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ERTS-1 imagery applications in polar regions

RUPERT B. SOUTHARD and WILLIAM R. MACDONALD
Topographic Division

U.S. Geological Survey
Reston, Virginia 22092

Successful operation of the first Earth Resources Tech-
nology Satellite's (ERT5-1) onboard imaging systems
introduced a new approach to monitoring and mapping
the earth's polar regions. Anticipating potential cartog-
raphic uses of ERTS imagery, the U.S. Geological Survey
(usGs) proposed a series of experiments (designated
SR-149) that were approved and funded by the National
Aeronautics and Space Administration (NASA). The
proposal, "Cartographic applications of ERTS/returfl-
beam vidicon (RBv) imagery in polar regions," initiated
several investigations to determine how ERTS imagery
could expedite USGS mapping programs in the Arctic
and the Antarctic. Other experiments in the proposal
were designed to implement recommendations of the
Committee on Polar Research, National Academy of

This article is from a paper presented at the Symposium on
Approaches to Earth Survey Problems Through the Use of
Space Techniques, Konstanz, Federal Republic of Germany,
May 23 to 25, 1973.

M Imagery obtained - Jan. 19, 1973
Imagery used during investigations

Figure 1. ERTS-1 space imagery (MSS), antarctic index.

Figure 2. ERTS-1 space imagery (MSS), arctic Index.

Sciences (1970), and the working group on geodesy
and cartography, Scientific Committee on Antarctic Re-
search (SCAR) (1959, 1967).

The feasibility and economy of ERTS imagery is being
investigated for use in mapping at scales of 1:250,000
to 1:1,000,000, for supplementing planimetric infor-
mation on crevasse fields and glacier flow lines, for
preparing photomaps at various scales, and for map
revision. Other experiments will include detecting and
delineating changes in gross ice features, measuring
seasonal variations of sea-ice boundaries, and mapping
regional areas at the 1:10,000,000 scale.

ERTS-1 status

ERTS-1 was launched July 23, 1972, by NASA. It is in
a circular, sun-synchronous, near-polar orbit at an alti-
tude of 900 kilometers. It circles the earth every 103
minutes (14 orbits a day) and repeats a given orbital
track once every 18 days. The science package includes
three boresighted RBV cameras, each recording imagery
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in a discrete spectral band, and a multispectral scanner
(Mss), which records in four spectral bands that include
near infrared (NASA, 1972).	 I

The USGS planned to use RBV camera imagery for car-
tographic experiments because of its favorable gometric
characteristics. Shortly after the satellite achieved the
desired orbit, however, switches to activate RBV cameras
malfunctioned and one of two onboard tape recorders
became inoperable. It was necessary to substit!ite MSS
imagery as source material for the experiments. Al-
though the geometric characteristics of MSS are not as
desirable as those of RBV, the distortions of MSS  are sys-
tematic and the imagery has good spatial and spectral
resolution. Perceptional and geometric image qualities
of MSS and RBV are described by Colvocoresses and
McEwen (1973).

Widely scattered MSS imagery has been received for
both polar regions (figs. 1 and 2). Imagery beyond the
range of receiving stations in the United States and
Canada was stored on a tape recorder aboard ERTs-1 and
later transmitted to the receiving stations. Unfortunately,
in early April 1973, sporadic noise which degraded the
images was interjected into the second recorder. The
second recorder was turned off later that month by

c•
C
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Figure 3. Locations of significant changes evident from ERTS-1
Imagery (December 1972 to February 1973). Key: A, Ronne Ice
Front; B, Thwaites Iceberg Tongue; C, Ross Ice Shelf; D, McMurdo;
E, new features on International Map of the World; F, Drygalski
Ice Tongue; G, Hallett (fast Ice); H, Lambert Glacier (new features).

Figure	4.	Drygalsll	Ice
Tongue, Scott Coast, Victoria
Land. On the left Is q com-
posite of three 1:2$0,000
scale U.S. Geological Survey
topographic maps compiled
from source data (1955 to
1964). Annotated revisions
are based on ERTS-1 Imagery.
On the right is an ERTS pho.
toimagery mosaic that shows
significant changes in Hurbord
Glacier (A), in Drygal*kJ Ice
Tongue (B), and in fast ice

(C).
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NASI. The recorder had functioned well until this event
and actually exceeded its 500-hour designed lifetime by
about 10 percent. Without the recorder, ERTS-1 is
limited in providing further imagery of polar regions.
No further imagery can be obtained for areas beyond the
range of the few ground stations.

Imagery requirements

To prepare maps for the U.S. Antarctic Research Pro-
gram, the United States has obtained aerial photography
over an area of about 3,250,000 square kilometers. This
effort has been expensive in time and money. ERTS-1 is
capable of producing a single frame of imagery that
covers an area of about 34,000 square kilometers (185
kilometers by 185 kilometers). About 100 frames of
ERTS imagery covers the same area now covered by over
100,000 photographs taken from airplanes. The ERTS
system produces useful and readily available synoptic
imagery that meets many mapping requirements for
polar regions.

Imagery with no more than 10 percent cloud cover
was specified for ERTS experiments. Only about 5 per-
cent of the imagery received so far meets this specifica-
tioi (fig. 1). The coverage is being examined to find

additional usable MSS imagery (50 percent cloud cover
or less) of the polar regions.

NASA delivered the first MSS scenes of the Arctic in
October 1972 and of the Antarctic in December 1972.
Of the four spectral bands, the near infrared (band 7)
apparently offers the best polar data for cartographic
uses and image interpretation in the polar regions.

Strip mosaic and change detection

An important objective is to compile 1:1,000,000-
scale photoimage mosaics for west antarctic coastal areas
and, eventually, for all antarctic coastal areas. These
imagery products will enable the USGS to build an his-
torical record which, when compared with existing maps
and sequential ERTS coverage, will show changes in size,
shape, and position of such features as ice shelves, glac-
iers, and ice tongues (fig. 3).

A strip photomosaic, comprising portions of seven
ERTS-1 images, was compiled at 1:1,000,000 scale for
the Victoria Land coast between Cape Adare and Har-
bord Glacier. This mosaic, covering an area of 185
kilometers by 644 kilometers, depicts 45 glaciers and
ice tongues, numerous ice shelves, and the northern
extent of the Transantarctic Mountains. The experi-

FIgure 5. Cape Adare, Borch-
grevink Coast, Victoria Land.
On I the left is a composite of
thrØe 1:250,000 scale U.S.
Ge logical Survey topograph-
ic aps compiled from source
dat (1961 to 1964). Anno-
tat d revisions are based on
ERI S-i Imagery. On the right
Is n ERTS photolmagery mo-
sal that shows significant
chcnges In the boundaries of
fas and bay Ice (C), and in
tho shapes of Honeycomb and
lroflside glaciers (D). Both
glcciers' tongues have ad-
vanced about 3.2 kilometers.
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Figure 6. Thwaites Iceberg
Tongue, Waigreen Coast. At
the top is an annotated mo-
saic of ERTS-1 imagery, with
a corresponding sketch map
at the bottom. Annotations
on the map show significant
changes in the coastline;
these changes, positioned by
ERTS-1 imagery, can be used
to revise maps. Geodetic con-
trol points are shown at A

and B.

Figure 7. On the left is the McMurdo 1:1,000,000 scale map (International Map of the World series). On the right Is ERTS-1 Imagery.
With the aid of ERTS imagery mosaics, newly discovered mountains, land features, and coastal changes will be shown on the U.S. Geo-

logical Survey 1:1,000,000 manuscript.
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ment is a pilot effort; other 1:1,000,000-scale photo-
imagemosaics along the west antarctic coastal areas be-
tween the Ross Ice Shelf north and westward to 1800
longitude will be compiled under this project.

Glaciers, ice tongues, and ice shelves were identifiable
on 1:1,000,000-scale ERTS imagery. This test project
indicates that the imagery is of sufficient resolution for
use as a source of photoimage revision and for glacio-
logical change detection.

Further investigations proved that ERTS-1 imagery
can be used effectively for planimetric revision of small
scale maps. This technique is being applied to six
1:250,000-scale topographic maps of the Victoria Land
strip mosaic area.

A detailed cartographic analysis has not been com-
pleted over the entire area of the mosaic. The coastline
was compared with existing maps, however , and several
major changes in coastal features were found. The com-
parison showed that satellite imagery facilitates revision
of the existing maps (figs. 4 and 5).

Because the 1:250,000-scale source maps were com-
piled from aerial photography done over many years, it
is erroneous to use the map publication date as a
benchmark for determining ice movement. In our
analysis, therefore, it was necessary to determine the
date of aerial photography used as source for each
feature on the existing map. In the future, scientists
need only refer to the taking date of the ERTS imagery.

Map revision

Fig. 6 illustrates how ERTS imagery can be used to
evaluate and revise published maps. The graphic on the

bottom is a composite of two 1:500,000-scale sketch
maps compiled from conventional photographs taken
during the austral summer of 1965-1966. The graphic
on the top is a mosaic of parts of seven scenes of MSS
bulk imagery. Area coverage is about 117,000 square
kilometers. The two triangles represent geodetic posi-
tions used to fit the imagery mosaic to the map base.
The ERTS-1 imagery greatly improved the absolute and
relative positioning of shoreline configurations, ice
tongues, and other map features. Because of the limited
amount of control and the large number of conventional
photographs used to compile the sketch maps, it was
not possible to maintain scale and position throughout
the map compilation, especially in areas devoid of
readily identifiable features that make good pass points.
A single ERTS scene covers the same area as 1,320
1:40,000-scale photographs. Comparing the two parts
of fig. 6, note the change in the configuration of the
coast, as indicated by numbers 1, 3, and 4, and in the
position of Burke Island, number 2. Also note the
change in size and position of the Thwaites Iceberg
Tongue, number 5. The area has increased from 44,200
square kilometers (map) to 71,500 square kilometers
(image), and the position has shifted about 8 kilometers.

Small scale mapping

The most immediate application of ERTs-1 imagery in
polar regions, particularly Antarctica, is to compiling
1:1,000,000-scale maps and photoimage mosaics. The
need for million-scale antarctic coverage is recognized
by several organizations, including SCAR (National Acad-
emy of Sciences, 1970; SCAR, 1959, 1967).

Figure 8. On the left is the
AusraIian 1:1,000,000 scale
map (International Map of
the World series). On the
right Is ERTS-1 Imagery.
ERTS Imagery helps to ana-
lyze and evaluate existing
source maps. New mountains
and other significant features
can be added to the Austral-

ian 1:1,000,000 map.

AUSTRALIAN 1:1,000,000 SS 40-42

H

L	 NEW
QTION

I ..	'NUNATAK

MOUNTAINS-
NEW
FEATURES

ISIGNIFICANT CHANGES
FROM ERTS IMAGERY

ERTS-1 IMAGERY LAMBERT GLACIER
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U.S. Geological Survey 1MW in-work	 Figure 9. Antarctic Interna-
tional Map of the World

EIII Non U.S. published 1MW $	 1:1,000,000 scale index.

