N,O production. If the stimulatory effect of
soil disturbance on soil-water transport of
N,O is as large at other disturbed sites as it
is at HBEF, then the total N,O emission
rate (soil-air diffusion plus soil-water degas-
sing) from disturbed soils may be higher
than previously reported (21).

REFERENCES AND NOTES

1. G. E. Likens, F. H, Bormann, N. M. Johnson, D.
W. Fisher, R. S. Pierce, Ecol. Monggr. 40, 23
(1970); G. E. Likens, F. H. Bormann, R. S. Pierce,
W. A. Reiners, Science 199, 492 (1978).

2. G. E. Likens, F. H. Bormann, N. M. Johnson,
Science 163, 1205 (1969); W. H. Smith, F. H.
Bormann, G. E. Likens, Soi Sci. 106, 471 (1968).

. J. A, Duggin, thesis, Yale University (1984).

. G. W. Brolon, A, R. Gahler, R. B. Martson, Water
Resources Res. 9, 1450 (1973); J. H. Miller and M.
Newton, Agro-Ecosystems 8, 153 (1983); C. J. Rich-
ardson and J. A. Lund, in Mineral Cycling in South-
eastern Ecosystems, E. G, Howell, ]. B. Gentry, M. H.
Smith, Eds. (CONF-740513, U.S. Department of
Energy, Augusta, GA, 1975), p. 673; D. R. Silk-
worth and D. F. Grigal, Sl 8ci. Soc. Am. ]. 46, 626
(1982); P. M. Vitousek et al., Science 204, 469
(1979); P. M. Vitousek and J. M. Melillo, For. Sci.
25, 605 (1979).

5. J. W. Hornbeck and W. Kropelin, J. Environ. Qual.
11, 309 (1982); H. H. Krause, Can. J, For. Res. 12,
922 (1982); C. W. Martin and R. 8. Pierce, J. For.
78, 268 (1980); W. T. Swank and J. B. Waide, in
Forests: Fresh Perspectives from Ecosystems Research, R.
H. Waring, Ed. (Oregon State Univ. Press, Corval-
lis, 1980y, p. 137, C. O. Tamm, H. Holmen, B.
Popovic, G. Wiklander, Ambio 3, 211 (1974); P. K.
Khana, in Terrestrial Nitrogen Cycles, F. E. Clark and
T. Rosswall, Eds. (Swedish Natural Sciences Re-
search Council, Stockholm, 1981), p. 348.

6. J. M. Bremner and A. M. Blackmer, in Denitrifica-
tion, Nitvification, and Atmospheric Nitvous Oxide,
C. C. Delwiche, Ed. (Wiley, New York, 1981), p.
151; T. J. Goreau, thesis, Harvard University
(1982).

7. L. L. Goodroad and D. R. Keeney, J. Environ. Qual.
13, 448 (1984); J. M. Melillo, J. D. Aber, P. A.
Steudler, J. P. Schimel, in Environmental Biggeo-
chemistry, R. Hallberg, Ed. (Swedish Natural Sci-
ences Research Council, Stockholm, 1983), p. 217;
G. P. Robertson and J. M. Tiedje, Soél Sci. Soc. Am. ].
48, 383 (1984).

8. W. A, Jury, J. Letey, T. Collins, Sos! Sci. Soc. Am. ].
46, 250 (1982); A’ S. Mathias, D. N. Yarger, R. S,
Weinbeck, Geoplys. Res. Lest. 5, 65 (1978); J. C.
Ryden and D. E. Rolston, in Gaseous Loss of Nitro-
gen from Plant-Soil Systems, J. R. Freney and J.
R. Simpson, Eds. (Nijhoff, The Hague, 1983),
p.- 9L

9. T. F. Guthrie and J. M. Duxbury, So# Sci. Soc. Am. J.
42, 908 (1978); P. Newbould, in Terrestrial Nitro-
gen Cycles, F. E. Clark and T. Rosswall, Eds. (Swed-
ish Narural Sciences Research Council, Stockhoim,
1981, p. 671.

