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THE CONSTANCY OF UPPER MANTLE FO2 THROUGH TIME INFERRED FROM V/SC RATIOS IN 
BASALTS: IMPLICATIONS FOR THE RISE IN ATMOSPHERIC O2: 1Zhengxue Li, 2Cin-Ty Aeolus Lee, 
zxli@rice.edu, ctlee@rice.edu, Department of Earth Science, MS-126, Rice University, 6100 Main St., Houston, 
TX 77005 

 
Understanding how the oxidation state of the Earth's 
mantle has evolved through time is critical to placing 
constraints on the timescales and nature of various 
planetary differentiation processes, such as core-
mantle segregation, silicate differentiation, and atmos-
pheric evolution.  However, the secular evolution of 
the fO2 of the Earth's mantle is still not fully con-
strained because of the difficulties in obtaining direct 
measurements of the mantle through time.  One ap-
proach is to use mantle xenoliths, but xenoliths are 
limited in space and time.  Another approach is to 
measure the fO2 of basaltic lavas. Unfortunately, post-
eruptive alteration and magmatic differentiation (e.g., 
fractional crystallization, degassing, and crustal as-
similation) can change the fO2 of the magma during 
ascent.  Approaches that use O2 thermobarometry [1] 
or use redox-sensitive elements to track fractional 
crystallization [2] yield only post-emplacement 
fO2’s.  An independent approach is to use the coupled 
systematics of V and Sc in primitive basalts. V and Sc 
are more similar to each other in partitioning behavior 
than to most other elements, but, in detail, V is redox-
sensitive and Sc is not. Therefore, the V/Sc of primary 
magmas is to a large extent controlled by the fO2 dur-
ing partial melting.  Because V and Sc are not volatile 
and not highly enriched in continental crust, the 
magma remains largely closed to V and Sc during as-
cent.  In addition, fractional crystallization of olivine 
cannot significantly change the V/Sc of the parent 
magma because V and Sc are highly incompatible in 
olivine.  Thus, the V/Sc of basalts may be able to “see 
through” magmatic differentiation processes.  V/Sc 
also provides a better redox-recorder than V alone 
because the latter suffers from dilution effects due to 
different degrees of partial melting. In order to de-
scribe the relationship between V/Sc and fO2, we con-
structed a melting model to simulate the V and Sc dis-
tribution between solid residues and melts for different 
fO2 settings. We compiled V and Sc data for MORBs 
and Archean basalts (up to 3.5 Gy ago). The effects of 
fractional crystallization of clinopyroxene are mini-
mized by filtering out samples with MgO<8 wt.%. The 
MgO-filtered data are plotted against 1/Na, which is a 
proxy for degree of melting-F (Fig. 1). We assume that 
the average F is ~10% and thus use the V/Sc–fO2 con-
tours at F = 10% from our melting model to constrain 
the fO2 for modern and Archean basaltic magmas. The 
V/Sc of primitive MORBs average 6.74±1.11, which 
constrains the fO2 of modern mantle to ~0.2±0.5 log 
units below the fayalite-magnetite-quartz (FMQ) 

buffer. This falls in the fO2 range for abssyal peri-
dotites estimated using thermobarometric means (-2.5 
to +0.5 log units from FMQ) [3], but is better con-
strained. Archean basalts have identical V/Sc 
(6.34±0.62), indicating that the fO2 of their mantle 
source is identical to that of modern convecting mantle 
to within ±0.25 log units. These new constraints repre-
sent an improvement on studies using V alone, which 
constrain the fO2 of Archean and modern mantles to be 
identical, but only to within ±1 log unit [2, 4]. This 
places tight constraints on any planetary differentiation 
hypotheses involving fO2-sensitive processes. For ex-
ample, this rules out the possibility of secular changes 
in mantle fO2 as the cause for the rise in atmospheric 
O2 on Earth at 2.3 Gy [5]; [6]. In this context, we have 
revisited the role of volcanic degassing in modulating 
the levels of atmospheric O2 (Fig. 2). It can be seen 
that decreasing the volcanic O2 sink or increasing the 
O2 production can lead to a transition from an oxygen-
poor to rich atmosphere. Alternatively, there may have 
been additional O2 sinks which gradually disappeared 
in the Phanerozoic. 
References: [1] D.M. Christie, I.S.E. Carmichael and 
C.H. Langmuir, Earth. Planet. Sci. Lett. 79, 397-411, 
1986. [2] D. Canil, Nature 389, 842-845, 1997. [3] 
B.J. Wood, L.T. Bryndzia and K.E. Johnson, Science 
248, 337-345, 1990. [4] C.-T. A. Lee, A.D. Brandon 
and M.D. Norman, Geochim. Cosmochim. Acta 
67(16), 3045-3064, 2003. [5] L.R. Kump, J.F. Kasting 
and M.E. Barley, Geophys. Geosys. 2, 
2000GC000114, 2001. [6] H.D. Holland, Geochim. 
Cosmochim. Acta 66, 3811-3826, 2002. 
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Figure 1. V/Sc vs 1/Na for MORBs and Archean basalts. 
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Figure 2. Modern volcanic O2 sink and O2 production. 
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NITROGEN SOLUBILITY IN BASALTIC MELT. EFFECTS OF OXYGEN FUGACITY, MELT 
COMPOSITION AND GAS SPECIATION. G. Libourel1, 2, B. Marty1, 2, F. Humbert3 and E. Gayer 1. 1 CRPG, CNRS-
EPR2300, BP20, 54501 Vandoeuvre-les-Nancy, France. 2 ENSG-INPL, BP40, 54501 Vandoeuvre-les-Nancy, 
France, 3 CFC-DAUM, 54112 Vannes le Chatel, France libou@crpg.cnrs-nancy.fr  

 
 
Introduction: Nitrogen is a major forming element 

of the Earth's atmosphere and one of the key elements 
of the biological evolution. Knowledge of its (elemen-
tal or isotopic) behavior is therefore of prime impor-
tance to understand and quantify processes which 
might have controlled the exchange of nitrogen be-
tween the mantle and the atmosphere through time. 
However in contrast to rare gases, mechanisms gov-
erning the incorporation of nitrogen in basaltic melts 
are not well documented.  

 
Experimental: In order to provide much needed 

constraints, we have developed a combined experi-
mental and analytical approach to measure nitrogen 
solubility in silicate melts. Equilibration were per-
formed at one atmosphere and at 1425°C over a large 
range of oxygen fugacity controlled by mixtures of 
gases belonging to either [C-N-O] or [C-N-O-H] vapor 
systems. Nitrogen contents in equilibrated samples 
were measured using a technique based on CO2 laser 
extraction in high vacuum line and static vacuum mass 
spectrometry and N speciation by FTIR measurements 
on selected N-bearing glass samples. 

