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Depletions of Mo and W relative to other refractory metals of similar volatility (Re, Os, Ir. Ru. Pt) are common in a suite of 16 
Ca,Al-rich inclusions (CAIs) from 5 carbonaceous chondrites. Twelve of the 16 CAIs from Allende, Grosnaja, Leoville, and Ornans 
show Mo depletions: six of these 12 inclusions also show W depletions. The one CAI analyzed from the Essebi chondrite shows no 
depletions. The Mo and W depletions have a very characteristic pattern with Mo always more depleted than W. The same Mo and W 
depletion pattern occurs in calculated refractory metal alloy compositions formed at oxygen fugacities 103 to 10 a times greater than 
the canonical solar nebula oxygen fugacity. We conclude that Mo and W depletions are common in CAIs from carbonaceous 
chondrites and that the depletions result from high temperature oxidation. The oxidation may have occurred during the evaporation of 
primitive dust into CAIs but is also consistent with condensation at high oxygen fugacities. No potential alternative processes appear 
to be capable of producing the observed Mo and W depletion patterns. 

!. Introduction 

Many Ca,Al-rich inclusions (CAIs) in Allende 
and other carbonaceous chondrites have high con- 
centrations of refractory metals (W, Re, Os, Ir, 
Mo, Ru, Pt). These elements are enriched to 15-30 
× chondritic abundances ([1,2] and references 
therein). Enrichment factors of the rare earth ele- 
ments (REE) and other refractory lithophile trace 
elements (e.g., Sc, Ba, Zr, Nb, Th, U, etc.) are 
similar. In many inclusions refractory metals are 
not uniformly enriched, but their abundances ap- 
pear related to their volatility [3,4]. Thus, in an 
"ul t ra"-refractory inclusion, which represents 
either a high-temperature evaporation residue or 
an initial condensate, very refractory metals (Re 
and Os) are more enriched than less refractory 
metals (Ru and Pt) [5]. Similar, although not as 
extreme, abundance patterns consistent with the 
vapor pressures of the refractory metals (W < Re 
-- Os < lr --- Mo < Ru < Pt) have been reported in 
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metal grains from Allende CAIs by Blander et al. 
[31 and Wark [6]. 

However, Mo and W do not always fit into this 
pattern. They are commonly more depleted than 
expected from their relative volatilities. Because W 
has the lowest vapor pressure of these metals and 
Mo has a vapor pressure very similar to that of lr, 
these depletions are not a vapor pressure effect. 
Palme et al. [5,7] and Wark and Wasserburg [8] 
have suggested that anomalously low concentra- 
tions of Mo and W in CAIs indicate the loss of 
these elements as volatile oxides. 

In this paper, we present evidence that Mo and 
W depletions are common in CAIs in carbona- 
ceous chondrites. We also attempt to show that the 
depletions are consistent with high temperature 
equilibration of the refractory metals in a rela- 
tively oxidizing environment, i.e., at oxygen fugac- 
ities several orders of magnitude greater than the 
canonical solar nebula oxygen fugacity. Finally, 
we discuss several scenarios for producing the 
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observed Mo and W depletions, and some implica- 
tions for the formation of CAIs in carbonaceous 
chondrites. 

2. Refractory metal abundances in ref rac too inclu- 
sions 

Abundances of W, Re, Os, Ir, Mo, Ru, and Pt 
in refractory inclusions from the Allende (CV3), 
Essebi (CM2), Grosnaja (CV3), Leoville (CV3), 
and Ornans (CO3) chondrites have been de- 
termined by neutron activation analysis at Mainz 
[9]. The analytical data for 16 inclusions of various 
mineralogical types and REE groups have been 
examined in this work. Wark and coworkers have 
measured the concentrations of W, Re, Os, Ir. Mo. 
Ru, Pt, and Rh in refractory metal nuggets in 
several CAls in Allende and Leoville. These 
analyses, which were done by energy-dispersive 
spectroscopy (EDS) with a scanning electron mi- 

croscope (SEM), are summarized by Wark [6]. 
Blander and coworkers also reported refractory 
metal nugget composit ions (determined by 
EDS/SEM and electron microprobe) in several 
Allende inclusions [3,10]. Several groups have de- 
termined (by neutron activation analysis and spark 
source mass spectrometry) the abundances of vari- 
ous subsets of the refractory metals W, Re, Os. lr, 
Mo, Ru, and Pt in Allende and Murchison (CM2) 
inclusions (see references cited in [1,2]). ttowever, 
because all 7 elements were not analyzed simulta- 
neously in any of these CAls, Mo and W deple- 
tions cannot be determined from the available 
data. 

Our analysis of the Mainz neutron activation 
results shows that 12 out of 16 inclusions studied 
have Mo depletions (relative to the Cl-normalized 
refractory metal ratios or enrichments). Six of the 
12 inclusions also have W depletions, but there is 
no inclusion which is depleted in W without also 
being depleted in Mo. Mo depletions are char- 

T A B L E  1 

Selected analyt ical  data  f l~r refractory metals  (Mo. W deple t ions  i tal icized) 

Sample  Classif icat ion '~ C1 normal ized abundance  (Os = 1.0) Os 

W Re Os Ir Mo Ru Pt (ppm) 

A4 h Type B, G r o u p  I 1.2 1.4 1.0 1.6 1.2 0.83 1.3 6.5 

3529-Z ~.d Type B. G r o u p  I 0.85 0.97 1.0 I).91 O. 75 1.0 I).54 7.1 
AM-1 ~ Type A, G r o u p  VI 0.87 1.1) 1.0 0.92 O. 71 0.96 I).64 17.7 

3898 ': '" F U N " ,  Group  1 0.85 0.92 1.0 0.96 0.61 0.96 0.61 8.2 
A I 7  ' Type B, Group  I 1.1 0.89 1.0 1.0 0.40 1.3 I).94 6.1 

Grosna ja  ': Type B. G r o u p  I 0. 75 1.0 1.0 1.1) 0..¢8 1.2 0.69 5.6 

TE ~''f "" F U N " ,  Group  l 0.18 0.62 1.0 0.91 < 0.06 0.82 < 11.14 7.2 
Leo-I g Type B, Group  1 0.56 0.93 1.0 0.92 0.23 0.79 11.22 7.7 

Leo-1FR h Fremdl ing  0.49 1.1 1.0 0.95 0.028, 0.36 0.078 2.16 c,~ 
Ornans  ' F remdl ing  0.038 1.1) 1.0 I).99 < 0.088 0.25 0.1)24 0.74% 
A14Fr  k Fremdl ing  0.80 0.90 1.1) I).89 0.74 I).71 0.97 0.40% 

Refractory  inclusions are from Allende unless noted otherwise.  
Mineralogical  and R E E  classif ication schemes are discussed in references 1, 2. and 4. 

h Wanke  et al. [12]. revised data.  

