pressure was high in midwinter
1983. We observed ‘‘steam’ (condens-
ing water vapor) rising from crevasses
near Km 7 on 9 January, suggesting the
presence of water in the crevasses at
shallow depth. On 17 February we suc-

. ceeded in lowering a probe to a depth of

42 m in a crevasse at point CA in Fig. 1
(Km 7.5) and brought up samples of dirty
water from depths greater than 40 m.
Since there is no surface source for wa-
ter in midwinter and since surface-de-
rived water is generally clean, it seems
probable that the water sampled came
from the bed and is evidence for the
occurrence of high basal water pressure
at or before the time of sampling. A
recording pressure transducer left in the
crevasse at point CA indicated that the
water level in the crevasse rose to a
depth of about 38 m in March and April.
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The foregoing observations, particu-
larly when considered collectively, dem-
onstrate a well-defined influence of basal
water pressure on the motion of the
glacier and, taken together with theoreti-
cal considerations (see below), make a
strong case for the conclusion that high
basal water pressure is the direct cause
of the high flow velocities in the surge.

Discharge from the Basal Water System

During the surge, floods in the outflow
streams at the terminus correlated close-
ly with rapid slowdowns of flow velocity
in the surging part of the glacier. This
was first observed in the major slow-
down on 26 June 1982, which was ac-
companied by a particularly large flood.
The correlation was observed repeatedly
in the subsequent surge pulses in phase 1
and throughout phase 2. Figure 10 is a
comparison between the flow velocity at
Km 16.5 and the discharge of the lower
terminus stream (LTS) over the period
17 June to 6 July 1983. Flood peaks
occurred on 17, 21, 25, and 30 June and 5
July, in coincidence with major velocity
slowdowns. Although the minor slow-
down on 28 June (Fig. 10) was not asso-
ciated with a flood in the LTS stream,
there was a flood in the CS stream (Fig.
1) at this time, shown by the dashed line
in Fig. 10B. There is a good correlation
also between smaller floods and velocity
slowdowns earlier in the season, from
February to mid-June. In particular, the
slowdown on 3 February 1983 was ac-
companied by a marked flood in the
otherwise small and snow-covered TS
stream, observed by an automatic cam-
era.

The termination of the surge was ac-
companied by a particularly spectacular
flood. Not only was the flow of the
principal outflow streams greatly in-
creased, but, in addition, highly turbid
water gushed and spurted from numer-
ous cracks, crevasses, and holes along
the leading edge of the surge front, par-
ticularly along its south side (dashed line
south of Km 17 in Fig. 1). In an ice cliff
above the TS outlet (Fig. 1), water spurt-
ed out over a vertical range of 20 to 30 m
above the stream level.

The flood peaks that correlate with the
surge slowdowns and termination in 1982
and 1983 are a manifestation of rapid
release of stored water from the glacier;
only indirectly do they reflect water in-
put to the glacier from rain or the melting
of ice and snow. The water input is
variable in accordance with changes in
the weather, but the weather-related in-
put did not have high peaks correspond-
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ing to the flood peaks in Fig. 10B. There
is also a diurnal cycle of water input,
which is not noticeably reflected in the
outflow discharge.

There does, however, appear to be a
relation between weather-related water
input and surge motion, although some-
what indirect and complex. A gradual
increase in low-level water input as win-
tertime conditions give way to spring
seems to be reflected in the progressive
increase in surge motion in May through
June of 1982 and 1983 (Fig. 2). Larger
water input, however, results in surge
pulses followed by slowdowns and ulti-
mate termination, as occurred in June

through July of 1982 and 1983 (Figs. 2
and 5). A particularly suggestive in-
stance of this is the major slowdown on
26 June 1982, which occurred after the
first 3 days of warm weather and rapid
melting of the season. On the other hand,
the slowdown on 3 February 1983, and
the surge buildup in January 1982 and in
November and December 1983, are phe-
nomena outside the above relationship,
because they are correlated not with
water input but rather with the lack of it.

The surge produced substantial
changes in the outflow-stream pattern of
the glacier. Prior to the surge, most of
the outflow was in stream TS (Fig. 1). As

Fig. 8. Aerial view of marginal wrench fault on the southwest side of the glacier at Km 8.5,
looking southeast. The fault is the vertical black line in the lower center. It is a deep cleft
blackened by rock debris. Ice to the left is moving toward the observer at ~10 m/day while ice
to the right is practically stationary.
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the surge front moved past this outlet, its
discharge was greatly reduced and the
outflow appeared first in the newly
formed outlet, CS (Fig. 1) and later, as
CS became shut down, in LTS.

