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Horizontal shear vate of ice nitially exhibiting vertical compression
Jabries

Typically, the pattern of erystal-orientation fabric found in
the ice cores retrieved from polar ice sheets varies from ran-
dom in the surface layers to the development with depth of
systematic patterns resulting from increasing stress and
strain. In accumulation areas vertical compression tends to
be the dominant form of deformation near the surface.
Below the surface layers, vertical compression can yield a
small-circle girdle pattern, a two-maxima pattern, some in-
termediate pattern depending on the relative magnitude of
the longitudinal and transverse strains (Budd and Jacka,
1989), or a girdle-like rotation fabric at stresses and tem-
peratures lower than those required for formation of a true
girdle (Alley, 1992). By about one-third of the depth or more
(depending on the site), horizontal shear begins to domi-
nate, ultimately resulting in the development of a fabric pat-
tern characterized by a high concentration of vertical ¢ axes.

For accurate modelling of ice-sheet flow, account needs
to be taken of these anisotropic crystal-fabric patterns since
they have a significant effect on the flow rate. For example,
we know that uniaxial compression of ice parallel to the
symmetry axis of a small-circle girdle fabric will result in a
flow rate up to three times greater than the flow rate of'iso-
tropic ice. Simple shear deformation of ice exhibiting a
single maximum orientation fabric (with ¢ axes perpendicu-
lar to the shear direction, i.e. basal (glide) planes parallel to
the shear direction) will result in flow rates up to ten times
greater than [or isotropic ice (Budd and Jacka, 1989; Li Jun
and others, 1996).

These combinations of deformation configuration and
crystal orientation, which result in flow rates greater than
the isotropic flow rate, are termed “easy glide™. Other com-
binations (e.g. compression parallel to the central axis of a
single maximum fabric) can result in “hard glide” relative to
the isotopic ice-[low rates,

Of interest here is the combination involving horizontal
shear of ice initially exhibiting crystal fabrics that have
resulted from vertical compression. It is important that this
combination be understood, because it is the situation in ice
sheets in the region where shear begins to dominate over
compression. Because the median ¢-axis angle to the vertical
for the compression fabrics is typically <40°, this combina-
tion is expected to result in easy glide. A brief discussion at
the European Ice Sheet Modelling Initative (EISMINT)
Workshop on Ice Rheology at Grindelwald, Switzerland,
in 1997 agreed that a laboratory check of this was warranted.
Until now, to our knowledge, no experimental confirmation
of this has been provided and no flow rates for this config-
uration have been measured in the laboratory. We have now
carried out a series of ice-deformation tests at -~ 27C aimed at
measuring these [low rates.

Our creep deformation apparatus (Li Jun and others,
1996) allows us to apply compression or tension, simple shear
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and simultancous combinations of compression (or tension)
and shear. Importantly for this study, it also allows us to test
in one stress configuration, and to follow this with a test on
the same ice sample in another configuration. We can test
samples of different shapes and sizes. Since sample shape is
distorted by deformation to high strains (e.g. an initially cy-
lindrical sample in compression will “barrel”), it is important
also that we can remove a tested sample from the apparatus,
turn it back to its original shape, then reload and retest. Fora
cylindrical sample in compression, the sample can also be
cut in half for thin-section sampling perpendicular to the
compression axis. After thin-section sampling the sample
can be cemented together again by placing a drop of water
between the two halves, then retested. For a rectangular ob-
long sample tested in simple shear, thin-section sampling
through the centre of the sample is usually carried out paral-
lel to the shear direction. Even if the two halves could be
cemented back together, the accuracy of shear-deformation
results parallel to the cut could not be assured.

We began work for this study by carrying out four tests in
compression, on laboratory-prepared
grained isotropic ice samples (Jacka and Lile, 1984). A sum-
mary of all tests carried out is provided inTable |. Two iden-
tical tests were carried out in
compression under an octahedral (root mean square of prin-

