
high ice hummocks. Although the ice appears to be mov-
ing rapidly in this region, the crevassing does not indi-
cate a preferential direction of movement.

Bulk ice samples were collected by chipping at loca-
tions near stations 10, 12, and 17. The samples will be
melted and the dissolved gases (N2 , 02, Ar, G02) and
carbon-14 abundances will be measured for dating by E.
L. Fireman (Smithsonian Astrophysical Observatory)
(Fireman, 1979).

The Allan Hills will be revisited by the authors during
the 1979-80 season for a resurvey of the line and to
extend the triangulation chain farther west. Ice samples
for gas analysis will be obtained from selected stations.

The discovery of large numbers of meteorites presents
a unique opportunity for glaciological studies relating to
their transport and concentration. If the mechanism can
be deduced, it may be possible, with accurate measure-
ments of meteorite terrestrial ages, to predict where the
specimens originally fell. Until that time, we can only
speculate that the meteorites recovered have been trans-

ported by the Antarctic Ice Sheet over some undeter-
mined distance.

This work has been supported by the National Aer-
onautics and Space Administration, which supplied the
services of the senior author, and the National Science
Foundation, which funded the fieldwork through grant
DPP 77-21742.
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Byrd Glacier

T. HUGHES

Department of Geological Sciences and Institute for Quaternary
Studies

University of Maine
Orono, Maine 04469

Our study of Byrd Glacier investigates the ice-stream
dynamics that link the ice-sheet dynamics studied for the
International Antarctic Glaciological Project and ice-
shelf dynamics studied for the Ross Ice Shelf Project, so
that the dynamics of this major ice sheet, ice stream, ice
shelf system can be addressed. It was done in conjunc-
tion with a separate glacial-geological investigation of the
Byrd Glacier-Darwin Glacier region of Antarctica di-
rected by G. H. Denton. The combined study is the first
attempt to relate the present glaciology of a major ant-
arctic ice stream to its glacial history, with the larger aim
of understanding antarctic glacial history in terms of
present glaciological processes.

Glacial geological evidence throughout the Byrd Gla-
cier-Darwin Glacier region indicates that the Byrd Gla-
cier surface was about 1200 m above its present surface
at the downstream end of Byrd Glacier fiord, and this
additional ice elevation tapered off in the Byrd névé
area on the East Antarctic polar plateau immediately
inland of the upstream end of the fiord. Fresh striations
in the unweathered sandstone crowns of nunataks in the
Byrd névé and polished bedrock in Byrd fiord are in-
dications that the thicker ice existed during the last ice
age maximum. The thicker ice at the mouth of Byrd

Glacier fiord, with decreasing additional thickness up
the fiord and onto the East Antarctic polar plateau, is
consistent with the contention by Mercer (1968, 1972),
Denton and Borns (1974), Denton et al. (1975), and
Stuiver, Denton, and Hughes (in press) that the West
Antarctic Ice Sheet expanded during the last ice age and
that the present Ross Ice Shelf was created during its
subsequent collapse in the Ross Sea sector. Some of the
glacial geology points toward substantial and recent
downdraw of Byrd Glacier. A discussion of all the glacial
geological evidence studied by George Denton and his
colleagues appears elsewhere in this issue of the Antarctic
Journal of the United States.

From the viewpoint of ice dynamics, Byrd Glacier be-
gins as a zone of converging flow in the Byrd névé, be-
comes an ice stream as it passes through a fiord in the
Transantarctic Mountains, and ends as a floating tongue
imbedded in the Ross Ice Shelf. Ice dynamics of the
sheet-flow to stream-flow transition in the Byrd névé is
dominated by longitudinal acceleration and transverse
convergence. Ice dynamics in the stream-flow regime of
Byrd Glacier fiord is dominated by lateral shear along
the fiord walls where thermal and strain softening
largely uncouple the glacier along its sides, and by basal
ungrounding about midway in the fiord where ice buoy-
ancy completely uncouples the glacier from its bed. Ice
dynamics in the stream-flow to shelf-flow transition in
the floating glacier tongue is dominated by longitudinal
deceleration and transverse divergence of the tongue,
and rifting in the lateral shear zones between the tongue
and the Ross Ice Shelf. Tilted ice blocks and a flat floor
of brash ice at sea-level elevation in the rifts are evidence
that rifting is through the entire ice thickness.

