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The major iron meteorite groups are defined essentially by their Ga, Ge, and Ni contents. It now
seems clear that the differences between their abundances of Ga and Ge were produced by the
process of condensation and accretion in the primordial solar nebula. The simplest interpretation of
the Ni abundance, and its variations between the groups, is also that it was fixed during condensa-
tion and accretion; more particularly, it reflects the oxidation state of the nebula during condensa-
tion and accretion. The abundance patterns of 17 other trace elements have been examined and are
consistent with this model. It is believed to be the simplest model published and most consistent
with analogous calculations for the chondrites. If it is correct, then the iron meteorite groups
formed over a very wide range of pressures, 107 to 10® atm. Such a range could only be found in a
restricted region of the nebula, such as the asteroid belt, if a complex accretion sequence inside a
protoplanet occurred. More likely, the iron meteorites were formed in widely dispersed regions of
the nebula and only one group formed in the asteroid belt, probably group IITAB. Groups IAB and
I1AB formed nearer the Sun, and group IVA formed much further out, say, beyond the orbit of

Jupiter.

INTRODUCTION

The iron meteorite groups are defined es-
sentially on their nickel, gallium, and ger-
manium contents. The Ga and Ge varia-
tions between the groups are very large,
while within the groups they are small,
making these elements ideal for classifica-
tion (Scott and Wasson, 1975). The inter-
group variations are generally thought to be
a consequence of their condensation and
accretion processes in the solar nebula. In
particular, it is a result of their extreme
volatility under the prevailing conditions.
Most of the other trace elements show very
large variations within the groups due to
some secondary melting event, but aver-
aged within the groups they are generally
present in cosmic proportions. However,
Scott (1972) has shown that to some extent
several “‘moderately volatile” elements
mimic Ga and Ge in showing variations be-
tween the groups and he and Wasson and

' Present address: Institute of Geophysics and
Planetary Physics, University of California, Los
Angeles, CA 90024.

Wai (1976) have lately argued that they are
the result of differences in their condensa-
tion and accretion conditions (Scott, 1978).
The intergroup variations shown by Ni are
much smaller and were produced by oxida-
tion and sulfuration of the parent body,
either during accretion or subsequently
(Sears, 1978a: Kelly and Larimer, 1977).

In a previous paper I presented a model
in which the Ni, Ga, and Ge contents of the
major groups (IAB, IIAB, IITAB, and IVA)
are explained by their accretion over a nar-
row temperature range (600-700°K, with
ITAB 50°K or so higher), but over a very
wide range of pressures (Sears, 1978a).
This is consistent with these metcorites
containing sulfur, which condenses at
the pressure-independent temperature of
695°K, and when IAB is assumed to have
formed at 10~* atm—so that ITAB, IIIAB,
and IVA formed at 107*, 5 x 107% and 107%
atm, respectively—it can also explain their
highly differing contents of carbon.

In the present paper, I examine the con-
densation behavior of several other ele-
ments to see if they fit into the simple model
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FiG. 1. Nickel content of the metal at equilibrium with the nebular gases as they cooled. The region
of interest here is below 700°K and is pressure independent. (The P values refer to assumed nebula
pressures.) The broken lines reflect uncertainty in the thermodynamic data. Iron meteorite Ni contents
are observed between 600 and 750°K [for details see Sears (1978a)].

derived from Ni, Ga, and Ge contents. I
also consider the implications the model has
for the theory that iron meteorites come
from the asteroid belt. It is concluded that
my earlier finding—that large pressure dif-
ferences were involved in the formation of
the iron meteorites—is largely correct.
From this I suggest that only one of the
major iron meteorite groups, probably
IITAB, formed in the asteroid belt; IAB and
ITAB formed much nearer the Sun, and IVA
formed much further out—possibly beyond
or near the orbit of Saturn.