Palme et al. [9]. 
'J Mason and Taylor  [4J analyzed 3529-Z by spark source mass spect rometry:  their da ta  for Re, Os. lr, Ru. Pt are in good agreement  

with present data.  
c El Goresy.  Palme, and Bukovanska.  in p r e p a r a t i o n  
f Domin ik  et al. [13] and Clay ton  et al. [14] give petrologic  and isotopic data  for "rE. This  inclusion is forsteri te rich. 
t~ Palme and Wlotzka  [15]. 
h Metal  and phospha te  Fremdl ing  in inclusion Leo-l .  Data  are plot ted in Palme el al. [5]. 
' " U l t r a ' - r e f r a c t o r y  inclusion in Ornans  [5]. 
J' Palme and Wlotzka  [11]. F remdl ing  bulk compos i t ion  from neutron act ivat ion analysis.  



acterized by Cl-normalized Mo concentrations 
lower than those for lr and Ru; W depletions are 
similar (low W abundances relative to the Re and 
Os abundances). The observed depletions are out- 
side conservative estimates of analytical uncertain- 
tics, which are < 5% for lr, Re, Os; 5-10% for W, 
Mo, Ru; and 10--30% for Pt [5,9,11]. 

Selected refractory metal analyses of CAIs in 
Allende and other chondrites are listed in Table 1. 
Data are presented as abundances relative to CI 
values [16], normalized so that the Os enrichment 
in each inclusion is set equal to 1.0. Enrichments 
relative to C1 can be recalculated from the normal- 
ized abundances and the Os concentration in each 
inclusion, which is also given in the table. An 
Allende CAI (A4) with an essentially un- 
fractionated metal abundance pattern (i.e., ap- 
proximately equal enrichments of all refractory 
metals) is also shown for comparison. 

These data plus literature data [3,6,10,17] il- 
lustrate several important points. First, there is a 
wide range of Mo depletions. Some inclusions 
have Mo depletions of the order of 25% while 
others have depletions of >/30 × .  

Second, W depletions also occur in several in- 
clusions. They are always associated with Mo de- 
pletions (the converse is not true). The size of the 
W depletion is also correlated with the size of the 
Mo depletion: CAIs with large Mo depletions also 
have large W depletions. 

Third, Mo and W depletions are widespread. 
They occur in CAIs in four carbonaceous 
chondrites: Allende. Grosnaja, Leoville, and 
Ornans. Seven out of 10 from Allende show Mo 
depletions: four of these are Type B CAIs with 
essentially unfractionated (Group I) REE pat- 
terns; AM-I is a "'fluffy" Type A [1]; TE is a 
forsterite-rich FUN inclusion [13,14]; and 3898 is 
a possible FUN inclusion [18]. All three Leoville 
CAIs analyzed show Mo and W depletions. Only 
one inclusion from Grosnaja (Type B) and one 
from Ornans (an "ul tra"-refractory Fremdling) 
have been analyzed and both show Mo and W 
depletions. The only CAI from Essebi which has 
been analyzed has an essentially unfractionated 
refractory metal abundance pattern: Mo and W 
are not depleted [17]. Our analysis of Wark's [6] 
mean composition for the refractory metal nuggets 
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in the core of the Type A Ailende inclusion 3643 
also shows Mo and W depletions. Thus, Mo and 
W depletions apparently are common in Type B 
Allende inclusions (4 of 7 analyzed), and also 
occur in every type (i.e., A, B, FUN, "ul t ra"-re-  
fractory) analyzed. However, only single CAIs of 
some types have been analyzed and not all minera- 
logical and REE types have been studied. There- 
fore, the possibility that some types of CAIs con- 
sistently are n o t  depleted in Mo and W cannot be 
tested. 

Fourth, Mo and W depletions apparently are 
independent of the REE abundance pattern: Mo 
and W depletions occur in CAIs with group I, II, 
and VI REE patterns. However, only one group II 
and one group VI were analyzed and no data are 
available for any group 1II and V CAIs. 

Fifth, Mo and W depletions occur in several 
FUN inclusions. EDS/SEM analyses of refractory 
metal nuggets show Mo and W depletions in C1 
(Type B, Group i) and a Mo depletion (no W 
analyses done) in Egg 3 (a mixture of Types B and 
A, Group l) [6]. Other FUN inclusions, e.g., 
EK141, HAL, and CG14, cannot be evaluated 
because the necessary analytical data are not avail- 
able. 

Last, there is no apparent correlation between 
Mo and W depletions in refractory inclusions and 
the alteration processes which have introduced Fe, 
Na, and CI into refractory inclusions. We com- 
pared Fe, Na, and CI concentrations in 16 inclu- 
sions with and without Mo and W depletions, 
using data from several sources [4,9,12,15,17,19]. 
These data show that Fe, Na, and CI concentra- 
tions in inclusions showing depletions are in the 
same range as Fe, Na, and CI concentrations in 
CAIs that do not show Mo and W depletions. 

3. Calculation of the composition of refractoR' 
metal alloys 

We calculated the composition of refractory 
metal alloys for a large range of temperatures, 
pressures, and oxygen fugacities to test the hy- 
pothesis that Mo and W depletions in refractory 
inclusions are due to loss of these two elements as 
volatile oxides [5,7,8]. These calculations extend 
previous calculations of alloy compositions [3,5,11] 
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and agree very well with them where the calcula- 
tions overlap. 

3.1. Method of cak'ulation 

Refractory metal alloy compositions were 
calculated using a multicomponent gas-solid chem- 
ical equilibrium code (METKON) originally devel- 
oped by H. Palme, J.W. Latimer, and H. Kruse 
[11]. METKON operates subject to the dual con- 
straints of mass balance and chemical equilibrium. 
A set of equations is considered: 

PM (alloy) = PM (nebula) (1) 

where PM(alloy) and PM(nebula) are the partial 
pressures over the alloy and in the nebula, respec- 
tively. PM(alloy) is related to the thermodynamic 
activity of M in the alloy (a M = "/M XM) and to the 
vapor pressure (P~a) of pure M(s,liq) by the equa- 
tion: 

PM (alloy) = aM P~ (2) 

The amount of each element in the alloy can be 
expressed as a fraction of the solar abundance 
(relative to Si = 10 6) of each element. Thus. equa- 
tion (2) can be rewritten: 

= 7 M P ~ [ F M A ( M ) / Y ' k ; A ( i ) ]  (3) PM (alloy) 

where the F,'s are the fractions of metal atoms 
which are condensed. A( i )  is the solar abundance 
of element i; the F,'s are the unknowns. One such 
equation is required for every metal M in the alloy 
and the present calculations are for a 13-compo- 
nent alloy. The set of non-linear equations is solved 
by a Newton-Ralphson iteration technique for the 
13 unknown F,'s [20]. 

