unknown) normal variations in tissue
density need to be determined. Al-
though the pictures already taken show
that useful data can be obtained with
water immersion, more work needs to
be done on the effectiveness of water or
other suitable liquids used to compensate
for variations in body thickness. Never-
theless, it is clear that heavy particle
beams probably represent the most sen-
sitive tool presently available for the
measurement of internal density distri-
butions of objects. Indeed, the tech-
nique is general and is applicable in
areas other than medicine.
E. V. BENTON
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State of Equilibrium of the West Antarctic Inland Ice Sheet

Abstract. Data from a traverse connecting Byrd Station, Antarctica, with the
local ice divide allow calculation of the mean volume flux at points along the
traverse. This is compared with current rates of surface accretion upstream from
each point. Near the ice divide the ice sheet seems to be in equilibrium, but near
Byrd Station the volume flux is in excess of that needed for ice sheet equilibrium
by at least 15 percent. The discrepancy may exist because the traverse does not
follow the ice flow exactly or because ice flow at depth is very complex. Although
neither of the foregoing possibilities can be disproved, it seems most likely that
the discrepancy is due to ice sheet thinning, as has previously been suggested by
work on oxygen isotope ratios and temperature in the boreholes at Byrd Station.
This thinning probably started at the end of the Wisconsin/Wiirm glaciation.

Causes for the thinning are discussed.

The large Antarctic inland ice sheets
have very low rates of movement and
surface accretion which makes them
very sluggish in response to climatic
change. Measurements in central West
Antarctica (Fig. 1) suggest that the
ice sheet regime is not in equilibrium
with the present climate, and that the
ice sheet is thinning and that it is, at
least in part, a relic of a former climate,
probably that of the Wisconsin/Wiirm
glaciation.

Surface mass balance, strain rates,
and ice thicknesses have been obtained
along a traverse upstream from Byrd
Station, Antarctica (/). The traverse
crosses the ice divide, and, by a process
of successively adding balances and
correcting for strains, it has been possi-
ble to calculate the equilibrium condi-
tion of this portion of the ice sheet.

Consider a small prism of ice (Fig.
2) bounded on two faces by flow lines
and on two other faces by the top and
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bottom surfaces of the ice sheet. If the
strain rate (measured only at the sur-
face) does not vary with depth, equi-
librium requires that, at a distance x
from the ice divide

Q¢+Aw }—l_:z.+Aa: WaiAz =
Q:haWa 4+ Yo (be 4 bp) (Wo + Waiaz) Ax
1
where Q, is the equilibrium velocity at
x or the mean velocity with depth
needed for ice sheet equilibrium; Ax is
the length of the prism; 4, is the mean
ice thickness at x, taken to be constant
in time; w, is the spacing between flow
lines at x; and b, and b, are the top
surface and bottom balances, respec-
tively.

For an ice sheet in perfect equilibri-
um, the amount of ice moving through
a section is equal to the amount of
snow accumulation upstream from the
section plus or minus the amount of
basal freezing or melting. All these

quantities are expressed in equivalent
volumes of ice. The volume flux density
then has the units of a velocity (cubic
meters per square meter per year or
meters per year). This velocity has
been called the “balance velocity” (2)
but, as a reviewer (Dr. C. R. Bentley)
has pointed out, this term is confusing
and so I will use the term “equilibrium
velocity.” The nonequilibrium of the
ice sheet is expressed by any difference
in value between this theoretical equi-
librium velocity, Q, and the actual ve-
locity, V, with the mean taken through
the thickness of the ice sheet. In prin-
ciple, the equilibrium velocity can be
calculated by means of Eq. 1 and other
simple relationships at any distance
from the ice divide, where Q,._, = 0.

The surface velocity, V, is found
from the relative movements of poles
along the traverse and the assumption
that the crest of the ice sheet is also
the ice flow divide. At the crest the
surface slope is zero and there can be
no horizontal gravity force gradients,
and, hence, in the absence of significant
longitudinal stresses or structural asym-
metry, there can be no horizontal mo-
tion. Owing to internal shear, the mea-
sured V is greater than V, and a cor-
rection must be applied.

The traverse, however, does not fol-
low the flow line exactly, and it is neces-
sary to work with components resolved
onto the traverse axis. Let 6 be the
angle between the flow lines and the
traverse axis. Then, with primed quan-
tities being measured with respect to
the traverse axis, the following equali-
ties hold:

Qs = Qs cos 0
x'=xcosé
Ax’ = Ax cos 6

w = w/cos 6

and let

AW = Woraer — W
From Eq. 1
Q' orvan =

O+ (et b (14 % 50 ) o

E¢’+Az’ (1 + Aw )

’
Wiar

where Aw’/w’,,, the transverse strain,
is equal to the transverse strain rate,
é,.,, times the time, ¢, taken to travel
the distance Ax/,
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where V' is the component of the mean
volume flux in the x’ direction. For
simplicity in computation, the surface
velocity component, V’, is used instead
of V7; the error thus introduced is small
and, for example, makes Q' less than
0.4 m year—! (or 4.5 percent) too
large at kilometer 150 of the traverse.

