Analysis of refracted wave velocities has yielded a
temperature coefficient of P-wave velocity, 2.3 rn/sec
°C., in exact agreement with Robin's laboratory determination', and a relationship between P-wave
time intercept and accumulation rates which might
provide a more accurate determination of long-term
mean accumulation rates than observations in shallow
pits.
Data from three traverses in Queen Maud Land
have provided ice-thickness and surface-elevation
data, as well as some information concerning the
subglacial terrain. A large ice stream flows from the
center of the ice sheet toward Recovery Glacier.
Using detailed electromagnetic sounding data, it was
found that much of the ice-surface topography is related to the subglacial relief in accordance with the
mechanism described by Robin, 2 wherein the effects
of longitudinal strcss variations are taken into account.
The subglacial surface, with a total relief of about
2.5 km, displays a strong, roughly north-south grain,
and is dominated by a large high at about 30°E. and
a valley below sea level to the west. Magnetic measurements suggest that the rock beneath the ice is part
of a crystalline complex. The ice sheet and subglacial
relief together were found to be in isostatic equilibrium throughout most of the area.
Several measurements of electromagnetic wave velocity in the ice of Queen Maud Land have been
made by means of wide-angle reflection profiling
and comparison of electromagnetic and seismic echo
times. The mean velocity has been found to be 171 ±
2 m/ssec, corresponding, for a temperature of
—10°C., to a dielectric constant of 3.08 ± 0.06. This
value agrees with some field measurements made elsewhere on polar ice, but is significantly different from
some others. Echo-time comparisons indicated that a
major portion of the ice sheet is strongly anisotropic.
The existence and horizontal continuity over at least a
few hundred meters of 15 or more internal reflectors
at depths between 250 and 1,250 m has been confirmed.
Further analysis of the sinking rate of South Pole
Station has resulted in a quantitative model which is
in satisfactory agreement with the observed secular
gravity increase and topographic profiles.
Mathematical analysis leading to formal expressions
for vertical and horizontal elastic displacement due to
an impulsive point source in the upper, inhomogeneous part of the ice sheet has been completed. Although different wave fronts cannot be separated analytically, synthetic seismograms have been produced
'Robin, G. de Q . 1959. Seismic Shooting and Related Investigations. Norwegian-British-Swedish Antarctic Expedition, 1949-1952. Scientific Results V, Glaciology III.
2
Robin, G. de Q . 1967. Surface topography of ice sheets.
Nature, 215: 1029-1032.
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by numerical solution. Comparison of computed and
observed Rayleigh-wave dispersion suggests anisotropy
of 8-10 percent in the upper firn layers.
The following manuscripts have resulted from the
current studies:
Acharya, H. K. 1969. Wave Propagation in Inhomogeneous
Media with the Antarctic Ice Cap as Model. Ph.D. thesis,
University of Wisconsin.
Acharya, H. K. Field due to a point source in an inhomogeneous medium. Geophysical Journal (in press).
Acharya, H. K. Propagation of a seismic pulse in the inhomogeneous antarctic ice cap. Geophysics (in press).
Beitzel, J . E. Geophysical exploration in Queen Maud Land,
Antarctica. Antarctic Research Series (in press).
Beitzel, J . E. The relationship of ice thickness and surface
slopes in Queen Maud Land, Antarctica. SCAR ISAGE
Symposium, 1968. Proceedings (in press).
Bentley, C. R. On the secular increase of gravity at South
Pole Station. Antarctic Research Series (in press).
Bentley, C. R. Seismic anisotropy in the West Antarctic ice
sheet. Antarctic Research Series (in press) also extended

SCAR ISAGE Symposium, 1968. Proceedings (in press).

summary in

Bentley, C. R. Seismic evidence for moraine within the basal
antarctic ice sheet. Antarctic Research Series (in press).
Clough, J . W. and C. R. Bentley. Measurements of electromagnetic wave velocity in the east antarctic ice sheet.
SCAR ISAGE Symposium, 1968. Proceedings (in press).

Further Testing for Antarctic Ice Surges
SHELDON JUDSON, JOHN T. HOLLIN,
and GRACE BRUSH