 
Oxygen fugacity: Over a redox range of 18 oxy-

gen fugacity log units, the incorporation of nitrogen in 
silicate melts equilibrated with the [C-N-O] vapor sys-
tems follows two different behaviors. For log fO2 val-
ues between -0.7 and -10.7 (the latter corresponding to 
IW-1.3), nitrogen dissolves as a N2 molecule into cavi-
ties of the silicate network (physical solubility). Nitro-
gen presents a constant solubility (Henry's) coefficient 
of 2.21 ± 0.53 x 10-9 mol.g-1.atm-1 at 1425 °C, identical 
within uncertainties to the solubility of argon. Further 
decrease in the oxygen fugacity (log fO2 between -10.7 
and -18 corresponding to the range from IW-1.3 to 
IW-8.3) results in a drastic increase of the solubility of 
nitrogen by up to 5 orders of magnitude as nitrogen 
becomes chemically bounded with atoms of the silicate 
melt network (chemical solubility). The present results 
strongly suggest that under reducing conditions nitro-
gen dissolves in silicate melts as N3- species rather 
than as CN- cyanide radicals. 

 
Melt composition: We also show that the effect of 

melt composition on nitrogen solubility depends on 
oxygen fugacity. Between air and IW-1, we found that 
nitrogen solubility is low and increases with the bulk 
polymerization of the melt, as rare gases do, in agree-

ment with a dissolution mechanism controlled by the 
steric effect of the N2 molecule, filling holes of inter-
stitial location of the silicate melt network. This con-
trast with results obtained in more reducing conditions 
(<IW-1), in which high N solubility is anticorrelated 
with the bulk polymerization of the melt due to the 
substitution of non-bridging oxygen for nitrogen in the 
melt silicate network, very likely by forming Si(O3N)5- 
structural groups where nitrogen is three-fold coordi-
nated to silicon.  

 
Gas speciation: If equilibration under H2-bearing 

gaseous environments don't alter the physical solubil-
ity of nitrogen between air and IW-1, we found that N 
solubility drops by ~33% by comparison with equili-
bration in H2-free vapors, due to the more complex 
speciation of nitrogen in these conditions, i.e., (NH2

-
), 

(NH
2-

) and (N3-) species. 
 
All these results have important implications for 

the mechanisms of nitrogen dissolution in basaltic 
melts in both terrestrial and extra-terrestrial environ-
ments and complement our knowldege on nitrogen 
outgassing. 

 
References: [1]  Mulfinger H. O. (1966) J. Am. 

Ceram. Soc. 49, 462-467. [2] Libourel G., Marty B., 
Humbert F. (2003) GCA, 67, 4123-4135. 
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Oxygen Isotope Anomalies in the Atmospheres of Earth and Mars.  J. R. Lyons, Institute of Geophysics and 
Planetary Physics, UCLA, Los Angeles, CA 90095-1567; jrl@ess.ucla.edu. 

 
 
The discovery of large enrichments of 18O in 

stratospheric ozone [1], and the demonstration of 
mass-independent fractionation (MIF) of oxygen iso-
topes (16O, 17O, 18O) in both laboratory-produced 
ozone [2] and atmospheric ozone [3] have opened up a 
new field of isotope atmospheric chemistry. Observa-
tions of MIF have been made in a wide variety of oxy-
gen-containing atmospheric species [4], in effect, mak-
ing MIF a tracer of ozone chemistry.  

The signature of MIF has also been observed in 
sulfate [5] and nitrate aerosols [6], and is preserved 
after aerosol deposition in dry environments such as 
the Antarctic dry valleys and the Atacama desert.  
Anomalies in 17O allow us  to trace atmospheric ozone 
chemistry  into the surficial lithosphere. 

Determination of isotopomer-specific rate coeffi-
cients for the ozone formation reaction proved that the 
MIF occurs during the formation step [7]. In addition, 
having isotopomer-specific rate coefficients for ozone 
formation makes it possible to quantitatively model the 
photochemistry and distribution of isotopologues of 
atmospheric species [8]. The figure below shows 
model results for ∆17O of several atmospheric species 
versus altitude. Also on the figure are the ranges of 
measured values for several aerosol and surface depos-
ited sulfates [5] and nitrates [6], and perchlorate sur-
face deposits [9].   
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 The oxygen isotope anomalies (∆17Ο) of the ni-
trates are easily understood as resulting from isotope 
exchange between NO2 and O3, followed by formation 
of nitric acid [6,8]. Sulfates acquire their anomalies 
from oxidation of SO2 by either O3 or H2O2 in the 

aqueous phase [10].  Perchlorate formation via hetero-
geneous reaction of ClO on sulfuric acid aerosols has 
been proposed for the stratosphere [11]. 

The preservation of oxygen isotope anomalies in 
particularly dry regions of the terrestrial surficial litho-
sphere bodes well for preservation of such anomalies 
on the surface of Mars.  In fact, surface deposits on 
Mars are likely to be an important reservoir of ∆17O in 
the Martian atmosphere-hydrosphere-lithosphere sys-
tem.  Measurements of ∆17O of water [12], carbonates 
[13], and sulfates [14] in several SNC meteorites have 
shown anomalies of +0.3 to +1.0 per mil relative to 
SNC silicate.  

It has been suggested [13,14] that mass-
independent fractionation in the Martian atmosphere is 
responsible for the positive ∆17O measured in SNC 
secondary mineral phases.  Possible MIF-producing 
reactions include 1) ozone formation followed by 
transfer to CO2 via O(1D), 2) MIF during CO2 photoly-
sis , and 3) MIF during the reaction CO + OH  CO2 
+ H. In addition to chemical MIF, oxygen isotope 
anomalies are predicted due to loss of O and H from 
the planet over time [15]. 

Based on terrestrial photochemical modeling of 
oxygen isotope anomalies [8] I will present initial re-
sults of a photochemical model for the Mars atmos-
phere. The immediate goal is to assess the possibility 
that chemical MIF is responsible for the observed in 
SNC meteorites, but the study also represents a poten-
tially significant intercomparison between terrestrial 
and Mars oxygen isotope systematics. 

References: [1] Mauersberger K. (1981), Geophys. 
Res. Lett. 8, 935-937. [2] Thiemens M. H. and Heiden-
reich H. E. (1983) Science 219, 1073-1075. 
[3] Mauersberger K (1987), Geophys. Res. Lett. 14, 
80-83. [4] Thiemens M. H. (1999), Science 283, 341-
345. [5] Bao H. et al. (2000), Nature 406, 176-178. [6] 
Michalski G. et al. (2003), Geophys. Res. Lett. 30, 
1870-1873. [7] Maersberger K. et al. (1999), Science 
283, 370-372. [8] Lyons J. R. (2001), Geophys. Res. 
Lett. 28, 3231-3234. [9] Bao H. et al. (2004), 228th 
ACS Meeting, abstract. [10] Savarino J. et al. (2000), J. 
Geophys. Res. 105, 29079. [11] Jaegle L. et al. (1996), 
Geophys. Res. Lett. 23, 1749-1752. [12] Karlsson H. 
R. et al. (1992), Science 255, 1409-1411. [13] Farqu-
har J. et al (1998), Science 280, 1580-1582. [14] Far-
quhar J. & Thiemens M. H. (2000), J. Geophys. Res. 
105, 11991-11997. [15] Jakosky B. M. (1993), Geo-
phys. Res. Lett. 20, 1591-1594. 
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THE EFFECT OF OXYGEN FUGACITY ON INTERDIFFUSION OF IRON AND MAGNESIUM IN 
MAGNESIOWÜSTITE.  S. J. Mackwell1, and M. Bystricky2. 1Lunar and Planetary Institute, 3600 Bay Area 
Boulevard, Houston, TX 77058, 2Geologisches Institut, ETH-Zentrum, Zürich, Switzerland. 
  