During the surge, the turbidity of the
outflow-stream water was much higher
than before or after the surge, reflecting
a much higher content of glacial flour.

Subglacial Water Flow

The flow of water in the basal water
system was studied by water-tracer ex-
periments initiated on 9 June 1983, dur-
ing surge, and on 14 July 1983, after
surge termination. The water transit time
between a borehole at Km 9.5 and the
terminus outflow streams was observed

by means of the standard water tracer dye
rhodamine WT, detected fluorometrical-
ly at the fraction of a parts-per-billion
level. This tracer is in common use for
hydrologic studies of domestic water
systems and has been used for similar
measurements in other glaciers (/5).

A borehole drilled 385 m to the bed at
Km 9.5 on 8 June became strongly cou-
pled to the basal water system as evi-
denced by strong pull-down of instru-
ments into the hole, indicating a rapid
rush of water down the hole to the bed.
While this condition obtained, at 11:20
on 9 June, the tracer dye was introduced
into the borehole. The return of tracer at
the outflow stream CS, which was the
main outflow stream at this time, was
followed by collection of water samples
every hour for the first 24 hours after
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Fig. 10. Time variations of the discharge Q of the terminus outflow stream LTS (B) plotted
alongside the variation in glacier flow velocity v at Km 16.5 (A), over the period 17 June to 6
July 1983. The dashed curve in (B) shows the discharge of outflow stream CS, multiplied by 2,
over the period 27 June through 2 July; it follows the curve for LTS over 27 June to 10:00 on 28

June.

tracer injection and at increased sam-
pling intervals thereafter (Fig. 11A). Trac-
er first began to appear in detectable
amounts in the outflow about 24 hours
after injection. The concentration
climbed to about 1.7 ppb by about 50
hours after injection and remained in the
range 0.7 to 2.2 ppb until about 130
hours, after which it slowly decreased,
reaching the detection limit (~0.05 ppb)
about 15 days after injection. The mean
transit time for the dye was about 90
hours. The average flow speed of water
in the basal system was therefore about
0.02 m/sec over the 8-km interval from
Km 9.5 to stream CS. The broad disper-
sion of transit time (Fig. 11A) was ac-
companied by a lateral dispersion of
tracer in the basal water system, shown
by the fact that the tracer appeared in all
three outlet streams (CS, TS, and LTS).

The foregoing behavior contrasts
greatly with that observed in the water
tracer experiment after surge termina-
tion. Tracer was introduced at 10:00 on
16 July via a borehole of depth 355 m
located at Km 9.5. The observed tracer
return in outflow stream LTS (now the
main stream) is given in Fig. 11B. The
tracer appeared at LTS as a sharp peak
(of peak concentration 40 ppb) 4 hours
after injection. The average flow speed
over the 10-km interval from Km 9.5 to
LTS was therefore 0.7 m/sec. This re-
sembles flow speeds measured by a simi-
lar technique in normal alpine-valley gla-
ciers (15). No detectable tracer appeared
in streams TS or CS.

These experiments show that a dra-
matic change took place in the basal
water system of Variegated Glacier from
the surging to the nonsurging state. In
the nonsurging state, the water flow
speed was approximately the same as in
normal, nonsurging-type valley glaciers,
whereas, in the surging state, flow in the
basal water system was greatly retarded
and lateral dispersion of flow was en-
hanced.

Basal Cavitation

Measurements of the position of a
marker stake in the glacier at Km 8 show
that the glacier surface there dropped
about 10 cm at the time of surge termina-
tion (Fig. 12). Similarly, in the major
slowdown on 26 June 1982 the glacier
surface at point T at Km 6.5 (Fig. 1)
dropped 70 cm. These vertical motions
may be the surface indication of the
closing up of cavities between the base
of the ice and the bed. Such cavities form
when a glacier slides over an irregular
bed with sufficient speed and at a suffi-
ciently high basal water pressure, by a



process known as ice-bedrock separa-
tion or basal cavitation (/6-18). The cav-
ities close by collapse of the ice roof
when the water pressure falls or the
sliding speed decreases, or both. In the
surge, the opening of these cavities is not
detectable by the method of Fig. 12,
because it takes place too slowly, except
possibly for the uplift of about 5 cm
between data points 1 and 2 in Fig. 12,
which occurred in connection with the
speedup just before the onset of surge
termination. But in the minisurges ob-
served in detail in 1980 (/0), each quick
speedup was accompanied by a rapid
uplift of 5 to 10 cm, followed by a slower
drop back to the original level, which
constitutes an observation of both the
opening and the subsequent closing of
basal cavities. Iken et al. (19) have simi-
larly interpreted surface uplifts and
drops connected with flow-velocity fluc-
tuations in Unteraar Glacier, Switzer-
land.