In Fig. 3 I have plotted the equilibri-
um velocity component, Q’, for the
case of zero bottom balance (b, = 0),
using the data from the traverse. Owing
to shear within the ice sheet, V"’ is less
than V’. Surface slopes are about 0.002,
and the ice temperature is about —30°C
for the upper 1000 m of the ice sheet
and increases to the melting point at
the bottom (3). Integration of the
“flow laws” for ice compiled by Budd
(4) for Byrd Station indicates that
about 4 m year—!, or 30 percent, of
the surface velocity is due to shear in
the upper 2000 m of ice (the remainder
being basal sliding and intense shearing
near the base), and V7 is about 0.7 m
year—1 less than V’. At kilometer 150,
V'’ exceeds Q' by 1.3 m year—1, or 15
percent. More ice is leaving the region
upstream from Byrd Station than is
being replaced by snow accumulation.

The comparatively good agreement
in velocity components between the ice
crest and Kkilometer 60 supports the
assumption of no horizontal movement
at the ice crest and indicates that the
ice sheet is more nearly in equilibrium
in this region.

Apparent nonequilibrium can result
from changes in ice flow characteristics
at depth and by advection of ice of
different origin across the traverse. For
example, the increase in the equilibrium
velocity component at kilometer 105,
where the ice sheet thins, is not re-
flected in the surface velocity compo-
nent, and the changes in the velocity
components at kilometer 160 corre-
spond to sudden and large changes in
surface slope and in strain rates. The
importance of these effects in equilibri-
um considerations cannot be properly
evaluated with the available data, but
such phenomena could produce a signi-
ficant portion of the apparent non-
equilibrium.

However, it is most likely that these
effects are not so important, especially
for the upper portion of the traverse.
From the ice crest to kilometer 100,
the ice flow is very nearly parallel to
the traverse axis, and between kilometer
40, where nonequilibrium begins, and
kilometer 100 there are no large bed-
rock irregularities that may cause cross-
traverse ice advection near the bottom.
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The reader can thus place most confi-
dence in the nonequilibrium result at
kilometer 100 (a place where the ice
sheet is even more out of equilibrium
than at kilometer 150). Future field
studies are designed to investigate these
possible effects, but I assume here that
they are not important.

The data used in the calculation are
accurate to within a few percent. The
6-year mean surface balance is very
little different from 2-year means with-

Fig. 2. Oblique view of a
prism of an ice sheet
bounded by the top and
bottom surfaces of the
ice sheet, two flow direc-
tions, and two arbitrary
sections perpendicular to
the flow lines. In this
study each side of the
prism is about 3 km
long. Wide arrows show
schematically the com-
ponents of the continuit
equation (Eq. 1). Nota-
tion is defined in the text.

in that interval, which suggests that the
balances represent present long-term
conditions. The seismic thicknesses have
been adjusted by G. Dewart to agree
with the directly measured thickness in
the Byrd core hole but, because of
higher surface balance and reduced
frictional heat, ice temperatures up the
flow line are probably colder and hence
the mean seismic velocities are faster
than at Byrd Station. The ice depths
upstream are thus probably too small
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Fig. 3. Surface velocity component ¥’ and equilibrium velocity component Q’, com-
pared with the distance from the ice crest x’. The ice thicknesses 4 were obtained by
G. Dewart. “New” Byrd Station is at kilometer 163.
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Fig. 4. Oblique view of
a portion of an ice shee
bounded by the top and
bottom surfaces, two flow
lines, a section under the

Ice divide

ice divide, and an arbi-
trary section perpendicu-
lar to the flow lines. Fig-
ure 1 could represent
the dashed-line portion
of this segment.

and the calculated equilibrium velocities
too fast. Thus, if ice thickness errors
were corrected, the nonequilibrium
would be more than 15 percent.

The bottom balance has been set at
zero in the calculations, and a basal
freezing rate of about 20 mm year—1
would increase the equilibrium velocity
so that it would be equal to the actual
mean velocity. Such a freezing rate on
the bottom would, however, require a
basal temperature gradient four times
steeper than that found in the Byrd
core hole (3). This rate of bottom
freezing would result in a layer of dirty
basal ice much thicker than the 4 to 5
m reported by Gow (5) at Byrd Sta-
tion. The bottom balance must thus be,
at most, close to zero.