 
Abstract:  Magnesiowüstite is the second most 

abundant mineral in the lower mantle of Earth and 
presumably Venus. As such it chemical, physical and 
mechanical properties will exert a significant influence 
on this region of the planets’ interiors. Like most iron-
bearing minerals, magnesiowüstite possesses consider-
able non-stoichiometry, due to the presence of octahe-
dral cation (metal) vacancies that charge compensate 
for ferric iron, which occupies either nominally 2+ 
octahedral cation sites, or tetrahedrally coordinated 
interstitial sites [1-2].  Past research has demonstrated 
that the degree of non-stoichiometry increases with 
increasing iron content and oxygen fugacity, and de-
creases with increasing temperature and pressure [2-5]. 
This non-stoichiometry exerts a tangible effect on a 
range of chemical and physical properties, ranging 
from diffusion through elastic behavior, electrical con-
ductivity and deformation [6-10]. It also provides a 
natural site for occupancy by water-derived species, 
which in turn further affect crystal properties [11].  

We have performed experiments to measure inter-
diffusion between iron and magnesium in magne-
siowüstite MgxFe1-xO over a range of temperature 
(1320 – 1400ºC), oxygen fugacity (10-1 to 10-4.3 Pa), 
and iron content (0.0 < x < 0.27) at room pressure 
[12]. The oxygen fugacity was controlled using mixed 
gases of CO/CO2 or H2/CO2, so that we could also test 
for any major effects of water on the interdiffusion 
coefficient (even with mixed H2/CO2, the water fuga-
city at room pressure is very modest). The experiments 
were performed using a single crystal of MgO lightly 
loaded against a single crystal of MgxFe1-xO with 0.06 
< x < 0.27. After the experiments, the sample was cut 
in half and the compositional variation in Mg and Fe 
was measured using an electron microprobe across a 
cross section of the sample. Details of the measure-
ment technique can be found in Mackwell et al. [12].  

The diffusion profiles measured in this way were 
analysed using the Boltzmann-Matano analysis to yield 
values of the interdiffusion coefficient as a function of 
composition at each temperature and oxygen fugacity 
condition tested. No effect of water fugacity, over the 
narrow range of conditions tested, was detected. The 
interdiffusion coefficient was found to vary with an 
oxygen fugacity exponent of 0.19 and an activation 
energy for diffusion of 209 kJ/mol. The dependence of 
interdiffusion on iron concentration included both 
power law (with an exponent of 0.73) and exponential 
terms (96 kJ/mol), consistent with previous studies of 
interdiffusion in iron-bearing systems [13]. This result 

is consistent with interdiffusion mediated by metal 
vacancies, and is consistent with previous studies of 
vacancy diffusion in  magnesium oxide lightly doped 
with iron [8]. 

When used in concert with similar experiments per-
formed at high pressure, these results support the con-
clusions of Holzapfel et al. [14] who suggested an ac-
tivation volume for interdiffusion of around 3.3×10-6 
m3/mol. Although not determined within the range of 
water fugacities available in these experiments, it is 
expected that the increase in metal vacancy concentra-
tions resulting from incorporation of modest quantities 
of water-related species at high-pressure [11] will re-
sult in a significant increase in the rate of interdiffu-
sion, as well as other physical properties, such as creep 
and electrical conductivity. 

 
 
 
References: [1] Hazen R. and Jeanloz R. (1984) 

Rev. Geophys. Space Phys., 22, 37-46. [2] Hilbrandt 
N. and Martin M. (1998) Ber. Bunsenges Phys. Chem., 
102, 1747-1759. [3] Speidel D.H. (1967) J. Am. Ce-
ram. Soc., 50, 243-248. [4] Srecec I. et al. (1987) 
Phys. Chem. Mineral., 14, 492-498. [5] McCammon 
C., Peyronneau J., and Poirier J-P. (1998) Geophys. 
Res. Letters, 25, 1589-1592. [6] Reichmann et al. 
(2000) Geophys. Res. Letters, 27, 799-802. [7] 
Jacobsen et al. (2002) J. Geophys. Res., 107, 
10.1029/2001JB000490. [8] Sempolinski D.R., and 
Kingery W.D. (1980) J. Amer. Ceram. Soc., 63, 664-
669. [9] Sempolinski D.R., and Kingery W.D. (1980) 
J. Amer. Ceram. Soc., 63, 669-675. [10] Wolfenstine 
J., and Kohlstedt D.L. (1988) J. Materials Sci., 23, 
3550-3557. [11] Bolfan Casanova et al. (2002) Geo-
phys. Res. Letters, 29, 10.1029/2001GL014457. [12] 
Mackwell S., Bystricky M., and Sproni C. (2004) 
submitted to Phys. Chem. Minerals. [13] Nakamura 
A., and Schmalzried H. (1984) Ber. Bunsenges Phys. 
Chem., 88, 140-145. [14] Holzapfel C. et al. (2003) 
Phys. Earth Planet. Ints., 139, 21-34. 
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THE CALIBRATION OF THE PYROXENE EU-OXYBAROMETER FOR THE MARTIAN METEORITES.  M. C. McCanta1,2

and M. J. Rutherford1, 1Brown University, Dept. of Geological Sciences, Box 1846, Providence, RI, 02912,
molly_mccanta@brown.edu, 2Lunar and Planetary Institute, 3600 Bay Area Blvd., Houston, TX 77058.

Introduction:  Oxygen fugacity (fO2) is the physical pa-
rameter used to describe oxidation state.  fO2 influences
both the crystallization sequences of magmas and the
composition of the resulting minerals [e.g., 1,2].   Therefore,
by quantifying the crystallization fO2 of a magma, insights
can be gained into conditions of the magma storage region
(i.e., a planetary interior).  One of the first phases on the
basaltic shergottite liquidus is the low-Ca pyroxene pi-
geonite.  By measuring the fO2 recorded in the pigeonite
cores, the earliest crystallization history of the Martian
magmas can be determined.  In order to quantify the fO2

recorded in the pigeonites, a new technique was required.
It had been noted that the Eu 2+/Eu3+ ratio in pyroxenes was
a function of fO2 [3,4], but this potential oxybarometer had
never been calibrated for pigeonite.  This study describes
the calibration of the pigeonite Eu-oxybarometer.

Experimental Methods: Dry crystallization experiments
were performed on a synthetic shergottite melt in equilib-
rium with liquidus pyroxenes [5, 6].  The melt was doped
with ~1wt.% each of Eu2O3, Gd2O3, and Sm2O3 following the
method of [4].  Experimental fO2 values ranged from QFM
(IW+3.5) to IW-2.  Samples were suspended on Re-loops in
1-atm, CO-CO2 gas mixing furnaces at JSC.  All experimental
glasses and pyroxenes were probed on the electron and
ion microprobes (SIMS).  Geochemical data for the meteor-
ites was taken from [7].  Pyroxene core REE contents were
used in fO2 calculations, reflecting the earliest magmatic
history.

Results:  The results of the calibration experiments are
presented in Figure 1.  The systematic variation of the D-
values with fO2 indicates the utility of the pigeonite Eu-
oxybarometer.  The SNC meteorites exhibit a 2-3 order
magnitude range of crystallization fO2 values as recorded in
the pigeonites (Figure 2).

