
erased some tracks. The Hg arriving at 
the surface with a low velocity may not 
be retained, since it may be ejected be- 
fore it has had time to diffuse into the 
surface. The situation is complex; nev- 
ertheless, simple consideration of the 
Hg cosmic abundance (2.3 atoms per 
106 Si atoms) and a solar wind flux of 
108 protons cm-2 sec-l will provide 
the 1011 atoms or 10-10 g cm-2 of Hg 
lost from the surface over 106 years. 

Exterior and interior samples from 
rocks 12052, 12053, and 12022 were 
measured. Of these, orientation and 
burial depth of only rock 12022 are 
known with some confidence. Most of 
this rock was buried, and our samples 
appeared to come from just at or below 
the surface of the soil. Rocks 12052 
and 12053 were moved before being 
photographed; hence their orientation 
is not known. The lower part of rock 
12052 appears to have been partially 
buried (14). Neither rock 12052 nor 
rock 12053 appears to have been buried 
as deeply as rock 12022. 

If the core results are used as a 
guide, the rock results can be explained 
as follows. Our exterior samples of 
rocks 12052 and 12053 were buried 
and contain more surface-related Hg 
than do the interior samples. A possible 
explanation is that the interior of a 
crystalline rock exposed to the sun will 
be warmer than the buried surface in 
contact with the soil. The Hg that has 
migrated to the surface might b'e 
trapped at the cool interface of the rock 
and the soil. Rock 12022 was so deeply 
buried that the whole of the submerged 
part may have been at about the same 
low temperature; hence, the amount 
of Hg adsorbed on surfaces in the in- 
terior is about the same as that at the 
soil-rock interface. If this can be veri- 
fied, the surface-related Hg might also 
be helpful in establishing the orienta- 
tion of a rock. 
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in biochemical processes. 

The combustion of fossil fuels (coal, 
lignite, oil, and natural gas) mobilizes 
a variety of chemical species from the 
continents to the atmosphere, where 
they are subject to translocation. Recent 
investigations of glacial material have 
indicated that the amount of sulfur that 
enters the atmosphere from fossil fuel 
combustion is of the same order of 

magnitude as that which has resulted 
over historic time from the oxidation of 
organic matter and from volcanic activ- 
ity (1). To determine whether the same 
is true of selenium was the purpose of 
this investigation. Selenium is a member 
of the group VI A elements in the per- 
iodic table, to which sulfur also be- 

longs. Such an investigation might, 
therefore, also contribute to an under- 
standing of the atmospheric chemistry 
of selenium as compared with sulfur. 
The value of measuring the concentra- 
tion of closely related elements in geo- 
chemical studies is well recognized and, 
in relation to the current study, could 
extend our insight on the origin of sul- 
fur in permanent snowfields. 

Glacial samples are productive for 
studies of man's input of matter to the 

atmosphere. Various strata, which can 
be dated by a variety of techniques such 
as firn stratigraphy, isotopic analyses of 
oxygen, and 20Pb geochronologies, con- 
tain in essentially unchanged condition 
both the waters and the accumulated 
solids that precipitated from the atmo- 
sphere. 

The availability of dated glacial sam- 
ples from Greenland (and a single sam- 
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ple from Antarctica) with known sul- 
fate contents provided the materials for 
this investigation. The selenium content 
of these samples was determined by 
measurement of neutron induced 8lSe. 

The samples were from the Camp 
Century area of the Greenland ice sheet 
(77?10'N and 61007'W) and from a 
virgin area 80 km east southeast of this 
location. They were collected by C. C. 
Patterson of the California Institute of 
Technology for his investigations on Pb 
(2). The older samples of the Green- 
land ice sheets were recovered from the 
walls of an inclined shaft at Camp Cen- 
tury; the younger samples (1952-65) 
were taken from the walls of open 
trenches at the virgin site. 

The single sample from Antarctica 
was recovered from an inclined shaft 
at the New Byrd Station. 

These samples were collected and 
handled with extreme care to reduce 
the possibility of contamination. They 
were melted and stored in sealed poly- 
ethylene containers in 1966. The pro- 
cedures and precautions involved in 
sample collection have been described 
in detail (2). 

Fourteen samples were analyzed: 
eleven in duplicate, two in triplicate, 
and one was analyzed once. The sample 
volume ranged from 1 to 4 liters. The 
precise sample size was measured gravi- 
metrically. 

