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ABSTRACT

Substrate properties and hydrological conditions at the base of Haut Glacier d’Aralla,
Switzerland, arenonuniform. Thethicknessand grain size of subglacial sediment vary on length
scaleslessthan oneicethickness, whereas hydrological conditionsvary seasonally and on length
scalesof about oneicethicknesstransver setoicemotion. Thereisaclosereationship between the
annually averaged velocity field and this nonuniformity of bed conditions. Basal motion domi-
natesin an area with large water-level variationsin boreholes, whereas ice defor mation con-
tributes significantly to total movement elsawhere. L ocalized enhanced basal motion occurspri-
marily in summer, especially during aJuly “ spring event,” but thismotion isbarely discerniblein
annually averaged surface velocity measurements, because transver se coupling suppresses sur -
face expression of the basal motion discontinuity. Theseresults highlight the need toincluderep-
resentations of bed nonunifor mity in models of glacier flow and to consider ice defor mation and

basal motion asinter dependent processes.

INTRODUCTION

Glacier movement isthe sum of ice deformation, basal diding, and de-
formation of subglacial sediments (Paterson, 1994). Rates of basal didingand
bed deformation are commonly modeled asafunction of localy defined vari-
ables such ashasal shear stress and subglacid effective pressure (1ken, 1981,
Boulton and Hindmarsh, 1987), and cross-section flow simulations have as-
sumed these variables are constant or vary only gradually in space and time
(Nye, 1957; Reynaud, 1973; Harbor, 1992). However, boreholeinvestigations
show that substrate and subglacia hydrological conditions vary substantialy
and nonuniformly over length scales from less than oneice thickness to sev-
eral ice thicknesses (Hantz and Lliboutry, 1983; Fountain, 1994; Fischer,
1995; Hubbard et ., 1995; Murray and Clarke, 1995; Smart, 1996). Hydro-
logica conditions dso vary on time scales from hoursto years, asafunction
of changesin the configuration of subglacia drainage systemsand variaions
in water inputs from surface melt and precipitation. These variations should
affect rates of basal motion and create longitudinal and transverse stress gra-
dientsinthe overlyingice. These stressgradientswill influencerates of icede-
formation and may create bridging effects that modify rates of basa motion
acrosslarge areas of aglacier. In this case, the three motion processes cannot
be regarded as independent, nor will they be driven only by local contrals.

Although the importance of flow coupling through longitudinal stress
gradientsiswidely recognized (Kamb and Echelmeyer, 1986), spatialy and
temporally varigble transverse stress gradients have rarely been considered
(Raymond, 1996). Before models that account for stress gradients arising
from temporally and spatially variable basal motion (Hutter and Olunloyo,
1980; Bdise and Raymond, 1985; Bahr and Rundle, 1996; Raymond, 1996)
can be widely used, it is necessary to understand the length scales and
causes of spatial variability in rates of basal motion. Appropriate distribu-
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tions and scales of bed nonuniformity can then be prescribed as basal

boundary conditions. As a step toward tackling this problem, we have in-
vestigated the influence of spatially variable bed properties and subglacial

drainage conditions on the annually averaged velocity distribution within a
transverse cross section of an apine glacier.

FIELD SITEAND METHODS

Haut Glacier d’ Arolla, Switzerland, is a 4-km-long, temperate valley
glacier with amaximum thickness of about 180 m (Sharpetd., 1993; Fig. 1).
Investigations of the glacier’s hydrology and dynamics have included bore-
hole studies of substrate and subglacia drainage conditions (Hubbard et dl.,
1995; Copland et a., 1997a; Gordon et d., 1997) on the eastern side of the
glacier 1.5 km abovetheterminus (Fig. 1).

From 1992 to 1996, 121 boreholes were drilled with high-pressure hot
water, most reaching the glacier bed. The glacier substrate was investigated
by bed penetrometry, borehole video (Copland et d., 1997a), and observa
tionsin basal cavitiesand at the glacier margin. The distribution of borehole
water levels (takentoindicate subglacia water pressures) was determined by
manual measurements with an electrical conductivity probe (Ketterling,
1995) and continuous measurements with pressure transducers (Hubbard et
al., 1995; Gordon et al., 1997). Glacier surface velocities were determined
from repeat surveys of borehole tops and of stakes with permanently
mounted reflector prisms (Fig. 1). Survey accuracies were £6.5 to £17 mm
over the distances surveyed. The annual velocity distribution within the gla
cier was determined by repeat profiling (in August 1995 and 1996) of eight
boreholes with a magnetically oriented borehole inclinometer (Blake and
Clarke, 1992). Measurementswere made at 1 m depth intervals, with aposi-
tiona error of <0.5% of icedepth (Copland et a., 1997b). Boreholeswerere-
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Figure 1. Map of Haut Glacier d’Arolla (lat 46°0'N, long 7°30'E), showing
locations of stake and borehole arrays used to construct Figure 2 and
the general position and extent of the variable pressure axis (VPA).

