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Basal hydraulic system of a West Antarctic ice stream:
constraints from borehole observations
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ABSTRACT. Pressure and tracer measurements in boreholes drilled to the bottom of
Ice Stream B, West Antarctica, are used to obtain information about the basal water con-
duit system in which high water pressures are developed. These high pressures presumably
make possible the rapid movement of the ice stream. Pressure in the system 1s indicated by
the borehole water level once connection to the conduit system is made. On initial connec-
tion, here also called “breakthrough” to the basal water system, the water level dropsina
few minutes to an initial depth in the range 96—117 m below the surface. These water levels
are near but mostly somewhat deeper than the flotation level of about 100 m depth (water
level at which hasal water pressure and ice overburden pressure are equal), which is cal-
culated from depth—density profiles and is measured in one borehole. The conduit system
can be modelled as a continuous or somewhat discontinuous gap between ice and bed; the
thickness of the gap é has to be about 2 mm to account for the water-level dr op on break-
through, and about 4 mm to fit the I(f‘al_lllb of a salt-tracer experiment indic zmng down-
stream transport at a speed of 75 mms . The above gap-conduit model is, however,
ruled out by the way a pressure pulse injec ted into the basal water system at brcdlslhrough
propagates outward from the injection hole, and also by the large hole-to-hole variation in
measured basal pressure, which if present in a gap-conduit system with 6 = 2 or 4 mm
would result in unarrrplahly large Iocal water {luxes. An alternative model that avoids
these objections, called the “gap opening™ model, involves opening a gap as injection pro-
ceeds: starting with a thin film, the injection of water under pressure lifts the ice mass
around the borchole, creating a gap 3 or 4 mm wide at the ice/bed interface. Evaluated
quantitatively, the g:tp-t_:pcniug model accounts for the volume of water that the basal
water system accepts on breakthrough, which obviates the gap-conduit model. In order
to transport basal meltwater from upstream it is then necessary for the complete hydraulic
model to contain also a network of relatively large conduits, of which the most promising
type is the “canal” conduit proposed theoretically by Walder and Fowler (1994): flat, low
conduits incised into the till, ~0.I m deep and perhaps ~1 m wide, with a flat ice roof. The
basal water-pressure data suggest that the canals are spaced ~50-300 m apart, much
closer than R-tunnels would be. The deepest observed water level, 117 m, is the most likely
to reflect the actual water pressure in the canals, corresponding to a basal effective pres-
sure of 1.6 bar. In this interpretation, the shallower water levels are affected by loss of
hydraulic head in the narrow passageway(s) that connect along the bed from borehole
to canal(s). Once a borehole has frozen up and any passageways connecting with canals
have become closed, a pressure sensor in contact with the unfrozen till that underlies the
ice will measure the pore pressure in the till, given enough time for pressure equilibration.
This pressure varies considerably with time, over the equivalent water-level range from
100 to 113 m. Basal pressure sensors 500 m apart report uncorrelated variations, whereas
sensors in boreholes 25 m apart report mostly (but not entirely) well-correlated varia-
tions, of unknown origin. In part of the record, remarkable anticorrelated variations are
interspersed with positively correlated ones, and there are rare, abrupt excursions to
extreme water levels as deep as 125 m and as shallow as 74 m. A diurnal pressure fluctua-
tion, intermittently observed, may possibly be caused by the ocean tide in the Ross Sea.
The lack of any observed variation in ice-stream motion, when large percentagewise var-
iations in basal effective pressure were occurring dumdmg to our data, suggests that the
observed pressure variations are sufficiently local, and so randomly variable from place to
place, that they are averaged out in the process by which the basal motion of the ice
stream is determined by an integration over a large area of the bed.

1. INTRODUCTION length ~400 km, the ice moves at speeds ~10- 100 times faster
The role ol ice streams in the possible instability of the West Mg s Yo el iy it JRisitien, (Ul WSy, ds

) o b ) E others, 1987; Bindschadler and Scambos, 1991; Whillans and
Antarctic Ice Sheet, with implications for a possible rapid Van der Veen, 1993). To explain this anomalously rapid

rise of worldwide sea level, is under current discussion motion it has been proposed that the base of the ice is at

(Alley, 1990; Bindschadler, 1991; MacAyeal, 1992; Alley and the melting point and that the ice moves by rapid basal slid-
MacAyeal, 1994). In the ice streams, of width ~50km and ing (Rose, 1979) or by rapid deformation of soft, water-satu-
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rated subglacial sediment (Alley and others, 1986, 1987;
Blankenship and others, 1986, 1987). The existence of basal
melting and high basal water pressures, which would pro-
mote hoth basal sliding and soft-bed deformartion, was
demonstrated in boreholes drilled to the bottom of Tce
Stream B (Engelhardt and others, 1990). In subsequent field-
work we have endeavored to obtain observations of basal
water pressure and transport that would define the nature
and fynctioning of a basal hydraulic system within which
the high basal water pressure is generated, and that would
permit its role in controlling the lubricating action involved
in basal sliding and soft-bed deformation to be evaluated.
That such control should be exercised by basal water has
been indicated by observations in glaciers (Kamb and
others, 1985, p.474; Tken and Bindschadler, 1986; Boulton
and Hindmarsh, 1987, fig. 7; Kamb and Engelhardt, 1987,
p.34; Kamb and others, 1994) and by theory (Weertman,
1969; Iken, 1981; Fowler, 1987; Alley, 1989a, b, 1993; Kamb,
1991).

This paper presents our observations on basal water
pressure and transport in lee Stream B and an attempt to
interpret them in terms of a model of the basal hydraulic
system. As will be seen, different observations do not appear
at first sight to conform to a single simple model. By introdu-
cing further complications we can achieve some resolution
of the interpretive difficulties, but a fully satisfactory, com-
plete model, well supported by observation, is a goal yet to
be attained. However, we believe that the observations and
provisional interpretations will be important, in combina-
tion with further observations in the future, for constraining
the nature of the basal hydraulic system under the ice
stream.

2. OBSERVATIONAL PROGRAM

The borehole observations reported here were made in
holes drilled to the bottom by hot-water jet drilling, in three
site areas: (I) within lkm of old UpB camp (Upstream
Bravo, here called UpB "84, which in 1988 was located at
83729.03' S,138°11.57' W); (1I) within 1 km of new UpB camp
(here called UpB 95, located in 1995 at 83°274'S,
137°46.9° W), about 10 km east of the 1995 position of Up B
'84; and (IIT) within an area of ~5km dimension near
83°34.4" S, 13879.0° W on the Unicorn, the ridge between
ice-stream branches Bl and B2, The site areas are indicated
on the larger-scale map in Figure 1.

Detailed maps showing the locations and number desig-
nations of the individual boreholes drilled in site areas I and
II are given in Figure 2. The boreholes are plotted in their
positions relative to one another on the ice surface; relative
to the bed below they were displaced 1.2md 'in the indi-
cated flow direction, because of the ice-stream motion
(Whillans and Bolzan, 1987, table 1). Borehole depths were
in the range 1025-1057 m (Table 1). The boreholes numbered
with prefix 88- were drilled in field season 1988-89, those
with prefix 89- in season 1989-90, and so on. The prefixes
are omitted in Figure 2, where their place is taken by the
plotted borehole location symbols.

Most of the observational data presented in this paper
consist of records of water pressure (rarely, ice pressure)
obtained with pressure transducers of the Paine Instrument
Co. (Seattle), type 212. For observations of the water level in
open boreholes we generally use pressure transducers of full-
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Fig. 1. Location skelch maps. The upper panel shows West
Antarctic ice streams A—1I< ( shaded ) in relation to the Ross
lee Shelf and South Pole. The lower panel, from a surface ele-
vation map by Retzlaffand others (1993, fig. 7). is an enlarge-
ment of the dashed rectangle in the upper panel. It shows the
Junction of tributary ice streams Bl and B2 to form the trunk
ice stream B ( flow from upper left to lower right ). L 1l and
I indicale the three study areas of the present report. The rec-
tangles indicate with some exaggeration the sile areas covered
by the maps in Figures 2 and 4. The site of camp UpB "84 is in
rectangle I and of UpB 95 in vectangle Il (see Fig. 2).
Marginal shear zones are showon with heavy lines { width not
loscale ) and labelled “Dryagon”and “Snake”according to cus-
tom. T he ridge between streams Bl and B2 is called the Uni-
corn.

scale rating 200 psi (1.38 MPa) placed at a depth of 100-
120 m beneath the surface, just above the well pump used
for recycling the drilling water.'I'he well pump and pressure
transducer are placed in an auxiliary hole 120m deep,
located only 025 m laterally from the center of the main
hole. In the course of drilling, the auxiliary hole soon
becomes connected laterally to the main hole by melting of
the hole walls because of heat introduced into the main hole
for drilling and into the auxiliary hole to keep the well
pump from getting frozen in; the lateral connection is
shown by the fact that the well pump does not draw the
water level in the auxiliary hole down to the level of the
pump, as it would do in an unconnected hole. For spot
checks of the water level and for calibration of the pressure
transducers, a sounding float is used.

For long-term records of basal water pressure, we use
pressure transducers of full-scale rating 2000 psi (13.8 MPa),
placed at the bottom. Each transducer is mounted in a
pressure-tight case of outside diameter 5.1 cm and length
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Frg. 2. Maps of borehole locations (a) in site area Land (b)
in site area I1. Borehole year (1988 to 1995; see text) is indi-
cated by the location symbol type ( see keys ), and borehole num-
ber within each year is indicated by the number alongside each
location symbol. Site area I1 is located approximately 10 km
upstream from site area I (see Fio. [). The arrows labelled o
show the flow direction; N is north. Locations of camps UpB
‘@ and UpB 95 are shown with open squares. The open tri-
angle shows the location of pole A29 in the marker-pole grid of
Ohio State University ( Whillans, 1984, fig. 2). Origin of the
X,y local coordinale systems is arbitrary.

60 em, with the access port for pressurized water located at
the bottom. The transducer case is suspended on a steel-ar-
mored four-conductor cable (Amergraph cable) through
which the transducer is powered (12 or 28 V DC) and its
output signal (03 or 5 V) transmitted to the surface. The
bottom of the transducer case is placed as close as possible
to the bottom of the borehole, without slack in the cable: this
can generally be done to an accuracy of +0.5m. After | or
2d the hole has frozen up enough that the cable is frozen to
the borchole wall and can no longer be raised. Such trans-
ducer installations have proven notably robust. The one
installed in borehole 88-3 in December 1988 went dead in
January 1992 after operating for 4 years. The ones in holes
89-4 and 91-1 were still operating normally in December
1995, 6 and 4 years alter installation, respectively.

3. INITIAL BASAL WATER PRESSURE

When a hole is hored by hot-water drilling at sites T and [1,
in the ice stream, the water in the hole almost always be-
haves in the following way. As drilling progresses, the water
level in the hole remains high (normally at depth 20-30 m
below the surface), and then, when the drill comes o a stop
at the bottom of the ice, the water level drops rapidly to
depths of about 100 115 m. We refer to this drop as “break-

through™ to the basal water conduit system — the system
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that receives the water that drains from the hole during the
breakthrough event.

The downrush of water in the borehole upon break-
through throws a heavy load onto the drill stem, which is
detected by a load cell that monitors the tension in the dril-
ling hose at the surface. Sometimes the drill stem (a heavy
brass cylinder with the drill jet nozzle at the bottom) is
pulled down so forcefully that it becomes jammed at the
bottom of the hole and can be recovered only with difficulty.
Because of this pull-down it is often difficult to detect that
the drill advance ceases essentially at the moment of break-
through, but attempts to drill into the hottom after break-
through always show that the drill advance is very slow or
nil, and piston coring shows that the material below the
bottom of the hole is unfrozen, water-saturated till. The
lithological characteristics of this till are presented in a
separate paper (unpublished information from S. Tulaczyk
and others).