In order to solve the equation set it is also 
necessary to calculate the partial pressures of each 
of the metals in the gas. Some elements, such as W 
and Mo, may exist as metals and metal oxides in 
the solar nebula [3,5,11]. Others (such as Re, Os, 
Fe, and Cr) exist as gaseous metals but may form 
metal oxides at higher oxygen fugacities. 
PM(nebula) can be calculated from: 

PM(nebula) = [ A ( M ) / A ( H  2 + He)] 

X (1 - FM)P,,.~,f M (4) 

where A ( H  2 + He) is the sum of the solar abun- 

dances of H 2 and He, P~,,t~l is the total pressure, 
and fM is defined by the equation: 

fxt = PM/P'2.M (5) 

PZM is equal to the sum of the partial pressures of 
all gases containing element M. To maintain mass 
balance each partial pressure term in this sum 
must be multiplied by the number of M atoms m 
that species. For example, the partial pressure sum 
for W is written as: 

P~w = Pw + Pw() + Pwo~ + Pwo~ + 2Pw:o~ 

+ 3Pw,(), + 3Pw,o, + 4Pw4(),: (6) 

Each partial pressure term can in turn be ex- 
pressed in terms of the equilibrium constant for 
forming that gas from its constituent ;zlements. 
The partial pressure of MoO(gas) for example can 
be written as: 

PM,,O = aM,,P,l,'¢:K(MoO) (7) 

where K(MoO) is the equilibrium constant for 
forming MoO(gas) from the constituent elements 
in their respective reference states. Similar equa- 
tions are written for each gas in the partial pres- 
sure sum of each element. The a, terms are the 
unknowns for which the partial pressure sums are 
then solved at a predetermined oxygen fugacity. 
Again, this is done by a successive iteration tech- 
nique. Once the elemental activities are known, the 
partial pressures of the various metallic gases and 
the refractory metal alloy composition can be 
calculated. It is important to note that the gas 
phase and gas-solid equilibrium calculations are 
coupled because the fraction of element i which is 
condensed (k  I) appears in both equations (3) and 
(4). Therefore, the two sets of calculations must be 
done simultaneously using iterative techniques [20]. 

The 13 elements included in the present calcula- 
tions were Fe, Ni, Pt, Ru, Ir, Mo, Re, Os, W, Rh, 
Co, Pd, and Cr. Elemental abundances are taken 
from Anders and Ebihara [16] and vapor pressures 
of the elements from Hultgren ct al. [21]. Vapor 
pressures of several elements are also given in the 
JANAF Tables [22]. These values are not signifi- 
cantly different from those in Hultgren and our 
conclusions are not affected by the data used. All 
37 metallic and oxide gases for which data are 



T A B L E  2 

T h e r m o d y n a m i c  data  for selected oxide gases [log K = A / T  + 

al 

G a s  A B Sources 

CoO - 16.164 5.71 [23] 

IrO~ - 993.4 - 2.30 124] 

lr20~ - 15,865 5.93 [24] 

NiO - 15.542 4.60 [23.25] 

O•O 4 17.240 - 7.49 [23.25] 

PdO - 18.227 4.03 [26] 

PtO 2 - 8,585 0.20 {27] 

Re2(.) v 57,478 - 18.6 [26] 

RhO 2 - 9.866 1.08 [27] 

Ru( )  4 9,647 - 7.88 [ 23,28] 

available were included in these calculations. Data 
for the following oxide gases are from the JANAF 
Tables and subsequent supplements [22]: CrO, 
CrO 2. CrO 3, FeO, MoO, MoO 2, MoO 3, WO, WO 2, 
W O  3, W 2 0 6 ,  W 3 0 8 ,  W 3 0 9 ,  W 4 0 1 2 .  Data for oxide 
gases of Co, It, Ni, Os, Pd, Pt, Re, Rh, and Ru are 
from a variety of sources. The oxide gases, thermo- 
dynamic data used, and literature sources are listed 
in Table 2. All data from Hultgren and the JANAF 
Tables have been fit to linear equations of the 
form log K = A / T +  B where K is the equilibrium 
constant for formation from the elements in their 
respective reference states. (The vapor pressure of 
a pure element is equal to the equilibrium constant 
K.) 

3.2. Refractory alloy compositions at canonical solar 
nebula oxygen fugacities 

The calculations, which assume ideal solid solu- 
tion (~, = 1.0) in the multicomponent alloy, were 
done at total pressures from 10 -3 to 10 -12 bars 
and at temperatures from 2000 to 800 K. The 
oxygen fugacity, calculated from the H20  and H 2 

fugacities in the solar nebula, varied from = 10-1414 
at 1900 K to = 10 -193 at 1400 K. 

Our results agree with previous calculations at 
10- ~ and 10 -4 bars pressure [3,11]. In particular, 
we confirm the conclusion of Palme et al. [5] that 
there is a close match (see [5. fig. 6]) between 
observed and calculated compositions for alloys 
with smooth, volatility controlled abundance pat- 
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terns, e.g., the nuggets analyzed by Blander et al. 
[3]. This match indicates that the ideal solution 
assumption is a good first approximation, at least 
for lr, Mo, and Ru. 

The fragmentary data available on activity coef- 
ficients also serve as an indicator of possible ef- 
fects of non-ideality in the refractory metal alloys. 
Fraser and Rammensee [29] found ~'c,,-- 1 in Fe- 
Ni-Co alloys. Mass spectrometric activity measure- 
ments for Ni, Co, Cr, and V in synthetic refractory 
metal alloys gave ~,'s in the range = 0.4-2.5 at 
1600 K [30]. The alloys had compositions similar 
to the calculated composition of a 1500 K alloy 
[11]. Although slightly larger deviations from 
ideality may occur at lower temperatures, the ac- 
tivity coefficients will still be close to unity. More 
details are given by Rammensee et al. [30]. Gibson 
[31] found ~'w--0.3 in a 9.5 at.% W-Ir alloy at 
2237 K and ~'v~ = 7.3 in a 0.4 at.% W-Os alloy at 
2216 K. Setting ~ ,w=7 in some calculations 
resulted in negligible changes ( = 2 wt.%) in the W 
concentration in high-temperature W-Re-Os al- 
loys. These changes rapidly disappeared at temper- 
atures below 1900 K. No activity coefficient data 
are available for Mo- and W-bearing multicompo- 
nent alloys. Fuchs and Blander [10] suggested that 
bcc Mo and W may segregate from hcp Os, Ru, 
and Re. However, the occurrence of CAIs and 
metal nuggets which are not depleted in Mo and 
W but which have volatility controlled abundance 
patterns suggests that this segregation is not im- 
portant [3,6]. Furthermore, the Mo-Os, Mo-Ru, 
and Mo-Re phase diagrams [32] show extensive 
(10 40 at.%) Mo solubility in these metals. Fur- 
ther information about the possible effects of 
non-ideality is given in Palme and Wlotzka [11]. 
Although complete activity coefficient data are not 
available, the existing data indicate that non-ideal- 
ity effects are small and do not significantly affect 
our results. 