Each sample was transferred from its 
original polyethylene container to a 
round-bottom quartz flask, which had 
been previously leached with hot con- 
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centrated nitric acid. To the sample 
were added 10 ml of concentrated nitric 
acid and 75Se spike (6 X 103 count/ 
min) that contained less than 0.06 ng 
of selenium carrier. 

The flask was placed in a heated 
mantle and attached to a condenser 
through a quartz elbow; the volume 
was reduced to 20 ml. The solution was 
transferred to a 50-ml Teflon beaker 
and then evaporated to one drop within 
a glass enclosure. The enclosure was 
maintained under slight positive pres- 
sure with a sweep of purified nitrogen 
gas. The residual drop was transferred 
with small portions of double-distilled 
water to a polyethylene vial in prepara- 
tion for irradiation. The final volume 
was 1.1 ml. The y-ray activity of the 
samples was compared with that of 
standards to determine the Se yield to 
this point. 

A series of blanks was prepared: 
20 ml of distilled water, 10 ml of con- 
centrated nitric acid, and the 75Se spike. 
These constituents were contained in a 
50-ml Teflon beaker and processed 
from that point as described above. 

Comparators consisted of 1 ml of 
0.16N nitric acid containing 1 jug of 
Se and the 75Se spike. The samples, 
comparators, and blanks were irradiated 
for 30 minutes in a thermal flux of 
1.8 X 1012 neutrons cm-2 sec-1, in the 
Lazy Susan of the Triga Reactor at the 
Gulf Energy and Environment Service 
facility in San Diego. After irradiation, 
1 ml of sample or of blank and 0.50 ml 
of comparator were radiochemically 
purified by the procedure of Bowen and 
Cawse (3). Two modifications of this 
procedure were introduced to decrease 
the processing time. The changes in- 
volved dissolution of the first isolated 
Se metal precipitate in 2 ml of concen- 
trated nitric acid with the aid of heat. 
Then the second reduction was effected 
by the addition of 10 ml of a saturated 
solution of hydroxylamine hydrochlor- 
ide. Precipitation was accelerated by the 
application of heat. This final precipi- 
tate was filtered onto a glass fiber disk, 
which was then mounted on a brass 
planchet; fl-rays of 8lSe were counted 
frequently for 5 hours in a gas-flow 
proportional counter. 

After the counting period, the samples 
were demounted, dissolved in 2 ml of 
concentrated nitric acid, filtered, and 
diluted to a definite volume. The 75Se 
activity was measured on a portion of 
the sample, a value from which the 
yield of the selenium carrier (which had 
been added prior to radiochemical pur- 
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Table 1. Selenium and sulfur concentration in 
glacial samples. A single analysis was per- 
formed on the 1960 sample; the 1859 and 
1965 (winter) samples were analyzed in tripli- 
cate, and all others in duplicate. The 1724 
sample was recovered from Antarctica; the 
others, from a Greenland ice sheet. All dates 
in column 1 except the first are A.D. 

Deposition Se S Se/S 
of sample (ng/kg) (jug/kg) X 104 (year) 

800 B.C. 25.5 ? 1.6 56.3 4.5 
1724 14.1 ? 1.6 26.0 5.5 
1815 13.4 ? 2.6 26.7 5.0 
1859 10.1 ? 1.1 34.7 2.9 
1881 7.6 ?0.3 21.7 3.4 
1892 8.0 ? 0.2 26.0 3.0 
1946 22.0 ?2.3 37.7 5.9 
1952 11.0 ?0.2 35.7 3.1 
1960 8.9 41.0 2.2 
1964 (fall) 5.1 ? 0.5 38.7 1.3 
1964 (Dec.) 9.7 ? 1.1 72.7 1.3 
1965 (winter) 14.2 ? 2.2 98.0 1.5 
1965 (spring) 8.0 ? 0.2 71.0 1.1 
1965 (summer) 8.7 ? 0.3 53.7 1.6 

ification) could be determined. For a 
number of samples and a series of com- 
parators, the carrier yield was also de- 
termined by a colorimetric procedure 
(4). 

In the reduction of the sample vol- 
ume to one drop and in its transfer to 
the irradiation vial, a loss of about 10 
to 15 percent of the Se was experi- 
enced. 

Blanks were devoid of detectable 
quantities of 81Se. 

The counting of samples was begun 
12 to 14 minutes after irradiation. At 
that time about 45 count min-1 ng-1 
are realized. After substraction of a 
long-lived component from the decay 
data, the resolved 81Se gave an average 
half-life of 18.6 minutes, which is the 
accepted value for this radionuclide, 
and the radiochemical purification was 
therefore regarded as effective. The 
standard deviation from this mean was 
only several percent. 

