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Outline	
•  Describe	our	work	on	modeling	chemistry	
during	the	accre2on	of	rocky	planets	in	our	
solar	system	and	extrasolar	planetary	systems.		

•  Review	two	interes2ng	topics:	
•  (1)	Chemical	constraints	on	forma2on	of	the	
Moon	

•  (2)	Atmosphere	forma2on	and	evolu2on	on	
the	early	Earth.		
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(1)	Chemical	constraints	on	
forma2on	of	the	Moon	



Summary	

•  Unique	trace	element	abundances	produced	by	
vaporiza2on	/	condensa2on	at	high	fO2		

•  Very	Promising,	can	explain:	
•  No	Ce	deple2on	in	bulk	silicate	Moon	
•  Lunar	Lu/Hf,	Hf/W,	Nd/Sm,	Th/U	≃	BSE	
•  Lunar	Rb/Sr,	K/U	<	BSE	values	
•  Can	set	Tmax	and	Tmin	values	at	each	pressure	
•  Can	constrain	geochemically	realis2c	lunar	
forma2on	models	



Summary	-	2	

•  But:	
•  Some	key	element	ra2os	uncertain,	e.g.,	Hf/
W,	Th/U	for	bulk	silicate	Moon	

•  Use	P,T	constraints	from	our	modeling	and/or	
K	isotopes	to	predict	these	key	ra2os	from	
chemical	equilibrium	calcula2ons	

	
	



(2)	Atmosphere	
forma2on	and	
evolu2on	on	the	

early	Earth.		



Summary	-1		
•  Reducing	gases	produced	by	outgassing	for	most	
kinds	of	chondri2c	macer,	e.g.,	CV,	H,	L,	LL,	EH,	
EL	chondri2c	material	

•  Many	Earth	accre2on	models	predict	large	
amounts	(70	–	85%)	of	EH-like	material	Dauphas,	
Lodders,	Ringwood,	Rubie,	Wänke	

•  Late	veneer	plausibly	also	reducing	–	H,	L,	LL,	EH,	
EL,	e.g.,	see	Palme	&	O’Neill	2014	

•  Outgassing	of	Fe3+-free	BSE	also	gives	reducing	
atmospheres	

•  Reducing	atmosphere	on	Early	Earth?	



either H2-rich (H, L, LL, EH chondritic material) or CO-rich
(EL chondritic material). As noted earlier, several geochemical
models predict that Earth formed from large amounts of ordi-
nary and enstatite chondritic-like material, for example, up to
70% enstatite chondrite-like material and up to 21% H
chondrite-like material. The proto-Earth (and also the impac-
tor) may have been more reducing than the present day Earth,
and thus the resulting ‘steam’ atmosphere may have been more
reducing. If this were the case, the ‘traditional’ volatiles left
after collapse of the steam atmosphere may have been more
reducing. For example, Table 5, based on Schaefer and Fegley
(2010), shows that the gases remaining after collapse of the
steam atmospheres on an ordinary or enstatite chondritic-like
early Earth may have been H2, CO, CO2, and trace water vapor.
This point will be taken up later when discussing outgassing on
early Earth.

6.3.7 Impact Degassing of the Late Veneer

The abundances of highly siderophile elements (HSE, which
are Os, Ir, Pt, Ru, Rh, Pd, Re, and Au) in the terrestrial mantle
are larger than would be expected from equilibrium partition-
ing between mantle silicates and core-forming metal. Geo-
chemists believe that the HSE elements were added to Earth
as part of a late veneer of !1% of Earth’s mass at the end of its
accretion (Chapter 3.1) after the Moon-forming impact.
Traditionally, the late veneer was assumed to be like CI carbo-
naceous chondrites (Chou, 1978). However, recent measure-
ments of the 187Os/188Os ratio in mantle xenoliths give a value
for this ratio that is above that for carbonaceous chondrites but
within the range of ordinary and enstatite chondrites
(Chapter 3.1).

Schaefer and Fegley (2010) modeled the chemistry of
volatiles released during impact degassing of carbonaceous,
enstatite, and ordinary chondritic material as a function of
pressure and temperature. They found that degassing of CI
and CM carbonaceous chondritic material produced H2O-
rich steam atmospheres, in agreement with the results of
impact experiments on the Murchison CM2 chondrite. How-
ever, degassing of other types of chondritic material produced
atmospheres dominated by other gases. Degassing of ordinary
(H, L, LL) and high iron enstatite (EH) chondritic material gave

H2-rich atmospheres with CO and H2O being the second and
third most abundant gases at high temperatures, and
increasing amounts of CH4 at lower temperatures. Degassing
of low iron enstatite (EL) chondritic material gave a CO-rich
atmosphere with H2, CO2, and H2O being the next most
abundant gases. Finally, degassing of CV carbonaceous
chondritic material gave a CO2-rich atmosphere with H2O
being the second most abundant gas. Their results at 1500 K,
100 bar total pressure are listed in Table 5, where the major gas
from degassing of each type of chondritic material is in
boldface.

Schaefer and Fegley (2010) did calculations over wide P, T
ranges and showed that the results in Table 5 are generally
valid at other pressures and temperatures. Water vapor, CO2,
and N2 remain the major H-, C-, and N-bearing gases in
atmospheres generated by degassing of CI and CM carbona-
ceous chondritic material, but CH4 becomes the major C-
bearing gas at low temperatures in atmospheres generated by
degassing CV carbonaceous chondritic material. Methane also
becomes a significant gas at low temperatures for degassing of
CI chondritic material (see Figure 2 of Zahnle et al., 2010).
This surprising result is confirmed by the generally similar
results of Hashimoto et al. (2007). Figures 3 and 5 in
Schaefer and Fegley (2010) show a more complicated situation
for atmospheres generated by impact degassing of ordinary
(H, L, LL) and enstatite (EH, EL) chondritic material. Either
CO or CH4 are the major C-bearing gases and either H2 or CH4

are the major H-bearing gases as P and T varies. Dinitrogen
almost always is the major N-bearing gas because NH3 is stable
only in a small P–T range at low temperatures for degassing of
H chondritic material. Holloway (1988) computed chemical
equilibrium abundances for degassing of unequilibrated ordi-
nary chondritic material and obtained very similar results at
50 bars pressure and 400–1200 "C temperature.

6.3.8 Outgassing on the Early Earth

We now consider the speciation of carbon and nitrogen in
volcanic gases on the early Earth. A good starting point is the
chemistry of modern day volcanic gases (Symonds et al.,
1994). Although their chemistry is spatially and temporally
variable, some generalizations are possible. The three major
gases and their mean concentration in 136 volcanic gas

Table 5 Major gas compositions of impact-generated atmospheres from chondritic planetesimals at 1500 K and 100 bars

Gas (vol. %) CI CM CV H L LL EH EL

H2 4.36 2.72 0.24 48.49 42.99 42.97 43.83 14.87
H2O 69.47 73.38 17.72 18.61 17.43 23.59 16.82 5.71
CH4 2#10$7 2#10$8 8#10$11 0.74 0.66 0.39 0.71 0.17
CO2 19.39 18.66 70.54 3.98 5.08 5.51 4.66 9.91
CO 3.15 1.79 2.45 26.87 32.51 26.06 31.47 67.00
N2 0.82 0.57 0.01 0.37 0.33 0.29 1.31 1.85
NH3 5#10$6 2#10$6 8#10$9 0.01 0.01 9#10$5 0.02 5#10$5

H2S 2.47 2.32 0.56 0.59 0.61 0.74 0.53 0.18
SO2 0.08 0.35 7.41 1#10$8 1#10$8 3#10$8 1#10$8 1#10$8

Othera 0.25 0.17 1.02 0.33 0.35 0.41 0.64 0.29
Total 99.99 99.96 99.95 99.99 99.97 99.96 99.99 99.98

a‘Other’ includes gases of the rock-forming elements Cl, F, K, Na, P, and S.

84 Chemistry of Earth’s Earliest Atmosphere



The mantle becomes more reducing with increasing depth
(higher pressure) because the ΔV of reactions favors the Fe3+–
bearing components of garnets at pressures above 3 GPa, which
gives lower fO2

values for Fe2+–Fe3+ mineral buffers at higher
pressures. The fO2

at the base of the upper mantle, in the transition
zone, and in the lower mantle is 4–5 log units below QFM and
Ni–Fe metal alloy is stable. The fO2

of Earth’s mantle ranges from
IW to IW−1.5 (lower mantle) to QFM±2 log units (upper
mantle; Frost & McCammon 2008). Figure 9 shows the position
of the QFM and IW oxygen fugacity buffers in relation to the
calculated fO2

of individual types of meteoritic material, present-
day volcanic gases, and our calculated fO2

for the bulk silicate
Earth from previous work (Fegley & Schaefer 2014). The oxygen
fugacities of all the mixtures of meteoritic materials that we
studied fall between the end-member values for CI and EH
chondritic materials (also shown). The most oxidized mixture is
CI chondritic material at about QFM−1, which is within the range
of fO2

values for the upper mantle (shaded gray region). The most
reduced mixture is EH chondritic material at ∼IW−1. Metal-free
eucrites are about as reduced as EH chondrites, showing that Fe
metal is not required for reducing conditions. This point is also
illustrated by our prior chemical equilibrium computations of
gases formed by heating of H chondritic material with and without
metal or FeS (Figures 7 and 8 in Fegley & Schaefer 2014). These
calculations show that highly reducing atmospheres are produced
from H chondritic material before and after removal of metal and
FeS, e.g., during core formation.

5.2. Mantle Evolution

The fO2
curves for EH and CI chondritic material quantify the

fO2
of the reduced and oxidized end-members in the two-

component models of Ringwood (1979) and Wänke for the
formation of the Earth (Wänke 1981; Wänke & Dreibus 1982,
1988; Wänke et al. 1984). Their oxidized component is CI
chondritic material while their reduced component is as reducing
as EH chondritic material but ideally volatile free. They did this
for simplicity in the mixing calculations and in reality the reduced
component has to contain some volatiles, otherwise redox
reactions involving H, C, N, and S could not occur.

The Ringwood andWänke two-component models mix 85% of
the reduced component and 15% of the oxidized component to
form the Earth. Wänke also considers a gradual transition from the
reduced to the oxidized component that starts after about 67% of
the Earth has accreted (e.g., see p. 9 of Wänke et al. 1984 or pp.
547–548 of Wänke & Dreibus 1988). However, as Figure 4
shows, the fO2

computed from binary mixtures of CI and EH
chondritic material is relatively insensitive to the proportion of CI
material in the 10%–40% range. So whether we take 85%−15%
or 67%−33% for the proportions of reduced and oxidized
components is not critical. The fO2

of the two-component mixture
(at one bar and 1500 K) is about IW−0.3 log units. The equations
in the Appendix are useful for computing the temperature-
dependent fO2

(at one bar total pressure) of the CI–EH chondritic
(or any other) binary mixture that we considered in our work.

A variety of evidence indicates that the fO2
of the upper mantle

has shown relatively little variation with time, at least since
4.35 Gyr ago. This evidence is based on variations of elemental
abundances (V, Cr) or elemental ratios (V/Sc) in upper-mantle-
derived mafic and ultramafic rocks (Canil 1997, 1999, 2002;
Delano 2001; Aulbach & Stagno 2016), the Ce abundance in
zircons (Trail et al. 2011; Smythe & Brenan 2016), or the V
abundance in olivine and/or chromite in komatiite rocks (Nicklas

et al. 2016). All studies conclude that the fO2
of the upper mantle

has been within a few log units of the QFM buffer over time.
Typical values (relative to QFM) are�−0.3 (Archaean basalts; Li
& Lee 2004),±0.5 (Archaean basalts; Delano 2001), −1.5 to
+1.5 (Archaean komatiite; Canil 1997), −1.5 to 0 (cratonic
peridotites; Canil 2002),−1.19±0.33 (Aulbach & Stagno 2016),
−0.5±2.3 (Hadean zircons; Trail et al. 2011), −1.0 to +2.5
(Hadean zircons; Smythe & Brenan 2016), and finally
−0.29±0.04 relative to the Ni–NiO buffer, equivalent to
∼+0.5 log units relative to QFM (Archaean komatiite; Nicklas
et al. 2016). (Figure 9 shows that the Ni–NiO buffer is ∼0.8 log
units above the QFM line.)
However, there is also evidence that the Earth’s mantle

experienced a reducing magma ocean state during the time of core
formation. During core formation, the silicate portion of the
Earth would have been in equilibrium with an Fe–Ni alloy,
which would have resulted in an oxygen fugacity of about
IW−1 (Frost & McCammon 2008). Trace siderophile element
abundances in the mantle are used in models of core formation to
try and determine the conditions under which metal−silicate
equilibration occurred (e.g., Wade & Wood 2005; Rubie et al.
2011; Righter & Ghiorso 2012). Wade & Wood (2005) require
the mantle to increase in oxidation state (FeO content) as the
planet grew, and further suggest that the mantle self-oxidizes
due to disproportionation of Fe2+ to Fe3+ in the lower mantle.
Rubie et al. (2011) find that during accretion, the oxygen fugacity
(FeO content) of the material accreted to the Earth must have been
initially reduced and become progressively more oxidized in order

Figure 9. Oxygen fugacity of the Bulk Silicate Earth (BSE) compared to
standard oxygen fugacity buffers and various measured volcanic gas
compositions (Kilauea, convergent and divergent). This figure is reproduced
and modified from Fegley & Schaefer (2014). The gray shaded region indicates
the observed values from mantle samples of QFM±2.
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Summary	-2	

•  Steam	atmosphere	–	magma	ocean	phase:	
•  Silicon	and	several	other	major	rock-forming	
elements	dissolve	in	steam	

•  Greatly	different	solubility	for	different	
elements	(see	next	slide)	

•  If	steam	atmosphere	is	lost	the	steam	soluble	
element	inventory	is	changed	
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(1)	Chemical	constraints	on	
forma2on	of	the	Moon	



Introduc2on	&	Background	

•  Potassium	and	zinc	isotopic	anomalies	indicate	
lunar	material	formed	at	high	temperatures	from	
ejecta	aoer	a	giant	impact	on	the	early	Earth	

