Fournal of Glaciology, Vol. 47, No. 158, 2001

Abrupt glacier motion and reorganization of basal shear
stress following the establishment of a connected
drainage system

Jerrrey L. Kavanavch,” Garry K. C. CLARKE
Department of Earth and Ocean Sciences, University of British Columbia, Vancouver, British Columbia V6T 14, Canada

ABSTRACT. Three episodes of strong basal motion occurred at Trapridge Glacier,
Yukon Territory, Canada, on 11 June 1995 following the establishment of a connected
subglacial drainage system. Responses to these “spring events” are noted in the records for
42 instruments and were recorded throughout the ~60 000 m?” study area. Strong basal
motion during the events is indicated by ploughmeter, load-bolt and vertical-strain records,
and abrupt pressure changes in several transducer records denote damage caused by
extreme pressure pulses. These pressure pulses, generated by the abrupt basal motion, also
resulted in the failure of seven pressure sensors. Records for pressure, turbidity and conduc-
tivity sensors indicate that basal drainage patterns did not change significantly during the
events. Geophone records suggest that the episodes of basal motion were precipitated by the
gradual failure of a “sticky spot” following hydraulic connection of part of the study area.
This failure resulted in the transfer of basal stress to the unconnected region of the bed
during the course of the events. No evidence for strong basal motion is seen in the instru-
ment records for several weeks following the events, suggesting that the mechanical adjust-
ments resulted in a stable configuration of basal stresses. This event illustrates how unstable
situations can be quickly accommodated by mechanical adjustments at the glacier bed.

INTRODUCTION

fluctuations in the drainage system weakened a region of the
bed that was acting as a local pinning point and resulted in

Glacier motion is controlled to a great extent by the contact
between ice and the underlying bed. If the bed is composed
of saturated sediments, both sliding and sediment deform-
ation can contribute to the total glacier motion. These two
processes are strongly influenced by subglacial hydraulic
conditions, as high subglacial pressures act both to decouple
ice from the bed and to weaken the basal sediments.

At the beginning of the melt season, the subglacial drain-
age system is likely to be poorly developed and of low capa-
city. Rapid melting of the winter snowpack can introduce a
substantial volume of meltwater into the drainage system,
and if meltwater input exceeds the drainage-system capacity,
hydraulic and mechanical instability can result. Instabilities
caused by early-summer melting, often called “spring events”
(Rothlisberger and Lang, 1987), have been widely observed
and result in reorganization of the subglacial drainage system
(e.g. Stone and Clarke, 1996; Gordon and others, 1998) or
enhanced glacier motion (e.g. Iken and others, 1983; Harbor
and others, 1997).

We present an analysis of instrument records taken
during early summer 1995 at Trapridge Glacier, Yukon Terri-
tory, Canada. These records reveal a series of subglacial
hydromechanical events that occurred following the estab-
lishment of a subglacial drainage system in the area. Pressure
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three episodes of strong basal motion (i.e. sliding and/or sedi-
ment deformation) on 11 June (day 162). Because these events
occurred prior to our arrival at Trapridge Glacier in 1995, the
records presented in this study are from instruments installed
in previous field seasons.

OBSERVATIONS

Year-round measurements of subglacial conditions have
been recorded at Trapridge Glacier (Fig. la andb) since
1988. One focus of these studies is to clarify the role that
the subglacial water system plays in facilitating basal sliding
and bed deformation (e.g. Blake and others, 1992; Fischer
and Clarke, 1997, in press). Hot-water drilling allows rapid
installation of instruments at the ice—bed interface, in the
underlying till or within the glacier ice. Boreholes drilled
to the glacier bed are classified as either connected or un-
connected depending on whether communication with the
subglacial water system is established. These designations
do not necessarily correspond to the connection status at
later times. After installation, instruments are connected to
Campbell CRI10 dataloggers, which are programmed to
take measurements at intervals of 20 min during the winter.
Fifty-six instruments were in operation on 11 June (day 162)
1995, and responses at the time of at least one of the three
observed events are seen in the records for 42 of these
sensors. These instruments were installed during a 5 year
period spanning July 1990—July 1994, so it is necessary to
account for their flow displacement. Glacier motion was
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Fig. 1. Study area. (a) Location map, southwestern Yukon
Territory. (b) Trapridge Glacier, showing location of instru-
ment study. (c¢) Study site. Unshaded area indicates region of
high interpreted connectivily; question marks denote poorly con-
strained boundaries. Instrument nomenclature: B, pressure
transducer; G, conductivity sensor; TB, turbidity sensor; PL,
ploughmeter; LB, load bolt; VS, vertical strain; G, geophone.

determined from annual surveys of flow markers, and sen-
sor positions were adjusted assuming no vertical velocity
gradient in the ice. Because ice deformation accounts for just
~Ima 'ofthe ~30 ma ' total flow rate (unpublished data),
this 1s a reasonable approximation. Corrected positions of
instruments that exhibit responses at the time of the events
are shown in Figure 2. In order to clarify discussion we pres-
ent the records for 16 instruments that represent the range of
responses observed during day 162. Corrected positions for
these instruments are shown in Figure lc.