Field studies on Byrd Glacier were completed during
the 1978-1979 antarctic summer. The work consisted
of aerial photography and radio-echo sounding from an
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LC-130 airplane, a ground survey from fixed stations
close to Byrd Glacier and moving stations on the glacier
itself, and ice sampling and ablation measurements on
the glacier. In addition, ice velocities and ice samples
were obtained for Darwin and Hatherton Glaciers where
they merge at Junction Spur, at The Nozzle of Darwin
Glacier where it merges with the Ross Ice Shelf.

Aerial photography was undertaken to provide a
block of photographs having forward and side overlap
so that a photogrammetric study of the surface elevation
and velocity of Byrd Glacier could be made. Surface
velocity determinations required a minimum of two
photographic missions, ideally at the beginning and end
of the antarctic summer so that maximum ice motion
was recorded during the antarctic field season. The U.
S. Navy flew photographic flights on 10 December 1978
and 6 February 1979. The stream flow to shelf-flow
transition zone was obscured by clouds during the De-
cember flight but the remainder of Byrd Glacier was
clear. By using aerial photogrammetry, Henry Brecher
hopes to determine the positions of natural features on
Byrd Glacier (crevasses and seracs) by relating them to
known positions of artificial markers we placed on the
glacier and, more importantly, on bedrock around the
glacier in an array that gives perimeter control to the
block of aerial photographs. Since the surface of Byrd
Glacier is an endless mass of crevasses and seracs, we
should be able to study the surface deformation of Byrd
Glacier on almost any scale using photogrammetric tech-
niques; provided that the photographic flights are far
enough apart, the solar angle is the same in successive
flights, and clouds or shadows from the fiord walls do
not obscure parts of the glacier. We know that crevasses
and seracs remain identifiable in aerial photographs
taken one year apart on Byrd Glacier (Swithinbank,
1963), and twenty-five years apart on Thwaites Glacier
(R. J . Allen, us(;s, personal communication), and can be
used to study flow.

A ground survey was undertaken to determine the
positions of fixed and moving artificial markers used as
control points in the aerial photogrammetric survey, and
to determine the elevation and velocity of artificial
markers placed on the parts of Byrd Glacier most crucial
to a study of ice dynamics. This includes converging flow
in the sheet-flow to stream-flow transition in the Byrd
névé; longitudinal flow, lateral shear, and basal un-
grounding in Byrd Glacier fiord; and diverging flow and
lateral rifting in the stream-flow to shelf-flow transition
on the Ross Ice Shelf. We placed four artificial markers
in the Byrd névé to investigate converging flow; fifty in
Byrd Glacier fiord to investigate longitudinal shear, lat-
eral shear, and basal ungrounding; ten on the Ross Ice
Shelf to investigate diverging flow and lateral rifting,
and one each in the mouths of Merrick Glacier and
Peckham Glacier, which enter Byrd Glacier fiord and
drain ice in the Brittania Range. In addition, at Junction
Spur we placed five markers across Hatherton Glacier
and one in the center of Darwin Glacier, and at The
Nozzle we placed six markers across Darwin Glacier.
Nineteen survey camps were established for measuring
the elevation and motion of artificial markers on Byrd,
Merrick, and Peckham Glaciers, sixteen around Byrd
Glacier and three on the glacier. Two survey camps were
established across Hatherton Glacier at Junction Spur,

and two survey camps were established in the Nozzle of
Darwin Glacier. These camps, the artificial markers on
the various glaciers, and the artificial markers on Byrd
Glacier and on bedrock used as photogrammetric con-
trol points, are all located in figure 1.

