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Conclusions	I.	

•  Lunar	rocks	give	oxidaTon	state	of	early	Earth	at	Tme	
of	lunar	formaTon	–	more	reduced	than	present	Bulk	
Silicate	Earth	(BSE)	by	several	log	units	

•  Early	Earth	was	more	reduced	–	consistent	with	large	
amount	of	reduced	material	needed	to	make	the	Earth	
and	the	idenTcal	oxygen	isotopic	composiTon	of	highly	
reduced	enstaTte	meteorites		

•  Outgassed	volaTles	include	and/or	dominated	by	CH4,	
NH3,	H2	and	give	an	early	atmosphere	that	is	favorable	
for	organic	compound	formaTon	via	Miller-Urey	
reacTons	

	



Conclusions	II.	

•  Earth	oxidized	during	Late	Heavy	
Bombardment	(~	4.2	–	3.8	Gyr	ago)	when	
more	oxidized	material	like	ordinary	or	
carbonaceous	chondrites	delivered	to	Earth	

•  Reducing	early	Earth	concept	explains	low	fO2	
of	lunar	rocks	and	reducing	atmosphere	on	
early	Earth	that	is	favorable	for	Miller-Urey	
reacTons	(ulTmately)	leading	to	origin	of	life	



Outline	of	this	Talk	

•  Secondary	origin	of	Earth’s	atmosphere	
•  Sources	for	its	VolaTles	
•  Outgassing	of	chondriTc	material	
•  Outgassing	of	present	BSE	
•  Origin	of	Moon	and	Origin	of	Life	
•  Chemistry	of	its	early	gaseous	atmosphere	
•  Brief	discussion	of	the	earlier	silicate	vapor	
and	steam	atmospheres	



Secondary	origin	of	atmosphere	

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

•  Formed	by	outgassing	of	solid	&	molten	Earth	
material	during	&	acer	accreTon	

•  Supported	by	large	noble	gas	depleTons	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
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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	DepleTons	
Ra#o	 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	raTo	



reactive volatiles were incorporated into minerals in the solid
grains accreted by Earth during its formation, but the noble
gases were not.

The differences in the depletion factors of the chemically
reactive volatiles arise from their solar elemental abundances
and the stability of different minerals in the grains accreted by
Earth. For example, the solar elemental abundances of F, Cl,
and S are small enough for these three elements to be
completely incorporated into various minerals such as halite
(NaCl), apatite [Ca5(PO4)3(F,Cl,OH)], and troilite (FeS)
found in chondritic meteorites (see Table 2, which lists some
of the volatile-bearing phases in chondrites). This is relevant
because chondritic meteorites are relatively unaltered samples
of solid material from the solar nebula and their composition
is a guide to that of the solid grains accreted by Earth.

However, mass balance prevents complete incorporation of
H (as H2O), C, and N into minerals formed with Mg, Si, Fe,
and other rock-forming metals because the solar elemental
abundances of H, C, and N are much larger than those of the
rock-forming metals. For example, the C/Si atomic abundance
ratio is !7.0 in solar composition material but only 0.76 in CI
chondrites, the most volatile-rich meteorites. Likewise, the
N/Si atomic abundance ratio is !2.1 in solar composition
material but only 0.055 in CI chondrites. Finally, the H2O/Si
molar abundance ratio is !12.7 in solar composition material
but only 5.1 in CI chondrites.

A small fraction of H (as H2O), C, and N occurs in meteo-
rites as organic matter, for example, the insoluble organic
matter (IOM) in CI chondrites with a bulk composition of
C100H72N2O14S4 (Hayes, 1967), carbides, carbonates, diamonds,

Table 1 Volatile inventories and depletion factors on the Earth

Volatile Solar abundancea mg g"1 in BSEb Inventory (kg) Depletion factor Notesc

H (water) 1.27#107 1072 4.32#1021 6.2#10"4 Solar Awater¼AO"AMg"2ASi, adjusted for O in rock
BSE water calculated from 120 mg g"1 H in BSE