METHOD

The techniques for carrying out the nec-
essary calculations have been well
documented by Urey (1952), Lord (19653),
Larimer (1973), and Grossman (1972). Most
of the calculations were performed by hand
but some, especially the Ni oxidation/sul-
furation curve (Fig. 1), required the use of a
computer. The University of Manchester
Regional Computer Center’s CDC 6300-
ICL 1906A joint system and the NAG Li-
brary program CO5 NAF (numerical solu-
tion of irregular polynomials by the
Newton—Raphson method) were used. This
was part of a larger project which will be
reported elsewhere. The sources of ther-
modynamic data of relevance here are

listed in Table I. The cosmic abundance
values were taken from Cameron (1973).
The sources of analytical data are listed in
Table 1, along with the mean and standard
deviation for each element in the four iron
meteorite groups under discussion here.
Wai er al. (1978) have suggested that,
instead of taking the mean, one should cal-
culate the original composition of the group
by working the fractional crystallization
equations in reverse. I have not done this
because the nature of the melting event is
still disputed, and because the method is
critically dependent on the end member of
the sequence. Data for this member, assum-
ing its identity is known, are not always
available,

RESULTS

My interpretation of the analytical data
has been guided primarily by a factor analy-
sis of iron meteorite compositions which I
performed several years ago—details of this
will be published elsewhere—and the order
in which I present the results reflects this.
Essentially, it indicated that the elements
may be divided into three groups, with the
inference that the members of each group
were primarily affected by a different pro-
cess. One involved Ni, Co, Pd, Cu, and
possibly Mo, and another concerned Ga,
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TABLE 1

SOURCES OF THERMODYNAMIC DATA

Species”

Source

Fe, Ni, Co, Pd, Mo, Cu, Ga, Ge,
Zn, Sb, As
Fe,Si0,, FeSi0,

FeS, CuS, ZnS

GaOl(g), GaCl(g), GaBr(g), GaH(g).
GeS(g), GeO(g), GeCly(g), GeBra(g),
GeBr,(g), Gel,(g), Gel,(g), Sbig).
Sby(g), Sby(g), SbCl,(g), SbCls(g),
SbH;(g), SbBri(g), As(g), Asa(g),
As,(g), AsO4lg), AsH;(g), AsFa(g).
AsCly(g), AsBry(g), AsN(g)

GaOH(g)

SbS(g)

ZnS, ZnSi0;, Zn,Si0,

Hultgren et al. (1973)

Robie and Waldbaum (1968);
Larimer (1968)

Robie and Waldbaum (1968)

Wagman er al. (1968)

Battat er al. (1974)

Mills (1974)

Robie and Waldbaum (1968); Wagman
et al. (1968); Barin and Knacke (1973)

" Solid unless otherwise stated.

Ge, Sb, Zn, and perhaps to a small extent
As. Both processes involve differences be-
tween the groups, and will be considered
here. The third, commonly interpreted to be
some kind of melting event, was responsible
for elemental fractionations within the
groups.

Ni-Like Elements

Cobalt and palladium resemble nickel in
showing small intergroup variations. The
elements are not volatile, but condense
ahead of, or simultaneously with, iron—
nickel alloy. Their variation between the
groups is almost certainly due to the same
processes as those for Ni: namely, sulfura-
tion and oxidation (Kelly and Larimer,
1977 Sears, 1978a). By way of example, a
plot of the Ni content of the metal as a func-
tion of temperature is given in Fig. 1. The
observed Ni contents of iron meteorites are
produced at high temperatures, during con-
densation of iron—nickel alloy, and at low
temperatures (600-750°K), during oxidation
and sulfuration. For the reasons elaborated
earlier—mainly the implausibility of the
large y(Ge) and y(Ga) required by a high-
temperature formation and the abundance

of sulfur in iron meteorites—it is the second
process which is relevant here (Sears,
1978a). It is suggested that the intergroup
fractionations shown by Co, Pd, and Mo are
due to the same mechanisms.

According to the factor analysis copper
also belongs in this group of elements al-
though, unlike the others, it is quite volatile
in the primordial solar nebula. Its condensa-
tion curves are given in Fig. 2. In calculat-
ing them I considered both the condensa-
tion of Cu in solid solution in the metal, and
the formation of CuS and its solid solution
in FeS, but found that copper condensed
almost entirely by the former process. At all
pressures of interest here, and in the tem-
perature region 600-750°K, it is fully
condensed.