10. F. H. Bormann and G. E. Likens, Pattern and Process
in a Fovested Ecosystem (Springer-Verlag, New York,
1979); N. M. Johnson ez al., Geochim. Cosmochim.
Acta 32,531 (1968); G. E. Likens ez al., Biggeochem-
istry of a Forested Ecosystem (Springer-Verlag, New
York, 1977); G. E. Likens, F. H. Bormann, N. M.
Johnson, R. S. Pierce, Ecology 48, 772 (1967).

11. Glass syringes (50 cm®) (Becton-Dickinson) were
soaked in distilled water and rinsed clean. A plastic,
three-way, stopcock (Pharmaseal, American Hospi-
tal Sup, Kl) was attached to each syringe by a Luer-
Lok. The stopcocks and syringes were gas-tight for
at least 48 hours. Each syringe was flushed repeated-
ly and then filled to 20 to 40 cm® with high-purity
helium (Linde, Union Carbide). In the field the
helium was discharged under water, and >25 ml of
water was drawn Into the syringe so as to avoid
degassing and inclusion of gubblcs. Excess water
was discharged so that only 25.0 ml was retained.
The sample was fixed in the field with 0.5 ml of 2%
(viv) Ho8O, that had been bubbled with helium to
remove N,O. Acid-fixed samples had slightly less
N;O (about 4% after dilution by the H,SO,) than
unfixed samples. Acidic chemodenitrification of
NO,” or NO;~ would have been expected to

o

22 AUGUST 1986

increase the N,O content. At each site two syringes

were filled for gas analysis, and two 100-ml polypro-

pylene bottles were filled for pH (Orion, 399 A/F).

Water temperature was measured to +£0.1°C with a

digital thermometer (Omega, 871) and a thermo-

couglc (Chromel-Alumel, type K).

12. C. A. McAullife, Chem. Technol. 1, 46 (1971).

13. Nitrous oxide in the syringe headspace was mea-
sured on a gas chromatograph (Shimadzu, Mini-2)
with an electron-capture fetector operated at 320°C.
The column was 3.1 m of 0,318-cm stainless steel
packed with 80- to 100-mesh Poraﬂg;ak Q (Waters
Associates) and operated at 70°C with a flow rate of
40 ml/min of a carrier gas mixture of 95% argon and
5% methane (P-5, Linde Gas Products, Union
Carbide). Nitrous oxide eluted in about 105 seconds
and was quantified against standards (Scott Special-
ty Gases).

14. D. Pierotti and R. A. Rasmussen, J. Geophys. Res.
82, 5823 (1977); R. F. Weiss, ibid. 86, 7185
(1981).

15. R. F. Weiss and B. A. Price, Mar. Chem. 8, 347
(1980).

16. M. A. K. Khalil and R. A. Rasmussen, Tellus 35B,
161 (1983); R. E. Weiss and H. Craig, Geophys. Res.
Lett. 3, 751 (1976).

17. D. D. Focht and W. Verstracte, in Advances in
Microbial Ecology, M. Alexander, Ed. (Plenum, New
York, 1977), pp. 135-214.

18. N. K. Kaushik and J. B. Robinson, Hydrobiologin
49,59 (1976); W. T. Swank and W. H. Caskey, J.
Environ. Qual. 11, 581 (1982).

19. All streamflow from these watersheds originates as

soil water since there is virtually no overland flow.
The total amount of N,O degassed from soil water
was approximated as the averaged volume of season-
al stream water exported from the cut watershed
multiplied by the averaged seasonal content of N,O
in soi?water, summed over the months of consider-
ation. This is an underestimate because this calcula-
tion does not include the volume of water evapo-
transpired within the watershed.

20. W. B. Bowden, F. H. Bormann, C. P. McSwiney, in
preparation.

21. Council for Agricultural Science and Technology,
CAST Report 53 (Iowa State University, Ames,
1976); G. Marland and R. M. Rotty, J. A#w Pollut.
Control Assoc. 35, 1033 (1985).

22. We thank C. P. McSwiney for assistance in the field
and M. Matson for coliaboration on techniques to
sample water for dissolved gas analysis; J. Eaton, G.
Lovett, C. W. Martin, W. T. Swank, G. Voigt, and
D. Wang who reviewed an earlier draft of the
manuscript; and G. E. Likens, J, Eaton, and G.
Lawrence who provided information about NO;™
export from the cut watershed. The U.S. Forest
Service provided essential data on streamflow, Sup-
ported by NSF grant BSR-8406633. Research was
conducted at the Hubbard Brook Experimental
Forest, which is operated and maintained by the
Northeastern Forest Experiment Station, U.S. De-
partment of Agriculture, Broomhall, PA. This is a
contribution to the Hubbard Brook Ecosystem
Study.

