Annals of Glaciology 27 1998
© International Glaciological Society

Variations in shear deformation rate with depth at Dome

Summit South, Law Dome, East Antarctica

VIN Moracan, Tas D. van OmMEN, Aran Ercaeigns, L Jun
Antarctic CRC and Australian Antarctic Division, Box 252-80, Hobart, Tasmania 7001, Australia

ABSTRACT. The variation of shear deformation rate with depth at the Dome Summit
South (DSS) site, 4.7 km (~4 ice thicknesses) from the summit of Law Dome, East Ant-
arctica, has been determined by repeated borehole inclination measurement. The results
show that from the surface down to 1000 m (ice-equivalent depth) deformation rates
increase as expected with the increase in stress, temperature and the development of
stronger ice-crystal fabrics. There is a broad maximum in strain rate around 1000 m.
Below this depth, strain rates decrease, with values in the basal ice ~1/3 of those at
1000 m. In DSS, Holocene ice with low, uniform impurity levels extends to a depth of
1110 m, so the decrease in shear rate below 1000 m is attributed not to any change in prop-
erties of the ice, but to shear stress reduction induced by the large-scale retarding effect of
local bedrock hills. Below 1000 m, within the zone of retarded flow, there is a narrow
spike, 14 m thick, in which the shear rate is ~5 times that in the ice immediately above
and below. The shear-rate spike corresponds in depth to ice with high dust concentrations,
small crystal size and strong vertical c-axis fabrics that was deposited at the Last Glacial
Maximum. A surface u‘lonty of 198 + 003 ma 'obtained by i mlegratlon of shear rate
over the borehole depth is in agreement with the value of 204 + 0.llma ! obtained by
the global positioning system. The ratio of average column velocity to surface velocity
determined by the borehole measurements is 0.74. A value of .76 is obtained from mass-

balance considerations.

INTRODUCTION

Glaciers and ice sheets flow downhill at a speed determined
by the balance between the gravitational driving force and
the resistance to motion due to the ice stiffness. In the simple
case of a uniform slab of'ice resting on a smooth sloping bed,
the driving stress increases linearly with depth due to the
increasing weight of the ice above. The relationship between
applied stress and the resulting strain rate is described by an
empirical flow law of the form:

€= Ar"
where € is the strain rate, 7 is the applied stress and A is a
constant which depends on temperature and properties of
the ice such as crystal fabrics (see, e.g., Glen, 1955; Budd
and Jacka, 1989). If the exponent of the flow law is 3, as found
by various laboratory experiments, the rate of shear defor-
mation increases as depth cubed, ice sheets will have small
rates of shear deformation in the upper layers, and the most
rapid shear will be in the ice close to the bedrock. In real
glaciers, however, flow parameters vary with depth due to
temperature variation and the development of anisotropic
crystal fabrics. The cold, stiff upper layers smooth out varia-
tions in the surface velocity which result in complex stress
variations in the lower parts of the ice sheet as the ice flows
around bedrock hills. It is important to determine ice-sheet
flow patterns because a knowledge of how velocity varies
with depth is needed for a variety of studies. These include
model simulations of past and future ice-sheet configura-
tions, calculations of age/depth relationships for dating ice-
core environmental records, and determinations of ice out-
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flow for ice-sheet mass-balance studies by measurement of
ice-sheet surface movement.

We report here on measurements of the variation of
shear rate with depth at the Dome Summit South (DSS) site
on Law Dome, East Antarctica.

DATA

DSSis a deep drilling site 4.7 km (~4 ice thicknesses) south-
southwest of the summit of Law Dome (Morgan and others,
1997). The DSS borchole extends from the surface to a layer
of silty ice at a depth of 1199.03 m. This ice thickness is cal-
culated from the measured length of the core (119556 m) by
correcting for snow accumulation and ice-column compres-
sion during the 5year drilling period. Hereafter in this
paper, depths are given in terms of an ice equivalent
obtained by assuming the upper firn layers are compressed
to the density of glacier ice (pice = 917 kg m #. Yor conveni-
ence in computation we use the empirical density/depth
relationship of Schytt (1958):

Pz = Pice — (Pice - Psurf) EXP(—kZ)

where p, is the density at depth z, g is the surface density
and k is a constant. The values for py,¢ (423.4 kg m_:g) and k
(0.02384) are chosen for best fit to the measured DSS density

profile.
The ice-equivalent depth (zje_eq) is obtained by integ-
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rating the density over depth and dividing by the density of
ice:

.fp-":dz’

wce

Zice_eq —

i.e.
( Pice — Psurf )

e (1 —exp(—kz)].