If Mo and W oxide solid solution in refractory 
oxide and silicate minerals (e.g., perovskite and 
melilite) were important, significant amounts of 
the Mo and W in CAIs would be found in these 
minerals and oxide solid solution terms would 
have to be included in equation (4). However, the 
observed refractory metal concentrations in CAIs 
can be accounted for by the observed metal nug- 
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gets [6]. Also, extensive analyses of mineral  sep- 
arates from Allende and Leoville CAIs do not 
show W or Mo in these minerals (H. Palme, un- 
published results). Although no perovskites were 
analyzed, analysis of a l ight-REE-enriched ter- 
restrial perovskite (Kaiserstuhl area) showed no W 

(B. Spettel, private communicat ion) .  In fact, Mo 
and W oxide activity coefficients in perovskite and 
melilite may be very large. 

Ideal solid solution calculations considering all 
solid Mo and W oxides show that only negligible 
amounts  of Mo dissolve in perovskite at 1650 K 
and 10 3 bars (0.02% at H 2 0 / H  2 = 5 × 10 -4  and 

0.12% at H 2 0 / H  2 =0.1) .  Larger amounts  of W 
dissolve in perovskite under  the same condit ions 
(17.5% and 10.9% respectively), Less W dissolves 
in perovskite as the oxygen fugacity increases be- 
cause of the large volatility of W oxides. However, 

CAI analyses, crystal chemistry, and terrestrial 
geochemistry of Mo and W all indicate that ideal 
solution of Mo and W oxides in perovskite (or 
melilite) is a poor assumption;  the actual activity 
coefficients are probably much larger. Thus, Mo 
and W oxide solid solution was neglected in our 
calculations. 

Table 3 summarizes some of our results, ex- 
pressed as 50% condensat ion temperatures for the 
metals in the mul t icomponent  alloy. The 50% con- 

TABLE 3 

50~c condensation temperatures (ideal solid solution) 

Metal 50% condensation temperature 
at different total pressures (K) 

10-3 bars 10- 6 bars 10 9bars 

W 1892 1625 1415 
Rc 1905 1666 1485 
Os 1897 1663 1482 
Ir 1683 1465 1295 
Mo 1675 1456 1270 
Ru 1642 1432 1268 
Pt 1490 1275 1125 
Rh 1475 1250 1100 
Co 1448 1202 1026 
Ni 1446 1201 1026 
Fe 1428 1185 1013 
Pd 1415 1165 988 
Cr a 1390 1154 986 

" No solid ('r-bearing oxides considered in these calculations. 

densat ion temperatures at intermediate pressures 
arc easily calculated from the data in Table 3 
because 1 / T  vs. log P plots are linear. The initial 
condensat ion point  of the alloy is (arbitrarily) 
defined as the temperature where 1 part in a 
thousand of total Re is condensed. Using this 
definition, the refractory alloy first forms at the 
following temperatures:  1926 K (10 3 bars), 1683 

K (10 ~' bars), and 1497 K (10 - °  bars). Compari-  
son of these temperatures and the data in Table 3 
with the refractory mineral condensat ion tempera- 
tures in Kornacki and Fegley [33] shows that metal 
alloys are always stable to higher temperatures 
than refractory minerals over the pressure range 
considered at canonical  solar nebula  oxygen fugac- 
itics. This is an impor tant  constraint  on formation 
models for refractory inclusions [2,33]. 

3.3. Refractory alloy compositions at higher oxpgen 
fugacities 

Extensive calculations of refractory alloy com- 
posit ions were done at oxygen fugacities higher 
(i.e., more oxidizing) than the canonical  solar 
nebula  oxygen fugacity. The higher oxygen fugaci- 
ties can be expressed in several equivalent ways: in 
ant ic ipat ion of the later discussion of mechanisms, 

we use the (HzO/H21 ratio as the parameter  to 
represent fo~- For reference, the H 2 0 / H  2 ratio 

TABI,E 4 

Oxidation sequence for refractory metals (5{}9~ of metal = 
M(gas), 50~ = metal oxide gases, 1600 K and 10 3 bars) 

M e t a l  loglo(H20/H2) loglofo, 

W -6.6 -23.5 
Mo - 2.9 - 16.2 
Re -(I.18 -10.7 
(}s -. 0.05 - 1(I.4 
Cr 0.18 - 10.0 
lr  1.5 -- 7.4 
Fe 2.2 6.0 
Ru 2.3 - 5.7 
Pt 2 .4  - 5.6 
Rh 2.6 - 5.2 
{'o 3.1 -4.1 
Ni 3.9 - 2.4 
Pd 6.7 ÷ 3.0 
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W Re O~ | r  Mo Ru Pt W Re 0$  I r  MO Ru Pt W Re 0 5  I r  MO Ru Pt  
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- -  - -  - -  ' 10.000 

P O S I T I  N Z 0.01 I ' -  C A L C U L A T E D  ME LLO CO 0 0 .01 

O X I D I Z I N G  C O N D I T I O N S  31 

It  I , I I I l[  I , L I Y i 1 
W Re Os I r  MO Ru Pt W Re 05 IT Mo Ru Pt 

Fig. 1. Mo and W depletions in refractoD' metal alloys as a function of oxygen fugacity at constant  temperature  and pressure. The 
oxygen fugacity is expressed as the ( H 2 0 / H 2 )  ratio, and can be calculated from logn)K(H20 ,  g) in J A N A F  [221. 

corresponding to the canonical solar nebula oxygen 
fugacity is = 5 × 10 4 

Table 4 and Fig. 1 illustrate the effects of 
variable oxygen fugacities on the chemistry of the 
refractory metals. Table 4 shows the oxygen fugac- 
ities at which 50% of each of the metals is mona- 
tomic gas and 50% of each is metal oxide gases. 
Only the gas phase chemistry is considered in 
order to show a relative oxidation sequence for all 
the metals. Fig. 1 illustrates the effect of increasing 
oxygen fugacity at constant temperature and pres- 
sure (1600 K, 10 3 bars) on the composition of the 
refractory metal alloy. 