An interpretation of the drop in Fig. 12
in terms of basal cavitation is subject to
the qualification that a drop of compara-
ble amount would be expected on ac-
count of the strain wave that accompa-
nied the downglacier-propagating wave
of velocity slowdown. In the minisurges

of 1980, we observed examples in which’

the strain that accompanied the uplift
and subsequent drop was of such a char-
acter that the uplift and drop must have
been due to changes in basal cavitation,
but in the surge termination in 1983 the
drop could have been due to strain, at
least in part.

If water-filled basal cavities open, this
provides a means for storage of water at
the base of the glacier, and, if such
cavities close at the surge termination
and the major slowdowns, water would
be expelled, contributing to the floods
that accompany these events. If the areal
average of the cavity height is 0.1 m, as
the drop in Fig. 12 may indicate, the
volume of water stored is about
1.7 x 10° m?® over the surging part of the
glacier, about 17 km long and 1 km wide.
Release of this water over a period of 20
hours, as in the outflow-stream flood at
surge termination, would add an average
discharge of about 24 m¥sec, which is
comparable to the observed flood (peak
discharge 50 m%/sec, Fig. 10). However,
this contribution to the flood would be
difficult to disentangle from that due to
the release of intraglacially stored water.
If the intraglacial void space that is con-
nected to the basal water system in such
a way that the contained water can drain
out amounts to a bulk porosity of 0.1
percent and if the ~50-m drop in water
level at surge termination (indicated by
the borehole water levels, Fig. 9) is ap-

plicable to the entire surging part of the
glacier, the volume of water released
would be about 1 x 10° m?, comparable
to the amount that might be released
from basal cavities.

The closure of basal cavities would
increase the area of contact between the
glacier and its bed, which would neces-
sarily increase the resistance to basal
sliding. This accords with the observed
correlation between floods and slow-
downs.

The Basal Water System in

Surge and Nonsurge

In the nonsurging state, the transport
of water in the basal water system is
thought to be describable by the model
discussed by Rothlisberger (20). There is
only one main conduit, or at most only a
few, carrying most of the subglacial dis-
charge. It can be approximated as a

semicircular tunnel, a few meters in di-
ameter, carved by frictional melting into
the ice directly overlying the bed. The -
water pressure is well below (~10 to 20
bars below) the overburden pressure of
ice, and the tunnel is kept open by the
frictional heat generated by viscous dis-
sipation in the flow of water through it,
which enlarges the tunnel by melting at a
rate that compensates for the closure of
the tunnel by quasi-viscous creep of the
ice under the ice overburden pressure
less the water pressure. We will call a
basal water system of this normal type a
‘“‘basal ice tunnel system.’’ For Variegat-
ed Glacier in the postsurge condition in
mid-July 1983, the diameter of the main
tunnel was probably about 4.5 m, to
account for the observed outflow dis-
charge of about 20 m?¥/sec.

Water transport through Variegated
Glacier in surge cannot be in a normal
tunnel system, because the observed av-
erage water-flow speed (0.02 m/sec) is
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much too slow in relation to the outlet-
stream discharge at the time of observa-
tion (7 m*/sec). To permit a water-flow
speed of only 0.02 m/sec down the actual
gradient (0.1), a tunnel would have to be
only ~1 mm in diameter and would carry
a discharge of only ~107% m¥sec. Thus
there must be many water-conducting
passageways, distributed across the

_width of the glacier bed. A limiting case
of this would be a continuous gap, about
1 mm thick, between the ice and its bed,
which is similar to the model proposed
for surging by Weertman (21). However,
even in this limiting case the water flux
carried by the system would be much too
small, only ~0.02 m*/sec. From this we
are forced to conclude that the system
consists not of conduits or gaps of uni-
form width or thickness but rather of
relatively large cavities linked by nar-
row, gaplike orifices that conduct the
water flow from one cavity to the next.
The overall flow rate (water discharge) is
controlled by high-speed flow through
the narrow orifices, whereas most of the
travel time for water transport through
the system is taken in slow-speed flow
through the large cavities.