Because it is impossible to take photographs from
standard aircraft at altitudes high enough for efficient
million-scale mapping, efforts before the launching of
ERTS-1 were directed toward mapping coastal and moun-
tain areas at a 1:250,000  scale. ERTS imagery, however,
meets the needs of million-scale photomapping. This is
expected to prove most beneficial to the international
scientific community. To cover an International Map of
the World (1Mw) area, cartographers will have to as-
semble only 15 to 20 ERTS scenes rather than 12,000 con-
ventional photographs. Production cost will decrease
as production rate increases. The user will have at his
or her disposal a visual representation of vast, unmapped
areas. Moreover, he or she will not have to wait years
before image maps are available.

Comparisons carried out on the USGS-compiled 1MW
sheet ST 57-60 (fig. 7) and on the Australia-compiled
1MW sheet ss 40-42 (fig. 8) clearly demonstrate this
application. Revisions and additions to the two sheets
are readily apparent. The most obvious change is the
large block of new and unmapped geographical features
revealed by ERTS imagery. Other revisions include the

66

repositioning of the Ross Ice Shelf front (about 6.4
kilometers north) and Franklin Island (7.2 kilometers
south). The position of Franklin Island has been in
contention for many years and continually has been re-
ported in error by U.S. ships.

Reference to the 1MW 1:1,000,000-scale index of An-
tarctica (fig. 9) and the space imagery index (fig. 1)
indicates the value of ERTS-1 imagery to the 1MW pro-
gram. Because of the 990 orbital inclination (ascend-
ing node) of the satellite, imagery cannot be obtained
between 82°S. latitude and the pole. If all the ayail-
able imagery is of satisfactory quality (which has ye to
be determined), 71 maps can be compiled.

Scientific applications

Comparison of ERTs-1 scene 1154-19322, dated De-
cember 24, 1972, with the published Ross Island
1:250,000-scale map discloses a unique change in the
Erebus Glacier Tongue (fig. 10). Further examination

ANTARCTIC JOURNAL



Figure 10 (left): ERTS imagery
of Erebus Ice Tongue. Analy-
sis of ERrS imagery and of li-
brary Sources determined that
the Erebus Glacier Tongue has
advanced 9.6 kilometers since
1947. Fiure 11 (right): ERTS
imagery of Ronne Ice Shelf.
The edge of the shelf has ad-
vanced Cibout 16 kilometers

since 1966.

1973 
1911	 /\\4

/ \
MAP POSITION

BASED ON 1966 SOURCES

of photographs and historical maps indicates that the
present position of the tongue is about the same as it
was in 1910 (Map of Ross Island, 1912) and that the
tongue has advanced about 9.6 kilometers since 1947 and
4.8 kilometers since 1962. A lateral shift or curving of
the leading front toward the mainland seems to have
occurredsince 1970. We do not know if the movement
occurred gradually or over a very short period. Some
evidene indicates that the tongue may have gone
through a surging period. Perhaps it has completed a
growth cycle and again will break off as it did in 1911.
If ground investigation proves that it is a surging glacier,
it will be the first known one in Antarctica and there-
fore of keen interest.

Further indication that ERTS imagery is useful for
detecting glaciological changes is given in fig. 11. ERTS-

1 scene 1212-11183, dated February 20, 1973, was com-
pared with the published 1:500,000-scale sketch map of
Ellsworth Land and Palmer Land and with aerial photo-
graphs to determine that the Ronne Ice Shelf has ad-
vance about 16 kilometers since January 1966.

Futu e plans

In ddition to experiments outlined in this paper,
plans trclude the following investigations of MSS imagery
uses:

• compile a small scale (1:10,000,000) photomap
ojf the entire continent.

• compile thematic maps of sea-ice conditions.
• egin an analysis of sea-ice boundary variations
a 	of pack ice deformation rates.

• compile physical maps of the Arctic.
• Compile 1:1,000,000-scale photoimage mosaics of

Alaska as a reference to evaluate ecological effects
of North Slope and pipeline development and to
revise published maps.

With ERTS imagery as a guide, Doppler satellite track-
ing equipment will be used to establish geodetic control
for antarctic mapping. Survey teams will be sent to the
field to establish geodetic positions (x, y, and z) on
preselected points identifiable on ERTS scenes.

Conclusion

Although we have had only a few months of experi -
ence in using ERTS imagery for polar investigations, we
know that it forms the basis of quality mapping that
meets most users' needs. We know that ERTS imagery
can be used to revise published small scale and medium
scale maps of coastal areas.

The USGS is responsible for maintaining the U.S. SCAR

library and for distributing U.S. cartographic products
of Antarctica to the 11 Antarctic Treaty nations. We
already have an established system, therefore, that may
be expanded to distribute ERTS imagery on request to
SCAR member nations.
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ERTS-1 applied to geologic mapping
in the dry valleys

ROBERT S. HOUSTON, FRANK W. ZOCHOL, and
SCOTT B. SMITHSON 1

Department of Geology
University of Wyoming

Laramie, Wyoming 82071

Antarctic terrain offers a unique test of the Earth Re-
sources Technology Satellite-1 (ERTs-1) as a tool for
reconnaissance geologic mapping. 2 Most of Antarctica
is free of vegetation, and side-lap images in high lati-
tude regions enable stereo views. Tonal differences on
images resulting from differences in reflectance are re-
lated directly to types of rocks; this means that typical
problems encountered in regions with more dense vege-
tation and rock-soil-vegetation mix reflectance can be
eliminated.

The dry valleys were chosen to test ERTS-i because
large areas are ice-free and because they offer a variety
of rock types. Also there are reconnaissance geologic
maps for most of the dry valleys, and there are detailed
geologic maps for specific areas (a 1:100,000-scale
topographic map has been prepared by the USGS). The
dry valleys have the disadvantage, however, of very high
relief in steep-walled, U-shaped valleys. This relief
creates extreme shadowing, because of a relatively low
sun angle (220 to 250), and makes uncertain the corre-
lation of rock types from shadowed or slightly shadowed
to sunlit valley sites. Fig. 1 is an ERTS-1 image of the

1 This article is from a report prepared for the National
Aeronautics and Space Administration (NASA), Goddard Space
Flight Center (contract number NAS5-21818).

2 ERTS-1 is described in detail in Park (1972), NASA (1972),
and Finch (1973). Summaries are in Loman (1972) and Short
(1973). ERTS-l's most useful sensor for geologic mapping is
a multispectral scanner system (MSS) that records radiation in
four spectral bands: green (0.5-0.6 micrometer), red (0.6-0.7
micrometer), infrared (0.7-0.8 micrometer), and infrared (0.8
to 1.0 micrometer). MSS output is recorded on tape and is re-
formatted as photographic images covering an area approxi-
mately 150 kilometers on a side. A 24 centimeters by 24 centi-
meters positive transparency produced as a standard data prod-
uct is most useful to geologic mapping. For most geologic
studies, the infrared band (0.8 micrometer to 1.1 micrometers),
referred to as band 7, is best for mapping and is superior to a
panchromatic film product most often used for photogeology.
ERTS-i data products are available from the U.S. Geological
Survey (usGs), EROS data center, Sioux Falls, South Dakota
57100.

dry valleys, taken in January 1973. It shows th e area
mapped for this report and recognizable physioraphic
features.

Study methods

A photogeologic map has been prepared for t  area
between St. Johns Range and Asgard Range. It was
made from positive transparencies by use of a ausch
and Lomb stereo-zoom microscope and a Richards micro-
scopeinterpretation table. To facilitate mappii'g, an
enlargement of the area to be mapped was mad to an
approximate scale of 1:250,000 (near optimum eilarge-
ment from a 70-millimeter ERTS-1 negative). An ad-
vantage of satellite imagery is that the enlarged image
was readily fitted to the topographic base with minimal
distortion problems. Images of this area were available
from satellite passes during late November to early
February 1973, but those showing greatest detail and
least snow cover were from passes of January 13 and 16,
1973. Band 7 of ERTS-1 shows the most contrast be-
tween the various lithologic units and therefo e was
chosen for this study.

Color additive viewing techniques (Short and Mac-
Leod, 1972) enhanced some rock units (Huston,
1973). But these techniques were more success Ul in
determining glacier distribution and ice structur than
they were in geologic mapping. Maps also wer pre-
pared by using a Joyce-Loebl isodensitracer (Rac ham,
1965). The isodensitracer illustrated the detail of RTS-1
images and was used to compare the less biased com-
puter-generated map with the photogeologic map.

Pre-Quaternary geology

Subsurface rocks in the dry valleys may be divided
into three major groups:

(1) Basement rocks include metasedimentary rocks,
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Figure 1. ERTS band 7 image
of the McMurdo-dry valleys
area, showing physiographic
features and outline of the

geologic map area.

gneiss, schist, and associated syntectonic and post-
tectonic felsic intrusions. The metasedimentary rocks
are probably Cambrian but may include some rocks of
Late Precambrian age (Warren, 1969). The metasedi-
mentary and metamorphic rocks are metalimestones,
marbles, biotite and hornblende gneisses, caic-silicate
granofels, and diopsidic gneisses and schists. These
rocks have been assigned to the Asgard Formation of the
Koettlitz Group of the Ross Supergroup (Grindley and
Warren, 1964). With the exception of the marbles and
the metalimestones that show a light tone or high re-
flectance on ERTs-1 band 7, these units show intermed-
iate to dark tones because they have a higher proportion
of mafic minerals (dark colored minerals usually richer
in iron).

Syntectonic (originated during orogeny) felsic intru-
sives include gneissic bodies that commonly grade into
metamorphic rocks. These rocks usually show a wide
variety of textures and structures as well as variations in
composition. The units probably include rocks that are
pre-orogenic (Olympus granite-gneiss of Gunn and
Warren, 1962) and syn-orogenic (Larsen granodiorite
of Gunn and Warren, 1962), or simply may be various
facies of reconstituted metasedimentary rock (Smithson
et al., 1971). The more homogeneous facies (usually

more felsic) of these units may show a higher reflect-
ance on ERTS-1 band 7 than associated metamorphic
rocks, but their complex compositional variation sug-
gests that they will show a wide range in reflectance and
thus will be difficult to distinguish from metasedimen-
tary and metamorphic rocks.

Geologists agree that Irizar granite of the dry valleys
is post-tectonic (originated after orogeny). Such gran-
ites tend to be clearly cross-cutting with respect to other
rocks and more felsic (less iron, more silica) in com-
position that most associated rocks. These characteristics
suggest a uniformly light tone or high reflectance for
this granite and for related rocks on ERTS-1 band 7.