Analyses of the Se carrier yield by 
y-ray measurement and by colorimetry 
agreed within several percent. 

These factors combined to give a 
reliable assay for the Se content of the 
glacial samples. The average error in 
the replicate determinations of these 
samples was 9.0 percent (Table 1). 

The Se content in glacial material of 
different ages extending in time from 
800 B.C. to A.D. 1965 appears in Table 
1. Included in the table are the S con- 
tent and Se/S ratios for these samples. 
The pre-1960 samples have Se/S ratios 
varying between 2.9 and 5.9 X 10-4; 
the post-1960 samples range in value 

from 1.1 to 1.6 X 10-4. The 1960 sam- 
ple appears to be transitional in value 
(2.2 X 10-4). 

The Se/S ratios in petroleums have 
been recently determined to range be- 
tween 0.31 and 1.22 X 10-4 (5), and 
coal samples had an average value of 
2.9 X 10-4 (6). Most crustal rocks have 
a Se/S ratio of the order of 1 X 10-4. 
Similar values occur in snow, dust, and 
rain in the environs of the Massachu- 
setts Institute of Technology. In gen- 
eral, the Se/S ratio in material of ter- 
restrial origin is of the order of 10-4 

(7), in sharp contrast with concentra- 
tions in seawater, for which this value 
is 10-7 (8). The relationship of Se and 
S in the glacial samples analyzed points 
to a terrestrial origin in both Greenland 
and Antarctica. 

Several inductions concerning the at- 
mospheric chemistries of Se and S can 
be derived from the glacial results and 
from the geochemical data given above. 
Fossil fuel combustion has not yet re- 
sulted in the long-range transport of 
Se as it has for S. The Se content has 
been relatively constant, but the S con- 
centration in these glacial ices increased 
markedly in most of the post-1960 sam- 
ples. This observation suggests a dilu- 
tion of the Se by the S that was intro- 
duced from fossil fuel burning. As was 
previously noted (1, 2), the incorpora- 
tion of atmospheric constituents into 
glacial matter is seasonally related; the 
lowest values occur in the fall. This 
study also reflects this effect (see Table 
1). Therefore, while the absolute value 
of S in the 1964 fall sample is low, the 
Se/S ratio is of a magnitude that indi- 
cates S enrichment relative to Se. 

The increase in S in glacial snows 
since 1960 has been uniquely attributed 
to fossil fuel combustion (1). The com- 
bustion of coal has been recognized as 
the primary source of S pollution. In 
1960 an estimated 21 million tons of 
SO2 pollution could be attributed to 
the combustion of coal and fuel oil, of 
which coal contributed 85 percent (9). 
Since the analytical values available for 
this fuel have a Se/S ratio similar to 
that of the pre-1960 glacial values, it 
appears that Se simply is not moved 
about the atmosphere after its input 
from fossil fuel burning. 

Where and how do the differences in 
the geochemical behaviors of S and Se 
come about? It may be rewarding to 
examine a little more closely the two 
processes most probably responsible for 
the mobilization of these elements about 
the earth's surface: high-temperature 
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fossil fuel burning and low-temperature 
biological reactions. In high-tempera- 
ture oxidation Se bums in air to form 
the white solid SeO2. The SeO2 is so 
readily reduced that even specks of ox- 
idizable dust in the air react with it to 
form red elemental Se (10). On the 
other hand, S is oxidized to the rela- 
tively stable SO2. Whether the high- 
temperature process is man-made or is 
natural, as in volcanic activity, this dif- 
ference in chemistry between the ele- 
ments would be manifest. 

On the other hand, the low-temper- 
ature biological processes produce com- 
pounds of S and Se that are volatile. 
As organic compounds (whose identity 
is not yet established), Se is volatilized 
from land plants (11). Volatile organic 
Se compounds are also released in the 
process of plant degradation (11) (pos- 
sibly as H^Se). In either case, the very 
low concentrations in the atmosphere 
may survive against oxidation long 
enough to be transported in a similar 
manner as the gaseous S compounds 
H.,S and SO2. 

