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Fabrics in Polar Ice Sheets: Development and

Prediction

RicHARD B. ALLEY

Fabrics in polar ice sheets provide a record of deformational history and control the
viscosity of ice during further deformation; they affect geophysical sensing of ice sheets
and provide an accessible analogue to fabric development during deformation of other
geological and engineering materials. A new synthesis of experimental and theoretical
results shows that c-axis fabrics are quantitatively related to cumulative strain and
stress state in ice sheets for the full range of likely flow patterns. Basal shear, divergent
flow, and parallel flow cause ¢ axes to rotate toward the vertical axis, whereas
convergent flow causes ¢ axes to rotate toward a vertical plane transverse to flow.

T HE VISCOSITY OF AN ICE CRYSTAL IS
more than an order of magnitude
less parallel to its basal plane than
perpendicular to it (1, 2), and this anisotro-
py causes ¢ axes in ice crystalline aggregates
to rotate during deformation. Such c-axis
fabrics record the deformational history of
ice and affect the rate of further deforma-
tion. I combine computer simulations with
recent observations to develop a unified
hypothesis that predicts the distribution of
different c-axis fabrics in polar ice sheets.

Ice grains that are constrained laterally by
adjacent grains in a polycrystalline aggregate
deform by basal glide coupled with ¢-axis
rotation toward compressional axes and
away from tensional axes (3). Diffusion,
grain-boundary sliding, or dislocation climb
or glide on prismatic planes (2) accommo-
date incompatible deformations between
grains.

The longitudinal strain, &g, in a grain with
its ¢ axis at angle ¢ to the axis for uniaxial
compression (4) or tension is proportional
to the geometric factor (the Schmid factor,
§) in the resolved shear stress across its basal
plane such that (3)

S = cosdsind

In uniaxial compression (4), strain of a grain
with its ¢ axis at angle ¢ causes rotation to
angle ¢; such that (3)

sing; = (1 + g;)sind

For uniaxial tension (4), this becomes (5)

cosd; = (1 + &) cosd

Pure shear (¢) is the superposition of uniaxi-
al compression and equal uniaxial tension
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along orthogonal axes. These relations, plus
the requirement that e; averaged over all
grains in a polycrystalline aggregate equals
the bulk strain (3, 5), allow numerical simu-
lation of fabric development through c-axis
rotation under a constant stress state (Fig.
1). The change in ¢ for an incremental bulk
strain, Ae, is

Ad = Aesin’¢/S
in uniaxial compression and
Ad = Aecos’d/(S + SAe)

in uniaxial feilsion, for ¢ between 0° and 90°
and where § is the average of S over all

Fig. 1. Simulated c-axis A
fabric  diagrams on
Schmidt nets. Two hun-
dred points were gener-
ated and contoured (31)
at9, 7,5, 3, and 1% per
1% area of the projec-
tion; (+) indicates the
vertical (¢ = 0), and the
dashed line marks the
cone containing 90% of
¢ axes. Hachures are to-
ward decreasing density.
Horizontal  tensional
axes are shown by ar-
rows. (A) Randomly
generated  distribution;
90% cone is centered on
the vertical; (B) to (D)
show deformation of
(A) to octahedral shear
strain ¥ = 1 (32) under
various stress states; (B)
distribution after 50%
vertical uniaxial com-
pression (unit length to
length 0.5); (C) distri-
bution after pure shear
deformation with 45%
vertical compression and

grains. For a given bulk strain, grains that
have their ¢ axes close to the compressional
axis rotate less than grains that have ¢ axes at
higher angles. This difference in rotation
rate causes development of small-circle gir-
dles at intermediate strains (Fig. 1).

The parameter § is the geometric softness
of ice to uniaxial deformation (5); it varies
with total strain (Fig. 2). Ice softens at small
strains in uniaxial compression (Fig. 2A)
because the median value of ¢, &, in a
uniform distribution of ice crystals is 60°,
and ¢ initially decreases toward the position
of maximum resolved shear stress at ¢ equal
to 45°. Ice hardens gradually at large strains
as ¢ becomes less than 45° (5, 6); strain in
excess of 100% is required to halve § (Fig. 2).

Simple shear, such as the basal shear in ice
sheets, combines pure shear (Fig. 1C) with
coplanar rigid-body rotation. It causes ¢ axes
to rotate toward ¢ equals 45°, where ¢ is
measured from the compressive axis in the
direction of rigid-body rotation. Thus ¢ axes
tend to cluster toward the vertical in ice-
sheet basal shear. Ice in simple shear softens
with increasing strain for all strains because
the limiting position for rotation also is the
position of maximum S. In addition, in this
limiting position the slip vectors are nearly
parallel, so that the ice at high strains be-
haves somewhat like a monocrystal. In con-
trast, for the case of only normal stresses (7),
basal planes become nearly parallel but the
slip vectors have random azimuths, and the
slip of any grain is constrained by neighbor-