(2) Flat-lying sedimentary rocks that unconformly
overly the basement complex are referred to as Beacon
sandstone. At the type section (Hamilton and Hayes,
1963), these sedimentary rocks are about 1,200 meters
thick and consist mostly of sandstone. A basal conglom-
erate is present in some areas. The upper part of the
sequence contains carbonaceous shale and sandstone;
local siltstones, shale, and pebble conglomerate are
present. These sedimentary rocks range from Devonian
to Jurassic. Relatively pure, high silica rocks such as the
Beacon sandstone normally are light-toned, highly re-
flectant rocks in ERTS-1 band 7.
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Figure 2. Enlargement of por-
tions of the ERTS Image (fig.
1) that was used to prepare
the photogeologic map (fig.

3).

and smaller sills. The bottom thick sill intrudes the
basement complex, the middle sill follows the uncon-
formity (Kukri peneplain of Gunn and Warren, 1962)
between the basement complex and the Beacon sand-
stone, and the upper sill is within the Beacon sand-
stone. These sills are considered Late Triassic to Early
Late Jurassic (Warren, 1969).
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(3) Perhaps the most distinctive rocks, and certainly
the rocks that most readily are identifiable on ERTS-1

band 7, are the great diabase sills referred to as the
Ferrar dolerites. These sills intrude rocks of the base-
ment complex and the Beacon sandstone and may reach
a thickness of 450 meters. Three thick sills are present
in the map area along with a number of related dikes

Figure 3. Photogeologic map prepared from stereo pairs and from positive transparencies produced by ERTS-1. This map was prepared
from Infrared band 7 images to illustrate a photogeologic map based on limited field information.
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Figure 4. Geologic map of the area between Saint John's Range and Asgard Range. (Generalized from Gunn and Warren (1962), Mc-
Kelvey and Webb (1962), Allen and Gibson (1962), Fikkan (1968), Smithson (1967, 1970), Murphy (1971), and Lopatin 1970).)

Mafic igneous rocks (rich in ferrous iron) normally
show a strong absorption or decrease in reflectance in
the near infrared (ERTs-1 band 7) (Rowan, 1972; Vin-
cent, 1972). This results in very dark tones on the
ERTS-1 band 7 image. Such units normally show sharp
contrast in reflectance with felsic rocks and thus are
readily distinguished from granite and sandstone.

The dry valley basement complex is cut by hundreds
of dikes that range in composition from basalts to gran-
ites. Most of these dikes are too small to be seen on
ERTS-1 images. But in especially abundant areas lines can
be seen on images as faint lines that trend in the direc-
tion of strike of the dikes; this probably represents areas
where several parallel dikes are close enough to appear as
a unit.

Evaluation of the ERTS-1 geologic map

Figs. 2, 3, and 4 illustrate, respectively, the enlarged
the ERTS-1 band 7 image used for compilation

v, the ERTS-1 photogeologic map, and a geo-
of the area compiled from the literature.
parison of figs. 3 and 4 shows that ERTS-1

useful to reconnaissance geologic mapping.
major units (basement complex, Beacon

and Ferrar dolerite) have been mapped with
to 70 percent accuracy. We think that these
divisions could be made by an experienced
gist who even is not familiar with the area.

acon sandstone is recognizable as a sedimen-
by its bedded nature. The relatively high
in band 7 suggests that the unit is a sand-

stone, limestone, or dolomite. The Ferrar dolerite
appears to be mafic igneous rock because of its very
strong absorption (dark tone) in the infrared. Base-
ment rocks are more difficult to distinguish, but the
areas underlain by Irizar granite and other light-colored
igneous rocks probably are identifiable as felsic igneous
rocks since these rock types usually show high reflect-
ance (light tone) in band 7. The irregular contacts of
the felsic igneous rocks also suggest rocks of igneous
origin. It is likely that an unbiased photogeologist
would make three subdivisions in the basement complex:
units of low reflectance (dark tone) would be inter-
preted as mafic rocks (probably metamorphic); units of
intermediate reflectance would be interpreted as igneous
rocks of intermediate composition; and the units of
high reflectance would be interpreted as felsic igneous
rocks. There is not much doubt, however, that marbles
cropping out in the Insel area would also have been
interpreted as felsic igneous rocks; this is because of a
similarity in reflectance for these rocks and the reflect-
ance of the granite. This similarity in reflectance illus-
trates the necessity for some kind of ground truth (field
checks or limited mapping) when photogeologic tech-
niques are employed.

Fig. 3 is an example of the type of geologic map
that can be prepared from ERTS images with the help of
limited field checks and the help of local geologic maps.
For example, distinctions are made between granite and
marble that could not be made without ground truth.
A number of units are mapped inaccurately, however,
because we think they would have been interpreted in
this manner by most photogeologists. As an example,
Beacon sandstone is shown to cap Mount Insel despite
the fact that most geologic maps of this area show the
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top of the mountain to be underlain by Ferrar dolerite.
We thus have made an attempt to present a type of
geologic map (fig. 3) that could be prepared from
ERTS imagery if limited ground truth is available.

Example of optimum mapping

The clarity of antarctic images is remarkable. Al-
though we have not examined images of northern polar
regions, we have studied hundreds of images from the
western United States and from some areas outside of
the United States. Very few show the detail of antarc-
tic images. This detail is illustrated by the contact
between Irizar granite and Ferrar dolerite seen south of
Lake Vida (figs. 2 and 3). If we compare the details
of this contact, as mapped with ERTs-1, with the same
contact mapped on the ground by Fikkan (1968) at the
scale of 1:25,000, the correspondence is excellent (fig.
5). The Ferrar dolerite sill of this area intrudes the
Irizar granite, probably following a horizontal fracture
system in the granite, and the dolerite is both overlain
and underlain by granite. The contact at Lake Vida's
south border is developed by erosion of the base of the
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sill exposing the underlying Irizar granite. Several
patches less than 50 meters in width of basal doerite
can be seen lying on the Irizar granite. Also, several
dikes (less than 14 meters in width) that cuti the
granite can be seen as a linear feature, although they
cannot be resolved individually.

Another interesting aspect of this part of the E1TS-1

image is that the basal part of the Ferrar dolerite sill is
darker than the upper part. Using the ERTs-1 image the
sill can be divided in four ascending zones: a thin, very
dark zone at the base; a thick zone of slightly lihter
tone; a thick zone of gray tone; a thin, dark zone iear
the sill's top (figs. 2 and 5). This same zonatio4i in
the Ferrar dolerite sill can be seen in a U.S. ?Tavy
oblique photograph of this area taken in 1971 (fig. 6).
The zonation of the sill must be related to texture and
mineralogical composition. But unfortunately this tpar-
ticular sill has not been subdivided in the field nor am-
pled in detail at 60-meter intervals; but their pet og-
raphy is too generalized to determine if the sill is di er-
entiated. Gunn (1962, p. 820-863) described a sill
located in the Kukri Hills south of the Lake Vida
locality but probably in the same stratigraphic position
and probably a part of the same sill discussed here. He
shows (Gunn, 1962, p. 826-836) that this sill is if-
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ferentiated and that the lower two-thirds of it is richer
in mafic minerals (mostly dark-colored pyroxene), and
the upper one-third of it is richer in felsic minerals
(mostly light-colored feldspar). Perhaps tonal varia-
tions noted in both the ERTS-1 image and the U.S. Navy
photograph express mineralogical variations similar to
those described by Gunn. If so, the very dark zones at
base and top may be chilled borders (usually darker in
color because of the fine grain of constituents), and the
lower dark gray zone simply may be pyroxene-rich (as
compared with the upper light gray zone).

The excellent relationship between ground truth and
photógeologic interpretation in this locality results from
severl factors. The most important is selection of the
best photographic  band for distinguishing this particu-
lar rck. ERTS-1 band 7 (near infrared) is at least a
very Igood, if not perfect, band for distinguishing gran-
ite (r rocks with low ferrous iron that show high re-
flectnce) from basalt (or rocks with high ferrous iron
that show strong absorption). Also important is that
this area is one of relatively low relief; sun angle and
sun location was such that rocks received even illumina-
tion and no shadowing. Finally, it appears that resolu-
tion in Antarctica generally is better perhaps because of
less scattering in the clear atmosphere.

Quaternary geology

Sediments of direct or indirect glacial origin are, by
far, the most important Quaternary deposits. Calkin

(1964) recognizes two major episodes of glaciation in
the dry valleys, designated Insel and Victoria glaciations.
Insel glaciation results from a strong advance of inland
ice (ice from the antarctic continent) that moved east-
ward into the dry valleys. Calkin (1964, p. 27-28) de-
scribes Insel drift as very silty, as fairly homogeneous, as
containing clasts that are chiefly mafic igenous rocks from
the Ferrar dolerite, and as being marked by extensive
mantling by solifluction. The Victoria deposits are
thought to result from a westward advance of glaciers
from the seaward side of the dry valleys. Calkin sub-
divides these younger deposits into three parts, each
related to an advance from the seaward side of the
valley and subsequent retreat. The Victoria drift is
described as less silty and somewhat more heterogeneous
in lithology of clasts than the Insel drift. These younger
deposits have better developed glacial topography, es-
pecially the deposits of the most recent episode of glacia-
tion. Other Quaternary deposits include alluvial sand
and gravel, dune sand, unsorted material in debris fans,
lake silts, and various deposits of mass wasting such as
talus, mudflows, and solifluction sheets.

These Quaternary deposits cover more than one-third
of the area mapped, as in fig. 7 (map of Quaternary
deposits in Victoria Valley, Calkin, 1964). The de-
posits are very difficult to distinguish from bedrock in
ERTs-1 images, however, probably for several reasons:
a lack of characteristic vegetation that often helps to
distinguish these types of deposits outside of Antarctica;
a dominance of mechanical over chemical weathering
that results in less chemical change (therefore less color

Figure 6. Lake Vida (upper
left), Victoria Valley, as pho-
tographed from an airplane.
lrlzar granite (light gray) is
to the right of the lake, lay-
ered sill of Ferrar dolerite is
to the right of the granite,
and Irizar granite is in the
upper right. Note that the sill
Is zoned with a dark layer at
Its 'base, a dark gray unit
above this, a unit of inter-
mediate tone above this, and
a dark layer at the top (com-

pare with figs. 5B and 2).
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Figure 7. Glacial geology In
the Victoria Valley region.
(Generalized from CakIn,

1964.)

change between bedrock and clastic deposits derived
from it). Even stereo views from space fail to reveal
the characteristic topography of these rocks.

Some deposits resulting from mass wasting, such as
debris fans and large masses of talus, can be recog-
nized. But none of the deposits of drift or even alluvial
deposits can be distinguished with certainty. A dark
tonal area due south of the Insel Range (compare figs.
2 and 7) probably is Insel drift. The eastern contact
between this Insel drift and a markedly lighter-toned
Victoria drift is seen clearly on ERTS-1 images. Probably
in this case the Insel drift has more boulders and peb-
bles of mafic igneous rock, making it darker in tone than
the Victoria drift. Victoria drift, however, also is pres-
ent west of the Insel drift and here the two types can
not be distinguished in this area probably because both
have a high proportion of mafic rocks.