We hoped to locate the grounding zone of Byrd Gla-
cier using four independent methods. First, we looked
for an abrupt increase in slope along the centerline pro-
file. This seems to occur at marker B in figures 1 and
3. Second, we looked for a damping out of the tidal rise
and fall of the floating part of Byrd Glacier. This was
done by measuring simultaneous vertical angles every
hour for at least 24 hours between a survey camp on the
glacier and a survey camp on the fiord wall. Three ex-
periments of this kind were conducted; one between
glacier camp one (GC1 near marker C7) and second
center camp (2CC), one between glacier camp two (GC2)
and John Wayne Camp (JWC), and one between glacier
camp three (GC3) and Tuatara Camp (TC). Third, we
measured gravity at the three glacier camps every time
we measured simultaneous vertical angles. We had two
Worden gravity meters for this purpose. A one-meter
tidal amplitude is just measurable on these instruments.
Unfortunately, one instrument was inoperable in the
field and the drift curve for the other instrument dis-
played a daily change from air temperature that greatly
exceeded any change due to tide, even when the instru-
ment was kept in the shade. Fourth, we hoped that a
radio-echo grid flown over Byrd Glacier would locate
the grounding zone by an abrupt fading of the bottom
radar reflection from the floating part of the glacier.
The radio-echo grid was not included in the NSF-SPRI-
TUD (National Science Foundation—Scott Polar Research
Institute—Technical University of Denmark) Radio-Echo
Sounding Program for the 1978-1979 antarctic sum-
mer. Fortunately, David Drewry of SPRI flew one radio-
echo flightline down the center of Byrd Glacier. The
tape showed that a strong bottom echo began to fade
near the 200-meter ice elevation contour and was vir-
tually gone by the 400-meter ice elevation contour (see
figure 1). These results were consistent with a marked
increase in surface slope and vanishing tidal oscillations
between these contour lines, providing us with three in-
dependent determinations of the grounding zone. Our
survey showed that the 200-meter and 400-meter ele-
vation contours across Byrd Glacier (shown on figure 1)
on the USGS topographic map of Cape Selborne quad-
rangle are too high.

Simultaneous vertical angles measured between three
pairs of survey camps on Byrd Glacier and the fiord wall
over a 24 hour period, and simultaneous vertical angles
measured at various times between other stations al-
lowed us to make a refraction correction appropriate for
the local conditions. This was important, because re-
fraction was large on Byrd Glacier. Some of our survey
shots were up to 50 km long so large corrections for
both refraction and earth curvature were necessary.

We measured ice ablation rates and took one-meter
ice cores at most of the markers on Byrd, Darwin, and
Hatherton Glaciers. Ice samples from these cores were
given to Edward Zeller (University of Kansas) for mea-
suring nitrate levels and to David Drewry (Scott Polar
Research Institute) for measuring oxygen isotope ratios
and the abundance and mineralogy of particulate mat-
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Survey work on Byrd Glacier and vicinity. Grourd control points for photogrammetric work were established by electronk
traverse and trilateratlon in conjunction with the USGS survey team of Thomas T. Smith and Leland D. Whitmill. Several of thes
points were also occupied by the USGS team with JMR Doppler positioning equipment. Three usos Electrotape units were mad
available to the University of Maine to carry on the survey after the departure of the USGS surveyors. Ice motion was measured
by repeated Intersections of 71 markers on the ice from some of the ground control points and additional points established
specifically for the purpose.