Figure 3a shows temperatures measured inside a data-
logger enclosure during the period 1 May—30 June (day
numbers 121-182) 1995 at Trapridge Glacier. Studies by
Hock (1993) have shown that solar heating of non-ventilated
temperature sensors can result in temperature measure-
ments that exceed the true ambient air temperature by
> 15°C; the discrepancy for sealed logger enclosures could
be larger. Because no air-temperature record is available,
we will use the logger-enclosure temperature as a proxy for
air temperature. Temperatures most relevant to this study
are the minimum night-time temperatures, which are not
expected to be significantly affected by solar heating. The
logger-enclosure temperature record shows strong diurnal
variations, with measured temperatures ranging from —11°
to +26°C. Temperature fluctuations with time-scales of
approximately 10-20 days are also apparent in the record.
Minimum night-time temperatures remain above 0°C
during days 131133, 145, 160—167,170—173 and 179-182.

Pressure transducer P1 (Fig. 3b) was installed during July
1994 in a borehole that connected at the time of drilling. The
pressure record during days 121-159 alternates between two
distinct modes: periods of high, steady pressures, with values
close to the ~60 m local flotation pressure head; and periods of
high diurnal variability, which exhibit peak pressures greater
than flotation and minimum night-time pressures lower than
those recorded during high, stable periods. For clarity, we
label these two behaviours “non-fluctuating” and “fluctuat-
ing” modes, respectively. Inspection of Figure 3 reveals a
strong relationship between pressure modes and night-time
temperatures, with fluctuating periods occurring in approxi-
mate conjunction with above-freezing night-time tempera-
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Fig. 2. Map view of instrument locations. Locations have been
corrected for glacier flow, and overlapping symbols have been
shifted slightly. (a) Instrument responses during event 1. (b)
Instrument responses during event 2. (¢ ) Instrument responses
during event 3.

tures: diurnal pressure fluctuations are recorded during days
129-137, 146-148, 160-167, 169-174 and 177-182 (shaded
regions, Fig. 3). The third period of diurnal pressure fluctua-
tions is punctuated by a 41.6 m pressure drop at 0820 h on day
162. Diurnal pressure variations continue uninterrupted
following this drop, with negative-valued pressure minima
indicated during days 164, 167, 170172 and 178-179.
Transducers P2 and P3 (Fig. 3¢ and d) were installed in
connected boreholes during July 1994. Both records show
alternating fluctuating and non-fluctuating behaviour at
the times observed in the record for Pl. Non-fluctuating
pressures for P2 measure approximately 80% of the
flotation value, while those for P3 register slightly greater
than flotation. The timing of diurnal variations in both
records closely matches those for P1 (shaded regions, Fig.
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Fig. 3. Air-temperature and subglacial water-pressure records.
Day 121 corresponds to 1 May 1995. Shaded regions indicate
periods exhibiting diurnal pressure fluctuations. (a) Air-tem-
perature record. (b) Water-pressure record for PL Dashed
horizontal line represents local flotation pressure. (¢c) Water-
pressure record for P2. (d) Water-pressure record for P3. (e)
Water-pressure record for P4 (note change of scale ).

3), and similar peak pressure values are indicated in all
three transducer records during diurnal fluctuations. Both
P2 and P3 fail at 0820 h on day 162, coincident with the
41.6 m pressure drop in the record for PL

Transducer P4 (Fig. 3e) was installed in July 1993 in a
borehole that connected at the time of drilling. Steady
pressures are indicated for the first 39 record days, with
values of approximately 135% of the local flotation value.
Diurnal pressure fluctuations, out of phase with those in the
records for P1-P3 and with amplitudes of ~0.8 m, begin on
day 160 (not visible in Fig. 3¢ due to the large vertical scale).
Abrupt pressure increases of 41.1 and 201.8 m are recorded at
0500 and 0820 h, respectively, on day 162. Indicated pressures
following these changes measure > 300 m.

Figure 4 details the pressure record for three sensors on
day 162. Sensor Pl (Fig. 4a) registers a decrease of 4.3 m at
0500 h, immediately following the beginning of the diurnal
pressure rise. This decrease is followed by the 41.6 m drop at
0820 h seen in Figure 3b. The pressure record for transducer
P5 (Fig. 4b), which was installed in an unconnected bore-
hole in July 1993, shows small pressure increases of 1.1 and
0.7 m coinciding with the drops recorded by P1 at 0500 and
0820 h. The record for transducer P6 (Fig. 4c), installed in
July 1992 in an unconnected borehole, also shows pressure
changes at these times: an increase of 1.9m at 0500h is
followed by a decrease of 1.6 m at 0820 h. In addition, a
transient pressure increase of 10.9 m is recorded at 1820 h.
Many instrument records exhibit responses within one
20 min sampling interval of these times, suggesting the
occurrence of a series of subglacial events during day 162.
Hereafter, we designate the events at 0500, 0820 and 1820 h
as events 1, 2 and 3.