Figure 1. Calibration of D(Eu/Gd)pigeonite/melt and D(Eu/Sm)pigeonite/melt

versus fO2 (in log units relative to the IW buffer).

Issues with Gd.  Calculations of fO2 made using Gd ion
probe measurements proved problematic.  Due to its low

concentrations and peak interferences with other REEs, Gd
in the natural samples cannot be directly measured by
SIMS. The Gd content is extrapolated in reference to the
surrounding REE values [8].  This introduces large errors
into the Gd values of the SNC pyroxenes which in turn
propagate through the Eu-oxybarometer calculations.  Sm
content can be directly measured by SIMS, therefore only
the oxybarometer based on Eu and Sm values is used for
the following SNC fO2 measurements.

Implications:  Several theories have been proposed to
explain the range of SNC fO2 values, several of which rely
on a late-stage assimilation event [e.g., 9,10].  A compari-
son between fO2 values recorded in different SNC pheno-
cryst phases may clarify this issue.  As mentioned previ-
ously, pigeonite is one of the earliest crystallizing phases
on the SNC liquidus.  In contrast, Fe-Ti oxides are late-
stage phases [e.g., 11].  Remarkably, the two most oxidized
meteorites studied, Shergotty and EETA79001A, record
similar fO2 values in both the early and late crystallizing
phases (Figure 2).  This suggests that the fO2 was internally
buffered throughout the crystallization history of the me-
teorite, implying a heterogeneous magma source region.
The range of observed fO2 values is therefore not well ex-
plained by assimilation, but rather, could be achieved
through crystallization of a Martian magma ocean [i.e., 12].   

Figure 2.  Comparison of fO2 calculated using the dry pigeonite Eu-
oxybarometer versus Fe-Ti oxide equilibria (Herd et al., 2001).  S:
Shergotty, EA: EETA79001 lithology A, EB: EETA79001 lithol-
ogy B, Z: Zagami, Q: QUE94201.

References: [1] Eugster (1957) J. Chem. Phys. 26, 1760. [2]

Frost & Lindsley (1991) RevMin, 25, 433-468. [4] McKay et al.

(1986) GCA, 50, 927-937. [5] Johnson et al. (1991) GCA, 55, 349-

366. [6] McCanta et al. (2004) GCA, 68, 1943-1952. [7] Wadhwa
et al. (1994) GCA, 58, 4213-4229. [8] Zinner & Crozaz (1986)
Intl.J.Mass.Spec.IonProc. 69, 17-38. [9] Wadhwa (2001) Science
291, 1527-1530. [10] Herd et al. (2002) GCA 66, 2025-2036. [11]
Minitti & Rutherford (2000) GCA 64, 2535-2547. [12] Borg et al.
(2003) GCA 67, 3519-3536.
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THE EUROPIUM OXYBAROMETER: POWER AND PITFALLS.  G. McKay, Mail Code SR, NASA John-
son Space Center, Houston, TX 77058, USA (Gordon.mckay@jsc.nasa.gov). 

 
 
Introduction:  One of the most important charac-

teristics of a planet is the oxidation state of its mantle, 
as reflected in primitive basalts. Petrologists have de-
vised several methods to estimate the oxygen fugacity 
under which basalts crystallized. One method that has 
been the subject of recent interest involves the depth of 
the Eu anomaly in first-crystallizing minerals.  

Philpotts [1] was the first to suggest that the depth 
of Eu anomalies could be used to estimate redox con-
ditions. Drake [2] was the first to calibrate this oxy-
barometer through experimental measurement of pla-
gioclase/melt partition coefficients, and Weill et al. [3] 
formulated a theoretical model for the expected varia-
tion of D(Eu, S/L) with fO2.  

Ratios are better: McKay et al. [4] noted that the 
ratio of partition coefficients, D(Eu/Gd, Px/L), is less 
susceptible to variations in phase composition (e.g., Al 
content of pyroxene) than are individual partition coef-
ficients. Consequently, he recast the formulation of [3] 
in terms of partition coefficient ratios. He further noted 
that if two minerals are present that were both in equi-
librium with the same liquid, the formulation could be 
further recast as the ratio of partition coefficients be-
tween the two minerals, thus eliminating the liquid. 
This is a major advantage because the REE concentra-
tions in the parent melt of a sample are rarely known 
with certainty.   

Experimental Calibration:  In the formulation  of 
[4], the ratio of Eu and Gd partition coefficients for a 
mineral varies along S-shaped curves that approach 
D(Eu+2)/D(Gd) at low fO2 and D(Eu+3)/D(Gd) at high 
fO2, as shown in Fig. 1.  The symbols in Fig. 1 are ex-
perimentally determined plagioclase/melt and pyrox-
ene/melt partition coefficient ratios (D(Eu/Gd)) meas-
ured in a system with the bulk composition of angrite 

LEW 86010 [4]. The curves in Fig. 1 are the result of 
least-squares fits of model parameters to the observed 
data. 

Application to Angrites: McKay et al. [4] com-
bined the curves in Fig. 1 with analyses of plagioclase 
and fassaite [5] to solve for the fO2 of LEW. They con-
cluded that LEW crystallized at log fO2 of ~IW+1, 
more than two log units higher than eucrites [6].  

Application to Martian Basaltic Meteorites: Us-
ing the pyroxene calibrations of [4], Wadhwa [7] ap-
plied the Eu oxybarometer to shergottites. She as-
sumed that the REE content of the bulk rock approxi-
mated the melt, and that the pyroxene cores that she 
analyzed by SIMS were in equilibrium with that melt. 
She concluded that the fO2 under which shergottites 
crystallized ranged from ~IW-1 to ~IW+2, suggesting 
complex petrogenetic processes.  

Strengths of the Eu Oxybarometer: (1) The Eu 
oxybarometer has an important advantage over oxide 
oxybarometry [e.g., 4]: Oxides can be highly suscepti-
ble to subsolidus reequilibration, whereas the REE 
contents of the cores of liquidus silicate minerals are 
much less likely to change after crystallization. (2) 
Ratios of partition coefficients are less susceptible to 
compositional dependence than individual partition 
coefficients (see below). (3) As noted above, use of 
two coexisting silicates can eliminate assumptions 
about melt composition.  

Weaknesses: (1) REE analyses of the cores of liq-
uidus minerals are required. Usually such analyses are 
best obtained by SIMS, a technique that is not widely 
available. (2) Partition coefficients are dependent on 
phase composition, particularly pyroxene Ca content 
and, to a lesser extent, Al content. Use of partition 
coefficient ratios reduces the compositional depend-
ence [e.g., 4], but may not eliminate it entirely. There 
is a very large compositional difference between the 
fassaitic pyroxenes in angrites and the sub-calcic 
augites and pigeonites in shergottites.  Nevertheless, 
recent studies [9,10] suggest that the angrite calibra-
tion [4] is generally applicable to shergottites. How-
ever but a focused study of compositional influence 
could strongly reinforce  this conclusion. 
References:  [1] Philpotts (1970) EPSL 9. 257. [2] Drake (1972) 
PhD Thesis, University of Oregon. [3] Weill et al. (1974) PLPSC 5th, 
1337. [4] McKay et al. (1994) GCA 58, 2911. [5]  Crozaz and 
McKay (1990)  EPSL 97, 369. [6] Stolper (1977) GCA 41, 587. [7] 
Wadhwa (2001) Science 291, 1527. [8] Herd et al. (2002) GCA 66, 
2025. [9] Musslewhite et al. (2004), MAPS, in review. [10] McCanta 
et al. (2004) GCA 68, 1943. 
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Figure 1. Calibration of D(Eu/Gd) for angritic plagioclase and 
pyroxene from [4].  
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OXYGEN FUGACITY OF THE MARTIAN MANTLE FROM PIGEONITE/MELT PARTITIONING OF
SAMARIUM, EUROPIUM AND GADOLINIUM D. S. Musselwhite1, J. H. Jones2, and C. Shearer3 1Lunar and
Planetary Institute (3600 Bay Area Blvd., Houston, TX 77058, musselwhite@lpi.usra.edu), 2Astromaterials
Research Office (NASA/JSC, Mail Code SR, Houston, TX 77058, john.h.jones1@jsc.nasa.gov) 3Institute for
Meteoritics (Univ of New Mexico, Albuquerque, NM 87131, cshearer@unm.edu)

