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are believed to be volcanic in origin. 

Cosmic spherules in manganese nod- 
ules were first recognized by Murray 
and Renard (1), but no detailed study 
of their characteristics has been pub- 
lished. Since manganese nodules ap- 
parently grow more slowly than deep 
sea sediments are deposited (2), it ap- 
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Fig. 1. Challenger 276, No. 1. This Group 
I particle shows a magnetite (light-gray) 
outer shell, wiistite (medium-gray) inner 
shell, and a metallic nucleus (white), 
which is partly oxidized to trevorite (dark 
gray). 
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peared possible to obtain significant 
numbers of spherules from relatively 
small amounts of material, unbiased 
by the addition of recent industrial 
contaminants. 

Twenty-one manganese nodules and 
manganese oxide crusts from various 
oceanographic stations were crushed, 
and the magnetic fraction was removed 
with a hand magnet covered with cello- 
phane. Fifty-five spherical and ellip- 
soidal particles were handpicked from 
the magnetic fractions under a binoc- 
ular microscope. 

The mean concentration of the mag- 
netic spherules in manganese nodules 
is about 400 spherules (>100 [km in 
diameter) per kilogram of sample and 
ranges from 0 to about 3500 per 
kilogram. This concentration is higher 
than the concentration of spherules in 
deep sea sediments (330 > 30 /,m/kg) 
(3), salt deposits (4 > 25 /tm/kg) 
(4), and beach sands (6 > 180 /m/kg) 
(5). 

Nineteen spherules were analyzed by 
x-ray diffraction (powder and preces- 
sion cameras) and electron microprobe 
techniques. The spherules were divided 
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into four categories (Table 1). Ten 
of the 19 spherules (Group I) are 
black, shiny, spherical, and common- 

ly have a depression or dimple on 
the surface. Each spherule consists of 
an oxide phase of magnetite and wiist- 
ite, both containing 1 to 4 percent 
nickel, commonly surrounding an 
acentric, metallic nucleus containing 
about 50 to 75 percent nickel (Fig. 1). 
Precession photographs show that the 

magnetite, which usually forms an 
outer shell, is a homogeneous single 
crystal. The wiistite phase, visible in 

Fig. 1 as an inner shell, is probably 
a single crystal since it gives a spotty 
powder photograph, as does the mag- 
netite; however, it was not positively 
identified in the precession photo- 
graphs. The metallic core is poly- 
crystalline. 

The three Group II spherules are 
also black, shiny, and spherical, but 
without dimples. Precession photo- 
graphs show that they consist of multi- 
crystalline aggregates of magnetite and 
wiistite with nearly parallel orienta- 
tions. In one particle (Albatross 13, 
No. 2), the oxide phase surrounds a 
nickel-rich metallic nucleus. The oxide 

phase of Group II particles is tran- 
sected by a rectangular network of 
lamellas containing major iron and 
subordinate silicon and lesser amounts 
of magnesium, aluminum, and calcium 
(Fig. 2). 

The internal structure and preferred 
crystallographic orientation of Group 
II spherules suggests that the oxide 
phase was formed by dendritic growth, 
and thus the silicate phase was con- 
fined to the interdendritic area. The 
absence of a diffraction pattern from 
the silicate phase may be due to its 
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Fig. 2. Albatross 13, No. 2. This Group 
II particle shows an oxide shell (gray) 
and silicon-rich lamellas (dark gray), 
which surround a large metallic nucleus 
(white). 
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Abstract. On the basis of x-ray diffraction and electron microprobe data, 
spherical and ellipsoidal particles extracted from manganese nodules were 
divided into three groups. Group I particles are believed to be derived from 
iron meteorites, and Group II particles from stony meteorites. Group III particles 
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small volume (~15 percent) or may 
indicate that rapid cooling left the 
silicate phase in an amorphous state. 