The alloy at the solar ( H 2 0 / H 2 )  ratio is de- 
pleted in Ru and Pt relative'to chondritic abun- 
dances. This is in accord with the relative volatili- 
ties listed in Table 3. However, as the ( H 2 0 / H 2 )  
ratio (and thus fo  2) is increased, marked irregulari- 
ties appear in this smooth pattern. An increase in 
the ( H 2 0 / H  2) ratio by an order of magnitude 

produces a noticeable Mo depletion ( =  50% rela- 
tive to chondritic abundance). Further increases in 
the ( H 2 0 / H 2 )  ratio yield progressively greater 
Mo depletions. At a ( H z O / H 2 )  ratio of 0.1 ( fo ,  = 
10 12.3 vs. 10 16.9 for the solar nebula) the amount 
of Mo in the alloy relative to the chondritic abun- 
dance is = 7 × 10 n. Still larger Mo depletions 
occur at higher ( H 2 0 / H 2 )  ratios. 

Furthermore, Fig. 1 also illustrates that in- 
creased oxygen fugacities also lead to W deple- 
tions in refractory metal alloys. However, W de- 
pletions do not appear until oxygen fugacities at 
which substantial Mo depletions already exist. 
Further increases in oxygen fugacity then lead to 
larger W depletions. However, it is important to 
note that Mo depletions are always larger than the 
corresponding W depletions in the same alloy. 

The highly specific nature of Mo and W deple- 
tions in metal alloys is easily understood as an 
interplay between two factors: the vapor pressure 
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Fig. 2. Gas chemistry over solid W and solid Mo. W is more 
easily oxidized than Mo and is also more refractory. The results 
are for the canonical solar nebula oxygen fugacity. 

of metal and the tendency of metal atoms in the 
gas phase to be oxidized. Although W is more 
easily oxidized than Mo (and thus might be ex- 
pected to be depleted to a greater extent than Mo) 
it is also more refractory than Mo. The refractory 
nature of W is reflected in the lower vapor pres- 
sure of W compared to Mo [21]. 

The tendency of W to be more easily oxidized 
than Mo is illustrated in Fig. 2 which shows the 
gas phase equilibria for the two elements. A com- 
parison of these equilibria at 1600 K and 10 3 
bars shows that at the canonical solar nebula 
oxygen fugacity ( H 2 0 / H  z = 5 × 10 - 4 )  the ratio 
of W(g) to all W-oxide gases is only 3.6 × 10 -4 
while the corresponding ratio of Mo(g) to all Mo- 
oxide gases is approximately 6. At constant tem- 
perature and pressure the M(g) /EMO(g)  ratios for 
W and Mo exhibit the expected behavior with 
respect to changes in the oxygen fugacity: both 
decrease with increasing oxygen fugacity and in- 
crease with decreasing oxygen fugacity. However, 
under all P, T, f(>, conditions the ratio of W(g) to 

all W-oxide gases is always smaller (generally by 
orders of magnitude) than the ratio of Mo(g) to all 
Mo-oxide gases. 

The general shape of the calculated metal alloy 
abundance patterns in Fig. 1 is very similar to the 
shape of the metal abundance patterns observed in 
the refractory inclusions showing Mo and W de- 
pletions. This similarity suggests that the latter 
patterns might result from high-temperature 
oxidation of the metals in refractory inclusions. 

3. 4. Comparison of obsert'ed and calculated refrac- 
tory metal abundance patterns 

Some comparisons between calculated and ob- 
served metal abundance patterns are shown in 
Figs. 3- 6. The calculations in Figs. 3-6  are all at a 
total pressure of 10 3 bars to facilitate comparison 
with other work on major and trace element con- 
densation, which has generally been done at 10 3 
bars (see references in [1,2]). Equivalent results are 
obtained in all cases at lower pressures, except that 
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slightly less-oxidizing condit ions  are required to 
reproduce Mo and W deplet ions of the same size. 

The results in Figs. 3 - 6  (plus those not shown) 
illustrate several important points. First, there is 
good agreement between the calculated and ob- 
served metal abundance patterns for refractory 
inclusions from the four carbonaceous chondrites 
in which Mo and W deplet ions have been ob-  
served. Second, the temperatures calculated for the 
oxidation of  the refractory metals are in the range 
1450-1650  K. This temperature range is similar to 
the temperature range of  1438-1533  K for accre- 
tion of coarse-grained Type A inclusions (deduced 
from major e lement  condensat ion calculations Jl ]). 
Furthermore the mean trace e lement  enrichment 
factor for nine coarse-grained inclusions [1] also 
suggests an accretion temperature in the same 
range as the calculated oxidation temperatures.  
Third, the calculated ( H 2 0 / H 2 )  ratios for oxida- 
tion of the refractory metals are in the same range: 
= 10 -2 to 1 0  ~. This coherence suggests that one 
single process may have been responsible for pro- 
ducing the higher ( H 2 0 / H 2 )  ratios (if high-tem- 
perature oxidation is responsible for the metal 
abundance patterns in the refractory inclusions).  
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Last, the oxygen fugacities required to reproduce 
the observed Mo and W depletions vary in the 
same systematic fashion outlined in Fig. 1. Al- 
though the high-temperature oxidation of refrac- 
tory metals is consistent with the observed Mo and 
W depletions in refractory inclusions; we should 
carefully examine alternative mechanisms to see if 
they can produce the Mo and W depletions and if 
they are as plausible as high-temperature oxida- 
tion. 

4. Discussion 

4. 1. Possible alternative explanations of Mo and W 
depletions in refractory inclusions 

One might think that uncertainties in elemental 
abundances and in thermodynamic data may cause 
Mo and W depletions in the calculated alloy com- 
positions. Alternatively, it might be postulated that 
other chemical and physical processes in the solar 
nebula and on chondrite parent bodies may also 
produce similar Mo and W depletions in refrac- 
tory inclusions. The first possibility is easily dis- 
missed because uncertainties in elemental abun- 
dances [16] and thermodynamic data (as long as 
all stable species are considered) [21-28] are too 
small to produce significant changes in our calcu- 
lated results. Although the second possibility can- 
not be unambiguously dismissed, a detailed analy- 
sis of alternative processes shows that none pro- 
duces the same Mo and W depletion pattern found 
in the refractory inclusions. 

For example, our calculations show that alloys 
formed at very low pressures (P  = 10 -~2 bars) 
may have small Mo depletions. At 10- ~ bars and 
1600 K, alloys with a Cl-normalized Ru /Os  ratio 
of 0.8 have a Cl-normalized Mo/Os  ratio of 0.95. 
At 10 -~2 bars and 1120 K, alloys with the same 
Cl-normalized Ru /Os  ratio have a Mo/Os  ratio 
of only 0.25. However, gas-solid equilibrium prob- 
ably is not a valid assumption at such low pres- 
sures, which in any case are several orders of 
magnitude lower than the pressures calculated in 
recent models for the high-temperature regions of 
the solar nebula [34,35]. 

