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The high-elevation regions of the polar ice sheets
are the most remote places on Earth. In these regions,
sediments accumulate at the lowest rate on Earth
(McCorkell et al., 1967), and the annual accumulation layers in the ice sheet provide excellent time
markers for determining the deposition rate. Sediments that accumulate at the lowest rate should
contain the highest percentage of extraterrestrial
material. However, even the most slowly accumulating sediments may be predominantly terrestrial. Finegrained dust is carried by winds over large distances
from its locality of origin. On the other hand, very
little is known about the extraterrestrial material arriving at the Earth. The only substances definitely
identified as extraterrestrial are meteorites. What is
known from a variety of studies (Whipple, 1961) is
that interplanetary material ranging in size from
less than 1 /L to more than 1 km in size enters the
Earth's atmosphere and that much of it wholly or
partially disintegrates into dust before reaching the
Earth's surface. If we could collect dust with a
significant extraterrestrial component in sufficient
amounts to apply many analytical techniques, including isotope analysis, we might be able to demonstrate which fraction is extraterrestrial and learn
about its chemistry, mineralogy, amount in space,
history, and origin. Since some of these studies require grams of material, we undertook the collection
and study of material from large volumes of polar
ice.
Collections. We collected the soluble material
from 5 million liters and the insoluble material from
more than 10 million liters of melted ice. This was not
too difficult because we were able to use two subsurface wells at Camp Century, Greenland, from which
10 1/day of water could be processed. Camp Century is located at 77°10'N. 61°08'W. at an elevation
of approximately 2,000 m. One well (Fig. 1), used
for the camp's water supply, was made by jets of
steam. The melted water was almost immediately
pumped into three 5,000-gal aluminum storage
tanks. Our first collection was made by removing
about 400 g of material from the bottom of the
tanks after more than 10 million liters of water had
been stored in the tanks. Next, we installed a filter
system between the well and the tanks and passed 5
million liters of water through cellulose and nylon
filter papers of 8-, 3-, and 0.45- j pore size. The
material was later removed from the filter paper
by dissolving the paper in an appropriate solvent
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and centrifuging; 2.6>< 10 g of material was obtained per liter of water. Most of this material was
organic: oil from the pump, rubber from the hose,
and undissolved filter paper. The weight was reduced to 6 X10-5 g/l by low-temperature ashing.
There was no difference between the collections made
with different pore sizes or between those made on
cellulose and nylon papers.
The second well (Fig. 2) was made by a heat exchanger used to eliminate waste heat from the camp.
After the camp stopped using this well, we installed a
pump and an electrical heater at its bottom and
pumped the water through either a filter unit identical
to that used in studies at the first well or two ion-exchange columns in series. Approximately 5 million
liters of water were passed through the filters, and
about the same amount was passed through the ionexchange columns. One column contained 40 liters
of cation exchange resin; the other contained 30 liters
of an anion-cation mixture. The dissolved constituents were collected from these columns with 50 percent or more efficiency.
Chemical and mineralogical description. The particulates consist mainly of fine-grained clay, illite, and
montmorillonite, but include small amounts of
magnetite, quartz, and feldspar (Marvin et al.,
1967). The material collected from the settling tank
is quite different; it contains an appreciable amount
of magnetite and hematite. Certain heavy minerals,
such as magnetite, would have concentrated on the
bottom of the settling tank; however, the increase
in concentration is so marked that it is difficult to
explain on the basis of the amount of water stored
in the tank, unless there was a higher concentration
of "heavies" in the ice layers above a depth of 70 m
(less than 200-year-old ice) compared with the 80m layer (250-year-old ice). The illite appears to be
wind-blown dust from the continents; the "heavies"
appear to have an extraterrestrial component. The
concentrations of oxides collected on the filter papers
are SiO2 (51 percent), AI2 0 3 (23 percent), Fe2O3
(14 percent), MgO (4 percent), K 20 (4 percent),
Na20 (2 percent), CaO (2 percent), and NiO (<0.1
percent). (These concentrations are similar to those
of illite except for higher Fe and Na contents.)
The most interesting feature of the dissolved
material is that it contains a much higher concentration of Ni than the particulates and has a Ni/Co
ratio of 17, which is close to that in meteorites. The
positive ion concentrations in 10 mole/l are: Al,
37; Na, 200; K, 21; Ca, 22; Mg, 31; Fe, 3.5; Ni,
0.14; Co, 0.0064; Mn, 0.3; Cr, <0.05; and Ti,
<0.13. The Ni/Fe and the Ni/Co ratios are much
higher than in common materials of the Earth's crust.
The dissolved material does not contain unusual
amounts of chromium or manganese; hence, contamination by steel seems unlikely. To explain the nickel
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Figure 2. Water well
for collection of dissolved material and
particulates.

concentration on the basis of an influx of carbonaceous chondritic-type material would require an influx
of one million tons per year over the Earth. Recent
results (Barker and Anders, 1968; Hanappe et al.,
1968) indicate smaller influx rates for this type of
material. If the high nickel concentration in this
sample of melted ice is due to extraterrestrial material,
then a single large event, such as the Tunguska event,
or a few large events during the past 300 years raised
the nickel concentration of the sample. This sample
integrates the precipitation from approximately 50 to
300 years ago. There is excess Na over what would be
expected from dissolved illite and chondritic material.
The probable source is wind-blown sea spray.
The finely divided clay, mainly illite, was carried
by winds from the continents; approximately 10 g/l
was deposited at Camp Century. The approximately
10 g/l of NaCl was probably carried by winds from
sea spray.
