Magnetite in CI Carbonaceous Meteorites: Origin by

Aqueous Activity on a Planetesimal Surface

Abstract. The composition and morphology of magnetite in CI carbonaceous me-
teorites appear incompatible with a nebular origin. Mineralization on the meteorite
parent body is a more plausible mode of formation. The iodine-xenon age of this
material therefore dates an episode of secondary mineralization on a planetesimal
rather than the epoch of condensation in the primitive solar nebula.

Magnetite, Fe;O,, in CI carbonaceous
meteorites (/) has attracted attention be-
cause of its bizarre morphologies and ap-
parently ancient age (2). These observa-
tions have provoked speculation that this
material formed in the primitive solar
nebula, either by direct condensation 3,
4) or by reaction between water vapor
and previously condensed Fe-rich
phases at about 400°K (5). This report
describes morphologic, crystallographic,
and compositional information which
casts doubt on a nebular origin and sug-
gests rather that the magnetite formed
during low-temperature mineralization
on the meteorite parent body (6-9). It
follows that the age recorded in this ma-
terial does not date the epoch of nebular
condensation and that no conclusions
may therefore be drawn concerning the
time interval between the cessation of
nucleosynthesis and the onset of solar
system condensation.

In the elemental analysis of polished
thin sections and polished grain mounts,
we used an electron microprobe (ARL
EMX) operated at 15 kV. We used stan-
dard data reduction procedures, leading
to compositions which were identical for
all morphological varieties and for all
meteorites studied (Orgueil, Alais, and
Ivuna) and which were indistinguishable
from a nominally pure magnetite stan-
dard. Thus, an upper limit of about
100 parts per million (ppm) may be as-
signed to all elements except Fe and O.
Assuming a compositionally homoge-
neous population, we combined data for
50 grains to yield a mean Ni content of
50 = 15 ppm (/1). These results agree
with those obtained by neutron activa-
tion analysis of magnetic separates from
Orgueil (12); CI magnetite is depleted in
siderophile elements by a factor of about
1073 relative to Fe.

We investigated morphological details
by scanning and transmission electron
microscopy of meteorite sections, repli-
cas, and grain mounts, as appropriate.
Some of the morphologies exhibited by
CI magnetite are forms that may be plau-
sibly related to its crystal structure (spi-
nel group); such varieties are unlikely to
yield unambiguous genetic information.
Consequently, we focused our attention
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on unusual forms, not obviously con-
trolled by internal symmetry, for which
specific antecedent conditions may rea-
sonably be argued.

The commonest occurrence, perhaps
accounting for half of the total magnet-
ite, is as aggregates containing typically
some thousands of crystallites of sub-
micron size. Individual crystals are
equant, exhibiting forms common among
terrestrial magnetites, although the
trapezohedron is apparently absent (/3).
Aggregates are typically subrounded,
ranging from irregular to precisely circu-
lar in section (Fig. 1). The resemblance
to so-called ‘‘framboidal’’ pyrite (FeS,)
from marine sediments, is marked. Ran-
dom accumulation of particles might pro-
duce irregular aggregates, but precisely
regular framboids (Fig. 1) demand a
more specific origin. Such an origin,
based on the results of laboratory syn-
thesis, has been advanced by Sweeney
and Kaplan (/4) for terrestrial pyrite
framboids; an analogous origin for CI
framboidal magnetite seems most plau-
sible. Figure 2a shows a pyrite framboid
identical in shape, diameter, and particle
size to the meteoritic aggregate illus-
trated in Fig. 1, except that pyrite cubes
substitute for magnetite polyhedra. It
was formed by the sulfurization of syn-
thetic pyrrhotite (Fe,S;) in aqueous solu-

Fig. 1. Scanning electron
micrograph of framboidal
magnetite in the Orgueil
carbonaceous meteorite.
Formation of this structure
appears to have required
aqueous activity on the
meteorite parent body. The
width of the field of view is
27 pm.

tion; exclusion of water inhibited the re-
action. Sweeney and Kaplan showed
that the framboidal texture was con-
trolled by the spherical shape adopted by
a cryptocrystalline intermediate reaction
product [greigite (Fe;S,) in the sulfide
system] within which the pyrite nucle-
ated and grew. The factors controlling
the sphericity of the greigite were not de-
fined. The nature of the putative spheri-
cal precursor for CI magnetite cannot be
specified at present; a reasonable specu-
lation is that it was a poorly crystallized
Fe hydroxide, such as limonite, which
has been reported in these meteorites
©).

