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Carbon Abundances in
Chondritic Meteorites

Abstract. Combustion analyses of
total carbon in chondritic meteorites
indicate a fractionation of this element
between the various types of chondrites.
The median values for the percentage
of carbon by weight are 0.40 for ensta-
tite chondrites, 0.09 for olivine-bronzite
chondrites, and 0.08 for olivine-hyper-
sthene chondrites. Olivine-pigeonite
chondrites show great variations in their
carbon contents.

The abundances of carbon have been
determined .in 18 chondritic meteorites
by a combustion technique. Powdered
samples ranging from 0.25 to 1 g in
weight were burned in an oxygen at-
mosphere in a LECO induction fur-
nace. One gram of iron chips and 1 g
of copper chips were added to acceler-
ate the reaction. The combustion prod-
ucts were carried in the oxygen stream
through a MnO, trap to remove any
SO, formed, and through a catalyst
furnace to convert any carbon monox-
ide to carbon dioxide. The total CO,
produced was determined by a modified
Orsat technique (see /) in a LECO
model 572-100 carbon analyzer, by dis-
solving the CO, from the oxygen car-
rier in a caustic solution and measuring
the volume of CO, lost.

The technique gives reproducible and
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accurate results, as indicated by the re-
sults on two Thorn Smith steel stand-
ards. Four analyses of one standard
ranged from 0.41 to 0.43 percent car-
bon by weight, as compared with the
standard value of 0.40, and four analy-
ses of the second standard ranged from
0.50 to 0.51, as compared with the
standard value of 0.49.

The data obtained from the abun-
dances of carbon in enstatite, olivine-
bronzite, olivine-hypersthene, and car-
bonaceous and noncarbonaceous oliv-
ine-pigeonite chondrites are given in
Table 1. Replicate analyses on the
same batch of powdered meteorite for
selected samples provide an index of
the reproducibility of the method.

Previous determinations of carbon in
chondrites have been largely limited
to the three classes of carbonaceous
chondrites and the enstatite chondrites.
The presence of carbon in most of
these meteorites is readily apparent and
hence conducive to analysis. Carbon-
aceous chondrites of the rarer types
were not analyzed in this investigation
because of their rarity and the ap-
parently reasonable values obtained in
previous analyses. Values obtained by
other investigators (2—-5) for the same
meteorites analyzed in this investiga-
tion are indicated in Table 1.

As indicated by Table 1 and Fig. 1,
in which carbon abundances reported
here and abundances for carbonaceous
chondrites reported by Boato (3) and
Wiik (4, 5) are plotted, individual
meteorites within a given classification
generally show a broad range of val-
ues. This type of distribution makes a
calculated mean for a meteorite group
of questionable value for comparison
purposes; each individual meteorite
should be considered separately, and
representative specimens for each: class
should be used in comparisons. For the
specimens used in this investigation,
the median values for the carbon con-
tent were: enstatite chondrites, 0.40;
olivine-bronzite chondrites, 0.09; olivine-
bronzite chondrites, 0.09; olivine-hyper-
sthene chondrites, 0.08. These values
are close to those selected by Craig (6)
for the average carbon content of the
olivine-bronzite (high-iron group) chon-
drites of 0.07 and the olivine-hyper-
sthene (low-iron group) chondrites of
0.03 and the average value of 0.29 per-
cent carbon selected by Wood (7) for
the enstatite chondrites. It is interesting
to note the parallelism of the carbon
abundances in the chondritic meteorites

f—t—+t ENSTATITE CHONDRITES
e j——t——+—  OLIVINE BRONZITE CHONDRITES
#mbmgmtb——tb——{  OLIVINE HYPERSTHENE CHONDRITES
e+ OLIVINE PIGEONITE CHONDRITES
OLIVINE PIGEONITE CHONDRITES ~ +——t———+—+{ (CARBONACEOUS)
CARBONACEOUS CHONDRITES (TYPEIf) HH#—#H—H—r
CARBONACEOUS CHONDRITES (TYPE | ) —rit

ool ol 10 0

Fig. 1. Carbon distribution in chondrites
(percentage by weight).

Table 1. Abundances of carbon in meteorites.

Previous
Meteorite ?‘;;ulralgi:;f (; results
: (% by wt.)
Enstatite chondrites
Hyvittis 0.25
Khairpur 31 0.41 (5)
Abee .40 38 (2)
Indarch 41 4 (3)
317 4)
43 4
Atlanta 43 50 (5)
Olivine-bronze chondrites
Allegan .014
018
Richardton .040 0.02 (3)
.040
.046
.049
.052
.052
Forest City .072 0.08 (3)
.072
Saline A1
12
Kesen 15
15
.16
.16
Beardsley .19
Olivine-hypersthene chondrites
Bruderheim .040
New Concord .040
.046
Leedey .054
Dhurmsala 072
.085
Marion, Iowa .080
.085
Farmington A1
11
Ergheo d1
12
Modoc 18
.18
Olivine-pigeonite chondrites
Karoonda .10
Chainpur 57
Mokoia (carbo-
naceous) 5 0.84 (3)
65 (3)
47 (4)

with the abundances of Hg, T1, Pb, and
Bi as noted by Reed et al. (8). These
volatile elements are relatively depleted
in the ordinary olivine-bronzite and
olivine-hypersthene chondrites as com-
pared to the enstatite, olivine-pigeonite,
and carbonaceous chondrites.
CARLETON B. MOORE
CHARLES LEWIS
Arizona State University, Tempe
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Crystallization of
Clay-Adsorbed Water

Abstract. The nature of crystalline
water in frozen pastes made from rep-
resentative clay minerals and water was
studied by x-ray diffraction. Only the
diffraction peaks corresponding to the
normal hexagonal ice structure were
detected. The relative intensities of the
diffraction peaks revealed evidence of
epitaxy in that the ice crystals appeared
to be preferentially oriented with their
c-axes perpendicular to the c-axes of
the individual clay crystallites.