Introduction: This study is part of an ongoing
effort [1,2] to calibrate the pyroxene/melt Eu
oxybarometer [3] for conditions relevant to the
martian meteorites. There is fairly good agreement
between fO2 determinations using equilibria between
Fe-Ti oxides [4,5] and the estimates from Eu
anomalies in shergottite augites [6] in terms of which
meteorites are more or less oxidized. However, there
is as much as two log-units offset in fO2 values
between the results of [4,5] and [6]. The Eu
calibration used by [6] was for angrite composition
pyroxenes [7] which are rather extreme. However,
application of a calibration for martian composition
augites [1] does not significantly reduce the
discrepancy between the two methods. One possible
reason for this discrepancy is that augites are non-
liquidus. The use of pigeonite rather than augite as
the oxy-barometer phase is considered. We have
conducted experiments on martian composition
pigeonite/melt REE partitioning as a function of fO2.

Methods: Pigeonite/melt partitioning experiments
for Sm, Eu and Gd were run in a gas-mixing DelTec
furnace at fO2s ranging from one log unit below to
four log units above the iron-wüstite buffer. The
starting composition was doped with 1% each of Sm,
Eu and Gd. Sample preparation and experimental
procedures are the same as in [1]. Run products were
analyzed for all elements with the SX100 EMP at
NASA/JSC.  In addition, trace element analyses of
the pyroxene and glass were conducted using the
Cameca ims 4f ion microprobe at UNM.

Results: Experimental pigeonite compositions lie
at the more magnesian and lowest calcium end-
member of the natural pigeonite cores [8,9]. The ratio
of  DEu to D(Sm,Gd) (pig./melt) as a function of fO2

from these experiments is shown in fig 1.
Discussion: Applying fig. 1 data to D ratios from

measured REE concentrations in shergottite pigeonite
cores [10] and whole rocks [11] gives the fO2 for
each meteorite at the time of initial pigeonite
crystallization. These values are plotted in Fig 2
against the fO2s derived from Fe-Ti oxides.

There is, to first order, good agreement between
the fO2s determined from the Eu-anomaly method
with the calibration presented here and those using
the Fe-Ti oxide method. There is a subtle tendency
for the values to be shifted from the 1:1
correspondence line depending on fO2. The similarity
of results between the two methods leads us to
believe that we are on the right track in the use of

pigeonite for the fO2 determination and that the
calibration is applicable.

Further work on this subject is concentrating on
identification of the truly first formed pigeonite and
augite cores in basaltic shergottites and analysis with
both SIMS and LAM-ICPMS methods in an effort to
produce the best rare earth ratios and to reduce the
associated error. Further experiments are also under
way to cover the range of martian pigeonites.

References: [1] Musselwhite, D.S. et al (2003), MAPS.
in review. [2] McCanta et al., (2003) GCA, in review. [3]
Philpotts, J. A.  (1970) EPSL. 9, 257-268 [4] Herd C. et al.
(2001) Am. Min., 86, 1015-1024. [5] Herd C. et al (2002)
GCA, 66, 2025-2036. [6] Wadhwa, M. (2001) Science 291,
1527-1530 [7] McKay, G.A. et al. (1994). GCA, 58, 2911-
2919. [8] McSween, H.Y. Jr et al. (1996) GCA 60, 4563-
4569. [9] McSween, H.Y. Jr. and Jarosevich, E. (1983)
GCA 47, 1501-1513 [10] Wadhwa M. et al. (1994) GCA
58, 4213. [11] Meyer, C. (2003) NASA/ JSC Pub #27672.
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OXIDATION-REDUCTION PROCESSES ON THE MOON: EXPERIMENTAL VERIFICATION OF 
GRAPHITE OXIDATION IN THE APOLLO 17 ORANGE GLASSES.  M. G. Nicholis1 and M. J. Rutherford1, 
1Department of Geological Sciences, Brown University Providence, RI:  Mike_Nicholis@Brown.edu, and Mal-
colm_Rutherford@Brown.edu.  

 
 
Introduction:  It is widely believed that a volatile-driven 

fire-fountain eruption produced the Apollo 17 orange glass 
deposit [1].  The picritic composition of these glasses indicate 
that they maybe the primitive analogs of mare basalts, and 
hence may be a window into the evolution of the lunar interior. 
However, to understand the petrogenesis of the picritic glasses 
it is essential to verify and constrain the volatile generating 
mechanism driving the eruption as well as the volatile budget 
during magma ascent in the conduit. 

Fogel and Rutherford [2] have shown that the oxidation of 
graphite suspended in the melt and/or present in the source 
region, as proposed by [3], was alone capable of fueling a fire-
fountain event.  Further analysis of metal blebs found in the 
orange glasses by [4] indicated that CO, the main component 
of the gas phase, was produced in reduction reactions such as: 

FeO + C → Fe0 + CO  (a) 
NiO + C → Ni0 + CO  (b) 

when the ascending magma intersected the graphite oxidation 
surface (Figure 1).  Their  calculation of the intrinsic fO2 of the 
orange glass (IW – 1.3) suggested that oxidation occurred at a 
depth of 4 km (~200 bars).  [5] analyses of melt inclusions in 
olivine phenocrysts found in the glass beads and analyses of 
the beads themselves revealed a dichotomy in their S and Cl 
concentrations. They found a 400 ppm difference in S content 
between the glasses and melt inclusions.  This dichotomy 
along with surface-coatings on the glass beads enriched in 
volatile elements such as C, S, Na, K, Cl, F, P, and Zn [6] sug-
gest that the glass beads were in contact with a gas phase more 
complex than a simple CO-CO2 gas mixture.  [4] suggested 
that the release of these volatile elements into the gas phase 
resulted in an oxidation of Fe0 in the metal blebs.  This oxida-
tion is represented by a concentration profile resulting in Fe-
depleted and Ni-enriched rims in metal blebs in the glasses.  

The assessment on the depth of graphite oxidation, volatile 
content and composition of the gas phase, and the oxidation of 
the metal blebs have all come from analytical and theoretical 
interpretations.  In this investigation, we provide a comprehen-
sive experimental evaluation on the influence of graphite oxi-
dation on the Apollo 17 orange glass composition, and the gas 
phase which was generated during the eruption. 