25 November 1985; accepted 15 April 1986

Placers of Cosmic Dust in the Blue Ice

Lakes of Greenland

M. MAURETTE, C. HAMMER, D. E. BROWNLEE, N. REEH,

H. H. THOMSEN

A concentration process occurring in the melt zone of the Greenland ice cap has
produced the richest known deposit of cosmic dust on the surface of the earth.
Extraterrestrial particles collected from this region are well preserved and are
collectable in large quantities. The collected particles are generally identical to cosmic
spheres found on the ocean floor, but a pure glass type was discovered that has not
been seen in deep-sea samples. Iron-rich spheres are conspicuously rare in the collected

material.

YPICAL METEOROIDS IN THE 0.1- TO

1-mm size range melt during entry

into the atmosphere to form “cosmic
spheres.” The spheres, and the rare particles
that enter without melting, are an important
resource of extraterrestrial material that is
probably a relatively unbiased sampling of
the millimeter meteoroids that traverse the
inner solar system. Particles of this size
produce visual meteors in the night sky and
account for the bulk of the 10 tons of
extraterrestrial material annually accreted by
the earth. The major collection site for cos-
mic spheres has been deep-sea sediments
where spheres are found in moderate con-
centration because of the exceedingly low
accumulation rate of terrestrial particulates.
However, even in the deep-sea clays with
the highest known concentrations of cosmic
dust the spheres larger than 0.5 mm are only
10 parts per billion of the total sediment

mass, and it has not been possible to collect
adequate numbers of large spheres and un-
melted particles (1). Particles larger than
500 wm are required for certain analysis
techniques, such as the measurement of
trace elements and isotopic analysis of O, Ti,
and the cosmogenic (cosmic ray product)
isotopes 2°Al, Be, and *Mn (2).

In addition to deep-sea sediments, it has
long been recognized that clean polar ice
deposits could be good collection sites for
small meteoritic particles (3). Although
some spheres have been found in ice, it was
not expected that significant numbers of
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particles could be recovered because the
spheres should be highly diluted in the ice.
We report the discovery of a highly effective
concentration mechanism occurring in the
melt zone of the Greenland ice cap that has
produced the highest known concentration
of cosmic spheres on the earth. The spheres
are concentrated by the melting of glacial ice
and subsequent formation of placer deposits
in “aufeis” lakes that seasonally form directly
on the ice surface. The concentration pro-
cess involves the following sequence: the
particles fall onto the surface of the ultra-
clean interior of Greenland, they are buried
and become incorporated into ice, the gla-
cial ice flow carries the particles outward
toward the coastal region, during the sum-
mer ice melts in the ablation zone, and the
liberated particles are carried by running
water to placer deposits that form in shallow
basins. The existence of this process was
postulated on the basis of examination of
aerial photographs, and its reality was tested
by an expedition to Greenland in the sum-
mer of 1984.

The selection of a collection site and the
initial idea for the concentration process was
based on aerial photographs of the ablation
zone that were taken in 1958 by Bauer (4).
The photographs show valley and hill struc-
tures on the ice field delineating collection
basins with diameters on the order of 10
km. They also reveal the existence of a
patchy accumulation of dark sediments on
the bottoms of “blue” lakes formed at the
center of the collection basins. The lakes are
seasonal, but their locations should be some-
what invariant with time as the basins reflect
the permanent topography of the basement
rock over which the ice cap is flowing.