Sand dunes readily recognized on ERTS-1 images in
most parts of the world (Houston and Short, 1973;
McKee, 1973) also are difficult to distinguish in this
area. Several large areas of dune deposits are present
to the north and east of Lake Vida (fig. 7). The dune
deposits appear as areas of somewhat lighter tone on
the ERTS-1 image, but these areas can not be recognized
as dunes nor can they be separated from other rock
types.

It seems clear that ERTs-1 images can help in some
cases to trace contacts between Quaternary units,

although these units have to be identified by use of low-
flying airplane images or be identified on the ground
before accurate mapping can be done.

Although the lack of vegetation in Antarctica is a
great advantage in mapping bedrock, it appears to be a
disadvantage in mapping unconsolidated Quaternary
deposits, making additional mapping errors likely with-
out ground control. A number of these errors areseen
when comparing figs. 2 and 3 where, for example,
Quaternary deposit areas in the southwest are mapped
as intermediate igneous rocks or felsic gneiss.

Present and future potential

ERTS-1 is experimental and was designed for mu tidis-
ciplinary use. One of its principal advantages is repe-
titive coverage of a given area to enable agricu tural
scientists to establish crop calendars (Colwell, 1 70).
ERTS-1 also helps land planners to determine urba and
rural growth patterns. It has been assumed tha one
good image of an area is all a geologist needs to tudy
rocks, since most geologic phenomena do not cl!ange
during a human life span. This may be true for areas
with extremely cold climates, like Antarctica, or very dry
climates like the Sahara. But some rock types are iden-
tified by vegetation covers that change seasonally, and
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structi re clearly is enhanced by light snow cover in
someareas (Webber and Martin, 1973). Geologists
also re aware that many geomorphic processes and
sedim ntation processes, as well as volcanism, show
changes within a year that are more extensive than
those seen by land planners. The repetitive system still
is not as useful to geologists primarily interested in
mapping as it is to some other scientists.

Conclusion

Geologic studies in Antarctica proliferated during
and after the International Geophysical Year (1957-
1958). Craddock (1970) states that ". . . few areas of
significant rock exposure remain unvisited by geologists."
But much of the geologic mapping remains reconnais-
sance in nature and is subject to weather and logistics
problems. Although we do not know how much of Ant-
arctica has been covered by ERTS-1 sensors, the dry
valley images show unusual detail and are useful in
reconnaissance mapping. Optimum use of images can
be made when some ground truth is available (where
traverses have been made to identify rock types). The
images may best be used by geologists with experience
in a given area to trace contacts with greater accuracy
and extend maps beyond control areas. A general
survey of antarctic images may well show some areas
that have been overlooked (Southard and McDonald,
1973).
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Investigations of Lower Paleozoic granites
in the Beardmore Glacier region

JOHN GUNNER
Department of Geology
Institute of Polar Studies
The Ohio State University

Columbus, Ohio 43210

The origin of granite is a question that has engaged
geologists for many decades. Recent advances in geo-
physics (particularly in the theory of plate tectonics),
however, have provided a new framework in which to
consider possible mechanisms of granite formation.
This article summarizes my study, in the light of plate
tectonics, of granitic intrusions in the Beardmore Glacier
region of the Transantarctic Mountains.

Rocks of granitic composition occur in most exposed
continental areas. Yet no single theory has been stated
to explain the origin of these rocks. In many cases,
evidence for how a particular body of granite was
formed may be equivocal. Theories traditionally have
been labelled "magmatic" or "solid state." Proponents
of the solid state theory argue that a body of granite
was formed by recrystallization without significant quan-
tities of liquid from older crustal rocks. If the parent
rocks were of different composition from the resulting

Dr. Gunner's address: Cambridgeshire College of Arts and
Technology, Cambridge CB1 2AJ, Great Britain.

granite, then it is possible that the necessary chemical
components migrated.

Those favoring the magmatic theory of granite for-
mation stipulate that a body of granite once was liquid,
at least largely, and by normal igneous processes the
granite crystallized from this magma. If the magma
was not generated in situ, it must have come from else-
where, presumably from greater depth. This raises
another question: what was the magma's parent4ge?
Generally speaking, granitic magmas are thoughl to
have two possible origins: they either generated within
the crust by melting of older material, or they derved
from juvenile magmas generated in the mantle.

Geologic setting

The granites examined in this study consist of rela-
tively small plutons that intrude Precambrian and Lower
Paleozoic rocks over a wide area around Beardmore
Glacier. It is doubtful that the granites are magm4tic.
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They have steeply inclined margins and roughly cir-
cular outlines. Contacts with the surrounding rocks are
sharp, and often country rocks are thermally metamor-
phosed. Geochemical data (summarized below) support
the magmatic interpretation.

The problem is not the mode of crystallization of
these granites but the parentage of the magmas from
which they formed. Granites of the region belong to a
much larger group of intrusions that occur throughout
the Transantarctjc Mountains from Victoria Land to the
Pensacola Mountains (fig. 1) and that are called the
Granite Harbor Intrusives. During Late Precambrian
and Early Paleozoic time, a depositional basin or com-
plex of 1- .tsins extended along what is now the Pacific
side of East Antarctica. In this basin or complex of
basins was deposited a thick sequence of sediments that
included a large proportion of graywacke and shale
with significant quantities of carbonates. These rocks
subsequently were folded and in places metamorphosed.
It was during this orogenic phase that the Granite Har-
bor intrusives were emplaced. Radiometric age deter-
minations suggest that the main episode of granite in-
trusion occurred during the Ordovician period (about
450 million years ago).

In the Beardmore Glacier region, the graywacke-
shale series (Beardmore Group) is exposed extensively
throughout the coastal ranges fronting the Ross Ice
Shelf and as far west as the Marsh Glacier (fig. 2).
The folding trend in these rocks parallels the coast
closely so that the outcrop width normal to strike is
approximately 100 kilometers. Carbonate sediments
(Byrd Group) are known to occur only in the extreme
north and south of the region.

In addition to the Beardmore and Byrd groups, the
granites intrude a series of rocks (Nimrod Group) that
are much older than either; at least 1,000 million years
(Grindley and McDougall, 1969), and possibly as much
as 2,000 million years (Gunner and Faure, 1972). The
Nimrod Group is known to occur only in the most
western part of the region (immediately adjacent to the
polar plateau). The rocks' character suggests that they
were laid down in shallow water not far from a con-
tinental land mass. They probably were formed at the
edge of the east antarctic craton before the development
of the basin in which the Beardmore Group and the
Byrd Group sediments were deposited.

Approach to the problem

The problem of the granites is two-fold: (1) Can
the source of the magma(s) be identified? (2) What
possible changes did the magma(s) undergo between
generation and crystallization? These questions raise a
third: Did the intrusions crystallize from a single

Pensacola
Mts

South Pole
9dW	,.	 +	 +	9dE

Byrd
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Figure 1. Map showing the distribution of lower Paleozoic granites
in the Transantarctic Mountains. The area of fig. 2a Is outlined.

(After Craddock, 1969.)

magma or from more than one? These questions are
related to chemical composition, whether of magma or
of parent rocks.

Direct sources of data on composition are available
only from rocks that crop out at the surface, from the
Nimrod and Beardmore groups (possible parent rocks),
and from the granites themselves (for composition of
the magma).

Three methods of analysis were used. The rubidium-
strontium ishochron method can establish two parame-
ters: when the granites cooled after crystallizing, and
their initial strontium isotope composition at this time
(a quantity, usually expressed by the ratio strontium 87/

strontium 86, which refers to the relative proportions of
the strontium isotopes). The initial isotopic composi-
tion of the granites reflects, first of all; the isotopic
composition (which can vary considerably) of the
magma's parent rocks, and, second of all, any contami-
nation that the magma may have suffered between gen-
eration and crystallization. So the rubidium-strontium
method may provide data on both the parentage and
the subsequent history of the magma.

The second method, uranium-lead dating of zircon, is
used in conjunction with the first. The dating is based
on the radioactive decay of uranium to its daughter lead
within the zircon crystals that occur in the granite. Since
it has a relatively high melting temperature, zircon may
remain as a crystalline phase in an otherwise largely
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Figure 2. Geologic map of
the Beardmore Glacier region
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of Predevonian rocks. Granite
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liquid granitic magma and thus be carried over into the
subsequently formed granite. Such a zircon will inherit
radiogenic lead that was formed by decay of uranium
during its previous history. The zircon, therefore,
should reveal a date that will be anomalously older than
the true age of crystallization of the magma. Rather
than attempt to separate the neocrystalline and inherited
types of zircon, the entire zircon population can be
dated and the result compared to the rubidium-stron-
tium date on the same rock. Thus the uranium-lead
method may provide evidence, because zircon is not
known to be present in any significant quantity in the
mantle, on whether the granite magma was derived
from crustal material.

In addition to these two isotopic methods, a third
method based on variation in the contents of certain
chemical elements of the granites can be used to throw
light on the crystallization history. We know that mag-
mas crystallize over a temperature range, rather than
at a single temperature, and that certain minerals tend

to form earlier than others. This results in certain ele-
ments tending to concentrate progressively in the mag-
ma, relative to other elements that more readily enter
lattices of the crystallizing minerals. Examples of such
pairs are barium-rubidium and strontium-rubidium; the
latter elements in each case tend to concentrate in the
residual liquid. A suite of samples from the same
magma therefore should show a progressive trend
toward a decreased barium-rubidium ratio that cant be
illustrated on a graph of barium versus rubidium con-
centrations.

Results

Rubidium-strontium data. Rubidium-strontium analy-
ses of 18 whole-rock samples from eight granitic intru-
sions reported by Gunner (1971) are plotted on an iso-
chron diagram in fig. 3. Although this article does not
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offer a technical discussion of the diagram, one striking
observation is that the samples are grouped in two
clearly defined linear arrays. The straight lines (iso-
chrons) A and B are "best fits" computed by regression
analysis. Furthermore, only samples from rocks intrud-
ing the Nimrod Group west of the Marsh Glacier (area
A) lie on isochron A, and isochron B includes only
samples from intrusions in the Beardmore Group, all of
which are east of the Marsh Glacier (area B). The two
isochrons represent intrusions from contrasted areas in
country rocks of different ages. But the dates calculated
from them, 488 ± 34 million years (A) and 463 ±
12 million years (B), are not distinguishable within the
assigned limits of error. They record the time when
the samples last had the same initial strontium 87/

strontium 86 ratios, 0.734 ± 0.002 (A) and 0.710 ±
0.002 (B). Although there are other possibilities, this
event most likely occurred at the time of intrusion of
the granites when the samples were last liquid. This
supposition is supported independently by potassium-
argon and rubidium-strontium dates, which give nearly
identical results, for minerals from the same granites
(McDougall and Grindley, 1965; Gunner, 1971).

The rubidium-strontium whole rock data thus imply
that the plutons sampled were intruded at the same
time or at similar times but that the magmas of the two
areas had distinct strontium isotopic compositions. Fur-
thermore, the widely scattered plutons sampled from
area B had strontium 87/strontium 86 ratios that were
indistinguishable at their time of intrusion; this sug-
gests either that they had a common magmatic source
or at least that a free exchange of strontium was possible
between their magmas.