Fractional evaporation or condensation pro- 
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Fig. 7. The calculated composition of an "'uhra"-refractory 
metal alloy produced by fractional condensation at 1675 K and 
10 ~ bars. The metals remaining in the gas condense to form 
an Ir-Mo-Ru alloy. Neither pattern matches the observed Mo 
and W depletions. 

cesses could also produce highly fractionated metal 
alloy compositions. For example, fractional 
condensation is postulated to produce the irregular 
Group II REE pattern in which both the most 
refractory (Er, Lu) and the most volatile REE (Eu, 
Yb) are depleted (see references in [1,2]). Because 
the formation of Group II REE patterns is 
postulated to involve dust-gas fractionation at high 
temperatures (e.g., = 1676 K at 10- 3 bars) at which 
refractory metal alloys also form, we have made 
scvcral sets of fractional condensation calculations 
at pressures of 10 -3 to 1 0  ~2 bars for metal alloys. 
A representative calculation shows the composi- 
tions of a metal alloy removed from equilibrium 
with the gas at 1675 K, and of the metals remain- 
ing in the gas (Fig. 7). The alloy removed from the 
gas is an "ultra"-refractory W-Re-Os alloy, while 
the alloy that eventually forms from the metals left 
in the gas is an Ir-Mo-Ru alloy. Neither of these 
alloys displays the same abundance patterns as 
Mo, W-depleted refractory inclusions (Figs. 3-6). 



The chemical definition of oxidation is electron 
loss: therefore Mo and W could be oxidized by 
reacting with sulfur, which is a cosmically abun- 
dant element [16]. Furthermore, several observers 
have reported MoS 2 and WS 2 associated with com- 
plex, refractory metal-rich aggregates (Fremdlinge) 
in Allende inclusions [10,11,36,37]. Using thermo- 
dynamic data for MoS 2 from Robie et al. [38] and 
for WS 2, ReS 2, OsS 2, IrS 2, RuS 2. and PtS 2 from 
Mills [39], we have calculated equilibrium sulfur 
gas fugacities for the general reaction: 

M(s) + S2(g ) = MS2(s) (8) 

where M = W, Re, Os, Ir, Mo, Ru, Pt. These 
calculations show that the stabilities of these 
sulfides decrease in the order (logjo fs: values for 
1000 K): 

M o S 2 ( -  12.8) > W S 2 ( -  10.3) > RUS2(-7 .2)  

> ReS2( - 5.7) > O s S 2 ( -  3.9) = 1rS2(-3.8)  

> PtS 2 ( - 2.6) (9) 

Assuming ideal solution behavior in the metal 
alloy and sulfide, oxidation by S2(g) would always 
give Mo depletions that are several orders of mag- 
nitude larger than W depletions in the alloy. How- 
ever, as noted by Fegley and Kornacki [2] in situ 
oxidation by sulfur merely redistributes Mo and 
W between metal and sulfide without depleting the 
assemblage in either element. This is graphically 
illustrated by the metal and sulfide particle studied 
by Palme and Wlotzka [11]. The bulk composition 
of this particle from neutron activation analysis 
and the metal composition from electron micro- 
probe analysis are plotted in Fig. 8. The bulk 
particle has approximately chondritic relative 
abundances of refractory metals while the refrac- 
tory metal is depleted in Mo. The M o / R u  ratios 
for the bulk particle, metal, and sulfide phases are 
also given in Fig. 8. These ratios show that Mo is 
concentrated in the Ni-free sulfide, which Palme 
and Wlotzka [11] interpreted as a reaction product 
of metal and a S-bearing gas. This observation 
shows that physical removal of Mo- and W-bear- 
ing sulfides is necessary to produce Mo and W 
depletions in larger samples. 

Alternatively, as a referee has suggested, Mo 
and W sulfurization (and depletion) could occur 
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no Mo or W depletion in the whole particle although Mo is 
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by condensation in a region of the solar nebula 
with a sulfur fugacity higher than the canonical 
value. However, our calculated results indicate that 
exactly the opposite would occur. Mo and W 
sulfide gases have not been reported [39] and 
apparently are very unstable; no thermodynamic 
data for them exist in standard compilations 
[22,23,25,26,38,39]. Thus, Mo and W loss by vola- 
tile sulfide gases appears very unlikely. However, 
condensation at enhanced sulfur fugacities does 
stabilize solid and liquid sulfides at high tempera- 
tures. CaS(s) is the first major Ca-bearing con- 
densate ( =  1680 K. 10 -3 bars) at sulfur fugacities 

30 x greater than the canonical value ( H 2 S / H  2 
= 3 x 1 0  5). Also, the FeS condensation tempera- 
ture steadily increases as the sulfur fugacity in- 
creases; liquid FeS forms at = 1480 K (10 -3 bars) 
at a 103x enhancement of the sulfur fugacity. 
This melt would have a very complex composition 
because it would dissolve sulfides of many ele- 
ments (e.g., Mo, W, Mn, Ca, Ti, Si, etc.). MgS(s) 
forms at similar sulfur enrichments. Thus, Mo and 
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W enrichments (not depletions) would probably 
occur. Furthermore, the expected modal mineral- 
ogy is more similar to some phases in enstatite 
chondrites [40] than to CAIs [1]. Also note that 
because = 100% of Ca, Mg, Fc, Ti, Si could be 
condensed as sulfides (depending on the sulfur 
fugacity), this condensate is not complementary to 
CAIs. 

Carbonaceous chondrites also have been af- 
fected by thermal metamorphism [41] which could 
cause Mo and W loss as volatile gases or by 
reactions in the condensed phase. For example. 
Palme and Rammcnsee [42] noted that the 
Karoonda CV5 chondrite is depletcd in Mo 
( M o / I r =  0.5 vs. thc CI valuc of 1.95). This is 
plausibly explained by oxidation by sulfur and 
physical removal of sulfide since Karoonda also 
has a low S content [42]. However, since Allende is 
not depleted in S relative to other C3 chondrites 
this mechanism cannot apply to it. There is also no 
evidence for secondary redistribution of Mo and 
W between CAIs and other constituents (e.g., 
chondrules and matrix) in Allende. Although the 
effect of planetary metamorphism on the chem- 
istry of coarse-grained CAIs may be small [43], we 
have nonetheless considered this process for com- 
pleteness. At temperatures (T < 1000 K) inferred 
for metamorphism of CV chondritcs [43], thermo- 
dynamic calculations show that Mo and W loss by 
volatile gases produces larger W depletions (if 
oxyhalide gases are important) or equal W and Mo 
depletions (if oxide gases are important) in the 
metal phase. Condensed phase reactions forming 
Mo and W oxides or molybdate, tungstate solid 
solutions also are calculated to produce either 
approximately equal Mo and W depletions or 
greater W depletions in the metal, respectively. 
Neither pattern resembles those observed (Figs. 
2-5). 