C 7.19#106 100 4.03#1020 1.5#10"4 C in BSE is 46–250 mg g"1, see Table 6.9 of LF98
N 2.12#106 2 8.06#1018 1.9#10"5 Atmosphere !50% of total N in BSE
F 804 25 1.01#1020 0.22 F in BSE is 19–28 mg g"1, see Table 6.9 of LF98
Ne 3.29#106 1.6#10"5 6.50#1013 7.6#10"11 Taking atmospheric Ne as the total inventory
S 4.21#105 124 5.00#1020 1.2#10"3 S in BSE is 13–1000 mg g"1, see Table 6.9 of LF98
Cl 5170 30 1.21#1020 2.2#10"2 Cl in BSE is 8–44 mg g"1, see Table 6.9 of LF98
36þ38Ar 9.27#104 6.0#10"6 2.40#1013 2.3#10"10 Taking atmospheric Ar as total inventory of 36þ38Ar
Kr 55.8 4.2#10"6 1.69#1013 1.2#10"7 Taking atmospheric Kr as the total inventory
Xe 5.46 5.0#10"7 2.03#1012 9.3#10"8 Taking atmospheric Xe as the total inventory

aSolar abundance per 106 Si atoms, Table 1.2 of Lodders and Fegley (2011).
bConcentrations in the bulk silicate Earth (BSE) for H, C, N, F, and Cl are from Palme and O’Neill (Chapter 3.1). Sulfur is from Table 4.4 of Lodders and Fegley (2011).
cThe range of published estimates for H, C, N, F, S, and Cl are in Table 6.9 of Lodders and Fegley (1998). The solar abundance of water is calculated from the oxygen abundance

adjusted for the amount of oxygen in rock (MgOþSiO2). Other values that are used in the calculations are the Si concentration in the BSE (21.22%), the mean molecular weight of

Earth’s atmosphere (28.97 g mol"1), total atmospheric mass (5.137#1018 kg), mass of the BSE (4.03#1024 kg), and the concentrations of Ne, Ar, Kr, and Xe in dry air (18.18 ppmv,

9340 ppmv, 1.14 ppmv, and 87 ppbv). The Ar abundance in air is corrected for 40Ar, which is 99.6% of terrestrial Ar. Calculations compare terrestrial and solar abundances of 36Ar

and 38Ar.

Table 2 Some volatile-bearing phases in chondrites and potential outgassed volatiles

Name Ideal chemical formula Chondritea Potential volatilesb

Apatite Ca5(PO4)3(F, Cl, Br, OH) Many HF, HCl, Cl2, HBr, Br2, H2O, H2, O2

Calcite CaCO3 C CO, CO2

Cohenite (Fe, Ni)3C Many CH4, CO, CO2

Dolomite CaMg(CO3)2 C CO, CO2

Graphite C C CH4, CO, CO2

Gypsum CaSO4&2H2O C, OC SO2, H2S, OCS, Sx
Halite NaCl C, OC HCl, Cl2
Insoluble organic matter C100H72N3O22S4.5 C, UOC CH4, CO, CO2, H2O, H2, N2, NH3, Sx, H2S, OCS, SO2

Nierite Si3N4 E N2, NH3

Osbornite TiN E, CH N2, NH3

Sinoite Si2N2O E N2, NH3

Serpentine (Mg, Fe)3Si2O5(OH)4 C H2O, H2, O2

Sodalite Na4Al3Si3O12Cl C HCl, Cl2
Talc (Mg, Fe)3Si4O10(OH)2 C H2O, H2, O2

Troilite FeS Many Sx, H2S, OCS, SO2

aThe abbreviations denote the following types of chondrites: C, carbonaceous chondrites; CH, CH chondrites; E, enstatite (EH, EL) chondrites; OC, ordinary (H, L, LL) chondrites; UOC,

unequilibrated ordinary chondrites, or many for phases found in many types of chondrites.
bThe nature of the potential outgassed volatiles depends on several factors including the temperature, pressure, and oxygen fugacity during outgassing. Elemental fluorine does not

form because it is too reactive. Hydrogen and oxygen are generated via equilibria of water vapor with Fe-bearing phases such as metal, magnetite, and FeO-bearing silicates.
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Sources	of	VolaTles	

•  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-
chondriTc	like	material	

•  ChondriTc	material	good	source	of	volaTles,	
achondriTc	material	poor	in	volaTles	
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reactive volatiles were incorporated into minerals in the solid
grains accreted by Earth during its formation, but the noble
gases were not.