Ziceeq — £ —

The ice-equivalent thickness at DSS 1s 1176.43 m.

In January 1994 and again in February 1996 the DSS
borehole was logged for inclination and direction of inclina-
tion. In 1994 the logger was attached to the electronics mod-
ule of the mechanical drill, and the drill electronics were
used for communication to the surface computer. In 1996, a
self-contained logging module was used with improved
electronics which gave better resolution of the inclination
(0.03° compared with 0.1%. The 1996 measurements were
made at smaller depth intervals than in 1994, so the 1996
data were smoothed over a depth of ~25m and inter-
polated to obtain inclinations at depths corresponding to
the 1994 measurements. The difference in borehole inclina-
tion, at the same depth, between the two loggings was used
to calculate the ice-sheet strain rate as a function of depth.
Data were obtained as orthogonal sets giving strain in the
north—south and east—west directions. For interpretation,
strain rates were projected onto planes parallel and normal
to the direction of the surface velocity vector. The surface
velocity, measured using the global positioning system
(GPS) over a 4month period in 1995-96, is 204
+ 0llma 'at225 + 3°

Strain rate (€) at depth z is given by:
. 1ou
e me
20z

where w is the horizontal velocity at depth z (see, e.g. Budd
and Jacka, 1989). We calculate du/dz from the difference in
inclination of the borehole (f; — ;) between successive log-
gings, time (3 — t1) apart,

. du By — b,

ie. ot
To be valid, this equation requires that the borehole inclina-
tion () is sufficiently small for # ~ tan 6 and for the contri-
bution to borehole-inclination change by longitudinal strain
or vertical advection to be negligible. The DSS borehole in-
clination is everywhere <5.1°, which results in an inclination
change due to longitudinal and vertical strain <2% of that
due to shear.

There is an uncertainty, estimated at up to 4 m in rela-
tive depth, between the borehole data (strain rates) and
the ice-core data. This arises from uncertainty in the core-
depth scale due to errors in the assumed length of broken
cores from the brittle zone and uncertainty in the depth of
the logger due to cable stretch and calibration error of the
depth counter. Logging-depth error is responsible for a
2.5m discrepancy in the depth of the shear-rate spike at
1117 m (discussed later) between the measurements in 1994
and 1996. This difference is not due to compression in the ice
below, because the annual layer thickness (and hence the
vertical movement in lyear) at this depth is only ~7 mm.
It can be seen in Figure 2 how the depth error appears as a
phase error in the data, producing a dip in shear rate on the
upper side of the spike at 1110 m, and a shoulder on the lower
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Fig. 1. Borehole and ice-core data. Depths are ice equivalent ( adjusted assuming an equivalent ice thickness for the low-densily
firn in the top ~100m ). ( a,b) Shear rates projected on planes normal and parallel to the surface flow. (¢, d) Data from crystal
thin sections. About 100 crystals are measured for each section. (e) Measured temperature in the borehole. (f) Smoothed oxygen-

isotope ratio with respect to Standard Mean Ocean Water.
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side at 1127 m. We have avoided adjusting the depths for the
computed shear rates, because the error has a negligible
effect on the bulk of the record and we have no way of know-
ing which of the loggings is the more accurate.

Uncertainty in the shear-rate data is difficult to estimate
because of the multiplicity of inputs used in the determina-
tion. In 1994, only one measurement run was carried out,
whereas several runs were made during the 1996 season.
Comparing the different 1996 runs with the single run in
1994 gives essentially the same result. The 0.1° resolution of
the 1994 logger introduces appreciable rounding error in the
small inclination change. We believe that the fluctuations in
the upper part of the record (where the ice deformation is
expected to be small) reflect the overall measurement noise,
and that any systematic errors are small,

RESULTS

Figure | shows the data obtained over the full ice thickness:
strain rate parallel and normal to the flow, crystal-fabric
strength (mean c-axis inclination from vertical), crystal size
(mean crystal area in a thin section), borehole temperature,
and the smoothed oxygen-isotope ratio profile from the ice
core (as an indicator of local air temperature and hence
climatic conditions at the time of deposition of the ice).
From the surface down to ~1000 m, strain rate increases
and ice-crystal c-axis verticality shows the normal develop-
ment of stronger [abrics with depth (Alley, 1992). Shear rates
are small at depths less than 500 m where stresses are low and
advection keeps temperatures below —20°C. Below 500 m,
shear rates increase as expected with increasing stress and
temperature. There is a broad maximum around 1000 m,
below which shear rates decrease with depth. Crystal-fabric
strengths also decrease below this depth, and crystal size,
which remained approximately constant with the increas-
ing shear rate and fabric strength between 300 and 900 m,
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starts to increase again (see Morgan and others, 1997, fig. 8).
In DSS, Holocene ice, which at this site has exceptionally
low impurity levels due to the high accumulation, extends
to a depth of 1090 m. The drop in shear rate at 1000 m there-
fore does not appear to be associated with any known
property of the ice chemistry.