Uranium-lead data. Separates of sphene and zircon
minerals taken from two granite samples, one each from
areas A and B, were analyzed using the uranium-lead
method. Detailed results are listed by Gunner (1971).
The single sphene separate from area A gives a date of
476 million years; this is identical, within experimental
error, to the rubidium-strontium and potassium-argon
results from this intrusion. This confirms the conclusion
that the granites were emplaced at about this time that
corresponds to the Ordovician period on the geological
time scale.

By contrast, the zircons give lead 207/lead 206 dates
that apparently are significantly higher: 537 million
years for the sample from area A, and 492 million years
for the sample from area B. These analyses suggest
that zircons in both analyzed separates have lost lead
and, therefore, the dates quoted probably are minimum
ages. Regardless of this, apparently the zircon separates
analyzed, particularly those from area A, contain crys-
tals that existed before the granites were emplaced and
therefore must have existed before the granites were in-
truded. Such zircons could only have come from con-
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Figure 3. Rubidium-strontium diagram for whole-rock samples of
granite from areas A and B. The inset includes outlying points at
a reduced scale. Dates for the isochrons were computed by regres-
sion analysis using a value of 1.39 x 10-11 year -1 for the decay

constant of rubidium 87 . Errors quoted are 2cc,
tinental crust; therefore, at least the granite magma in
area A must have incorporated crustal material.

Chemical data. Chemical data bearing on the relation-
ships between magmas of some of the granitic intru-
sions should be considered before summarizing the con-
clusions derived from isotopic results. Two chemical
variation diagrams (figs. 4 and 5) were selected to il-
lustrate the argument (further analytical data and dis-
cussion are given by Gunner, 1971). Both diagrams
refer to analyses of separates of potassium-feldspar
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Figure 4. Graph showing variation of barium and rubidium con-
centrations in K-feldspar separates from samples of granite in
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Figure 6. Schematic illustra-
tion of the plate model to ex-
plain the contrast in strontl-
um87/strontlum86 ratio and
apparent	uranium-rubidium
age between areas A and B.
(After Dewey and Pankhurst,

1970; Dewey, 1971.)I
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Figure 5. Graph showing variation of strontium and barium con-
centrations in K-feldspar separates from samples of granite in

area B.

(microcline). This mineral was chosen for two reasons:
it is ubiquitous in the granites, and it tends to be more
sensitive than the total rock composition to chemical
variation in the magma from which it crystallized.

Rubidium plotted in both diagrams (figs. 4 and 5) is
an element that tends to be concentrated in the liquid
phase of a crystallizing granitic magma. High concen-
trations of rubidium generally are found in most recently
crystallized rocks. In a suite of potassium-feldspars
formed from the same magma at different stages, there-
fore, rubidium shows a progressive (toward the latest
crystals) increase in concentration. Barium and strontium
tend toward the reverse: these are concentrated in earlier
formed crystals and are depleted in later ones. The dia-

______	 87/86
Increase in crustal	Sr/ Sr

area A—' <	area B—

Beardmore	isothermal
Byrd Gp.	Group	surface

Nimrod Gp. \	/

grams show similar patterns and may be treated together.
In both cases the points are not irregularly scattered, as
might be expected from a group of unrelated samples,
but instead are concentrated in hyperbolically curved
bands. There is a progressive trend, therefore, toward
enrichment of the samples in rubidium as barium andand
strontium are depleted. There is much evidence that
this trend reflects the course of magmatic crystallization.
Samples from rocks that show petrographic evidence of
strong differentiation, for example, plot in restricted
areas at the rubidium-rich ends of the curves in both
diagrams.

The general conclusion is that the chemical data on
the granites sampled in area B, including results de-
scribed elsewhere, show trends typical of magmatic
crystallization. This is consistent with the supposition
that these granites crystallized from a common parent
magma that underwent some degree of fractional crys-
tallization.

Discussion

Taken together, the isotopic and chemical data place
certain limitations on the origin and development of the
granites. What follows is a summary of these conclu-
sions and a discussion of them in the wider context of
the tectonic evolution of the Transantarctic Mountains
during the Paleozoic.

The major limitations are two. First, the granite
magmas in area A and in area B incorporated crustal
material. This is supported by the high initial stronti-
um 87/strontiurn 86 ratios (0.734 and 0.710) that are
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typical of continental crust (the mantle would have had
a strontium 87/strontium 86 ratio of about 0.703) and by
the anomalously old zircon dates (Gunner and Mat-
tinson, in press). Second, granites of area B may well
have crystallized from a common parent magma. This
hypothesis is supported both by the similar initial
strontium 87/strontium 86 ratios of the area B granites,
that are suggested by the colinearity of the samples on
the rubidium-strontium isochron diagram, and by the
chemical variation diagrams.

The development of the plate tectonics theory has
suggested explanations of many features of ancient oro-
genic belts. Several authors (e.g. Armstrong, 1968;
Dewey, 1969) suggest that granite magmas of orogenic
belts may originate in a deep zone of underthrusting of
one plate beneath another. Gunner (1971) and Stump
(1973) suggest that such a subduction zone functioned
during the Early Paleozoic along the western margin of
the east antarctic craton. The magma generated in the
subduction zone could be a mixture of material from
three sources: the upper mantle, the lower crust, and
the oceanic sediments dragged down along the zone
(Armstrong, 1968). The strontium 87/strontium 86 ra-
tios of magmas generated in this way may provide clues
to the relative contributions of these three components,
since they have characteristically distinct strontium iso-
topic compositions.

Taking 0.720 and 0.703 as maximum average values
for the strontium 87/strontium 86 ratios of oceanic sedi-
ment and of upper mantle, respectively (Dasch, 1969;
Armstrong, 1968), it is clear that no mixture of these
two components alone could have produced the strontium
in the granites sampled from area A (initial strontium 87/
strontium 86 = 0.734). This magma must have incorpo-
rated a significant contribution of crustal strontium, an
interpretation supported by the zircon uranium-lead
data. The granites of area B (initial strontium 87/stron-
tiurn 8(; = 0.710) could have received their strontium
from oceanic sediments and mantle-derived material
without any significant contribution from the crust. A
higher strontium 87/strontium 86 ratio for the sediments,
such as those obtained from samples of the Beardmore
Group that vary up to 0.720 (Gunner, 1971), would be
compatible with greater admixture of mantle-derived
strontium.

With this model it is not possible to distinguish
crustal strontium incorporated at the source of the magma
from strontium added during passage of the magma
through the crust. Ascending magmas probably incor-
porate strontium at many stages in their movement. It
follows that the greater the thickness of continental
crust that the magma has to traverse, the more likely it
is that the magma will achieve a high strontium 87/
strontium 86 ratio. The average age and strontium 87/
strontium 86 ratio of surface crustal rocks also tends to
incresc away from continental margins.

According to the model illustrated in fig. 6, magma
emplaced comparatively close to the continental margin
in area B originated at relatively shallow depth and
traversed a comparatively thin section of continental
crust perhaps largely composed of Late Precambrian
sediments with low strontium 87/strontium 86 ratios. By
contrast, magmas of area A formed at greater depth
and at greater distance from the continental margin and
incorporated significant quantities of crustal material at
the site of origin and at higher levels during their com-
paratively lengthy passage through the crust. Finally, the
magmas were emplaced at the present level of erosion
and become fractionally crystallized, causing the ob-
served petrographic and chemical variations.

Uranium-lead analyses were performed at the Geo-
physical Laboratory, Carnegie Institution of Washing-
ton, by Dr. J . M. Mattinson. Dr. I. Pringle and Mr. A.
Rutherford read the manuscript and provided helpful
criticism. This work was supported by National Science
Foundation grants GA-898x, GA-1159, and GA-12315.
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Contact metamorphism of the Latady
Formation, southern Lassiter Coast,

Antarctic Peninsula

CHARLES C. PLUMMER
U.S. Geological Survey

Denver, Colorado 80225

Contact metamorphic aureoles to at least several hun-
dred meters in width surround exposed Middle Cre-
taceous stocks and small batholiths of the Lassiter
Coast, southern Antarctica Peninsula. The plutons have
intruded black carbonaceous slate and siltstone, lesser
sandstone, and rare calcareous rock of the Upper Juras-
sic Latady Formation. Prior to intrusion, the Latady
Formation was tightly folded around northeast to north-
northeast axes, resulting in the development of slaty
cleavage (Williams et al., 1972). Potassium-argon ages
of the plutons range between 99 and 119 million years
(H. H. Mehnert, P. D. Rowley, and D. L. Schmidt, un-
published data, 1974). Samples from numerous con-
tact aureoles for this petrographic study were collected
in the Ronne Antarctic Research Expedition Range,
Latady Mountains, and Scaife Mountains, during the
first (1969-1970) of three field seasons of U.S. Geo-
logical Survey reconnaissance mapping of the Lassiter
Coast area.

In the aureoles around plutons, pelitic rocks were
metamorphosed to black, fine grained hornfels contain-
ing quartz, plagioclase (mostly oligoclase), biotite, mus-
covite, and graphite. The pelitic rocks commonly bear
andalusite and cordierite porphyroblasts. Sandstone was
metamorphosed to dark gray quartzites generally con-
taining quartz, plagioclase, and muscovite. Garnet, horn-
blende, and biotite were found in a sample of schistose
metasandstone; the garnet is in a thin argillaceous layer
of this rock. Only two calc-silicate rocks were studied.
One consists of calcic plagioclase, wollastonite (some of
which encloses calcite), and diopside, plus minor epi-
dote and sphene. The other is quartz, garnet, calcite, and
probably retrograde clinozoisite and clinochiorite. Ad-
ditional retrograde effects in some metamorphosed rocks
are sericitization of andalusite crystals' rims and replace-

Dr. Plummer's address: Geology Department, California
State University, Sacramento, California 95819.

ment of cordierite by muscovite and biotite. Chlorite
(pennine) is a rare, localized, partial replacement prod-
uct of biotite.

The minerals in most rocks are randomly ori nted,
indicative of crystallization under static conditions. ome
rocks, however, show crystallographic parallelism o one
or more of the mineral species present. In one elitic
rock, for example, most biotite grains have parallel optic
axes, although the andalusite porphyroblasts are ran-
domly oriented. These rocks are interpreted to ha y had
penetrative deformation associated with metamorp ism.
Rocks that apparently underwent more extreme pe etra-
tive deformation during metamorphism are char cter-
ized by (1) more pronounced layering or streakin out
of mineral aggregates, (2) form and(or) crystallo-
graphic orientation of various minerals, and (3) 1post
growth rotation or deformation of minerals.

In rocks only slightly or statically metamorphpsed,
microscopic graphite "dust" appears uniformly distrib-
uted throughout the pelitic layers, in contrast to synline-
matically metamorphosed rocks where it is concentrated
into streak line lenses within the pelitic layers. Some
streaked out dust lenses were tightly folded.