The differences in the depletion factors of the chemically
reactive volatiles arise from their solar elemental abundances
and the stability of different minerals in the grains accreted by
Earth. For example, the solar elemental abundances of F, Cl,
and S are small enough for these three elements to be
completely incorporated into various minerals such as halite
(NaCl), apatite [Ca5(PO4)3(F,Cl,OH)], and troilite (FeS)
found in chondritic meteorites (see Table 2, which lists some
of the volatile-bearing phases in chondrites). This is relevant
because chondritic meteorites are relatively unaltered samples
of solid material from the solar nebula and their composition
is a guide to that of the solid grains accreted by Earth.

However, mass balance prevents complete incorporation of
H (as H2O), C, and N into minerals formed with Mg, Si, Fe,
and other rock-forming metals because the solar elemental
abundances of H, C, and N are much larger than those of the
rock-forming metals. For example, the C/Si atomic abundance
ratio is !7.0 in solar composition material but only 0.76 in CI
chondrites, the most volatile-rich meteorites. Likewise, the
N/Si atomic abundance ratio is !2.1 in solar composition
material but only 0.055 in CI chondrites. Finally, the H2O/Si
molar abundance ratio is !12.7 in solar composition material
but only 5.1 in CI chondrites.

A small fraction of H (as H2O), C, and N occurs in meteo-
rites as organic matter, for example, the insoluble organic
matter (IOM) in CI chondrites with a bulk composition of
C100H72N2O14S4 (Hayes, 1967), carbides, carbonates, diamonds,

Table 1 Volatile inventories and depletion factors on the Earth

Volatile Solar abundancea mg g"1 in BSEb Inventory (kg) Depletion factor Notesc

H (water) 1.27#107 1072 4.32#1021 6.2#10"4 Solar Awater¼AO"AMg"2ASi, adjusted for O in rock
BSE water calculated from 120 mg g"1 H in BSE

C 7.19#106 100 4.03#1020 1.5#10"4 C in BSE is 46–250 mg g"1, see Table 6.9 of LF98
N 2.12#106 2 8.06#1018 1.9#10"5 Atmosphere !50% of total N in BSE
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aSolar abundance per 106 Si atoms, Table 1.2 of Lodders and Fegley (2011).
bConcentrations in the bulk silicate Earth (BSE) for H, C, N, F, and Cl are from Palme and O’Neill (Chapter 3.1). Sulfur is from Table 4.4 of Lodders and Fegley (2011).
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Outgassing	of	chondriTc	material	

•  Look	at	a	few	examples	of	gaseous	
atmospheres	produced	by	heaTng	up	and	
outgassing	chondriTc	material	(computer	
calculaTons)	

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



Outgassing of ordinary chondritic material 471

Fig. 8. (a) The chemical equilibrium oxygen fugacity of average H-chondritic material as a function of temperature compared to different solid-state oxygen fugacity
buffers. The points are intrinsic oxygen fugacities of the Guareña (H6) and Ochansk (H4) chondrites measured by Brett and Sato (1984). Also shown are the intrinsic
oxygen fugacities of the Guareña (H6) chondrite measured by Walter and Doan (1969) and the calculated oxygen fugacities for average H4–H6 chondrites from
McSween and Labotka (1993). (b) The chemical equilibrium oxygen fugacity of average L-chondritic material as a function of temperature compared to different
solid-state oxygen fugacity buffers. The points are intrinsic oxygen fugacities of the Farmington (L5) chondrite measured by Brett and Sato (1984). Also shown
are the intrinsic oxygen fugacities of the Holbrook (L6) chondrite measured by Walter and Doan (1969) and the calculated oxygen fugacities for average L4–L6
chondrites from McSween and Labotka (1993). (c) The chemical equilibrium oxygen fugacity of average LL-chondritic material as a function of temperature
compared to different solid-state oxygen fugacity buffers. The points are intrinsic oxygen fugacities of the Semarkona (LL3) and Cherokee Springs (LL5) chondrites
measured by Brett and Sato (1984). (IW = iron–wüstite, QFI = quartz–fayalite–iron, QFM = quartz–fayalite–magnetite, WM = wüstite–magnetite).