Clock drift during the winter months can result in discrep-
ancies as large as 6 min between loggers, and instrument
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Fig. 4. Detailed pressure records. Day 162 corresponds to 11
Fune 1995. (a) Transducer PI. (b) Transducer P5. (¢)
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Fig. 5. Hydrology-sensor records. Dashed vertical lines at
0500,0820 and 1820 h represent events 1-3. (a) Conductivity
sensor CL. (b) Turbidity sensor TBI.

responses to events that occur within this measurement win-
dow will be distributed over two sampling intervals. Several
instrument records demonstrate responses to events 2 and 3
that lag the event timing by one sampling interval. Although
it is possible that these lags reflect a series of strong mechan-
ical adjustments around the time of the events, they are
equally attributable to clock drift. The lags do not appear to
be correlated to instrument location, suggesting that the large
mechanical forcings recorded during the events affected the
entire study area simultaneously.

Figure 5 illustrates typical event responses for conductiv-
ity and turbidity sensors (Stone and others, 1993) during day
162. Dashed vertical lines represent the timing of events 1-3.
Conductivity sensor Cl (Fig. 5a) was installed in the same
borehole as transducer P2 (Fig. 3c). Negative transient
responses were recorded at event 1 and immediately following
event 3, and a positive transient was noted at event 2.
Responses to the three events are of comparable magnitude
(~800uSm '), and a background conductivity value of
5400 uSm ' is re-established within 180 min of each event.
Turbidity sensor TBI (Fig. 5b) was installed in the same bore-
hole as sensor P1 (Figs 3b and 4a). Very small responses were
recorded during the events, with a 0.8% drop at event 1 and a
transient change of —0.9% at event 3 superimposed onto the
slight (~2%) diurnal signal.
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Fig. 6. Mechanical-sensor records. Dashed vertical lines at
0500,0820 and 1820 h represent events 1-3. (a) Ploughmeter
PLI (b) Load-bolt sensor LBI. (¢) Ploughmeter PL2.

Records during day 162 for three instruments that
measure mechanical forcings in the glacier bed are shown in
Figure 6. Ploughmeter PLI (Fig. 6a) was installed in July 1992.
While no response is evident at event 1, measured force values
increased from 1.9 kN to 310 kN during event 2. High, steady
values were measured until sensor failure occurs immediately
following event 3. Load bolt LBl (Fig. 6b) was installed in July
1993. The force acting on the instrument increases from 2.3 kN
to 9.0kN at event 1 (this change is difficult to see given the
large vertical scale) and then to 813 kN at event 2. This high
value is measured for the remainder of the record, with no
further response seen at event 3. The record for ploughmeter
PL2 (Tig. 6¢), installed in July 1994, shows a steady force value
of ~06 kN through most of day 162. No response is evident at
event 1 or 2, but a transient increase of 15.1 kN is seen immedi-
ately following event 3.

Figure 7 shows the record during days 161164 for vertical-
strain sensor VSI, which was installed approximately 15m
below the ice surface during July 1992. Vertical-strain values
increase steadily through the first part of the record; this
trend is consistent with increasing values recorded over the
previous 20 days (not shown). Maximum vertical extension
of the ice occurs immediately prior to event 1, and constant
strain values are measured between events | and 2. A drop of
~264mmm ' in vertical strain occurs at event 2, with no
further response seen at event 3. Following the events, vertical-
strain values remain constant for 8.5 days before they begin
increasing again. Details of the construction and theory of
ploughmeter, load-bolt and vertical-strain sensors can be
found in Fischer and Clarke (1994), Iverson and others (1994)
and Harrison and others (1993), respectively.

Records for three geophones installed in July 1990 are
shown for day 162 (Fig. 8). A generally down-glacier
progression of high count rates is apparent in the records,
with elevated count rates spanning a several-hour period at
cach event. Geophone G1 (Fig. 8a), located approximately
0.9 m from V8], is furthest up-glacier of the three geophones.
Its record shows counts as early as 3.3 h before event 1, witha
broad peak of 290 min ' occurring at the time of the event.
Count rates between events 1 and 2 average 0.90 min ' and
increase to 140 min ' during event 2. Following event 2, no
further counts are noted for the remainder of the day. The
record for geophone G2 (Fig. 8b), located in the middle of
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Fig. 7. Vertical-strain record during days 161—164 (10—12 June
1995). Dashed vertical lines at 0500, 0820 and 1820 h during
day 162 represent events 1-3.
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Fig. 8. Geophone records during 11 Jfune 1995. Plotied are the
number of “icequake” events per minute; the timing and
magnitude of individual events are not recorded. Dashed

vertical lines at 0500, 0820 and 1820 h represent events 1=3.

the study area, shows peak rates of .80 min ' immediately
prior to event 1 and 0.95min ' during event 2. Elevated
count rates are measured during a 2.67 h period spanning
event 3, with a peak of 7.65 min ! immediately following
the time of the event. Geophone G3 (Fig. 8¢) is located at
the lower end of the study area. No counts are evident until
event 2; a peak count rate of 10.75 min 'is observed 1 h later.
Extremely high count rates are recorded during a 7 h period
spanning event 3, with a peak rate of 139.8 min ' indicated
at 1540 h. The count rate declines to 279 min ' at event 3,

INTERPRETATION AND DISCUSSION

The instrument records presented in Figures 3—8 show evi-
dence for both hydrological and mechanical responses
during three subglacial events on day 162. These events
occur soon after hydraulic connection is re-established in
the region, suggesting that changes in drainage-system
morphology altered both the hydrological and mechanical
properties of the bed (e.g. Fischer and Clarke, in press). In
the following sections we present an interpretation of the
hydrological and mechanical responses recorded during
the events.