The tendency of an advancing ice-
water interface to exclude colloidal and
silt-size soil particles has been demon-

strated (/). Migration of particles and -

other foreign bodies ahead of an ad-
vancing freezing front was partially ex-
plained by postulating the existence of
a submicroscopic layer of unfrozen liq-
uid separating the particles from the
ice. The existence of this unfrozen layer
of water is also vital to current
theories of ice segregation and frost
heaving in frozen ground. Frozen soils
and clays do in fact contain significant
quantities of “unfrozen water” in equi-
librium with an ice phase, and the
mobility of this unfrozen water in re-
sponse to thermal and electrical gradi-
ents is remarkable (2), but the nature
and distribution of the two phases is
still imperfectly understood. In a recent
discussion of the latent heat of freezing
of soil water, the thermodynamic argu-
ment employed required the assumption
that soil water crystallizes as normal
hexagonal ice (3); this assumption ac-
cords with field and laboratory observa-
tions of segregated ground ice and
appears to have been verified by x-ray
methods (4), but it is questionable in
view of Brzhan’s report of ice of un-
usual structure in frozen silica gel (5).
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Crystallographic data are known for
four of the nine generally recognized
forms of ice: the normal, hexagonal,
tridymite structure; a cubic structure
stable apparently only below —80°C;
and high-pressure cubic and tetragonal

“structures (6, 7). The first two are by

far the best known. A completely
amorphous form of ice that may ap-
pear when water vapor at a pressure
of about 10°* torr condenses on a sub-
strate at or below —100°C and a vitre-
ous form stable at higher temperatures
also seem to be generally acknowledged.
Therefore a form of ice in frozen soil
or clay different from the normal tridy-
mite structure would not be altogether
surprising. As Brill (7) and others
have pointed out, the geometry of the
water molecule and its remarkable ca-
pacity for bonding make many configu-
rations possible. Inasmuch as details
of the study referred to by Martynov
(4) have not become available and in
view of the somewhat contradictory re-
port of Brzhan (5), we have investi-
gated the matter further.

X-ray diffraction patterns of frozen
pastes of montmorillonite, kaolinite,
and halloysite, in which the c-axes of
the individual clay platelets were pre-
dominantly vertically oriented, were ob-
tained with a Norelco x-ray diffrac-
tometer using copper Kea radiation.
During analysis the samples occupied
a receptacle milled into an aluminum
plate and were covered by a Mylar
canopy to prevent changes in water
content. Temperature of a sample was
regulated by a thermoelectric module,
in intimate thermal contact with the
aluminum plate, in conjunction with a
proportional-temperature controller ac-
tuated by a thermistor; sample temper-
atures were thus established at any
desired values, -=0.05°C, between 0°
and —40°C. Ambient room tempera-
ture was 5°C; this ensured no conden-
sation of moisture on the inner surface
of the Mylar canopy.

The samples were cooled rapidly to
a selected temperature. Spontaneous
nucleation occurred at about —5°C and
the freezing front proceeded rapidly
from the bottom upward and from
the sides inward. Results obtained at
—10°C are shown in Table 1, which
also lists the data of Brzhan and the
generally accepted d-spacings and dif-
fraction intensities of powdered ice.
The intensity data may be questioned;
the difficulties in obtaining truly ran-
dom crystal orientation have recently
become known. However, we know of
no more recent data; pending the deter-

mination of more reliable values, let us
accept the ASTM data.

In every instance the d-spacings due
to water in the frozen clays corre-
sponded to those of normal ice, #+0.02
A; moreover, no anomalous, unidenti-
fiable peaks were detected. The results
in Table 1 were obtained with clays of
low water content. If we assume the
specific surface of montmorillonite to
be 800 m*®/g of clay, the calculated
thickness of the water films distributed
over the total surface of the clay is of
the order of 5 to 10 A. When it froze,
this adsorbed water evidently collected
at nucleation sites where, in spite of
adsorption forces, it crystallized in the
normal hexagonal configuration. Nu-
merous determinations at higher water
contents and lower temperatures gave
similar results; d-spacings detected were
always attributable to hexagonal ice.

The observed relative intensities of
the diffraction peaks showed consistent
deviations from the random powder
pattern; this fact is best explained by
postulating a preferred orientation of
the microscopic ice crystals in the
frozen clay. During preparation of the
sample, we tried to obtain preferential
orientation of the individual clay plate-
lets by repeatedly remolding the sample
with a spatula. Subsequent observation
of greatly enhanced (001) diffraction
peaks of the montmorillonite and kaoli-
nite clays proved that the c-axes of the
clay platelets were preferentially ori-
ented in the direction perpendicular to
the plane of the goniometer stage.

The data of Table 1 indicate that a
significant majority of the ice crystals
were so oriented that their c-axes were
in the plane parallel to that of the goni-
ometer stage. The fact that the relative
intensities of the (101), (102), (103),
(112), and (203) spacings did not
diminish consistently, together with the
fact that relative to the (002) the
(101) reflection intensified in most in-
stances, suggests that there may be
some tendency toward parallel orienta-
tion of this face; however, the main
effect is still the relative intensification
of the (100) reflection. On this basis
one may postulate that the orientation
of the clay particles was significantly
effective in determining the orientation
of the ice crystals in the frozen clays.

Hendricks and Jefferson, Macey, and
Mathieson and Walker (8) have sug-
gested various ways in which the con-
figuration of the hexagonal network
of oxygen atoms at the surface of sili-
cate-clay minerals could provide both
the foundation and a template on which
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