established in 1996 using cable-following drilling methods, but breakage and
tangling of cables meant that only four boreholes reached within 5 m of the
bed. All other boreholeswere reopened to at least 50% of their original depth.

SUBSTRATE PROPERTIES

The nature of the glacier bed may influence basal motion processes,
and substrate nonuniformity may cause spatia variationsin basa motion
rates (Bahr and Rundle, 1996; Fischer and Clarke, 1997). Bed penetrometer
studiesin six boreholesindicate up to 0.26 m of penetrable, unconsolidated
sediment, and video observationsin three borehol es show abed of fine sedi-
ment with some larger clasts (Copland et al., 1997a). High turbidity at the
base of many boreholes precluded more widespread observation of the bed
but also suggests an underlying fine-grained substrate.

On the basis of turbidity variations and the rate of propagation of diur-
nal water-pressure waves away from the inferred location of a major sub-
glacia channel, Hubbard et a. (1995) argued that sediments near the chan-
nel had been winnowed of fine-grained sediment. Penetrometer tests
provide support for thisidea, because penetration depths were 0.05-0.10 m
in the channel region and >0.2 m to the east and west. Lower penetration
depths may indicate a coarser or thinner sediment layer. Borehole observa
tions therefore indicate that the glacier rests on an unlithified bed, and that
the thickness and grain size of the sediments are spatialy variable. Obser-
vations at the glacier margin, however, reveal striated and polished bedrock
surfaces protruding through alayer of till. Thissuggeststhat the bed consists
of sediment patches interspersed with bedrock bumps. Observations at the
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ice margin suggest that the length scale of these substrate variationsisless
than oneicethickness.

BOREHOLE WATER LEVELS

Borehole records from summer 1993 (Hubbard et a., 1995; Gordon
et a., 1997) apparently show that large areas of the glacier bed had high and
invariant weter levels. Boreholeswith significant diurnal variationswere con-
centrated in a“variable pressure axis’ (VPA, Hubbard et d., 1995, Fig. 2A).
Water levelsat theV PA center varied diurnally between minimaat or near at-
mospheric pressure and maximain excess of the local ice overburden pres-
sure. With increasing distance from theVPA center, diurnal water-level min-
ima rose and the maxima and/or amplitude of diurnal variations declined,
until regions of stable, high-water levelswere reached (Fig. 2A). Hubbard et
al. (1995) argued that this pattern indicated amajor subglacid channel at the
VPA center. TheVPA developed in the sameareain four additional summers
(1992, 1994-1996), dthoughitswidth varied from ~70 min 1995t0 ~140 m
in 1993 (Gordon, 1996).

At theend of the 1995 melt season, daily mean water levelsroserapidly
inboreholesintheVPA. Thisoccurredin late August onthe eastern Sde of the
VPA, but progressively later closer totheVVPA center. Hereit was preceded by
four to five weeks of very low water levelsfollowing the cessation of surface
melt. Thissuggestsaprogressive reductioninVPA width at the end of themelt
season. After the melt season, water levels remained more or less constant,
withminima diurna variability until at east mid-May 1996 when mean daily
water levels began to fluctuate again and diurna variability increased.

Thus, observations of boreholewater |evels suggest that the glacier bed
ishydrologically nonuniform. Although large areas were subject to high and
relatively constant water levels, amore restricted area showed diurnally
variable water levels on aseasonal basis. Thislatter area appeared to be as-
sociated with amajor subglacia drainage channel and is relatively narrow
in across-glacier direction. As subglacia water pressureis believed to in-
fluence rates of basal motion (Iken and Bindschadler, 1986), and water-
pressure variability can promote elastic stick-dip behavior beneath thin,
gently soping glaciers (Bahr and Rundle, 1996; Fischer and Clarke, 1997),
nonuniform hydrological conditions at the bed should be reflected in the
form of the velocity field within the overlying glacier.