Hydrological response

The high, steady pressures seen in the first part of the records
for transducers P1-P3 (Fig. 3b—d) are typical of winter
pressure records and indicate a low-volume, poorly connected
subglacial hydraulic system (e.g. Stone, 1993). In contrast, per-
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Fig. 9. Air-temperature and corrected subglacial water-pressure
records. Day 152 corresponds to 1 June 1995. (a) Air-tempera-
ture record. (b) Corrected pressure record for PL Uncorrected
record (dashed) s shown for comparison. Horizontal dashed
line represents the local flotation pressure.

iods of diurnal pressure fluctuations (shaded regions) are
characteristic of well-connected summer drainage systems.
Pressure excursions during these periods are driven by vari-
ations in the flux of meltwater reaching the glacier bed as the
daily melt rate peaks and ebbs. The records for P1-P3 indi-
cate repeated establishment and shut-down of a connected
drainage system. In total, such connections are found in the
records for eight pressure transducers, indicating repeated
hydraulic connections over a ~20000m® portion of the
instrumented region during these periods. This connected
region is shown in Figure lc (unshaded area). Periods of
hydraulic connection in the records for P1-P3 (Fig. 3a—c)
coincide with warm night-time temperatures, suggesting
rapid, sustained melting of the winter snowpack during these
times. Such vigorous early-season melting can place a sub-
stantial volume of water into the subglacial drainage system,
which is likely to be poorly developed at the beginning of
summer. If the input of meltwater exceeds the capacity of
the drainage system to remove it, hydrological and mechan-
ical instability can result (e.g. Stone, 1993; Jansson, 1995;
Stone and Clarke, 1996; Gordon and others, 1998).

Minimum night-time pressures measured during
fluctuating periods exhibit values that are lower than the
pressures recorded during stable non-fluctuating periods
(Fig. 9b). This behaviour demonstrates the higher transport
capacity of connected drainage systems, which allow
greater evacuation of basal water and thus lower night-time
pressures. The records also show that the drainage system
actively adjusts to variations in meltwater input, as low
night-time pressures generally correspond to high daytime
temperatures. This is not surprising, as increased drainage
capacity during periods of high meltwater flux would result
in the depression of both daytime and night-time pressures.
This relation is most clearly evident during days 170—177
(Fig. 9a and b). Decreasing daytime temperatures seen in
days 170-174 are accompanied by increasing minimum
night-time pressures, and decreasing meltwater input
during this period leads to closure of the connected system.
This results in decreased drainage capacity and higher night-
time pressure minima. The system switches to an isolated non-
fluctuating mode when night-time temperatures dip below
freezing on day 174 and the meltwater flux drops below a
threshold value. Hydraulic connection is re-established on
day 176 with the return of higher temperatures and increased
meltwater input.
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Itis not clear how the drainage-system capacity changes in
response to changes in meltwater input. Variations in mini-
mum night-time pressures show that although adjustments
occur rapidly enough to accommodate changes in daily melt-
water input, the adjustments are not immediately reversible.
One plausible mechanism by which the drainage system can
adjust its transport capacity is the incorporation of additional
basal area during periods of high meltwater input. This pro-
cess could be facilitated by hydraulic jacking (ice—bed separa-
tion promoted by high water pressures), which would allow
rapid flooding of the drainage-system margins (Murray and
Clarke, 1995; Gordon and others, 1998). Evidence for hydraulic
jacking is seen in the records for several pressure transducers,
including P4-P6 (Figs 3e and 4b and c), located on the per-
iphery of the well-connected region (Fig. 1c). These records
exhibit low-amplitude diurnal fluctuations that are out of
phase with those of P1, indicating the transfer of mechanical
support of ice overburden from the unconnected region as
water pressure varies in the connected system (Murray and
Clarke, 1995). Flooding of the drainage system margins would
increase the hydraulic transmissivity there and permit greater
meltwater transport. Subsequent reductions in meltwater flux
would allow the margins to lose hydraulic connection with the
drainage system, resulting in decreased transport capacity,
lower hydraulic transmissivity and higher night-time pressure
minima (Hubbard and others, 1995; Alley, 1996).