Ga- and Ge-Like Elements

Gallium and germanium were discussed
at length in an earlier paper and are men-
tioned only briefly here.

Germanium. At all pressures and tempera-
tures considered, GeS(g) is the stable gas
phase. However, Ge does not condense as
GeS in solid solution in FeS, but as Ge in
the metal. The solution is very much
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FiG. 2. Condensation curves for copper. The solid
vertical lines enclose the temperature range in which
IAB, IIAB, and IVA Ni contents are observed, and the
broken lines enclose the temperature regions in which
group I1AB formed. At all pressures of interest here,
copper, like nickel, was fully condensed over this tem-
perature range. The intergroup variations in its abun-
dance are thought to be due to the same processes as
those responsible for the Ni variations (Fig. 1).

nonideal, much more gas goes into solution
than Henry's law predicts and this is
reflected in the activity coefficient being
very much less than one. It is probably of
the order of 1072, but its precise value is
unimportant for the present model.

Gallium. Gallium also forms a nonideal
solution; its activity coefficient is probably
somewhere near 10~', but again it is unim-
portant. Gallium shows complex behavior
in the nebula (Fig. 4b). At the time of metal
condensation, GaOH(g) is the most impor-
tant gas phase, while over the temperature
at which I believe accretion took place it is
GaCl(g). Condensation curves for Ge
and Ga are shown in Figs. 3 and 4a,
respectively.

Zinc. Zinc also shows complex behavior
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in the cooling solar nebula. At high
pressures it condenses as ZnS. If one as-
sumes an ideal solution between ZnS and
FeS, then at moderate pressures it con-
denses as ZnS in solid solution in FeS. A
certain amount dissolves in the metal as Zn.
The result is that the Zn content of the
metal increases as the temperature drops,
until ZnS forms. Then it drops slowly until
695°K. At this temperature FeS forms and
rapidly consumes the Zn as ZnS in solid
solution. The maximum levels of Zn in the
metal are highest at high pressures. I have
also calculated the amount of ZnSiO3; which
forms at low temperatures, but it never
becomes significant. Wai and Wasson (1977)
argued that the activity coefficient of ZnS in
FeS was 10°=', In this case, the Zn is pres-
ent as pure ZnS and as a solid solution of
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Fic. 3. Condensation curves for germanium. The
vertical lines are described in the figure caption to Fig.
2. The right-hand sacle is approximate, and has been
calculated from x = A(Ge)/(A(Ni) + A(Fe)), where x 15
the fraction condensed and A is the cosmic abundance
of the element in question.
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F1G. 4. (a) Condensation curves for gallium. See the figure captions for Figs. 2 and 3 for an explana-
tion of the vertical lines and the right-hand scale. The curves have two inflections. The first is caused
by a certain amount of the Ga being present in the metal when it condenses, and the second is when
GaOH(g) gives way to GaCl(g) as the dominent gas species of Ga. (b) Stability fields for gallium and its
compounds in the primordial solar nebula. The dotted curve indicates the condensation temperature of

iron—-nickel alloy.
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FiG. 5. Concentration of zinc in the metal (in parts per million). The pressure—temperature fields are
shown in the inset figure. These are: (a) no metal condensed, (b) Zn forms solid solution in the metal,
and (c) pure ZnS forms. This assumes no ZnS dissolves in FeS. Should it do so, the curves below 695°K

require minor adjustment.

Zn in metal. It also spends slightly longer in
the metal before reacting to form ZnS (Fig.
5

Antimony. Antimony exists as mona-
tomic, diatomic, and tetratomic species
in the gas. I included data for SbCl,,
SbCl;, SbBrj, SbS, and SbO gases (Fig. 6).
Wai and Wasson (1977) point out, ther-
modynamic data for a number of potentially
important species are not available and 1t
may be that the condensation curves will
have to be displaced to the left. I have
explored the possibility that Sb may be-
come lithophile or chalcophile and transfer
to the silicates or FeS, but this does not
seem likely.