Finally, aqueous alteration has also affected 
carbonaceous chondrites to varying degrees. How- 
ever, petrographic and chemical studies indicate 
that CV3 chondrites such as Allende and Grosnaja 
have been relatively unaffected by aqueous altera- 
tion [41]. More stringent constraints are provided 
by oxygen isotopes in CV3 chondrites, which show 
no evidence for the extensive aqueous alteration 
which has affected CM and CI chondrites [44]. 

4.2. Implications of Mo and W depletions for the 
oxidation state of refractory inclusions 

Our proposal that the Mo and W depletions 
commonly observed in refractory inclusions are 
due to oxidation at high temperatures has implica- 
tions for the oxidation state and abundances of 
other elements in CAIs. For example, the 
T i 3 ' / T i  4" ratio in fassaitic pyroxenes, the FeO 
content of spinels, the abundances of V, Ce, and 
U, the color of hibonite, and the presence of 
Fe 3"-bear ing  minerals such as andradi te  
(Ca)Fe2Si ~O~2) all depend on the oxygen fugacity 
145 481. 

However, the oxidation state indicators which 
are present in Mo- and W-depleted refractory 
inclusions do not yield a consistent picture. The 
FUN inclusions TE and CI have Mo and W 
depletions of similar magnitude but C1 has a Ce 
depletion (Cl-normalized La /Ce  ra t io= 3 [49]) 
while TE docs not have a Ce depletion (Cl-nor- 
malizcd La /Cc  ratio = 0.9 [9]). TE has a low V 
abundance (77 ppm), while Leo-I has a highcr V 
abundance ( --- 1200 ppm) [9]. These apparent dis- 
crepancies are representative of the difficulties in- 
volved in assigning a single oxygen fugacity to all 
components of a refractory CAl. Similar difficul- 
ties were noted by Wark and Wlotzka [50]. 

But is the concept of a single oxygen fugacity 
valuc for all components (e.g., siderophile elements 
and lithophile elements, rim and interior minerals, 
spinels and pyroxenes) really valid? Feglcy and 
Kornacki [2] pointed out that different oxygen 
fugacity indicators may record fugacities prevail- 
ing at different times during the histories of the 
components of refractory inclusions. For example, 
the Fe3'-bearing garnet andradite probably indi- 
cates the oxygen fugacity during the formation of 
rims on CAIs which apparently was much higher 
than the oxygen fugacity recorded by Fe 2--bear- 
ing spinels and Ti 3'-bearing pyroxenes in the 
interiors of the same inclusions. 

Fig. 9 illustrates several redox boundaries de- 
fincd by T i 3 " / T i  4" and F e 2 - / F e  3~ ratios (e.g., 
the boundary labelled Ti203-Ti305 is the mini- 
mum fo, at which Ti '~" exists; the boundary 
labelled ;Fi3Os-TiO 2 is the maximum fo, at which 
Ti 3' exists). The canonical solar nebula oxygen 
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fugacity and the range of ( H 2 0 / H 2 )  ratios corre- 
sponding to calculated Mo and W depletions in 
Figs. 3-6 are also illustrated. This figure shows 
that refractory minerals which are calculated to 
form at different temperatures in the solar nebula 
(e.g., perovskite at 1677 K (10 -3 bars) [33] and 
Ti305 at 1409 K (10 -3 bars) [1]) also form at 
different oxygen fugacities. Thus it is not unrea- 
sonable that refractory minerals found in CAIs 
(e.g., fassaitic pyroxene which may form instead of 
Ti305 [1], V- and Fe-bearing spineis, perovskite, 
hibonite) will record different oxygen fugacities 
simply because they formed at different tempera- 
tures. 

Similar considerations apply to the REE which 
were originally proposed as oxygen fugacity indi- 
cators by Boynton [45]. He first showed that Ce is 
more volatile in oxidizing gases than are the other 
REE (relative to La) and suggested that Ce deple- 
tions (e.g., relative to the Cl-normalized L a / C e  
ratio) are an indicator of high oxygen fugacities. 
However, the only inclusion we know of with both 
Mo and W depletions as well as a Ce depletion is 
the FUN inclusion C1 [8,49]. Furthermore our 
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preliminary REE chemical equilibrium calcula- 
tions (which will be described elsewhere) indicate 
that other inclusions with large Mo and W deple- 
tions should also have Ce depletions if the REE 
last equilibrated with the gas phase at the same T, 
P, and fo: as that calculated to match the Mo and 
W depletions in the inclusions. The apparently 
discordant results may simply indicate REE equi- 
libration under less oxidizing conditions at a dif- 
ferent time a n d / o r  place. Because refractory metals 
and REE probably were carried into coarse-grained 
Allende inclusions in different components [1], 
and probably reacted with nebular gas at different 
rates this explanation is not unreasonable. We 
conclude that the concept of a single oxygen fugac- 
ity, which is characteristic of an entire CAI, is 
probably not valid. The separate question of which 
(and how many) potential oxygen fugacity indica- 
tors may record a general trend toward more or 
less oxidizing conditions is beyond the scope of 
this paper. 

4.3. Oxidizing conditions in the solar nebula 

A frequently suggested mechanism for produc- 
ing oxidizing conditions in the solar nebula is 
enhancement of the dust to gas ratio [51]. Simple 
mass balance considerations illustrate why this 
suggestion is revived almost perenially. Approxi- 
mately 20% of all oxygen resides in anhydrous 
dust (MgO + SiO~ + FeO + CaO + Ai203), = 20% 
is in HzO(g), and the remaining 60% is in CO(g). 
This latter oxygen is essentially locked up in CO(g) 
because at high temperatures CO(g) is thermody- 
namically stable and at low temperatures the CO 
tO C H  4 conversion is kinetically inhibited in the 
solar nebula [52]. 