Records for 14 transducers exhibit step pressure changes
at the time of events 1 and 2. Rather than suggesting
widespread hydrological changes, however, these records
could instead indicate episodes of mechanical instability. It
is likely that changes in the subglacial drainage system
sufficient to precipitate the 41.6 m drop observed in the
record for P1 (Figs 3b and 4a) would also lead to changes
in the response of the system to pressure variations. Instead,
the record for Pl exhibits consistent behaviour both before
and after the indicated drops. Figure 9b shows a pressure
record for Pl during days 152182 in which the abrupt drops
at 0500 and 0820 h have been removed (solid line). The cor-
rected record shows diurnal variations, with daytime pres-
sures greater than the local flotation value, and night-time
minima of 44-50 m. Days 168 and 174176, during which
diurnal variations are absent, exhibit pressures similar to
the steady non-fluctuating pressures measured prior to day
159. After correction, pre- and post-event pressure-signal
characteristics are consistent during both non-fluctuating
and fluctuating modes. In addition, removal of the pressure
drops eliminates the negative pressure values in the uncor-
rected record (dashed line) during days 164, 167,170—172 and
178-179. These negative values are too large to be attributable
to errors in calibration or installation. Further evidence for
transducer failure is found in the record for P4 (Fig. 3e). Pres-
sures following the 201.6 m increase at event 2 measure great-
er than five times the local overburden pressure, values too
high to be maintained subglacially. These records thus pro-
vide good evidence that the abrupt pressure changes seen in
several transducer records are caused by transducer malfunc-
tion rather than by actual changes in subglacial hydrological
conditions. Studies by Kavanaugh and Clarke (2000) show
that extreme pressure pulses, generated by abrupt ice motion,
can damage the measurement mechanism of pressure
transducers. This damage produces a calibration shift that
appears in field records as an abrupt pressure change or, if
the pressure pulse is sufficiently large, device failure. This
mode of transducer malfunction can thus account for both
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the unrealistic pressure values observed in the records for P1
and P4 and the failure of seven pressure transducers
(including P2 and P3; Fig. 3c and d) during events 1 and 2.
Evidence for a transient pressure pulse at the time of
event 3 is seen in the record for transducer P6 (Fig. 4c).
Although the indicated pulse magnitude is too small to cause
sensor damage, it is not certain that the maximum pulse
pressure was captured during measurement. Additionally,
spatial variations in drainage-system properties could act to
locally modulate the pulse magnitude. Pressure transients
are seen in the records for several other transducers at the
time of the events. Evidence for abrupt glacier motion is seen
in ploughmeter and load-bolt records at the time of the
events and will be discussed in the following section.
Although many of the large pressure changes can be
clearly ascribed to sensor damage, the veracity of smaller
changes is more difficult to determine. Transducers P5 and
P6 (Fig. 4b and c) are located outside the region of high
connectivity shown in Figure 1 and exhibit unconnected
behaviour during the time of the events. It is unclear whether
the small pressure changes noted at events 1 and 2 in these
records result from sensor damage or from true, if minor,
adjustments in water pressure at the location of the instru-
ments. Similarly, the small change at event 1 in the record
for Pl (Fig. 4a) could represent a real shift. In either case,
the minor pressure adjustments noted at the time of the
events in these and other transducer records are too small to
indicate significant changes in drainage-system morphology.
While extreme pressure pulses can result in pressure-
transducer malfunction, other instruments are insensitive to
them. Because of this, pressure pulses selectively damage pres-
sure transducers without affecting other instruments, includ-
ing those installed in the same borehole and sharing a
common signal wire (Kavanaugh and Clarke, 2000).
Pressure transducer P2 (Fig. 3c), which fails at event 2, was
installed in the same borehole with Cl (Fig 5a); the
conductivity sensor is undamaged. In total, seven pressure
transducers fail during the events, but none of the
instruments installed in common holes fails at these times.
This selective device failure argues against several common
failure mechanisms, including wire breakage and crushing of
the transducer, and further supports the attribution of trans-
ducer failure to large pressure pulses at the time of the events.
In contrast with the large pressure signals recorded
during the events, records for turbidity and conductivity
sensors (Fig. 5) show only minor responses. The record for
Cl1 exhibits transient responses at all three events, returning
to a stable background value following each event. These
features suggest the disturbance and subsequent re-estab-
lishment of a stratified conductivity structure within the
borehole (personal communication from G. Oldenborger,
2000) caused by abrupt glacier motion that forces water into
underlying sediments (events 1 and 3) or expels water from
these sediments (event 2), displacing the conductivity struc-
ture from its equilibrium state. The responses in the record
for TBI (Fig. 5b) at events | and 3 are too small to suggest
lasting changes in drainage patterns and give little evidence
for substantial movement of basal water during any of the
events. Similarly, after removal of the large damage-in-
duced pressure changes in the records for Pl and other
transducers, little indication of lasting change is present in
the pressure records. Hydraulic responses during the events
thus appear to have been largely transient, with little evidence
for morphological changes in the subglacial drainage system.
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These behaviours differ significantly from those observed
during both a 1993 spring event recorded at Haut Glacier
d’Arolla, Switzerland (Gordon and others, 1998), and a 1990
event at Trapridge Glacier (Stone and Clarke, 1996). In both of
these cases, the drainage system switched from a low-capacity,
non-fluctuating mode to a high-capacity, diurnally varying one
during the event. These studies indicate that the input of spring
meltwater can yield varying responses, not only from glacier to
glacier but also from year to year at a given glacier.