Labotka (1993) calculated oxygen fugacities for average H4–
H6 and L4–L6 chondrites from the compositions of coexisting
olivine, orthopyroxene, and metal using the fayalite–ferrosilite–
iron (FFI) oxygen fugacity buffer

2Fe2SiO4 (fayalite) = 2FeSiO3 (ferrosilite) + 2Fe (metal)

(6)+ O2 (g).

(The lines shown on the graphs are extrapolations of their
data to higher temperatures.) Calculated oxygen fugacities from
McSween and Labotka (1993) are lower than the measured val-
ues of Brett and Sato (1984) and our calculated fO2 values.
Their results for H chondrites agree at lower temperatures with
the oxygen fugacities for one H chondrite measured by Walter
and Doan (1969).
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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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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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Outgassing	of	ChondriTc	Material	

•  Ordinary	&	enstaTte	chondriTc	material	
produces	CH4-bearing	&	CH4-rich	atmospheres	

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



Outgassing	of	the	BSE	

•  CO2-bearing	&	CO2-rich	atmospheres	
produced	by	outgassing	of	the	bulk	silicate	
Earth	

•  One	example	on	the	next	slide	
•  The	transiTon	from	reducing	to	oxidizing	took	
place	early	in	Earth	history,	prior	to	3.9	Gyr	
ago	based	on	Cr	and	V	abundances	in	ancient	
rocks	(Delano	2001)	
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to appear on the graph, with maximum abundances of 20 ppmv
CaO and 600 ppmv AlO.

3.2. Variable Abundances: H, C, O

To explore the effect of variations in the element abundances,
we did a series of calculations at 100 bars for both the continental
crust and the BSE with variable abundances of H, C, and O.
Calculations were done from 0.1 to 10× the nominal abundances
for C and H, for both the continental crust and the BSE.
As discussed below, there is no evidence that the actual C
and H abundances are so different from our adopted nominal
values. However, we have done calculations over these wide
ranges to illustrate trends. The calculations for variable oxygen
abundances were done using a smaller range of abundances as
described later. Each element was varied individually, with all
other elements remaining fixed at their nominal abundances.

Earth and other rocky bodies (e.g., the Moon, Mars, 4 Vesta)
are O-rich and C-poor and have C/O atomic ratios that are
orders of magnitude smaller than the solar composition value
of ∼0.46 (Lodders & Fegley 2010). The C/O atomic ratios in
Earth’s crust and the bulk silicate Earth are 0.0056 and 0.0002,
respectively (Table 2). Geochemical analyses of lunar rocks,
the Martian SNC meteorites, and the EHD meteorites (from 4
Vesta) show similarly small C/O ratios on these bodies.

Silicate exoplanets are also expected to have C/O ratios
significantly less than the solar composition value because the
major condensates formed from solar composition material
are O-rich and C-poor due to the instability of carbides,
carbonates, and graphite in solar composition material (Lewis
et al. 1979), and the stability of O-rich silicate condensates
such as enstatite (MgSiO3) and forsterite (Mg2SiO4) in solar
composition material (e.g., Larimer 1967; Barshay & Lewis
1976; Lodders 2003, 2009).

Condensation calculations as a function of variable C/O ratio
also show that the only “rocky” bodies that can possibly have
C/O ratios approaching unity would be formed at C/O ∼ 1 in
otherwise solar composition material (e.g., see Larimer 1975;
Larimer & Bartholomay 1979; Lodders & Fegley 1997). Thus,
the situation for rocky planets is completely different than that
for gas giant planets where C/O ratios higher than the solar
composition value can be produced by formation from solar

composition material, e.g., as discussed by Lodders (2004) for
Jupiter.