•  We	show	chemical	equilibrium	calcula2ons	for	a	
bulk	silicate	Earth	(BSE)	composi2on	system	over	
a	wide	P	–	T	range	can	constrain	lunar	forma2on	
condi2ons	

•  We	do	not	say	BSM	=	BSE,	this	is	a	model	
composi2on	



Introduc2on	&	Background	-	2	

•  High	temperature	vaporiza2on/condensa2on	
at	high	fO2	produces	unique	trace	element	
abundance	paHerns	(Fegley	&	Cameron	1987	
EPSL	82,	207-222)	

•  Lanthanides	(Ce/LREE,	Nd/Sm)	
•  Ac2nides	(Th/U)	
•  Lithophiles	(Lu/Hf,	Rb/Sr,	K/U)	
•  Hafnium	–	Tungsten		



Oxygen	fugacity	of	silicate	vapor	

•  Look	at	two	examples:	
•  Knudsen	effusion	mass	spectrometry	(KEMS)	
of	pure	silica	(Kazenas	et	al	1985)	

•  Calculated	fO2	of	BSE	vapor	along	liquid	–	
vapor	satura2on	curve	(Visscher	&	Fegley	
2013	Astrophys	J	767,	L12)	

☞Shown	on	next	two	slides	



SiO2vap.SPW

Figure 7-9, Fegley & Osborne, Practical Chemical Thermodynamics for Geoscientists
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Chemistry	at	high	fO2	in	silicate	vapor	

•  R	–	stands	for	a	Rare	Earth	Element	
•  Major	gases	of	most	REE	in	astronomical	systems	
are	

•  Monoxides	–	RO	
•  Monatomic	gas	–	R	
•  Relevant	condensa2on	chemistry	at	high	T	is	
•  2	RO	(gas)	+	½	O2	(gas)	→	R2O3	(melt)	
•  2	R	(gas)	+	3/2	O2	(gas)	→	R2O3	(melt)	
•  High	fO2	drives	condensaMon	of	most	REE	



REE	Condensa2on	Chemistry	-	2	

•  Differences	in	REE	abundance	pacerns	due	to		
•  ΔG°	of	condensa2on/vaporiza2on	reac2on	
•  MO/M	ra2o	in	gas	phase	(next	slide)	
•  Different	ac2vity	coefficients	for	each	R2O3	
•  See	papers	about	REE	condensa2on	chemistry	
applied	to	Ca,Al-rich	inclusions	

•  Boynton	1975	GCA	39,	569-584	
•  Davis	&	Grossman	1979	GCA	43,	1611-1632	
•  Kornacki	&	Fegley	1986	EPSL	79,	217-234	
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Cerium	Chemistry	

•  Cerium	is	notable	excep2on	
•  Three	Ce-bearing	gases	CeO2,	CeO,	Ce	
•  At	high	fO2	CeO2	is	major	gas	
•  Condensa2on	reac2on	is	
•  2	CeO2	(gas)	←	Ce2O3	(melt)	+	½	O2	(gas)	
•  Higher	fO2	makes	Ce	more	vola2le	
•  (Boynton	1978	LPS	IX,	120-122)	
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Evidence for distillation in the formation of HAL and related hibonite inclusions 
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Abstract-Four hibonite-bearing refractory inclusions, HAL from Allende, DH-Hl from the Dhajala 
H3 chondrite, 7-404 and 7-97 1 from the Murchison CM2 chondrite, have related chemical and isotopic 
systematics: they exhibit large Ce and V depletions and very low Mg and Ti concentrations compared 
to other meteoritic hibonites and have mass-fractionated Ca- and Ti-isotopic compositions with emich- 
ments in the heavy isotopes by up to + 13G/amu for Ca and up to + 19k/amu for Ti. There is no 
correlation between Ca- and Ti-isotopic mass fractionations, but the Ti-isotopic mass fractionation is 
inversely correlated with the Ti concentration as expected for Rayleigh-law mass fractionation. The 
inclusions also have nonlinear 48Ca anomalies within error of -5% while nonlinear “Ti anomalies in 
HAL and 7-97 1 are + 15.0 f 3.6%0 (2~) and -4.4 f 6.5%0, respectively. Oxygen-isotopic compositions 
were measured in HAL, 7-404, and 7-971, as well as a range of morphologically different refractory 
inclusions from Murchison. The Murchison refractory inclusions all show enrichments in I60 relative to 
terrestrial with a mean value of +46.8 f 1.6%0. The three HAL-type inclusions are also enriched in I60 
but are mass fractionated in their 0 isotopes in favor of the heavy isotopes with variable degrees of mixing 
with isotopically normal 0. The scatter of the data from 7-404 and 7-97 1 in terms of mass fractionation 
exceeds the reproducibility predicted from measurements of the Burma-spine1 standard and indicates the 
presence of intrinsic O-isotopic heterogeneities in these hibonites. These chemical and isotopic charac- 
teristics are consistent with the formation of HALtype inclusions as distillation residues. A distillation 
origin is supported by chemical and isotopic measurements of a hibonite-bearing distillation residue 
produced in the laboratory by evaporating terrestrial kaersutite. The residue from this experiment has 
large Ce and V depletions, no detectable Mg, and mass fractionated Ca- and Ti-isotopic compositions. 
However, while the HAL-type refactory inclusions owe their chemical and isotopic characteristics to a 
distillation origin, subsequent thermal events are required to explain certain petrographic and chemical 
characteristics. 

INTRODUCTION 

REFRACTORY INCLUSIONS IN carbonaceous chondrites have 
given us important insights into the processes that were op- 
erative in the early solar system. These objects exhibit en- 
richments in the refractory lithophile elements and are iso- 
topically anomalous; the former indicate that high-temper- 
ature processes played an important role in the formation of 
the inclusions, while the latter require that high temperatures 
were not so pervasive in the early solar nebula as to cause 
large-scale volatilization, thereby homogenizing initial iso- 
topic heterogeneities. 

For some time the FUN inclusions have provided a focus 
in the search for isotopic anomalies because large effects were 
first found in these inclusions. The characteristic feature of 
FUN inclusions is mass-dependent isotopic mass Fraction- 
ation accompanied by isotopic variations that cannot be ex- 
plained by mass fractionation and were attributed to then 
Unknown Nuclear components ( WASSERBURG et al., 1977 ) . 
Isotopic anomalies have been found in every element ana- 
lyzed from the several FUN inclusions that have been iden- 
tified to date. The mass-dependent fractionation always con- 
sists of heavy-isotope enrichments, which are a characteristic 
feature of residues left after partial evaporation (CLAYTON 

* Present address: IBM Corporation, Hopewell Junction, NY 
12533, U.S.A. 

et al., 1985; DAVIS et al., 1990). It is tempting to invoke a 
causal relationship between the presence of the nonlinear 
isotopic anomalies and mass-dependent fmctionations in 
these inclusions, but no explanation for this link has been 
widely accepted. 

The FUN inclusions do not differ substantially in miner- 
alogy from the majority of Allende refractory inclusions, al- 
though certain mineralogical types, such as purple spinel- 
rich inclusions, appear to have a higher propensity for FUN 
characteristics than others ( PAPANASTASSIOU and BRIGHAM, 
1989). The Allende FUN inclusion HAL is noteworthy, not 
only for its unusual isotopic characteristics, but also because 
it is a large inclusion composed predominantly of hibonite. 
Hibonite-bearing inclusions are common in CM meteorites 
but are generally rather small (~200 pm). Hibonite crystal 
fragments from CM meteorites have been shown to be carriers 
of 48Ca and “Ti isotopic effects an order of magnitude larger 
than those in FUN inclusions (IRELAND, 1988, 1990), but 
the large “UN” anomalies in most of these hibonites are not 
associated with isotopic mass-fractionation “F.” 

LEE et al. ( 1980) proposed that the large mass-dependent 
isotopic fractionation effects of 0 and Ca in HAL were the 
result of severe evaporation whereby the light isotopes were 
preferentially removed to the gas phase, leaving behind an 
isotopically heavy residue that was also depleted in the more 
volatile elements. This evaporation event could also have 
been responsible for the lack of Mg-isotopic effects and the 
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separate CFOc are typically more enriched in lb0 than the 
Murchison-spine1 separate 2ClOc analyzed by CLAYTON and 
MAYEDA (1984), which may have been diluted by the pres- 
ence of some Cr-rich spinels with isotopically normal oxygen 
( VIRAG et al., 199 1) . Three spinels analyzed from Vigarano 
inclusion 477B also show larger I60 excesses than the 2C 10~ 
separate (ZINNER et al., 1991); but the largest effects are 
apparent in hibonite inclusions, which commonly have I60 
excesses of more than 50%~ (FAHEY et al., 1987a; ALEXANDER 
et al., 1990, this work) and up to 68% in Murchison inclusion 
BB-5 (FAHEY et al., 1987a). Therefore, it appears that the 
42% enrichment of I60 does not itself reflect the composition 
of a distinct reservoir in the early solar nebula, but rather a 
mixture. 

Murchison refractory inclusions differ from those from 
Allende in that mo~holo~~ly distinct inclusions also have 
distinct chemical and isotopic features. The two most com- 
mon types of hibonite-bearing refractory inclusions in Mur- 
chison are PLACs, which often have large Ca- and Ti-isotopic 
anomalies, little or no excess %g, and (modified) Group 
III REE patterns, and SHIBs, which generally have small Ca- 
and Ti-isotopic anomalies, excess z6Mg associated with the 
in situ decay of 26A1, and volatility-fractionated REE patterns 
(affecting the ultra-refractory REEs, cf. Group II). There ap- 
pear to be no significant differences in the O-isotopic system- 
atics of these otherwise disparate types of refractory inclusions 
apart from the variable enrichments in I60 in the SHIBs due 
to the pervasive con~mination of the analyses with Fe-phyi- 
losilicate. Nor are there any differences apparent in the O- 
isotopic systematics of PLACS and SHIBs and the two hi- 
boniteglass spherules (7-228 and 7-753) and the spinel-pe- 
rovskite inclusion, 7-A52. 

While there are no correlations of O-isotopic systematics 
with rno~hol~~, chemical, or Mg-, Ca-, or Ti-isotopic 
systematics in the main types of Murchison refractory inclu- 
sions, the HAL-type inclusions are exceptional. 

Systematks of HAL and Related Inclusions 

Allende HAL and the three related hi~nite-bung in- 
clusions have very similar chemical and isotopic character- 
istics. The purpose of this section is to document the common 
features in more detail and to investigate whether these fea- 
tures are compatible with a common origin or formation 
process. 

The hibonites in these inclusions are chemically very sim- 
ifar and distinct from other meteoritic h&mites. The TiOz 
and MgO concentrations are very low, but it is in the refrac- 
tory trace-element abundances that the similarities are most 
striking. Figure 8 shows the CI-normalized REE patterns for 
hibonite from each of the four inclusions. The most char- 
acteristic feature of these patterns is the extreme Ce depletion, 
with Cc/La ranging from 6 X lop4 X CI for DH-HI and 7- 
97 1, to 3 X lo-’ X CI for 7-404. The Ce depletion has been 
interpreted as the signature of highly oxidizing conditions 
whereby the relatively volatile species CeOz is stabilised over 
C&Or ( BO~NTON, 1978). It has been sul4gested that Pr might 
also stabilize as the more volatile Pro* species and, in fact, 
Pr depletions are observed in three of the four HAL-type 
hibonites. HINTON et aI. ( 1988) noted that DH-HI has deeper 

0.011 ’ ’ ’ ’ ’ ’ ’ t ’ ’ ’ ’ ’ ’ ’ 1 
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FIG. 8. Trace-eiement abundances in four HAL-type inclusions 
show distinctive Ce depletions. Ytterbium is also depleted in ail four 
inclusions, while Pr and Eu are depleted in DH-Hi, 7-404, and 7- 
97 1. REEs in HAL and DH-H 1 are fractionated according to ionic 
radius, with depleted HREEs indicating melt partitioning. Data are 
from HINTON et al. ( 1988) and IRELAND et al. (1988). 

Ce and Pr anomalies than HAL and therefore it might have 
formed under more oxidizing conditions. However, there is 
not a good correlation between Ce anomalies and Pr anom- 
alies for the four hibonites. This is particularly notable for 
7-404 which has a large Pr depletion but the smallest Ce 
depletion of the four hibonites. There is the possibility of 
~n~mination from the phyllosili~te rim in 7-404 and, al- 
though it is unlikely that the rim has a high Ce concentration, 
because of the extremely low levels of Ce in the other hibonites 
even a small contribution would increase the measured con- 
centration substantially. However, for the other three HAL- 
type hibonites, is the size of the Ce depletions is relatively 
constant for markedly different Pr depletions and therefore 
no quantitative correlation appears to exist between Pr and 
Ce depletions that can be ascribed simply to variations in 
f 01. 

Two other trace elements that become more volatile under 
oxidizing conditions are Ba and V (DAVIS et al., 1982). V/ 
La is less than 1.5 X lOoh X CI for three of the HAL-type 
hibonites, but 7-404 has a higher value of 8 X 10e3 X CI, 
which is probably due to contamination of the analysis by 
the rim or the spinel-rich alteration zone of this inclusion. 
In comparison, nine typical PLACs, with depleted abun- 
dances of V and Ba with respect to the more refractory trace 
elements (e.g., SC, Y, Zr, Hf, and the LREEs), have V/La 
of 1.2 + 0.8 x lo-* X CI (IRELAND et al., 1988). I3afI.a is 
less than 5 X low3 X CI in three of the HAL-type hibonites, 
the exception being HAL itself at 0.57, while the PLACs have 
Ba/La of 3.0 + 2.2 X IO-’ X CI. While V depletions in HAL- 
type hibonites are clearly larger than in PLACs and can be 
ascribed to a higher fo2, Ba depletions in HAL-type hibonites 
are comparable to those of the PLAC hibonites. The reason 
for the relatively high Ba concentration in HAL is not readily 
apparent although the refectory trace element pattern for 
HAL ( FAHEY et al., 1987b) is different from those from the 
other hibonites of this association and may reflect a difference 
in the initial elemental abundances of the precursors. 

