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Tephra weight and uranium-series nuclide activities in ice.

Sample	 Yamato K-26	 Allan Hills 85-1	 Lewis Cliff 86-3

Dusty ice (wgt.)
Dust (g)/ice (kg )a
226 R (filtered H20)b
230Th (filtered H20)"
234 U (filtered H20)d
238 U (filtered H2 0)e
226Ra/230Th
Age of ice (years)

Clear ice (wgt.)
Dust (g)/ice (kg )a
226 R (filtered H20)b
230Th (filtered H20)c
234 U (filtered H2 0)d
238 U (filtered H2 0)e

1.50 kga
0.168
0.0317 ± 0.0010
0.0182 ± 0.0008
0.0157 ± 0.0008
0.0137 ± 0.0008
4.0	± 0.7

(38	±7)x103

1.78 kga
0.002
0.004 ± 0.002
0.005 ± 0.002
0.004 ± 0.002
0.004 ± 0.002

1.63 kg	 1.80 kg
0.210	 0.038
0.144 ± 0.004	 0.169 ± 0.004
0.080 ± 0.001	 0.064 ± 0.001
0.049 ± 0.001	 0.048 ± 0.001
0.031 ± 0.001	 0.039 ± 0.001
2.3	± 0.1	 5.2	± 0.3

(100	± 10) x 10	 (25	± 5) x 10
1.4 kg	 2.71 kg
0.002	 0.002
0.014 ± 0.002
0.013 ± 0.002	 0.004 ± 0.002
0.014 ± 0.002	 0.005 ± 0.002
0.015 ± 0.002	 0.005 ± 0.002

ag denotes gram; kg denotes kilogram.
b226 Ra denotes radium-226; H 20 denotes water; activity is measured in decays per minute per kilogram.
c23oTh denotes thorium-230; H 20 denotes water; activity is measured in decays per minute per kilogram.
d234 U denotes uranium-234; H 20 denotes water; activity is measured in decays per minute per kilogram.

238 U denotes uranium-238; H 20 denotes water, activity is measured in decays per minute per kilogram.
1226 R denotes radium-226; entries are activity minus uranium-238 activity; activity is measured in decays per minute per kilogram.

Gravity measurements
across and between

the meteorite-bearing
icefields west-southwest

of the Allan Hills

ROBERT F. FUDALI

Department of Mineral Sciences
Smithsonian Institution

Washington, D.C. 20560

Several years ago I reported the results of a gravity survey,
which used a previously established triangulaton network, across
the Main Icefield* immediately adjacent to the Allan Hills,
southern Victoria Land (Fudali 1982). One direct ice thickness
determination by radio-echo sounding was used to calibrate

* The designations "Far Western Icefield," Mid Western Icefield," Near
Western Icefield," and "Main Icefield" are not official names but the
features are distinct geographic units.

the gravity data, and relative gravity differences were con-
verted to differences in ice thickness, assuming the unknown
regional gravity gradient was modest and significant local bed-
rock density differences were not present. Calculated ice thick-
nesses and survey-determined surface elevations (both relative
to a bedrock base station) were then combined to generate sub-
ice, bedrock profiles across the triangulation network. This was
part of an ongoing effort to understand the ice dynamics in
this blue-ice area containing high surface concentrations of
meteorites. Our 1981-1982 antarctic search for meteorites party,
however, also found meteorite concentrations approximately
20 kilometers west-southwest of the westernmost triangulation
stations and the following year, meteorite concentrations were
found at the Far Western Icefield, approximately 60 kilometers
west-southwest of the westernmost triangulation station. It
thus became clear that any attempt to understand the ice dy-
namics had to await additional information on the ice/bedrock
interface all the way out to the Far Western Icefield.

Our 1983-1984 antarctic search for meteorites team was put
into the field by LC-130 flights to a landing site just north of
Griffin Nunatak from which we journeyed overland to Ele-
phant Moraine to collect meteorites on the blue ice there. Sub-
sequently, we moved overland to the Far Western Icefield, and
finally we moved east-northeast to the Allan Hills (figure).
Twenty-four topographic and gravity stations were established
along this latter traverse and tied into the triangulation and
gravity stations on the Main Icefield. This extends our coverage
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The 1983-1984 traverse by antarctic search for meteorites team
Stars are campsites. (km denotes kilometer.)

to all areas west of the Allan Hills known to contain meteorite
concentrations. In retrospect, we should have also put in a
few stations beyond the Far Western Icefield.