85% longitudinal extension (unit length by unit length to lengths 0.55 by 1.85); (D) distribution after
100% longitudinal uniaxial extension (unit length to length 2); the dashed line marks the cone
containing 10% (excluding 90%) of the ¢ axes centered on the tensional axis.
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Fig. 2. Simulated evolution of geometric softness, S = cosdsind, and cone half-angles, ¢, for stress
states in Fig. 1; (A) evolution in uniaxial tension and compression, plotted against the octahedral shear
strain, Yo (32), and the length along the unique stress axis for a sample that was initially a unit cube. ¢10
and &g are the half-angles of the cones that are centered on the unique axis and contain 10% and 90%
of the ¢ axes, respectively; (B) evolution in pure shear, computed by superposing uniaxial compression
and equal uniaxial tension on orthogonal axes. €; and £, are lengths along the compressional and
tensional axes, respectively, for a sample that was initially a unit cube. Sc and St are softnesses to the

compression and tension, respectively, and dgg

and g, are the maximum and minimum angles from

. . o oma .
the compressional axis to the surface that initially was the cone that was centered on the compression

axis and contained 90% of the ¢ axes.

ing grains. Ice in simple shear thus is softer
than ice under only normal stresses for any
given S by approximately an order of magni-
tude (6).

Grain rotation will dominate fabric devel-
opment until sufficient strain energy is
stored to cause recrystallization, the nucle-
ation and growth of new, strain-free grains
(8). Recrystallization leads to development
of a distinctive texture of large, interpene-
trating grains (9) and of a distinctive fabric
in which ¢ axes and & axes cluster into
multiple maxima (10). Because deformation
does not cause a axes to cluster (1), crystallo-
graphic control of a-axis fabrics during re-
crystallization, possibly by twinning, is a
likely mechanism (10). New grains nucleate
with their basal planes near positions of
maximum resolved shear stress and then
rotate as described above until consumed by
newer, less-strained grains (11, 12). A re-
crystallization fabric resembles the rotation
fabric formed under the same stress orienta-
ton, but ¢ axes in recrystallization fabrics
generally form multiple maxima and do not
occur near (within 5° to 10° of) the limiting
position for ¢-axis rotation.

Recrystallization is favored by high tem-
perature, large total strain, and high stress
(I3, 14). Recrystallization is more rapid
under normal stresses than under simple
shear because the incompatibility of defor-
mation between adjacent grains and the
hardening of ice with increasing strain under
normal stresses cause large amounts of strain
energy to be stored.
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Observations of fabrics in ice sheets are
readily interpreted by the use of this model.
Cold (=—10°C) regions of ice sheets that
are dominated by normal stresses (typically
the upper half of ice sheets, where longitudi-
nal extension and vertical compression com-
monly occur) and with relatively low strain
rates (<107* year™!) should experience pro-
gressive rotation of ¢ axes without signifi-
cant recrystallization. At Dome C (15) and
Byrd Station (9), Antarctica, and Camp
Century (16) and Dye 3 (17, 18), Green-
land, and other sites, ¢ axes are observed to
cluster about the vertical. These sites are
characterized by divergent flow (transverse
extension equals uniaxial vertical compres-
sion, Fig. 1B) or parallel flow (transversely
neutral, pure shear, Fig. 1C) (19).

In cases of parallel flow, for example at
Byrd Station and Dye 3, the cluster of ¢ axes
plotted on an equal-area net appears ellipti-
cal rather than circular, much like Fig. 1C
(20). Local maxima within the overall clus-
ter are observed in fabric diagrams from
these sites, but these maxima have less than
5% of ¢ axes per 1% area and may not be
statistically significant (13). Development of
these weak multiple maxima is accompanied
by a cessation of increase in the average
grain size (9, 18). It is possible that this
cessation of grain growth marks the onset of
slow dynamic recrystallization, and that con-
tinued growth among existing grains is bal-
anced by nucleation of new grains at sites
with high stored strain energy. Crystallo-
graphic control of the new nuclei thus might

explain the observed multiple maxima. The
weakness of these multiple maxima and the
continued tightening of ¢-axis fabrics with
depth show that rotation is dominant over
recrystallization in this region (21).

At Mizuho (5) and Vostok (6, 22) sta-
tions, Antarctica, ¢ axes cluster about a
vertical plane that is transverse to flow at
Mizuho and suspected to be transverse at
Vostok. Available data indicate that the flow
leading to each site is characterized by lateral
and vertical convergence of similar magni-
tude (uniaxial longitudinal extension, Fig.
1D) (23).

Thus, in the upper regions of ice sheets
where normal stresses dominate and flow is
longitudinally extensional and vertically
compressional, transversely divergent flow
causes symmetric rotation of ¢ axes toward
the vertical; transversely neutral flow (two-
dimensional flow) causes rotation toward
the vertical but also causes a transverse
elongation of the distribution; and trans-
versely convergent flow causes rotation to-
ward a transverse vertical plane. Because the
distribution of ¢ axes is essentially uniform at
10-m depth in ice sheets (9), the tightness
and shape of a ¢-axis distribution measured
on an ice core taken from ice that has been
deformed predominantly by grain rotation
give a quantitative estimate of the cumula-
tive strain, stress state, and softness of the
sample (Fig. 2) (3, 5, 6).

