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interesting result is that, at least in the upper 25 meters for
which we have reduced data, the normalized grain-size dis-
tribution appears to be nearly stationary. This means that if we
divide the cross-sectional area of each grain in a sample by the
average cross-sectional area in that sample and then plot the
frequency distribution of the result, the shape of that distribu-
tion does not vary significantly between 3-meter and 25-meter
depth.

Analysis of firn and ice in a core from upstream B on the Siple
Coast is providing many insights into the texture and densifica-
tion of firn there. Among the interesting preliminary results are
that low-density firn exhibits a pronounced vertical fabric with
low average coordination number of grains, and that grain-
boundary sliding plays an important role in the densification of
such firn.

Our goal is to characterize better the texture of firn and
shallow ice and to understand the processes that cause the
transformation of firn to ice. To this end, coring was conducted
to 104-meter depth at upstream B by J . Litwak, W. Boller, and K.
Kuivinen of the Polar Ice Coring Office, Lincoln, Nebraska.
Core recovery was nearly 100 percent, and core quality was
excellent. While in the field, R.B. Alley measured densities of
firn and prepared and photographed thin sections of firn and
ice. These field measurements now must form the basis for all of
our textural studies, because the core underwent partial melting
during shipment.

The upstream B site has a temperature of - 26.4°C at a depth
of 10 meters (Shabtaie personal communication) and mean an-
nual accumulation of about 10 centimeters of ice per year
(Whillans personal communication). Although stratification is
evident in the firn, there is no visible indication of annual
layering. Ice lenses up to 2 centimeters thick occur sporadically
in the upper 20 meters but total less than 1 percent of the core.
Density increases rapidly with depth (figure 1). Although a few
pores become isolated from the free atmosphere in the upper 5
meters, most pores close near 35-meter depth.

Most grains in the firn are simply convex, but in ice some
grains grow rapidly and assume complex shapes. With increas-
ing depth, grains in ice develop strain shadows and a shape
fabric in which long axes of grains are parallel and horizontal.
\lso with increasing depth, bubbles become progressively

elongated (the ratio of length to width can be as high as 10 to 1)
4nd oriented parallel to the grain fabric. The development of
train shadows and shape fabrics of grains and bubbles as
hallow as 40-meter depth attests to the rapid strain rates in the

i4e stream.
Textural quantities that we determine from thin sections in-

4ude grain size and its distribution, bond size, the areas of ice-
ar and ice-ice surface per unit volume, grain sphericity, and
three-dimensional coordination number. Methods for most of
these measurements are summarized in Alley, Boizan, and
Whillans (1982) and Underwood (1970), although we have de-
veloped a new technique, which will be described in a future
paper, for determining coordination numbers. Data were col-
lected using a microcomputer-based image-analysis system
(Bioquant II, R and M Biometrics Corp.).

One of the important results of our analyses is that reported
grain size is strongly dependent on the measurement method
used; thus, to be meaningful, any report of grain size must be
accompanied by a description of the4 method used. Another
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Figure 1. Density versus depth for f irn from upstream B. ("g cm "
denotes "grams per cubic centimeter:' "m" denotes "meter:')

Firn above 10-meter depth shows a strong vertical shape
fabric (figure 2), which probably is caused by vapor transport
driven by temperature gradients; texture in deeper firn is iso-
tropic. The texture in shallow firn also is quite complicated—
some areas are essentially fully consolidated ice with closed
pores, whereas adjacent areas are highly porous firn. Simplistic
geometric models of firn thus cannot represent firn texture and
properties accurately. Three-dimensional coordination num-
bers in shallow firn are low (figure 3), so that movement of
grains relative to each other can lead to densification. Well-
developed bonds are observed between grains and preclude
rearrangement by breakage; thus, grain rearrangement proba-
bly occurs by sliding along grain boundaries. Preliminary
model calculations indicate that observed densification rates are
possible only if such grain-boundary sliding occurs. Rearrange-
ment by grain-boundary sliding probably plays an important
role in destruction of the vertical shape fabric with increasing
depth.

Further empirical and model studies should clarify many of
these preliminary results, and may yield new insights. We
anticipate gaining a significantly clearer understanding of the
nature of firn and how it changes.
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Figure 2. Tracings of sections of typical firn from 6-meter depth at
upstream B. Pore spaces are black, ice is white, and grain bonds are
single black lines. A. Section cut vertically. Up is indicated by the
arrow. B. Section cut horizontally and viewed from above. ("cm"
denotes "centimeter.")
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Figure 3. Three-dimensional coordination number versus density
for firn from upstream B. Horizontal line segments connect apparent
coordination numbers from horizontal and vertical sections, which
were determined for all anisotropic samples; true coordination num-
bers lie on the line segments. Apparent coordination number I
larger on the section cut vertically in every case. Single point
represent isotropic firn, which occurs below 10-meter depth. Opefl
triangles indicate estimated values. ("g cm " denotes "grams per
cubic centimeter:')

Land-ice/sea-ice transition in Ross Ice
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In previous issues, we reported on the oxygen isotope profile
through the Ross Ice Shelf, Antarctica, near J-9 near (82'21'S
160°42'W) and on the short-term fluctuations in oxygen isotopic
composition in this core (Grootes and Stuiver 1982, 1983). Re-

cently, samples were obtained from the bottom part of the J-9 ic
core, including the sea ice, through the courtesy of A.J. Gow
the Cold Regions Research and Engineering Laboratory
(CRREL). The samples had been used for ice-structure studie,
and part of the remaining material was used for the oxygn
isotope study. A total of 31 core segments, varying in lengh
from 7 to 23 centimeters and covering the bottom 7.03 meters
the J-9 core, was available. Thirteen ice samples had been cut
perpendicular to the core axis and used for crystal structure
analysis. This resulted in 13 3-centimeter gaps in the oxygen
isotope record. No samples had been taken for ice-structure
study from six larger intervals. A study of oceanic inclusions in
this same core section is reported in this issue by Zotikov and
Jacobs (Antarctic Journal, this issue).

The core segments were split perpendicular to the axis into
samples of 5 to 10 grams, the samples were melted, then 5-
milliliter liquid samples were immediately loaded into the Mi-
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