In July 1984, a five-man expedition with
700 kg of equipment camped for 1 week in
the ablation zone of the Greenland ice sheet,
near Sgndre Stromfjord (5). The camp site
(67°09'N, 49°38'W) was situated about 20
km from the ice sheet margin at an elevation
of 930 m. From radioecho sounding (6) and
ice sheet profile theory (7) the thickness of
the ice at the collection site is estimated at
600 to 800 m. Preliminary ice flow model
calculations suggest that the surface ice
around this location is 1500 to 2000 years
old, and that the ice was originally deposited
in the snow accumulation zone 100 to 150
km further inland, at an elevation of about
1750 m (8). This is supported by stable
isotope analysis of ice samples collected at
the camp site (9). From the inland site of
deposition, the accumulated annual snow
layers, originally 0.3 to 0.4 m thick (in terms
of ice equivalent thickness) moved down-
ward into the ice sheet and outward toward
the margin. When the equilibrium line (the
line where the annual loss of ice by melting
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Fig. 1. Collection of dark sediment from a blue ice
lake. Particles are vacuumed off the lake bottom
and pumped to a 100-um sieve on the lake shore.

exactly balances the annual mass input by
snow deposition) is reached, the ice layers
begin to move up relative to the surface and
then resurface downslope from the equilibri-
um line. The further inland the ice was
originally deposited, the closer to the ice
margin the ice will reappear, and the older
the surface ice will be (10).

At the camp site, the annual melt rate
amounts to about 1 m per year (11), expos-
ing about seven of the original annual layers.

Meltwater streams at the surface are re-
moved from the surface by water running
into the ice sheet through crevasses or run-
ning off the ice sheet margin. Lakes form in
local hollows at the surface, and the dust is
concentrated by sedimentation processes. At
present it is not possible to assess the degree
of dust removal from the ice surface by
meltwater, since up to now the surface
meltwater system in the marginal zone of
the ice sheet has not been studied in suffi-
cient detail.

The major recovery effort was conducted
on a 600-m-long lake that had a strong
central current of about 3 m sec™!. Patches
of dark sediment that covered the lake bot-
tom were vacuumed from the bottom with
hand-held plastic tubing connected to a
water pump. Sediment was recovered from a
60-m” area where the bottom deposit was
less than 5 mm thick. The water depth in
this area was about 1 m and the current was
on the order of 0.3 m sec™'. The lake
bottom ice was very rough, composed of a
myriad of small holes with depths of less
than 1 cm. The jet of sediment-laden water
delivered by the water pump was either
directed to a 100-wm stainless steel sieve
(Fig. 1) or the surface of a magnetic particle
collector. About 10 kg of sediments at least
100 pm in size and 50 g of magnetic
separates were recovered (12).

Preliminary laboratory observation of the
samples showed that the bulk of the sedi-

Fig. 2.(A) SEM image of the edge of sectioned Greenland spherule. The dark areas are epoxy and the
phases in descending order of brightness are magnetite, olivine, and glass. At the edge of the sphere
olivine has been etched out leaving only glass and magnetite, a weathering pattern not seen in cosmic
deep-sea spheres. Scale bar, 10 um. (B) Polished section of a glass-rich sphere whose composition lies in
the silicon-rich, iron-poor area of Fig. 3. The large vesicles in the center of the particle are relatively
common in the silicon-rich spheres but rare in spheres of normal chondritic composition. Scale bar, 100

pm.
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ment is composed of “cocoons” of micro-
scopic fibers in which mineral grains are
entrapped. These cocoon structures are
composed of a very pure variety of blue-
green algae (13). Several techniques for dis-
aggregating the cocoons were used (I14).
One purely mechanical method that was
quite effective was to place the sediment into
a large stainless steel sieve and brush it with
a hard nylon brush under running water.
Examination of liberated grains by scanning
electron microscopy (SEM) showed an
abundance of 100-wm or larger spheres with
chondritic elemental composition similar to
extraterrestrial stony spheres found in deep-
sea sediments. The concentration of these
spheres is about one particle per gram for
sizes larger than 100 wm. This concentra-
tion is 100 to 1000 times that found in deep
Pacific Ocean sediments.

More than 100 spheres larger than 100
wm were potted in epoxy and sectioned for
detailed SEM and electron microprobe stud-
ies in Seattle. Several unmelted extraterres-
trial particles were identified and were also
sectioned. In general the Greenland particles
are similar in elemental composition, miner-
alogy, and texture to spheres and rare un-
melted particles previously identified in
deep-sea sediments and shown to be extra-
terrestrial because of their content of cosmo-
genic °Al, '°Be, and **Mn (2). As is the case
with the deep-sea particles, the most com-
mon spheres have chondritic (solar) relative
abundances for Mg, Al, Si, Ca, Ti, Mn, and
Fe (Table 1). The most common consist of
olivine lamellae with minor magnetite grains
and residual glass filling the micrometer or
submicrometer channels between olivine
grains. This texture is similar to that of
barred olivine chondules. A few percent of
the spheres have porphyritic textures and
roughly 5% of the particles contain relict
(unmelted) grains of forsterite or enstatite.