Measured graphs of borchole water level vs time during
drilling and breakthrough are given in Figure 3. The drop in
water level on breakthrough is approximately exponential
in time, and the “drop time™ — the time for completion of
about 90% of the total drop —is in the range 2 7 min
(values in'Table 1). These results are similar to those from a
borehole inTrapridge Glacier, Canada, given by Stone and
Clarke (1993, fig. 4), except that for the latter the drop time
was only about 205,

Within an hour or so after breakthrough the water level
reaches an essentially steady depth, here called the “initial
post-breakthrough water level™, or “initial level” for short.
The water level is a measure of the basal water pressure in
the basal water system to which the borehole has become
connected in breakthrough. All available initial water-level
depths, measured with a pressure transducer as noted
above, or sometimes with a sounding float. are listed in
Table | (conservatively estimated error +1m). They are in
the depth range 96-117 m. The values are given as water-
level depths below the surface rather than as basal water
pressures, for reasons explained in section 4, where the con-
version between the two is stated. The relation of basal
water pressure to ice overburden pressure can be expressed
in terms of the relation between the water level and the flo-
tation level, the water level that corresponds to the ice over-
burden pressure at the base of the ice. Flotation levels at the
various borcholes are estimated in section 4 and are listed in
"lable I. They range from 98 to 10lm (+£3m). Most of the
initial water levels are near but definitely deeper, by 3-
16 m, than the estimated flotation level; the corresponding
basal effective pressure (ice overburden pressure minus
basal water pressure) is in the range +0.3 to +1.6 bar (Table
1). Five initial water levels are at depths shallower than the
estimated flotation level by up to 3m, corresponding to a
hasal effective pressure that is as much as 0.3 bar negative.
Since a negative basal effective pressure is not possible in a
steady-state glacial system, the water levels that appear to
give negative effective pressure either involve data error or
indicate anomalous conditions in the basal water system.

The variation of initial water level from hole to hole,
ranging over depths from 97 to 117m (Table 1), is note-
worthy. The spatial pattern of variation can be assessed from
Figure 4, in which the initial water-level depth at cach bore-
hole is indicated alongside the map location of the hole,
Boreholes in clusters up to ~100 m in dimension, and drilled
in close succession so that the effect of time variations (sec-
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Table 1. Boreholes in Ice Stream B near UpB 84 and UpB *953: water-level depth before and after breakthrough; flotation level
and basal effective pressure Pug; water-level drop time (WLDT ) and time constant T; gap-conduit width 6

Borehole year Hole depth Water-level depth Flotation-level Feit WLDT i )
No. pre-hreakthrough  post-breakthrough depth
m m m m bar min min mm
88-1 1035 102 99 03
2 (1035)" - 111 99" ]
% (1033) 105 (99) 0.6
e (1035) = 109 99 1.0
6 (1035) - 115 {99 1.6
89-1 1058 113 101 1.2
B (1058) 115 (101) 14
3 (1058) - 112 (101) 1.1
4 1057 99 101 0.2
5 1057 28 98 (101) —0.3 2 1.6 1.7
6 1057 28 98 (101) 0.3 3 27 1.4
91-1 1055 = 112 101 07
2 (1053) 108 (101) 07
g (1055) 16 109 (101) 0.8 3] 29 Lt
92-1 1052 117 101 1.6
2 (1052) = 115 (101) 1.4
4 (1052) 112 (101) 11
95-1 1026 29 99 98 0.1 2 1.0 2.0
2 1026 82 96 (98) —0.2 H 6.4 11
3 1025 (107)° (57)¢ 98 -
+ 21029 21 98 (98) 0.0 @"
5 1028.5 22 100° (98) 0.2 25 (il 1.9
6 1029.5 62 97 98 0.1 2 1.7 L7
7 1026 33 105 98 0.7 -] 25 15
8 1027 3l 104 98 06

* A dash in this column means that a specific water level was not recorded but the level was generally in the range 20-30 m depth.

b Parentheses in this column are used when one measurement of hole depth or ane estimate of flotation level is assumed to apply to a group of nearby holes.

€ Water level pumped down to 107 m; no breakthrough.

4 Water-level depth raised to 57 m by pumping; no connection with basal water system.

“ After 1.7 d; initial level was 97 m.

" Estimated from measured drop rate from 20 to 47 m depth, extrapolated to 98 m.
& Early period of rapid drop (Fig. 3e). Extended period of slow drop is 140 min (Fig 5e: JI) 355.5).

tion 5) is minimized, have similar initial water levels, within
2 or 3 m, whereas more distant holes, or holes in the same
cluster but drilled in different field seasons, often differ in
initial level by 5-10 m. This suggests that the water levels
sample basal water pressure over areas of up to about 100 m
in dimension. Holes 88-1 to 88-6 deviate from this pattern in
having a more random spatial distribution of water-level
variations. The variations in basal water pressure implied
by the variations of the water level, although small in com-
parison to the basal water pressure itself (1.5 vs 95 bar), are
large percentagewise when expressed in terms of basal effec-
tive pressure, which varies from ~0 to 1.6 bar. The variations
are significant in relation to the nature of the basal water
system (see interpretation in section 9d ).

There are a few ways in which borehole water levels
sometimes depart from the behavior deseribed above:

If borehole drilling operations continue for several days
prior to breakthrough, as is normal when ice-core drilling is
done, the water level gradually gets drawn down below the
normal high level prior to breakthrough. Examples are
shown in Figure 5. This is due not to leakage of water from
the borehole, but to the way drill operators tend to avoid
providing make-up water to the drilling system, which
requires the laborious effort of quarrying snow blocks for
melting; thus, as shown in Figure 5a, during reaming
(which uses up water) the water level tends to fall, while
during coring (which uses little water) it tends to rise. An
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https://doi.org/1 (g.31 89/50022143000003166 Published online by Cambridge University Press

exception that may represent leakage is the more rapid
drawdown recorded in Figure 5a during Julian day (JD)
351.3—351.7.

In the drilling of boreholes outside the ice stream (site
arca I11; see Fig 1), the drill comes to a stop without the oc-
currence of any breakthrough, the borehole water level re-
maining high. Thermistor measurements (to be reported in
a separate paper) show that at the bottom of the borchole
the temperature is below freezing by 1 or 2°C. The drill is
stopped by rock debris that is so abundant and/or contains
such large clasts that it cannot be melted out from the ice
and penetrated at an appreciable rate by the hot-water jet
drill. Samples of this rock debris, melted loose and settled
out at the bottom of the hole, have been obtained by piston
coring and studied sedimentologically (unpublished infor-
mation from S. Tulaczyk and others).

Borehole 95-3 behaved in a manner similar to holes out-
side the ice stream. We infer that at site 95-3 a layer of frozen
till intervened between the base of the penetrable ice and
the melting isotherm below. This singular occurrence is spa-
tially limited by normally behaving boreholes 3.5 and 74 m
away (holes 95-4 and 95-6; see Fig, 2b). Further aspects of
the singular behavior of hole 95-3 are discussed in section 6.

One borehole (88-2) did not experience an immediate
breakthrough and water-level drop on reaching the bottom
as indicated by cessation of drill advance, but 9h later the
water level dropped to 111 m, a normal initial depth. This
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Fig. 3. Borehole waler level vs time for eight boreholes, showing water-level drop on breakthrough to the basal water system. The
barehole number and breakthrough date are identified in the upper right corner of each frame.

may be a case that started out like hole 95-3 but in which
subsequent development of a spontancous [racture through
the underlying frozen till gave breakthrough to the basal
water system. By 255 h later the water level had risen to
43 m, indicating that connection to the basal water system
had already closed up and suggesting that the connection
was weak in the first place. The scarcity of boreholes that
connect to the basal water system only after a marked delay
or not at all is in strong contrast with the situation in tem-
perate glaciers, where many boreholes connect only after
several days and often not at all (e.g. Hodge, 1979; Kamb
and Engelhardt, 1987, p.34).

Although the drop in water level on breakthrough is to
some approximation exponential in time (Fig. 3), a number
of distinct departures from exponential form have been
observed: (1) The onset of the drop is usually abrupt, but in
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one case it was gradual (Fig. 3¢). (2) In several cases of
abrupt onset, the drop rate was most rapid not at onset but
instead a short time later; this is especially evident in Figure
3b, but can also be seen in Figure 3f, and perhaps Figure 3a
and d. (3) In one instance there was a small pre-break-
through drop, followed quickly by recovery (Fig. 3c). (4)
The size of the “tail” part of the drop curve is not always in
the correct exponential proportion to the initial, main part
of the drop; Figure 3¢ is an example of very little tail, while
Figure 3e and g are examples in which the tail is overly
large. T'his is demonstrated in Figure 6, where an exponen-
tial curve has been fitted to the main initial drop in the
curve of Figure 3g, with an asymptotic post-breakthrough
depth of 95 m, which is slightly above the 97 m depth indi-
cated by later water-level data (Table 1. A similar discre-
pancy between a theoretical (modeled) curve and an
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Fig. 4. Initial borehole water level after completion of break-
through, tn meters below the surface, writlen alongside the
location symbol for each borehale, plotted as in Figure 2.

observed water-level-drop curve from a borehole in Trap-
ridge Glacier, Canada, is shown by Stone and Clarke (1993,
fig. 4). The extreme constancy of the water level in Figure 3¢
after time 14 min is due to the water level having fallen
below the depth of the measuring pressure transducer at
that time.

4. FLOTATION LEVEL

The following method is used for estimating the flotation
levels in Table 1, from which the effective pressure at the
hottom in each borehole is obtained. The firnfice density
down to a depth of 47 m in site arca I has been measured
by Alley and Bentley (1988, fig. 4). Below that depth we use
the density—depth data obtained by Gow (1970) from the
Byrd borehole, in the West Antarctic ice sheet some 490 km
from site I. Because the two sets of density—depth data do
not connect smoothly across the data gap from 47 to 80 m
depth, a smooth connection to the data point at 47 is forced
by linearly interpolating between data points at 47 and
137 m. Using a thermal-expansion coeflicient of 1.5 x 10 *
K l, the measured densities are corrected for thermal ex-
pansion/contraction between the temperature of original
measurement and the temperature at depth in the ice sheet
at UpB ’84 (Engelhardt and others, 1990, fig. 2, and unpub-
lished data). (The temperature of original measurement by
Alley and Bentley (1988) is assumed to be =5"C. For Gow’s
data it is taken to be the temperature —28.7°C in Gow (1970,
fig. 4), since the densities there given were corrected for this
in situ temperature) The densities are also corrected to the in
situ pressure at depth, using a compressibility of 1.3 x 10 ’
bar ' The corrected densities are integrated with depth
from the surface to the bottom, to obtain the overburden
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Fig. 6. Comparison between the curve of waler-level drop on
breakthrough in borehole 95-6 and an exponential z,(t) =
26(0) exp(—t/T), where z,(t) is the borehole water-col-
umn height above the post-breakthrough level ( taken (o be at
depth 95m, 50 2,(0) = —(63—95) = 32m). Timetis rela-
live to the start of the breakthrough at 11.9 min on the abscissa
seale of the plot. The time constant T = 1.7 min is adjusted (o
make the exponential fit the main initial part of the observed
CuUrve.

pressure and the height of a water column producing the
same pressure, taking into consideration the compressihility

of water (5.1 x 10 ®bar l). -

I'he Notation-level depth is then
the difference between the ice thickness (borehole depth)
and the water-column height. For a borchole 1035 m deep
the temperature correction to the flotation-level depth is
+ 1.5 m and the pressure correction is + 1.7 m, so that without
these corrections the calculated flotation level would be at
958 m depth rather than 99 m as given in'Table 1. This gives
some idea of the possible errors that may enter the calcula-
tion of the flotation level. The largest uncertainty, however,
is doubtless in the assumptfon that the ice densities from the
Byrd core are applicable at UpB,

We present the pressure data mainly in terms of equiva-
lent water levels and flotation levels for several reasons: (1)
Some of the measurements are made with a sounding tloat,
which gives water levels direetly. (2) The pressure trans-
ducers used to measure water levels are placed at a known
depth (near 110 m) and are calibrated on the basis of water-
level measurements made with the sounding float; the
results are therefore closer to direct float measurements
than to measurements of water pressure at depth. (3) For a
borehole not in connection with the basal water system,
water levels can be measured and reported, but basal water
pressure cannot. (4) Water-level elevation is the same as
hydraulic head, which is of direct importance for flow in
the basal water system. (5) Reporting borchole water levels
is standard practice (e.g. Meier and others, 1994),

Conversion of a water-level depth dy to a basal water
pressure Prw in ice of thickness by is done as follows. The
equivalent water column is Ay = by — dy, and the pressure
18 Paw = pwgite [l + (B pPw yfy“‘/ 2)] where 3y is the com-
pressibility of water (5.1 x 10 " bar ') and p,, is the density
of water at atmospheric pressure. The term involving 3, is a
correction for change of density with pressure, related to the
pressure correction involved in calculating the flotation
level dp. Conversion of flotation level to basal overburden
pressure is the same, with dy, having the particular value dj.
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An observational check on the flotation-level calculation
above can be made for borchole 93-9, in which the over-
burden pressure was measured (Fig. 7). The borehole is in
site area ITI, where there was no basal melting and therefore
no possibility that basal water pressure was involved. The
pressure-transducer instrument was suspended 1m above
the bottom of the borehole and was encased in a (luid-tight
plastic sack filled with antifreeze (cthylene glycol) so that
the pressure brought to bear on the sack by the inclosing
ice would be transmitted via the fluid to the pressure-access
port of the transducer. When the initial pressure transient
had run its course the measured pressure settled down to
80.5 bar. In the ensuing 300 d the measured pressure rose
gradually to 80.7 bar and then decreased to 80.2 bar (Fig. 7).
The overburden pressure calculated by the foregoing
method for this borehole (of depth 911m) is 80.8 bar. The
agreement between measured and calculated overburden
pressure is within 0.2-0.6 bar (corresponding to 2-6m in
flotation level).
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Fig. 7. Ice pressure weported by a pressure transducer at the
bottom of borehole 93-9, in site area 1 (on the Unicorn;
Fig. 1). After the initial transient due lo borehole freeze-up,
the pressure reported is the ice overburden pressure ( section
4). The borehole depth was 911 m.