The nonequilibrium implies that the
ice shect is thinning, contrary to the
results of Giovinetto (6). Three lines of
evidence support the idea that the thin-
ning is occurring in an orderly fashion:
(i) the ice velocity is only 15 percent
more than that needed for equilibrium;
(ii) shear stresses at the base of the ice
sheet are generally greater than 0.25
bar; and (iii) there is no geologic evi-
dence for a recent and sudden ice sheet
advance or for a sudden rise in sea
level. Furthermore, Robin (7) from
the temperature profile and Johnsen
et al. (8) from the oxygen isotope pro-
file at Byrd Station have suggested that
the ice sheet has been thinning for
several thousand years.

An idea of the time involved can be
obtained from a consideration of a
portion of the ice sheet bounded by two
flow lines, the top and bottom surfaces
of the ice sheet, and a section under
the ice divide (Fig. 4). The equilibrium
velocity, @, (calculated above), is the
mean velocity at a distance x from the
ice divide if the ice sheet is in perfect
equilibrium. In that case the volume
flowing through a section at x would
equal the volume being added vertically
in the form of surface mass balance
(neglecting basal balance):

heweQ.=bWwx (2)
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where £, is the mean thickness at x,
w, is the flow line spacing at x, b is the
mean surface mass balance corrected
to the density of ice, and W is the mean
flow-line spacing.

If V, is the actual mean velocity at
x, then the rate of change in elevation
of the surface of the ice sheet, & (posi-
tive for thickening and assumed con-
stant everywhere), is given by:

(3)

Subtracting Eq. 2 from Eq. 3 and ex-
pressing the nonequilibrium in terms
of:

E We Vi = h — ir)W'x

AV =V, — 0.

we have
T we AV = i % x

whose solution is of the form:

he = o €Xp (_ WiAV) t
W x

where h, , is a constant. The time con-
stant for ice sheet thinning (AV > 0)
is:
WX
Wa AV

which for the studied region in upper
Marie Byrd Land, and for AV =13 m
year—1, is 105 years. Thus, at the pres-
ent rate, the ice sheet thins by 1/2.7,
or 40 percent, in 105 years or by 10
percent, or 250 m, in 10¢ years.

This result is in good agreement with
Robin’s (7) temperature profile analysis
and also with the suggestion by Johnsen
et al. (8) of thinning by a few hundred
meters since the last glaciation. This
result does not, however, support the
contention of Wilson (9) or of Hollin
(10) that the ice sheet is now building
up to a surge, or that this portion of
the ice sheet is presently in a surge
condition. Hughes (I1) has suggested
that the ice sheet downstream from
the study area is disintegrating: there
is no evidence here for this, except that
the ice accelerates rapidly at the lower
end of the traverse close to Byrd Sta-
tion (Fig. 3) and this might be the

upper end of the disintegrating portion
of the ice sheet.

The thinning may be due to mechan-
ical or climatic causes. Since the thin-
ning seems to be generally orderly,
catastrophic causes (II, 12) may be
discounted. Most of the ice motion is
due to shear at and near the ice base.
The ice sheet is probably resting on
volcanic rocks (13), and exposed vol-
canic rocks of this geologic province
are hyaloclastic rocks (I4) which have
high water . permeabilities. Perhaps
changes in water pressure at the base
have reduced basal friction and allowed
faster ice motion (I5). Robin et al.
(16) have reported ponded water at
the ice base farther down the flow line
and in the same geologic province.

A possible climatic cause for the
thinning is the surface warming of
~ 1.2 X 10+ years ago (8) and subse-
quent warming of the ice mass. Warm-
ing of the ice mass would reduce the
effective viscosity, enhance the internal
shear, and increase V. However, even
if all of the present-day internal shear
of 0.7 m year—1! is a result of surface
warming, this mechanism cannot ac-
count for the 1.3 m year—! nonequi-
librium.

By computer modeling the ice sheet
Budd et al. (2) have found that the
basal conditions in this rcgion are
marginal between melting and freezing,
and Robin’s (7) calculations indicate
that a surface temperature change 104
years ago could have penetrated to the
base of the ice sheet. This may have
increased the basal sliding velocity and
caused the present nonequilibrium.

Related to this is the possibility of
subglacial volcanism. LeMasurier (14)
has reported subglacially erupted vol-
canic rocks from the Marie Byrd Land
coast that may date from geologically
recent times, and Gow and Williamson
(17) have found ash layers from prob-
ably local eruptions 3 X 10¢ to 1.6 X
10% years ago. Basal heating, especially
of an ice base previously colder than
the melting point, could explain the
computed nonequilibrium. Accounting
for the bottom melting due to such
volcanism would increase the nonequi-
librium figure.