Arsenic. Arsenic also exists in the nebula
gases as the monomer, dimer, and tetramer,
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depending on pressure and temperature
(Fig. 7). The calculations included As,O,
AsH,, AsF,, AsCl,, AsBr;, and AsN gases,
and again there are potentially important
species which could not be included. The
condensation curves are shown for an ideal
solution, whereas Wai and Wasson (1977)
have suggested that a value of 0.1 is more
reasonable. This moves the curves to higher
temperatures by about 100°K, but the con-
clusion that As is fully condensed between
600 and 750°K is unchanged.

DISCUSSION

Comparison  between  Calculations and

Observations

Factor analysis sorted the elements into
four groups on the basis of their mutual cor-
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FiG. 6. (a) Condensation curves for antimony. The slight inflection is caused by Sby(g) becoming the
stable gas phase for Sb. See also the figure captions for Figs. 2 and 3. (b) Stability fields for Sb species

in the primordial solar nebula.
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FiG. 7. (a) Condensation curves for arsenic. See also the figure captions for Figs. 2 and 3. (b) Stability

fields for As species in the primordial solar nebula.

relations in abundance. These were:

Factor A: Ga, Ge, Sb, and Zn

Factor B: Ni, Pd, Co, and Cu

Factor C: Ir, Au, Os, Ru, Re, Pt, As, and
Cr

Factor D: Mo
For reasons elaborated in Sears (1979)—
mainly a significant correlation with
Cu—Mo probably belongs with factor B
elements. Of course, it would be naive to
believe that each element was affected by
only one process. Indeed, the factor analy-
sis indicates that As has a small contribu-
tion from factor A and that within the
groups factor C has affected virtually all
elements. But it does identify the major
process as far as each element is concerned.
From the interpretations offered by Scott
(1972), Kelly and Larimer (1977), Sears
(1978a), and Wai et al. (1978), we can iden-
tify factor A with nebula condensation pro-
cesses, factor B (and possibly D) with oxi-
dation and sulfuration, and factor C with
some melting event (fractional crystalliza-
tion or partial melting).

The factor B elements have small inter-
group variations which, in the case of Ni,
have become important parameters in the
classification of iron meteorites. We have
shown that the appropriate Ni contents can
be found by accretion between 600 and
750°K (Sears, 1978a), and, since the major
process is the oxidation of Fe, similar varia-
tions are predicted for the other elements.
Generally these are observed. The histo-
gram for Co contents cannot be distinguished

from that for Ni, the only “*anomaly’” being
that the Co/Ni ratio in ITAB irons exceeds
that of the cosmic ratio by about 30%. In
contrast, the Pd/Ni ratio in group ITAB is
lower than that of the cosmic value by
about 30%. Kelly and Larimer (1977) sug-
gested that this was because 30% of the Ni
was present in the meteorite parent body as
phosphide. This would explain the high Co,
but not the low Pd. In any case, below
800°K phosphide is oxidized to phosphate,
unless the ITAB parent body formed in a gas
of noncosmic composition. One possibility,
mentioned earlier, is that the factor B ele-
ments do not oxidize at the same rates. This
would explain the observations if one as-
sumes Ni is more noble than Co, but less
noble than Pd. A detailed study of the oxi-
dation processes would seem to be
required, but sufficiently good ther-
modynamic data for Ni,Si0,, Co,SiO,, and
Pd,Si0, are apparently not available.
Copper is well below its cosmic propor-
tions in all groups. Despite this, its inter-
group variations are very similar to nickel's
and hence its placement with the factor B
elements. I therefore interpret its variations
as an oxidation—sulfuration effect. The rea-
son for its low abundance, compard to C1
chondrites, is most probably a sampling ef-
fect and Wai and Wasson (1979) have sug-
gested that its values should be raised by a
factor of 3.5 to allow for this effect. (A fac-
tor of 5 would bring the IAB values to
somewhere near cosmic.) Copper occurs
both as metallic Cu associated with sulfides
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(El Goresy, 1965) and as Cu sulfides which
concentrate in macroscopic and sparsely
distributed inclusions. These are difficult to
sample in a representative way for chemical
analysis. Nevertheless, a sufficient amount
is present in microscopic form for Scott
(1972) and the factor analysis to have been
able to characterize the intergroup
variations.