We believe that this system of linked
cavities forms by the process of basal
cavitation (/6). The cavities, which form
on the lee sides of bedrock protuber-
ances, probably have horizontal dimen-
sions of a few meters and heights of a
meter or less. The connections between
them, which are in places where cavita-
tion occurs only marginally, must be
only a few centimeters high to throttle
the flow.

A quantitative theoretical model of
such a system has been constructed (22),
which is able to account for the observed
discharge of 7 m*/sec and transit time of
90 hours. These figures require that the
cavities have an average area of 200 m?
in lateral cross section, which means that
their average height is 200 m?> + 1000 m
(the glacier width) = 0.2 m. The opening
or closing of such a cavity system would
store or release water as discussed earli-
er and would cause the glacier surface to
rise or fall by 0.2 m, which is of the order
of magnitude of the drop actually ob-
served at surge termination. The wide-
spread distribution of the passageways
across the glacier bed accords with the
greatly increased turbidity of the outflow
water during surge: by comparison with
a normal tunnel system, it allows a much
more extensive access of the basal water
to the source of comminuted rock debris
that is generally present between the
base of the ice and the underlying bed-
rock (23).

In the linked-basal-cavity system, by
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Fig. 12. Vertical displacement of a marker
emplaced in ice at the glacier center line near
Km 8, plotted against horizontal displace-
ment. The reduced vertical coordinate z’ is
the actual elevation z reduced by an amount
corresponding to motion down a sloping line
of constant slope 0.125; thus z' =z —
0.125x — zy, where zo is a fixed arbi-
trary constant; x is the horizontal distance in
the direction of glacier flow (N50°W), with
arbitrary zero. The drop of 0.1 m that occurs
between measurement points 4 and 6, shown
by the offset between the sloping lines fitted
to the points before and after, may be due to
the closure of basal cavities when the surge
ended. The measurement times of the num-
bered points are as follows: 1, 4 July 1983,
10:34; 2, 15:11; 3, 17:24; 4, 20:09; 5, 22:04; 6, 5
July 1983, 12:11; and 7, 13:49.

comparison with a tunnel system, the
enlargement of the passageways by fric-
tional melting is greatly reduced, be-
cause the total ice surface area of the
cavity roofs is much greater than the roof
area of a tunnel carrying the same dis-
charge. The total frictional heat, which
for the same discharge and same hydrau-
lic gradient will be the same in both
systems, is thus spread out in the linked-
cavity system over a much larger ice
surface area and the rate of enlargement
of the cavities by melting is proportion-
ately reduced. To keep the conduits
open enough to provide the hydraulic
conductivity needed to carry a given
discharge therefore requires a much
higher basal water pressure in the linked-
cavity system than in the tunnel system.

In the linked-cavity system, an in-
crease in basal water pressure enlarges
the cavities and therefore increases the
basal water flux, under otherwise fixed
conditions (24). This behavior is oppo-
site to that of a normal tunnel system, in
which an increase in basal water flux
results in a decrease in water pressure in
the tunnel or tunnels, once transient ef-
fects have died out and a steady state is
established; this is so because the in-
creased melting caused by increased wa-
ter flow must be balanced by an in-
creased viscous closure rate for the tun-
nel, which requires a drop in the water
pressure (20). One consequence of the
inverse relation between water flux and
pressure in a tunnel system is that, if

there is more than one tunnel, the larger
ones will grow at the expense of the
smaller, so that the system evolves into
one with only a single tunnel or at most
very few (20, 25). In contrast, because of
the direct relation between water flux
and pressure, passageways in a linked-
cavity system are stable against pertur-
bations in which some passageways are
enlarged at the expense of the others; as
a result, the linked-cavity system can
exist stably as a system of multiple inter-
connecting passageways distributed over
the width of the glacier bed.

The Surge Mechanism

The immediate cause of the high gla-
cier flow velocities in the surge is high
basal water pressure, which causes a
great increase in basal sliding. The ob-
servational basis for this conclusion was
given above. According to theoretical
discussions of the basal sliding process
(18), increased basal water pressure
causes increased sliding by reducing fric-
tion and by increasing basal cavitation,
and also by exerting a direct effect of the
integral of pressure over the irregular
undulating base of the ice mass.