The spike of enhanced shear between 1110 and 1124 m
has a maximum shear rate ~5 times that of the ice above
or below. The coincidence between the spike and the high-
dust-content, small-crystal LGM ice is shown in Figure 2.
The shear-rate spike and the dusty ice both occur over the
same depth interval (14 m), but the dusty ice appears to be
offset to a slightly greater depth. We believe this is due to
errors in the relative depth scales as discussed above, and
that the high-dust-concentration, small-crystal ice is exactly
coincident with the shear-rate spike.

In summary, the DSS results show two separate devia-
tions from a simple increase in shear rate with depth: the
decreasing shear rate below 1000 m and the narrow spike of
high shear rate at 1117 m. The former occurs in Holocene ice
and is not associated with any known variation in ice chem-
istry or dust content. The latter, on the other hand, corre-
sponds, within the accuracy of the data, to the dusty ice
deposited at the Last Glacial Maximum (LGM).

THE SHEAR-RATE DECREASE BELOW 1000 m

Shear-rate profiles with a maximum some distance above
the bed have been observed on Law Dome at BHF (Russell-
Head and Budd, 1979) and at BHC-1 and BHC-2 (Etheridge,
1989). These sites lie approximately on a flowline, in rela-
tively thin ice near the coastal edge of the ice sheet. At
BHF (ice thickness 385 m) the shear peak is about 170 m
above the bed. At BHC-2 (ice thickness 350 m) the shear
maximum is 120 m above the bed, and at BHC-1 (ice thick-
ness 300 m) it is only 80 m above the bed. BHC-1, however,
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Fig. 2. Data around the shear-rate spike. Depths of the ice-core data are internally consistent but may have up to 4 m offset with

respect to the shear-rate data.
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is located over the crest of a 50 m high bedrock hill, 350 m
directly upstream of BHC-2. This means the maximum at
BHC-lis actually 80 + 50 = 130 m higher than the bedrock
at BHC-2, and hence roughly in line horizontally with the
BHC-2 maximum. In other words, the shear-rate maxi-
mum in all the coastal cores occurs at about the same height
above the envelope of the bedrock. The new results from
DSS, showing a similar profile with a maximum in shear
rate 180 m above the bed, suggest that this pattern, pre-
viously only observed in the thin coastal ice, extends over a
substantial part of Law Dome.

Budd and Rowden-Rich (1985) presented results
obtained using finite-element analysis to model flow in the
coastal area of Law Dome. Their model was limited to
two-dimensional flow and did not take into account the
development of anisotropic crystal structure, but it did show
that an upper layer of cold stiff ice (which tends to reduce
horizontal velocity variations), in combination with a less
viscous lower layer flowing over bedrock hills, could result
in a zone of stress concentration and hence a shear-rate
maximum at a height ~100 m above the top of the bedrock
hills.

There is only a limited amount of shear-rate data avail-
able for other ice sheets. In the Northern Hemisphere, Dye 3
in Greenland (Dahl-Jensen and Gundestrup, 1987) shows
generally high shear rates in all the ice below the LGM
(and even higher rates in the silty layer of basal ice). For
Antarctica, the only published data apart from Law Dome
are from Byrd Station (Hansen and others, 1989). The Byrd
data, however, only extend down to just past the LGM,
because hole blockage prevented logging at greater depth.

THE SHEAR-RATE SPIKE

Shear enhancement at the LGM is observed in a number of
Northern Hemisphere ice-sheet records — Agassiz Ice Cap
(Fisher and Koerner, 1986), Barnes Ice Cap (Hooke, 1973),
Dye 3 (Dahl-Jensen and Gundestrup, 1987) —and also at
Byrd Station in Antarctica (Hansen and others, 1989). Pater-
son (1991) reviewed these results in the context of “why ice-
age ice is sometimes soft”. He concludes that the impurities,
principally chloride, are responsible for influencing the flow
parameters, but indirectly by restricting crystal size. He
suggests that the resulting small crystals facilitate the devel-
opment of single vertical-pole fabrics favourable for shear
deformation, and that positive feedback then acts to amplify
the effect. Dust concentrations in DSS LGM ice are about
100 times the level in the Holocene ice, and although this is
only about 1/4 of the level found in Dye 3 LGM ice, Li Jun
and others (1998) show that this level is sufficient to inhibit
crystal growth. The examples given by Paterson (1991) show
a sharp decrease in strain rate at the end of the LGM, but do
not clearly show the low strain rates in the early Glacial ice
as observed in DSS. This may be because, for the Northern
Hemisphere examples, the dust content is relatively high
throughout the Glacial and only drops during the transition
to the Holocene.