Ytterbium depletions are apparent in all four of the HAL- 
type hibonites, while Eu is also depleted in all h&on&es except 



☞Come	back	to	this	later	when	discussing	
W/Hf	frac2ona2ons	



Cerium	Deple2ons	
•  Next	slide	shows	REE	abundance	pacerns	in	melt	
for	isobaric	cooling	at	10	bar	pressure	

•  Smaller	Ce	depleMons	at	lower	temperature	
•  No	Ce	depleMon	in	bulk	silicate	Moon		
•  Ringwood	1979	Origin	of	the	Earth	&	Moon		
•  	Korotev	2005	Chem	Erde	65,	297-346	
•  Temperature	at	which	depleMon	disappears	gives	
Tmax	for	lunar	formaMon	at	that	total	pressure	

•  This	is	≲	3300	K	at	10	bars	
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fO2	and	Th/U	Frac2ona2on	

•  UO3	(gas)	←	UO2	(melt)	+	½	O2	(gas)	
•  Higher	fO2	makes	Uranium	more	volaMle	
•  ThO	(gas)	+	½	O2	(gas)	→	ThO2	(melt)	
•  Higher	fO2	makes	Thorium	more	refractory	
•  BSE-normalized	atomic	Th/U	~	2.4	at	3300	K,	
10	bars	BSE	vapor	(should	be	unity	if	
unfrac2onated	from	BSE	model	composi2on)	



fO2	and	W/Hf	Frac2ona2on	
•  Higher	fO2	makes	W	more	volaMle		
				Fegley	&	Palme	1985	EPSL	72,	311-326	
•  WO3	(gas)	←	W	(metal)	+	3/2	O2	(gas)	
•  Higher	fO2	makes	Hf	more	refractory											
Fegley	et	al	2012	Bull	Am	Astron	Soc	44,	#301.01	

•  HfO	(gas)	+	½	O2	(gas)	=	HfO2	(melt)	
•  BSE-normalized	W/Hf	~	1	at	3300	K,	10	bars	BSE	
vapor	(assuming	WO3	condenses	in	silicate	melt)	

•  BSE-normalized	W/Hf	<<	1	at	3300	K	if	WO3	does	
not	condense	in	silicate	melt)	

	



W	Deple2on	–	CAI	C1	

•  CAI	C1	–	depleted	in	W	and	also	in	Ce	
•  Same	fO2	gives	both	deple2ons	
•  (2nd	&	3rd	slides	aoer	this	one)	
•  This	fO2	slightly	lower	than	predicted	for	
proto-lunar	disk	(next	slide)	

•  Visscher	&	Fegley	2013	ApJ	767,	L12	



The Astrophysical Journal Letters, 767:L12 (6pp), 2013 April 10 Visscher & Fegley

Figure 4. Model results showing (a) H2O/H2 ratios, and (b) CO2/CO ratios in saturated silicate vapor as a function of temperature. The corresponding ratios for pure
molten SiO2, a solar-composition gas (Lodders 2003), and common oxygen fugacity buffers are shown for comparison.
(A color version of this figure is available in the online journal.)

take fO2 ≈ PO2 ≈ XO2PT from our model results. Figure 3(b)
shows the oxygen fugacity as a function of temperature for
different silicate melt compositions, including pure molten
silica. Also shown for comparison are fO2 values for some
common oxygen fugacity mineral buffers and for a solar-
composition gas (Lodders 2003). Differences between model
compositions at lower temperatures are again caused by the
relative abundances of volatiles (e.g., Na and Zn) in each melt,
and the fO2 values converge at high temperatures where SiO
is the dominant species in the disk atmosphere. For each case,
the saturated silicate vapor is highly oxidizing, with fO2 values
several orders of magnitude higher than those expected in a
solar-composition gas. In fact, we expect very high fO2 values
for any silicate melt composition because oxygen is the most
abundant element in rock.

Although H2O and H2 are not included in the magma models,
the prevailing oxygen fugacity—which is controlled by silicate
melt-vapor equilibrium chemistry—can be used to constrain
H2O/H2O ratios in the disk. For the net thermochemical
reaction,

H2 + 0.5O2 = H2O, (9)

the equilibrium constant expression can be rearranged to give
the H2O/H2 ratio as a function of the oxygen fugacity (fO2 ) and
the temperature-dependent equilibrium constant K9

H2O/H2 = K9f
0.5
O2

, (10)

where fO2 is given by the silicate melt-vapor equilibrium
chemistry.

In the same way, the prevailing oxygen fugacity of the
saturated silicate vapor can also be used to determine the relative
abundances of CO2 and CO via the reaction,

CO + 0.5O2 = CO2, (11)

where the CO2/CO ratio is given by

CO2/CO = Kf 0.5
O2

. (12)

The H2O/H2 and CO2/CO ratios as a function of tempera-
ture are shown in Figures 4(a) and (b), respectively. Because

these ratios are determined by the oxygen fugacity in the sys-
tem, they are again significantly higher for an impact-generated
disk atmosphere than for a solar-composition gas. For the sili-
cate melts, the H2O/H2 ratio ranges from ∼20 (Moon, angrite,
and EPB) to ∼100 (ureilite, Earth, and BSE) at 1800 K to a
nearly constant ratio of ∼3 at higher temperatures (>3000 K)
for all silicate compositions. Similar behavior is observed for
CO2/CO ratios, with values from ∼6 (Moon, angrite, and EPB)
to ∼30 (ureilite, Mars, and BSE) at 1800 K to a nearly con-
stant ratio of ∼0.3 at higher temperatures. For comparison,
H2O/H2 ∼ 0.0003 and CO2/CO ! 0.0001 in a solar-
composition gas (Lodders 2003).

4. SUMMARY AND CONCLUSIONS

We used thermochemical equilibrium calculations to model
the chemistry of the circumterrestrial melt-vapor disk resulting
from the Moon-forming impact. Our results show that the
silicate vapor in the disk is dominantly composed of SiO, O2,
and O at higher temperatures and Na, Zn, and O2 at lower
temperatures. Although similar chemical trends are observed
for all model compositions, the relative abundances of volatile
elements in the melt (particularly Na and Zn) strongly influence
the chemical composition, vapor pressure, and oxygen fugacity
of the disk atmosphere at lower temperatures. Although not
yet incorporated into our models, we expect similar chemical
behavior from other volatile elements (e.g., Rb, Cs, Pb, Sn, etc.)
which will readily enter the disk atmosphere. The chemical
evolution of the disk due to volatile loss (e.g., for Zn as reported
by Paniello et al. 2012) will be explored elsewhere.

For any silicate composition, the silicate vapor in equilibrium
with the melt is significantly more oxidizing (by several orders
of magnitude) than a solar-composition gas. High fO2 values
in turn indicate high CO2/CO ratios and high H2O/H2 ratios,
suggesting that only minor amounts of H2 and H will be
produced by H2O dissociation over the lifetime of the disk.
Because oxygen is the most abundant element in rock, high
oxygen fugacity is a key feature of the protolunar disk, or any
impact-generated debris disk that forms via collisions between
rocky planets. High abundances of SiO, O2, and O may thus

5
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Lu/Hf	Frac2ona2on	

•  Hf	–	more	refractory	than	Lu	at	high	fO2	
•  HfO/Hf	~	772,000	vs	LuO/Lu	~	23,000	
•  At	3300	K	and	10	bars	BSE	vapor	
•  2	LuO	(gas)	+	½	O2	(gas)	→	Lu2O3	(melt)	
•  HfO	(gas)	+	½	O2	(gas)	→	HfO2	(melt)	
•  Higher	fO2	drives	condensa2on	reac2ons	
•  Much	larger	MO/M	for	Hf	makes	it	more	
refractory	than	Lu	

	



Rb/Sr	Frac2ona2on	
•  Higher	fO2	makes	Rb	slightly	more	refractory	
•  Rb/RbO	~	2.7	vs	Sr/SrO	~	0.07	–	gas	phase	
•  At	3300	K,	10	bars	BSE	vapor	
•  2	Rb	(gas)	+	½	O2	(gas)	→	Rb2O	(melt)	
•  But	this	reac2on	also	occurs	
•  2	RbO	←	Rb2O	(melt)	+	½	O2	(gas)		
•  In	contrast,	no	effect	of	fO2	on	
•  SrO	(gas)	=	SrO	(melt)		
•  BSE-normalized	Rb/Sr	~	10-3,	3300	K	10	bars	



K/U	Frac2ona2on	

•  Opposite	effects	of	higher	fO2	on	K	and	U	
•  K/KO	~	5	vs	U/UO3	~	2	×	10-12	–	gas	phase	
•  At	3300	K,	10	bars	BSE	vapor	
•  2	K	(gas)	+	½	O2	(gas)	→	K2O	(melt)	
•  Higher	fO2	makes	K	more	refractory	
•  UO3	(gas)	←	UO2	(melt)	+	½	O2	(gas)	
•  Higher	fO2	makes	Uranium	more	vola2le	
•  BSE-normalized	K/U	~	0.004,	3300	K	10	bars	



Summary	

•  Unique	trace	element	abundances	produced	by	
vaporiza2on	/	condensa2on	at	high	fO2		

•  Very	Promising,	can	explain:	
•  No	Ce	deple2on	in	bulk	silicate	Moon	
•  Lunar	Lu/Hf,	Hf/W,	Nd/Sm,	Th/U	≃	BSE	
•  Lunar	Rb/Sr,	K/U	<	BSE	values	
•  Can	set	Tmax	and	Tmin	values	at	each	pressure	
•  Can	constrain	geochemically	realis2c	lunar	
forma2on	models	



Summary	-	2	

•  But:	
•  Some	key	element	ra2os	uncertain,	e.g.,	Hf/
W,	Th/U	for	bulk	silicate	Moon	

•  Use	P,T	constraints	from	our	modeling	and/or	
K	isotopes	to	predict	these	key	ra2os	from	
chemical	equilibrium	calcula2ons	

	
	



(2)	Atmosphere	
forma2on	and	
evolu2on	on	the	

early	Earth.		



Summary	-1		
•  Reducing	gases	produced	by	outgassing	for	most	
kinds	of	chondri2c	macer,	e.g.,	CV,	H,	L,	LL,	EH,	
EL	chondri2c	material	

•  Many	Earth	accre2on	models	predict	large	
amounts	(70	–	85%)	of	EH-like	material	Dauphas,	
Lodders,	Ringwood,	Rubie,	Wänke	

•  Late	veneer	plausibly	also	reducing	–	H,	L,	LL,	EH,	
EL,	e.g.,	see	Palme	&	O’Neill	2014	

•  Outgassing	of	Fe3+-free	BSE	also	gives	reducing	
atmospheres	

•  Reducing	atmosphere	on	Early	Earth?	
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the NH3/N2 ratio reaches unity at a lower temperature than the
CH4/CO2 ratio.

Frost and McCammon (2008) and Frost et al. (2008) note
that during core formation, the BSE was in equilibrium with
Fe–Ni-rich alloy and would have had an oxidation state !4.5
log units below QFM at a given temperature, that is, at the
iron–wüstite buffer. The more reduced mantle would move the
CH4–CO2 crossover to higher temperatures at a given total
pressure.

A significantly more reduced Earth would outgas a reduced
atmosphere. At the suggestion of his advisor J. S. Lewis, Bukvic
(1979) did chemical equilibrium calculations for gas–solid
equilibria in the upper layers of an Earth-like planet that he
modeled as H chondritic material or a mixture of 90% H and
10% CI chondritic material. He found outgassed atmospheres
composed of CH4þH2 in all cases. Schaefer and Fegley (2005,
2007) computed outgassing of average H chondritic material
along the same thermal profile used by Bukvic (1979) and
found a reduced atmosphere dominated by CH4 and H2 (see
Figure 7). Similar results were obtained by Saxena and Fei
(1988) who modeled outgassing of a carbonaceous chondritic
planet. Schaefer and Fegley (2005) also studied outgassing
from H chondritic material depleted in Fe metal and FeS (see
Figure 8). A comparison of Figures 7 and 8 shows that a highly
reduced atmosphere is produced in both cases, even after Fe
metal and FeS have been removed, for example, by core for-
mation on the early Earth.

6.3.9 Summary of Key Questions

Some of the key questions about the chemistry of Earth’s early
atmosphere that remain unresolved are connected to the sili-
cate and steam atmospheres on the early Earth. What is the
temperature-dependent saturation vapor pressure and specia-
tion in the bulk silicate Earth magma? The MAGMA code was
used to discuss these issues, but Knudsen effusion mass spec-
trometric measurements of the saturated vapor pressure of
molten peridotite and other molten silicates are needed to
put models on a firm footing. The key conclusion from the
MAGMA code that Si, O2, and O are the major gases in
the saturated vapor over the BSE magma is not at issue. But
the temperature-dependent total vapor pressure and partial
pressures of minor gases are less certain.

The temperature-dependent solubility of H2O, CO2, CO,
CH4, and sulfur in molten peridotite and other silicate melts at
super-liquidus temperatures is another unresolved question.
This will be difficult to measure but is important for modeling
the silicate vapor and steam atmospheres on the early Earth
and on rocky exoplanets.

The oxidation states of the silicate, steam, and ‘traditional’
volatile atmospheres on the early Earth are another unan-
swered question. This can be addressed by a combination of
thermochemical and photochemical models of the outgassing
of different types of chondritic and achondritic material. The
redox state of the proto-Earth during its accretion is an
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Figure 7 Chemical equilibrium abundances of gases produced by
heating average H chondritic material along a terrestrial geotherm.

