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Glacier motion dominated by processes
deep in underlying till
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ABSTRACT. Black Rapids Glacier is a 40 km long surge-type glacier in the central
Alaska Range. In spring 1997 a wireline drill rig was set up at a location where the measured
surface velocities are high and seasonal and annual velocity variations are large. The drilling
revealed a layer of subglacial “till”, up to 7 m thick, that is believed to be water-saturated. At
one location a string of instruments, containing three dual-axis tiltmeters and one piez-
ometer, was successfully introduced into the till. The tiltmeters monitored the inclination of
the borehole at the ice—till interface and at 1 and 2 m into the till, for 410 days. They showed
that no significant deformation occurred in the upper 2 m of the till layer, and no significant
amount of the basal motion was due to sliding of the ice over the till. The measured surface
velocity at the drill site is about 60 ma ", of which 20-30ma ' can be accounted for by ice
deformation. Almost the entire amount of basal motion, 30—40ma , was taken up at a depth
of >2m in the till, possibly in discrete shear layers, or as sliding of till over the underlying
bedrock. We propose that the large-scale mobilization of such till layers is a key factor in

initiating glacier surges.

INTRODUCTION

Early models of basal motion commonly assumed that
glaciers were underlain by clean bedrock. Some borehole
studies, however, showed the presence of a layer of sediments
beneath the ice (Engelhardt and others, 1978). The impor-
tance of such a layer for glacier dynamics was demonstrated
by the work of Boulton and Hindmarsh (1987) who measured
the positions of strain markers and pore-water pressures in a
sediment layer beneath the terminus of Breidamerkurjokull,
Iceland, and by Echelmeyer and Wang (1987), who measured
the distribution of basal motion in a tunnel at the terminus of
Uriimqi Glacier No. 1, China. Interest in till deformation was
stimulated by the evidence for a water-saturated till layer
beneath Ice Stream B, Antarctica (Blankenship and others,
1986), that was interpreted to be soft and deforming (Alley
and others, 1986)." In a subsequent drilling effort, samples of
the underlying till were recovered, and high basal water
pressures — within about 160kPa of the ice-overburden
pressure — were measured (Engelhardt and others, 1990).
Although the importance of subglacial till in glacier
motion has been recognized, there remains controversy about
its rheology. Boulton and Hindmarsh (1987) concluded that till
was deforming like a nearly linear viscous fluid. Kamb’s (1991)
tests on Ice Stream B samples suggested a highly non-linear
behavior. Iverson and others (1998) summarized several shear
tests carried on to high strains in a ring-shear apparatus. They
show a shear strength of the material that is essentially strain-
rate independent, 1.e. a Coulomb-plastic rheology. The conse-
quences of such a rheology for subglacial material have been
examined by Tulaczyk (1999) and Tulaczyk and others (2000).

' In this paper we will call all unlithified subglacial material
“till”, irrespective of its origin.
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They and Iverson and others (1998) also pointed out that a
Coulomb-plastic rheology can produce distributed motion in
a till layer.

Several instruments have been developed for in situ
studies of subglacial sediments: borehole cameras (Harrison
and Kamb, 1973), tiltmeters, pore-pressure transducers,
drag spools and ploughmeters (Blake and others, 1992,
1994; Fischer and Clarke, 1994). Work with a combination
of such instruments has suggested that, at least in some
cases, episodes of fast motion are caused by sliding of ice
over till and not by till deformation (Hooke and others,
1997). Engelhardt and Kamb (1998) used a tethered stake
to conclude that the major part of the observed surface
velocity at Ice Stream B was due to sliding of ice over till,
or possibly deformation of a very thin (3 cm thick) till layer.

Observations of subglacial till have also been made in
tunnels cut into the ice in the terminal area of glaciers. Boul-
ton and Hindmarsh (1987) observed distributed motion in
the uppermost 50 cm of the till that accounted for 80-95%
of the observed glacier motion. Echelmeyer and Wang
(1987) showed that 60-85% of the motion of sub-freezing
Uriimgi Glacier No. 1 was due to basal processes: enhanced
deformation of ice-laden till, motion across discrete shear
planes, and basal sliding at the ice—till interface. Motion
across shear bands and planes accounted for 10-25% of the
total glacier motion. Sliding of ice over bedrock or till, till
deformation and faulting within the till, and perhaps even
sliding of till over underlying bedrock have all been
suggested as mechanisms of basal motion (e.g. Knight,
1999, fig. 7.1), although the relative magnitudes of these pro-
cesses remain uncertain.