Three of the four Group III par- 
ticles were ellipsoidal and had a brown- 
ish, dull, pitted surface. The fourth 
appeared externally to be similar to 
spherules from Groups I and II. The 
particles in Group III consist of poor- 

ly crystalline magnetite and goethite, 
and the polished sections reveal no dis- 
tinctive internal structure. All con- 
tained major iron with trace to minor 
amounts of Ni, Si, Mn, Mg, Al, Ti, 
Cr, and Ca. The Group III particles 
were found in only two of the 21 nod- 
ules investigated. 

The primary criterion for identifying 

cosmic spherules has been the presence 
of meteoritic quantities of nickel (6), 
although the absence of nickel does 
not preclude a cosmic origin (7). Most 
spherules with a high nickel content 
have been shown to consist of a metal- 
lic core surrounded by an oxide phase 
(8). Wiistite (FeO), a rare terrestrial 
mineral, occurs commonly in spherules 

Table 1. Summary of petrographic, x-ray diffraction, and electron microprobe analysis. Sample names correspond to oceanographic stations 
(13). A single dimension in the second column implies that the particle is spherical; two dimensions imply that the particle is elliptical. 
The precession camera was used with unfiltered Mo radiation. A 57.3-mm Debye-Scherrer powder camera was used with unfiltered Fe 
radiation: S, spotty pattern; L, line pattern; St, streaky pattern. The polishing technique is described by Finkelman and Duke (14). Iron 
and nickel analyses were standardized against synthetic nickel-iron alloys. Accuracy is better than ?2 percent of the amount present. 
Other elements were determined qualitatively by scaling peaks on spectral scans using a variety of silicate and oxide standards. 

Sample and Size Precession Powder Polished Electron microprobe results (percent by weight) 
particle camera camera section 

No. - (m) results results features Fe Ni Co Si Mn Others 

Group I particles 
P6604A-001-06 

No. 1 

Mero 2P50, 
No. 1 

Dodo 113D, 
No. 1 

Dodo 113D, 
No. 2 

Brunn 95, 
No. 1 

Challenger 
276, No. 1 

Challenger 
276, No. 5 

Challenger 
276, No. 7 

Vema 15, 
No. 1 

Albatross 
13, No. 1 

Downwind 
15, No. 1 

Downwind 
47, No. 1 

Albatross 
13, No. 2 

Middle Pacific 
126C, No. I 

Middle Pacific 
126C, No. 2 

Albatross 
13, No. 7 

Albatross 
13, No. 8 

130 Single crystals 
of magnetite* 
+ unidentified 
phase 

120 Single crystal 
of magnetite* 

150 Single crystal 
of magnetite* 

150 Single crystal 
of magnetite* 

140 Single crystal 
of magnetite* 

120 

135 

140 

90 

180 

140 

250 Several magnet- 
130 ite crystals 

with preferred 
orientation 

140 

200 Poorly crystal- 
150 line 
170 Poorly crystal- 
125 line 
163 Poorly crystal- 
150 line 
143 Poorly crystal- 
130 line 

Challenger 143 
' 

Poorly crystal- 
285, No. 1 130 line 

130 Poorly crystal- 
100 line 

Magnetite (S) 
Wiistite (S) 
a iron (L) 

Magnetite (S) 
Wiistite (S) 
a iron (L) 
Magnetite (S) 
Wiistite (S) 
Magnetite (S) 
Wiistite (S) 
Magnetite (S) 
Wiistite (S) 
a iron (L) 
Magnetite (S) 
Wiistite (S) 
Taenite (L) 
Maghemite (S) 
Magnetite (S) 
Wiistite (S) 
Magnetite (S) 
Wiistite (S) 
Taenite (L) 
Magnetite (S) 
Wiistite (S) 
Taenite (L) 
Magnetite (S) 
Wiistite (S) 
a iron (L) 

Magnetite (St) 
Wiistite (St) 
a iron (L) 
Magnetite (St) 
Wiistite (St) 
Goethite (L) 

Magnetite (St) 
Wiustite (St) 
a iron (L) 