Experimental Methods:  Compressed sintered pellets of 
synthetic picritic orange glass composition were placed in Pt 
capsules lined with graphite powder.  The C powder served 
multiple functions which included inhibiting melt contact with 
the Pt capsule walls, fixed the fO2 to lunar conditions, and 
reacted with the melt to generate the CO-CO2 gas phase.  Iso-
thermal (1320°C) experiments were conducted in a Harwood 
internally heated pressure vessel for a pressure range of 200-

700 bars and a time duration of 3-4 hours.  The first set of ex-
periments attempt to locate the critical pressure of the graphite 
oxidation surface for the synthetic lunar orange glass composi-
tion.  We then intend to explore the sensitivity of the oxidation 
surface with similar experiments using S-bearing, Cl-bearing, 
and both S- and Cl-bearing synthetic glass compositions. 
Which will allow one to investigate the partitioning of S and Cl 
between the melt and gas phases. 

Results:  Our initial experiments indicate that the critical 
pressure of 200 bars, as proposed by [4], is the approximate 
pressure where the graphite oxidation surface is crossed and 
graphite lining the capsule reacts with the melt to produce a 
CO-CO2 gas phase.  As a result of graphite oxidation, FeO in 
the melt is reduced to form a metal phase.  Further graphite 
oxidation results in an increase in metal production and a de-
crease in melt FeO content. 

Implications:  Results from these experiments verify the 
pressure sensitivity of the graphite oxidation surface for an fO2 
within the range of the lunar interior.  Experiments in progress 
will quantify the influence of  S- and Cl-bearing glass compo-
sitions on the oxidation surface and their partitioning into the 
gas phase.  These experiments will also help identify the sub-
sequent oxidation process which produced the Ni-rich rims on 
metal blebs found in the orange glass. 

References:  [1] Heiken G. H. et al. (1974) Geochim. 
Cosmochim. Acta., 38, 1703–1718. [2] Fogel R. A. and Ruth-
erford M. J (1995) Geochim. Cosmochim. Acta., 59, 201-215.  
[3] Sato M. (1979) LPSC X, 311-325. [4] Weitz et al. (1997) 
Geochim. Cosmochim. Acta., 61, 2765-2775. [5] Weitz et al. 
(1999) MPS, 527-540. [6] Butler P. and Meyer C. (1976) 
LPSC VII, 1561-1581. 

 
Figure 1.  Plot of graphite-CO oxidation surface (GCO) as 
function of oxygen fugacity and pressure taken from [4]. 
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OXYGEN AND CORE FORMATION IN THE EARTH.  Hugh St.C. O’Neill, Research School of Earth 
Sciences, Australian National University, Canberra, ACT 0200, Australia 
 

Core formation in the Earth is ultimately 
dependent on the net redox state of the material from 
which the Earth accreted (i.e., ratio of silicate plus 
oxide material to metal). This ratio is a direct 
reflection of the material’s oxygen content. A planet 
formed of fully oxidized material (as in CI 
chondrites) could not form a metallic core. Oxygen is 
the third most abundant element in the solar system 
(after H and He) and the most abundant element in 
the Earth, comprising 44.3% by weight of the Earth’s 
mantle [1]. The O content of the bulk Earth is thus 
~30%, and in detail slightly higher depending on how 
much O comprises the light component in the Earth’s 
core. The Earth’s O/Mg ratio is ~2.0, which 
compares with ~5 in CI chondrites and 14.6 in the 
solar composition [2]; thus the Earth has only a small 
fraction of the O available in the solar composition, 
hence the metallic core.  

The ratio of silicate to metal is set by the 
behaviour of O during condensation from the solar 
nebula, which behaviour is unique among the 
elements, in that significant quantities of O condense 
early (O associated with Al, Ca etc in refractory 
oxides) but much O is also a highly volatile and only 
condenses late as ices (H2O, CO2). In between, O 
condenses with decreasing nebular temperature first 
by oxidation of Fe metal to form Fe2+-containing 
silicates [3]; then, when nearly all Fe0 is oxidized, 
further condensation occurs by oxidation of Fe2+ to 
Fe3+ (e.g., to form Fe3O4), of Ni0 to Ni2+ and sulfide 
to sulfate, and by formation of H2O-containing 
minerals (serpentine minerals and epsomite). The 
increase in O content with decreasing condensation 
temperature implies that the redox state of planet-
forming materials should correlate with their volatile 
element inventories. Material with all Fe as Fe2+ 
should be rich in moderately volatile elements and 
may contain H2O, but material with Fe metal should 
contain negligible H2O. The presence of both a large 
metallic core and significant amounts of H2O in the 
Earth is an anomaly whose resolution should reveal 
much about the formation of the terrestrial planets.  

Similarly, it has long been known that the pattern 
of the abundances of the siderophile elements in the 
Earth’s mantle is highly anomalous compared to that 
expected for low-pressure partitioning between 
silicate and metal. Historically, two classes of 
explanation have been assumed as working 
hypotheses to explain this anomaly: 1) the Earth 
formed heterogenously, from a mixture of materials 
with different redox states; 2) accretion was 

heterogenous, and the pattern reflects partitioning at 
very high pressures and temperatures such as are only 
achievable in a planet of Earth-like size. Scenarios 
for heterogenous accretion can be constructed that 
satisfy most of the observational constraints, but are 
considered intellectually less compelling than 
homogenous accretion models because of their 
necessarily ad-hoc nature. Conversely, an undiluted 
homogenous accretion model that seeks to find a 
single condition of pressure, temperature and light 
component in the core that can explain every nuance 
of the mantle siderophile element pattern appears 
improbable and unrealistic, such that some aspect of 
heterogenous accretion will always need to be 
invoked – a “late veneer” to explain platinum group 
element abundances, for example. This also appears 
likely on dynamical grounds. Our current state of 
knowledge is such that the question should now 
centre on the extent to which the signature of 
metal/silicate chemical equilibration in the mantle is 
due to the high pressures obtained in the Earth during 
accretion, or to low-pressure conditions in the small 
planetesimal-sized bodies from which the Earth 
formed. This question also bears on the timing of 
core formation, and the nature of the light component 
in the core. This latter, whose identity is a long-
standing mystery, was postulated because of an 
apparent deficit between the density of the Earth’s 
core as inferred from geophysical observations, and 
the calculated density of Fe-Ni metal at core P-T 
conditions. While O was considered a possibility if 
metal/silicate formation occurred at high pressures, 
new measurements of the solubility of O in Fe-metal 
shows that it decreases with increasing pressure 
under appropriate terrestrial parageneses, making it 
an unlikely candidate. Indeed, on geochemical 
grounds there seems to be no element sufficient to 
explain the traditional density difference, leading to a 
recent reappraisal of the magnitude of this deficit [4]. 
It is also possible that under a plausible geodynamic 
regime at the core-mantle boundary, there might be 
significant exchange of O between core and mantle, 
thus a change in O content of the core with time [5]. 