Mechanical response

The records for PLI, LBl and PL2 (Iig. 6a—c) indicate
significant changes in mechanical forcing at the time of the
events. Both the magnitude and rapidity of these changes
suggests that they result from strong basal motion (i.e.
sliding and/or sediment deformation). Yet while an instru-
ment response to basal motion would be expected if till
behaviour is linear or mildly non-linear (as suggested by
Boulton and Hindmarsh, 1987), it is not clear whether such
a response would be expected if subglacial till behaves as a
Coulomb-plastic material. Coulomb-plastic behaviour has
been suggested by recent laboratory (e.g. Iverson and
others, 1998; Tulaczyk and others, 2000), field (e.g. Hooke
and others, 1997) and modelling studies (Kavanaugh,
2000). For viscous tills, any change in basal velocity (and
therefore the rate at which the instrument is pulled through
the sediments) would result in a corresponding change in
force acting upon the instrument. In contrast, the force
measured by a ploughmeter or load bolt in Coulomb-plastic
till should depend only on the pore-water pressure within
the sediments and not on the basal velocity.

To explain transient responses to rapid basal motion in
Coulomb-plastic tills, we need to consider dilatancy, or
expansion under shear. This behaviour has been observed
in overconsolidated tills (e.g. Boulton and others, 1974;
Clarke, 1987). Overconsolidation is likely to be produced by
pressure variations in tills that have not been significantly
sheared for a time (Iverson and others, 1998). Subsequent
shearing of an overconsolidated till by ploughmeter or load-
bolt motion could produce a dilatant response, resulting in a
drop in pore-water pressure that in turn strengthens the till.
Such strengthening is called “dilatancy hardening” and has
been observed in laboratory studies (e.g. Iverson and others,
1998). In general, basal motion occurs slowly enough that
the pore-water pressure in the disturbed sediments has time
to equilibrate with the surrounding pressures. Rapid
instrument motion, however, can create dilatancy rates that
are large relative to pore-water flow and hence produce
appreciable dilatancy strengthening of the till immediately
surrounding the instrument. The transient response
recorded by PL2 at event 3 (Fig. 6¢) is of short duration,
indicating rapid equalization of pore-water pressures with
the surrounding values. Calculations show that hydraulic

2 -1 .
s~ are required to

diffusivities greater than 10 ° to 10 *m
explain the rapid decay of dilatancy strengthening
suggested by the instrument records. These values are in
reasonable agreement with values of hydraulic diffusivity
obtained in laboratory measurements (e.g. Iverson and
others, 1997) and field studies (e.g. Stone and others, 1993;
Fischer and others, 1998). It should be noted that a
secondary effect that could counteract dilatancy hardening
has been observed in laboratory experiments. Rapid

instrument motion can also result in till compression and
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hence an increase in pore-water pressures in front of the
sensor. These excess pore pressures have the potential to
significantly reduce the strength of the till ahead of the
sensor (e.g. Iverson and others, 1994; Iverson, 1999). While it
is unclear how much this excess pore-pressure weakening
affects dilatancy hardening, these instrument records
suggest that dilatancy hardening is the dominant effect.

In contrast with the transient response of PL2, the force
records for PLl and LBl (Fig 6a and b) exhibit step
increases at the time of event 2; LBl also shows a step
increase at event 1. The dilatancy hardening suggested in
the record for PL2 (Fig. 6¢) 1s expected to be a short-lived
effect, as pore-water pressures in the till around the
instrument will tend to equalize with surrounding values.
The high sustained forcings reported by PLI and LB, at
310 and 813 kN, measure 10-100 times greater than typical
peak forcings recorded at Trapridge Glacier and are
therefore suggestive of permanent damage sustained during
the events. Strong basal motion, coupled with sufficient
dilatancy hardening, could have permanently bent the steel
rod in ploughmeter PLI during event 2. This bend would
produce an apparent offset in measured force analogous to
the changes seen in pressure-transducer records. Attribution
to sensor damage is also suggested by the failure of PLI
during event 3. The record for LBl can be explained by
similar damage.

Records for vertical-strain sensors are used to infer
longitudinal compression (increasing vertical-strain values)
or extension (decreasing values) of the glacier. The record
for VSl indicates continuous longitudinal compression prior
to the event (Fig. 7); similar compression was recorded
during the preceding 20days. The rate of compression
during this period is typical of strain-gauge records in the
study area (unpublished data). Slightly elevated strain
values are observed between the beginning of day 162 and
event 1, and maximum vertical strain is reached immedi-
ately prior to the event. The constant-strain value recorded
between events 1 and 2 indicates no further longitudinal
compression during this period, and the large drop at event
2 indicates a decrease in vertical strain equal to the net
extension of the previous 288 days. This substantial decrease
suggests significant longitudinal extension at the time of
event 2, perhaps accompanied by crevassing in the vicinity
of the sensor (Harrison and others, 1993). The record for VSI1
1s thus consistent with the evidence for strong basal motion
seen in ploughmeter and load-bolt records. There is no
indication of instrument malfunction at this time. Five other
vertical-strain sensors were in operation on day 162, but
none shows any response, suggesting that longitudinal
extension of the ice occurred only locally. This contrasts
with behaviours observed during short-term motion events
recorded at Findelengletscher, Switzerland (Iken and
Bindschadler, 1986), and “mini-surges” observed at
Variegated Glacier, Alaska, U.S.A. (Kamb and Engelhardt,
1987). During each of these events, a zone of compression
and subsequent extension passed down-glacier as a wave.
Wave velocities indicated in these studies range between
~50-180mh ' during three events at Findelengletscher
and ~300mh ' at Variegated Glacier. All of these strain
events were accompanied by a wave of high subglacial water
pressure that travelled down-glacier. No evidence for such a
pressure wave during the events presented here is seen in
transducer records.