ANNUAL VELOCITY DISTRIBUTION

The annually averaged velocity field included a classic parabolic pat-
tern of surface velocities, with abroad areaof relatively high velocitiesclose
to the centerline and arapid decrease in vel ocity near the margin (Fig. 2, C
and D). At the surface and at depth, the azimuth of the horizontd velocity
vector lay within £5° of the down-glacier direction in all but one borehole
adjacent to the margin, in which a40° rotation of the velocity vector with
depth probably reflects motion past abedrock bump on the valley side.

On either side of theVPA, both ice deformation and basal motion con-
tributed to glacier motion, and there were strong vertical gradientsin hori-
zontal velocity inthelower 40%-50% of each profile (Fig. 2D). To thewest
of theVPA, basal motion exceeded 4m/yr and varied little acrossthe glacier.
To the east of the VPA, basal motion declined rapidly over a distance of
about 100 m from ~8 m/yr at the edge of the VPA to <2 m/yr at the glacier
margin. Within the VPA, basal motion dominated glacier flow and ice de-
formation was minimal (Fig. 2D). Peak velocities apparently occurred at
about 50% of ice depth, and vertical gradients in horizontal ice velocity
were minimal. Under worst-case error assumptionsfor theinclinometry, the
apparent increase in velocity with depth in the upper 50% of the profile
would be negligible, but the data would still show a clear basal sliding
anomaly with an areaof overlying icethat hasminimal vertica variationsin
horizontal velocity. Although rates of basal motion in the VPA were sub-
stantialy higher than surrounding areas, thisdifferenceisbarely reflected in
the surface velocity distribution. Transverse coupling between adjacent
areas undergoing different rates of basal motion apparently induced com-
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pensating deformation patterns in the overlying ice, which suppressed any
surface expression of the basal motion discontinuity.

SEASONAL AND SHORT-TERM SURFACE VELOCITIES

Surface velocities were measured at seasonal and short-term time
scales during 1994-1995 aong atransverse profile 180 m upglacier from
the borehole array (Fig. 2B). Summer-averaged velocities were substan-
tially greater than annually averaged and winter-averaged vel ocities, partic-
ularly inthe VPA. 14% of the additional summer displacement occurred
during a“spring event” in early July 1995, which lasted only 6% of the melt
season. Maximum surface vel ocities during this event occurred in theregion
of enhanced basal motion identified by boreholeinclinometry. Thissuggests
that enhanced basal motion at an annual time scale is a consequence of
events that occurred during the summer melt season, and that the annually
averaged velocity distribution integrates the characteristics of quite differ-
ent distributions devel oped at subannual time scales.

SYNTHESIS

Studies at Haut Glacier d’ Arollademonstrate that the glacier bed must
be considered nonuniform at arange of spatial and temporal scales. Sub-
strate characteristics appear to change at length scales of less than oneice
thickness, and hydrologica conditions vary on length scales of about one
icethicknessin adirection transverseto ice flow. There may be some corre-
lation between the distribution of subglacial drainage channels and the
thickness and grain size of subglacial sediments. Although the extent of
hydrologica nonuniformity is seasonally variable, it exertsamajor control
on rates and processes of glacier motion. Basal motion occurred acrossthe
entireareaof glacier bed mapped, but was enhanced in anarrow areawhich
experienced large summer diurnal water-level fluctuationswith peaksin ex-
cess of thelocal ice overburden pressure.

Surface velocity increased during the summer, especially during a
spring event, when motion was clearly enhanced within the VPA. Thissug-
gests that the region of enhanced basal motion apparent in the annually
averaged velocity distribution waslargely aproduct of summer conditions.
Although there were strong transverse variationsin motion at the bed, such
variations were barely discernible in the annually averaged surface veloc-
ity distribution. Transverse coupling between adjacent areas with contrast-
ing rates of basal motion induced compensating patterns of deformationin
overlying ice, reducing the amplitude of the motion discontinuity with in-
creasing height above the glacier bed. This transverse coupling probably
played an important role in increasing the summer velocity of icein areas
outsidethe VPA.

