
than deep waters; this effect diminishes in the open
ocean. Although lead seems to he entering the oceans
through rivers at greater rates today than ever before,
a major fraction of pollutant lead in the oceans prob-
ably originates from the direct washout by rain of
industrial lead aerosols injected into the atmosphere
by the burning of lead alkyls in automotive fuels. The
use of automotive fuels began in the U.S.A. in 1924; if
today it serves as an important means of introducing
lead into the oceans, then the lead content of the at-
inosphere of the Northern Hemisphere should have in-
creased markedl y after 1924.

One way of finding out whether lead pollution in
the atmosphere has increased with time is to analyze
the precipitated lead in successive annual layers of
preserved snow. Towards this end, investigations were
made of salts, dusts, and lead in firn and ice at Camp
Century, Greenland and at Byrd Station, Antarctica.
Block samples were sawn from the nc1ined shaft at
Byrd and a remote site northeast of Byrd during the
1965-1966 summer.

Anal ysis of the samples show that lead concentra-
tions have increased from < 0.001 y Ph/kg ice in
800 B.C. to > 0.200 y Pb/kg ice today in north
polar ice sheets, the sharpest rise occurring after 1940.
The levels of lead in south polar ice sheets are gener-
ally below our detection limits before 1940 and rise
only to about 0.020 y Pb/kg ice after 1940. The
increase of lead with time in north polar snow is
ascribed mainly to contamination frorri lead snielteries
before 1940 and to burned lead alkyls after 1940. The
difference between the concentrations of lead in north
and south polar snow is ascribed to barriers to north-
south tropospheric mixing which hinder the southward
migration of aerosol pollutants from the Northern
Hemisphere.

Our observations of the concentrations of the
common chemical elements in ice from the interior of
Greenland and Antarctica can be explained in terms
of simple relations among sea salts and terrestrial
dust. Dust concentrations are about 15-20 times
higher in Greenland interior ice (35 /kg) than in
antarctic interior ice ( 2 ykg) , but twice as much
sea salt exists in antarctic interior ice (110 ykg) as
in Greenland interior ice (67 ykg). The proportions
of sodium, chlorine, magnesium, calcium, and potas-
sium adhered closely to sea-salt ratios in ice that was
relatively free of silicate dust, even when the concen-
trations of sea salts decreased from 1100 '//kg in
northwest coastal Greenland ice to 110 -//kg in
Rockefeller Plateau ice in the antarctic interior. The
amounts and chemical composition of silicate dusts in
Greenland were no different in coastal and interior
ice, averaging 3 y Mg, 5.6 y Ca, 2.0 y K, 0.1 y Ti,
and 6.8 y Si per kg ice, respectively, in the interior.
We found that there are seasonal variations in the

amounts of pollutant lead, sea salts, and silicate dust
in the snow, the concentration of pollutant lead and
sea salts being two or three times higher in winter
than in summer snow, and that of silicate dusts three
times higher in spring than in winter snow.

Contrary to observations of a number of other in-
vestigators, we found that the purity of polar ice
nearly equals that of the purest laboratory water.
Other investigators who have studied polar ice have
found values for common-clement concentrations that
are either much higher than ours or are so different
that they cannot be explained by the simple relations
mentioned above. Such data have been interpreted in
a variety of ways, invoking gross chemical fractiona-
tion of sea salts or the gross addition of either silicate
dusts or sea salts, but most of the conflicts among
chemical data published by different investigators can
he explained b y contamination. It appears that the
single most important factor affecting contamination
is the manner of collecting the ice samples. The cx-
tremne precautions necessary to avoid lead contamnina-
tion and the huge size of the samples required for the
lead analyses dissuaded us from using drill-core mate-
rial (which is highl y contaminated). The mining
procedures used seem to have provided unusually
clean ice samples that were well suited for analyses of
comnnion salts and dusts.

A complete report of this work will he published in
Geochimica et Cosmochimica Acta, vol. 33 (October
1969.

Analysis of Antarctic Geophysical Data,
1968-1969

C. R. BENTLEY, H. K. ACHARYA, J . E. BEITzEL,
and J . W. CLOUGH

Department of Geology and Geophysics
University of Wisconsin

During the past year, the emphasis of our analysis
has continued to be oil glaciological significance of
geoph ysical data. From seislilic-wave velocities ill
the ice sheet of West Antarctica, we have concluded
that there is almost everywhere a pronounced concen-
tration of crystal c-axes around a single mean direc-
tion which varies from place to place. Anisotropic ice
composes more than half, even as much as 90 percent,
of the ice column. At most observing points, the indi-
cated immean axial direction is inclined 300 or more to
the vertical, and lies in or near the flow plane, al-
though it is nearly vertical at four locations in the
West Antarctic interior, incluclitig Byrd Station. At
many stations, there is clear evidence of a variation in
axial orientation with depth.

September—October 1969	 219



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 de-
termination', 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 re-
lated to the subglacial relief in accordance with the
mechanism described by Robin, 2 wherein the effects
of longitudinal strcss variations are taken into ac-
count.

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 meas-
urements 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 equilib-
rium throughout most of the area.

Several measurements of electromagnetic wave ve-
locity 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 else-
where 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 con-
firmed.

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, inhomoge-
neous part of the ice sheet has been completed. Al-
though different wave fronts cannot be separated ana-
lytically, synthetic seismograms have been produced

'Robin, G. de Q . 1959. Seismic Shooting and Related In-
vestigations. Norwegian-British-Swedish Antarctic Expedi-
tion, 1949-1952. Scientific Results V, Glaciology III.

2 Robin, G. de Q . 1967. Surface topography of ice sheets.
Nature, 215: 1029-1032.

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 inhomo-
geneous medium. Geophysical Journal (in press).

Acharya, H. K. Propagation of a seismic pulse in the in-
homogeneous 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
summary in SCAR ISAGE Symposium, 1968. Proceed-
ings (in press).

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 electro-
magnetic 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, al-
though 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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