In this paper we use data from one location on Black
Rapids Glacier, Alaska, U.S.A., to investigate the contri-
bution of basal motion to the observed surface motion of
the glacier. Detailed measurements allow us to ascertain
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where in the basal layer this component of motion is occur-
ring. The implications of our findings are then discussed in
terms of till deformation and also surge initiation.

SETTING

Black Rapids Glacier is a 40 km long surge-type glacier in
the central Alaska Range. It last surged in 1936/37. The
glacier has been investigated since the early 1970s by the
U.S. Geological Survey, the University of Alaska Fairbanks
and the University of Washington. Heinrichs and others
(1996) describe the glacier in its quiescent state. More recent
work includes a seismic study (Nolan and Echelmeyer,
1999a, b) in which changes in the seismic return signal on
very short time-scales—as little as half an hour — were
observed. They could explain this observation only with
drastic changes in the overburden pressure on a water-satu-
rated till layer which was at least 5 m thick. These changes
occurred as a result of the draining of marginal lakes.

In spring 1997 a wireline drill rig was set up about 15 km
from the head of the glacier in an effort to sample basal ice,
subglacial till and underlying bedrock (Truffer and others,
1999). This is the area of the glacier where the velocities are
high, where large seasonal and annual velocity variations
are observed (Heinrichs and others, 1996) and where the
above-mentioned seismic study was carried out. The gla-
cier’s maximum thickness is >600 m at that location, and
the surface slope is about 2°. Drilling to bedrock was suc-
cessful in two places, where we measured a thickness of the
till layer of 7.5 m at N1 and 4.5 m at Center (Fig. 1; Truffer
and others, 1999). Basal ice, containing some dirt layers,
was clearly separated from the underlying till. The upper
few centimeters or decimeters of till did contain some ice,
however. A sample of till matrix recovered from the top of
the till layer underwent several soil engineering tests (see
below: “Engineering properties of a till sample”).

A string of three tiltmeters and one piezometer was
installed in borehole NIA (Fig. 1). At that location the ice
thickness was 499 m. This paper concentrates on the results
of this borehole experiment.

METHODS

In this section we discuss the methods used to measure surface
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Iug. 1. Black Rapids Glacier. Map of the glacier and the study
area. The diamonds show the boreholes N1, Center and S1
(from top ), and the circles are located every 5km along a
center-line coordinate system. The approximalte trace of the
Denali Fault vs outlined by the dashed line. The axes outline
a local coordinate system; units are in meters.
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motion, ice deformation, motion of the underlying till and
water pressure. The results are reported in the next section.

Surface motion and deformation of the ice

The glacier’s surface motion at the drill site was measured
over various time-scales. The annual displacement of the
borehole marker was measured by resection with a theodo-
lite. In June 1997 a global positioning system (GPS) receiver
recorded the position of a nearby stake four times a day for
3 weeks. Upstream of the drill site a camera has taken one
picture a day since 1986 to record the motion of a pole.

Internal ice deformation in borehole N1 (located 10 m to
the north of N1A) was measured with a retrievable inclin-
ometer equipped with two mutually perpendicular tilt sen-
sors and a compass. The inclinometry was performed on 16
May, 1 June and 28 June 1997.

Measurements within the till

Three tiltmeters were installed near the bed and in the till: the
uppermost at the ice—till interface, and the others at  and 2 m
below the interface (Fig. 2). This distance was measured from
the top of the borchole down, as well as from the bottom up.
The total length of the borehole was well known from the wire-
line drilling. The two methods of measurement were in excel-
lent agreement. The elastic properties of the instrument cable
were measured prior to installation, and the 1.5 m stretch of the
cable due to a 20 kg load at its end was taken into account. The
buoyant weight of the cable was 20 kg. Potential errors result
from additional stretching of the cable due to its own weight,
the buoyancy of the steel weight in a drill mud of a density un-
known to us, and the possibility of caving-in of parts of the
borehole before instrument insertion. These errors add up to
a maximum of 0.5 m in the position of the instruments.