Geophones respond to a variety of sources, such as ice
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fracture and basal slippage. Geophone records can therefore
yield information about stress transients in the glacier, as
these sources typically involve some failure mechanism and
are thus focused where rapid changes in the stress field occur.
Geophone G1 (Fig. 8a) 1s located slightly up-glacier from the
large connected region shown in Figure lc. Elevated count
rates during a 7h period spanning events 1 and 2 indicate
that mechanical adjustments occurred throughout this
period. The record for geophone G2 (Fig. 8b), which is
located slightly down-glacier of the connected region, also
shows elevated count rates during events 1 and 2. These
records indicate significant changes in the state of stress in
the connected region (Fig. 1c) between geophones Gl and
G2 during this period. Similarly, the extremely high count
rates in the record for G3 (Fig. 8c) suggest changes in the
stress field below the connected region during a 7 hour
period centred upon event 3. This down-glacier progression
of high count rates in the geophone records indicates the
migration of a region of high stress over the course of the
events. This region likely represents a local “sticky spot”, or
area in which the basal shear stress is concentrated (Alley,
1993). Migration of this sticky spot will be discussed in the
following section.

Glacier response

Because sediment strength is strongly dependent on pore-
water pressure, diurnal pressure fluctuations within the
subglacial drainage system result in variations in sediment
strength over much of the bed. In addition, high drainage-
system pressures can weaken coupling of the ice—bed
interface and thus facilitate basal sliding. Through these
processes, diurnal pressure fluctuations drive a cyclic
transfer of shear stress between connected and unconnected
regions of the bed (e.g. Alley, 1996; Iverson and others, 1999;
Kavanaugh, 2000; Fischer and Clarke, in press). It is
therefore likely that the establishment of a subglacial
drainage system prior to the events resulted in significant
changes in the distribution of basal stresses in the region.
Low drainage-system pressures in the hours preceding
event 1 could have resulted in stiffening of sediments and
increased ice—bed coupling in the connected region,
creating a local sticky spot. It is not clear from instrument
records whether this sticky spot existed prior to hydraulic
connection (and was subsequently strengthened by the low
system pressures) or if it was created by overconsolidation of
sediments in the connected region by the diurnal pressure
variations of days 159—-161 (cf. Iverson and others, 1998).
The increased vertical-strain values in the record for VSI
(Fig.7) suggest that stresses were concentrated on this region
in the early hours of day 162. This concentration could also
be reflected by the counts registered by geophones Gl and
G2 (Fig. 8a and b) prior to event 1. System pressures at this
time are near the lowest point in the diurnal cycle, so it is
likely that the counts reflect shearing of the basal sediments
rather than glacier sliding (Kavanaugh, 2000). Because the
effective listening range of a geophone varies with icequake
magnitude, it is not possible to determine the proximity of
an icequake source relative to the geophone placement.
The true location and extent of a nearby sticky spot,
therefore, cannot be determined from geophone records.
Figure 10D illustrates one possible configuration at the time
of event 1; other plausible sticky-spot configurations are
certainly possible. The sticky spot, represented by the
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Iag. 10. Mugration of local “sticky spot”during events. Shaded
areas represent hydraulically-unconnected regions; unshaded
areas represent region of high hydraulic connectivity. Cross-
hatched areas represent possible location(s) of sticky spot.
Locations for geophones GI=G3 are shown. (a) Prior to
hydraulic connection. (b ) Possible sticky-spot configuration prior
to and during event 1. (c) Possible sticky-spot configuration
during events 2 and 3. (d) Possible sticky-spot configuration
Jollowing event 3.

cross-hatched area, is located within the connected region of
the bed (unshaded area). Shading represents hydraulically-
unconnected regions of the bed. Subsequent increases in
drainage-system pressure would facilitate both sediment de-
formation and glacier sliding in the connected region, mak-
ing this sticky-spot configuration inherently unstable.

Event 1 occurs at 0500 h, immediately following the
onset of the diurnal pressure rise of day 162. Basal motion
during the event is indicated by the force increase in the
record for sensor LBl (Fig. 6b) and by the failure of one
pressure transducer (Fig. 2a). This transducer was installed
in the basal sediments in order to measure pore-water
pressures, making it particularly susceptible to damage
during glacier motion. The timing of the event indicates a
high degree of instability in this part of the glacier: although
both sediment strength and ice—bed coupling are expected
to be at their maximum at this time, failure of the bed
occurred after only a minor increase in system pressure.
Because the events occurred prior to our arrival at
Trapridge Glacier, no survey data exist during the time of
the events. Similarly, no tilt cells or slidometers (Blake and
others, 1992, 1994), used to measure glacier sliding and
sediment deformation, were in operation at this time. It is
thus not possible to determine the true magnitude of glacier
motion during the events.