The cause of the variation in measured pressure in hole
93-9, corresponding to a 5 m fluctuation in water level, is
not known, except for the initial transient that is presum-
ably caused by the [reeze-up of the initially water-filled
borehole.

The slight excess ol calculated overburden pressure over
measured pressure at hole 93-9 suggests that the calculation
tends to give flotation-level depths that are too shallow, but
the presence inTable [ of five negative values of basal effec-
tive pressure suggests instead that the tendency is to give flo-
tation levels that are too deep by up to 3m. The physical
constraint reqquiring non-negative basal effective pressure is
more powerful than any reasoning about the accuracy of
the calculation and indicates that there are errors in cal-
culated flotation level of as much as 3 m. The foregoing con-
siderations suggest that we may be justified in placing an
error figure of + 3 m on the estimated flotation levels.

5. TIME VARIATION OF BASAL WATER PRESSURE
The basal pressure sensed by a pressure transducer placed at
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the bottom of a borehole in the ice stream does not remain
steady at the initial post-breakthrough value but varies with
time in complicated ways. The complete set ol such data is
given in Figure 8, with a much compressed time axis, and
portions as indicated are shown with expanded time-scales
in Figures 9-15. (Figure 9 is outside the window of Figure 8.,
The data come [rom pressure transducers installed in bore-
holes 88-3, 89-4 and 91-1, whose locations are shown in I'ig-

ure 2a. The data gaps in Figure 8 are due to malfunctions of

power supply and/or data-recording system due mostly to
winter cold. In presenting the data we continuc to express
basal pressure in terms of water level (section 4), even
though there is no free water surface once the borcholes re-
freeze, Use of water level is consistent with the fact that
prior to freeze-up cach pressure transducer was calibrated
by immersion in a water column of known height in the
borehole, the height being known from sounding-float
measurement of water level combined with measurement
of pressure-transducer depth with the steel-armored pres-
sure-transducer cable.
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Fig. 8 Measured basal water pressures aver the 6 year period
1990-95, The arrows refer lo the figures thal give expanded
plols of parts of the complete record as indicated and that iden-
tify which boreholes are the sources of the various traces shown.

In borehole 88-3 (Iig. 9a) the rise of 6 m in water level,
~16 h after breakthrough, took place on a time-scale that
we expect for [reeze-in of the cold upper part of the bore-

hole, which should tend to raise the pressure in the inclosed
water column that remains in the lower, more slowly freez-
ing part of the hole. This type of pressure rise was observed
by Waddington and Clarke (1995, figs 8 and 9) in uncon-
nected and blind horeholes in Trapridge Glacier, Canada;
the time-scale of the rise (/22-3 h) is shorter than the time-
scale ~1d seen in our Figure 9a. In order for the water pres-
sure to rise, there must be an appreciable impedance in the
basal water system or in the borehole’s connection to that
systern. The much larger rise that occurred 7-15d alter
breakthrough, to a level of about 72 m, far above flotation,
must represent isolation of the pressure transducer from the
basal water system, probably by ice forming over the pres-
sure access port of the transducer. The spike-like sharp
drops in pressure may indicate that the ice plug closing the
access port was fractured occasionally as pressure built up
inside the port due to freezing, (Similar sharp drops in pres-
sure have been observed in Trapridge Glacier (Waddington
and Clarke, 1995, figs lc and 7) and attributed to ice fractur-
ing) A more extreme case of such a pressure rise. to the even
more extreme level of about 20 m, occurred in hole 89-4 in
the period 17-19d after breakthrough (Fig. 9h). On the
other hand, 91-1 showed only a small pressure rise, remain-
ing below flotation (Fig. 10). The ending of the periods of ex-
cessive pressure — by about lyear after breakthrough in
hole 88-3 and by at most 2 years in hole 89-4
attributed to melting out of the access port, presumably as
a result of the basal melting that takes place under the ice
stream.

can be

Once the early post-breakthrough period of excessive
pressure (if any) came to an end, the pressure decreased to
normal levels in the water-level range 98—112 m. Fluctua-
tions within this range took place on a wide range of ampli-
tudes and time-scales during the 6 year period represented
in Figure 8. The character of the fluctuations is documented
in Figures 10-15, which contain enlargements of parts ol the
record in Figure 8. The record from borehole 93-9 (Fig. 7),
representing ice overburden pressure, which is presumably
a nearly constant quantity (slightly varying due to accumu-
lation of snow, ablation by wind, and the effect of vertical
strain), suggests that there is inherent high-lrequency
“system noise” of amplitude 0.1 or 0.2 bar (1 or 2m w.c) and
long-term apparent drift of up to about 0.5 bar (5m of
water), disregarding the large initial transient. If these num-
bers arc applicable to the other pressure-transducer installa-
tions, which measure basal water pressure, then only the
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Fig. 9. Pressure records from boreholes 88-3 (a) and 89-4 (b) during the first 20 d after breakthrough. ' hese records are not
shown in Figure 9, because (a ) falls before the time window of Figure 8 and because most of (b)) would plot off seale.
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Fig. 10. Comparison of basal water-pressure records from bore-
holes 88-3, 894 and 91-1 over the period 26 November 1991 to
15 January 1992. The original pressure records have been
smoothed with a I d running mean to damp shori-period fluc-
tuations, particularly divrnal ones. ( The effect can be seen by
comparing the 89-4 record here with the unsmoothed record in
Figure 12d, which covers most of the same time period.)
Arrowheads at the beginning of the 91-1 vecord are a reminder
that the steep line represents the last part of the water-level
drop at breakihrough (as in Fig. 9a). Data gaps are brideed
with dotted lines. The peaks at the end of the 89-4 and 91-1
records are associated with the pressure-pulse propagation
experiment discussed in section 8.

larger variations seen in Figures 815 can be relied upon as
real variations in basal water pressure. However, the possi-
bility of system drift is made unlikely by the lack of a consis-
tent correlation of apparent basal water-pressure variation
with the seasonal surface temperature variation, which
would seem to be the largest potential cause of system drift.

In some parts of the record there are conspicuous diur-
nal fluctuations (Figs 12 and 13). These do not appear to be
artifacts caused by a temperature effect on the electronic
sensing and recording systems, because some of the diurnal
pressure fluctuations do not oceur during the spring/
summer field scason when the diurnal temperature varia-
tion is large and when most of the electronics are at or near
the surface for servicing and data retrieval. Harrison and
others (1993) called attention to these fluctuations (in
relation to diurnal fluctuations in strain rate in the ice) and

Engelhardl and Kamb: Hydraulic system of a West Antarctic ice stream

pointed out that a possible cause is the ocean tide in the Ross
Sea. The tide is diurnal, peaking at near midnight (Harri-
son and others, 1993, fig. 6). The best-defined diurnal pres-
sure [luctuation in our records, the one in Figure 13, has the
pressure peaking at about 1000 h, almost opposite in phase
to the tide. In Figure 12a the pressure reaches its peak at
about 0400 h (poorly defined), in Figure 12b at about
1000 h, in Figure 12¢ at about 2000 h, and in Figure 12d at
about (0400 h. Also, the amplitude of the diurnal pressure
fluctuation is not modulated with a prominent 13 d period,
as the tide is (Harrison and others, 1993). And the seemingly
random appearance and disappearance of the diurnal fluc-
tuations is not a feature expected of tidal forcing. This obser-
vational picture does not let us attribute the diurnal
pressure [luctuations to the direct influence of ocean tides,
although we do not have a better alternative,

Of much interest is whether the pressures detected in
different boreholes undergo correlated variations with time,
as they should if connected to a basal water system at nearby
points. The opportunities to check on this, when two or
more transducers were operating simultaneously, are pro-
vided by the data in Figures 10 and 13-15. Figure 10 shows
no correlation, but Figures 13—15 show strong to very strong
correlations between pressure variations in 89-4 and 91-1, ITn
Figure 10, the lack of correlation between the record from
88-3 and those from 89-4 and 91-1 may reflect the relatively
large distance (500 m) between 83-3 and the other two holes
(Fig. 4a). But the lack of correlation between the 89-4 and
91-1 records in Figure 10 is troublesome, because these holes
arc only 25 m apart (Fig. 4a). (There may be a weak corre-
lation between the 89-4 and 91-1 records if the latter is
shifted forward by about 3 d, but we know of no reason for
such a shift) The records from the same two boreholes in
Iigure 13, obtained 9 months later, are extremely close, re-
producing cven fine details such as the amplitudes and
asymmetry ol the individual diurnal peaks. And yet the
records are not identical, either in the fine details or espe-
cially in the fact that the pressure values from 89-4 arc sys-
tematically lower than those from 91-1 by about 10 m. This
latter type of feature has been seen in other glaciers (Hodge,
1976, figs 8 and 9; Kamb and Engelhardt, 1987, p. 35, foot-
note) and therefore does not necessarily imply miscalibra-
tion of the pressure zero for one or both of the pressure
transducers, such a large calibration error being unlikely.

Alter a lyear data gap in 1993, the pressure records in
1994 (Fig. 14) again show a strong correlation between hore-
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boreholes 89-4 and 91-1 during most of 1994.

holes 89-4 and 91-1. The correlation is not due 1o electrical
cross-talk between the two transducers and their recording
systems (data loggers), because from 1994 on they were elec-
trically independent, including independent power supplies
(battery banks and solar panels). The offset between the re-
ported pressure levels in the two holes, which had been
~10m of water in 1992 (Fig 13), had decreased to 4m by
the beginning of 1994 and decreased gradually further to
L5m by the end of 1994 (Tig. 14) and (o roughly 0 in 1995
(Fig. 15).

In 1995 a remarkable new feature became prominent in
the pressure records from 89-4 and 91-1: the occurrence of
anticorrelating peaks/troughs and rises/drops alongside
many positively correlating events (Fig. 15). The first such
anticorrelating event oceurs in 1994 near JD 320 (Fig, 14).
These events perhaps bear a relation to the anticorrelations
found by Murray and Clarke (1995) in borehole pressure
records from Trapridge Glacier. The anticorrelation was
hetween boreholes connected and unconnected 1o the hasal
water system, whereas in our case both boreholes (89-4 and
91-1) had connected at least initially in a normal way. Mur-
ray and Clarke (1995) found one borchole that switched
semi-diurnally between correlation and anticorrelation
with the connected boreholes, which is at least slightly
similar to the interspersal of correlating and anticorrelating
events in Figure 15,

Although we do not have an explanation for the anti-
correlating events interspersed with positively correlating
events (Fig. 15), they provide an additional indication that
the signal fluctuations are due to actual water-pressure var-
iations rather than electrical noise generated in the two
transducer/recorder systems.

We conclude that the two holes gave valid measurements
of water pressure in the same basal system, at least some of
the time. This supersedes the conclusion of a high noise level
(short term | or 2m of water, long term up to 5m) reached
carlier in this section on the basis of Figure 7. It is possible
that at other times, such as the period of Figure 10, local
hydraulic barriers intervened between 89-4 and 91-1 so that
the two boreholes accessed different pressures in the basal
water system, in the same way that the initial water levels
at holes 88-1 and 88-2 differed by 9m, or that the initial
levels at 89-1, -2 and -3 differed by about 15 m from those at
89-4, -5, and -6 (Fig. 4a; Table 1),

The following pressure events are of particular interest:
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Fig. 15. Comparison of basal water-pressure records from
boreholes 89-4 and 91-1 during most of 1993, Note that for
clarity the ordinate (water level ) has been shifted by 5m in
the plot for 91-I relative to the plot for 89-4, as indicated by the
ordinate labels on left and right. In the abrupt-drop event on
JD 24, the curve for 91-1 goes of [ scale down to 125 m, and 89-
4 goes to 119 m. In the anti-correlating spikes on JD 269, 91-1
goes offscale up to 74 m, and 89-4 goes down to 113 m.