3.2.1. Hydrogen

We use 0.045 wt.% H as the hydrogen abundance in Earth’s
continental crust (Table 1) from Wedepohl (1995). Li (1972)
considered geochemical mass balance during rock weathering
and derives 2.9 wt.% H2O in sedimentary rocks (2.4 × 1021 kg
total mass). His value corresponds to 0.051 wt.% H in Earth’s
continental crust and is close to our adopted value. Hunt
(1972) computed 9 × 1017 kg H bound with reduced carbon
in sedimentary rocks, corresponding to 0.0059 wt.% H in the
continental crust. This is 7.6 times smaller than our adopted
value, but does not include water in sediments.

Our calculations with variable H abundance for the continen-
tal crust and BSE are shown in Figures 3(a) and (b), respectively.
The middle panels show the nominal abundances (see Figures 1
and 2). Rocky element gases are not shown, but described where
appropriate. Reducing the hydrogen abundance of the continen-
tal crust causes the H2O gas abundance to drop, becoming the
third most abundant gas at low temperatures. The first and sec-
ond most abundant gases are then CO2 (500–2600 K), and O2
(2600–4000 K). Abundances of other H-bearing gases (OH, H,
HF, HCl, KOH, NaOH) drop slightly, but non-H-bearing gases
are relatively unaffected. For the BSE, lowering the H abun-
dance similarly lowers the abundances of the H-bearing gases,
so that the most abundant gases are CH4 (500–700 K), CO2
(700–1800 K), SO2 (1800–2900 K), and O2 (2900–4000 K).
Increasing the hydrogen abundance increases the abundances of
all H-bearing gases, such as H2, H2O, CH4, OH, H, and KOH.
For the continental crust, H2 is the most abundant gas at all tem-
peratures (∼45 vol%), followed closely by H2O (∼33 vol%),
whereas the reverse is true for the BSE (H2 ∼ 28%, H2O ∼
52%). These gases make up nearly 80% of the gas. For both the
continental crust and the BSE, the third most abundant gas is
CH4 (500–1200 K) or CO (>1200 K). Also, CO2 is less abun-
dant than CO for both the continental crust and the BSE, which
is a major change from the nominal gas compositions. For the
continental crust, the abundance of SiO increases and is greater
than KOH above ∼2800 K (compared to ∼3700 K for the nom-
inal composition). For the BSE, Na and NaOH have about the
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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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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	

from	Bulk	Silicate	Earth	
from	Bulk	Silicate	Earth	
•  Lunar	oxidaTon	state	=	that	of	BSE	at	Tme	of	

Moon-forming	impact	
•  Significantly	more	reduced	than	BSE	(~	IW	versus	

~	QFM)	
•  BSE	became	more	oxidized	at	some	later	Tme	
•  Explicitly	postulate	this	was	AFTER	the	abioTc	
origin	of	life	via	Miller-Urey	type	reacTons	in	a	
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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



ImplicaTons	for	Atmospheric	
Chemistry	

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

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

•  (2)CalculaTons	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	



Fe-FeO.spw
Bruce Fegley
October 2016

BSE volatiles outgassing at
Fe-FeO buffer 1 bar pressure
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Silicate	vapor	atmosphere	

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

•  Dry	molten	silicate	vapor	atmosphere	(BSE	
composiTon)	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]

Composition of saturated vapor
bulk silicate earth magma
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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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Steam	Atmosphere	

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

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

•  Two	examples	on	next	slides	



silica solubility in steam
red - this work
white - Plyasunov (2012)
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Exoplanet	ObservaTons	
•  Impossible	to	go	back	in	Tme	on	Earth	
•  Eventually	possible	to	observe	atmospheres	of	
rocky	exoplanets	that	are	in	different	
evoluTonary	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	
observaTons.”	Fegley	&	Schaefer	2014	TOG		