A1 6, Be'°, and Ar39. Sufficient amounts of material
were collected to make searches for isotope anomalies
profitable. If an extraterrestrial component of the
material originated from small particles (less than 5
cm in diameter) of chondritic composition, it would
contain appreciable amounts of Al"" and Ar 39 proNovember-December 1968

duced by action of solar flares and cosmic rays (Wasson, 1963). Since some Al 26 is produced in the atmosphere, only an excess Al 26 over that expected from
the atmosphere can be attributed to this extraterrestrial source. Another radioactive isotope, BOO,
which is produced in the Earth's atmosphere by
cosmic , rays, gives a measure of the amount of Al26
and Be1° in the dissolved material and in the particulates. In the former, (3.2O-9) >( 10 Al 26 and
(18.4±6) X 10 Be"' dmp/l were found (McCorkell et al., 1967). Only upper limits for Al 26 and Be"
were found in the particulates (McCorkell et al.,
1967; Fireman and Langway, 1965); their additions
to the dissolved activities are insignificant. By combining the activities with the precipitation rate,
which is known to be 30 cm 3 of water/cm2/year,
the Al26 and Be'° production rates are calculated to
be (1.7 ±0.5) X 10' and (3.6±1.1) >< 10- 2 atoms/
sec/crn 2 . The low Al26 to Be" ratio is consistent with
the production of these isotopes in the Earth's atmosphere (Lal, 1963). The result disagrees with those
of Lal and Venkatavaradan (1966) but agrees with
those of Tanaka et al. (1968) on ocean sediment.
If the Ni and Co contents indicate an influx
rate of chondritic-type material of one million tons/
year, the low Al26 content indicates that the extraterrestrial material arrived in the form of bodies that
were greater than 5 cm in diameter and that were
shielded from solar flares.
An upper limit for the radioactive isotope Ar 39 of
0.04 dpm was observed in a 15-g sample of material
taken from the storage tanks. This limit corresponds
to 2 dmp/kg. The low Ar39 could be explained either
by shielding of the extraterrestrial material or by dissolution of the component containing Ar39.
Rare-gas anomalies. Rare-gas anomalies exist in
meteorites and serve as a test for material of extraterrestrial origin. The two common types of rare-gas
anomalies are (1) spallation, evidenced by high He 3/
He4, Ne21/Ne22, and Ar38/Ar36 ratios, and (2) primordial, evidenced by He3/He 4 ratios of 10- 3 to
10 and Ar°/Ar36 ratios of less than 300. Searches
for spallation anomalies were made in the samples
collected from the filter papers and storage tanks by
examining the release pattern of the rare gases as a
function of temperature. There was no evidence for
He3/He4, Ne21/Ne22, or Ar38/Ar36 ratios indicative of
spallation. There was, however, evidence for primordial anomalies.
In a dense fraction (>3.2 g/cm3 ) from the storage-tank collection, the Ar 40/Ar36 ratio was 230±5 in
10 6 cm 3/g of Ar released ats000l,200°C. after 1-hour
heating at 500, 800, and 1,000°C. (Tilles, 1967).
In another sample of this dense fraction, the Ar40/
Ar36 ratio was 240±5 in 2 X 10 6 cm3/g of Ar released in 1-hour heatings at 1,200°C. After 1-hour
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heating at 700°C., the Ar 36 / 38 ratio in this argon
was 5.2±0.1. This argon is similar to that first found
by Merrihue (1964) in ocean sediments and to the
primordial argon in meteorites. This argon is conclusive evidence for extraterrestrial material. In two
samples from the filter-paper collections, the amount
of primordial argon was less than one-tenth the
amount in the dense fraction. The primordial argon is
concentrated in the dense fraction that consists largely of magnetite; the magnetite is probably extraterrestrial.
Approximately 10-10 cm 3 /g of He was found in
the second sample of the dense fraction. At the temperature at which the He' was released, 700 0 C., the
He'/He ratio was 1.5 >< 10. This helium could
have a component similar to the primordial helium
in gas-rich meteorites.
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Investigations of Cosmic Ray Intensity
Variations in Antarctica
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Bartol Research Foundation of
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Spatial anisotropies are studied with ground-based
cosmic ray instruments by relating observed time
variations in the intensity to directions in space by
means of highly sophisticated analytical procedures.
This technique provides the only available means for
probing the gross features of the interplanetary medium, as well as the electromagnetic conditions in regions of space that are not accessible to spacecraft.
Portions of the celestial sphere that lie appreciably far
outside the ecliptic plane can be viewed only by instruments located at very high latitudes, hence polar
stations are crucial for investigating the three-dimensional spatial characteristics of the interplanetary
medium.
Last year, the discovery of a new type of cosmic ray
intensity variation, characterized by a north-south
asymmetry, was reported. This discovery stimulated a
concerted search for other events manifesting anisotropies perpendicular to the ecliptic plane. Several
have been identified and are now being studied in
great detail. Although there are notable differences in
the characteristics of the individual events, the observed intensity fluctuations at the different stations
appear to be in general accord with the predictions of
a theoretical model based on a diffusion mechanism.
An unusual event followed the sequence of solar
disturbances in September 1966 (see figure). The
cosmic ray flux at the antarctic stations started to decrease on September 14 and, on September 15,
reached a minimum value about 4 percent below
the pre-event level. However, the intensity reduction
at the arctic stations Thule and Alert did not begin
until September 15. In an effort to understand the
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Nucleonic intensity recorded at McMurdo and at Thule, Greenland, following solar disturbances on September 14, 1966.
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