Form orientation attributable to shearing is mani-
fested by lens shaped masses of fine grained quartz and
plagioclase elongated parallel to the pattern of opaque
dust. In some pelitic rocks, cordierite grains are slightly
ellipsoidal, probably because of shearing.

Andalusite porphyroblasts in the synkinematically
metamorphosed rocks commonly show a high degree of
parallel orientation, with the "c" crystallographic axes
being parallel to the rocks' presumed "b" lineations.
Biotite also shows a very pronounced crystallograhic
orientation, generally accompanied by form orientation.
Some of the biotite in these rocks, however, is ran-
domly oriented, implying that static crystallization con-
tinued beyond the synkinematic episode.

Postgrowth rotation or deformation of minerals is
most apparent in some of the andalusite crystals in these
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rocks. In one rock, andalusite crystals were rotated
either late during growth or subsequent crystals were
rotated either late during growth or subsequent to
growth, as shown by the sigmoidal pattern of external
graphite dust (fig. la).

Although most andalusite porphyroblasts have their
axes of elongation parallel or subparallel to "b,' some
microboudinaged andalusite crystals (Misch, 1969) oc-
cur in the contact aureoles. Such stretched and ruptured
crystals commonly have quartz between the pieces (fig.
ib). Probably this quartz formed when silica migrated
into the developing tension crack during rupture while
the crystal was aligned at a large angle to 'b" The
quartz in the ruptured zone is very fine grained and in-
clusion free; it contrasts markedly with that in the bands
adjacent to the andalusite. This negates the theory that
optically continuous andalusite crystallized around older
quartz. These relations are similar to those found in t
synkinematic contact metamorphic aureole in the Cascade
Mountains, Washington (Plummer, 1969a, 1969b).

One sample contains a composite porphyroblast of
microboudinaged andalusite (fig. ic). This crystal has
a series of pieces, each joined at a slight angle. Separat-
ing three parts of the composite crystal are two zones of
fine grained quartz that, as the crystal in figure ib, prob-
ably was caused by migration of silica into developing
tension cracks. The original crystal probably was not
only locally pulled apart, but also bent and fractured.
Subsequent recrystallization of andalusite healed the
fractures.

The most intensively metamorphosed rocks indicate
metamorphism within the hornblende hornfels facies.
Some rocks, however, perhaps crystallized under condi-
tions transitional between this and the amphibolite facies.
Retrograde metamorphic effects and rocks farther from
pluton contacts are assigned to the albite-epidote horn-
fels facies. Synkinematic aureoles indicate that intrusion
was in part forceful; this conclusion is supported by the
observed displacement of older regional folds at some
pluton contacts. No rocks of anomalously high meta-
morphic grade were seen; the data are compatible with
the view that the rocks belong to a single sedimentary
unit (Latady Formation) and were metamorphosed dur-
ing a single (perhaps broad) period of plutonism (Wil.
liarbs et al., 1972).

Geologists of Great Britain, working farther north on
the Antarctic Peninsula, describe contact metamorphism
of the Trinity Peninsula Series (Upper Paleozoic?) by
Ardean intrusions. Adie (1957) and Curtis (1966) be-
lieve that a pre-Jurassic cataclasis of the Trinity Pe-
ninsula Series preceded the much later contact meta-
morphism. Fleet (1968) believes that the Trinity Pc-
nirsula Series underwent an older low grade regional
me tamorphism and a younger contact metamorphism.
The effects they describe resemble, at least mineralogi-
cal y, those described here in the lithologically similar
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a.

Synkinematic metamorphic textures of andalusite porphyroblasts.
a. Rotated andalusite. Graphite dust (stippled pattern and black
border) concentrated by the growth of the crystal. b. Microboudin-
aged andalusite. Mosaic pattern is quartz. The "b" lineation is
perpendicular to the diagram; S is original bedding; S 2 is drown
parallel to what appears to be a very incipient foliation in the

rock. C. Microboudinayed andalusite. Mosaic pattern is quartz.

(Williams and Rowley, 1972) Latady Formation, Las-
siter Coast.

This study was supported by National Science Founda-
tion grant AG-187.
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The remains of Camp Michigan
JAMES H. ZUMBERGE

The University of Nebraska
Lincoln, Nebraska 68508

Those aboard USNS Eltanin's cruise 51, in February
1972, sighted dark objects in an upper edge of the Ross
Ice Shelf (fig. 1). McWhinnie (1972) speculated that
the objects were the remains of Little America IV (es-
tablished in 1947), and Baker (1972) suggested that
they were part of Little America I and II (established
in superposition in 1929 and 1933, respectively).

Further study proves that neither explanation is cor-
rect. The objects seen on cruise 51 were the remains of

Camp Michigan (fig. 2). The camp was established in
1957 as a base for the Ross Ice Shelf Deformation Proj-
ect during the International Geophysical Year (IGY)
(Zumberge et al., 1960).

Two lines of evidence are available to deduce the
origin of the objects (fig. 3, X-72). One is the absolute
movement, based on geographic coordinates plotted over
the years, of several stations in the Roosevelt Island-Bay
of Whales region. The other stems from snow burial

•
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Figure 1. Artifacts In the ace
of the Ross ice Shelf at 8°
32'S. 164°10'W. as s •n
from USNS Eltanin on F. nj.
ary 18, 1972. This Is X-7 In

fig. 3.
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FIgu. 2. Camp Michigan,
Febr ary 1958. The camp
was established in Novem-
ber	1957	at	78°34'S.
163 57.3'W. The small hut
on t e left is a sled-mounted
Wan gan and the structure on
the right is a prefabricated
hut about 2.5 meters high.
Be eon the two is a cache
of tood and miscellaneous
cam gear covered by a tar-
Pau n. The two weasels in
the ,ackground were not left

at the camp.

and from physical appearances of objects as corn-
to the camp's configurations at times of abandon-

movement

line connecting the geographical positions of a
single camp at two different dates defines a vector of ice
shelf movement. Two successive positions of a point on
the ice shelf represent two points on a flow line (not
necessarily a straight line). The future position of a
known point on the ice, therefore, can not be predicted
pr cisely by simply extending a movement vector based
on only two previous positions of that point. The gen-
eral direction of the point's movement and the general
rate of movement, however, can be deduced by this
means.

Wexler (1960) used the changing coordinates of sev-
eral ice shelf stations to measure ice shelf movement in
an area bounded by Roosevelt Island, Kainan Bay, and
th Bay of Whales. Davis (Giovinetto and Zumberge,
1968) charted the paths of capes "West" and "Man-
hue," in the Bay of Whales vicinity, from 1912 to 1955.
Cape West was on the Bay of Whales' west side and
showed erratic movement toward the northeast during
the 43 years. Cape Manhue, on the east side of the Bay
of Whales embayment, moved in a fairly consistent di-
rection to the northwest.

When plotted on a map (fig. 3), the coordinates of
several pairs of points give the total absolute movement
of the ice shelf. The change in geographic coordinates

May-June 1974

of five stations, "Framheim" (fig. 3, F), Cape Manhue
(fig. 3, M), Little America I (fig. 3, LA I), Little Amer-
ica III (fig. 3, LA HI), and Camp Michigan (fig. 3,
CM), shows a remarkably consistent direction of move-
ment for all except Little America III which had a more
northerly direction than the others. The movement anal-
ysis shown in the table and plotted on fig. 3 leaves little
doubt that the objects (fig. 3, X-72) seen from Eltanin
are the remains of Camp Michigan. This identification is
made because a fiowline, based on the movement of
Camp Michigan between 1957 and 1963, is the only one
in the area that could end at point X-72. Moreover, X-72
could not have been Little America IV, as suggested by
McWhinnie, because part of that camp was seen in the
Ross Ice Shelf's face in 1955 (Sullivan, 1957), and be-
cause Little America IV was erected to the north of Lit-
tle America III. The movement of Little America IV
also would have been in a northerly direction, similar
to Little America III, and this does not put it at X72.1,2

' The U.S. Naval Oceanographic Office Antarctic Strip Chart,
Little America V to Byrd Station (chart number 16834-11, 6th
edition, September 1963), and the U.S. Navy Air Navigation
Chart, Antarctica, McMurdo Sound to Weddell Sea (chart
number V30-SP11, 12th edition, August 1968), show Little
America IV on the Ross Ice Shelf at about 78 0 32.9'S. 163°53.-
7'W., about 6 kilometers east of the 1962 ice front. Both maps
are inaccurate in this respect. In 1955, Walter Sullivan per-
sonally observed that Little America IV was being destroyed
by calving.

2 Polar Times (number 56, June 1963) reported the sighting
by the U.S. icebreaker Edisto of remains of what appeared to
be Little America III in a 16-kilometers-long iceberg 500 kilo-
meters west of Kainan Bay.
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Figure 3. Map showing location of artifacts seen from EUanin In
February 1972. The artifacts are identified as X-72.

Ice velocities for all bases shown on fig. 3 and re-
corded in the table indicate that the only base intact in
the Bay of Whales area by February 1972 was Camp
Michigan. All others have trajectories that place them
well beyond the edge of the ice front by that time.

Configuration of the X-72 objects

Figs. 2 and 4 are photographs of Camp Michigan
that were taken in February 1958 and December 1959,
respectively. The camp, when vacated in February 1958,

consisted of a prefabricated wooden hut, a small sled-
mounted wanigan, and a cache of food and miscellaneous
items stacked between the two structures andcovred
with a tarpaulin. Camp Michigan again was occupied
during the 1958-1959 austral summer and was a1an-
doned at the end of that field season. In Decenber
1959, the camp was visited and photographed (fig. 4).
The hut and wanigan by that date were buried benath
snow.

Fig. 5, a telephoto of X-72 taken from aboard Elt nm
on February 18, 1972, shows two rectangular feahires
separated by several smaller elements. The two rectangu-
lar features could be the Camp Michigan wanigan ind
hut, and the objects between could be food remains ind
an equipment cache covered by a tarpaulin (fig 2). e
increased separation of the wanigan and hut in fig 5,
compared with the separation in fig. 2, could be the re-
sult of horizontal strain that occurred from 1957 to 1 .c, 72.

The amount of snow accumulation over the top of
the dwellings is difficult to determine from fig. 5 be-
cause of an irregular snow cornice, but it appears to be
between 3 and 4 meters. Giovinetto (Zumberge et al.,

1960) measured 3 meters of snow/firm accumula ion
on the crest of a snow anticline in the Camp Mich i an
area during the 15 years before 1958. This is furt er
evidence that X-72 is Camp Michigan.