(I) the large, abrupt basal water-pressure risc on JD 100 in
1994 (Fig. 14), followed by a slow recovery; (2) the very large,
abrupt water-pressure drop on JD 24 in 1995 (Fig. 15), again
followed by a slow recovery; and (3) the large anticorrelat-
ing spikes on 1995 JD 269 (Fig. 15). The asymmetric drop on
JD 24 somewhat resembles such spikes in Figure 9a. In the
JD 24 event the water levels reach the deepest levels ever
recorded (119 and 125 m),

Also of much interest is whether there were variations of
ice-stream motion that correlate with the observed varia-
tions of basal water pressure. At a point 7km from UpB
"84, Harrison and others (1993, fig. 2) measured the ice-
stream motion relative to the slowly moving Unicorn (Fig.
1} over intervals of about 0.5 d during the period 1988 JD
334-362, which included the period during which the first
pressure record from 88-3 was obtained (Fig. 9a). They
[ound no significant variation in motion at the level of accu-
racy of 3.5% (35mmd "), whereas there were noteworthy
variations in reported pressure in 88-3, However, as dis-
cussed above, these variations to excessively high apparent
pressures were not valid indications of pressure in the basal
water system. During the period 1991 JD 340 385 we oper-
ated in site area I a strain rosette with markers placed 2 km
from a central electronic distance-measurement station in
longitudinal and 45" diagonal directions, to look for
changes in strain rate that might reflect changes in ice
motion at UpB. Sample results are given in Figure 16, They
show no indication of any significant changes in strain rate
and no correlation between strain record and pressure
record. There is also no correlation of pressure or velocity
events with the times of borchole breakthrough and injec-
tion of water into the basal system (arrows in Fig. 16).

The only instance of correlation between a change in
ice-stream motion and in basal water pressure in our obser-
vations to date is the following: in December 1995 a 26d
record of basal sliding and basal water pressure was
obtained in borehole 95-2 (Fig, 2b), which showed a 4 d per-
iod of greatly reduced sliding rate that immediately fol-
lowed a 2 d pulse of reduced water pressure.
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arrows indicate times of breakthrough ( and resulting water injection into the basal water system ) in the drilling of other boreholes.

6. STORAGE CAPACITY OF BASAL WATER SYSTEM
AND BOREHOLES

From the large and rapid drop in water level on borehole
breakthrough (section 3) it is evident that the basal water
system has a substantial capacity to store water injected into
it in this way. A typical breakthrough from a starting water
level of 20 m to a post-breakthrough water level of 105 m in-
jects ~I2m’ of water into the basal water system (see
below). On several occasions we have tested the basal water
system subsequent to breakthrough by pumping water into
or out of a borehole, a standard method for evaluating the
quality of the borehole’s hydraulic connection to the basal
system (Engelhardt, 1978, p.43; Iken and Bindschadler,
1986, p.104). In all cases there was little or no change in
water level, generally less than a few meters, on pumping
in or out.

An example of pumping in is shown in Figure 17, from
borehole 95-5. Pumping in caused an initial rapid rise in
water level from 96.8 to 89.6 m depth, after which the level
subsided somewhat, so that by the end of 2 h pumping time
the level was at 928 m. At this point, pumping in was
switched to pumping out, for 30 min, and the water level
descended to 95.5 m, 1 m higher than at the start of the test.
At a pumping-in rate of 601min L 7m’ of water was
pumped into the basal system in this test, and 1.5m® was
pumped out, at a rate of 491min '. The behavior of the
water level (Fig. 17) suggests that during pumping in, the hy-
draulic impedance of the connection to the basal system
decreased somewhat.

An example of pumping out is a test carried out in hole
91-1 on 19 December 1991. Water was pumped from the hole
at a rate of 25 lmin ' for 80 min, for a total of 2 mﬁ, and the
water level dropped from 1106 to 110.8 m. Upon cessation of
pumping the level went back up to 110.6 m.
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Although in such tests, carried out after breakthrough,
the basal water system yields water freely, with little or no
indication of drawdown, there is a question whether the
systemn would be able to deliver water if it were tested with-
out the prior injection of the large volume of water that
occurs in breakthrough. Two attempts to make such a test
were undertaken. The first, in the drilling of hole 92-1, failed
because the capacity of the well pump was insufficient to
draw the water level down to below 90 m depth. The second,
in the drilling of hole 95-3, failed because the hole bottomed
in frozen till and did not connect to the basal water system,

Bt T T T £ T F-F-F T 07

L Borehole 95-5

Water level below surface (m)

R e — il —
7.6 7.8 7.9 8

7
Time (Julian Day 1996)

Fig. I7. Effect of pumping lest on water level in borehole 95-0,
carried out on 7 January 1996, 1d after breakthrough ( shown
in Fig. 3f). An upward-pointing arrow marks the start of
pumping in, and a downward-pointing arrow the starl of
pumping out. Termination of pumping out is marked with a
tick (without arrowhead ). See text ( section 6) for details.
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as shown by the fact that its water level was raised a few
hours later to 57 m by pumping in (see section 3). There is a
possibility that the lowering of the pre-breakthrough water
level to 107m, a typical initial post-breakthrough level,
somchow prevented a connection with the basal water
system from heing made, but this seems unlikely, because
breakthrough has occurred with a difference of only 14 m
between the pre- and post-breakthrough water levels (see
Fig. 5a, atJD 355.4).

Pumping tests in blind holes, before breakthrough, pro-
vide information on the borehole diameter in the upper
100 m of the hole, which is needed for the interpretations in
section 9. For example, on | December 1992 the water level
in hole 92-1 during drilling was drawn down from 20 to
92 m depth by pumping water out of the hole at a net rate
of 37 1min ' for 168 min. (The water-level lowering in this
pump-down can he seen in Figure 5d near JD 335.7) This
corresponds to an average horehole diameter of 23 em for
cach of the two holes—main borehole and auxiliary
water-well hole — that were drawn down in the test. Like-
wise, on 29 December 1995, hole 95-3 during drilling was
pumped down from 32 to 72 m water-level depth at a rate
of 491 min ' for 175 min. The corresponding average dia-
meter of the two holes (main and water-well) is 37 em.
These estimates are considerably larger than the nominal
10 cm borehole diameter produced in the initial drilling;
the enlargement is probably due to the extra heat intro-
duced into the upper part of the hole to keep the water-well
pump and its hose and electrical cable from freezing in. For
the interpretations in section 9 we adopt here an average
diameter of 30 em for main hole and water-well hole in the
upper 100 m. This figure is, however, rather uncertain, as in-
dicated by the substantial discrepancy between the two esti-
mates (23 and 37 cm). In section 9 we will use r, =
30/v/2 = 2lem for the radius of the equivalent single hole
with the same cross-sectional area in the near-surface
100 m of the hole.

7. TRANSPORT IN THE BASAL WATER SYSTEM

16 provide information on the movement of water in the

E?igf’l'/m?‘(ﬂ and Kamb: .[J_']-‘(!?'((Hﬁf system rf/-(a West Antarctic ice stream

basal system a salt-tracer experiment was carried out as fol-
lows. A concentrated salt solution was released at the
bottom of borehole 89-6, and the DC electrical resistance
between electrodes at the bottom of holes 89-4 and 89-5,
65 m downstream from 89-6, was followed as a function of
time. Release of the salt was followed by pumping water
into the hole for several minutes to assure, in view of the
results of pumping experiments (section 6), that the salt
water would be injected into the basal system around the
bottom of the hole. The distance between the electrodes
(distance between holes 89-4 and 89-5) was 30 m. A sharp
decrease in resistance between the electrodes was detected
24 h after the salt was released (Fig. 18a). This corresponds
to an average propagation velocity of 75 mm's ' for the lead-
ing edge of the salt cloud.

Although the above result seems straightforward, indi-
cations of greater complexity in the system are given by the
complete data set for the inter-electrode resistance over the
course of 7d (Fig. 18b), which shows several other resistance
Jjumps in addition to the one in Figure 18a.

8. PRESSURE-PULSE PROPAGATION
BASAL WATER SYSTEM

IN THE

o reveal how the basal water system functions as water is
mmjected into it during breakthrough, the basal water pres-
sures in boreholes 89-4 and 91-1 were monitored closely as
the drilling of hole 91-3 was completed and breakthrough
occurred; the drop in water level in 91-3 was recorded also.
Hole 91-1 was 14 m distant from hole 91-3, and hole 89-4 was
39m distant from 91-3 (see Fig. 2a). The results— basal
water pressure vs time in the three holes — are plotted in
Figure 19. They show a fairly normal breakthrough-pressure
drop at the injection hole (91-3), followed by the arrival of a
pressure pulse at 14 and then at 39 m from the injection hole.
The onset of the injection-pressure drop at 91-3 is at about
I4min on the time-scale of Figure 19, while the onset of the
pressure rise 14 m away is at about I

5 min, and 39 m away
at about 17 min on the same scale. We assume that the onset
ol the pressure drop at 91-3 marks the time when a sudden,
step-like rise in pressure was introduced into the basal water
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Fig 18, Results of salt transport experiment carried out on 9 January 1990. ( a ) Electrical resistance ( DC) between electrodes at
the bottom of boreholes 89-4 and 89-5, as a function of time for 24 h centered on the injection lime; sall solution was injected inlo
the basal waler system from borehole 89-6 at the time indicated by the tick mark. (b) Resistance between 89-4 and 89-5 vs time

over a 7 d period including the salt injection.
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Fig 19. Resulls of pressure-pulse propagation experiment in
the basal water system, carried oul on 4 January 1992, (a)
Water level in borehole 91-3 vs time during drilling and as
breakthrough occurs starting al [4min on the plotled time-
scale with arbitrary zero; this is the injection hole, from which
waler is_forcefully injected into the basal water system during
breakthrough. (b) Basal water pressure ( expressed as water
level ) vs time in borehole 91-1, 14 m_from the injection hole.
(¢) Basalwater pressure vs time in borehole 89-4, 39 m from
the injection hole.

system there; hence, the propagation time of the pressure-
rise onset was 1.5 min to the 14 m distant point and 3 min to
the 39 m distant point, a propagation speed ol about 1lm
min . The pressure pulse that arrived at 14 m is an asym-
metric peak (rapid rise, slow decay), while by the ume the
pulse reached 39m it had become a ramp with relatively
slow rise and even much slower decay (Fig. 19b and ¢). If
for the time of peak pressure at the injection point we take
the onset and at 39 m we take the sharp bend at the top of
the ramp, then the propagation time for the pressure peak is
4min from injection to 14m, and 7.5 min from injection to
39 m, at a speed of about 5 m min " The peak imjection pres-
sure, corresponding to a water level about 90 m above the
post-injection level at the injection point, is greatly attenu-
ated to about 25m above the pre-injection level at 14 m,
and further to 1.5 m above the pre-injection level at 39 m,

The propagation speed (~0.6kmh ' for onset, ~0.3 km
h ' for peak) and the change in pulse shape with propaga-
tion rather resemble the speed and changing shape of pres-
sure pulses in propagating mini-surges in Variegated
Glacier, Alaska (Kamb and Engelhardt, 1987, table TIT and
figs 8b and f; 10b and f), although the horizontal scales of
attenuation are very different, ~25 mvs 1.7 km.

These results provide a strong constraint on the nature
of the basal water system, as explained in section 9b and c.

9. INTERPRETATION: NATURE OF THE BASAL
WATER SYSTEM

The existence of a basal water system capable of accepting
water in volumes of 210 m” and returning it in comparable
quantity is proved by the behavior of borehole water levels
in breakthrough (section 3) and in subsequent pumping
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tests (section 6). Because boreholes almost always have im-
mediate local access to this system (22 out of 24 holes had
immediate access and another gained access in 9h), it
must be a widely dispersed conduit system quite different
from a classical R-tunnel system consisting of one or a few
R-tunnels widely spaced across the 35km width of Ice
Stream B2, This conclusion is reinforced by the application
of R-tunnel theory to Ice Stream B by Bindschadler (1983,
p-11), which gives an effective basal pressure of about 4 bar
in the vicinity of UpB, considerably larger than the observed
values in the range 017 bar (Table I; section 3).