( 
Magnetite (L) 
Goethite (L) 
Goethite (L) 
Magnetite (L) 
Magnetite (L) 
Goethite (L) 
Magnetite (L) 
Goethite (L) 

Goethite (L) 
Magnetite (L) 

Magnetite (L) 
Goethite (L) 

Metallic nucleus 

Oxide shell 

Metallic. nucleus 
Unresolved oxide 
phases 
Oxide phase 
Cavity 
Oxide phase 
Cavity 

Metallic nucleus 
Oxidized nucleus 
Dark oxide phase 
Light oxide phase 
Unresolved oxide 
phases 
Metallic nucleus 
Oxide shell 

Metallic nucleus 
Oxide shell 

Metal (?) 

Group II particles 
Unresolved oxide 
and dark 
lamellas 
Oxide phase 
Dark lamellas 

Metallic nucleus 
Unresolved oxide 
and dark 
lamellas 

Jroup III particles 

Grayish-brown 
oxide phase 
Grayish-brown 
oxide phase 
Grayish-brown 
oxide phase 

Jnclassified particles 
Grayish-brown 
oxide phase 
(nucleus plucked 
out on polishing) 
Gray oxide phase 
Dark-gray blebs 
Grayish-brown 
oxide nucleus 

25 74 1 

70-75 3-4 0.5 

53 
65-75 

65-75 

44 
44.5 
53.5 
58.5 
65-75 

48 1 
1 tr 

1 tr 

57 
14 

1 
0.6 
2.5 

55 tr 

65-70 
50 

80 
65 

55-67 

50-70 

55-65 

tr 

2 
1 
0.4 
0.3 
0.1 

1 

tr 

20 
tr 

tr 

1 

1 

65 

3-9 

tr 
1 

Mg(O.1), 
Al(tr), 
Ca(tr) 

Mg(l.0), 
Al(tr), 
Ca(tr) 

Mg(0.3), 
Al(tr), 
Ca(tr) 

tr tr Mg, Al, Ti, 
Cr, Ca 

7 tr Mg, Al, Ti, 
Cr, Ca 

tr tr 1 Mg, A1, Ti, 
Ca 

tr 

58-67 

Mg, Al, Ti, 
Ca, Cr, V 

0.5 Mg, Al, Ti, 
Ca, P, V 

(Similar analysis for all three phases) 
* a = 8.40. 
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of extraterrestrial origin (9). Wiistite 
may be produced in industrial pro- 
cesses, but the manganese nodules 
studied are believed to be several mil- 
lion years old (10), which precludes 
the possibility of contamination by in- 
dustrial particles. 

On the basis of these criteria, the 
evidence suggests that both Group I 
and Group II particles are extrater- 
restrial in origin. The absence of ele- 
ments other than Fe, Ni, and Co indi- 
cates that Group I particles are 
apparently ablation products of iron 
meteorites or of the metallic fraction 
of stony meteorites. The Si, Mg, Al, 
and Ca detected in Group II particles 
suggest that these particles are ablation 
products of stony meteorites. These 
elements are among the most common 
elements in stony meteorites, but they 
are essentially absent in iron meteorites 
(1.). The presence of a metallic nu- 
cleus in the Group II particles is not 
inconsistent with an origin from stony 
meteorites, which contain significant 
quantities of metallic nickel-iron. 

The presence of significant amounts 
of titanium and manganese in Group 
III particles is highly suggestive of a 
terrestrial origin (5). The ellipsoidal 
shape of these particles indicates that 
they were once molten droplets. The 
similarity of the chemical analysis to 
the analysis of magnetic spheroids de- 
rived from recent volcanic eruptions 
(12) and the proximity of these sam- 
ples to the Hawaiian Islands suggests 
a volcanic origin. 

Two particles have characteristics 
common to more than one category; 
they have internal structures similar to 
those of Groups I and II but chemical 
compositions similar to Group III par- 
ticles. It is possible that they are Group 
I particles that have undergone intense 
weathering. 