The instruments were mounted on a cable of 1.3 cm di-
ameter (Cortland Cable Company) that was designed to
stretch up to 30% before breaking. We used dual-axis electro-
lytic tiltmeters (Fredericks) with a measuring range of 0—30°.
A data logger (Campbell 21X) recorded tilt along both axes,
which was converted to total tilt and azimuth (Fig. 3).
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Fig. 2. Schematic drawing of the borehole instruments and
their position in the borehole, as discussed in the text.
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Ig. 3. Tult s measured along two axes (dotted lines), and
then converted into total tilt and azimuth ( bold lines ).

Changes in azimuth cannot be distinguished from rotation of
the instrument around its own axis since no compass was
used. We assume that such rotation is small, because it would
induce torsion in the short section of cable between the indi-
vidual instruments. The tiltmeters were mounted in 16 cm
long cylindrical pressure cases, 7 cm in diameter.

Pore-water pressure was measured with a vibrating wire
piezometer (Geokon) 0.5 m below the ice—till interface. The
instrument had a range of 7 MPa and a resolution of 3 kPa.
Borehole water levels were also recorded with a pressure
transducer at 150 m below the glacier surface. This trans-
ducer was less accurate, and subject to systematic errors.

RESULTS

Surface displacement and ice deformation

The average annual surface velocity was about 60ma ' at

the borehole location. This implies a surface displacement
of almost 70 m for the 410 days of borehole data collection.
The position of a marker 300 m to the south of the drilling
site was measured with a theodolite and an electronic dis-
tance meter (EDM) until Julian day (JD) 155, and then four
times a day using GPS methods. Figure 4a shows the
horizontal velocity. The spring speed-up on 7 June and
several other events are prominent features of the record.
The event on 21 June was a result of the drainage of a mar-
ginal lake upstream of the drill site, observed by an auto-
matic camera. These events are very well resolved, as the
GPS-derived velocities have an error of <6 cmd ' (see error
bar in Fig. 4a).

Only the lowermost 100 m of the inclinometry record
could be interpreted because, apparently, the borehole was
too wide in its upper part to yield meaningful results.
Assuming that the upper part of the borehole does not con-
tribute significantly to the total deformation, we derived de-
formational speeds of 19 ma ' for the period 16 May—1 June,
and of 23 ma ' for the period 1-28 June. On 7 June 1997 the
annual spring speed-up occurred and the surface velocity of
the glacier rose by a factor of three (Fig. 4a). This did not
significantly affect the results of the inclinometry. A second
estimate of deformational speed can be obtained from
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Fig. 4. (a) Velocity measured with theodolite and EDM
(before D 155) and GPS methods ( thereafter). (b) Water
pressure measured 0.5 m below the ice—till interface. Total tilt
of the tiltmeters at the interface (c), Im below it (d) and 2m
below 1t (‘e ). Note the different scales on the ordinate axes.

winter velocities. Minimum observed velocities amount to
35ma . This is an upper estimate for the deformational
speed, because there is reason to believe that basal motion
1s occurring year-round (Heinrichs and others, 1996). A
third estimate, of about 30ma ', was obtained by using a
model based on Kamb and Echelmeyer’s (1986) longitudinal
averaging method. For the remainder of the paper we will
assume that 20-30ma ' is due to deformation of the ice.
This implies basal motion of 30-40 ma .

Measurements in the till

Tiltmeter and piezometer data were recorded from 8 May
1997 until 22 June 1998, when water flooded the data-logger
box. Data gaps resulted from using up the storage module’s
memory in summer 1997, and loss of battery power in winter
1998 (Tig. 5). We had expected the cable to break during one
of the early speed-up events in spring 1997. The fact that data
were still being recorded well over a year after initiation of
the experiment came as a major surprise.

Figure 6 shows the tiltmeter records in a projection of
the tiltmeter axis on a horizontal plane. The total change
in tilt between the first and the last measurement is 3.4° for
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Fig. 5. Total tilt at the interface (a), Im below it (b) and 2m
below 1t (¢ ). Azimuth is not shown in this graph. (d) Water
pressures measured at 0.5m below the interface (solid line),
and at 150 m below the glacier surface (dotted line ). The bore-
hole water-level record was converted to pressure at the position
of the piezometer in the tll. They overlap from JD 180 to JD
195, when a shift in the water-level record occurs.

the uppermost, 4.9° for the second and 1.8° for the lowest
tiltmeter, implying 13 cm of basal motion over the upper-
most 2 m of till.