As noted above, it is not clear whether minor adjustments
in the records for several pressure transducers are due to
transducer damage or to actual changes in basal water
pressure resulting from mechanical adjustments at the glacier
bed. If real, small pressure changes similar to that in the
record for P1 (Fig. 4a) could have mixed water within the
borehole and brought lower-conductivity water in contact
with sensor Cl (Fig. 5a); responses at events 2 and 3 in the
records for Pl and ClI could be similarly explained. The tran-
sient responses by conductivity and turbidity sensors during
the event show no evidence for significant or lasting changes
in the drainage system during the event. Steady values in the
record for VS (Fig. 7) following the event suggest that longi-
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tudinal compression in this region of the glacier was tempora-
rily halted by basal motion.

Event 2 occurs at 0820h following an increase in
drainage-system pressures; locations of instruments that
exhibit responses at this time are shown in Figure 2b.
Although system pressures at the time of the event are lower
than those measured in the unconnected region, increasing
system pressures likely resulted in the weakening of
sediments in the sticky spot and precipitated a second
episode of vigorous basal motion. Although no evidence for
sediment weakening is seen in the records for PL1, LBl or
PL2 (Fig. 6a—c), these sensors were located in hydraulically
unconnected regions where no change would be expected.
No mechanical instruments were operating in the connected
region at the time of the events. Basal motion during event 2 is
evidenced by large force responses in the records for PL1 and
LBl (Fig. 6a and b) and by substantial longitudinal extension
in the record for VSI (Fig. 7). Large step changes seen in the
records for four pressure transducers, as well as the failure of
six transducers (Fig. 2b), indicate pervasive pressure-
transducer damage during the event. This damage is likely
due to extreme pressure pulses generated by the strong basal
motion. In general, pressure changes associated with event 2
are of greater magnitude than those recorded during event 1,
indicating that pulses were correspondingly larger. This is
consistent with evidence for strong basal motion presented in
the records for PL1, LBl and VSI. The minor responses noted
in the records for conductivity and turbidity sensors (Fig. 2b)
result from glacier motion and, as for event 1, do not represent
lasting changes in drainage.

The period of elevated count rates in the record for Gl
(Fig. 8a) ends at event 2, and no further counts were recorded
for the remainder of the day. In contrast, counts first appear in
the record for G3 immediately following event 2 (Fig. 8c).
These records indicate reorganization of basal stresses both
during and after the strong basal motion of event 2, during
which part of the driving stress was transferred from the
connected region to the hydraulically unconnected region
near G2 and G3 (Fig. 10c). This transfer of basal stress results
in enhanced basal shear and/or glacier sliding in the uncon-
nected region, and elevated geophone counts in the records
for G2 and G3 (Fig 8b and c).

Event 3 occurs at 1820 h, 40 min prior to peak diurnal
pressure on day 162. Transient responses are noted in the
records for six pressure transducers at this time (Iig. 2c);
no step changes are recorded during the event. While the
failure of six pressure transducers during event 2 precludes
measurement in those locations, the relatively minor
responses indicated by surviving pressure transducers
suggest that pulse magnitudes during event 3 are lower than
those during events 1 and 2. Responses noted in the records
for conductivity and turbidity sensors are similar to those
recorded during events 1 and 2. Glacier motion during event
3 is indicated by strong responses in records for two plough-
meters. Failure of PL1 (Fig. 6a) occurs at this time, and the
record for PL2 (Fig. 6¢) shows a transient force increase
during the event.

No evidence for strong basal motion is seen in the
instrument records for several weeks following event 3,
suggesting that the mechanical adjustments made during
the course of the events resulted in a stable configuration of
basal stresses. Relocation of the sticky spot to the
unconnected region during the events (Fig. 10d) likely
contributed greatly to glacier stability, as sediments there

479


https://doi.org/10.3189/172756501781831972

Journal of Glaciology

are less susceptible to pressure-induced weakening than are
sediments in the connected region.

CONCLUSIONS

While the events of 11 June 1995 clearly demonstrate that
changes in subglacial hydrological conditions strongly
influence glacier dynamics, they also serve to illustrate how
unstable situations can be quickly accommodated by
mechanical adjustments at the glacier bed. Pressure-
transducer records indicate that hydraulic connection was
established simultaneously over a ~20000m” area,
creating a region of instability that could have covered
much of this region. This raises the question of how the
glacier response would have differed had the unstable
region been larger. Any part of the driving stress not
supported by the unstable region would be transferred to
(e.g. Truffer and others, 2000).
Sufficiently large transferred stresses could exceed the

surrounding regions

strength of sediments in the regions balancing the driving
stress or of the ice itself. Extensive failure at the ice—bed
interface could result in widespread mechanical instability
and, ultimately, glacier surging. Because the removal of
basal waters increases coupling between the glacier and its
bed, it is likely that the establishment of a high-capacity
drainage system precludes formation of an unstable region
large enough to enable surging.
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