Legend

USGS control survey lines ..........
simultaneous angle experiments for measuring tidal oscillations 0	o
baselines for Ice motion survey
photogrammetric control survey lines_____

direction measurements -*
distance measurements

survey station o
survey station also occupied In the JMR receiver D
survey station and ice motion markers 0
Ice motion marker.

ter. We kept core sections to measure ice fabrics and to	will allow us to adjust the ice hardness parameter in the
have Minze Stuiver (University of Washington) measure	flow law of ice so it reflects changing stress fields in our
oxygen-isotope ratios. Ice fabrics will be correlated with	numerical modelling experiments being conducted by
strain rates measured in portions of these glaciers which	Dr. James Fastook and Prof. William Schmidt.
should have unique strain regimes (single-maximum	I would like to express our gratitude to the Navy hel-
fabrics in zones of simple shear, multiple-maximum fab-	icopter pilots and crew of vxE-6, to the Holmes and
rics in zones of high axial strain, etc.). This correlation	Narver support personnel at Darwin Camp and, in par-
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ticular, to John Splettstoesser of the Minnesota Geolog-
ical Survey. We also thank Charles Swithinbank, David
Drewry, and William Kosco and his colleagues in the
United States Geological Survey, and the Naval aerial
photographic team.

Our field party consisted of Charles Swithinbank
(through the courtesy of the British Antarctic Survey),
Henry Brecher, James Fastook, William Pfeffer, Mark
Hyland, Geoffrey Lingham, and Terence Hughes. Our
work was supported by NSF grant DPP 77-22204.
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Microparticle deposition at South
Pole

E. MOSLEY-THOMPSON and L. G. THOMPSON

Institute of Polar Studies
The Ohio State University
Columbus, Ohio 43210

The primary goal of this investigation was the detailed
tnalysis of the particles within a 101-meter firn core
Irilled in 1974 at the Amundsen Scott (South Pole) Sta-
;ion (90°S).

The antarctic ice sheet is an ideal site for investigating
emporal variations in the global background particulate
iiass (Hogan, 1975) in that there are few local sources.
In addition, because atmospheric motion over East Ant-
srctica is predominantly a matter of subsidence (Van
Loon and Williams, 1977) and surface outflow, the up-
er tropospheric and stratospheric masses are probably

:he primary sources of near surface material. Therefore,
my substantial increase in the concentration of particles
vithin the global atmosphere should be recorded in the
Intarctic ice sheet.

A total of 6,218 samples representing 65 meters of
water were analyzed for particle concentration and size
listribution. Individual particles within selected sections
were examined for morphology and elemental constit-
ients using a scanning electron microscope and an x-ray
mergy dispersive system. The detailed sampling made
t possible to detect annual variations in particle concen-
ration (figure 1), and these were used to construct a
)1 1-year time scale for the core. The time scale consti-
.utes the longest record of its type from Antarctica. Net
Lccumulation does not exhibit a general trend over the
ntire 911-year interval, although the 90 years from A.D.

590 to 1680, a period characterized by the lowest global
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Figure 1. Concentration of particles with diameters v 0.63
micrometer per 500 ji 1 sample in a 2-meter section of the
South Pole core for period including 18709 and 1880s. Key:
C = average concentration over depth interval encom-
passed by arrows;? = peak for which interpretation is un-

certain.

temperatures during the last millenium, exhibits con-
sistently low rates.

The concentration of nonsoluble particles with di-
ameters ' 0.63 micrometer per 500 j. 1 sample (figure
2) increases substantially between A.D. 1450 and 1850,
the years of the Little Ice Age. This period of reduced
mean global temperatures also is marked by frequent
and explosive volcanic activity (figure 2). The remark-
able similarity between the profiles of nonsoluble par-
ticle concentration and global volcanic activity suggests
that the additional material is of volcanic origin. The
slopes of the particle size distribution (figure 2) espe-
cially support this suggestion.

The average slope of the size distribution for the
1950-56 strata is -3.2, very similar to the -3.2 (±0.3)
measured for the total atmospheric aerosol at the South
Pole (Shaw, 1975). Gras and Laby (1979) report a re-
duction in the size distribution slope of the total aerosol
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