ICE-SHEET VELOCITY PROFILE

Integration of the shear rate over the depth of the borehole
allows calculation of ice velocity as a function of height
above bedrock. The results are shown in Figure 3. The
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Fig. 3 Borehole movement obtained by integrating strain rale
over depth.

velocity normal to the surface flow fluctuates around zero,
and while there may be some transverse component of flow,
particularly near the bedrock, we draw no conclusions since
the estimated error is of the same order as the velocity mag-
nitudes. The parallel flow velocity shows a jump at 1117 m
due to the shear spike, a concave down section below
1000 m due to the reduced strain rate there, and the normal
decreasing strain rate with decreasing stress above 1000 m
depth. The velocity at the surface is 198 £ 0.03ma 2
which is consistent with the value of 204 + Ollma'
obtained by repeated GPS measurements. The DSS bore-
hole did not reach the ice/rock interface, but penetrated
~50mm into a layer of basal ice discoloured by fine silt
and containing a few particles of rock ~l mm in size. Meas-
urements of shear deformation in the basal ice at Dye 3
(Dahl-Jensen and Gundestrup, 1987) show that this ice,
which has very high dust concentrations, also has high shear
rates, ~2 times those in the Glacial ice immediately above.
Shear rates were not measured in the bottom metre or so at
DSS, but the silty ice has small crystals with strong vertical
c-axis fabrics which suggest it is undergoing relatively rapid
shear deformation. Since the drilling did not reach solid
rock, the thickness of the silty ice is unknown, but it is
thought to be a few metres. Shear deformation of a few
metres of basal ice at a rate similar to that in the shear spike
would not be inconsistent with the velocity measurements.

MASS-BALANCE IMPLICATIONS

The mass balance of an area of an ice sheet is the difference
between the mass input (net accumulation plus inflow) and
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the ice outflow (Paterson, 1994, p.42). The ice-flow terms are
usually calculated from measurements of surface velocity
and ice thickness, but to do this the surface velocity must
be converted to an average column velocity by multiplying
by a factor (k). It can be shown (see Paterson, 1994, p. 252)
that in the case of laminar shear flow, if the exponent of the
flow law is 3 the value of k is 0.8. Since the calculation
assumes constant temperature, no ice-crystal fabric devel-
opment and no basal sliding (all of which act to increase k),
values of 0.8 or larger are generally used in mass-balance
calculations. The DSS borehole data allow a value of k to
be calculated by integrating velocity over depth and divid-
ing by the depth of the borehole. A value of 0.74 is obtained,
the smaller value resulting from the reduced flow below
1000 m.

We can examine the value of k in terms of the local mass
balance. Several independent lines of evidence indicate that
the Law Dome summit region is close to balance and has
been for a considerable time. Evidence includes the isotope
record (Morgan and others, 1997), levelling and gravity sur-
veys (Young and others, 1989) and measurements of air
trapped in ice cores (Delmotte, 1997). If the ice sheet is in
balance, the annual snow accumulation A should balance
the divergence of the average column velocity V times the
ice thickness Z,

ie. A=V (VZ),

avy IV, 9z
i.e. = : kVe—
ie A kZ((‘)m+8y)+ V‘(’i’n

where dV;/0x is the longitudinal surface strain rate, 9V, /3y
is the transverse surface strain rate and V. the surface
velocity. Surface strain rates were measured by change in a
strain grid centred near the borehole with arms 0.2, 0.4, 0.8,
1.0 and 2.0 km long aligned parallel and normal to the flow.
The strain grid was set up in 1994 and remeasured in 1996.
The short arms did not provide reliable data, because the
movement due to strain was of the same order as the error
due to pole tilt. Average strain rates determined from the 1
and 2 km arms were (322 4 0.016) x 10" a' parallel to the
flow and (450 + 0.027) x 10 *a ' normal to the flow. We
use an accumulation value of 069 ma ' ice equivalent, as
determined from ice-core annual layer thicknesses cor-
rected for measured strain. This is slightly lower than the
0.70 quoted by Morgan and others (1997) since it does not
include the high values of the last few decades. For Z we
use the calculated ice-equivalent thickness of 117643 m. A
large-scale value of 2.7 x 107 for 8Z /O was estimated from
radio-echo sounding data along the flowline upstream of
DSS (see Morgan and others, 1997, fig. 3). This value results
in a kV, 0Z /0x term which is negligible in comparison with
the accumulation or horizontal divergence terms. With
these values, balance is obtained with k = 076, which is in
close agreement with the value of 0.74 obtained by integra-
tion of shear rate over the borehole depth.
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CONCLUSIONS