Theoretically, if the basal water pres-
sure were to reach and remain at the ice
overburden pressure, the glacier would
be floated off its bed, which would cause
the sliding velocity to increase practical-
ly without limit. A more limited effect of
this kind must be produced when the
basal water pressure approaches but
does not reach the ice overburden pres-
sure. How closely the water pressure
must approach the overburden to give
sliding velocities of the magnitude ob-
served in the surge (~15 m/day in the
upper glacier, ~50 m/day in the lower) is
from the theoretical point of view (18) a
complicated question. Empirically, on
the basis of the evidence presented
above, we conclude that basal water
pressures consistently within 4 to 5 bars
of the overburden, and with transient
fluctuations close to the overburden, are
sufficient to cause these high sliding ve-
locities. In minisurges, the peak basal
water pressures are higher, normally at
or above overburden, while the peak
sliding velocities (1 to 3 m/day) are lower
than in surge; this is probably because
the high pressure does not gain access to
more than a fraction of the area of the
bed in the relatively short duration of the
high-pressure peak (~10 hours).

The role of high water pressure in
causing the rapid basal sliding motion in
the surge of a glacier is analogous to its
proposed role in the mechanics of over-
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thrust faulting and landslides (26). Land-
slides sometimeés show periods of greatly
enhanced movement that are called
surges (27).

The key element of the surge mecha-
nism (and of theé overthrust and landslide
mechanisms also) is what enables the
high basdl water pressures to be built up
and maintained. The difference in the
basal water system between nonsurging
and surging conditions is crucial. The
pressure in the system is the result of a
balance between buildup of pressure
from water input and drawdown of pres-
sure by outflow. Since increased pres-
sure tends to increase the cavitation and
hydraulic coniductivity of the basal water
system, it seems at first sight paradoxical
that the higher basal water pressure in
the surging state can be accompanied by
increased retention of water in the gla-
cier, as is necessary to maintain the
higher water pressure. However, the
linked-basal-cavity water system of the
surging state has characteristics that can
maintain the higher basal water pressure.
An essential characteristic is the stability
of the linked-cavity system against the
preferential growth of larger passage-
ways, as occurs in a normal tunnel sys-
tem. Without this stability, the linked-
cavity system would degenerate into a
tunnel system, as indeed it does in the
surge termination. There are hints of
instability in the major slowdowns prior
to surge termination, but in these the
linked-cavity system proves itself robust
and recovers. Theoretical modeling
shows that the primary factor responsi-
ble for the stability is the effect of rapid
basal sliding, which provides a powerful
offset to the enlargement of the cavity-
connecting orifices by frictional melting
and is able to stabilize the orifices at a
size onhly modestly enlarged from what
they would be in the absence of melting
(22).

From this perspective, wHhat is re-
quired for a glacier to be in the surging
state is a kind of ‘‘bootstrapping’’ in
which high basal water pressure is need-
ed to cause rapid sliding, while rapid
sliding is needed to provide the cavity
stability that permits the high basal water
pressure to be maintained.

We visualize that in the surge front as
it advances the great increase in basal
sliding of the ice, shoved forward by the
surging mass behind it, destroys the tun-
nels of the normal basal water system

that exist below the front and at the same

time causes widespread basal cavitation,
thus generating a linked-cavity network
that takes over as the basal water system
above the front.

Because of the inverse relation be-
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tween flux and pressure in a normal
tunnel system, high water pressures in
this system can be maintained only in
winter, when the water flux is very low.
It therefore makes sense in a general way
that the time when the pressure might
rise high enough to cause the transition
to the surging state is in winter, which is
when the surge actually started.

Although the foregoing ideas about the
fundamental differences between the
basal water systems in the nonsurging
and surging states provide a working
hypothesis for understanding the surge
mechanism, numerous features of the
surge remain to be understood. What are
the switchover processes in the basal
water system that start the surge in win-
ter and terminate it in summer? What is
the water source, intra- or extraglacial,
that in midwinter provides the water to
pressurize the basal water system and
initiate the surge? How important in the
surge mechanism is the water produced
by frictional melting due to basal sliding?
How does the surge mechanism control
the advance of the surge front? What
causes the oscillations or fluctuations in
surge motion on various time scales and
what controls their propagation down-
glacier? What is the relative importance
of basal water volume versus pressure in
causing the large basal sliding rates in the
surge? What are the roles of the numer-
ous prominent structural features—
wrench faults, thrust faults, folds on
various scales, and intense crevassing—
produced by the surge and doubtless
connected somehow with the surge
mechanism (28)?

We hope that our observations of the
1982-1983 surge of Variegated Glacier

and the resulting inferences about the

surge mechanism will be useful in the
further efforts needed to understand the
many intriguing aspects of the glacier
surge phenomenon. It will be necessary
to determine how general the inferred
surge mechanism is and whether there
are other types of glacier surges in which
other mechanisms play a predominating
role.
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