The small values of total tilt, the fact that the cable was
still intact after 410 days, and the estimate of 35—45m of
basal motion during that time interval lead us to conclude
that a major part (50-70%) of glacier motion occurred below
the lowermost tiltmeter, i.e. below 2 m in the till (Fig. 7).

At times there appears to be larger tilt, but this tilting
seems to be a reversible phenomenon. The tiltmeter at 1 m
below the interface shows one jump of about 15° on JD 207,
and then several excursions later on, all in the same direc-
tion (Figs 5 and 6). All of the tiltmeters show diurnal vari-
ations at times. No permanent tilting is associated with
speed-up events (Fig. 4), although the lowermost tiltmeter
seems to react to the spring speed-up, and the uppermost
and lowermost instruments show strong but reversible
spikes prior to the large speed-up event on 21 June (Fig. 4).

Figure 5d shows the pore-water pressure record. For
about 2 months, water pressures were also simultaneously
measured in the borehole at 150 m below the glacier surface.
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Fig. 6. The total path of the tiltmeter axis projected on a
horizontal plane (i.e. the x—y plane in Fig. 3a) Tiltmeter at
the interface (a ), Im below it (b) and 2 m below it (¢ ). The
open circles mark the start, and the open squares the end, of the
record. The circles are contour lines of total tilt.

These measurements show that the piezometer in the till
stayed hydraulically connected to the borehole for at least that
long, as no phase lags and no attenuation of high-frequency
variations were observed. The transducer at 150 m below the
surface is subject to systematic errors, which explains the shift
after JD 195.

Engineering properties of a till sample

A cylindrical till matrix sample 11cm long and 5 cm in di-
ameter was recovered from the top of the till layer in hole
NIA. The sample contained some ice, and a water content of
29% was measured after it was allowed to melt. Sieving
showed that only 6% of the sample’s weight is in the silt-and-
clay fraction (Truffer and others, 1999). The remolded till was
tested in a triaxial apparatus and an oedometer. In addition,
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Ig. 7. Diagram showing the inferred distribution of glacier
motion over the 410 day measurement period. Fifty to seventy
per cent of the observed motion occurs below 2m in the till,
either on a series of shear bands or at the till—bedrock interface.

an Atterberg liquid limit of 10% was determined in a liquid-
limit testing device (Bowles, 1992). Table 1 summarizes the
results. The friction angle ¢ and the apparent cohesion c,
define a linear relationship (Coulomb friction law) between
the sample strength 7 and the effective pressure o:

T=Ccy+ 0 tang

(e.g. Lambe and Whitman, 1979). The low apparent
cohesion is expected for a granular material, but previously
measured friction angles on glacial till were typically <30°
(Iverson and others, 1998). Our high value reflects the low
silt-and-clay content (Lambe and Whitman, 1979) and the
high angularity (data by D.B. Simons shown in Julien
(1995, fig. 7.2)), although it might have been caused by a few
large particles that were not removed before the test. The in
situ diffusivity of the till is likely to be lower than that meas-
ured in the oedometer due to the inferred presence of ice in
the uppermost part of the till (Truffer and others, 1999).

Ring-shear testing was done by S. Tulaczyk at the California
Institute of Technology, Pasadena, CA, to test the strain-rate
dependence of the shear strength. The shear strength increased
by only 2 kPa (from 21 to 23 kPa) as the strain rates were varied
over two orders of magnitude, reflecting a highly non-linear
nature of the till. The slight increase in shear stress may reflect
strain-rate-induced variations of effective pressure, and not a
viscous effect (Kamb, 1991; Tulaczyk and others, 2000). All
ring-shear tests were carried out at the same low normal load
of 20 kPa. They give a second estimate of the friction angle equal
to 45°. This somewhat higher value is caused by the walls of the
ring-shear device (Iverson and others, 1997).

Table 1. Engineering properties of a till sample from borehole
NIA

Soil density 2700 kgm
Water content 29%
Liquid limit 10%
Friction angle 40°
Apparent cohesion 1.3 kPa
Hydraulic diffusivity 15 x10 > m”s '
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DISCUSSION

In this section we will first discuss alternative interpretations
of our data, and then give a tentative explanation for short-
term fluctuations in the record. After discussing a mechanism
that can explain motion on shear layers deep within the till,
we go on to discuss the glaciological consequences of these
findings, in particular for erosion and the surge mechanism.