A basal-till aquifer would be a suitably dispersed basal
system, but in order to transport the water produced hy
basal melting (distributed source) the till would need to
have a hydraulic conductivity in the range 0.02-0.06 ms :
(Lingle and Brown, 1987, p.274), vastly greater than the
measured value ~10 “ms ! (Engelhardt and others, 1990,
p.248). Groundwater flow modeling by 5. Tulaczyk (per-
sonal communication, 1996) shows that the required con-
ductivity would be reduced only a small amount by
including the bedrock beneath the till in the aquifer model,
if the hydraulic conductivities of bedrock and till are com-
parable, as follows from their lithologic similarity (unpub-
lished information from 8. Tulaczyk and others).

The modeling by Stone and Clarke (1993, fig. 4 and table
1) of the water-level drop in a borchole that bottoms in an
aquifer 0.04 m thick, with hydraulic conductivity 0.067 m 5
and drop time about 205, can be used to set a lower limit on
the hydraulic conductivity of a 10m thick till aquifer that
would be required in order to give the drop times of 13 min
that we observe. Assuming that the drop time is inversely
proportional to the hydraulic conductivity and the aquifer
thickness, and directly proportional to r.” as in Equation (9)
helow, we obtain on this basis an estimated minimum hy-
draulic conductivity of (0.5-14) x 10 Sms L It is a mini-
mum estimate because the model assumes that the borehole
penetrates through the aquifer (Stone and Clarke, 1993, fig. 1)
whereas our boreholes reach only the top of the till. The esti-
mate is much higher than the measured hydraulic conductiv-
ity of the till as noted above (~I10 “ms ). The foregoing
considerations rule out a till aquifer as the basal water system
of Ice Stream B.

9a. Gap-conduit model

Among the various types of basal water system models that
have been considered (Kamb, 1993, p.29-30, 52-59, 61, 68,
72-74), the most promising at first sight is a version of the
“water film” model originally due to Weertman (1972), in
which there is a narrow gap, of width 8, between the ice sole
and the underlying bed. It is here called the gap-conduit
model. If the flow in the gap is laminar, as assumed by
Weertman, the average water-flow velocity ty, (averaged
over the width &) is given by the Poiseuille equation

. Pwl 2 s
= o =K 1
Usy 12?]“. ( )

where I is the hydraulic gradient

o PB“:
= —ngw = v-g( i ) (2)

|
z. being the elevation of the phreatic surface, that is, the
water level in a real or imaginary manometer tube (such as
a borehole) connected to the basal water system at a given
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point and reporting the basal water pressure Py at that
point. 2 is the elevation of the bed, Vs the two-dimensional
gradient operator (e ,0/0x + €,0/dy) (where z is vertical
and ¢, and €, are unit vectors along the & and y axes), 1,
the viscosity of water, p, the density of water, g the gravita-
tional acceleration, and ¢ an areal fraction to be discussed
later (for now, ¢ = 1). This model can be applied to the bore-
hole breakthrough phenomenon as follows. Assume cylind-
rical symmetry, so that the variables depend only on radial
distance 7 from the borehole, and V, = €,0/0r. Assume a
level bed with a constant gap thickness 8, and write the con-
tinuity condition for water flowing radially outward from
the borehole:

20T, = G (3)

The water flux Q. is independent of radial coordinate

r > 1, because the entire water source is at r,, the radius of

the borehole. Using Equations (I) and (2) we have

=Qy. (4)
K is defined in Equation (1), Intcrrl‘atmg from r, outward,

oK (2 — 2) = Qu 2 (5)
.

where z, is the water level in the borehole. For definiteness
we take the datum for z (o be the undisturbed pre-break-
through water level. Suppose that at some large distance L
from the borehole the water level remains at the undis-
turbed value z, = 0. Then Equation (5) becomes

=) InfL (6)

(¢}

2mHK z,

which serves to determine Q.. Now @y is the rate at which
water is leaving the borehole, so the drop in borehole water
level z,(t) as a function of time ¢ is given by
0 2dz,  2wKé
w — Ty T Zy
dt — In(L/r,)
where 7 is the near-surface equivalent borehole radius, ex-
plained in section 6,

(7)

Equation (7) can be integrated
lassuming L fixed) to give the exponential

Z(t) = 25(0) exp%I (8)

where z,(0) is the borehole water level (relative to the undis-

turbed level) at time of breakthrough (f = 0) and the time

constant 7" is

%y 8 L
—— 11 —

Pugd

Evaluation of T for each of the water-level d rop curves in

T = (9)

Figure 3 gives a value of the gap width 6 from Equation (9),
based on parameters fw = 00018 Pas, r, =5em, 7. =
2lem (section 6), and L = 1km.
maximum drop rate (

T is evaluated [rom the
—clz(,/rlf)mnx; from Equation (8),
i

(10)
nmax
Here 2,(0) is the initial extra water column, equal to minus
the difference between the pre- breakthrough and post-
br(‘aklhmuqh water-level depths (for which values are listed
in'Table 1). For the curves in Figure 3 that depart from strict
exponential form, the evaluation of 7' from Equation (10) is
somewhat arbitrary. Also arbitrary is the choice of L, but
the result is insensitive to L: variation of L from 100 m to
10 km causes only a 16% variation in 6.
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The gap widths 6 calculated from the above model
(Table 1) are clustered in the range 1.4-2.0 mm.

The same model was applied by Weertman (1970) to the
rise of water that occurred upon reaching bottom in the
2164 m deep Byrd borehole. The water rose 42 m in 10h.
which leads to 6 = 014 mm. Weertman noted that this is a
minimum estimate of the gap thickness before disturbance
by the barehole, because for water flow radially inward to
the borehole the water pressure near the hole is reduced,
which will allow the ice to sag and the gap to narrow.

On the other hand, in the breakthroughs that we have
experienced, the water flow is always outward from the hole
and the water pressure in the gap is increased, which can
raise the ice and enlarge the gap. Thus, the values of & that
we caleulate inTable 1 are maximum model estimates of the
original gap width.

Another difference between the Byrd situation and ours
1s that our water-flow velocities during breakthrough are
much faster, corresponding to the much shorter drop times
(2-3min vs 10h). At the high velocities near the borehole,
the flow outward in the gap would be turbulent, rather than
laminar as ;munu d in the model. From our values dz,/dt =

—35mmin 'and 7, = 0.2l m one can ¢ alculate that the Rey-
nolds number in the gap would be ~10° near the borehole
wall and would decrease outward as 1/r, reaching a value
~2000 at r == 3m.
laminar. In the laminar-flow model, as expressed in Equa-
tion (5}, only 35% of the total drop in hydraulic head in the
gap occurs over the interval from 7 = 0.05m to r = 3m.
Thus, changing the model to one with turbulent flow repla-
cing Equation (1) over this interval would probably not have
a great effect on the results. Analytical formulation of the

Beyond r = 3m the flow would be

transition from turbulent to laminar flow in the gap, as the
flow is followed radially outward from a borehole, is dis-
cussed by Stone and Clarke (1993, p.338). In the limiting
case of turbulent flow according to the Manning equation
in place of Equation (1) at all distances 7, one finds that for
the same value of dz,/dt, driven by a hydraulic head of
70m, with L = 1 km, the required gap width is & = 15 mm
for a Manning roughness M = 0.1m "5 (as commonly
Y. Thus the effect
of turbulent flow in the model will be to increase the

assumed), or 6 = 4 mm for M/ = 0.0l m

required gap width 6, but it does not change the basic pic-
ture.

A modification of the gap-conduit model is called for
whenever the basal water pressure is less than the ice over-
burden pressure, as we generally observe and as must gener-
ally be the case in the natural state undisturbed by :
borehole. In this case a gap conduit cannot intervene con-
tinuously between the bed and the ice sole, because the ice
would not be fully supported by the water pressure in the
gap below. The gap can be present only over a fraction of
the area of the bed: the arcas where the gap is not present
and where the sole is in direct contact with the bed must
bear a large enough vertical stress that, in combination with
the water pressure in the gap, the ice overburden pressure is
on average supported. If the areal fraction of the bed occu-
pied by the gap, here designated ¢, is distributed over the
bed in such a way that all of it is able to transmit water flow
(as in a braided stream network, for example), then the
average water {lux can be expressed by introducing ¢ as a
factor in Equation (1). (The flux of water per unit width is
0, where now iy, is averaged both vertically and herizon-

tally, uy being 0 outside the gap,) Alley (1989a, p- 14: 1989h,
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p-119) and Kamb (1991, p.16,590) used “incomplete-gap con-
duit” models of this type (see Kamb, 1993, p.56, 72; it is
called the “punctured water sheet”™ model by Weertman,
(1970, p.312)). This modification from the “complete-gap
conduit” model does not have a strong effect on the gap
thickness & needed in the model. For example, if ¢ = 0.5,
the & values inTable 1 are increased by 23%.

The incomplete-gap conduit model can also be applied
to the results of the salt-tracer experiment (section 7). If we
assume that the leading edge of the salt cloud is transported
at the mean velocity iy given by Equation (1) with the hy-
draulic gradient I set equal to the regional surface slope
« = 0.1° then the measured transport rate iy = 7mms '
corresponds via Equation (1) (with ¢ = 0.5) to a gap thick-
ness & = 4.3 mm. This is not greatly different from the 6 =
2.0 mm given by the breakthrough interpretation above,
with allowance for ¢ = 0.5. Uncertainty is introduced into
this comparison by the cffects of turbulent flow and by the
assumption of flow under the regional gradient o rather
than under a local gradient that might be considerably
different. In principle the local gradient should be obtain-
able from the measured water levels (Fig. 4a) at the three
boreholes involved in the salt experiment (section 7), but
that cannot be done reliably at the =4 1m uncertainty level
of the values. The arbitrary assignment ¢ = 0.5 is another,
but minor, source of uncertainty. There is in addition a
~90% uncertainty in the § = 2.0 mm figure due to the un-
certainty of ¢ in Equation (9) (section 6).

A further check on the gap-conduit model of transport
in the basal water system is provided by comparing the
water flux gy = @6 = 03 em>s | in this model with flux
values from theoretical model calculations of basal melting
upstream from UpB. From frictional heating in a soft-hed
model of the ice stream, Alley and others (1989, fig. 2) obtain
gw = 08cm”s "at UpB. From a quite different thermo-
mechanical model, Lingle and Brown (1987, fig. 9) estimated
gw in the range 1.5-5.5 em®s L Weertman and Birchfield
(1982, p.317) took gy implicitly to be 4em’s ! in their gap-
conduit model of the West Antarctic ice streams, in which
they used 6 = 8 mm and 4, = 5cms ' Alley and others’
(1989) theoretical model involves an incomplete-gap con-
duit with § = 5mm and @, = 1L.6cms L (Values for ¢ are
not given) The agreement of the above theoretical values
with our observed quantity t, = 0.7 cms ], or with our de-
rived quantity gy = 03 em2s | obtained from @y via the
gap-conduit model, is rough at best, but adequate to gener-
ate hope that the gap-conduit model is on the right track.

9b. Pressure-pulse propagation

If prior to breakthrough there exists at the base of the ice a
gap-conduit system with gap thickness 6 ~ lmm, then
when a pressure source with large hydraulic compliance is
suddenly connected to this system, as happens when break-
through occurs in a borchole, the applied pressure should
propagate outward from the borehole through the conduit
system at the speed of sound in water, 1400 m s ' The obser-
vations discussed in section 8 and shown in Figure 19 de-
monstrate that the pressure-wave propagation is very much
slower, about 0.2 ms | This slowness is not attributable to
substantial hydraulic compliance of the pressure-transducer
installations in 89-4 and 91-1, for two reasons: (1) These
holes had ample time to freeze up, at least in their upper
part (16 d for 91-1, 2 years for 89-4), and the holes therefore

)O)¢
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did not provide a compliance-giving connection between
the transducer at the bottom and a free surface against the
atmosphere above, as freshly drilled holes do. (2) Such com-
pliance would slow the rise of pressure at the transducer but
would not retard its onset, whereas a substantial retardation
of the onset clearly occurred (L3 min in 89-4, 3 min in 91-1)
(see Fig. 19).