An essential feature of the present model
is that oxidation and sulfuration in the man-
ner described by Kelly and Larimer (1977)
occurred in the solar nebula, simulta-
neously with accretion. Kelly and Larimer
mentioned the possibility, without going
into details, that it may have occurred in the
meteorite parent body after accretion. My
main reason for preferring nebular oxida-
tion and sulfuration is that this seems to
have been the case with the chondrites: or-
dinary chondrites show an inverse correla-
tion between oxidation state and bulk Fe/Si
ratio, while E chondrites show a correlation
between sulfuration and bulk Fe/Si ratio
(Table III). Variations in the Fe /Si ratio are
generally assumed to have occurred in the
nebula, by the separation of silicates and
metal. The inverse correlation between
Fe/Si and oxidation state is interpreted as
being due to the change in oxidation state of
the nebula during accretion (e.g., Anders,
1971: Miiller et al., 1971). Similarly, the cor-
relation between S/Si and Fe/Si in E chon-

TABLE III

OXIDATION, SULFURATION, AND THE
METAL-SILICATE FRACTIONATION IN CHONDRITES
(Sears, 1978¢)"

Class Fe/Si S/Si Fe/Si

Ordinary chondrites

H 0.83 — 0.63

L 0.59 - 0.32

LL 0.53 - 0.08
E chondrites

El 1.00 0.31 -

EIll 0.60 0.15 —

" Fe/Si reflects the extent of metal-silicate fractio-
nation, and S/Si and Fe"/Si reflect the extent of sulfu-
ration and the inverse of oxidation, respectively.

D. W. SEARS

drites is generally assumed to be the result
of processes in the nebula; for example,
Baedecker and Wasson (1975) suggest that
some sulfide was removed with the metal,
while Sears (1978b) suggested that the E
chondrites accreted between 600 and
750°K—during sulfuration of the condensed
iron. Since it seems that these two major
chondrite classes had their present state of
oxidation or sulfuration fixed in the
nebula—despite subsequent metamorphic
heating to perhaps 1200°C (Sears, 1978¢c)—
it seems simplest to assume the iron meteor-
ites did likewise.

I will now examine the abundance of the
elements whose distribution we believe to
have been fixed during condensation and
accretion between 600 and 750°K (Ga, Ge,
Zn, Sb, and perhaps As). Superimposed on
the condensation curves (Figs. 2, 3, 4a, 6a,
and 7a) are four vertical lines which refer to
the temperature interval during which the
metal has a Ni content appropriate to iron
meteorites. (The solid lines correspond to
IAB, IITAB, and IVA and the broken lines
to IIAB.) The width of the interval is
governed by the range of Ni contents ob-
served and the uncertainty in the ther-
modynamic data for the oxidation of iron.
An important point is that the relative er-
rors for IAB, 1IAB, IIIAB, and IVA are
much smaller, in fact + 10°K. (This amounts
to saying that the shape of the curve below
700°K in Fig. 1is better known than its posi-
tion on the temperature axis. This is
because it is governed by well-known ther-
modynamic principles.)