uniaxial small-

unconfined vertical
cipal deviator tensors) stress of 0.2 MPa, on cylindrical
samples (30 mm long in the vertical; 254 mm diameter) to
15% octahedral strain. One of these samples was then re-
moved from the apparatus for thin-section analysis, while
the other was left in the apparatus for testing in simple shear.
The crystal-orientation fabric resulting from the compres-
sion was a small-circle girdle with symmetry axis parallel to
the compression direction and a median ¢-axis angle to the
vertical of 38", Another two identical compression tests were
performed on rectangular oblong samples (140 mm x
15mm x 25 mm) at 0.3 MPa octahedral, to 15% octahedral
strain. Again, at the conclusion of these tests, one sample was
removed for thin-section analysis, while the other was left in
the apparatus for testing in simple shear. Vertical compres-
sion perpendicular to the long dimension of a rectangular
oblong sample generates deformation outwards, i.c. in the
two horizontal directions. For a sample significantly longer
than it is wide, the horizontal deformation is primarily in
the short dimension; deformation in the long dimension is
relatively small. That is, the deformation is largely confined
to two dimensions (Li Jun and others, 1996). The resulting
crystal fabric indicated a two-maxima pattern with a med-
ian c-axis angle to the vertical of 41°. We assume that the
crystal-fabric patterns from the measured samples are the
same as those of their identical tests described above.

The two samples remaining in the deformation appara-
tus were next tested in simple shear in the horizontal plane
at the same temperature (—2°C) and at the same octahedral
stresses (0.2 MPa for the small-circle fabric sample; 0.3 MPa
for the two-maxima sample: tests B in Figs | and 2, respec-
tively). For each of these stresses for comparison purposes,
we also shear-tested a new laboratory-prepared isotropic
sample of the same shape and size (tests A in Figs 1 and 2).
Lor the rectangular oblong samples, yet another test was in-
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Table 1. Summary of tests described

Li and Jacka: Correspondence

Minimum strain rale
{ vetahedral )

Initial crystal-fabric
pattern, ¢ 2

Stress configuration, €

Enhancement over
manimum isotropic

Final strain rate Enhancement over Comment

(octahedral )

Final erystal-fabri

mintmun isolropic pattern, 2

Temperature ~2°C; stress 0.2 MPa octahedral; cvlindrical samples; Fig. 1

Isot ropic, 37 Compression, 15%

Small circle, 38

Isotropic, 57 Compression, 15% Small circle™ ™ Retested
Small circle™ Shear, 30% 20 x 107! 25 58 %107 ¢! 7.3 Single pole, 52 Test B
Isotropic, 57 Shear, 30% 80 5 10%s " 10 50 107" s 6.3 Single pole, 35 lest A
Temperature ~ 2°C; stress 0.3 MPa octahedral; rectangular oblong samples; Fig. 2

Lsotropic, 61 Compression, 13% Two-maxima

Lsotropic, 61 Compression, 15% Two-maxima 41" Retested
Two-maxima’, 417 Shear, 30% 355 x 107s" 23 162 x 10 %! 10.5 Single pole, 31 Test B
[sotropic, 61 Shear, 30% 154 x 10 7s ! 1.0 162 x 10°%5 10.5 Single pole, 200 “lest A
Isotropic, 61 Shear, 30% Single pole”, 200 Retested
Singlepole”, 200 Shear, 30% 100 % 10 s ! 6.5 G (L 114 Single pole, 177 “Test C©

@12 is the median erystal c-axis angle to the vertical. ¢ is total strain attained by the test. Asterisks indicate that the final erystal-fabric pattern is assumed on
the basis of the identical test listed immediately above. Each of the samples marked with an asterisk was retested as shown in the row immediately below.

cluded. A sample (initially isotropic and of the same shape
and size as the others) which had previously heen deformed
in shear at 0.3 MPa to 30% octahedral was removed from
the apparatus, recut to its initial shape, then returned to
the apparatus for retesting (test C in Fig, 2). The initial erys-
tal structure for this test is assumed the same as the final
crystal structure of test A.

Results of the shear tests are summarized (plots of octa-
hedral strain rate as a function of strain) in Figure 1 (the
cylindrical samples at 0.2 MPa) and Figure 2 (the rectangu-
lar oblong samples at 0.3 MPa), along with crystal-orienta-
tion fabric diagrams plotted belore (i.e. from the identical
samples as described above) and after each test. The strain
rate for the initially isotropic samples (tests A in both Fig-
ures | and 2) decreased to a minimum, then increased with
strain Lo a steady-state tertiary value a factor of ~10 greater
than the minimum. Previous studies in compression ( Jacka
and Maccagnan, 1984) and shear (Gao, 1992) have shown
for an initially isotropic sample that the ice is still isotropic
at minimum strain rate and that crystal anisotropy then de-
velops during the accelerating stage of the creep curve (i.e.
between the isotropic minimum and the tertiary strain
rates). This minimum isotropic strain rate is the value
against which other strain rates may be rated as casy glide
or hard glide. The crystal fabries at the conclusion of these
tests indicated development of a single maximum pattern,
compatible with easy glide in simple shear. Note, however,
that these single maximum patterns are slightly elongated
perpendicular to the shear direction. This has resulted from
the sample geometry, which allows some deformation per-
pendicular to the shear direction. We suggest that in a much
larger (wider) sample, this effect would be evident only near
the edges of the sample. In an infinitely large sample (e.g. a
polar ice mass with no transverse strain) this effect is elimi-
nated. For test B of Figure 2, notice also from the c-axis pat-
tern some remnant evidence of the initial fabric,