Spherical forms are, in fact, common
among CI magnetites. Figure 2b illus-
trates such a grain, sectioned to reveal a
spherulitic internal texture; the individ-
ual radiating fibers, which constitute the
spherulitic texture and whose develop-
ment leads to an overall spheroidal
shape, may be clearly seen. Possibly all
spherical CI magnetites possess such
texture; ‘‘smooth’’ spheres observed in
sections may have lost their texture dur-
ing polishing. Spherulitic textures are
well known in terrestrial mineralogy
(Fig. 2¢). The high surface/volume ratio
of the individual fibers makes this tex-
ture a nonequilibrium form. Studies of
synthetic and natural systems (/5) have
shown that spherulite formation requires
crystallization from a melt or amorphous
material (for example, glass) under con-
ditions which maintain a subtle balance
between the rate of diffusion of impu-
rities away from the growing crystal and
the growth rate of the crystal itself.
Because of the high melting point of
magnetite, 1590°C, and the improbability
of achieving a suitably high oxygen fu-
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gacity at such a temperature during me-
teorite formation, a molten stage for CI
magnetite is implausible. The requisite
amorphous medium for spherulite
growth was probably supplied by an
aqueous gel containing a colloidal Fe hy-
droxide such as limonite. Thus, both
spherulitic and framboidal textures prob-
ably share a closely similar origin, name-
ly, crystallization from an amorphous or
cryptocrystalline precursor, most likely
a limonite-like hydroxide. The spheroid-
al form necessary to produce the fram-
boidal texture may have been generated
by the spherulitic growth of an inter-
mediate phase characterized by a some-
what greater degree of crystallinity than
that of the gel.

Possibly the most unusual, and there-
1ore potentially informative, morphology
is exhibited by the variety termed

‘‘plaquettes’’ (Fig. 2d). A careful study
of the disymmetric nature of these stacks
of platelets, including apparent evidence
for dislocation-induced growth spirals on
platelet surfaces, caused Jedwab (/3) to
propose an origin as condensate from
nebular vapor. He noted that such platy
forms had been predicted for nebular
condensates (/6). However, two lines of
evidence argue against this possibility.
First, it is very difficult to form pure
magnetite as a nebular condensate. Un-
der equilibrium conditions magnetite
forms, not as a condensate, but by alter-
ation of an Fe-rich phase (5). The nebula
may have become svnersaturated with
respect to Fe metal (/7), but, even with
very large degrees of supersaturation,
fayalite (Fe,SiO,) and troilite (FeS)
would have formed, removing Fe from
the gas before magnetite condensation.

Fig. 2. (a) Scanning electron micrograph of framboidal pyrite synthesized in the laboratory by
the sulfidation of pyrrhotite (/4). The width of the field of view is 20 um. (b) Scanning electron
micrograph of spherulitic magnetite in the Orgueil carbonaceous meteorite. The width of the
field of view is 20 wm. (c) Scanning electron micrograph of spherulitic feldspar from rhyolitic
ash flow, Superior, Arizona. The width of the field of view is 2.2 mm. (d) Scanning electron
micrograph of a magnetite ‘‘plaquette’’ from the Orgueil carbonaceous meteorite. Note the
fourfold symmetry exhibited by the terminal platelet. The width of the field of view is 11 pm.
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If, for some unknown reason, no other
Fe-rich phase formed, other elements
present in the gas, for example, Ni,
would have co-condensed to yield a Ni-
bearing magnetite. Similarly, if the ele-
ments condensed from a hot, ionized gas
as they became neutralized upon cooling
), magnetite formed in such an environ-
ment would have contained significant
amounts of elements with similar ioniza-
tion potentials, such as Co, Cu, and Ni.

Second, there is strong crystallograph-
ic evidence that the platy morphology
was controlled by the microenvironment
in which nucleation and growth occurred
rather than by the underlying crystal
structure. (The latter would be expected
for the case of vapor condensation.) This
conclusion is based upon evidence, first
noted by Jedwab (/3), that terminating
platelets sometimes reveal a fourfold
symmetry axis perpendicular to the prin-
cipal plane of the platelets (see Fig. 2d).
This identifies these planes as belonging
to {001} of the cubic magnetite structure;
however, the close-packed planes in this
structure, within which growth would be
preferred (/8), belong to {111}. A crystal
face parallel to such a close-packed
plane would exhibit three- or sixfold
symmetry, which is not observed here.
This precludes not only morphological
control by the magnetite structure but al-
so similar control for any precursor
phase, of which the observed magnetite
might be a pseudomorph, because all
topotactically related oxides and hydrox-
ides of Fe possess close-packed (that is,
sixfold-coordinated) layers of oxygen as
a common structural unit.