The assertion that the pressure pulse will propagate with
the speed of sound is subject to the proviso that the propaga-
tion speed is not significantly affected by the viscosity of
water. The effect of viscosity can be estimated by formulat-
ing the equation for pressure propagation in the gap in the
presence of viscous drag from the walls. The formulation is
simplified to one-dimensional by averaging over the gap
width and writing the equation in terms of the mean
velocity uy, or, rather, in terms of the mean displacement
U in the propagation direction x, where Al Ot =1

PU U 121, 0U

'”“'—(')I‘T_ " Oa? & ot

Here k is the bulk modulus of water. The inertial term, on

(11)

the left, and the pressure-gradient term (first term) on the
right, which is expressed in terms of the x gradient of the
dilatation for one-dimensional displacement U, are the nor-
mal terms in the sound-propagation equation; with 7y set to
zero they give propagation of pressure waves with a speed
e= \/k/px =1400ms ! Viscous drag enters via the last
term in Equation (11), which is 27/6, where 7 is the shear
stress on one wall of the gap. (On the other wall the shear
stress is equal and opposite; both walls contribute equally
to the drag) 7 is 7y, times the shear strain rate at the wall,
which is calculated from a parabolic velocity profile across
the gap, parameterized in terms of iy (= 0U/dt), with
velocity uy, = 0 at the walls, This calculation has the same
basis as the one that gives the Poiscuille equation (1), except
that in Equation (11) we set ¢ = 1. The é in 27 /6 comes from
averaging over the gap width.

The result in Equation (11) canbe written in a form more
suitable for our use by differentiating with respect to z and
substituting P = —koU /Ox, where P(:x, t)is the water pres-
sure:

&FP 0P G

— 20— 12
« 5 (12)

oz~ 0a?
where a = 61,/ py&”.

Equation (12) has the form of the telegraph equation,
whose solution (Bronstein and Semendjajew, 1987, p.490)
for initial conditions P(z,0) = Po(x) and (OP/0t), =
Pi(z)att=0is

P(xz,t) = lexp(—at){ Po(z —ct) + Py(x+ ct)

+ j {a(a)e-'ru(sm)—R.(s)mhff(g” deb (13)
where
(14)

and where I and I are the modified Bessel functions of the
first kind, of order 0 and 1. The part of the solution enclosed
in curly brackets, with its arguments (x—¢t) and (£ 4 et)
represents waves travelling forward and backward with the
normal sound speed ¢. Thus the pulse propagation speed is
not affected by viscosity. The pulse amplitude is, however,
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attenuated by the exponential factor exp(—at) in Equation
(13), which, for a pulse propagating with speed ¢, can be ex-
pressed in terms of propagation distance x as an attenuation
factor exp(—bx) where

67’]&\'
b= =,
e Wt

(15)

Thus the attenuation is an increasing function of viscosity
7w and a strongly decreasing function of gap width via the
factor 1/8% in Equation (15). For propagation distances in-
volved here, z = 14 or 39 m, there is a rather rapid change
from small to large attenuation over the range of gap values
6 =1-02mm. This is shown by the attenuation factor
values exp(—bx) inlable 2. Also given in Table 2 are at-
tenuation factors (rl,/vr‘)“2 exp|—b(r — r,)] that incorporate
the 1/r'/? dependence expected from geometrical spread-
ing in the absence of viscous attenuation (b= 0) for a cy-
lindrical sound wave emanating from a cylindrical source
of radius 7 =7, = 005m. For a gap § = l4mm, as cal-
culated from the gap-conduit model for borehole 91-3
("Table 1), an initial water column of 93 m (above the equili-
brium water level) at breakthrough should be attenuated to
a height of 5.3 m at a distance of 14m from the injection
hole, and to 2.9 m at 39 m distance. An abrupt rise in basal
water pressure to these levels should occur essentially imme-
diately at breakthrough, without retardation (or, more pre-
cisely, with the retardation of the sound wave, 0.01 or 0.03s).
Thus the effect of viscosity on sound-wave propagation can-
not explain the observation that the onset of the pressure
pulse arriving at 14 and 39 m is retarded by 1.5 and 3 min
from the breakthrough time, and that the onset is an emer-
gent ramp rather than an abrupt step-up in pressure. The
observed pressure-pulse heights (25 and 1.5m) are of the
order expected for the sound wave (3.3 and 29 m), but they
are retarded by 4 and 7Z5min relative to the expected
sound-wave arrival.

The observed pressure-pulse heights at 14 and 39 m are
much smaller than expected on the basis of the gap-conduit
model with ¢ 2 1.7 mm: according to Equations (5) and (6),
combined 5o as to eliminate Qy, the equivalent water level
zy (relative to the datum at » = L) should vary with 7 as

e = [1 - MJ .

In(L/r,)
For an initial water column 2z, = 93 m, for 7, = 5 cm, and
L = 1km, Equation (16) gives z, = 345m at r = 14 m,
and z, = 26 m at ¥ = 39 m. The observed peak heights are
zw = 25 and 1.5 m, an order of magnitude smaller than the

(16)

expected values.
The several foregoing contradictions between borehole
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observations and model expectations based on the gap-
conduit model adjusted to account for the water-level drop
curves on breakthrough (requiring 6 2 17 mm), as dis-
cussed above, put the gap-conduit model into serious doubt
and call for an alternative model of the breakthrough
phenomenon.

9c. Gap-opening model

The above considerations lead to the idea that initially, prior
to breakthrough, there is not a gap of millimeter thickness
between ice sole and bed. Instead, such a gap forms and
opens up during the breakthrough and water-level-drop
event, by aslight local uplift of the ice mass around the bore-
hole. The uplift is caused by the lifting action of the water
injected along the bed at pressures above flotation. The
opening of the gap proceeds in the manner sketched in Fig-
ure 20. The water intrudes along the ice/bed interface to
form a thin, lens-shaped layer with feather-edge at radius

Borehole
“ 17 e e
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/ o B Wal\erlevel S !
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Fig. 20. Diagram of the gap-opening model of waler injection
wnlo the basal water system on breakthrough. Water in the bore-
hole and in the injected lens-shaped layer of water at the base
of the ice is shown shaded. v is radial distance from the bore-
hole axis, v, 15 the borehole radius, and t is time.6(r, t) is the
local gap width, P(r, t) the local uplift presswre of water
(water pressure minus ice overburden pressure ), and F,(t)
the uplifi pressure at the bottom of the borehole, directly related
lo the height of the borehole water level above the flotation
level, as indicated. Uy (7, t) isthe local flow velocily of water
radially outward, averaged over the gap width. R(t) is the
(imagined ) radius of the water lens ( see text ), and R its rate
of advance.

Table 2. Sound-wave attenuation factors exp(—bx) and (r,/ ‘r)” : exp [—b(?‘ — r'(,)] as a function of gap width 6 (mm) and

propagation distance x or vadial distance v (with v, = 0.05m)

Factor Independent variable Gap width
0.2 0.4 0.6 L0 1.4
e—br { r=14m 0.069 0.514 0.744 0.899 0.947
r=39m 0.0006 0.156 0438 0.743 0.859
(rofr) e~bir=n) B 0042 0031 0044 0054 0.057
it 0.00002 0.006 0.016 0.027 0.031
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R(t) expanding outward with velocity I The gap width
&(r, t) is now a function of radial coordinate and time, gen-
erally decreasing with r and increasing with £. Water at the
bottom of the borehole, under pressure P,(t) due to the col-
umn of water above, enters the gap at r = r, and flows ra-
dially outward at velocity @y (7, 1), driven by the radial
gradient of the water pressure P(r, t) in the gap. The ice
above the gap is lifted up due to the distribution of pressure
P(r, t) acting on its base, with an uplift rate 6(7 t) that de-
pends on the ice viscosity. In this way the gap is opened up
and water from the borehole becomes stored there.

The validity of the geometry of this model can be
roughly assessed by calculating the gap thickness at the
horehole, &, needed to store the water volume injected into
the gap. For hole 91-3 we can make the calculation twice: at
the onset of pressure rise in 91-1, when the radius of the lens-
shaped, laccolith-like body of intruded water just reaches
R = 14 m (the distance from 91-1 to 91-3), and at the onset
in 89-4. when the radiusjust reaches R = 39 m. The volume
of water stored at each of these times is calculated from the
effective borehole radius v, = 21 ¢m (section 6) and the drop
in water level at these times, which is 10 and 54 m (see Fig.
[9a). Assume that the lens shape is parabolic, 6(r) =
8,[1 — (r*/R?)]. Then on the above basis we calculate &,
45mm at B = 14m, and 6, = 3mm at B = 39 m. We ex-
pect &, to increase with time and thus with R (because the
gap should open progressively during the time that water
pressure in excess of overburden is applied), so the inverted

Il

sequence for these values of 8, indicates error, but the esti-
mated order of magnitude of 8, a few millimeters, scems
reasonable.

A quantitative evaluation of this gap-opening model is
needed to assess its performance in relation to the obser-
vations discussed above. A quantitative formulation has the
following five elements:

(I) Uplift of ice (of assumed linear rheology with viscos-
ity 1) produced by water-pressure distribution P(r, t):

8(r, t) = ;rlr_]] [ P(r, t)o(r' fr)dr’ (17)

where

WY€) = § If(2—\/g) (18)

T14+€6 \1+¢

K (k) being the Complete Elliptic Integral of the first kind
(not related to the K in Equation (I)). Equations (17) and
(18) are based on the displacement solution for a force acting
normal to the surface of an elastic half-space (Timoshenko
and Goodier, 1951, p.365). The uplift pressure P is the water
pressure I less the constant ice overburden pressure H.

(2) Water flow into storage in the widening gap:

O

b = da(rit) = 1] ra(r, t)dr' . (19)
v

r

(3) Water-pressure distribution that drives the radial
water flux gy by Poiscuille flow in the gap:

PUJ)—RM)mmV[%$%%dH. (20)

The uplift pressure P,(t) = P(7o,t) is the water pressure at
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the bottom of the borehole minus the ice overburden pres-
sure P Itis equal to pygzy where zy is the elevation of the
water surface relative to the flotation level as datum (see Fig.
20).
(4) Enlargement of the gap:
r-
b(r,t) = bo(r,0) + / Slr, ¢ )de . (21)

0

(5) lall of the borehole water column:
2 !'
Py(t) = P(ro, t) = Po(0) — 20 [ g (ro, ) dt' . (22)

Ty
0

A detailed derivation of Equations (17)=(22) will be
given in a separate paper devoted to a comprehensive study
of the gap-opening model. Here we pursue the behavior of
the system only far enough to get an indication of whether it
is compatible with the observations.

Equations (17)—(20) describe the model system at any in-
stant of time t = #;; given the gap-width distribution 8(r, ;)
at that instant, they in principle permit the pressure distri-
bution P(r, t;) and water flow gy (r, {1 ) to be determined, as
well as the rate at which the gap is widening at cach point,
6.(7"., t1). The development of the system with time is
obtained from Equations (2) and (22) by introducing
5(7‘,#.) and gy (r,t) from Equations (17) and (19). Solutions
of Equations (17)(20) have the character illustrated by Fig-
ure 21, which shows P(r), 8(r) and gy (r) for the given gap-
width distribution &(7). Particularly noteworthy is the zone
of negative pressure (negative relative to the overburden
pressure) outside the central zone that is pressurized by the
inflowing water (gy > 0) from the borehole at 7 = 7,. (In
the plots in Figure 21 the radial coordinate 7 is normalized
by the radius @ of the pressure minimum, taken to be
@ = 1m; this @ is unrelated to the a in Equations (12)—(14).)
Also noteworthy is the fact that the gap width does not go
completely to zero anywhere, so that the depiction in Figure
20, with 6 going to zero at = R, is not strictly valid; thus R
must be defined in some other way, such as the radius at
which @P/dr = 0, as used below. The gap is, however, very
narrow, ~10 gm for r z a in the solution in Figure 21.

As discussed in section 9a, the assumption of laminar
flow in the gap, which is expressed in Equation (20), can
break down near the borehole, where the flow is turbulent.
The region of turbulent flow is, however, more restricted in
the gap-opening model than in the gap-conduit model,
hecause the storage of basal water in the opening gap re-
duces the water-flow velocity outward. For this reason, and
in view of the moderate effects of turbulent flow assessed in
section 9a, we expect that the gap-opening model would
similarly be only moderately affected. In the model result
shown in Figure 21 the Reynolds number is less then 4 for
r > 0.1 m, so there is no turbulent flow there, but this is for
a different reason: the model represents the flow at an early
stage of breakthrough, when the edge of the water lens has
advanced only | m from the borehole (a = 1 m) and when
all water-fllow veloeities are still small.