Average H (falls) – no Fe metal or FeS (S = 10% total S)
from Jarosewich (1990)
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before doing the computations.
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Summary	-2	

•  Steam	atmosphere	–	magma	ocean	phase:	
•  Silicon	and	several	other	major	rock-forming	
elements	dissolve	in	steam	

•  Greatly	different	solubility	for	different	
elements	(see	next	slide)	

•  If	steam	atmosphere	is	lost	the	steam	soluble	
element	inventory	is	changed	
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6.3.1 Introduction and Overview

In this chapter, we describe the chemistry of Earth’s early
atmosphere during and shortly after its formation where
there is little, if any, geological record. Nevertheless, current
thinking about the silicate vapor, steam, and gaseous stages of
atmospheric evolution on the early Earth is potentially testable
by spectroscopic observations of transiting rocky exoplanets.
This assertion is supported by the rapid growth of extrasolar
planetary astronomy, from the discovery of one extrasolar
planet in 1995 to 838 as of the time of writing (September
2012). Over 285 transiting extrasolar planets have been dis-
covered, and spectroscopic observations have been made for
eight of them, which tentatively show one or more of the
following gases in their atmospheres – H, Na, K, CO, CO2,
CH4, H2, H2O, TiO, and VO (see the catalog on exoplanet.eu).
Several groups are actively modeling the chemical composition
(e.g., Schaefer et al., 2012) and expected spectral signatures
(e.g., Marley et al., 2011) of transiting rocky exoplanets be-
cause the rapidly expanding spectroscopic capabilities will
allow observational tests in the next few years. Thus, ideas
about Earth’s early atmosphere, which cannot be constrained
by biological or geological evidence, may be indirectly con-
strained in the near future by astronomical observations. This
point is taken up at the end of the chapter.

The nature of Earth’s early atmosphere is of particular in-
terest because it is the environment in which life originated
sometime between !4.5 and !3.85 Ga ago (Bada, 2004). The
182Hf–182W and 146Sm–142Nd chronometers (e.g., Boyet and
Carlson, 2005; Moynier et al., 2010; Yin et al., 2002) show that
Earth’s core formed !30 million years, and the crust formed
!38–75million years, respectively, after formation of the solar
system 4568 Ma ago (Bouvier and Wadhwa, 2010). In other
words, Earth formed !4.54 to 4.49 Ga ago. Norman et al.
(2003) derive a crystallization age of 4456 Ma ago for the
earliest lunar crust, that is, 112 million years after formation
of the solar system. The lunar crust must have formed after the
Moon itself formed (by impact of a Mars-sized body with the
early Earth). The oldest samples of continental crust are detrital
zircons from Jack Hills, Australia, dating back to !4404 Ma

ago (Harrison et al., 2005; Wilde et al., 2001). The metavolca-
nic and metasedimentary rocks from the Nuvvuagittuq (Por-
poise Cove) greenstone belt near Hudson Bay in northern
Quebec have a 146Sm–142Nd isochron age of !4280 Ma
(O’Neil et al., 2009), which probably indicates that these
rocks were derived frommaterial extracted from Earth’s mantle
at that time (Arndt and Nisbet, 2012; O’Neil et al., 2009; Sleep,
2010). The oldest dated rock is the Acasta Gneiss in the North-
west Territories of Canada with an age of 4031 Ma (Bowring
and Williams, 1999).

Mojzsis et al. (2001) report oxygen isotopic evidence (from
the Jack Hills zircons) for liquid water on Earth’s surface
!4300 Ma ago. Another oxygen isotopic study of Jack Hills
zircons by Cavosie et al. (2005) suggests that liquid water
existed on Earth’s surface by !4200 Ma ago and possibly as
early as 4325 Ma ago. This work and other evidence led Arndt
and Nisbet (2012) to conclude the Hadean Earth was more
clement than previously believed.

Nonunique carbon isotopic signatures possibly indicate
photoautotrophic carbon fixation in the Akilia Island banded
iron formation (!3850 million years old) in Greenland (Eiler
et al., 1997; Mojzsis et al., 1996). Taking these results at face
value, it is concluded that Earth formed, differentiated, was
struck by a giant impactor to form the Moon, and had cooled
sufficiently to form continental crust within 164 million years
of the formation of the solar system. Whether or not the
formation of Earth and/or its differentiation was contem-
poraneous with lunar formation is unclear. Within another
!100–200 Ma, liquid water was present on Earth’s surface.
Finally, sometime in the next !554 million years after conti-
nental crust formation, primitive life forms originated and
evolved to the point where photoautotrophic activity had
imprinted its carbon isotopic signature on the early Earth.
The carbon isotopic signatures of photoautotrophic carbon
fixation are controversial, but the available evidence indicates
the development of life on Earth by !3.8 Ga ago (e.g., see
Arndt and Nisbet, 2012; Sleep et al., 2012).

As mentioned earlier, this chapter deals with the chemistry
of the early terrestrial atmosphere during and shortly after
formation of Earth, that is, within the period between 4540

Treatise on Geochemistry 2nd Edition http://dx.doi.org/10.1016/B978-0-08-095975-7.01303-6 71

Trea2se	on	Geochemistry,	2nd	ed.		



Secondary	origin	of	Earth’s	atmosphere	

•  Not	captured	from	the	solar	nebula	(proto-
planetary	accre2on	disk)	

•  Formed	by	outgassing	of	solid	&	molten	Earth	
material	during	&	aoer	accre2on	

•  Supported	by	large	noble	gas	deple2ons	in	
observable	parts	(atm,	oceans,	crust,	upper	
mantle)	–	Aston,	H.	Suess,	H.	Brown	

•  3He	&	other	solar	noble	gases	from	mantle	not	
primordial,	due	to	solar	wind	implanted	gases		



6.3.2 Secondary Origin of Earth’s Atmosphere

Earth’s atmosphere is secondary and originated by chemical
reactions that released gases from volatile-bearing solids dur-
ing and/or after its accretion. Earth’s atmosphere is not pri-
mary, that is, formed by capture of solar nebula gas during its
formation. This conclusion is based on the large depletions of
the chemically inert noble gases (Ne, Ar, Kr, Xe) relative to the
chemically reactive volatiles such as H (as water), C, and N at
Earth’s surface. Helium is not considered in this comparison
because it is continually escaping to space with an atmospheric
lifetime of 0.9–1.8 Ma for 4He and 0.4–0.8 Ma for 3He
(Torgersen, 1989). Radon is not considered because its longest
lived isotope 222Rn decays with a half life of about 3.8 days.
Also, when talking about hydrogen, we are concerned only
with water and not with retention of hydrogen as H2 gas.

Aston (1924a, b) discovered the enormous disparity be-
tween the abundances of the noble gases and other volatile
elements. He plotted terrestrial elemental abundances as a
function of mass up to a mass number of 142 and noted the
‘abnormal rarity of the inert gases’ relative to that of the other
elements. He concluded that ‘the earth has only one millionth
part of its proper quota of the inert gases.’

Using the improved astronomical and geochemical data
accumulated during the intervening 25 years, Brown (1949)
and Suess (1949) compared the cosmic abundances and Earth’s
near-surface inventories of H (as H2O), C, N, Ne, Ar, Kr, and Xe.
They concluded that all volatile elements are depleted on Earth
relative to their solar abundances. However, the noble gases are
much more depleted on Earth than chemically reactive volatiles
such as H (as water), C, and N. The depletion is a chemical effect
and is not due to physical effects such as escape.

Figure 1 shows a modern version of the argument made
by Brown (1949) and Suess (1949). The depletion factors for
the terrestrial abundances of the noble gases and the chemi-
cally reactive elements H (as water), C, N, F, S, and Cl are
plotted on a logarithmic scale. The depletion factors are the
terrestrial elemental abundance relative to silicon divided by
the solar elemental abundance relative to silicon. For example,
the Ne depletion factor is

DNe ¼
Ne=Sið ÞEarth
Ne=Sið Þsolar

[1]

The numerator is the Ne/Si mass ratio in the bulk silicate Earth
and the denominator is the Ne/Si mass ratio in solar compo-
sition material. Similar equations give the depletion factors for
all the other volatiles considered. Table 1 summarizes the solar
and terrestrial elemental abundances used in the calculations.

The BSE in Table 1 is the bulk silicate Earth. It includes
the atmosphere, biosphere, hydrosphere, and lithosphere.
With the exception of sulfur, the BSE abundances are from
Palme and O’Neill (Chapter 3.1). The selected sulfur abun-
dance (124 mg g$1) (Lodders and Fegley, 2011) is smaller than
the value of 200 mg g$1 from Palme and O’Neill. However, our
selected sulfur abundance agrees (within the uncertainty) with
the value of 146%35 mg g$1 for the MORB source region from
Saal et al. (2002). For reference, published estimates of the
sulfur abundance in the BSE range from 13 to 1000 mg g$1

(Table 6.9 in Lodders and Fegley, 1998). The solar abundances

of Lodders et al. (2009) are used in Table 1 because they
updated the abundances of C, N, O, F, Cl, S, and the noble
gases. The ‘solar abundance’ of water is calculated as the total
abundance of oxygen minus the amount in rock, which is
computed as the sum of oxygen in SiO2þMgO. The H/C
mass ratio of 1.20 in the BSE (Chapter 3.1) is close (and
identical within error) to the value of 0.99%0.42 recom-
mended by Hirschmann and Dasgupta (2009). Palme and
O’Neill’s selected H abundance in the BSE corresponds to
about three times the mass of Earth’s oceans, meaning about
two oceans of water in the mantle. This is higher than other
estimates, which are closer to two times the mass of Earth’s
oceans, or about one ocean of water in the mantle (e.g., see
Hirschmann and Dasgupta, 2009; Saal et al., 2002). The atmo-
spheric inventories of noble gases were taken as their BSE
inventories. The values for argon refer to primordial 36þ38Ar
and exclude 40Ar, which is produced by radioactive decay of
40K in rocks and is the bulk (99.60%) of terrestrial argon. No
corrections were made for the different isotopic compositions
of solar and terrestrial Ne (e.g., 21Ne production from neutron
capture and alpha particle emission by 24Mg in rocks), Kr, and
Xe (e.g., 129Xe from decay of 129I, heavy isotopes from decay of
244Pu) because it does not change the terrestrial inventories of
these noble gases significantly as is the case for Ar. (The same
conclusions about large depletions of the noble gases relative
to chemically reactive volatiles are drawn using the solar and
terrestrial abundances of 20Ne, 84Kr, and 132Xe.)

As concluded by Brown (1949) and Suess (1949), Figure 1
shows that all volatiles – chemically reactive and inert – are
depleted on Earth relative to their abundances in the solar
nebula. The depletions are the smallest for fluorine, chlorine,
and sulfur; larger for H (as water), C, and N; and the largest for
Ne, Ar, Kr, and Xe. The reason for this is simple – chemically

Volatiles
H C N F S Cl Ne Ar Kr Xe

D
ep

le
tio

n 
fa

ct
or

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

Figure 1 Depletion factors for inert gases and chemically reactive
volatiles on Earth relative to their abundances in the solar nebula. See
Table 1 and the text for details.
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Examples	of	Noble	Gas	Deple2ons	
RaMo	 Solar	 Bulk	Silicate	Earth	

Ne/N2	 3.1	 2.3	×	10-5	
36+38Ar/S*	 0.25	 5	×	10-8	
36+38Ar/Cl*	 0.055	 2	×	10-7	

*mass	ra2o	



Sources	of	Vola2les	

•  Earth	accreted	mixture	of	reduced	&	oxidized	
material	from	range	of	radial	distance	in	solar	
nebula	(e.g.,	models	of	Anders,	J.S.	Lewis,	
Lodders,	Ringwood,	Rubie,	Wänke)	

•  Large	%	of	Fe	metal	in	the	Earth	requires	large	
amounts	of	reduced	material,	e.g.,	60-70%	EH-
chondri2c	like	material	

•  Chondri2c	material	good	source	of	vola2les,	
achondri2c	material	poor	in	vola2les	
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Outgassing	Models	

•  What	is	being	heated?	
☞(What	was	accreted	to	form	the	Earth)	
•  What	is	the	vola2le	content	of	this	stuff?	
•  How	was	it	heated?	
•  ☞(e.g.,	Open	or	closed	system)	
•  How	hot	was	it	heated	and	to	what	pressure?	
•  Was	equilibrium	reached	or	not?	
•  Start	with	some	simple	models	
	



Outgassing	of	chondri2c	material	

•  Look	at	a	few	examples	of	gaseous	
atmospheres	produced	by	hea2ng	up	and	
outgassing	chondri2c	material	(computer	
calcula2ons)	

•  Show	agreement	of	calculated	and	measured	
oxygen	fugacity	(fO2)	values	for	meteorites	
where	measurements	are	available	-	ordinary	
chondrites	(H,	L,	LL)		
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Abstract

We used chemical equilibrium calculations to model thermal outgassing of ordinary chondritic material as a function of temperature, pressure,
and bulk composition and use our results to discuss outgassing on asteroids and the early Earth. The calculations include ∼1000 solids and gases
of the elements Al, C, Ca, Cl, Co, Cr, F, Fe, H, K, Mg, Mn, N, Na, Ni, O, P, S, Si, and Ti. The major outgassed volatiles from ordinary chondritic
material are CH4, H2, H2O, N2, and NH3 (the latter at conditions where hydrous minerals form). Contrary to widely held assumptions, CO is
never the major C-bearing gas during ordinary chondrite metamorphism. The calculated oxygen fugacity (partial pressure) of ordinary chondritic
material is close to that of the quartz–fayalite–iron (QFI) buffer. Our results are insensitive to variable total pressure, variable volatile element
abundances, and kinetic inhibition of C and N dissolution in Fe metal. Our results predict that Earth’s early atmosphere contained CH4, H2, H2O,
N2, and NH3; similar to that used in Miller—Urey synthesis of organic compounds.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Atmospheres, evolution; Atmospheres, chemistry; Asteroids; Meteorites; Terrestrial planets; Satellites, atmospheres

1. Introduction

The terrestrial planets have secondary atmospheres (Aston,
1924; Russell and Menzel, 1933; Brown, 1949) that origi-
nated through the outgassing of volatile-bearing material during
and/or after planetary accretion (e.g., see Lange and Ahrens,
1982; Lewis and Prinn, 1984; Abe and Matsui, 1985; Prinn and
Fegley, 1987). The outgassed volatiles, which are compounds
of H, C, N, O, F, Cl, and S, formed the Earth’s early atmosphere
and oceans, and the early atmospheres of Mars and Venus. The
nature of the early terrestrial atmosphere is of particular interest
because it was in this atmospheric environment that the first life
forms originated between 4.5 and 3.8 Ga ago (Oró et al., 1990).
Whether Mars possessed an early atmosphere conducive for the
origin of life is also a matter of intense interest and speculation.