Deformation data from the DSS borehole show an appar-
ently normal increase in shear strain rate down to 1000 m
depth, decreasing strain rate from 1000m to the bedrock
and a spike of very high shear in the dusty ice deposited at
the LGM. The reduction in shear rate below 1000 m is pre-
sumed to be due to a reduction in shear stress in the lower
part of the ice sheet due to flow-blocking by local bedrock
hills. The existence of the shear spike is attributed to proper-
ties of the LGM ice, which has relatively high levels of dust
and chemical impurities and small crystals with strong, ver-
tically oriented, single maximum fabrics. The reduced
strain rate below 1000 m results in a column/surface velocity
ratio of 0.74. This value is close to the ratio of 0.76 obtained
by assuming the local ice sheet is in mass balance (data from
long-term surface-elevation observations) and matching ac-
cumulation, averaged over the last ~50 years, with the out-
flow around DSS determined by surface strain data.

REFERENCES

Alley, R.B. 1992, Flow-law hypotheses for ice-sheet modeling, 7 Glaciol.,
38(129), 245-256.

Budd, W.F. and T. H. Jacka. 1989. A review of ice rheology for ice sheet
modelling. Cold Reg, Sci. Technol., 16(2), 107—144.

Budd, W. F. and R. J. M. Rowden-Rich, 1985, Finite element analysis of two-
dimensional longitudinal section flow on Law Dome, ANARE Res. Notes
28, 153161,

Dahl-Jensen, ID. and N, S. Gundestrup. 1987, Constitutive properties ofice at
Dye 3, Greenland. Infernational Association of Hydrological Sciences Publica-
tion 170 (Symposium at Vancouver 1987 — Physical Basis of Iee Sheet
Modelling), 31-43,

Delmotte, M. 1997. Enregistrements climatiques a Law Dome: variabilité
pour les périodes récentes et pour la déglaciation. (Thése de doctorat,
Université Joseph Fourier-Grenoble L)

Etheridge, D. M. 1989. Dynamics of the Law Dome ice cap, Antarctica, as
found from bore-hole measurements. Ann. Glaciol., 12, 46-50.

Fisher, D. A. and R, M. Koerner. 1986. On the special rheological proper-
ties of ancient microparticle-laden Northern Hemisphere ice as derived
from hore-hole and core measurements. 7 Glaciol,, 32(112), 501-510.

Glen, J.W. 1955. The creep of polycrystalline ice. Proc. R. Soc. London, Ser. A,
228/1175), 519538,

Hansen, B. L., J. R. Kelty and N. 8. Gundestrup. 1989. Resurvey of Byrd
Station drill hole, Antarctica. Cold Reg. Sei. Technal., 17(1),1-6.

Hooke, R. LeB. 1973, Structure and flow in the margin of the Barnes Ice
Cap, Baffin Island, NW.T., Canada. J. Glaciol., 12(66), 423438,

Li Jun, T\ H, Jacka and V. I. Morgan. 1998. Crystal-size and microparticle
record in the ice core from Dome Summit South, Law Dome, Fast Ant-
arctica. Ann. Glaciol., 27 (see paper in this volume).

Morgan, V. 1., C.W. Wookey, J. Li, T. I van Ommen, W. Skinner and M. F,
Fitzpatrick. 1997. Site information and initial results from deep drilling
on Law Dome, Antarctica. 7. Glaciol., 43(143), 3—10.

Paterson, W. §. B. 1991. Why ice-age ice is sometimes “soft”. Cold Reg. Sei. Tech-
nol., 20(1), 75-98.

Paterson, W. S. B. 1994. The physics of glaciers. Third edition. Oxford, etc., Elsevier.

Russell-Head, D. 8. and W. F. Budd. 1979, Ice-sheet flow properties derived
from bore-hole shear measurements combined with ice-core studies, 7.
Glaciol., 24(90), 117-130.

Schytt, V. 1958. Glaciology II (C). The inner structure of the ice shelf at
Maudheim as shown by core drilling. Norwegian—British-Swedish Antarc-
tic Expedition, 1949-52. Sci. Results TV, 113 151.

139


https://doi.org/10.3189/1998AoG27-1-135-139