In most respects the Greenland samples
are identical to their counterparts found in
deep-sea sediments, but there are several
conspicuous differences. A notable differ-
ence is that the Greenland spheres are much
less weathered. Typical stony deep-sea
spheres have lost a significant fraction of
their glass by dissolution and in extreme
cases all the glass has been removed and the
olivine grains have been attacked as well.
The Greenland spheres show signs of alter-
ation but it is usually minor and confined to
the spherule periphery. The nature of the
alteration is also different. Glass and olivine
etch at more comparable rates and in some
cases olivine is actually lost faster than the
glass (Fig. 2A). This difference could be due
either to the chemical environment or bio-
logical processes. The comparatively pristine
nature of the Greenland samples must be
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Table 1. Electron microprobe analyses of sectioned Greenland spheres.

Sample (% by weight)

Com-
pound G104 GIC8 GICI0 GICI3 GICI8 GIC21 GIC23 GIC24  GlAlL
MgO 2615 2832 24.65 27.90 25.66 23.37 27.49 27.23 28.33
AlL,O, 2.81 3.20 3.27 2.78 3.07 2.85 3.08 3.21 2.80
SiO, 36.87 38.04 3796 39.29 37.10 3591 38.06 38.96 42.39
Ca0 2.88 2.76 1.95 2.47 227 3.65 2.83 1.28 1.51
FeO 30.38 27.14 31.05 26.57 30.81 33.22 27.97 28.71 23.44
8i02 Si02 Fig. 3. Broad-beam electron
microprobe analyses of the
unweathered interiors of 62
Greenland and 279 deep-sea
Deep~ Greenland P
s%i%r:a é?,ﬁ';fe"s spheres. The Greenland

spheres have a relative over-
abundance of high silicon
and low iron particles and
deficiency of high iron
spheres.

MgO

FeO

due in part to their short terrestrial lifetimes.
The Greenland spheres are only a few thou-
sand years old whereas those on the sea floor
are typically more than 10,000 years old.
Even spheres resting on the surface of the
sea floor are typically this age because of
vertical mixing by burrowing organisms.
The preservation of the Greenland samples
is also enhanced because they are frozen in
solid ice for most of their terrestrial life-
times.

Although the most abundant Greenland
spheres are chemically indistinguishable
from the most common deep-sea spheres,
there are significant differences in the abun-
dances of minor composition groups.
Roughly a quarter of the deep-sea spheres
are FeNi particles composed of metal, mag-
netite, and wustite. Only 2% of the Green-
land spheres that we collected belong to this
group. There are several possible causes of
this discrepancy, but perhaps the most likely
is that the placer deposits that we sampled
may not have retained dense particles. This
could also explain why the high iron group
of stony spheres (Fig. 3) seen in the deep-sea
spheres are not seen in our Greenland sam-
ples. If the observed scarcity of iron-rich
spheres is actually representative of those
that originally fell onto the ice, then the flux
of these particles must have been low during
the time that the collected sample fell to the
earth.

In contrast to the depletion of iron-rich
spheres in the Greenland collection, there is
an enrichment of the rare high silicon and

FeO

low iron spheres (Fig. 3). These particles are
close to pyroxene normative composition,
and they contain large amounts of glass
(Fig. 2B). Two of these spheres are pure
glass. We have not found a similar composi-
tion glass sphere in the examination of thou-
sands of deep-sea cosmic spheres. The minor
element compositions of the high silicon
particles are in chondritic proportions, and
there is no evidence to suggest that the pure
glass spheres are terrestrial. These glass
spheres are not found in deep-sea sediments,
probably because they do not survive in the
ocean floor environment. The Greenland
samples thus indicate that chemical weather-
ing probably does cause at least a minor bias
in the chemical composition of recovered
deep-sea cosmic spheres.