Department of Geological and Geophysical Sciences
Princeton University
The search for stratigraphic evidence of surges of a
major ice sheet has continued in Great Britain and
New Jersey. Identification of the Mollusca indicates
that the three interglacial sites at 5-10 in the
Thames estuary, England, mentioned in last year's
report (Judson and Hollin, 1968), are freshwater, although they may be within the physical range of the
tide. So far, pollen counts on two of them suggest that
they stem from the first half of an interglacial period,
probably the Ipswichian or Hoxnian. Thus, if the sea
level ever did reach the 15 and 30 m levels previously
attributed to these last two interglacial periods in
England (Zeuner, 1959), it must have done so in the
second half of them, and to this extent the results
favor Wilson's theory of late interglacial antarctic
surges as the cause of ice ages. However, no actual
marine deposits near these levels have come to light in
the Thames estuary, perhaps because they have been
removed by erosion or else because they never existed,
in which case Zeuner and Wilson are wrong. On the
other hand, as was mentioned in last year's report,
such marine deposits have been found elsewhere in
England. Hollin is continuing his search and count in
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the Thames area, and a full report will be submitted
to the Antarctic journal next year.
In New Jersey, Brush has obtained a pollen profile
from sediments of the Cape May formation of Sangamon age near Neptune City. The vegetation represented is temperate, similar to that of the present. The
profile is terminated upward at about 2 m above
mean, high tide by congeliturbation features of Wisconsin age. The polleniferous sediments appear to be
lagoonal and similar to the modern sediments in the
adjacent lagoon of the Shark River.
Hollin presented two papers on ice sheet surges at
conferences held in 1968. In one (Hollin, 1969a), he
reviewed in particular the evidence for and against
his earlier suggestion that Gondwanaland ice surges
may be a cause of the rapid marine transgressions
involved in many of the Pennsylvanian coal cyclothems. (This suggestion says merely that surges
occur, not that they cause ice ages as well.) In another (Hollin, 1969b), he reviewed the evidence—
chiefly based on antarctic mass-balance data and
worldwide postglacial sea-level data—for and against
a current buildup of the antarctic ice sheet.
References

Hollin, J . T. 1969a. Ice Sheet Surges and the Geological
Record. Paper presented at the Conference on the Cause
and Mechanics of Glacier Surges, Montreal, P. Q . , 1968.
Accepted for publication in Canadian Journal of Earth
Sciences.

Hollin, J . T. 1969b. Is the Antarctic Ice Sheet Growing
Thicker? Paper presented at the International Symposium
on Antarctic Glaciological Exploration, Hanover, N.H.,
1968. Accepted for publication in the symposium proceedings.
Judson, Sheldon and John T. Hollin. 1968. Testing for
antarctic ice surges. Antarctic Journal of the U.S., III
(5): 183-184.
Zeuner, F. E. 1959. The Pleistocene Period. London,

Hutchinson.

Ice Crystal Precipitation
on the Antarctic Plateau
WERNER SCHWERDTFEGER

Department of Meteorology
University of Winsconsin
The dominant features of the atmospheric circulation in the high southern latitudes are the outflow of
cold air from the interior in the lowest layers, sinking
motion over the highest and coldest part of the continent and, above approximately 600 mb, a flux
toward this central area. The annual average sinking
motion through the 500 nib surface has been estimated between 0.4 and 0.8 cm/sec, depending upon
the assumed areal extent of the pronounced sinking
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motion (an idealized circular area centered at, say,
83°S. 90°E. with a radius between 1,400 and 1,000
km). In the following, 0.6 cm/sec will be accepted as
a representative value.
Direct cloud observations at the South Pole, Plateau Station, and Vostok suggest that "snowfall"
proper may account only for a fraction of the total
accumulation. Measureable amounts of precipitation
are seldom found, while 'traces" are recorded almost
every day, also when there are no clouds in the area.
This is well compatible with the fact that the average
and most frequent flow conditions over the interior
of Antarctica are characterized by sinking motion in
the troposphere.
Therefore, it is appropriate to examine another
process—the settling of ice crystals formed by the radiative and conductive cooling of relatively moist air
which is slowly subsiding from the mid-troposphere.
Obviously, the crucial point for an estimate of the
efficiency of this process is the vertical profile of the
mixing ratio (or specific humidity). Contrary to the
normal state of the atmosphere in other latitudes,
over the interior of Antarctica the maximum water
vapor content is not found in the surface layer, but
rather in the relatively warm air above the surface
inversion, that is, between 500 and 1,000 m above
ground. In the South Pole area, that is the 650 to
600 mb layer. In the month of March, for instance,
the maximum mixing ratio, r(max), varies between
0.1 and 0.5 g/kg, while the ice-saturation mixing ratio
in the lowest 200 m, where the outflow is strongest,
r(out) exceeds the value of 0.1 only on a few
exceptionally warm days. The difference
r(max) /rs(out) is positive on all days, the average
amounting to 0.25 g/kg.
When thus the vertical gradient of the mixing ratio
is directed downward during most of the year, sinking
motion as well as eddy diffusion produce a downward
transport of water vapor. In the near-isothermal layer
above the inversion, there is little wind shear and
hence little eddy diffusion. In the inversion itself, the
vertical motion must decrease as the air approaches
the surface. In this layer, however, there is a strong
wind shear (Lettau and Schwerdtfeger, 1967) and,
therefore, considerable eddy diffusion in spite of the
extremely stable stratification of the air. Furth 'rniore,
once an ice crystal has formed, it must slowly sink
under the effects of gravity and viscosity. For an estimate of the efficiency of the downward transport of
H 2 0, it may suffice to refer to the la yer above the
inversion. With a downward motion of 0.6 cisisec
and the density of the air on the order of 10 g/imi3,
the supply of water vapor for ice crystal formation in
the surface layer becomes 10 g of HO per ciii
day. If such a supply exists on 300 clays per year, the
mass of the ice crystals formed by this process in the
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