* Corresponding author. Fax: +1 (314) 935 7361.
E-mail addresses: laura_s@wustl.edu (L. Schaefer), bfegley@wustl.edu

(B. Fegley).

Understanding the nature of Venus’ early atmosphere is impor-
tant for understanding whether Venus once had water and lost
it or has been a desert planet throughout its entire history.

Unfortunately, the outgassing of volatiles is a largely un-
explored topic that is somewhat like the weather—everyone
talks about it, but nobody does anything about it. The only
prior study is a Masters thesis by Bukvic (1979) suggested
by his advisor J.S. Lewis. Bukvic performed chemical equilib-
rium calculations for gas–solid equilibria in the upper layers of
an Earth-like planet. He modeled the planet’s composition us-
ing H-chondritic or a mixture of H- and C-chondritic material.
From this, he calculated the composition of a volcanically out-
gassed atmosphere, which he found to be in all cases composed
of CH4 + H2. Bukvic never pursued this work further and it did
not attract much attention in the field, despite being discussed
by Lewis in Lewis and Prinn (1984).

We decided to model volatile outgassing because it seemed
a natural extension of our prior work on vaporization of high
temperature lavas and volcanic gas geochemistry on Io (Schae-

0019-1035/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2006.09.002

Icarus		186,	462-483	(2007)		



T (K)

1000 1100 1200 1300 1500

lo
g 

P
O

2

-22

-20

-18

-16

-14

-12

1000/T (1/K)

0.70.80.91.0

calc. for avg. H-chondrite
Guarena (H6) - measured
Ochansk (H4) - measured

T (K)

1000 1100 1200 1300 1500

lo
g 

P
O

2

-22

-20

-18

-16

-14

-12

1000/T (1/K)

0.70.80.91.0

H chondritic material
Guarena (H6) - measured
Ochansk (H4) - measured
IW buffer



1000/T (1/K)

0.70.80.91.0

lo
g 

f O
2

-22

-20

-18

-16

-14

-12

T (K)

1000 1100 1200 1300 1500

Farmington L5

Ni-N
iO

QFM IW
WM

QFI
Holb

roo
k -

 W
&D69

L-c
ho

nd
rite

s (
M&L9

3)

b

av
g. 

L -
 th

is 
work



1000/T (1/K)

0.70.80.91.0

lo
g 

f O
2

-22

-20

-18

-16

-14

-12

T (K)

1000 1100 1200 1300 1500

Semarkona LL3
Cherokee Springs LL5

Ni-N
iO

QFM

IWW
M

QFI

av
g. 

LL
 - t

his
 w

ork

c



Chemistry of atmospheres formed during accretion of the Earth and other
terrestrial planets
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a b s t r a c t

We used chemical equilibrium and chemical kinetic calculations to model chemistry of the volatiles
released by heating different types of carbonaceous, ordinary and enstatite chondritic material as a func-
tion of temperature and pressure. Our results predict the composition of atmospheres formed by outgas-
sing during accretion of the Earth and other terrestrial planets. Outgassing of CI and CM carbonaceous
chondritic material produces H2O-rich (steam) atmospheres in agreement with the results of impact
experiments. However, outgassing of other types of chondritic material produces atmospheres domi-
nated by other gases. Outgassing of ordinary (H, L, LL) and high iron enstatite (EH) chondritic material
yields H2-rich atmospheres with CO and H2O being the second and third most abundant gases. Outgas-
sing of low iron enstatite (EL) chondritic material gives a CO-rich atmosphere with H2, CO2, and H2O being
the next most abundant gases. Outgassing of CV carbonaceous chondritic material gives a CO2-rich atmo-
sphere with H2O being the second most abundant gas. Our results predict that the atmospheres formed
during accretion of the Earth and Mars were probably H2-rich unless the accreted material was domi-
nantly CI and CM carbonaceous chondritic material. We also predict significant amounts of S, P, Cl, F,
Na, and K in accretionary atmospheres at high temperatures (1500–2500 K). Finally, our results may
be useful for interpreting spectroscopic observations of accreting extrasolar terrestrial planets.

! 2010 Elsevier Inc. All rights reserved.

1. Introduction

Earth, Venus, and Mars have secondary atmospheres that origi-
nated by the outgassing of volatiles (e.g., CO, CO2, CH4, H2, H2O, N2,
and NH3) from minerals during and/or after planetary accretion
(e.g., see Brown, 1949; Arrhenius et al., 1974; Lange and Ahrens,
1982a,b; Abe and Matsui, 1985). The outgassed volatiles formed
atmospheres on Earth, Mars, and Venus and the Earth’s oceans.
The atmospheres of extrasolar terrestrial planets may also have
formed by outgassing of volatiles during and/or after their accretion.

Earlier we studied outgassing of ordinary chondritic material
and its implications for metamorphism on meteorite parent bodies
and the composition of Earth’s early atmosphere (Schaefer and
Fegley, 2007). Here we focus on another topic, which is the chem-
istry of the atmospheres formed on the Earth and other terrestrial
planets during their accretion. Our work was stimulated by the
concept of a steam atmosphere on the early Earth (e.g., Abe and
Matsui, 1985). We wanted to use chemical equilibrium calcula-

tions to study the chemistry of other gases in the proposed steam
atmosphere. Instead we found that atmospheres formed during
Earth’s accretion were probably H2-rich and that steam atmo-
spheres formed only in special conditions.

Arrhenius et al. (1974) calculated that heating during formation
of the Earth should release volatiles such as H2O from the accreted
material and lead to formation of an H2O-bearing atmosphere and
oceans (after cooling). Shortly thereafter, Ahrens and colleagues
experimentally studied impact outgassing of carbonaceous chon-
drites, carbonates, and hydrous minerals. They found that the vol-
atiles released were composed primarily of H2O and CO2 (e.g., see
Lange and Ahrens, 1982a,b, 1986; Tyburczy and Ahrens, 1985,
1987, 1988; Tyburczy et al., 1986a,b). Due in large part to the work
of Ahrens and colleagues, it is widely believed that conversion of at
least some of the kinetic energy of accreted planetesimals into heat
led to impact outgassing of volatiles during the accretion of the
Earth and other terrestrial planets. Because H2O and CO2 were
the major species released by impact outgassing of the materials
they studied (i.e., carbonaceous chondrites, carbonates, and ser-
pentine) an atmosphere of impact origin has historically been
called a steam atmosphere (e.g. Abe and Matsui, 1985; Lange and
Ahrens, 1982a). Models of Earth’s steam atmosphere and a magma
ocean were developed by Abe and Matsui in a series of pioneering
papers (Abe and Matsui, 1985, 1987; Matsui and Abe, 1986).

0019-1035/$ - see front matter ! 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2010.01.026
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either H2-rich (H, L, LL, EH chondritic material) or CO-rich
(EL chondritic material). As noted earlier, several geochemical
models predict that Earth formed from large amounts of ordi-
nary and enstatite chondritic-like material, for example, up to
70% enstatite chondrite-like material and up to 21% H
chondrite-like material. The proto-Earth (and also the impac-
tor) may have been more reducing than the present day Earth,
and thus the resulting ‘steam’ atmosphere may have been more
reducing. If this were the case, the ‘traditional’ volatiles left
after collapse of the steam atmosphere may have been more
reducing. For example, Table 5, based on Schaefer and Fegley
(2010), shows that the gases remaining after collapse of the
steam atmospheres on an ordinary or enstatite chondritic-like
early Earth may have been H2, CO, CO2, and trace water vapor.
This point will be taken up later when discussing outgassing on
early Earth.

6.3.7 Impact Degassing of the Late Veneer

The abundances of highly siderophile elements (HSE, which
are Os, Ir, Pt, Ru, Rh, Pd, Re, and Au) in the terrestrial mantle
are larger than would be expected from equilibrium partition-
ing between mantle silicates and core-forming metal. Geo-
chemists believe that the HSE elements were added to Earth
as part of a late veneer of !1% of Earth’s mass at the end of its
accretion (Chapter 3.1) after the Moon-forming impact.
Traditionally, the late veneer was assumed to be like CI carbo-
naceous chondrites (Chou, 1978). However, recent measure-
ments of the 187Os/188Os ratio in mantle xenoliths give a value
for this ratio that is above that for carbonaceous chondrites but
within the range of ordinary and enstatite chondrites
(Chapter 3.1).

Schaefer and Fegley (2010) modeled the chemistry of
volatiles released during impact degassing of carbonaceous,
enstatite, and ordinary chondritic material as a function of
pressure and temperature. They found that degassing of CI
and CM carbonaceous chondritic material produced H2O-
rich steam atmospheres, in agreement with the results of
impact experiments on the Murchison CM2 chondrite. How-
ever, degassing of other types of chondritic material produced
atmospheres dominated by other gases. Degassing of ordinary
(H, L, LL) and high iron enstatite (EH) chondritic material gave

H2-rich atmospheres with CO and H2O being the second and
third most abundant gases at high temperatures, and
increasing amounts of CH4 at lower temperatures. Degassing
of low iron enstatite (EL) chondritic material gave a CO-rich
atmosphere with H2, CO2, and H2O being the next most
abundant gases. Finally, degassing of CV carbonaceous
chondritic material gave a CO2-rich atmosphere with H2O
being the second most abundant gas. Their results at 1500 K,
100 bar total pressure are listed in Table 5, where the major gas
from degassing of each type of chondritic material is in
boldface.

Schaefer and Fegley (2010) did calculations over wide P, T
ranges and showed that the results in Table 5 are generally
valid at other pressures and temperatures. Water vapor, CO2,
and N2 remain the major H-, C-, and N-bearing gases in
atmospheres generated by degassing of CI and CM carbona-
ceous chondritic material, but CH4 becomes the major C-
bearing gas at low temperatures in atmospheres generated by
degassing CV carbonaceous chondritic material. Methane also
becomes a significant gas at low temperatures for degassing of
CI chondritic material (see Figure 2 of Zahnle et al., 2010).
This surprising result is confirmed by the generally similar
results of Hashimoto et al. (2007). Figures 3 and 5 in
Schaefer and Fegley (2010) show a more complicated situation
for atmospheres generated by impact degassing of ordinary
(H, L, LL) and enstatite (EH, EL) chondritic material. Either
CO or CH4 are the major C-bearing gases and either H2 or CH4

are the major H-bearing gases as P and T varies. Dinitrogen
almost always is the major N-bearing gas because NH3 is stable
only in a small P–T range at low temperatures for degassing of
H chondritic material. Holloway (1988) computed chemical
equilibrium abundances for degassing of unequilibrated ordi-
nary chondritic material and obtained very similar results at
50 bars pressure and 400–1200 "C temperature.

6.3.8 Outgassing on the Early Earth

We now consider the speciation of carbon and nitrogen in
volcanic gases on the early Earth. A good starting point is the
chemistry of modern day volcanic gases (Symonds et al.,
1994). Although their chemistry is spatially and temporally
variable, some generalizations are possible. The three major
gases and their mean concentration in 136 volcanic gas

Table 5 Major gas compositions of impact-generated atmospheres from chondritic planetesimals at 1500 K and 100 bars

Gas (vol. %) CI CM CV H L LL EH EL

H2 4.36 2.72 0.24 48.49 42.99 42.97 43.83 14.87
H2O 69.47 73.38 17.72 18.61 17.43 23.59 16.82 5.71
CH4 2#10$7 2#10$8 8#10$11 0.74 0.66 0.39 0.71 0.17
CO2 19.39 18.66 70.54 3.98 5.08 5.51 4.66 9.91
CO 3.15 1.79 2.45 26.87 32.51 26.06 31.47 67.00
N2 0.82 0.57 0.01 0.37 0.33 0.29 1.31 1.85
NH3 5#10$6 2#10$6 8#10$9 0.01 0.01 9#10$5 0.02 5#10$5

H2S 2.47 2.32 0.56 0.59 0.61 0.74 0.53 0.18
SO2 0.08 0.35 7.41 1#10$8 1#10$8 3#10$8 1#10$8 1#10$8

Othera 0.25 0.17 1.02 0.33 0.35 0.41 0.64 0.29
Total 99.99 99.96 99.95 99.99 99.97 99.96 99.99 99.98

a‘Other’ includes gases of the rock-forming elements Cl, F, K, Na, P, and S.
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Chemical	Kine2cs	1.	
•  H2,	CO,	CO2,	H2O	are	the	four	major	gases	in	the	1500	
K,	100	bar	models	

•  Water	gas	reac2on	important	for	these	
•  H2	+	CO2	=	CO	+	H2O	
•  Compute	chemical	life2me	tchem	defined	as	
•  tchem	=	[i]/d[i]/dt	where	[i]	=	number	density	for	
plausible	elementary	reac2ons	

•  Elementary	reac2ons	are	the	reac2ons	that	actually	
take	place	in	the	reac2on	mechanism	

•  First,	consider	CO	conversion	to	CO2		
•  This	can	occur	via	the	reac2on	
	



Chemical	Kine2cs	2.	