In summary, man initiates the trans- 
location of compounds of S over great 
distances through fuel combustion, 
whereas Se is mobilized to a much 
lesser extent, perhaps owing to the dif- 
ferences in the chemical and physical 
properties of the tetravalent oxides. 
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Hydroxyl Orientation in Muscovite as Indicated 

by Electrostatic Energy Calculations 

Abstract. The electrostatic energy of the 2M mnuscovite structure, KAl2(Si341)- 
010(OH)2, has been calculated as a function of the orientation of the hydroxyl 
group (O-H distance = 0.97 angstrom). The minimum in the electrostatic energy 
occurs when the OH bond makes an angle of 18? with the cleavage plane and an 
angle of 31? with the b-axis (in the a-b plane), which is 2.5? away from the orien- 
tation of the transition moment as determined from infrared measurements on 
single crystals. If the K+ ion is excluded from the calculation, the O-H bond 
makes an angle of 53? with the cleavage plane. This indicates the strong influence 
that the interlayer cation exerts on the hydroxyl hydrogen in mica structures. 
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The role of the hydroxyl group in 
micas has recently attracted much atten- 
tion, particularly in the trioctahedral 
mica biotite (1, 2). Juo and White (2) 
have shown, by examining the pleochro- 
ism of the O-H stretching frequencies 
from oriented biotite films, that the OH 
orientation depends on the oxidation 
state of the octahedral iron. The inter- 
pretation of the infrared absorption 
spectra of layer silicates is very com- 
plex, and, except for studies of single 
crystals, one can determine only 
whether the OH bond is perpendicular 
to the cleavage plane or inclined. What 
is needed is a simpler method of de- 
termining OH orientation with respect 
to the other atoms in the crystal struc- 
ture. Giese et al. have shown (3) that 
the hydroxyl hydrogen in diaspore 
(a-AlOOH) and goethite (a-FeOOH) is 
found in a position at which the elec- 
trostatic energy of the crystal is a mini- 
mum, or nearly so. In this report I 
present evidence that the hydroxyl hy- 
drogen in the mica muscovite, KAl1(Si3- 
Al)Ol,(OH)2, also occupies such a po- 
sition. 

The electrostatic energy of an ionic 
crystal can be calculated from (4) 

X 00 

e- v^ r-^ zz,, 
-TL Ls~ tst1 

s =1 t= 

where e is the charge on the electron, 
N is the number of atoms in the unit 
cell, Z is the ionic charge of the atoms 
in the unit cell, and rst is the distance 
between the sth and tth atoms. 

A procedure with more rapid con- 
vergence was described by Bertaut (5) 
and used by Baur (6) to locate hydrogen 
atom positions in hydrated salt struc- 
tures. The computations reported here 
were made with a modified version of 
Baur's computer program. 

The orientation of the hydroxyl 
group in muscovite has been discussed 
by several authors on the basis of infra- 
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red absorption data from single crystals. 
Serratosa and Bradley (7) suggested 
that the O-H bond makes an angle of 
15? to 20? with the cleavage plane and 
is directed toward the unoccupied octa- 
hedral site. Tsuboi (8) and Sutherland 
(9) favored an orientation pointing 
away from the octahedral layer. The 
most reliable study is that of Vedder 
and McDonald (10), who give an ori- 
entation of the O-H transition moment 
as making angles of 16? and 30? with 
the cleavage plane and the b-axis, re- 
spectively, in the a-b plane. They are 
very careful to point out that the actual 
OH bond need not coincide with the 
transition moment. The question of 
whether the bond points away from or 
toward the octahedral layer is not 
answered as clearly as one would wish 
(11). Their data suggest an orientation 
away from the octahedral layer. 

I made my initial electrostatic energy 
calculations, using the atomic positional 
parameters of Radoslovich (12), the 
full ionic charge for each ion, and an 
assumed O-H distance of 0.97 A. The 
OH vector was rotated about an axis 
approximately perpendicular to the 
cleavage plane, and the hydrogen ion 
positional parameters were calculated 
every 30? with reference to an arbi- 
trary but constant origin. The angle 
between the rotation axis and the OH 
vector was varied in increments of 20?. 
In this manner a sampling of all pos- 
sible hydrogen positional parameters 
was made and the electrostatic energy 
was calculated for each. The minimum 
value was determined by interpolation 
of these data points. The positional 
parameters (in fractions of the cell 
edge) for the hydrogen ion for the mini- 
mum energy are x = 0.337, y = 0.640, 
and z 0.059. The OH bond makes 
angles of 8? and 40.5? with the cleavage 
plane and the b-axis, respectively, in the 
a-b plane and it points away from the 
octahedral layer. This orientation is ap- 
proximately 110 away from the orien- 
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