A possible explanation for this mor-
phology is suggested by the frequent, al-
though not universal, occurrence of
plaquettes within carbonate grains (/9).
If magnetite nucleated and grew upon a
rhombohedral carbonate face, epitaxial
matching of oxygen networks in carbon-
ate and magnetite would cause the four-
fold 001 axis of magnetite to lie within
about 12° of the normal to the carbonate,
and hence magnetite, face (20). Preferen-
tial growth of magnetite along the rhom-
bohedral carbonate face would produce
a platelet with the observed symmetry.
This could occur either by exsolution
within carbonate cleavage planes or by
simultaneous crystallization along car-
bonate growth faces.

If such a mechanism were responsible
for the production of plaquettes, it
makes them contemporary with, or
somewhat younger than, the carbonates,
generally believed to have crystallized
during an epoch of mineralization on the
meteorite parent body (7-9). Production
of an Fe hydroxide gel and crystalliza-
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tion of carbonate both suggest aqueous
alteration, most plausibly on a plan-
etesimal surface, of material produced
earlier, possibly in the nebula. A similar
origin has also been inferred for all other
major minerals in CI chondrites (21).
Such mineralization does not appear
compatible with an origin directly in the
nebula. Therefore, the I-Xe age deter-
mined for the Orgueil magnetic separate
() apparently records alteration on a
parent body rather than nebular con-
densation (22). Thus, aqueous activity,
chondrule formation, and planetesimal
differentiation all occurred within a peri-
od of 16 x 10% years, the ‘‘sharp iso-
chronism’’ (23). Aqueous alteration ap-
parently took place in a system that was
closed, at least to nonvolatile elements,
because the elemental abundances deter-
mined by bulk analyses of CI chondrites
closely match solar elemental abun-
dances (10).
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Abstract. Widespread volcanism on Jupiter’s satellite lo, if it occurred over the
age of the solar system, would quickly reduce the inventory of most common vola-
tiles needed to drive such volcanism. One exception is the volatile element sulfur. It
is therefore postulated that sulfur is the driving volatile for Ionian volcanism. Its
presence is consistent with a carbonaceous-chondrite-like bulk composition for the
original material that formed Io 4.5 billion years ago. The ubiquity of sulfur on Io
today demonstrates the importance of this element in the processes that formed its

surface.

In arecent report Peale et al. (1) exam-
ined the dissipation of tidal energy in Ju-
piter’s satellite Io and predicted that
“‘widespread and recurrent surface vol-
canism would occur, leading to exten-
sive differentiation and outgassing’ of
that body. Recent photographs of Io by
Voyager 1 appear to confirm this predic-
tion (2).

If such extensive outgassing has oc-
curred over 4.5 aeons, as would seem to
be implied by the model of Peale et al.
(assuming the Galilean satellites have oc-
cupied their current positions over the
age of the solar system), then one would
expect the outgassing of Io to have been
completed long ago.

For example, let us assume Io started
with the composition of a very volatile-
rich C1 carbonaceous chondrite—20 per-
cent water and 5 percent carbon by
mass. This is similar to the composition
proposed by Fanale ef al. (3). On erup-
tion, gases such as H,O and CO, will be
at roughly 1000°C; their molecules will
have mean velocities of 1.4 and 0.9 km/
sec, respectively, compared to the es-
cape velocity of material from Io into Ju-
piter orbit, which can be as low as 1.78
km/sec. [Such escape is trajectory-de-
pendent; the average escape velocity is

0036-8075/79/0727-0397$00.50/0  Copyright © 1979 AAAS

2.0 km/sec (4).] Thus one would expect
much of the H,O to escape immediately.
More importantly, the molecules that did
not escape would be subject to dis-
sociation and ionization by solar ul-
traviolet (UV) radiation (5) and their
products would be quickly lost by Jeans
escape or the sweeping action of Jupi-
ter’s magnetic field. Thus one can as-
sume that any H,O or CO, outgassed by
a volcanic event would be lost to the sys-
tem. To lose an entire Io inventory of
such volatiles, assuming an initial C1
composition, one would have ‘to erupt
these gases at the rate of 10® g/sec.

This is of the same order as the volatile
loss for a single Earth volcano. The Laki
flow in Iceland erupted 15 km?® of materi-
al over 7 months, or 2 x 10° g of material
per second (6). The average rate for most
Earth lavas is about an order of magni-
tude less; however, eruption rates an or-
der of magnitude greater have been esti-
mated for a section of the Columbia Riv-
er plateau (7). Estimates of the volatile
content of Earth lavas have ranged from
0 to 50 percent; best estimates for the
solubility of water in magma at kilobar
pressures are 10 percent (6). Thus one
large Earth volcano with a volatile con-
tent of 10 percent could degas a very vol-
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