•  (1)	OH	+	CO	→	CO2	+	H	
•  Log	k1	=	3.94	×	10-4T	–	12.95		cm3s-1	
•  tchem(CO)	=	(k1[OH])-1	
•  [OH]	from	the	chemical	equilibrium	
calcula2ons	

•  tchem	~	0.03	–	0.4	seconds	



Chemical	Kine2cs	-	3	

•  Same	procedure	for	another	plausible	
elementary	reac2on	

•  (2)	H	+	H2O	→	H2	+	OH	
•  k2	=	6.82	×	10-12(T/298)1.6exp(-9720/T)	cm3s-1	

•  tchem(H2O)	=	(k2[H])-1	

•  [H]	from	the	chemical	equilibrium	calcula2ons	
•  tchem~	0.01	–	0.17	seconds	



Chemical	Kine2cs	-	4	

•  Temperature	Dependence	for	CO	à	CO2	

The rate constant for reaction (12) is from Curran (2006). Thus,
the chemical lifetime for CO reduction to CH4 is either

tchemðCOÞ ¼ ½CO%
k10½H2%½H2CO%

s ð14Þ

tchemðCOÞ ¼
½CO%

k12½H%½H2CO% s ð15Þ

Likewise, the chemical lifetime for CO2 reduction to CH4 is
either

tchemðCO2Þ ¼
½CO2%

k10½H2%½H2CO%
s ð16Þ

tchemðCO2Þ ¼
½CO2%

k12½H%½H2CO%
s ð17Þ

The two different rate determining steps give somewhat differ-
ent chemical lifetimes for reduction of CO and CO2 to CH4. If reac-
tion (10) is the rate determining step, formation of CH4 should stop
at high temperatures of &1820 K or 1380 K for CI (and CM) or H
(and EH, EL) chondritic material, respectively. Also, CH4 formation
takes significantly longer than the radiative cooling time in impact
generated atmospheres from CV chondritic material. Fig. 1 shows
that the 1820 K quench temperature is much higher than the tem-
perature range of 500–600 K where CH4 becomes important in
atmospheres formed from outgassing CI and CM chondritic mate-
rial. However, the CH4–CO equal abundance point is at 1250 K,
which is only slightly less than the 1380 K quench temperature
for atmospheres formed from H, EH, and EL chondritic material
(e.g., see Figs. 1 and 3). On the other hand, if reaction (12) is the
rate determining step, our results show that CH4 formation
quenches at &1050 K for CI (and CM) and &950 K for H, EH, and
EL chondritic materials. It is unclear whether reaction (10) or
(12) is the rate determining step and arguments have been made
both ways (cf. Visscher and Fegley, 2005).

Although gas phase reactions may become quenched at lower
temperatures, experimental data and observations of terrestrial

volcanic gases suggest equilibrium is reached down to lower tem-
peratures where CH4 becomes dominant. For example, analyses of
volcanic gases show that chemical equilibrium is maintained to
temperatures as low as &700 K (e.g. Gerlach, 1993; Symonds
et al., 1994). Reaction (9) has been studied experimentally down
to &520 K (e.g., Randall and Gerard, 1928) and equilibrium was
reached with aid of a metal catalyst. Theoretical models of iron
meteorite (Sekine et al., 2003) and cometary (Kress and McKay,
2004) impacts suggest that CH4 formation from H2 and CO contin-
ues down to low temperatures due to catalysis by solid grains.
Thus we conclude that reactions (8) and (9) may also equilibrate
down to low temperatures, possibly in the gas phase if reaction
(12) is rate limiting, and probably with catalysis by solid grains.

Large impacts may also create favorable conditions in which
equilibrium can be achieved. Laboratory studies have shown that
shocked serpentine re-equilibrates with the gas phase orders of
magnitude more quickly than unshocked serpentine, which sug-
gests that surface–atmosphere equilibrium during accretion was
likely rapid (Tyburczy and Ahrens, 1987, 1988).

We also considered kinetic inhibition of condensate formation
at low temperatures. For example, graphite, magnesite, and dolo-
mite form at chemical equilibrium at low temperatures and be-
come the major C-bearing phases (see Figs. 2 and 3). What
happens if these solids do not precipitate out of the gas? Carbon
dioxide remains the major C-bearing gas in the atmospheres
formed from CI and CM chondritic material and CH4 is the second
most abundant carbon gas. Carbon chemistry in atmospheres pro-
duced from CV and EH chondritic material is significantly different
if graphite does not form. Coronene (C24H12), which is a polyaro-
matic hydrocarbon with seven benzene rings, becomes the major
C-bearing gas and CH4 is the second most abundant carbon gas.
Methane is the major carbon gas at low temperatures if graphite
does not condense from atmospheres produced from EL chondritic
material. Likewise, water vapor and liquid water are the major H-
bearing species in the absence of hydrous silicate formation.

4.4. Magma ocean models

The presence of a magma ocean at the planet’s surface has
implications for atmospheric chemistry, primarily for steam. Water
vapor is very soluble in magma, much more so than the other vol-
atiles in the outgassed atmospheres. The presence of a magma
ocean would reduce the amount of steam, and likely CO2, present
in the atmosphere. The atmospheres produced from carbonaceous
chondritic material, which produce significantly more steam than
the other types of chondritic material, would be affected the most
by the presence of a magma ocean. Moore et al. (1998) modeled
the solubility of H2O in magmas up to 3 kilobars. Using their mod-
el, we estimate that at 1200 K and 1 kilobar, the amount of H2O
dissolved in the magma ocean is &2% for H and EH chondritic
atmospheres, up to &10% for CI chondritic atmospheres. Mass bal-
ance calculations assuming a 10 km deep global magma ocean
show that dissolution of water in the magma ocean would change
the atmospheric abundance of water vapor very little for the atmo-
spheres from H and EH chondritic material, but may reduce the
water vapor abundance by almost 50% in an atmosphere from CI
chondritic material.

Our models predict that an impact generated atmosphere may
be significantly different than the pure steam or H2O–CO2 atmo-
spheres used in models involving magma oceans sustained
through greenhouse warming (e.g., Abe and Matsui, 1985; Abe,
1997; Matsui and Abe, 1986). Steam atmospheres produced from
carbonaceous chondritic material contain significant amounts of
CO2, CO, and H2. Smaller amounts of H2S and SO2 are also pre-
dicted. Carbon monoxide, H2S, and SO2 have IR bands of varying
strength but H2 does not. The atmospheres produced from H, L,
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Fig. 7. The chemical lifetime for CO conversion to CO2 in impact generated
atmospheres from H, CV, and CI chondritic material. The curves for EH and EL or CM
chondritic material are very similar to the curves for H or CI chondritic material,
respectively.
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Abstract

The Earth and other rocky planets and planetesimals in the solar system formed through the mixing of materials from
various radial locations in the solar nebula. This primordial material likely had a range of oxidation states as well as
bulk compositions and volatile abundances. We investigate the oxygen fugacity produced by the outgassing of
mixtures of solid meteoritic material, which approximate the primitive nebular materials. We find that the gas
composition and oxygen fugacity of binary and ternary mixtures of meteoritic materials vary depending on the
proportion of reduced versus oxidized material, and also find that mixtures using differentiated materials do not show
the same oxygen fugacity trends as those using similarly reduced but undifferentiated materials. We also find that
simply mixing the gases produced by individual meteoritic materials together does not correctly reproduce the gas
composition or oxygen fugacity of the binary and ternary mixtures. We provide tabulated fits for the oxygen
fugacities of all of the individual materials and binary mixtures that we investigate. These values may be useful in
planetary formation models, models of volatile transport on planetesimals or meteorite parent bodies, or models of
trace element partitioning during metal-silicate fractionation.

Key words: meteorites, meteors, meteoroids – planets and satellites: atmospheres –
planets and satellites: terrestrial planets

1. Introduction

Rocky planets can acquire atmospheres through a variety of
processes, including capture of nebular gas (e.g., Sasaki 1990),
devolatilization of impactors during accretion (e.g., Schaefer &
Fegley 2010; Kuwahara & Sugita 2015), and volcanic outgassing
(e.g., Abe 2011; Carlson et al. 2014; Fegley & Schaefer 2014).
These atmospheres can be strongly modified by other processes
such as hydrodynamic escape (e.g., Lammer et al. 2014; Ormel
et al. 2015), impact erosion (e.g., Liu et al. 2015; Schlichting et al.
2015), photochemistry (Hu et al. 2012), geochemical cycles
(Abbot et al. 2012), and biogenic reactions (Kasting &
Siefert 2002), among others. In order to determine the degree to
which each of these processes has influenced the evolution of these
atmospheres, it is important to determine relevant initial conditions
from which models can begin. Discovery of new, unexpected
types of rocky extrasolar planets also emphasizes the need to
determine the possible range of atmospheric initial compositions in
order to help distinguish the action of abiotic processes from
biogenic ones if we ever hope to identify a true biosignature.

Accretion models for the Earth and other terrestrial planets
predict that they formed from materials derived from a range of
radial distances in the inner solar nebula. Mixing models using
meteoritic materials as solar nebula proxies have been
extensively used to determine the bulk composition of the
Earth and the origin of the Earth’s volatiles, and have also been
applied to other solar system bodies like Mars and Vesta. In
these models, more reducing meteoritic materials are assumed
to form closer to the Sun, whereas more oxidizing materials
like carbonaceous chondrites are thought to form at larger
radial distances. For instance, Lodders & Fegley (1997a)
modeled the bulk composition of Mars by looking at three
component meteorite mixtures that reproduce the oxygen
isotopic signature of the shergottite-nahklite-chassignite
(SNC) meteorites. They found the bulk composition in terms
of FeO in silicate, metal, and sulfide through simple redox

reactions. Similar models have been done for the howardite–
eucrite–diogenite (HED) parent body (e.g., Moynier & Fegley
2015), Earth (e.g., Burbine & O’Brien 2004; Javoy et al. 2010),
and various individual meteorites and meteoritic components
(e.g., Boesenberg 2003; Zanda et al. 2006). Evidence from
short-lived radioisotope chronometers as well as dynamical
models of planet formation indicate that igneous differentiation
on planetesimals and embryos may have been complete before
the terrestrial planets were assembled. Therefore, some
component of the Earth’s building blocks may have already
been differentiated before they were accreted.
Atmospheric formation was likely a continuous process during

accretion, with both outgassing of the growing planets’ interior as
well as impact degassing of accreting planetesimals contributing
to the growing atmosphere. Elkins-Tanton & Seager (2008)
determined the ranges of atmospheric mass for large terrestrial
planets by looking at meteoritic volatile compositions, bulk iron
content, and simple redox reactions, which were assumed to go to
completion (e.g., water + Fe metal=FeO). They looked at single
meteorite compositions and did not consider complex chemical
interactions among the components in determining the atmospheric
compositions. In our previous work, we determined the chemical
compositions of outgassed atmospheres by assuming equilibrium
between gas and solid phases and using average compositions for
different meteoritic classes (e.g., carbonaceous, ordinary and
enstatite chondrites) (Schaefer & Fegley 2007, 2010). Calculations
by Hashimoto et al. (2007) for outgassed atmospheres from CI
chondrites give similar results.
In this paper, we continue to explore the range of

atmospheric compositions that can be derived from the
primitive materials of the solar nebula. In particular, we
explore the oxygen fugacities of different meteoritic materials
and their mixtures. We include a range of reduced and oxidized
chondritic materials as well as achondritic material, represen-
tative of volatile-depleted differentiated planetesimals. Our
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The data for these fugacity buffers are taken from the
IVTANTHERMO database for consistency, but is very similar
to the thermodynamic data from other sources (e.g., Robie &
Hemingway 1995; Holland & Powell 2011). In the following
sections, we first discuss the fO2

of the individual meteoritic
material, then their binary and ternary mixtures. We will
discuss results for all possible binary mixtures of the five
meteoritic components, although we will focus primarily on the
mixtures involving CI chondritic material. We consider ternary
mixtures of the two carbonaceous chondritic components with
the reducing components.

3.1. Oxygen Fugacities of Individual
Meteoritic Material Components

Traditionally, the relative oxidation state of meteoritic types is
determined by the distribution of Fe among its three common
oxidation states: metal (0), Fe2+-bearing oxides and silicates
(e.g., Fe SiO2 4 in olivine and FeSiO3 in pyroxene), and
Fe3+-bearing oxides and silicates (e.g., magnetite, hematite,
laihunite; Rubin et al. 1988; Krot et al. 2014). This can be
described by a Urey–Craig diagram, which plots the abundance of
Fe in metal and sulfides versus the abundance of Fe in silicates and
oxides (all normalized to Si). By this ranking, the oxidation state
decreases from CI>CV>H>EH (Rubin et al. 1988).

Figure 2 shows the oxygen fugacities of the meteoritic
materials in Table 1 as a function of temperature in comparison
to solid state buffers. The regression coefficients for the
polynomial fits are given in Table 2. Our calculations agree
with the ranking of oxidation states for chondritic meteorites on
the basis of Fe oxidation state discussed above. We find that the
eucritic material, which is not included in the above ranking,
has the same fO2

as the enstatite chondritic material.
Opaque mineral assemblages found in chondrules, CAIs, and

matrix in CV chondrites provide a record of the temperature
and fO2

of the parent body during post-accretionary alteration.
These mineral assemblages include Ni-rich metal and Ni-poor
magnetite. The Ni-poor magnetite is thought to have formed by
oxidation of the metal phase during aqueous alteration of the
parent body (Choi et al. 1997). The fO2

of these conditions was
constrained by McMahon et al. (1980) and Blum et al. (1989)
to a region between the pure iron−magnetite buffer and a
buffer defined by Ni Fe3 metal and magnetite. We found that the
nominal Allende standard reference model (Jarosewich et al.
1987) did not match this buffer, so we varied the Fe and O
abundances until we calculated a matching fO2

and found both
Ni-rich metal and magnetite to be stable. Note that to do this,
we used ideal solid solutions for a mixture of Fe and Ni, which
we use in all of our calculations. Our final Fe abundance of
23.54 wt% agrees well with the mean value of 23.55±0.16
wt% given in Jarosewich et al. (1987). No recommended total
oxygen abundance is given, but we calculate a mean value

from all of the given analyses of 37.10 with a standard
deviation of 1.24 wt%. Our final oxygen abundance of 37.07
wt% matches the average value very well. Including additional
ideal solid solutions for the silicate phases reduces the fO2

of
the CV chondrite by 0.5–0.7 log units between 1000 and
1500 K.
As we showed in Schaefer & Fegley (2007), our calculations

of the fO2
for ordinary chondritic material are in very good

agreement with the intrinsic oxygen fugacity measurements of
Brett & Sato (1984). In contrast, McSween & Labotka (1993)
looked at variations in the Fe abundance in different minerals
as a function of petrographic type in ordinary chondrites and
found evidence for systematic oxidation at higher petrographic
types. They speculated that a reaction such as the ferrosilite
−iron−fayalite (FIF) buffer,