Alternative interpretations of the data

In the above section we have concluded that most of the
observed surface motion originates from >2m below the
ice—till interface. We have considered several other possi-
bilities, such as failure of the instruments, pulling of the in-
struments out of the till and misinterpretation of a dirty
basal ice layer as water-saturated basal till. None of these pos-
sibilities can satisfactorily explain the results. If, for some rea-
son, the instruments were placed in the basal ice rather than
in the till, a steady tilting of much higher magnitude would be
expected. The most likely alternative interpretation is that a
substantial amount of basal motion occurs as sliding at the
ice—till interface (Fig. 8). This could be the case under three
conditions. First, the uppermost tiltmeter would have to be
placed far enough from the ice—till interface not to be affected
by the sliding motion. This is a possibility due to the uncer-
tainties in the emplacement (see Methods). Second, the slid-
ing motion would not have destroyed the cable. In principle,
this is a possibility, but it would require that the induced
stretch be distributed over the entire length of the cable. It
could then conceivably stretch up to 150 m, substantially more
than the 35—45 m required from basal motion. It seems rather
unlikely, however, that the cable survived such an intense
shearing environment for well over a year, a view shared by
the manufacturer (personal communication from J. Dower,
Cortland Cable Company, 1999). And, third, the instruments
would have to be firmly emplaced in a very strong till. If they
were not firmly emplaced, they would be pulled out of the till
and into the ice. Although ice deformation accounts for only
half or less of the total surface motion, calculated tilting rates

Stiff Til

Fig. 8. Posttion of the instruments if most of the basal motion
is occurring on a discrete sliding plane or in a thin layer of
sediments.
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at the bottom of the glacier would be significantly higher than
those recorded by the tiltmeters. If the instruments had been
pulled out of the till, one after the other would have recorded
higher tilting rates. If the till was not strong, the instruments
would be dragged through the deformable till, again causing
appreciable amounts of tilting in one instrument after the
other. This is not observed. On the other hand, the tiltmeter
at I m below the interface exhibits several excursions of up to
15° of tilt. Also, the lowermost tiltmeter jumps by about 5° on
25 May 1998 (Fig. 5). At about this time the spring speed-up is
expected to occur (Fig. 4), although we have no direct obser-
vations of this from 1998. The other tiltmeters do not record
this event, or at least not as clearly. This observation fits very
well with the idea of shear layers below the instruments, but
not so well with the idea of a strong till and a sliding interface
between the ice and the till.

Short-term fluctuations

We tested the idea that a diffusing water-pressure wave
affected the till strength (Fischer and others, 1998) and thus
some of the structure in the tiltmeter record (Tulaczyk, 1999;
Tulaczyk and others, 2000). We assumed that the pore-water
pressures in the till are driven by a fluctuating water pres-
sure at the ice—till interface. The water pressure beneath a
valley glacier normally drops to a minimum in summer,
once a good drainage system is established (Fig. 5). This in-
creases the effective pressure in the upper part of the till,
making it stronger. Underlying till will still be at higher
pore-water pressures and therefore lower effective pressures.
Thus, it will deform more readily. We modeled pore-water
pressures in the till by numerically solving the one-dimen-
sional diffusion equation
2

o0 _ g% (1)

022 ot
(De Marsily, 1986), where p is the pore-water pressure and C\,
is the hydraulic diffusivity of the till. The measured water
pressures were prescribed at the top of the till layer,
interpolating through the data gap and assuming the pres-
sures have a periodicity of lyear. A zero gradient of
hydraulic head was assumed at the bottom. We then
compared the modeled results with a smoothed record of
measured tilts (Fig. 9). The largest changes in tilt are observed
at the time when the low-water-pressure wave reaches the cor-
responding tiltmeter, but otherwise the correlation between
the two curves is not strong. The best agreement between the
curves was obtained when a hydraulic diffusivity of 3 x10 7
m”s ' was used, and 5 day averages of tilts were plotted. The
diffusivity is somewhat smaller than that measured on a
sample (10 >m?”s '), but due to the inferred presence of ice in
the uppermost part of the till layer, we expect that the labora-
tory test overestimated the hydraulic diffusivity (Truffer and
others, 1999).