References: [1] Palme H. and O’Neill H. St.C. 
(2003) Treatise on Geochemistry v.2, pp. 1-39. [2] 
Anders E. and Grevesse N. (1989) Geochim 
Cosmochim Acta 53, 197-214. [3] Grossman L. and 
Larimer J. W. (1974) Rev Geophys Space Sci. 12, 71-
101. [4] Anderson O. L and Isaak D. G. (2002) PEPI 
131, 19-27. [5] O’Neill H. St.C. and Redfern S. A. T. 
(2002) Geochim Cosmochim Acta 66(S1), A563. 
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GEOLOGIC RECORD OF THE ATMOSPHERIC SULFUR CHEMISTRY BEFORE THE
OXYGENATION OF THE EARLY EARTH’S ATMOSPHERE.  S. Ono,1 B. Wing2, J. Eigenbrode1, D.
Rumble1, and J. Farquhar2, 1Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Rd.,
NW, Washington DC 20015 (s.ono@gl.ciw.edu), 2Department of Geology and ESSIC, University of Maryland
College Park, MD 20742

Mass-independent fractination (MIF) signatures
recorded sulfide and sulfate minerals in rocks older
than 2.45 Ga suggest a fundamental change in the
biogeochemical sulfur cycle took place between 2.45
and 2.0 Ga, most likely reflecting an oxygenation of
the Earth’s early atmosphere [1-6].  We will present
multi-sulfur isotope records of a late Archean
sedimentary sequence in the Hamersley Basin,
Australia (~2.7 to 2.4 Ga).  These data, placed in a
context of modeled isotope systematics and
depositional environments, provide new insights into
sulfur biogeochemical cycle prior to the oxygenation
of the Earth’s atmosphere.

Multi-sulfur (32S, 33S, 34S, and 36S) isotope records
in the Hamersley Basin, Australia are characterized
by the largest variation in Δ33S (Δ33S  = ~ δ33S – 0.5 x
δ34S; +8.2 to –2.5 ‰) [4]. These non-zero Δ33S
values suggest an anoxic (or reducing) atmosphere
with pO2 of less than 10-6 atmosphere during 2.4 to
2.7 Ga [2,4].   In contrast, steranes, lipid biomarkers
for eukayotes, have been reported in the same drill
cores studied, suggesting the presence of some
molecular oxygen in the environment [7,8]. These
two apparently contradicting geochemical evidences
can be reconciled by the idea of “oxygen oasis” in the
late Archean. Such that, molecular oxygen was
limited within the productive area of surface ocean
(and within biomats) and atmosphere was essentially
devoid of oxygen [9].

A correlation between Δ33S and Δ36S  (Δ36S  =
~δ36S – 1.9 x δ34S) was found over a much wider
range of Δ33S than those reported in [1] by a newly
developed irm-GCMS system at Geophysical
Laboratory and a conventional dual inlet system at
the University of Maryland. This well defined
correlation excludes the nuclear synthesis and
nuclear-electron spin-coupling for the origin of mass-
independent sulfur isotope fractionation, supporting
atmospheric origin of Archean sulfur MIF.
Laboratory experiments undertaken with SO2 and UV
radiation at 193 nm and < 220 nm are currently the
only known process to produce similar relationships.
Notably, our samples are from four drill cores from
2.45 Ga to 2.7 Ga in age. The constant relationship
between Δ33S and Δ36S may suggest that the major
reaction pathway responsible for sulfur MIF

signatures in Archean atmosphere had not changed
over ~ 250 million years.

Multi-sulfur isotope records show lithologic
dependence.  Hemipelagic carbonaceous shales are
characterized by large positive Δ33S values. Sulfide
sulfur form one core of the Mt. McRae shale (~2.5
Ga) and two cores of the Jeerinah formation (~2.7
Ga) drilled >200 km apart show similar correlation
between Δ33S and δ34S [4]. However, values of Δ33S
and δ34S do not correlate for sulfides from platform
carbonates.  This suggests superposition of bacterial
mass-dependent fractionation signatures on the
atmospheric MIF signatures, specifically suggesting
the importance of sulfate reducing bacteria in the
carbonate platform environment in the late Archean.
Thus, multi-sulfur isotope system can be used to trace
not only atmospheric processes but also the microbial
sulfur cycle in the early ocean [4].

Detailed documentation of multiple sulfur isotope
systematics and integration to the lithologic records
helps us to deconvolve mass-independent
atmospheric fractionation and biogenic mass-
dependent fractionation, allowing us to better
understand the early sulfur cycle and its linkage to
the evolution of the early Earth’s atmosphere.

References: [1] Farquhar et al. (2000) Science
289, 756 [2] Pavlov and Kasting (2002) Astrobiology
2, 27 [3] Mojzsis et al. (2003) Geochim. Cosmochim.
Acta., 67, 1635. [4] Ono et al., (2003) Earth Planet.
Sci. Lett., 213, 15 [5] Bekker et al., (2004) Nature,
427, 117  [6] Farquhar et al., (2001) J. Geophys. Res.,
106, 32829 [7] Brocks et al., (1999) Science 285,
1033 [8] Eigenbrode et al., (2003) Astrobiology 3,
613 [9] Kasting (1992) In The Proterozoic Biosphere
(eds. Schopf and Klein) pp. 1185, Cambridge Univ.
Press.
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COMPARATIVE PLANETARY MINERALOGY: V/(Cr + Al) SYSTEMATICS IN CHROMITES AS AN 
INDICATOR OF RELATIVE OXYGEN FUGACITY. J.J. Papike (jpapike@unm.edu), J.M. Karner, and C.K. 
Shearer, Institute of Meteoritics, Department of Earth and Planetary Sciences, University of New Mexico, Albu-
querque, NM 87131-1126 

 
 
As our contribution to the new "Oxygen in the So-

lar System" initiative of the Lunar and Planetary Insti-
tute and the NASA Cosmochemistry Program, we 
have been developing oxygen barometers based 
largely on behavior of V which can occur in four va-
lence states V2+, V3+, V4+, and V5+, and record at 
least 8 orders of magnitude of fO2. Our first efforts in 
measuring these valence proportions were by XANES 
techniques in basaltic glasses from Earth, Moon, and 
Mars [1,2]. We now address the behavior of V valence 
states in chromite in basalts from Earth, Moon, and 
Mars. We have been looking for a "V in chromite oxy-
barometer" that works with data collected by the elec-
tron microprobe and thus is readily accessible to a 
large segment of the planetary materials community. 
This abstract describes very early results that will be 
refined over the next two years. Our first insights into 
this new technique resulted from running probe scans 
on spinel grains for Cr, Al, Ti, Fe, Mg, Mn, and V 
from core to rim on grains which show zoning from 
chromite to ulvöspinel (Figures 1,2). The zoning pro-
files showed the normal trends of core to rim decreases 
of Cr, Al, Mg, and increases of Fe, Ti, and Mn. How-
ever, much to our delight, the V behavior was very 
different for Moon and Earth with Mars in between. In 
terrestrial basalts V4+> V3+, in lunar basalts V3+> 
V4+, and in martian basalts V3+ and V4+ are both 
significant [1,2]. The trends (core to rim) for the Moon 
show a strong positive correlation of V and Cr and 
negative correlation of V and Ti. For the Earth the 
trends were just the opposite with strong negative cor-
relation for V and Cr and a strong positive correlation 
of V and Ti. Chromites in martian basalts showed 
trends somewhere in between with DaG 476 showing 
lunar type trends and EETA 79001 (lithology A) 
showing terrestrial type trends. According to [3,4] 
EETA (lithology A) crystallized at a higher fO2 than 
DaG 476. We found that a convenient way to display 
these data for chromites is a plot showing the relative 
V/ (Cr + Al) ratios (Figure 3). These ratios nicely dif-
ferentiate the oxygen fugacity ranges for Moon, Mars, 
and Earth. Our future work will attempt to make these 
results more quantitative. Canil [5] has already done 
such experiments for several basalt and chromite com-
positions and showed that DV spinel/melt increases 
dramatically from ~2 at high fO2 (IW+5) to ~32 at low 
fO2 (IW-2). 