ROBERT B. FINKELMAN 

U.S. Geological Survey, 
Washington, D.C. 20242 
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The Ocean: A Natural Source of 

Carbon Monoxide 

Abstract. The surface waters of the 
western Atlantic are supersaturated with 
respect to the partial pressure of carbon 
monoxide in the atmosphere. Under 
these conditions, the net transport of 
carbon monoxide across the air-sea 
interface must be from the sea into the 
atmosphere. Thus, the ocean appears 
to act as a source of carbon monoxide. 
The ocean may be the largest known 
natural source of this gas, contributing 
possibly as much as 5 percent of the 
amount generated by burning of fuels 
by man. 

It is generally agreed that the largest 
single source of carbon monoxide in 
the atmosphere is the burning of fuel 
by man, which at the present time is 
estimated to produce approximately 2 
X 1014 g (200 million tons) per year 
of this toxic pollutant (1). Several nat- 
ural sources of carbon monoxide have 
also been reported (2); however, no 
estimate of output of these sources is 
available. Despite a continually increas- 
ing rate of input into the atmosphere, 
the background amount of carbon 
monoxide in the marine atmosphere 
far removed from sources of pollution 
appears to be remaining at approxi- 
mately 0.1 ppm (1, 3). Efficient mecha- 
nisms of removal must therefore exist, 
but the nature of these processes is 
not clear (2). In order to determine 
the possible role of the oceans as a 
sink for this pollutant, we undertook 
an investigation of the distribution of 
carbon monoxide between the atmo- 
sphere and surface waters. Preliminary 
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with respect to the partial pressure of 
this gas in the atmosphere (3). Addi- 
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tional data we now present confirm 
these findings, and it now appears 
that rather than acting as a sink the 
ocean may indeed be the largest natural 
source of carbon monoxide now known. 

During a recent oceanographic cruise 
in the Atlantic, two 24-hour stations 
were occupied at which both air and 
surface water samples were taken at 
2-hour intervals. All samples were col- 
lected and analyzed within 1 hour of 
collection by methods previously de- 
scribed (3). The stations were at 
13 ?13.9'N, 59007'W (approximately 
64 km east of Barbados), and 10?38'N, 
60005'W (about 112 km east of Trini- 
dad), respectively. At both locations, 
the prevailing easterly trade winds mini- 
mize the possibility of contamination 
from man-made sources of pollution. 
The biological characteristics of the 
water at the two stations, however, dif- 
fer significantly; the water in the vicin- 
ity of the first station is much lower 
in overall productivity than that at the 
second station (4). 

Two characteristics of the data (Fig. 
1) are evident: (i) the relatively con- 
stant concentration of CO in the at- 
mosphere at both locations, and (ii) a 
marked diurnal effect with respect to 
concentration of CO in the surface 
waters. The average atmospheric con- 
centrations of 0.14 ppm and 0.09 ppm 
at stations 1 and 2, respectively, agree 
with values previously reported for 
clean marine air of 0.05 ppm (1), and 
0.08 ppm (3). They are also in agree- 
ment with an average value of 0.09 
ppm (5) for Arctic air. The surface 
water concentrations of CO showed a 
greater diurnal effect at station 2, which 
may possibly be related to the high 
biological productivity of these waters 
as compared to sta,tion 1. The concen- 
trations of dissolved CO between 10-4 
and 10-5 ml/liter agree with values 
reported for western Atlantic waters (3), 
and also with unpublished values of 
from 1 to 3 X 10-5 ml/liter found by 
us in the vicinity of the Chesapeake 
Light Tower, some 24 km from the 
entrance to Chesapeake Bay. The ob- 
served decrease in dissolved CO during 
the late afternoon and early evening 
hours appears to be accompanied by a 
slight but significant increase in atmo- 
spheric CO. That the correlation is not 
more clearly evident is likely due to 
very rapid mixing in the atmosphere, 
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very rapid mixing in the atmosphere, 
since the wind velocities during all 
sampling operations were between 10 
and 15 knots. 
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