Although the contribution of the overall measured tilt
rate to the surface motion is negligible, each of the tiltmeters
indicates periods of high strain rates, both positive and
negative. Such variations have been observed before (Blake,
1992), and have been interpreted as elastic effects, due to
changing local basal shear stress (Iverson and others, 1999)
or effective stress (Tulaczyk and others, 2000). Such elastic
effects are predicted by an elastic—plastic soil model if stress
changes are not large enough to exceed a previously reached
maximum (e.g. Wood, 1990). Nolan and Echelmeyer (1999b)
concluded that lake-drainage events cause hydraulic jacking
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Fig. 9. (a) Observed water pressure used as input for the
model. (b, ¢) Modeled pore-water pressures and averaged
total tult (step plot) Im (b) and 2m (¢) below the interface.

and temporary changes in local ice-overburden pressure. To-
gether with changes in the pore-water pressure and local
shear stresses, rather dramatic switches in the stress state
should be expected.

It should be kept in mind that the small-scale features in
the tiltmeter record are much harder to interpret because
the tiltmeters are connected with a cable. The cable allows
for a certain amount of interaction between the instruments,
and some of the tilting could be due to pulling on the cable.

The tiltmeter record indicates that basal motion due to
shearing in the upper 2 m of the till amounts to only 13 cm in
410 days. Fifty to seventy per cent of the glacier’s surface
motion occurs more than 2 m beneath the ice—till interface.
The total tilts reported above are fortuitously small, since
tilt events as large as 20° are observed (Fig. 5). A uniform tilt
of 20° would still only amount to 0.7 m of basal motion, a
negligible amount.

Motion deep in a till layer: other observations

Direct observations of the distribution of motion in till
layers have been made in tunnels near the glacier terminus
(Boulton and Hindmarsh, 1987; Echelmeyer and Wang,
1987). Echelmeyer and Wang observed shear bands in the
frozen subglacial till beneath Uriimqi Glacier No.l, and
concluded that 10-25% of the total surface motion occurred
on such bands. The present study concludes that an even
larger amount of motion can occur deep in the till layer of
a relatively fast-moving temperate glacier. In retrospect,
several other observations also fit into this picture. Harrison
and others (1986) used borehole television on surge-type
Variegated Glacier, Alaska, and were surprised that they
did not manage to measure significant motion across the
ice—till interface. Iverson and others (1999) attributed the
lack of significant till deformation in the upper 20 cm of the
till layer to sliding of the ice over the underlying till, but did
allow that it could also be due to motion deeper in the till.

In a study of the Puget glacial lobe, Washington, U.S.A.;
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Brown and others (1987) concluded that “basal motion was
confined to the ice—bed interface or to distinct faults within
the substrate”, and that “shearing along discrete shear zones
is evident and may amount to significant displacement”
(Brown and others, 1987, p. 8994). Hiemstra and Van der Meer
(1997) also concluded that glacial deposits from Wijnjewoude
inThe Netherlands contained discrete horizontal to sub-hor-
izontal shear zones, along which strain was focused. Asta-
khov and others (1996) reported observations of shear bands
in West Siberian permafrost that was formerly overlain by
glaciers. The occurrence of such discrete shear zones in gla-
cial deposits has thus become textbook knowledge in glacial
geology (e.g. Menzies and Shilts, 1996, p.48), although it has
not been possible to show the amount of displacement that
occurs in such zones.

Alley (1991) presented arguments for widespread till
deformation beneath the Laurentide ice sheet. This contrasts
with the view of Clayton and others (1989) who argue against
pervasive till deformation on the basis of till stratigraphy. It is
also often assumed that coherent thrust sheets imply a frozen
bed (e.g. Mickelson and others, 1983). The results presented in
this paper might help resolve these paradoxes by allowing slip
across discrete planes deep within unfrozen till layers. Such
deep-seated slip may also help explain observations of large
till sheets (up to 1000 km?) which have been displaced up to
250 km with little apparent internal deformation (references
inVan der Wateren, 1995, p. 328 ).

Discrete shear zones are also observed in shear tests on
granular materials (e.g. Mandl and others, 1977).

Is till deformation at >2 m depth physically plausible?

The question of till deformation is intimately linked with
that of the strength of the ice—till interface (Alley, 1983;
Brown and others, 1987; Iverson, 1999; Tulaczyk, 1999). These
studies show that this strength depends on the size of clasts
and the grain-sizes in till, and on the effective pressure at the
interface. An interface between ice and coarse clast-rich till,
such as the one encountered beneath Black Rapids Glacier,
1s expected to have a high strength, thus making till deform-
ation more probable. The inferred presence of regelation ice
in the upper part of the till (Truffer and others, 1999) only
serves to make this coupling stronger.