In this paper we cannot pursue the time dependence of
solutions of Equations (17)-(22) except to the following
limited extent. We consider the question whether the gap-
opening model can account for the volume of water injected
into the gap as a function of time in breakthrough events.
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Fig. 21 Caleulated results of the gap-opening model, represent -
ing a solution of Equations (17)~(20). ( a ) Water-pressure dis-
tribution P(r) and corresponding gap-opening rate 8(r). (b)
Water flux qy (1) = Gwd and gap width 6(r). Radial co-
ordinate v/a is scaled by the radius v = a at which P(r)
has its minimum. Parameter values used in calculation are
given inthe lext. Note change of ordinate scales between panels
a and a', and between panels b and b,

The volume injected is an observational quantit vy VL (1),
calculated from the water-level drop 2 (1) as in section 6:

Vi\[(” = "Tr:-‘:_ [3‘; i= Z\\'(T'm f)]

where, as before, 2z, is the height of the borehole water level
above the equilibrium level, and z, is the initial level just
before breakthrough. The model gives stored water volume
Vi(t) from Equation (22), which can be rewritten, following

Lingelhardt and Kamb: Hydraulic system of a West Antaretic ice stream

Equation (23) with zy(ro,t) = P(ro.t)/peg and z, =
Fy/pwg:
t
Vi(t) = 27, / Gl ) idt

(24)

The water flux gy(ry.t) 1s obtained from Equation (19),
based on (7, t) from Equation (17). Input to Equation (17)
is a series of empirical pressure distributions P(r,t;) con-
structed  from borchole information from the pressure
propagation experiment (section 8), at five specific times t;
(Table 3) as follows. At + = 1.9 min alier breakthrough the
leading edge of the pressure wave reaches 91-1 at r = 14 m.
We construct a curve P(r, 1.9min) (shown in Figure 22 as
the equivalent zy(r, 1.9 min)) that starts.at 2w (7o, 1.9min)
= 84m, that is generally concave upward, and that des-
cends to zero, 24(14m, 1.9 min) = 0, at r = R (19 min)
= M m (radial distance to 91-1). In constructing the curve
near 7= 0 the simplest curve form is used

-a linear

decrease in z, with r— rather than a parabolic form as sug-
gested by Figure 2la; this is done because (i) there is insulli-
cient information to construct a parabolic curve; (ii) the
parabolic form is not an essential feature of solutions of
Equations (17)-(20); and (iii) the output &(r) is not sensitive
to the detailed form of the input pressure near » = 0.'To the
curve so constructed for r < 1 a negative tail is added for
7> R, of the form 2(r) = —(r — R)Aexp[—(r — R)/K].
where A is chosen so that the slope of the main curve and
tail match at r = R, and where K is adjusted as explained
below. This form of the tail is suggested by Figure 21a. The
same procedure is used to construct a curve zy (7, 34 min),
at the time of wave arrival at 89-3; this curve is in addition
constrained by the observed 2y (14 m. 3.4 min) = 2m from
Figure 19h. A later curve, at £ = 4.6 min, is constructed from
2w (o, 46min) = llm, z,(l4m. 46min) = 24m, and
Zw(39m, 4.6 min) = 0.3 m, the leading edge of the wave
being extrapolated to R(4.6 min) = 44 m by following the
same leading-edge slope as for the z.(r, 34 min) curve.
Two additional pressure curves are interpolated smoothly
between the above curves, zy(r, 1.0min) and 2 (1 29
min). The set of empirical curves z,(r, ) is shown in Figure
22a,

The model calculation is carried out as follows. At each
time ¢;, for which a curve zy(r. ;) has been constructed as
described above, é(r t;) is calculated from Equation (17),
after first adjusting the “tail constant” K (see above) such
that the global force-balance condition is satisfied:

L

/‘r’zw(r’. ti)dr' =0.

To

(25)

(This is a force-balance condition because z, is propor-
tional to pressure P relative to flotation) In both Equations
(25) and (17) the upper limit of integration r — 50 is re-
placed by a practical upper limit r = L = 50m for pur-
poses of calculation. Then ¢y (ry, t;) is calculated from
Equation (19) for r = 7, = 0.05 m, and with the upper limit
of integration taken to be R(#;) rather than co. The value of
m in Equation (17) is chosen as follows. The secondary-
creep-rate value, from the 0°C flow law of Paterson (1994,
p.97) for effective stress 7 = 2.8 bar, is corrected by a factor
10 * 10 represent the primary (transient) creep rates that
occur at the very low strains involved (10 * for uplift of a
few millimeters over dimensions of tens of meters), giving
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Table 3. Evaluation of the gap-opening model: model of water stored in basal gap vs volume estimated from borehole water-level

drop (WLD)

Paramelers ( see lext)

Volume of water stored in basal gap Volume accumulation rate

Jrom WLD Sfram gap-opening model
(n=1) (=13) (elastic) (h=1) (n=3)
i t; R(t;) Ty Zp — 2w VavL Vi Vi Vi Vi Y
min m m m m’ m”* m’ m” m’ min ! m” min !
0 0 0 94 0 0 0 0 0 0 0
1 1.0 (7 89 5 0.7 01 0.1 0.02 04 0.4
2 19 14 84 10 14 0.9 0.7 0.06 1.3 1.0
3 e ] (30) 57 37 52 31 19 0.15 34 1.3
1 34 39 10 34 7.6 55 25 0.3 6.4 11
B 46 44 11 83 1.7 15.6 31 0.3 6.2 0.1
6) (54) 0 94 13.2 19.0 3.1 0.3) 6.2) 0.0

=084 % 10" Pa s. The importance of the transient creep
viscosity in this type of calculation was pointed out by
Weertman (1970, p.73). The validity of a correction factor
<10 ? can be seen in the results of a typical ice-creep test
shown in Figure 23. The effective shear stress value
7 = 28 bar is about one-third of the initial overpressure
P, = 94 bar applied near r = 0 to the base of the ice at
breakthrough; the factor of about one-third is estimated
from a study of the complete stress solution on which Equa-
tion (17) is based.

The calculated gy (7, t;) values are listed inlable 3 in
terms of V](t,-) = 271 qw (7o ti), which is the total volu-
metric accumulation rate of water in the gap, at time #;. A
smooth curve is drawn through the Vi values and is inte-
grated from t = 0 to ¢; to obtain, by Equation (24), the total
accumulated volume of water V(T}) given by the model.
Alongside the values of Vi (t;) inTable 3 are listed the obser-
vational values of injected water volume, Viyp(f;), from
Equation (23).

An estimate of the effect of the non-linear rheology of'ice
on the model results can be obtained by treating )y in Equa-

1)

tion (17) as a non-constant quantity proportional to 7"

where n is the exponent in the non-linear flow law for sec-
ondary creep and 7 is the effective stress equal to about one-
third of the water pressure, relative to flotation, at 7 =0 .
This treatment is based on the experimental observation
that the transient creep rate is proportional to the secondary
creep rate (Sunder and Wu, 1990, p. 271). Thus we can take 1
to be given by

n—1
Tn'l(ti) =Tl [Z\\'(Tu- tj):l

where 7, is the value of 7 used in the linear treatment
above. Each V; (t;) value from the linear treatment then cor-
responds via Equation (17) to a value Vi(t;) for non-linear
viscosity (n = 3),

(26)

Valt) = Valt) | == (27)
and can be time-integrated as before to aive Vi(t;). Values of
Vi(t;) and V3(t;) are listed in Table 3. Comparison of the
VivL(ti), Vi(t;) and V3(t;) values inlable 3 shows that the

Q
LAl T T T ;s T T =
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A .
i tye= TL0min, s
il .
ol Il" to= 1.9 min - — — — - -
i
:Jl ta-’-‘ 2.9 min --osememeee
3 _
‘! t4= 3.4 min
gt . =
; t5— 4.6 i s -

bosal water pressure P (m of water)
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radial coordinate r (m)
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Fig. 22. Empirical calculation of gap-growth rale based on observation of water-pressure distribution P(r, t) in the pressure-pulse
propagation experiment. (@) Empirical curves of P(r, t;) at selected times t; as indicated, based on observations and assump-
tions noted in the text ( section 9c ). (b)) Corresponding gap uplift rates (r, t;), based on Equation (17). These are used to cal-
culate by integration the volume of water stored al the different times ( see text ).
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Fig. 23 Resulls of a creep test on ice, showing the magnitude of
the inttial transient creep rale in relation to the steady-state
creep rale. (a) Creep displacement vs time over the 16 d period
of the test, reaching approximately steady stale at a creep rate
of 0.0075mmd . (b) Enlarged plot of the initial 24 h of the
test, showing a creep rate of 0.75mm d ' at a time 0.59 h after
the start of the lest. T his is part of test 3 by M. Jackson and B.
hamb (unpublished information ), carried out on an ice-core
specimen from the site 111 area.

gap-opening model as formulated above is able to account
for the observationally based water volumes Viyy, to within
better than an order of magnitude, which. in view of the nu-
merous approximations and sources of uncertainty in the
calculation, gives support to the model.

The most imponderable source of uncertainty in applic-
ability of the model as formulated in Equations (17)(21)
arises from the fact that the gap at the base of the ice overlies
not a smooth, hard bedrock surface, as Figure 20 suggests,
but a rough granular surface of more-or-less loose till parti-
cles more-or-less imbedded in a weak fine-granular matrix,
the upper surface of the subglacial till (unpublished infor-
mation from S. Tulaczyk and others. 1996). It is possible that
during breakthrough, in the outrush of water from the
bottom of the borehole and out through the gap, channels
of some kind are cut into the till, and granular material from
the till is moved outward through the gap and possibly de-
posited along the way. If so, substantial modifications of the
treatment in Equations (17)—(21), perhaps along the lines de-
veloped by Walder and Fowler (1994), would probably be
required.

9d. Gradients in basal water pressure

The argument in section 9b against the existence ofa simple
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or braided gap-conduit system with gap thickness 6 = 1 mm
is strongly reinforced by independent evidence from the
observed borehole water levels after hreakthrough. The evi-
dence is in the extent of variation of the water levels from
hole to hole (section 3). If we compare the water levels in
horeholes less than about 400 m apart, which excludes com-
parison of holes drilled in different seasons because the ice
movement separates them by 2400 m in absolute position,
we find water-level differences of 6,7 and 15 m between clus-
ters of holes about 150-300 m apart (boreholes of 1988, 1989
and 1995), and we find several examples (mainly in 1988) of
water-level differences of 5—13 m between individual holes
within clusters, 40-10 m apart, (Table |; Fig. 4). These differ-
ences are much greater than the +1m estimated measure-
ment error. If a gap-conduit system with 6 21 mm were
present in the undisturbed basal water system, and had ade-

quate hydraulic compliance as demonstrated by the uptake
of water in breakthrough and pumping tests (section 6),
then the water levels observed in the boreholes would rep-
resent natural pressures in that conduit system. The differ-
ences in water level, over horizontal distances ranging from
15 10 300 m, would then correspond to local hydrostatic gra-
dients ranging from I' = 0.02 to 06. Such gradients are very
much greater than the regional hydraulic gradient I’ of
about 0.002. Thus if the basal water system is a widely dis-
tributed gap-conduit system as visualized in section 9a, the
local water [luxes in this system must be very much larger
than the regional flux that transports the integrated basal
meltwater from upstream. For example, a gradient I' = 0.1
in a conduit system with 6 = 43mm and ¢ = 0.5 would
produce, according to Equation (1), a flow velocity
e =-39CI § ', compared to the regional {low of 0.7 cm s
(estimated in section 7). The large water fluxes would re-
quire large sources and sinks of water on a horizontal scale
~100 m.

Sources could conceivably be warm areas of the bed,
warmed by extra frictional heating where the basal lubrica-
tion mechanism is for some reason reduced in eflfectiveness,
but the magnitude is staggering: to accumulate a flow of
35¢ms | in the above example, over a horizontal distance
of 200 m, would require basal melting at the absurd rate of
230ma . There is no reasonable way Lo provide a sink for
this water. The situation for 6 = 1.7 mm, as evaluated from
breakthrough (section 9a), would be less extreme, but it
would still involve excessive local water fluxes and basal
melting rates. Also, the model associates areas of high fric-
tional heating with arcas of high basal water pressure,
which is opposite to what is expected — that high water
pressure results in low {riction.

The severe problem posed by the high local hydraulic
gradients can be eliminated only by ruling out any natural
gap-conduit system with 6 = 1 mm, in agreement with the
conclusion in section 9b.