There are five stations at the Far Western Icefield, emplaced
during the 1982-1983 season, whose absolute positions were
determined by satellite doppler tracking using an MX-1502
Geoceiver. The best of these stations is believed to be accurate
to 1.5 meters in both horizontal and vertical positioning. These
stations were extended to the Main Icefield triangulation net-
work using an electronic, laser-ranging instrument and a theo-
dolite such that absolute elevations across the entire area are
now known. In the past, relative (surveyed) elevations were
accurately determined but absolute (barometric) elevations were
75-125 meters too high over the Main Icefield. A measure of
the accuracy of the laser-ranging device and theodolite is given
by the surveyed elevation difference between two geoceiver
stations, eight kilometers apart. The doppler positioning gives
a difference of 27.47 meters between the two stations. The
surface survey indicates a difference of 26.24 meters, well within
the combined error range of the two satellite determinations.

The instrument used for the gravity measurements was a
LaCoste and Romberg C meter (G-695) which was doubly in-
sulated for cold weather use. During the survey, the meter
was stored and transported in a heavily insulated wooden box
carried by a snowmobile and was kept continuously on heat,
except for one power loss resulting in a 2.5 milligal tare, during
the 17 days it took to complete the survey.

Unfortunately, the insulated box was not isolated from the
snowmobile frame, and the insulation—styrofoam--was too
stiff to damp out vibrations from the snowmobile engine. Sub-
sequently (unfortunately), I learned that L&R G meters are
notoriously sensitive to the vibrational frequencies of small
internal combustion engines, which results in excessive drift
(Hamilton and Brule 1987). Exclusive of the tare, instrument
drift amounted to approximately 23 milligals, from beginning

to end of the survey, and every effort was made to monitor
this drift with frequent repeat stations, both at the base camps
and along the traverse. The drift was found to be unidirectional
upward and fairly linear (with distance traveled rather than
time), and I am confident the drift correction curves are rea-
sonably accurate. At the same time, I cannot pretend to the
accuracy of a drift-free survey, and minor corrections to the
gravity data (tide and topography) have not been made, be-
cause they would be well within the uncertainties of the drift
corrections. In addition to drift corrections, the raw data have
been corrected only for latitude and elevation differences, rel-
ative to station 2 of the original triangulation network. There
is no data on firn thicknesses between the exposed icefields
and an ice density of 0.9 grams per cubic centimeter was used
for the elevation corrections at all stations to bring them to the
datum elevation of station 2. Finally, we presently have no
way of estimating regional bedrock gravity gradients between
the triangulation and the far western stations. If, however,
there is a significant regional gradiant, the east-west compo-
nent will be far more important (for this essentially east-west
profile) than the north-south component. As I previously pointed
out (Fudali 1982), subtracting any east-west regional gradient
(if we could do so) would only pivot the entire gravity profile
up or down about a horizontal north-south axis passing through
the base station; i.e., the relative profile shape would be un-
changed, and so any conclusions based on profile shape should
be valid regardless of our inability to estimate and remove any
east-west regional gradient. Possible regional gradients aside,
I estimate that random errors due to errors in the topographic
positioning and the approximate instrument drift corrections
should be less than ± 2 milligals.

As is readily apparent from the table, the gravity values rise
substantially beneath all the western icefields, although the
traverse was truncated too soon to delineate completely the
Far Western configuration. The magnitudes of these gravity
changes are far too large to attribute to random error and are
futhermore impossibly large, over these distances, to be caused
by changes in bedrock densities. They must be, if not entirely
at least in large part, caused by changes in ice thicknesses
attendant upon rises in bedrock elevations beneath all these
icefields. These rises in bedrock are substantial: a 400-meter,
minimum, rise under the Far Western Icefield; an 800-1,000-
meter rise under the Mid Western Icefield; and a 600-meter
rise under the Near Western Icefield (table).