Table 5 shows the effect of dust and ice enrich- 
ments on oxygen fugacity in the solar nebula. The 
mole fractions and weight percentages of dust and 
ice corresponding to their respective enrichments 
are also given. Because oxygen fugacity is ex- 
pressed as the corresponding ( H 2 0 / H  2) ratio, the 
effect of these enrichments on fo2 at different 
temperatures can be deduced from Fig. 9. Table 5 
illustrates that dust or ice enrichments on the 
order of ~< 50 × are sufficient to produce fairly 
large Mo depletions in refractory metal alloys (see 
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"1 A B L E  5 

Effects  o f  dust  " and  ice h e n r i c h m e n t s  on ( H z ( ) / H  2) in the so lar  nebu la  

Dus t  Xj .... Dus t  ( H z O / H : )  Ice A',~,. 
e n r i c h m e n t  (wt.%) e n r i c h m e n t  

1 (solar) 2 ×10 4 0.5 5 x l O  4 l (so lar)  2.6×10 4 

Ice ( t I : O / H : )  

( w t . q )  

0.2 5 ) < 1 0 4  - -  

50 9 . 6 x 1 0  3 20 1 . 6 × 1 0  2 50 1 . 3 × 1 0  z 9.4 | . 5 × 1 0  : 

250 0.05 55 7 . 6 x 1 0  : 250 0.06 34 7 . 6 x 1 0  : 

500 0.09 71 0.15 500 0.12 51 0.15 

750 0.13 78 0.23 750 0.16 6 l 0.23 

1000 0.16 g3 0.30 1000 0.21 67 0.30 

" Dus t  = M g O  + SiO2 + I:eO + C a O  4 A1203.  

h Ice excludes  oxygen  in dus t  and  CO(g)  [52]. 

X = mole f ract ion.  

Fig. 1). Larger enrichments o f =  500 x are re- 
quired to produce large Mo and W depletions. 
Table 5 also shows that the enrichment factors for 
ice and dust mixtures are only slightly smaller 
than enrichment factors for the separate compo- 
nents unless ice and dust are present in grossly 
non-solar proportions. 

The enrichment of dust and ice has several 
consequences in addition to increasing the oxygen 
fugacity, including increases in the opacity, viscos- 
ity, and coagulation rate in this region of the 
nebula. The increased oxygen fugacity (from par- 
tial or total vaporization of the dust and ice) 
would affect not only the oxidation of Mo and W 
but also the trace element and bulk chemistry [53] 
of the distillation residues and recondensates. Also 
note that each evaporating dust grain will create 
its own locally-oxidizing environment independent 
of the dus t /gas  ratio in the solar nebula [5]. 

A second mechanism for producing locally- 
oxidizing environments in evaporating dust grains 
is by chemical oxidizing agents. If refractory metal 
nuggets are formed during the evaporation and 
partial melting of primitive dust aggregates [2,34], 
this process could have been aided by the chemical 
fluxing of the refractory metals. Extractive metal- 
lurgical practice utilizes oxidizing agents as fluxes 
[2]; these agents also could cause Mo and W 
depletions. Fegley and Kornacki [2,33,34] have 
suggested that evaporation, fluxing, and partial 
melting are important for the formation of refrac- 
tory metal nuggets in CAIs, a model supported by 
the demonstration of Brownlee et al. [54] that 

similar processes are apparently responsible for 
refractory metal nuggets in FeO-bearing cosmic 
spherules found in deep-sea sediments. 

Our conclusion that the observed Mo and W 
depletions are caused by high-temperature oxida- 
tion in the solar nebula is cornpatible with both 
mechanisms discussed above. At present the avail- 
able data are insufficient to select between them. 

5. Summary 

We have shown that Mo and W depletions are 
common in a suite of 16 CAIs from carbonaceous 
chondrites. Twelve inclusions from the Allende 
(CV3), Grosnaja (CV3), Leoville (CV3), and 
Ornans (CO3) chondrites have Mo depletions 
ranging from --- 25% to 40 × the Cl-normalized 
refractory metal ratios. Six of these 12 inclusions 
also have W depletions of = 25% to 25 x the CI 
metal ratio. The Mo depletion is always larger 
than the W depletion in the same inclusion. The 
occurrence of Mo and W depletions in several 
different carbonaceous chondrites, in inclusions of 
different mineralogical types and with different 
REE patterns, in FUN inclusions and "normal"  
inclusions, and in different components (e.g., re- 
fractory metal grains and Fremdlinge) of CAIs 
strongly suggests that the process responsible for 
the Mo and W depletions was widespread in the 
solar nebula. 

Our calculations of refractory metal alloy com- 
positions over a wide range of 7", P, andfo,  condi- 



t i o n s  s h o w  t h a t  a l loys  w i th  the  s a m e  c h a r a c t e r i s t i c  

M o  a n d  W d e p l e t i o n  p a t t e r n  (as  seen  in t he  i nc lu -  

s ions )  a re  p r o d u c e d  o n l y  at  o x y g e n  fugac i t i e s  

1 0 3 - 1 0  4 × g r e a t e r  t h a n  t he  c a n o n i c a l  so l a r  n e b u l a  

o x y g e n  fugac i ty .  Severa l  o t h e r  p o t e n t i a l  a h e r n a t i v c  

p r o c e s s e s  s u c h  as f r a c t i o n a l  c o n d e n s a t i o n ,  o x i d a -  

t ion  by  su l fu r ,  a n d  m e t a m o r p h i s m  were  s t u d i e d ,  

b u t  a re  i n a d e q u a t e  for  e x p l a i n i n g  t he  o b s e r v e d  

d e p l e t i o n  p a t t e r n s .  

A s s u m i n g  t h a t  h i g h - t e m p e r a t u r e  o x i d a t i o n  is 

r e s p o n s i b l e  for  t he  M o  a n d  W d e p l e t i o n s ,  wc 

a r g u e  t h a t  o x i d i z e d  m e t a l  c a n  coex is t  ( a l t h o u g h  

n o t  a t  e q u i l i b r i u m )  w i th  less o x i d i z e d  c o m p o n e n t s  

o f  the  s a m e  inc lu s ion .  T h a t  is, t he  c o n c e p t  of  a 

s ing le  o x y g e n  fugac i t y  w h i c h  is c h a r a c t e r i s t i c  o f  all 

c o m p o n e n t s  of  a C A I  is no t  va l id .  F u r t h e r m o r e ,  

we n o t e  t h a t  the  i n f e r r e d  o x i d a t i o n  c a n  o c c u r  

d u r i n g  the  e v a p o r a t i o n  a n d  p a r t i a l  m e l t i n g  o f  a 

p r o t o - C A I .  A s i m i l a r  m e c h a n i s m  has  b e e n  inde -  

p e n d e n t l y  p r o p o s e d  for  the  o r i g i n  of  r e f r a c t o r y  

m e t a l  n u g g e t s  in d e e p - s e a  F e O - b e a r i n g  c o s m i c  

s p h e r u l e s  [54]. H o w e v e r ,  t he  o b s e r v e d  M o  a n d  W 

d e p l e t i o n s  a n d  o u r  c a l c u l a t i o n s  a l so  a re  c o n s i s t e n t  

w i th  c o n d e n s a t i o n  in an  o x i d i z i n g  e n v i r o n m e n t .  
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