It is, however, possible to retain a narrow gap or “water
film” of thickness & £0.1 mm, through which basal water
can be transported slowly, under relatively high local hy-
draulic gradients. For example, if the basal melting rate is
2%mma ' (corresponding to a basal shear stress of 0.2 bar
and a basal sliding speed of 1.2 md '), and if the basal melt-
water [lux that accumulates over a flow path ~100 m long is
transported under the same hydraulic gradient as before,
['= 0.1, then the film would have § = 0.3 mm. Although
the existence ol such a film, bridged by coarser grains from
the till as visualized by Alley (1989, p.119), scems quite rea-
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sonable, it is not necessarily required as part of the basal
water system, because Darcy flow through the till is mar-
ginally able to transport locally the small meltwater fluxes
generated locally. Thus, for example, a 10 m thickness of till
with hydraulic conductivity 10 ®ms "is able to transport
the meltwater generated by a basal shear stress of 0.2 bar
over a distance of 30 m with a drop of 20 m in hydraulic
head.

9e. Canal model

The thin water film visualized in section 9d, with 6 £ 1 mm,
in combination with the poor aquifer provided by the bulk
till, is quite incapable of transmitting the regional water Tux
from basal melting upstream, which must on average be
transported down the small regional hydraulic gradient.
Therefore there must exist, in addition to any water [ilm, a
system of conduits carrying the regional flux and receiving
local meltwater [rom the film and from the bulk aquifer.
These conduits are not classical R-tunnels, according to
the observational argument in section 9 and the theoretical
arguments of Walder and Fowler (1994). The conduits may,
however, be of the type called “canals” by Walder and Fow-
ler (1994, p.5, 9): wide, shallow channels, ~0.1m deep, in-
cised by erosion into the till, with flat till floor and flat ice
roof, of width unspecified but much greater than depth.
Walder and Fowler (1994) argue theoretically that under
the ice stream such canals should form a distributed, inter-
connected (braided), multi-channel network, non-arbores-
cent, and stable against condensation to a single-channel
system. These features differ greatly from those of R-tunnel
systems. T'he apparent need for a canal system as a principal

component of the basal water system raises a number ol

issues in relation to our observations:

(1) If there are canals, what is the local water pressure in
them? It should be limited from above by the decpest
observed water level, 117 m in hole 92-1, below flotation by
about 16 m. (This disregards the deeper levels 119 and
125 m recorded for a short time in the abrupt drop on JD 24
in Figure 15) How close this value was to the canal water
level depends on factors discussed initem 3 below. The fairly
abrupt cut-off' in initial water-level values at about 116 m, or
in basal effective pressures at 16 bar, snggests that this cut-
ofT is the actual water level or effective pressure in the canal
system locally. From the argument in section 9d we expect
the spatial variation of pressure in the canal system to be
very much smaller than the observed variation of water
levels.

(2) Where are the inferred canals? In principle, one
could hope to locate them from a map of observed water
levels in an array of borcholes on a spacing ~50m; the
deepest levels should in general be closest to the canals.
There is a question whether the map for this purpose should
show the borcholes in their correct positions relative to the
ice, as in Figure 4a, or relative to the bed, which involves
replotting the boreholes in positions displaced by the proper
multiple of the yearly motion, because the water-level data
in Figure 4a are from four different years (field seasons). In
neither type of map is the borehole array well suited to
locating any canals. A possible indication of closeness to a
canal is seen in the relation between the group of three bore-
holes 89-1, -2, -3 (with deep water levels) and the group 8§9-
4, -5, -6 (with shallow levels) (see Figs 2a and 4a). From this
and other such indications in Figure 4 we infer tentatively

0
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that canals are spaced ~50-300 m apart. Walder and Fowler
(1994) do not predict theoretically the lateral spacing of
canals nor the spatial scale of reconnection in the braided
pattern. They do give an indication of the expected canal
thickness and width (~0.1 m, =3>0.1 m), but our observations
do not provide a basis for checking on this.

(3) What sort of hydraulic connections did the boreholes
make with the contemplated canal system? The spread of
initial water levels from 117 m to shallower depths indicates
that most of the connections were so narrow and/or lengthy
that the apparent basal water pressures indicated by the
water levels were raised substantially above the water pres-
sure in the canals. The amount by which they were raised
should be proportional to the flux of water moving through
the connecting passageway (which presumably is along the
ice/till contact), but we have no way to estimate scparately
the magnitude of the flux or the hydraulic impedance of the
connection. Presumably the flux is fed by water remaining
in the borehole and the open gap after completion of break-
through. On the assumption that the canal system has a
high hydraulic compliance, we surmise that an indication
of connection to it during breakthrough would be an abrupt
increase in the water-level drop rate. Such behavior is per-
haps seen in Figure 3b. One might expect that the more
rapid the drop (or the shorter the drop time or the time
constant T inTable 1), the better the connection to the canal
system and hence the deeper the water level reached in
breakthrough, but the data in Table 1 show no correlation
between these values; however, the range ol water-level
values for which we have T" data inTable 1 1s inadequate,

(4) The straightforward interpretation of the salt-tracer
experiment (section 7) in terms ol the gap-conduit model
(section 9a) becomes more complicated and uncertain in
the canal model. Presumably the salt cloud spread outward
from the injecting borehole in the newly opened gap until it
entered a canal via a connection. In order [or a big electri-
cal-conductance signal to be picked up between the elec-
trodes downstream, a salt-carrying canal had to pass near
both borcholes of the gate, because the salt presumably re-
mained in the canal system once it had entered. For the
canal model there is a need to explain how the inter-clec-
trode resistance remained low for 10 h after the initial drop
(Fig. 18a), because at the transport speed in the tunnel
(~Hcms 1, from the Manning formula for a canal 10cm
deep at the regional hydraulic gradient of 0.002) the salt
would have been carried downstream 1.8 km in that time.
However, the salt solution may have entered the canal
system only slowly, through the connection, and contin-
ued to do so for 10 h. With this possibility available, the
salt-tracer experiment does not provide a very clear test of
the canal model.

10. CONCLUSIONS

(I) The gap conduit model of the basal water system, with
gap width 6 = 2mm between ice sole and bed, accounts at
Icast roughly for the behavior of borehole water levels on drill
breakthrough to the basal water system (section 3), and with
& =4mm it accounts for the results of a sali-tracer experi-
ment (section 7) in relation to the transport of basal melt-
water from upstream (section 9a). (This type of model was
introduced by Weertman (1970), who called it the “water
layer” model or the “punctured water sheet” model.)
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(2) However, the existence of such a gap-conduit system
in nature (before disturbance by boreholes) is ruled out by
the way a pressure pulse injected into the basal water system
at breakthrough propagates outward (sections 7 and 9b),
and by the large hole-to-hole variation of measured basal
pressure, which il present in a gap-conduit system with
6 =2 or 4mm would result in unacceptably large local
water fluxes, much larger than the regional flux that trans-
ports basal meltwater from upstream (section 9d),

(3) An alternative view of the breakthrough process, in-
corporated into a “gap opening” model, pictures the injec-

tion of water as being accommodated by a small lifting of

the ice mass near the borehole, opening a gap 3 or 4mm
wide at the ice/bed contact, where no comparable gap had
existed before breakthrough. A quantitative gap-opening
model (section 9¢) is able to account roughly for the volume
of water injected in a breakthrough event, which means that
the gap-opening process works and is a valid substitute for
the gap-conduit model in accounting for the breakthrough
observations.

(4) Although we have not obtained direct borehole ac-

cess to it, there probably exists a through-going system of

water conduits capable of transporting basal meltwater
down the regional hydraulic gradient (I' ~ 0.002) (section
9¢). The only currently viable candidate for these conduits

is the “canal” a theoretical concept of Walder and Fowler
(1994). Our basal water-pressure data suggest that the canals
form a distributed network with spacing ~50-300 m. With
some complications the canal model can be seen as compa-
tible with the salt-tracer experiment (sections 7 and 9¢).

(5) The wide scatter of water levels in borcholes that
have connected to the basal water system (as almost all
have), from near flotation to as much as 17 m below flotation,
is due to varying quality of the connection along the ice/bed
interface from borchole to canal. Six or cight boreholes
probably did not make connection to the canal system,
although they were in connection with a gap opened up by
the applied overpressure, a non-natural part of the basal
water system,

(6) The water pressure in the canals is about 1.6 bar
below the ice overburden pressure (section 9¢). This low ef-
fective pressure (L6bar) is probably responsible for the
rapid ice-stream motion, either by basal sliding or by shear
deformation of the till that underlies the ice.

(7) The ice averburden pressure can be calculated to an
accuracy ol about 0.3 bar from data on ice density vs depth
locally and in the Byrd core hole (section 4).

(8) The pore pressure in the till, and the water pressure
in a thin (6= 0.lmm) water film that probably is present
somewhat discontinuously along the ice/till contact, cannot
be measured in an open borehole, but in principle can be
measured once the borehole has frozen up, once passage-
ways connecting with canals have become closed, and once
enough time has elapsed for pressure equilibration. The
equivalent water levels observed in this way were in the
range 100112 m depth and varied extensively with time
over this range on time-scales from diurnal to more than a
}'(‘}1[‘.

(9) The extent of correlation between time variations re-
corded by different pressure sensors — from no correlation
between sensors 500 m apart to good correlation (with some
exceptions) between sensors 25 m apart —indicates that
the sensor signals are in general real indications of basal
water pressure (probably till-pore pressure as noted above),
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and that the natural distance scale for lateral variations in
(pore) pressure is ~100 m or at times as small as ~10 m (sec-
tion 5). Thus some of these variations are probably local
clfects originating in the till (and water film), due perhaps
to local changes in the basal melting rate as the mechanical
conditions of the till vary, or to the opening or closing of
basal cracks in the ice. Other, longer-scale variations, and
particularly the highly correlating diurnal [luctuations,
probably originate in the canal system, from which they are
communicated to the till-pore water and the water film.
However, the origin of these numerous variations is not
known in any detail.

(100 The occurrence of interspersed positively correlat-
ing variations and negative, anticorrelating variations in
the 1995 pressure records from boreholes 89-4 and 91-1 (sec-
tion 5) is probably at least somewhat related to the anticor-
relations observed by Murray and Clarke (1993) in pressure
records from a subpolar glacier (Trapridge Glacier) in
Canada. They interpret the anticorrelations as an indica-

@

tion that when the pressure rises in a low-impedance basal
water conduit such as an R-tunnel, the pressure in the adja-
cent part of the bed unconnected to the conduit must fall (o
maintain the vertical force balance supporting the (fixed)
ice overburden; they interpret switching back and forth
between correlation and anticorrelation in the pressure
records as due to a switching back and forth between a con-
nected and unconnected condition in one of the boreholes.
Direct applicability of this interpretation to our pressure
records in Figures 14 and 15 is doubtlul, because the records
do not distinguish one borehole as connected and the other
as unconnected. At the time of original breakthrough, the
initial water levels (112 vs 99 m) indicated that hole 91-1
was better connected than hole 89-4, according to the inter-
pretation in paragraph 5 above, but this distinction had dis-
appeared by the time-frame of Figure 15, when the pressure
levels in the two holes were approximately the same. Never-
theless, there is probably some underlying relationship
between the pressure anticorrelations in the two glacier
systems,

(1) The diurnal pressure fluctuation, which we have
observed several times (Figs 11 and 12), might be duc to the
tide in the Ross Sea (Harrison and others, 1993), although its
phasing and modulation do not seem to support this conclu-
sion (section 5),

(12) The lack of any observed variation in ice-stream
motion, when large percentagewise variations in basal ef-
fective pressure were observed to be occurring, is a situation
somewhat similar to that encountered in Columbia Glacier,
Alaska (Kamb and others, 1994; Meier and others, 1994),
where the basal water pressure was consistently high (with-
in 3 bar of flotation) but there was little correlation between
variations in pressure and motion, except for diurnal varia-
tions. The conclusion reached there may to some extent be
applicable here also: that locally observed pressure varia-
tions, caused by variations in basal melting or by random
local rearrangements of the water conduit system, are
mostly averaged out over the long distance scale (coupling
length) over which basal water pressure is effective averaged
in controlling the basal motion (Kamb and Echelmeyer,
1986). For this to result in the observed constancy of ice-
stream motion, the pressure fluctuations at points farther
apart than some characteristic distance scale of “localiza-
tion” short compared to the coupling length should be ran-
domly different and uncorrelated. From this point of view,
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the observed lack of correlation between the pressure
records from boreholes 500 m apart and even at times [rom
boreholes only 25 m apart perhaps makes sense.
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