It has long been realized that Ga and Ge
provide particularly valuable data on the
genesis of iron meteorites (Goldberg et al.,
1951; Lovering et al., 1957; Wasson, 1967).
Different authors agree that the distribution
of these elements is associated with their
extreme volatility in the solar nebula, but
differ over details. Kelly and Larimer (1977)
propose that the low Ga and Ge groups ac-
creted at higher temperatures than the oth-
ers. This fails on closer inspection (Sears,
1978a). For example, if group IVA accreted
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at a high enough temperature to give its Ga
and Ge contents (approximately 1072 and
10~* times cosmic), the sulfur would not
have condensed at all. According to Turk-
dogan er al. (1955), sulfur forms an ideal
solution in iron. This being so, the calcu-
lated amount of S in solid solution in the
metal does not exceed 107% mole%. This
class is quite rich in sulfur; for example
Gibeon contains macroscopic inclusions of
FeS (see Fig. 3 in Schaudy er al., 1972).
Other objections to a high-temperature ori-
gin for group IVA are as follows. (i) The
same values for y(Ge) and y(Ga) could pro-
duce the observed Ge and Ga contents in
group IVA as well as the other groups, sug-
gesting they formed in the same tempera-
ture range. If these groups formed at the
same pressure, but at different tempera-
tures, they would require different values of
one or both of y(Ge) and y(Ga). (ii) Unlike
group IVB—which is believed to have
formed from the first metal to condense—
group IVA shows no refractory element en-
richment and volatile element depletion.

Wai and Wasson (1979) favor the model
Wasson and co-workers have developed for
ordinary chondrites (Wasson and Chou,
1974; Wai and Wasson, 1977). This is based
on the disputed observation that the extent
of depletion for a given element in ordinary
chondrites is inversely related to the tem-
perature at which it condenses (Anders,
1977; Wasson, 1977). The model involves
loss of a volatile-rich aerosol or gas—dust
fractionation. At some temperature, below
700°K, the dust accreted to form the
meteorite parent body. Thus group [ VA suf-
fered much gas—dust fractionation, whereas
group IAB suffered none. This is the most
disquieting aspect of such a model; why
the extent of gas—dust fractionation—or
whatever—varies between the groups. It
also says nothing about the intergroup frac-
tionation of Co, Pd, and Ni.

The model discussed by Sears (1978a)
was that accretion between 600 and 750°K
produces the observed Ga and Ge abun-
dances by accretion at different pressures

479

(Figs. 3 and 4a). In a similar way, it explains
the Zn distribution. It is well known that
group IAB contains much Zn (Smales et al.,
1967) and Rosman and DeLaeter (1974)
pointed out that Zn and Ge had similar dis-
tributions over the groups as a whole—a
conclusion borne out by the factor analysis.
We see from Fig. 5 that group IAB, which
we believe accreted at 107 atm, is
predicted to have about 10* times the Zn
content of a group accreting at 10~ atm. We
believe that group IVA was such a group.
The analytical data are subject to the same
difficulties as Cu, because it is also
chalcophile—and again its distribution is
better known that its absolute abundance.
The Zn-rich IAB group has 26 = 11 ppm
Zn—one could perhaps multiply this by 85,
bringing it up to cosmic proportions, to
allow for the sampling problem. This com-
pares with group IVA values which are gen-
erally less than 1 ppm. Group IIIAB are a
factor of 10 lower than IAB, consistent with
a pressure 55 that required for group IAB.

The antimony and arsenic calculations are
unsatisfactory because thermodynamic data
for several potentially stable gas phases
could not be found (Wai and Wasson,
1977). Even so, within the uncertainty of
the data it also seems likely that their dis-
tribution can be explained by the same
mechanism. From Fig. 6 we predict that
group IVA should have 10% of the Sb con-
tent of the other groups. In fact, this group
has a depletion in Sb of about 1072, whereas
ITAB and IIIAB are similar at a 107! deple-
tion and IAB has cosmic abundances. A
displacement of the condensation curves
50°K or so to lower temperatures would
suffice: slightly more would be required if
Wai and Wasson's (1979) estimated activity
coefficient of 0.2 was adopted. The small
intergroup difference in As can be explained
in a similar way.

To summarize this section, the model
presented by Sears (1978a) is thought to be
the simplest published and explains most
readily the intergroup element distributions
observed in iron meteorites. It considers
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oxidation and sulfuration nebula processes
which occurred simultaneously with accre-
tion, and that the volatile trace element and
minor element distributions are the result of
very large pressure differences in the re-
gions where the iron meteorite parent
bodies accreted. These pressures were 10~
atm for IAB and ITAB, 5 x 107% atm for
group IITAB, and 107 atm for group IVA.