Conclusion

The evidence leaves little doubt that objects sighted
in February 1972 from Eltanin were the remains of
Camp Michigan. The trajectory of ice movement (based
on the geographic coordinates of Camp Michigan in
1957 and 1963), the configuration of the remains, 4nd
the amount of snow/firm accumulation above the c 
support this conclusion.
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Figure 4. Camp Michigan In
December 1959. A mound of
snow has almost covered the
prefabricated hut, and sev-
eral bamboo poles mark ti.
camp. The "Christmas tree"
and flagstaff of three barn.
boo poles (standir.j in front
of the hut in fig. 2) were net

yet burled by snow.
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Geographic coordinates of selected Ross Ice Shelf bases in the Bay of Whales area,
including their magnitude and direction of movement

Map symbol
	

'Name of base	Date of Latitude Longitude Distance Years Azimuth Velocity	Reference
position	S.	W.	(meters)	(N=O') (myr1)

1911
1934
1912
1955
1929
1957
1940
1957
1957
1963
1963
1972

F-li
F-34
M- 12
M-55
LA 1-29
LA 1-57
LA 111-40
LA 111-57
CM-57
CM-63
CM-63
X-72

- Framheim'
Framheim'

Cape Manhue"
Cape "Manhue"
Little America 1*
Little America I
Little America III**
Little America III
Camp Michigan
Camp Michigan
Camp Michigan
Ice Front Artifacts

78"38.0'
78° 35 .6'

78° 35 .9'
78° 30.2'
78° 34.0'
78° 30.8'
78° 30.0'
78° 26.0'
78° 34.0'
78° 33 .0'
78° 33 .0'
78° 32.0'

163037.0'
163° 56.0'
163° 50.0'
164035.0'
163048.0'
164° 07.7'
163° 50.0'
163° 53.2'
163° 57.3'
164c'02.7'
164002.7'
164° 10.0'

Mohn (1915)
Poulter (1947)
Giovinetto and
Zumberge (1968)

Gould (1935)
Zumberge (1959)
Court (1948)
Zumberge (1958)

Zumberge (1958)
Dorrer et el. (1969)
Dorrer et el. (1969)
Griffiths (1972)

	

8,516	23	3020	370

	

19,500	43	3020	453

	

9,401	28	2980
	

336

	

7,538	17	3510
	

443

	

2,727	5.2	3130
	

524

	

3,278	9.1	3040	360

* Office of Geography (1956) gazetteer number 14, Geographic Names of Antarctica, p. 194, gives the coordinates of Little
America I in 1929-1930 as ". . - about 78°40.5'S. 164°03'W." This differs significantly from the coordinates, regarded as the
authoritative source, published by Gould (1935).

** Gazetteer number 14 gives the coordinates of Little America III in 1939-1941 as 78 0 35'S. 163 0 52'W. In this paper the
coordinates of Court (1948) are taken to be the correct ones.
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Siple Station: the first winter
W. J . TiAiucco

Stanford Electronics Laboratories
Stanford University

Stanford, California 94305
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Siple Station is on a featureless snow plain at the Antarctic
Peninsula's base (Ellsworth Land). Its setting, although barren,
is rich in scientific importance. At the geomagnetic conjugate
point of Roberval, Quebec, Canada, Siple affords a unique
window through which to study the earth's upper atmosphere.
Very low frequency (VLF) transmissions (see "VLF transmis-
sions received," Antarctic Journal, VIII(4): 231) from Siple
to Roberval, via magnetos pheric ducts, are used to study how
electrically charged particles and waves interact in space and
how the distribution of charged particles is affected by solar
activity.

Mr. Trabucco, an electronics engineer who is a research as-
sistant at Stanford Electronics Laboratories, Stanford, Cali-
fornia, was station leader during Siple's first winter of opera-
tion. For 10 months he and three others—Jay Klinck (engi-
neer), Evans Paschal (engineer), and Russell Threlkeld, M.D.
(physician)—comprised the numerically smallest, most isolated
U.S. group to winter in Antarctica since Admiral Byrd's 1934
lone 4-month stay at an outpost south of Little America H.
The four persons at Siple during the 1973 austral winter also
were the first all-civilian crew to operate a U.S. antarctic sta-
tion.

Mr. Trabucco returned from Antarctica on January 8, 1974'
What follows is his personal account of the first winter at Siple.

88

Our isolation began earlier than expected. The loss of
an LC-130 at South Pole Station on January 29 reduced
air support and caused an early exit of construction
workers who were helping to ready Siple for the long
winter ahead. On February 4, the last flight departed.

The four of us were left with much outside work to
complete. We spent 3 weeks sorting through and stack-
ing cargo left outside of the station. It was hard to de-
cide what should be stored inside the limited space un-
der the station arch and what should be left outside to
be drifted over during the winter and recovered later.

Three more weeks were spent completing work at
the emergency camp. Hatches had to be finished, elec-
trical wiring had to be installed, and a 250-gallon fuel
tank had to be positioned at the generator shack. Soon
all but the hatches of the emergency camp would be
buried.

Over the summer a 25,000 gallon fuel bladder was
drifted over by about 2 feet of snow. We spent 3 days
digging it out. Only a trackmaster remained snowfree
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throughout most of the winter. The vehicle was used to
haul garbage to the dump. Toward winter's end we used
it to tiaverse the east leg of the 21-kilometer-long dipole
antenr.a to repair a break 7 kilometers from the station.

The station arch did not drift over as much as we
thought it would. I attribute this to wind scouring that
was aided by smoothly contoured drifts formed during
the previous winter. About 2 meters of snow accumu-
lated, in undisturbed areas. The small amount of drift-
ing around the arch enabled use, until well into the
winter, of a surface access door. This door, rather than
an elevated hatch reached by ladder, was a great help to
cargQ and supply operations at the winter's onset and to
garbage removal later on.

The last outside work at the season's beginning was
to flag materials left outside of the station arch and to
erect two riometer antennas. The flagging was to help
locate the cargo at the end of winter, after it had been
buried by snow. Outside activity was limited, of course,
during most of the winter. In November, we dug out a
bulld9zer that would be needed to unload the first sum-
mer irplane to the station. We also readied the emer-
gency camp for summer occupancy.

Si le really was not as complete as we had hoped
until early the end of the winter, but it certainly was
comfortable. There were many initial problems in the
mech nical area, including generator overheating during

II

W. J. Trabucco

Erecting towers for very low frequency (VLF) dipole antenna
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intense VLF transmissions, improper wiring of generator
governors and poor wiring throughout much of the
station, and leaks in water, glycol, and fuel systems
throughout the station. The biggest problem, however,
was the generator exhaust system. Eventually most of
the problems were solved through such modifications as
installing a blower in the ducts of the generator air
circulation system, repairing leaks, and rewiring. The
generator exhaust system deteriorated as time passed.
Flexible connections broke and valves failed.

Heat from the exhaust was used to melt snow for the
station water supply. But the system failed, resulting in
a fire, and electrical elements were installed to take over
melting operations.

A small repair shop was built under the arch. This
eliminated having to do our repair work on the dining
table or in the kitchen. Interior walls in the VLF labora-
tory van were removed to provide more space for re-
search equipment. In addition to other projects, the sta-
tion's interior was finished by painting doors and walls,
and installing floor tiling. The prefabricated vans under
the station arch had been punctured during transporta-
tion and installation. We had to caulk and patch the walls
to prevent freezing of pipes and loss of warmth. Storage
shelves were built inside and outside station vans and
supplies were inventoried and organized. These projects
consumed many hours of our time.

The station's purpose—scientific research—rewarded
our efforts. Although we got a late start on science pro-
grams, because of nearly 2 months of construction and
repair projects, passive (recording) science programs
bordered on completion in August. All of the passive
programs operated earlier in the season, although they
were rather hastily installed. The most important science
program, VLF transmissions, started in late April. Cool-
ing of the transmitter was a problem during high power
transmissions until we discovered that a heat exchanger
cooling fan and the modulating controls were installed
backwards during station construction. A small room
was built over the transmitter van to house transmitter
circuitry. Results of the VLF research boosted our mo-
rale during times of strain caused by our heavy work
schedules.

Transmitter operations were enhanced later in the
season by a minicomputer. The computer ran the trans-
mitter and some recorders; it even controlled generator
cooling systems during times of heavy transmitter load-
ing.

High snow static along the 21-kilometer-long dipole
antenna produced fireworks during wind storms. The
static caused difficulties with the riometer.

No one could have anticipated how the winter at
Siple would go. But each of us contributed something to
its ultimate success. Our work load precluded work on
hobbies and did not leave much time to watch movies.
This probably was therapeutic. At small stations every-
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U.S. Navy

Offloading a D-4 tractor from USNS Private R. Towle at the ice wharf, McMurdo Station.
The wharf is covered by an Insulation layer of Ross Island's volcanic soil.

one gets involved in everything. There are no rigid divi-
sions of tasks or of responsibilities. One of the more
positive things to emerge during our winter at Siple was
proof that just four persons can handle the isolation and

the demands of a winter's work in Antarctica. 'They can
arise to the problems of a new station, maintain a healthy
state of morale, and operate successfully a majol science
program.

News and notes__________
Field activities in February and March 1974

End-of-season activities in the 19th
consecutive year of U.S. programs in
Antarctica centered around evacua-
tion of summer personnel and their
equipment, data, and samples, and
final resupply and winterizing of sta-
tions. By February's end, the season's
final airplane flights had departed
from McMurdo, Siple, and Amund-
sen-Scott South Pole stations. Palmer
Station, primarily ship-supported,

was called upon by several vessels
until mid-April.

Left behind in Antarctica were 174
persons (including a U.S. exchange
scientist at the Soviet Union's Vostok
Station, and two exchange scientists
—one each from Poland and the So-
viet Union—at McMurdo Station).
Their mission this austral winter is to
conduct science programs and to op-
erate station life support systems.

U.S. Navy Antarctic Development
Squadron Six (vxE-6) flew! nearly
700 hours during February t trans-
fer some 330 metric tons o cargo
and hundreds of passengers etween
McMurdo, Siple, and South P le sta-
tions, and Christchurch, Ne Zea-
land. VXE-6's end-of-season opera-
tions were aided by the Febr ry 14
arrival of the third new Lc-13 Her-
cules airplane (number 15913 ) pur-
chased for the program by the Na-
tional Science Foundation.

The last days before the season's
final flight from McMurdo weie con-
gested by the late arrival of the cargo
ship USNS Private John R. Towle.
Following a previous delivery to Mc-
Murdo on January 17, the ship went
to Lyttelton, New Zealand, to take
on more McMurdo-destined cargo.
But problems extended the ship's
New Zealand call from 5 days to 12
days. Towle finally left Lyttelton on
February 8 and arrived at the Mc-
Murdo ice wharf on February 14.
Despite 55 kilometers-per-hour
winds, berthing at McMurdo,was
accomplished with the help of YSCGC
Staten Island. Crews worked around
the clock to unload and store a thou-
sand metric tons of cargo. Another
750 metric tons of cargo was loaded
aboard the ship for transfer to the
United States.