Fe
1
2

O g FeSiO Fe SiO , 62 3 2 4+ + =( ) ( )

was responsible for the progressive oxidation of Fe. They
calculated the fO2

for these minerals to be 2 log units below the
intrinsic oxygen fugacity measurements of Brett & Sato (1984) at
1000K. The trends have slightly different slopes, so they are
less discrepant when extrapolated to the higher temperatures
measured by Brett & Sato (1984). In contrast, ours agree very
well with the measurements, and in fact our calculated fO2

corresponds very closely to the FIF buffer. Including olivine

Figure 2. Oxygen fugacity of individual meteoritic components as a function
of temperature compared with standard buffers. QFM=quartz−fayalite
−magnetite, WM=wüstite−magnetite, IW=iron−wüstite, QFI=quartz
−fayalite−iron. Meteoritic material compositions are given in Table 1 and the
regressions for fO2 of the meteoritic materials are given in Table 2.
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6.3.1 Introduction and Overview

In this chapter, we describe the chemistry of Earth’s early
atmosphere during and shortly after its formation where
there is little, if any, geological record. Nevertheless, current
thinking about the silicate vapor, steam, and gaseous stages of
atmospheric evolution on the early Earth is potentially testable
by spectroscopic observations of transiting rocky exoplanets.
This assertion is supported by the rapid growth of extrasolar
planetary astronomy, from the discovery of one extrasolar
planet in 1995 to 838 as of the time of writing (September
2012). Over 285 transiting extrasolar planets have been dis-
covered, and spectroscopic observations have been made for
eight of them, which tentatively show one or more of the
following gases in their atmospheres – H, Na, K, CO, CO2,
CH4, H2, H2O, TiO, and VO (see the catalog on exoplanet.eu).
Several groups are actively modeling the chemical composition
(e.g., Schaefer et al., 2012) and expected spectral signatures
(e.g., Marley et al., 2011) of transiting rocky exoplanets be-
cause the rapidly expanding spectroscopic capabilities will
allow observational tests in the next few years. Thus, ideas
about Earth’s early atmosphere, which cannot be constrained
by biological or geological evidence, may be indirectly con-
strained in the near future by astronomical observations. This
point is taken up at the end of the chapter.

The nature of Earth’s early atmosphere is of particular in-
terest because it is the environment in which life originated
sometime between !4.5 and !3.85 Ga ago (Bada, 2004). The
182Hf–182W and 146Sm–142Nd chronometers (e.g., Boyet and
Carlson, 2005; Moynier et al., 2010; Yin et al., 2002) show that
Earth’s core formed !30 million years, and the crust formed
!38–75million years, respectively, after formation of the solar
system 4568 Ma ago (Bouvier and Wadhwa, 2010). In other
words, Earth formed !4.54 to 4.49 Ga ago. Norman et al.
(2003) derive a crystallization age of 4456 Ma ago for the
earliest lunar crust, that is, 112 million years after formation
of the solar system. The lunar crust must have formed after the
Moon itself formed (by impact of a Mars-sized body with the
early Earth). The oldest samples of continental crust are detrital
zircons from Jack Hills, Australia, dating back to !4404 Ma

ago (Harrison et al., 2005; Wilde et al., 2001). The metavolca-
nic and metasedimentary rocks from the Nuvvuagittuq (Por-
poise Cove) greenstone belt near Hudson Bay in northern
Quebec have a 146Sm–142Nd isochron age of !4280 Ma
(O’Neil et al., 2009), which probably indicates that these
rocks were derived frommaterial extracted from Earth’s mantle
at that time (Arndt and Nisbet, 2012; O’Neil et al., 2009; Sleep,
2010). The oldest dated rock is the Acasta Gneiss in the North-
west Territories of Canada with an age of 4031 Ma (Bowring
and Williams, 1999).

Mojzsis et al. (2001) report oxygen isotopic evidence (from
the Jack Hills zircons) for liquid water on Earth’s surface
!4300 Ma ago. Another oxygen isotopic study of Jack Hills
zircons by Cavosie et al. (2005) suggests that liquid water
existed on Earth’s surface by !4200 Ma ago and possibly as
early as 4325 Ma ago. This work and other evidence led Arndt
and Nisbet (2012) to conclude the Hadean Earth was more
clement than previously believed.

Nonunique carbon isotopic signatures possibly indicate
photoautotrophic carbon fixation in the Akilia Island banded
iron formation (!3850 million years old) in Greenland (Eiler
et al., 1997; Mojzsis et al., 1996). Taking these results at face
value, it is concluded that Earth formed, differentiated, was
struck by a giant impactor to form the Moon, and had cooled
sufficiently to form continental crust within 164 million years
of the formation of the solar system. Whether or not the
formation of Earth and/or its differentiation was contem-
poraneous with lunar formation is unclear. Within another
!100–200 Ma, liquid water was present on Earth’s surface.
Finally, sometime in the next !554 million years after conti-
nental crust formation, primitive life forms originated and
evolved to the point where photoautotrophic activity had
imprinted its carbon isotopic signature on the early Earth.
The carbon isotopic signatures of photoautotrophic carbon
fixation are controversial, but the available evidence indicates
the development of life on Earth by !3.8 Ga ago (e.g., see
Arndt and Nisbet, 2012; Sleep et al., 2012).

As mentioned earlier, this chapter deals with the chemistry
of the early terrestrial atmosphere during and shortly after
formation of Earth, that is, within the period between 4540
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Implica2ons	for	Atmospheric	
Chemistry	

•  Lower	fO2	leads	to	volcanic	outgassing	of	
reduced	gases	such	as	H2,	CH4,	and	NH3	

•  (1)	Calcula2ons	at	fixed	fO2	of	Fe-FeO	buffer	
with	BSE	abundances	for	vola2les	–	show	this	
example	next	

•  (2)Calcula2ons	using	Fe3+-free	BSE:	MgO,	SiO2,	
FeO,	CaO,	Al2O3,	Na2O,	K2O,	TiO2,	Cr2O3,	MnO,	
NiO,	etc.	but	without	the	few	%	Fe3+	in	upper	
mantle	–	produces	graphite	at	low	T	
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Outgassing	of	Chondri2c	Material	

•  Ordinary	&	ensta2te	chondri2c	material	
produces	CH4-bearing	&	CH4-rich	atmospheres	

•  CI	and	CM	carbonaceous	chondri2c	material	
produces	CO2-bearing	&	CO2-rich	atmospheres	



Steam	Atmosphere	

•  Impact-induced	outgassing	of	H2O	and	other	
vola2les	(e.g.,	Arrhenius	et	al	1974,	Lange	&	
Ahrens	1982,	Abe	&	Matsui	1985,	1987)	

•  Interes2ng	aspect	is	solubility	of	SiO2	and	
other	rock-forming	oxides	in	steam	

•  Two	examples	on	next	slides	
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Silicate	vapor	atmosphere	

•  High	temperatures	during	Earth’s	accre2on	
can	lead	to	silicate	vapor	atmosphere	

•  Dry	molten	silicate	vapor	atmosphere	(BSE	
composi2on)	in	next	slide	

•  Applied	to	hot	rocky	exoplanets	such	as	
CoRoT-7b,	Kepler-10b	



The silicate vapor is orders of magnitude more oxidizing (i.e.,
has a larger oxygen fugacity fO2) than H2-rich solar composi-
tion gas.

All other species are less abundant than Na, SiO, O2 and O
in the silicate vapor. For example, at 6000 K, the next two most
abundant gases are MgO (!8%) and SiO2 (!6%). Potassium
is also volatile but monatomic K and other K-bearing gases are
trace species in the vapor because of (1) the low K abundance

in the BSE (Na/K atomic ratio !17 from Table 4) and (2) the
preferential partitioning of Na relative to K into the vapor, for
example, Na/K atomic ratio !6300 at 2000 K in Figure 4 (also
see the discussion in Schaefer and Fegley, 2004). Although Mg
is about as abundant as Si in the BSE, the two major Mg-
bearing gases (Mg and MgO) are much less abundant than
SiO (the major Si-bearing gas) because MgO has a much
lower vapor pressure than does silica; for example, at 2020 K,
the saturated vapor pressures of silica and MgO are 2.4"10#5

and 1.2"10#7 bar (Farber and Srivastava, 1976a), respec-
tively. Conversely, FeO is more volatile than MgO, and the
Fe/Mg and FeO/MgO ratios in the vapor are greater than
unity below !2600 K. The opposite is true at higher tempera-
tures. Alumina, CaO, and TiO2 have much lower vapor pres-
sures than the other oxides and their gases are generally much
less abundant than those of the other oxides.

Knudsen effusion mass spectroscopy (KEMS) studies of
solid and molten oxide vaporization are important for under-
standing the composition of Earth’s silicate vapor atmosphere.
The abundances of O and O2 are coupled to each other via the
equilibrium

2O gð Þ ¼ O2 gð Þ [14]

Lower temperatures and higher pressures favor O2 while higher
temperatures and lower pressures favor monatomic O. Silicon
monoxide SiO, O2, and O are themajor species in the saturated
vapor over solid and molten silica (e.g., see Firsova and
Nesmeyanov, 1960; Kazenas et al., 1985; Nagai et al., 1973;
Shornikov et al., 1998; Zmbov et al., 1973). The abundances
of SiO, SiO2, which is less abundant, and Si, which is much
less abundant, are coupled to one another via the equilibria

SiO gð Þ þO gð Þ ¼ SiO2 gð Þ [15]

SiOðgÞ ¼ SiðgÞ þOðgÞ [16]

Monatomic Mg and O2 are the major species over solid
MgO, and MgO gas is much less abundant (e.g., see Farber
and Srivastava, 1976a; Kazenas et al., 1983; Porter et al., 1955).
Monatomic Ca and O2 are the major species over solid CaO,
and CaO (g) is much less abundant (Farber and Srivastava,
1976b; Samoilova and Kazenas, 1995). Alumina vaporization
is more complex and occurs via a combination of dissociation
to the elements and the production of various Al oxides (e.g.,
Chervonnyi et al., 1977; Drowart et al., 1960; Farber et al.,
1972; Ho and Burns, 1980). Saturated alumina vapor contains
Al, O, O2, AlO, Al2O, Al2O2, and AlO2. The O (g) partial
pressure in the BSE saturated vapor is sufficiently high for
AlO to be the major Al-bearing gas due to the equilibrium

AlðgÞ þOðgÞ ¼ AlOðgÞ [17]

Gas phase equilibria in the silicate vapor atmosphere are
rapid because of the high temperatures and pressures. This
leads to chemical and isotopic equilibrium, for example, oxy-
gen isotopic equilibrium within very short times. The elemen-
tary reactions below convert monatomic and monoxide gases
of several of the major metals in the silicate vapor

SiþO2 ! SiOþO [18]

k ¼ 1:72" 10#10 T

300

! "#0:53

exp
#17

T

! "
cm3 s#1 [19]
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Figure 4 Temperature-dependent chemical equilibrium composition of
the saturated vapor in equilibrium with bulk silicate Earth magma.
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Comparison	to	other	results	

•  Canup	et	al	2015	Nat	GeoSci	8,	918-921	
•  Higher	Temperatures	than	our	results	
•  Wang	&	Jacobsen	2016	Nature	538,	487-490	
•  Preliminary	results	suggest	we	are	consistent	



BSE	&	BSM	Element	Ra2os	
RaMo	 Bulk	Silicate	Earth*	 Bulk	Silicate	Moon*	

K/U	 32,100	 2,050	

Rb/Sr	 0.0275	 0.007	

Hf/W	 25.1	 21.4	

Th/U	 3.71	 3.50	

*BSE	-	Palme	&	O’Neill	2014;	BSM	–	Warren	2005,	O’Neill	2001	



Rela2ve	size	of	ΔG°	Contribu2ons	

•  ΔG°	for	condensa2on	>	ΔG°	from	ac2vity	coefficient	
•  Use	La2O3	as	an	example	
•  2	LaO	(gas)	+	½	O2	(gas)	=	La2O3	(melt)	
•  ΔG°	(2600	K)		–	1,330	kJ/mol		
•  ΔG°	from	ac2vity	coefficient	γ	=	–	RTlnγ	
•  FACTSAGE	γ	values	(2600	K)	for	other	M2O3	in	BSE	melt	
are	~	10-6	to	10-1	

•  RTlnγ	terms	are	300	–	50	kJ/mol	
•  Measured	γ	values	for	R2O3	in	solid	solu2ons	with	ZrO2	
in	2600	–	2800	K	range	are	~	10-2	
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Exoplanet	Observa2ons	
•  Impossible	to	go	back	in	2me	on	Earth	
•  Eventually	possible	to	observe	atmospheres	of	
rocky	exoplanets	that	are	in	different	
evolu2onary	stages	comparable	to	those	
postulated	for	the	early	Earth	

•  ExoPlanetary	Time	Machine	to	the	Early	Earth		
•  “Thus,	ideas	about	Earth’s	early	atmosphere,	
which	cannot	be	constrained	by	biological	or	
geological	evidence,	may	be	indirectly	con-	
strained	in	the	near	future	by	astronomical	
observa2ons.”	Fegley	&	Schaefer	2014	TOG		



Important	Results	

•  Reducing	atmospheres	from	most	kinds	of	
chondri2c	material,	e.g.,	CV,	H,	L,	LL,	EH,	EL	
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analyses for convergent plate, divergent plate, and hot spot
volcanoes (Symonds et al., 1994) are H2O (80.4%), CO2

(9.8%), and SO2 (7.4%). Significant minor gases are H2, CO,
and H2S, and common trace gases are OCS, S2, HCl, and HF.

Present day volcanic gases are oxidized enough and hot
enough to emit neither CH4 nor NH3 (e.g., see analyses on
pp. 14–18 of Symonds et al., 1994). When they do occur in
modern day volcanic gases, CH4 and NH3 are probably due to
deep hydrothermal or sedimentary gases that mix with the
magmatic gas without equilibrating with it (see pp. 9–10 of
Symonds et al., 1994).