The dark sediments extracted from Green-
land blue ice lakes constitute an important
mine of large extraterrestrial dust particles.
The lake bottoms contain the most highly
concentrated and best preserved deposits of
cosmic dust known on the surface of the
earth. With modest field efforts it seems
possible to collect hundreds of grams of
millimeter-sized extraterrestrial particles.
The bulk of such a collection of millions of
particles would consist of material from
comets and asteroids although presumably
there would also be trace components from
the moon, Mars, and possibly other sources.
Probably the most important contribution
such a collection could provide would be to
supply unmelted millimeter particles, some
of which would be of cometary origin.
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Dynamic Atomic-Level Rearrangements in

Small Gold Particles

Davip J. SMiTH, AMANDA K. PETFORD-LONG, L. R. WALLENBERG,

J.-O. Bovin

Small metal particles (<5 nanometers), which are widely used in catalysis, have
physical and chemical properties that are markedly different from those of the bulk
metal. The differences are related to crystal structure, and it is therefore significant that
structural rearrangements in small particles have been observed in real time by using
high-resolution electron microscopy. A detailed investigation at the atomic level has
been made of the factors affecting the dynamic activity of small gold crystals that are
supported on thin films of amorphous carbon, silicon, and germanium. The rate of
activity depends mainly on the current density of the incident electron beam and the
degree of contact of the particle with the substrate, but this rate decreases rapidly as the
particle size is increased. The activity of the particles is very similar on either carbon or
silicon, but it is generally less marked on germanium because of increased contact
between the particle and the substrate. The electron beam effectively heats the particles,
and it appears that their dynamic behavior depends on their thermal contact with the

substrate.

EVELOPMENTS IN INSTRUMENTA-

tion for the high-resolution clec-

tron microscope (HREM) have fa-
cilitated the observation and recording of
dynamic events at the atomic level directly
within the microscope. Processes recorded
include the motion of defects in gold foils
(1), the annealing of defects in cadmium
telluride (2), and atomic rearrangements on
the surfaces of small gold particles and ex-
tended gold foils (3-6). Rapid structural
rearrangements also occur in gold crystals
smaller than about 5 nm (4~7), but to our
knowledge, no detailed study of the various
factors affecting these activities has been
reported. In an attempt to understand these
processes, and also because of the possible
links and similarities between these electron
beam—induced rearrangements and those
that occur during thermal annealing treat-
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ments of small particles (8), we have carried
out further systematic studies on small gold
crystals.

The small gold crystals were originally
prepared as cluster complexes containing 55
gold atoms (4). Under electron irradiation,
the attached ligands were evaporated, leav-
ing the gold clusters randomly distributed
on the supporting substrate. Further irradia-
tion led to the development of bigger crys-
tals, as documented previously (4), and our
observations were then concentrated on
those particles that were protruding over
holes in the support film. For comparison
purposes, the holey amorphous substrates
were made of silicon and germanium as well
as the traditional carbon. Samples were also
prepared by direct evaporation of gold.
Most of the observations were made with an
HREM (JEM-4000EX) that was operated

primarily at 400 kV, although some studies
were also made at 200 and 350 kV. The
microscope was equipped with a TV system
(Gatan 622), fiber optically coupled to an
yrerium-aluminum-garnet screen, and this
was used both for image viewing and for
video tape recording. Typical electron opti-
cal magnifications were 600,000 or 800,000
times, with electron current densities at the
sample usually ~20 to 25 A/cm?, although
these values ranged from ~10 to ~80 A/cm?
for those particular experiments designed to
investigate the dependence on beam current
density. Some of the videotapes were later
processed with a digital video processing
unit (Quantex DS-30) to reduce noise and
to improve image contrast. Some observa-
tions were made with a 100-kV electron
microscope  (Philips  400ST) that was
equipped with a specimen heating holder.

The images shown in Fig, 1 provide a
graphic representation of the structural
changes that occurred in the small gold
crystals. Each image is a photograph of the
monitor screen showing two to four aver-
aged frames from a video tape recording,
and the total elapsed time of the sequence is
only 20 seconds. The images show the parti-
cle, supported on a thin film of amorphous
silicon, near to a [110] orientation; they
were taken at close to the optimum defocus
(an amount out of focus at which one can
directly interpret the image), so that the
atomic columns appear black.

The sequence of images shown in Fig. 2 is
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