Tulaczyk (1999) described three different models of basal
motion over a water-saturated till: sliding over the till, shear
deformation at a depth that is determined by the minimum
effective pressure (overburden minus pore-water pressure)
and shear deformation at a depth determined by the minimum
of the past maximum effective pressure. The last model, “the
perfectly overconsolidated till”, takes into account the memory
of a granular material. When subjected to a shear load, a gran-
ular material will exhibit a peak strength that is determined by
the maximum effective pressure it has experienced since it was
last disturbed. If this maximum is higher than the current
effective stress, the till is called overconsolidated (Clarke,
1987). The maximum effective pressure is the difference
between the overburden pressure, which increases linearly with
depth in the till, and the minimum in water pressure over a
given time period at a certain depth. This minimum water pres-
sure increases with depth due to diffusion. To model the depth
dependence of the maximum effective pressure throughout the
year, the water pressure was calculated by solving Equation (1)
for a 7 m thick till of hydraulic diffusivity C, = 3x 10" m? '
and density pgy = 2700kgm >, Figure 10 shows the resulting
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annual maximum effective pressure as a function of depth. A
strong decrease in the first 2 m is followed by a broad minimum
at around 3.5m and an asymptotic decrease that reflects the
increasing overburden pressure. The position of this minimum
in the annual maximum effective pressure reflects the position
of the smallest value of peak strength, and marks a likely place
for a shear layer. Using a hydraulic diffusivity of Cy =
10 >m?s ' (Table 1) places such a layer even deeper in the basal
zone, at 4.6 m below the ice—till interface.

In a proper model of basal motion, the strength of the
till-bedrock interface has to be considered as well. It is
possible that this interface is rather smooth, and that it is
the weakest point in the basal ice—till-bedrock system.
Sliding of till over bedrock has been discussed by Cuffey
and Alley (1996) and Hindmarsh (1996).

Erosion and till mass balance

The glacier’s main accumulation area lies to the south of the
Denali Fault from where it crosses into the main fault valley
about 3 km upstream of the drill site. In Truffer and others
(1999) we concluded that about 85% of the till sampled in
the boreholes was derived from the northern side of the fault.
On the northern side or along this fault the glacier extends
between 7km (ice divide) and 12 km (head of the western-
most tributary) upstream from the drill site (Fig. 1). If 2—
7m of till were to be carried along at the rate of the basal
motion, the average upstream erosion rate would be 4—
30 mma ', ignoring cross-sectional variations and till focus-
ing towards the center of the channel. This is somewhat high-
er than is thought to be typical of alpine glaciers (e.g.
Bennett and Glasser, 1996), but agrees well with the high
rates found in southeast Alaska (Hallet and others, 1996).
Humphrey and Raymond (1994) found that the erosion rate
on Variegated Glacier was directly proportional to the ice
velocity. They calculated a dimensionless erosion rate — the
ratio of erosion rate to ice velocity — on the order of 10~ for
Variegated Glacier, and they showed that a similar rate was
found for Glacier dArgentiére, France, and Breidamer-
kurjokull. If this ratio applied at Black Rapids Glacier, an
erosion rate of 6mma ' would result, just at the lower limit
of the above estimate. It is possible that sliding of till over the
underlying bedrock is the erosional mechanism for supply-
ing this substantial amount of till (Cuffey and Alley, 1996;
Hindmarsh, 1996). The presence of large clasts and boulders

0
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~ ‘'shear band' zone
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Fig. 10. Maximum effective pressure throughout the year as a
Sunction of depth. Overburden pressure increases linearly with
depth. The annual minimum of the water pressure was
calculated by solving a diffusion equation.
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in the till ('Truffer and others, 1999) shows that abrasion can-
not be the only erosional mechanism, however, and plucking
has to occur as well.