Towle's late arrival and theneces-
sity of having Staten Island scort
the ship through the ice chanril to
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McMurdo delayed Staten Island's de-
partire for a scheduled survey of
Pint Island Bay and the Walgreen
Coa;t. The survey was to have aided
in evaluating the region for possible
contruction of an operations base.
Aeral photographic reconnaissance
of Dine Island Bay in January re-
vealed unusually dense ice in the
area. The dense ice, together with
Staten Island's delay at McMurdo
and assignment to take supplies to
Palmer Station by the end of Febru-
ary, led to a decision to cancel the
Pine Island Bay survey. On Febru-
ary 15, Staten Island left McMurdo
for Palmer. Towle's McMurdo op-
erations were finished by February
18, and it departed for Davisville,
Rhode Island.

On February 16, a day later than
scheduled because of airplane me-
chanical problems, the season's final
flight left Amundsen-Scott South Pole
Station. This is the last winter that
the old South Pole Station, built in
1957 and now under 11 meters of
snow, will be used. A new station is
schduled for completion and occu-
patton next summer. Twenty-one
per ons, including support personnel
an scientists, are at the old station
thi winter to conduct programs in
meteorology, geophysics, and upper
atmosphere physics. The winter crew
at the South Pole also will operate
eqkipment to monitor the fifth stage
ignition of a National Aeronautics
and Space Administration "Hawk-
eye" satellite launch vehicle, sched-
uled for late May. The fifth stage ig-
nition is planned to take place above
th South Pole.

Siple Station's final flight of the
season was on February 3. Four per-
Sons remained at the station to con-
du.t upper atmosphere research pro-
grams during the winter. A final
flight was made to Byrd camp on
February 8, and the camp was closed
an evacuated for the winter.

Dn February 4, the season's UH-
iN helicopter operations ended, and
VXE-6 crews prepared the vehicles
for winter storage at McMurdo. The
UH-1Ns flew 1,006 hours in the Mc-

Murdo Sound area during the 1973-
1974 season.

On February 5, vxE-6 made a
third and final flight of the season to
the Soviet Union's Vostok Station.
Mr. Robb Flint, National Oceanic
and Atmospheric Administration, is
spending the 1974 winter there to
conduct extremely low frequency
studies near the geomagnetic pole
(near Vostok). Refueling equipment
and a fuel bladder were left at Vos-
tok for future LC-130 flights to the
station.

On February 22, the last LC-130
flight of the season left Williams
Field, McMurdo Station, for Christ-
church, New Zealand. Remaining at
the station this winter are 130 per-
sons. Research at McMurdo this win-
ter includes studies in biology, geol-
ogy, geophysics, upper atmosphere
physics, and meteorology.

VXE-6 LC-130s flew 3,229 hours
during the season, conveying some
3,400 passengers and about 1,800
metric tons of cargo. The airplanes
were flown back to the United States,
where they will remain until a Sep-
tember flight to McMurdo.

In the Palmer Station area, austral
summer programs in glaciology, bi-
ology, and geology continued until
the end of February. Staten Island
reached the station on February 25
and departed, after delivering sup-
plies, on February 27.

Earlier in the month the National
Science Foundation research ship
Hero provided logistics support to
Ohio State University glaciologists
at King George Island and Livingston
Island and , on February 15, trans-
ported some summer personnel and
cargo from Palmer to Ushuaia, Ar-
gentina. The tourist ship MS Lind-
blad Explorer called at Palmer on
February 17 and again on February
21, although high winds on the lat-
ter date prevented the ship from
docking. On March 7, RRS John Bis-
coe (United Kingdom) visited Pal-
mer; it departed the following day.
RRS Bransfield (United Kingdom)
delivered cargo and supplies to Pal-
mer on March 24. Mr. E. R. Koenig,

station manager during the austral
summer and an employee of Holmes
and Narver, Inc., left Palmer on
March 25 aboard Brans field. Hero,
the last ship to visit Palmer until
next summer, delivered supplies and
cargo on April 12. Fernando Franca,
M.D., Holmes and Narver, Inc., is
station manager and physician this
winter . Mr. Richard Moe, University
of California, Davis, is station sci-
ence leader. This is Palmer's first
winter of all-civilian operation.

David Lewis, M.D., an Australian
adventurist who left Palmer on De-
cember 12, 1973, aboard his 10-
meter yacht Ice Bird, in January
abandoned his attempt to circumnavi-
gate Antarctica single-handedly. Near
Signey Island in early January, se-
vere weather drove his boat north-
ward to 45°S. Hurricane winds
snapped the main mast and flipped
the yacht, damaging the self-steerer.
Dr. Lewis decided to head for Cape-
town, South Africa, arriving there on
March 20. The voyage had begun in
October 1972 in Australia. Many
storms later, on January 29, 1973,
Dr. Lewis and his battered craft
reached Palmer. U.S. Navy men
worked in their spare time during
the 1973 winter to repair the boat.

During March, Hero supported
Glomar Challenger for leg 35 of the
Deep Sea Drilling Project. Constant
storms and heavy seas curtailed drill-
ing operations and, by March 30,
the two ships returned to Ushuaia,
Argentina, having drilled at only
four of eight scheduled sites in the
Scotia and Bellingshausen seas. Hero,
an ice-strengthened vessel, did ice
and weather reconnaissance for the
drilling ship.

J. 0. Fletcher heads new
NSF office

Mr. Joseph 0. Fletcher was named
head of the National Science Foun-
dation's (NSF) newly established Of-
fice for Climate Dynamics on May
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Gregory W. Nickell (1948-1974)
28, 1974. He had been head of the
Office of Polar Programs, NSF, since
September 1971. The appointment
was made by NSF Director H. Guy-
ford Stever.

Before coming to the Office of Po-
lar Programs, Mr. Fletcher was a re-
search professor in oceanography and
atmospheric sciences at the Univer-
sity of Washington. His new respon-
sibilities include developing and co-
ordinating plans for a national and
international program in global cli-
mate dynamics.

Mr. Kendall N. Moulton is acting
head of the Office of Polar Programs.

Glaciology panel meets

The Committee on Polar Research,
National Academy of Sciences(NAS),
panel on glaciology met March 18-
19, 1974, at Arizona State Univer-
sity, Tempe. Dr. Wilford F. Weeks,
U.S. Army Cold Regions Research
and Engineering Laboratory, Han-
over, New Hampshire, is panel
chairman.

Panel members reviewed present
arctic and antarctic glaciology pro-
grams (International Antarctic Gla-
ciology Project, Ross Ice Shelf Proj-
ect, Glaciology of the Antarctic Pe-
ninsula, Arctic Ice Dynamics Joint
Experiment, Greenland Ice Sheet
Program, Sea Grant, and others) and
discussed future projects. Ad hoc
groups are being formed to devise
ways of stimulating progress in two
areas: research on snow cover and
snow control, and research on glacier
surges and movements.

Death

John Hanessian, Jr., 49, March
3, 1974, in the crash of a DC-10

Gregory W. Nickell, of Boulder
City, Nevada, died on May 15,
1974, when a truck he was driving
left the road between McMurdo
Station and Scott Base (New Zea-
land) and plunged down a steep,
200-meter embankment. He was
the second fatality of the 1973-
1974 U.S. antarctic program (see
January-February 1974 Antarctic
Journal, p. 29) and the first in 9
years to occur during winter isola-
tion at a U.S. station.

An employee of Holmes and
Narver, Inc., Anaheim, California,
Mr. Nickell was manager of Mc-
Murdo's Eklund Biological Center
and of Thiel Earth Sciences Labora-
tory. He had been at McMurdo
since October 16, 1973.

Based on telegraphic messages
from the station, Mr. Nickell ap-
parently was en route to the Cosmic
Ray Laboratory (about half way be-
tween McMurdo and Scott Base)
when the accident occurred. He was

Turkish airliner near Paris, France.
He was en route from Paris to Lon-
don on the last leg of a European
trip for the National Science Founda-
tion (NSF), where for the past 2
years he had been program director
in the Office of Exploratory Research
and Problem Assessment.

From 1954 to 1958, Dr. Hanes-
sian, an authority on political science
and international law, was on the
International Geophysical Year (IGY)

staff of the National Academy of
Sciences. From 1955 to 1957, he was
an executive officer at the academy
and had responsibility for adminis-
tering U.S. research programs in the
Antarctic and the Arctic. In 1956, he
was U.S. representative to the Inter-
national Council of Scientific Unions
Antarctic Conference in Paris. Dur-
ing the IGY, he was acting director of
the IGY World Data Center for Rock-
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alone and there were no witnesses.
The accident's location is kncwn
for its poor visibility due to blow-
ing snow during the winter.

Mr. Nickel!, son of Mr. and
Mrs. William R. Nickel!, of Boul-
der City, Nevada, received the B.S.
in biology and botany in 1973 from
the University of Nevada. His re-
mains will be returned to the United
States on a scheduled flight in early
September. Mr. Nickell's deith
brings to 41 the number of S.
deaths in Antarctica since 1946.

ets and Satellites, and program di-
rector for IGY glaciology and rocketry
programs. His published writing in-
cludes several articles on national in-
terests in Antarctica and on the
arctic Treaty. His organizational
memberships included the Antarcti-
cian Society.

Born in Syracuse, New York, he
was a graduate of Syracuse Univer-
sity and, during World War II, he
served in the U.S. Army. He did fur-
ther studies, following the war at
North Carolina State College, the
University of Strasbourg (France),
and the Johns Hopkins School of
Advanced International Studies. He
completed doctoral requirements in
international law at Cambridge ITni-
versity, England.

Dr. Hanessian is survived by his
wife and four sons, his mother, and
his brother.
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Monthly climate summary

Feature

Average temperature (CC.)

Temperature maximum (°C.)

Temperature minimum (°C.)

Average station pressure (mb)

Pressure maximum (mb)

Pressure minimum (mb)

Precipitation (mm)

Snowfall (mm)

Prevailing wind direction

Average wind speed (m/sec)

Fastest wind (m/sec)

Average sky cover (tenths)

Number clear days

Number partly cloudy days

Number cloudy days

Number days with visibility
less than 0.4 km

March 1974
McMurdo	South Pole
(date)	 (date)

-20.1	 -53.7

-6.0	 -36.1
(3/9)
	

(3/9)

-32.0	 -68.3
(3/17)
	

(3/20)

985.10
	

678.97

998.65
	

689.81
(3/10)
	

(3/23)

972.23
	

668.81
(3/30)
	

(3/16)

17.02	 trace

170.18	 trace
900	 20°

6.7	 5.4

20.6 (1800)	10.7 (100, 3300)
(3/6)	 (3/20)

7.4	 2.3

2	 11

11	 8

18	 12

11
	 1

April 1974
McMurdo	South Pole
(date)	(date)

-20.8	-57.7

-6.7	 -46.1
(4/17)
	

(4/16)

-32.2	-72.2
(4/7)
	

(4/26)

983.75
	

682.02

995.94
	

695.90
(4/22)
	

(4/22)

970.20
	

666.44
(4/17)
	

(4/4)

0	 trace

119.38	trace

110°	 20°

4.5	 7.7

24.6 (160 0 )	11.8 (200)
(4/19)	(4/18)

6.3	 3.4

0	 16

18	 13

12	 1

3	 0
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