Alternatively, a change in surface
mass balance could cause the non-
equilibrium. Such a change must have
occurred before 1963, when this study
began. The possibility that the balance
since 1963 is abnormally low for
present long-term conditions cannot be
discounted, and long-term balance data
for central Antarctica that are appli-
cable to a large area are not available.
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Small-area balance records (I8, 19)
show year-to-year variations that are
consistent with random local variations
due to chance positions of buried snow
sastrugi and drifts. At “Old Byrd Sta-
tion,” 11 km beyond the southwestern
end of the traverse, Gow (/8) found
no significant net trend in balance since
A.D. 1650, although at the South Pole
Giovinetto and Schwerdtfeger (19)
found that balance increased signifi-
cantly after A.D. 1830. Certainly the
climate must have changed at the end
of the Wisconsin/Wiirm glaciation (8).
A real decrease in balance near Byrd
Station probably implies a change in
the nature and movement of air masses
onto the continent, which in turn may
be due to an increase in the extent of
sea ice (20) some time after the end
of the Wisconsin/Wiirm glaciation. If
the decrease in mass balance was as-
sociated with a major change in the
temperature of the air over the surface
of the ice sheet, then from the oxygen
isotope record of Johnsen et al. (8) the
nonequilibrium must originate in the
end of the Wisconsin/Wiirm glacia-
tion.

Changes in the form of the West Ant-
arctic ice sheet will have important
effects on sea level and on the East
Antarctic ice sheet. A drop in ice level
may allow more ice to exit from East
Antarctica through the bedrock trough
west of the Pensacola Mountains (6).
The present nonequilibrium, if appli-
cable to all of West Antarctica, would
raise sea level by 6 mm per century,
a figure very much smaller than the ob-
served rate of sea level rise of 120 mm
per century (21).

Several factors could have caused
the nonequilibrium, and it is not pos-
sible to discriminate between these
factors on the basis of the present data.
This result cannot be automatically ap-
plied to other ice sheet drainage sys-
tems, especially in view of the reported
(22) thickening in central Greenland
and the reported (23) thinning in
northern Greenland.

IAN M. WHILLANS
Institute of Polar Studies,
Ohio State University,
Columbus 43210
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Glacial-Postglacial Temperature Difference Deduced from
Aspartic Acid Racemization in Fossil Bones

Abstract. The magnitude of the temperature increase that occurred in conti-

nental regions following the termination of the last glaciation has been determined
from the degree of racemization of aspartic acid in fossil bones of known age.
The results indicate an increase of 4°C for the Mediterranean coast and 5° to

6°C for East Africa. These estimates are believed to be reliable within 1°C.

The two methods generally used to
estimate the climatic changes that oc-
curred on the earth during glacial
cycles are determination of 180/16Q
ratios in calcareous fossils and analysis
of pollen and faunal distributions. How-
ever, because these methods reflect the
influence of a number of factors, the
absolute magnitude of the temperature
difference in various regions between
Pleistocene glacial and interglacial
cycles cannot be unequivocally ascer-
tained in most cases. Both temperature
fluctuations and isotopic changes in sea-
water resulting from storage of greater
amounts of isotopically light water in
continental ice sheets during times of
extensive glaciation affect the 180Q/160
ratios found in calcareous fossils (7).
Since both effects are in the same direc-
tion, it is not at present clear what

combination of these factors produced
the observed 180/160 ratios. Pollen (2—4)
and faunal (5) studies provide a general
indication of the types of vegetation
and animals that were present at a par-
ticular time, and therefore suggest what
kind of general climate might have pre-
vailed in the region. However, paleo-
ecological evidence cannot give ac-
curate estimates of prevailing tempera-
tures, but only a general indication of
whether the climate was warmer or
cooler.

Recent studies have shown that the
racemization reaction of amino acids
can be used to estimate paleotempera-
tures (6, 7). Only L-amino acids are
usually found in the proteins of living
organisms, but over long periods of
geological time these L-amino acids
undergo slow racemization, producing

Table 1. Carbon-14 ages (based on collagen fraction), p/L aspartic acid ratios, and average
racemization rate constants (k,s,) in fossil bones. Analyses were carried out on primary
(dense) pieces of bone. Porous bone pieces (such as vertebrae) have a greater surface area
and thus are more likely to be contaminated with amino acids introduced by groundwaters,
and so forth. Indeed, D/L ratios were found to be generally lower in porous pieces.

Radiocarbon Kasp
Location Sample D/L age (105
(years) year-1)
Muleta Cave, Majorca, Spain UCLA 1704C 0.222 8,570 = 350 1.72%
0.206
UCLA 1704D 0.273 16,850 =+ 200 125
UCLA 1704E 0.293 18,980 = 200 1.22
Lukenya Hill, Kenya UCLA 1709C 0.154 2,120 = 60 4.02
UCLA 1709B 0.500 17,700 = 760 2.71
Olduvai Gorge, Tanzania UCLA 1695 0.316 17,550 = 1000 1.48

;This rate constant represents the average value obtained from analyses of two different pieces of
one.
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