Near the glacier bed, where basal shear
stress is larger than the normal stress, a
strong single-maximum fabric develops that
has 90% of the ¢ axes within about 30° of
the vertical and with more than 25% of the ¢
axes per 1% area within about 5° of vertical
9, 17, 18). This single-maximum fabric

‘occurs in fine-grained ice that exhibits undu-

lose extinction and kink banding (9) but no
clustering of # axes (10). The tight cluster-
ing of ¢ axes near the vertical rather than
near 45° from the vertical, where recrystalli-
zation nuclei would form (11, 12), shows
that rotation is dominant over recrystalliza-
tion, even though strain rates can be as large
as 107! year™! (24); lack of clustering of #
axes also implies that rapid recrystallization
does not occur in this region (10).

At greater depths in the ice sheets at Byrd
Station (9) and Law Dome (25), Antarctica,
c-axis fabrics change from single-maximum
fabrics to small-circle girdle fabrics with
multiple maxima that are centered about 25°
to 30° from the vertical. Most (90%) of the ¢
axes fall within about 45° to 50° of the
vertical, and concentrations are less than 1%
per 1% area within about 5° of vertical. Ice
in this region is coarse grained, shows little
undulose extinction or other optical evi-
dence of lattice strain (9), and exhibits a-axis
clustering (10). This fabric develops
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through recrystallization, probably in re-
sponse to the combined influence of high
temperatures (=—10°C) and high strain
rates (13); fluctuations in magnitude or
orientation of stresses also may help form
this fabric (25). High strain rates and fluctu-
ating stresses characterize the base of the
Greenland ice sheet at Camp Century and
Dye 3, but temperatures are less than
—13°C and a single-maximum fabric is de-
veloped (16-18, 24, 26). Recrystallization
under strong basal shear thus seems to re-
quire high temperatures. The importance of
fluctuating stresses is still uncertain.

A multiple-maximum recrystallization
fabric is developed on ice shelves (11, 27); ¢-
axis concentrations are greater than 10% per
1% area at temperatures less than —20°C at
shallow depth, and concentrations strength-
en with increasing temperature and strain at
greater depth (27). Ice shelves are dominat-
ed by normal stresses, and strain rates are
greater than ~107? year™!. Comparison to
inland regions shows that strain rates must
be greater than ~1073 year™ to cause rapid
recrystallization under normal stresses at
temperatures less than ~—10°C, but that
strain rates greater than ~107! year™! and
temperatures greater than ~—10°C are nec-
essary for recrystallization under simple
shear.

The textures, temperatures, and strain
rates in ice shelves with multiple-maximum
fabrics are similar to those at the UpB camp
on ice stream B, Antarctica (28, 29). This
suggests that recrystallization also domi-
nates at UpB. Strain at UpB is longitudinal-
ly extensional and vertically and transversely
compressional (29); therefore, my model
predicts that a fabric similar to that of Fig.
1D but with local concentrations arising
from recrystallization should occur. Prelimi-
nary seismic results from ice stream B indi-
cate that ¢ axes do cluster near a transverse
vertical plane (30), as predicted.

A complex strain history commonly leads
to a complex fabric. Strains in excess of
100% may be required to remove evidence
of a previous fabric by way of grain rotation;
however, recrystallization will reduce the
strain that is needed to generate a new fabric

)
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Superconducting and Magnetic Behavior in

La2_ NaxCuO4

M. A. SUBRAMANIAN, J. GOPALAKRISHNAN, C. C. TORARDI,
T. R. Askew, R. B. FLIPPEN, A. W. SLEIGHT, J. J. LIN, S. J. PoON

New phases of the type La,_,Al*CuO,_, have been prepared where A!* is sodium or
potassium. The sodium phases are superconducting for x values from 0.2 to 0.5 at
temperatures up to about 40 K. In addition, there are unusual magnetic properties
below about 10 K that may be indicative of spin glass behavior. Phases of the type
La;_,K;CuOj4-, could only be prepared with x values up to about 0.1, and these phases

are not superconducting above 4.2 K.

OLLOWING THE DISCOVERY OF
high-temperature  superconductivity

in the La-Ba-Cu-O system by Bed-

norz and Miiller (1), it has been shown
that alkaline-earth metal substitution in
La,CuO,, Lay—,A,CuO,4 where A is calci-
um, strontium, or barium, gives rise to
superconductivity in this system in the 20 to
40 K range (2). One of us (3) has argued
that superconductivity in this system is
closely related to the strong electropositive
character of A atoms that can stabilize Cu™
, and render the Cu~O bonds more covalent.

This hypothesis is further strengthened by
the observation that substitution of Pb" and
Cd" in La,CuO,4 does not give rise to
superconductivity (4). Accordingly, we have
studied the substitution of strongly electro-
positive alkali metal cations into La,CuQOj.
Prior attempts (5) to substitute potassium in
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