Implications for surge behavior

Black Rapids is a surge-type glacier, and naturally the ques-
tion arises if our observations can bring us a step closer to
understanding surge behavior and initiation. The fast
motion during the 1982/83 surge of Variegated Glacier was
accompanied by water pressures close to overburden
(Kamb and others, 1985). Dye-tracing experiments indi-
cated a complete switch from a fast to a slow drainage
system between non-surge and surge conditions (Brugman,
1986), and large volumes of water were released at times of
decreasing velocities (Humphrey and Raymond, 1994). This
has also been observed at the surge termination of Kolka
Glacier, Caucasus (Krenke and Rototayev, 1973) and West
Fork Glacier, Alaska (Harrison and others, 1994). Kamb’s
(1987) model of a switch from a drainage system consisting
of Rothlisberger (R) channels to a linked cavity system can
account for these observations. It assumes that the glacier is
underlain mainly by clean bedrock, however, most likely a
significant oversimplification (Harrison and others, 1986;
Humphrey and Raymond, 1994; Truffer and others, 1999).

We suggest that a switch in the drainage system is not the
cause but rather an effect of fast glacier motion. Surges
could be initiated by the large-scale mobilization of
subglacial till. This would happen as basal shear stresses
exceed a critical value (Boulton and Jones, 1979; Clarke and
others, 1984). Increasing shear stresses were observed on
Variegated Glacier prior to the 1982/83 surge (Raymond
and Harrison, 1988). An efficient drainage system, such as
one consisting of R channels, will presumably be destroyed
by high basal motion, causing a switch to a slowly draining
system, such as the distributed “canals” suggested by Walder
and Fowler (1994), with a substantial amount of water
storage and high basal water pressures. This makes
sustained fast motion possible. The sudden release of the
stored water will cause an abrupt slowdown or an end to
the surge. The interaction between the subglacial hydraulic
system and basal motion in the context of till mechanics is
not understood well enough to elaborate further.

The mechanism suggested here is in accord with
observations made on the surging Variegated Glacier, and it
emphasizes the role of a subglacial till layer. It establishes the
presence of a highly erodible glacier bed as a necessary but not
sufficient condition for glacier surging, as has been proposed
before (Wilbur, 1988; Hamilton and Dowdeswell, 1996). A gla-
cier geometry that allows the build-up of high basal shear
stresses 1s possibly a second necessary condition.

CONCLUSION

Results from surface motion measurements, borehole
inclinometry and tiltmeters installed in the till beneath
Black Rapids Glacier reveal that 50-70% of the observed
surface motion occurs at depths of >2m 1n the till layer.
This study was conducted in the most active area of the
glacier, where the observed surface motion is large, and
where a 7m thick subglacial till layer exists. It 1s possible
that the basal motion occurs on a system of discrete shear
zones or at the till-bedrock interface. Shear zones at rel-
atively large depths can be explained with a simple model
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of “perfectly overconsolidated material” and diffusion of
water pressure into the till.

The small-scale structure of the tiltmeter record can be
tentatively explained, although the interpretation is much
more difficult and involves more assumptions. At any rate,
most of the observed tilting events are reversible, and the
total measured tilt corresponds to only 13 cm of basal motion
(within the 2 m sampled) over the 410 days of measurements,
as compared to the 70 m observed at the surface.

The observation that the upper part of the till layer is
not deforming substantially is difficult to reconcile with a
viscous model of the till which would require decreasing
deformation rates with depth. The heterogeneity of the sub-
glacial till (Truffer and others, 1999) cautions against
applying simple continuum mechanical concepts to the
study of this material.

The results of this field study have implications for the
interpretation of the geologic record, such as far-traveled till
sheets and the pervasive deformation vs soft till debate on
the southern Laurentide ice sheet.

Our observations suggest that the large-scale mobil-
ization of subglacial sediments plays a dominant role in the
surge mechanism. Such mobilization could occur as the
glacier reaches a “surge geometry” at which a critical basal
shear stress is reached. Taking a broader view, the mechan-
1sms of velocity variation on several time-scales observed on
Black Rapids (Heinrichs and others, 1996) and many other
glaciers (Willis, 1995) also need to be examined within the
framework of our observations, but to do so is beyond the
scope of this paper.

This study, among many others, shows the importance
of basal processes in the understanding of glacier dynamics.
It could be argued that a knowledge of till rheology is at
least as important as that of ice rheology, and that the till
mass balance, perhaps conventionally considered within
the realm of glacial geology and geomorphology, is as
important to the dynamics of the glacier as is the more
familiar surface mass balance. More specifically, our study
shows that it is important to consider the full extent of the
till layer, and not just the uppermost few centimeters. This
is a challenge to both field and theoretical studies.
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