Implications of the Present Model for an
Origin in the Asteroid Belt

It is of considerable interest to see how
this conclusion relates to existing ideas on
conditions in the early solar system. Figure
8 shows how the pressure varies as a func-
tion of distance from the Sun according to
the models of Cameron and Pine (1973) and
Lewis (1974)—the “low’ and “‘very low"’
adiabats—and Camerson (1978). The “‘very
low™ adiabat predicts that all iron meteor-
ites formed beyond the orbit of Jupiter and,
since there are data which show that at least
one iron meteorite parent body formed in
the asteroid belt, we can reject this adiabat.
The data in question are (i) the orbital stud-
ies of Wetherill (e.g., 1976), which show
that the exposure ages of iron meteorites
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are comparable with the lifetime expected
for Mars-crossing asteroids to reach Earth,
and (ii) the reflectivity spectra reviewed by
Chapman (1976), which show that some as-
teroids have surfaces resembling iron
meteorites. The “‘low adiabat’’ and the
curve of Cameron (1978) lead to broadly the
same conclusions; that groups IAB formed
near the orbits of Venus and Earth, that
group IITAB formed in the asteroid belt,
and that group IVA formed at or beyond the
orbit of Saturn. The existence of the satel-
lites of the major planets and Pluto and the
discovery of Chiron already suggest that
small bodies could readily form in the outer
solar system.

These arguments assume that the iron
meteorite parent bodies formed by the
accretion of dust, under the ambient nebula
pressure—this being governed primarily by
distance from the Sun. Another possibility
is that they formed inside protoplanets of
the kind described by Cameron (1978), at
pressures governed by the size and state of
evolution of the protoplanet. On the
strength of existing calculations this seems
an unlikely scenario. First, the protoplanet,
or its planetary-sized core, would require

low
adiabat

-2k
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FiG. 8. Pressure—distance profiles in the primordial solar nebula calculated by Cameron (1978). and
earlier versions based on the work of Cameron and Pine (1973) and Lewis (1974)—the “‘low’" and
“very low'" adiatbat. The Cameron (1978) and *‘low"" adiabat curves provide pressures suitable for the
formation of group IAB and ITAB in the Venus—Earth vicinity of the solar system, group IIIAB in or
near the asteroid belt, and group IVA in the outer solar system.
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very large escape velocities for the meteor-
ite parent bodies. These would correspond
to an energetic event capable of causing
considerable melting; one might imagine the
meteorites would be converted to some-
thing resembling tektites. This means that
they would have to have been ejected from
the protoplanets of the terrestrial planets
during the event which stripped off the
gaseous envelope. Again such an event
would surely lead to a major alteration of
the meteorite parent bodies. There are also
problems concerning the protoplanets
themselves. First, tidal disruption prevents
protoplanets from forming nearer the Sun
than Jupiter’s orbit, and second, proto-
planet models do not explain the heavy metal
excess in the major planets (DeCampli and
Cameron, 1979). Subsequent developments
may overcome these problems, but for the
moment it seems more reasonable to as-
sume that meteorite parent bodies formed
by the accretion of dust as envisaged above.

CONCLUSIONS

The condensation and related calcula-
tions are most consistent with the formation
of iron meteorite parent bodies at a tempera-
ture between 600 and 750°K, but over a
very wide range of pressures; 107 atm for
groups IAB and ITAB, 5 x 107% atm for
group IITAB, and 107* atm for group IVA.
The pressures, and the range of pressures,
required by this model are consistent with
existing models for the origin of the planets,
but suggest that not all iron meteorites
formed in the asteroid belt.
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Note added in proof: There is an error in my Sb
calculations. Below —1000°K SbS(g) is the stable gas
phase of Sb and the construction curves in Fig. 6(a)
should be displaced downwards by 50-100°K [depend-
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ing on the assumed (Sb)], bringing the predictions of
my model more closely into line with the observed Sb
distribution.
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