Volcanic outgassing of CH4 on the early Earth can be con-
strained via the reaction

CH4 þ 2O2 ¼ 2H2O ðsteamÞ þ CO2 [33]

This involves the implicit assumption that the major vola-
tiles are the same as today, which is supported by Delano
(2001) who showed that the mantle oxidation state has been
approximately constant (% 0.5 log unit fO2) over the past
3600 Ma. Using thermodynamic data from Table 10.11 of Feg-
ley (2013), the standard Gibbs energy change (DGo J mol&1) of
this reaction from 298 to 2500 K is

DG' ¼ &798, 305þ 7:4444T log T & 24:6166T [34]

The corresponding equilibrium constant is given by

KP ¼ exp &DGo

RT

! "
¼

PCO2P
2
H2O

PCH4P
2
O2

[35]

Rearranging this expression, we see that at any given tem-
perature, the oxygen partial pressure (fugacity) corresponding
to equal partial pressures of CH4 and CO2 is given by the
equation

fO2 ¼
XCO2

XCH4

! "
X2
H2O

P2
T

KP

# $1=2
¼

X2
H2O

P2
T

KP

# $1=2
[36]

The Xi terms are mole fractions, PT is the total pressure of
the volcanic gas, and KP is the equilibrium constant. Making
the approximation that the H2Omole fraction is unity and that
the total pressure is one bar, we get a simple expression for the
oxygen fugacity at which CH4 and CO2 are equally important
in a volcanic gas

fO2 ¼
1

KP

# $1=2
[37]

At 1400 K, a typical vent temperature at Kilauea, the oxygen
fugacity is 10&14.92 bars for CH4 and CO2 to be equivalent. This
is (10 times lower than the fO2 for the quartz–fayalite–
iron (QFI) buffer, or the fO2 for ordinary chondritic material
at the same temperature (e.g., see Figure 8 in Schaefer and
Fegley, 2007). Equation [36] shows that the estimated fO2 is
proportional to the H2O mole fraction and the total pressure.
Exact values of the steam content and total pressure of primor-
dial volcanic gases are not known, but they are not essential to
conclude that volcanic outgassing of CH4 was probably insig-
nificant on the early Earth. A similar constraint can be applied
to NH3 and it shows that volcanic outgassing of NH3 was also
insignificant. These conclusions are in accord with previous

results (e.g., Abelson, 1966; Delano, 2001; Holland, 1962;
Rubey, 1955).

However, CH4 and NH3 can be produced by outgassing at
lower temperatures, even if the mantle redox state is the same
as now. Schaefer et al. (2012) calculated chemical equilibrium
abundances of gases outgassed by the bulk silicate Earth (BSE)
over a wide P, T range as part of modeling the chemical
composition of atmospheres expected on hot, rocky exopla-
nets. Figure 6 shows their results for the calculated oxygen
fugacity of the BSE as a function of temperature at a constant
total pressure of one bar. In general, the computed fO2 of the
heated BSE is about the same as the quartz–fayalite–magnetite
(QFM) buffer. At magmatic temperatures, the calculated fO2 of
the BSE is the same as the fO2 of modern day volcanic gases
(Symonds et al., 1994). At lower temperatures, the fO2 of the
BSE falls below that of QFM, and is(1 log unit lower at 550 K.
The calculated results are consistent with the redox state of
Earth’s mantle, which Frost and McCammon (2008) conclude
is within %2 log units of the QFM buffer.

Schaefer et al. (2012) found that CH4 becomes the domi-
nant C-bearing gas at low temperatures, for example, 600 K at
one bar total pressure. The exact temperature where the CH4/
CO2 ratio is unity increases slightly with increasing total pres-
sure and is (700 K at 100 bars total pressure. Ammonia has
qualitatively similar behavior, but at the same total pressure,
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Figure 6 Temperature-dependent oxygen fugacities for modern day
volcanic gases and the heated bulk silicate Earth (Schaefer et al., 2012)
are compared to oxygen fugacities of several common buffers denoted
by the following abbreviations: MH, magnetite–hematite; NNO, Ni–NiO;
QFM, quartz–fayalite–magnetite; WM, wüstite–magnetite; IM,
iron–magnetite; and IW, iron–wüstite.
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FIG. 8. Chemical equilibrium abundances in ionian volcanic gas as a func-
tion of oxygen fugacity at 1400K and one bar total pressure. TheO3 mixing ratio
is <10−10 and is not shown. The gas has a variable bulk O/S ratio that varies
from ∼2 to ∼0 as the oxygen fugacity decreases. The labeled arrows show the
fO2 values of different mineral buffers at this temperature.

FIG. 9. Chemical equilibrium abundances in ionian volcanic gas as a func-
tion of temperature at one bar total pressure and the fO2 of the QFM buffer. The
gas has a variable bulk O/S ratio that is controlled by the temperature-dependent
fO2 of the buffer. Species with mixing ratios <10−10 are not shown.

tend to lie within two log units above the NNO buffer and one
log unit below the QFM buffer (see Fig. 10). The calculated
fO2 of the outgassed volatiles and implied oxidation state of the
host magmas indicate that iron metal and elemental carbon are
absent from the magma source regions on Io. The results clearly
show that magmas and their volatiles did not originate from the
core–mantle boundary of the satellite. Evidently, at the present
time, Fe metal and FeS on Io are predominantly concentrated in
the large core discovered by Galileo (Anderson et al. 1996). The
lack or deficiency of C-bearing species in volcanic gases (see
Table I) indirectly indicates the depletion of Io’s current mantle
in elemental carbon, which could have been completely depleted
by past outgassing of CH4, CO, and CO2 (Consolmagno 1981).

Highly oxidized gases: Loki- and Prometheus-type volcanoes.
Our calculations show that SO2-rich volcanic gases have re-
dox conditions between the NNO and MH buffers. Figures 10
and 11 show that these conditions overlap those for terrestrial
igneous rocks (e.g., Carmichael 1991, Ballhaus 1993, Kasting
et al. 1993) and volcanic gases (e.g., Symonds et al. 1994), but
are more oxidizing than typical oxygen fugacities of lunar rocks
(Sato et al. 1973, Papike et al. 1991).
The highly oxidizing conditions at which hematite is stable

occur only for the thermal dissociation of pure SO2 below 1100–
1200K (Fig. 3b). These SO2-rich, low-temperature conditions
were suggested for Prometheus-type plumes by McEwen and
Soderblom (1983). Therefore, hematite could be stable in lava
and pyroclastics from these volcanoes. In addition, Fe3+-bearing

FIG. 10. The oxygen fugacities of terrestrial volcanic gases are plotted
as a function of vent temperature. Mineral buffer fO2 curves are shown for
comparison. The calculated fO2 values and vent temperatures for the volcanic
gases are from Symonds et al. (1994).



Origin	of	the	Moon	and	Origin	of	Life	

•  Accept	Ringwood’s	arguments	that	Moon	formed	
from	Bulk	Silicate	Earth	

•  Lunar	oxida2on	state	=	that	of	BSE	at	2me	of	
Moon-forming	impact	

•  Significantly	more	reduced	than	BSE	(~	IW	versus	
~	QFM)	

•  BSE	became	more	oxidized	at	some	later	2me	
•  Explicitly	postulate	this	was	AFTER	the	abio2c	
origin	of	life	via	Miller-Urey	type	reac2ons	in	a	
reduced	atmosphere	
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FIG. 11. Typical oxygen fugacity ranges for terrestrial (Carmichael 1991,
Ballhaus 1993) and lunar igneous rocks (Papike et al. 1991).

compounds such as hematite and ferric sulfate might be partially
responsible for the observed color of Io’s surface (Nash and
Fanale 1977). On the other hand, the Fe/Na ratio in the plasma
torus is <0.04 (Na et al. 1998), which could indicate that Fe
compounds are not major constituents of Io’s surface. Alterna-
tively, the low Fe/Na ratio in the torus could simply reflect the
higher volatility and lower ionization potential of Na.
The relatively high fO2 is plausibly due to alkali-richmagmas,

because thesemagmas are generally enriched in Fe3+ and sulfate
sulfur (e.g., Carmichael and Ghiorso 1986, Arculus and Delano
1987). Some Na-K-rich igneous rocks (granites, syenites, rhy-
olites, trachytes) contain hematite (Deer et al. 1963), while be-
ing depleted overall in Fe. Alkali melts might be responsible
for the sulfur supply to the crust due to the high solubility of
this element, mostly in the sulfate form (Nagasima and Katsura
1973, Papadopoulus 1973, Metrich and Clocchiatti 1996). On
Earth, El Chichon lavas with anhydrite (CaSO4) phenocrysts
have fO2 values 1.5–3.5 log units above NNO (Carmichael and
Ghiorso 1986). In contrast with lunar magmas (Sato et al. 1973),
a high fO2 in ionian magmas should support sodium volatiliza-
tion.High alkalinity for at least someof Io’smagmas is indirectly
supported by the presence of Na and K in Io’s extended torus
(Spencer and Schneider 1996). Keszthelyi and McEwen (1997)
suggested the presence of alkaline rocks on Io as a result of deep
magmatic differentiation. To conclude, we suggest that the oxi-
dized SO2-rich plumes are related to alkaline magmas and may
be responsible for the supply of volatile alkali elements to Io’s
surface, atmosphere, and plasma torus. Some of these magmas

could be ultramafic mantle melts, in agreement with the high
temperatures inferred for a number of hot spots.
Oxidizing conditions around the MH buffer are not reported

for terrestrial volcanic gases (Symonds et al. 1994) and are rarely
observed in terrestrial mantle magmas (Carmichael 1991). The
natural occurrence of titanium in hematite (i.e., Fe2O3−FeTiO3
solid solutions) lowers the fO2 for that buffer in comparisonwith
pure hematite (e.g.,Rumble 1976,Zolotov1994).We suggest the
MHbuffer as an upper limit for the redox state of ionian volcanic
gases and their respective magmas. Indeed, the (low) upper limit
for SO3 in the Loki plume (Pearl et al. 1979, Table I) and a tiny
amount of SO3 frost tentatively identified on the surface (Khanna
et al. 1995) do not indicate conditions more oxidizing than those
calculated for dominantly SO2 gases. In addition, there is no
reasonable buffer assemblage in silicatemagmaswhich provides
more oxidizing conditions than the MH buffer. The MH buffer
leads to a predicted upper limit for the SO3 mole fraction in
ionian volcanic gases of 3× 10−6 to 5× 10−4 at 1–100 bars and
1000–1400K. This is consistent with the Voyager upper limit
for the SO3 mole fraction. The assumed total pressure does not
significantly affect the predicted SO3 content. A titanohematite–
magnetite buffer would give lower SO3 abundances.

Pele-type plumes. These plumes are probably S-enriched in
comparison with Prometheus-type plumes (McEwen and
Soderblom 1983). At the same temperature and pressure, the
more S-rich plumes correspond to more reduced gases and mag-
mas. The proposed high temperature of Pele-type gases
(McEwen and Soderblom 1983) also leads to more reduced con-
ditions in comparison with mineral oxygen buffers. The fO2 val-
ues calculated for volcanic gases with intermediate O/S ratios
of ∼0.3–1.7 match the fO2 for terrestrial hot spot basalts (e.g.,
Kilauea, 0.5–1.5 log fO2 units belowNNO) andmid-ocean ridge
basalts (1–4 log fO2 units below NNO) (Christie et al. 1986,
Wood et al. 1990, Carmichael 1991). By analogy with the Earth
(Carmichael 1991), magmas of Pele-type volcanoes could be
produced by the partial melting of peridotites in Io’s mantle.
Pele-type explosions are correlated with topographic highs and
might be caused by the magma upwelling from a hot astheno-
sphere, which support the highlands (McEwen 1995).

Oxygen fugacity, sulfur solubility, and SO2–magma interac-
tion. The sulfur solubility in silicate magmas is dependent on
oxygen fugacity. Figure 12 (modified from Kress 1997) shows
that at the temperatures of mafic and intermediate magmas, sul-
fur has minimum solubility at about the NNO buffer (Katsura
and Nagasima 1974, Lewis 1982, Carroll and Webster 1994).
Under more oxidizing conditions than NNO, sulfur dissolves
in sulfate form; it stays in sulfide form at more reduced con-
ditions. An excess of sulfur under reduced conditions leads to
iron sulfide formation. Under oxidizing conditions, sulfate sul-
fur in the magmas is mostly associated with Ca and Na (Carroll
and Webster 1994), and sometimes anhydrite (CaSO4) forms.
Noseane (Na8Al6O24SO4) and hauyne ((Ca,Na)4–8Al6Si6·
O24(S, SO4)1–2) form in alkali-rich rocks, rather than sodium



easier to observe than O2, H2, or N2, for which relatively weak
visible lines (O2, H2) or collision-induced dipole absorption
(O2, H2, N2) is required to see these IR-inactive gases.

In Figures 7 and 8, the ratios are given so that positive values
indicate more reducing conditions. The lower boundary in both
figures is given by the CI chondritic material. The upper
boundaries are relatively similar because the H chondritic
material and the eucritic material have similarly low oxygen

fugacities. For both sets of binaries, the H2/H O2 ratio is
relatively insensitive to temperature above ∼700 K. This is true
to a slightly lesser degree for CO/CO2, which increases only
slightly with temperature due to thermal dissociation. The
reduced trace gases (NH3/N2, CH4/CO2) are more sensitive to
temperature and are strongly favored at low temperatures. The
ratios of H2/H O2 and CO/CO2 at low temperatures provide the
greatest chance to discriminate between the oxidation state of

Figure 6. Oxygen fugacity of a CI–CV–H (left) and CI–CV–eucrite (right) ternary at 1 bar and 1500 K. Oxygen fugacities are given relative to the iron−wüstite (IW)
buffer.

Figure 7. Ratios of the major gas abundances for the CI–H chondritic material binaries as a function of temperature. Reducing conditions produce more positive
values for all of the ratios, as indicated by the red arrow. Lines are increments of 10% in the binary mixture, as shown in the legends.
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