It would be a coincidence of monstrous proportions if there
were no casual relationship between these bedrock rises and
the overlying blue icefields. It seems a reasonable supposition
that the bedrock rises deflect the moving ice sheet upward,
converting much of its horizontal velocity to a vertical com-
ponent, thus bringing both old ice and meteorites to the surface
as ablation and sublimation of the rising ice proceeds. Earlier
assumptions that the ice sheet was generally moving from west
to east and that the Far, Mid, and Near Western icefields, plus
the Main Icefield, constitute a single, large system, with trans-
ported meteorites also lying between these icefields (under a
thin firn cover) need reevaluation.

The conventional interpretation, based on ice-surface slopes,
has been that the ice is flowing generally eastward (Whillans
personal communication). This is certainly the case across the
Main Icefield but the only slope data west of the Main Icefield
are equivocal. Our survey delineates a rolling surface with a
net elevation drop of 135 meters between stations 105 and 34
(table), a distance of 55 kilometers. We also surveyed several
stations along a north-south line across the Far Western Icefield
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Surface elevations, gravity values, and bedrock elevations, all
relative to station 105. Distance between stations is 1.5 to 2.5
kilometers. Superscripts denote stations on the bare icefields.

Relative surface	Relative gravity	Relative bedrock
Station	elevation (meters)	(milligals)	elevation (meters)

105	 Oa
100	- 12	+ 1.20	+ 17
150	- 11	- 4.0	- 56
151	- 43	-18.2	-255
152	- 38	-22.1	 - 31

153	- 28	-25.9	-363
154	- 23	-26.5	-372
155	- 22	-17.4	-244
156	- 24	-16.0	-224
157	- 35	-22.8	-320
158	- 28	-20.6	-290
159	- 21	+ 0.9	+ 13
160	- 13	+23.5	+330
161	- 15	+31.1	 +436
162	- 47	+45.2k'	+ 634b

163	- 56	+43.3 b	+607 b
165	- 66 +31.4 +440
166	- 68	- 2.1	- 30
167	- 69	- 9.2	-130
168	- 68	-11.7	-164

(not shown in table) that define an elevation drop of 33 meters
in 13 kilometers-i.e., about the same average rate of decline
from south to north as from west to east. Certainly many more
quantitative measurements will be necessary to resolve this
issue, but there are nonquantitative slope estimates suggesting
a strong northward component for the ice flow west of the
Main Icefield (Faure and Schutt personal communications). If
so, the partial bedrock barriers beneath the western icefields
lie across the ice movement direction and are truly separate
barriers with ice flowing unimpeded between them. Each ice-
field is a separate meteorite stranding surface and we would
now expect to find only a few rare meteorites, as direct falls,
in and on the firn between the blue icefields west of Allan
Hills.

I thank the other members of the antarctic search for me-
teorites team-Bill Cassidy, A.C. Hitch, John Schutt, Ludoif
Schultz, Paul Pellas, Paul Sipiera, and Kuni Nishizumi-for
their support and assistance in the field. This work was sup-
ported by National Science Foundation grant DPP 83-14496 to
William A. Cassidy.
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Radio-echo sounding survey
across the Allan Hills

Icefield

C. DELISLE and J. SIEVERS

Bundesanstalt für Geowissenschaften
und Rohstoffe Hannover,

Federal Republic of Germany

L. SCHULTZ

Max-Planck-Institut für Chemie
Mainz,

Federil Republic of Germany

In the past, more than a thousand meteorites had been found
on blue icefields in the Allan Hills area by several U.S. and
joint U.S.-Japanese field parties, and various models for the

cause of the locally high meteorite concentrations on blue ice
(see e.g., Whillans and Cassidy 1983; Cassidy 1983) had been
advanced.

We have carried out a comprehensive study of the subice
topography of the Allan Hills Icefield and the adjacent Near
Western Icefield* with a radio-echo sounder (developed by the
Bundesanstalt für Geowissenschaften und Rohstoffe). The pri-
mary objective of this study was to understand the glaciology
of the area and how it relates to the meteorite fields.

The radio-echo sounder recording instrument was mounted
on the back of a Skidoo, the transmitter and receiver antennas
on sledges. Signals were transmitted (peak transmitter power
was 150 watts) with frequencies ranging from 20 to 80 mega-
hertz depending on the ice thickness encountered. The sound-
ing profiles were tied to the existing triangulation grid across

* The designations "Far Western Icefield," "Mid Western Icefield,"
"Near Western Icefield," and "Main Icefield" are not official names,
but the features are distinct geographic units.
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