Test C of Figure 2 shows strain rates decreasing
(recovery of the anelastic component of the creep) to a
minimum value a factor of 6.5 greater than the minimum
isotropic strain rate. This is a factor of <2 less than the
steady-state strain rate which is very similar to that ulti-
mately attained by test A. This result is expected since the
initial erystal fabric for test C was close to (but not quite)
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Fig. 1. Creep curves for deformation lests on cylindrical
samples in simple shear at —2°C and 0.2 MPa. Samples were
tnitially isotropic ( test A ), and exhibiting a small-cirele crys-
tal-fabric pattern ( test B ). Also shown are the Schmidt equal-
area c-axis fabric diagrams al the start (left) and conclusion
(right) of the tests. For the fabric diagrams, the shear dirvec-
ton is to the right.

the steady-state fabric for this stress configuration. 1f the
initial fabric had been developed a little further (i.c. a few
more per cent strain in the initial test), we suggest that there
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Fig. 2. Creep curves for deformation lests on reclangular oblong
samples in simple shear at —=2° C and 0.5 MPa. Samples were
inttially tsotropie (lest A ), exhibiting a lwo-maxima crystal-
Jfabric pattern ( test B), and exhibiting a single-pole crystal-
Jabric pattern (test C). Also shown are the Schmidl equal-
area c-axis fabric diagrams at the start (left) and conclusion
(right) of the tests. For the fabric diagrams, the shear direc-
tion is to the right, and for the initial sample of test B, the
sample length was aligned left to right during the compression
lesl.

would have been no minimum strain rate: the creep curve
would have approached directly to the steady-state strain-
rate value. The crystal-fabric pattern at the conclusion of this
test was similar to but slightly stronger (the median c-axis
angle to the vertical changes from 20° to 177) than the initial
pattern,

Tests B (horizontal shear on the ice with vertical com-
pression fabrics) show strain rates decreasing to a minimum
value, then increasing with strain, again to a steady-state
value similar to that in the other tests. The minimum strain
rate is (for both cases) a factor of ~2.5 greater than the iso-
tropic minimum strain rate; i.c shear of ice exhibiting a
small-circle girdle or a two-maxima fabric pattern, in the
direction perpendicular to the symmetry axis of the fabric,
generates easy glide with a strain rate a factor of ~2.5 great-
er than the minimum isotropic strain rate. With increasing
strain, the strain rate increases to a tertiary rate similar to
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those for the other shear tests. The crystal fabric at the con-
clusion of this test, again, is similar to the fabric at the con-
clusion of the other two tests.

CONCLUSION

Vertical compression fabrics after large strain tend to have a
degree of concentration of ¢ axes towards the vertical char-
acterized by (1) in unconfined compression, at higher stres-
ses and temperatures leading to recrystallization, a small-
circle girdle pattern with median angle to the vertical of
~25" 10 407; (2) in compression confined in the line of flow,
again at higher temperatures and stresses leading to recrys-
tallization, a two-maxima pattern with similar median
angle; or (3) a girdle-like rotation [abric generated at lower
stresses and temperatures than required for formation of a
true girdle.

The horizontal shear rates of samples with vertical com-
pression fabrics exhibit flow enhancements of ~2.5 relative
to the minimum strain rates for isotropic ice. With increas-
ing shear strain the enhancement increases to ~10 with the
development of a strong single maximum fabric. These fab-
ric and strain-rate developments are similar to those occur-
ring in ice sheets from vertical compression near the surface
to high shear with increasing depth
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SIR,
Technique for improving core quality in intermediate-depth ice drilling

One of the factors that determine the quality of palaeoenvi-
ronmental records obtained by the analysis of ice cores is the
quality of the ice core itself. Broken or cracked cores are dif-
ficult to sample even for simple measurements and can be
unusable for contamination-sensitive studies such as
trapped-air and trace metals. Core quality in intermediate-
depth dry-hole drilling is discussed by Gillet and others
(1984), Schwander and Rufli (1994) and Shoji (1994).

In the course of dry-hole mechanical drilling a 270 m
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