DISCUSSION AND CONCLUSIONS

Rates of basal glacier motion are believed to depend on subglacial
water pressure, so maximum velocities would be expected in areas with
water levels continuoudly in excess of thelocal ice overburden pressure. At
Haut Glacier d Arolla, basal motion was dominant in areaswith highly vari-
able summer water pressures, while ice deformation was also important in
the areas with apparently high and constant water levels (Fig. 2). Thisdis-
crepancy may beresolved if high and invariant borehole water levels do not
provide atrue measure of subglacial water pressure. If the transmissivity of
the drainage system at the base of aboreholeistoo low to alow outflow of
water introduced during drilling or from surface or englacial inputs, bore-
holes will remain full of water and will provide a misleading measure of
subglacial water pressure.

Given that the effects of locally enhanced basal motion were apparently
transmitted to adjacent areasviatransverse coupling, it isevident that models
of glacier flow should include some representation of the nonuniform hydro-
logical conditions that are associated with this enhanced motion (Alley,
1996). There is aso aneed to clarify the relationship between subglacia
water pressures and rates of basal motion. At present, it is not clear whether
it was water pressure magnitude or water pressure variability that was re-
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Figure 2. A: Half cross section of Haut Glacier d’Arolla at northing 91699.
Shaded area defines range of maximum and minimum borehole water
levels recorded on 17 August 1993. Dashed line represents local ice
overburden pressure (in metres of water). B: Distribution of surface
velocity based on surface stake measurements at annual, summer (22
June-27 August), winter (3—6 February), and spring-event (2—4 July) time
scales in 1995, and approximate location of the variable pressure axis
(VPA). Measurements were made along atransect at northing 91520 and
are of the horizontal component of velocity in the flow direction. Sum-
mer and annual velocities have error bars smaller than the symbol size
used to plot data points. C: Annual horizontal surface velocity based on
displacements of borehole tops. D: Distribution of annually averaged
(August 1995-August 1996) horizontal velocity within the half cross sec-
tion at northing 91700. Note that only the last three digits of eastings are
given and full values start with 606. Solid contours are well constrained
by borehole data; dashed contours are extrapolated from boreholes that
did not reach the glacier bed. Circles indicate positions of the tops of
boreholes used in constructing the velocity contours. Solid circles are
boreholes with data reaching close to the bed; open circles are bore-
holes with data extending at least 50% of ice depth, but not to the bed.
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sponsiblefor enhanced basal motion. If subglacia water pressure magnitude
is the contral, then conventional wisdom suggests that basal motion should
be maximum with high subglacia water pressure, because the glacier may
decouple from its bed and dide relatively rapidly (cf. Iverson et a., 1995).
However, the data do not rule out the possibility of maximum basal motion
during subglacial water pressure minima when the glacier may be well
coupled to its bed and ableto readily deform subglacial sediments.

Theveocity distribution depicted in Figure 2D differsfrom that found
by Raymond (1971) at the Athabasca Glacier, Canada, athough both show
acombination of basal motion and internal deformation near the glacier
centerline, with basal motion dominating near the glacier margin. The dis-
tinctive festure of the Haut Glacier d' Arolladataisthe narrow zone of high
basal motion in the region of the VPA. An important issue is whether this
type of feature might also be present in other glaciers. Significant spatial
variations in basal velocities apparently produce no discernible disruption
of the classic parabolic pattern of annually averaged surface velocities
(Harbor, 1992), so narrow zones of high basal velocity cannot be easily de-
tected from annually averaged surface velocities. The only other borehole
datafor aglacier cross section, the Athabasca Glacier data, did not extend
to the margins where features analogous to the VPA have been found on
other glaciers (Hantz and Lliboutry, 1983; Fountain, 1994; Smart, 1996). In-
terestingly, attempts to model cross-section ice motion patterns using
Athabasca Glacier data for calibration required adjustments of the basal
boundary condition near the glacier margin (Reynaud, 1973; Harbor, 1992).

In conclusion, results from Haut Glacier d’ Arolla provide new insight
into both the form and controls on cross-sectiona patterns of basal motion
and internal deformation for atemperate valley glacier. Theice-motion pat-
tern described here (Fig. 2) includes localized enhanced basal motion near
theglacier margin in the region of what is believed to be amajor subglacial
channel. The marginal zone has not been closdly studied in previous empir-
ical work on valley glaciers, yet is critical in flow modeling. The Haut
Glacier d' Arollamargina zone appearsto behave very differently from the
simple variation in conditions often assumed in previous models.
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