REFERENCES: [1] Sutton et al. (2004) LPS XXXV, 
#1725. [2] Karner et al. (2004) LPS XXXV #1269. [3] Wad-
hwa (2001) Science, 291, 1527-1530. [4] Herd et al. (2002) 
GCA, 66, 2025-2036. [5] Canil (2002) EPSL 195, 75-90. 
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HOW WELL DO SULFUR ISOTOPES CONSTRAIN OXYGEN ABUNDANCE IN THE ANCIENT 
ATMOSPHERES? A. A. Pavlov, M. J. Mills, and O. B. Toon, Laboratory for Atmospheric and Space Physics, 
Uinversity of Colorado at Boulder, 392 UCB, Boulder, CO 80309-0392; pavlov@lasp.colorado.edu. 

 
 
Oxygen abundance in the ancient terrestrial atmos-

pheres is a fundamental and poorly resolved problem. 
Without “samples” of the ancient atmospheres scien-
tists had to rely on the indirect constraints from the 
incomplete and heavily altered geological record. For-
tunately, discovery of mass-independent fractionation 
(MIF) in sulfur isotopes in the Archean sediments and 
lack of MIF in sulfur in the younger rocks [1] placed a 
strict upper constraint on the amount of oxidants and 
oxygen in the ancient Earth’s atmosphere prior to 2.3 
Gyr ago [2]. MIF in sulfur isotopes can be produced 
only in the atmosphere and subsequent isotopic frac-
tionation in the sediments can only destroy MIF but not 
create it. Preservation of MIF in the Archean sediments 
requires sulfur deposition from the Archean atmos-
phere in the variety of oxidation states (SO2, H2S, S8, 
H2SO4 etc.) so that sulfur-bearing species would not 
completely rehomogenize sulfur isotopes before incor-
poration into the ancient rocks. Pavlov & Kasting [2] 
showed that it would be only possible if the ancient 
pO2 level were less than 10-5 PAL (present atmospheric 
level).    

 
However recent measurements by [3] in the Antarc-

tic ice core showed a small but non-zero MIF in sulfate 
correlated with the large volcanic eruptions, raising 
questions about the sulfur MIF sensitivity to oxygen 
levels.  
    

We put sulfur isotopes into a 2-D photochemi-
cal/microphysical model and looked at how strong the 
initial atmospheric fractionation had to be in order to 
be preserved in the Antarctic ice-cores. We will discuss 
two possibilities to preserve small sulfur MIF in the 
present atmosphere: (1) preservation through polar 
sulfate mesopause aerosols (2) preservation through the 
alternative pathway of SO2 oxidation [3]. 
 
References:  

[1] Farquhar J. et. al. (2000) Science, 289, 756-758. 
[2] Pavlov A. A. and Kasting J. F. (2002) Astrobiol-
ogy, 2(1), 27-41. [3] Savarino J. et. al. (2003) GRL, 
30(21), Art. No. 2131.  
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EXPERIMENTAL CONSTRAINTS ON THE OXYGEN ISOTOPE (18O/16O) FRACTIONATION IN THE 
ICE/VAPOR AND ADSORBATE/VAPOR SYSTEMS OF CO2 AT CONDITIONS RELEVANT TO THE 
SURFACE OF MARS.  Thom Rahn1 and John Eiler2, 1Earth and Env. Sci. Div., EES-6 MS-D462, Los Alamos 
Nat. Lab., Los Alamos, NM 87545, trahn@lanl.gov; 2Div. of Geological and Planetary Sciences, MC 100-23,     
California Institute of Technology, Pasadena, CA 91125, eiler@gps.caltech.edu.. 

 
Introduction:  A large fraction of the volatile 

oxygen on Mars is sequestered in carbon dioxide 
(CO2) that is partitioned between the atmosphere, polar 
caps and adsorbed in the regolith [1]. The stable iso-
topic composition of this CO2 can help constrain the 
origin and evolution of the respective CO2 reservoirs 
but is interpretable only with knowledge of fractiona-
tions relevant to Martian surface conditions. We re-
view here results of previous experimental investiga-
tions of isotopic fractionations of CO2 vapor relative to 
CO2 ice and CO2 vapor relative to CO2 adsorbed on 
various mineral substrates. These experiments indicate 
that variations in ice-cap size and the amount of CO2 
stored in the regolith, over a range of time scales, 
could lead to variations in δ18O on the order of tens of 
per mil. In addition, carbon isotopic (13C/12C) content 
is nearly invariant in the ice/vapor system and exhibits 
‘reverse’ fractionation in the adsorbate/vapor system, 
i.e. the heavier 13C preferentially remains in the vapor 
phase. Investigations searching for isotopic evidence 
for the existence of past or present life on Mars must 
take these unique constraints into account when inter-
preting records of Martian O and C isotopes. 

Experimental Methods:  Experiments described 
used one of a selection of cold traps that were devel-
oped for the purpose of well controlled temperature 
and pressure regimes in the range of Martian surface 
conditions. Ice/vapor experiments followed protocols 
that either 1) quantitatively condensed CO2, subse-
quently warmed the trap to the desired temperature, 
and collected and measured the isotopic content of the 
vapor fraction (sublimation protocol) 2) introduced 
CO2 vapor to a trap held at constant T for a variable 
period of time prior to sampling (condensation proto-
col) 3) exchange experiments as per the condensation 
protocol after which the head space was evacuated and 
CO2 vapor of a very different isotopic content was 
introduced to the already condensed ice fraction (ex-
change protocol) [2]. Adsorbate/vapor experiments 
essentially followed the same protocols but with one of 
three different mineral substrates (crushed basalt, kao-
linite or fluorite) loosely packed in the cold trap. In 
addition, CO2 adsorbed on mineral substrates exhibited 
complex O isotope behavior that led to the design of a 
cold trap that could be ‘baked’ prior to introduction of 
CO2 [3]. 

Results and Discussion: Ice/vapor experi-
ments show that O isotope fractionation (defined as 
∆ice-vapor=1000·ln([18Oice/16Oice]/[18Ovapor/16Ovapor]) 
varies approximately linearly between temperatures 

of 150 and 130 K, from 4.2 to 7.5 ‰ respectively 
(see Fig. 1). Oxygen isotope fractionation in the adsor-

bate/vapor system exhibited complexity that we at-
tribute to residual adsorbed H2O on the mineral sub-
strate. Comparison of experiments using vacuum-
baked substrates to those on un-baked substrates 
suggests that exchange between one or both phases 
of CO2 and H2O adsorbed on the sample surfaces 
influences the 18O/16O fractionation between vapor 
and adsorbate and changes the 18O/16O composition 
of the total CO2. On vacuum-baked substrates, 
‘normal’ fractionation (that is, 18O preferentially 
partitioned into the adsorbed CO2) was observed, 
∆ads-vapor ~1.8 ‰ (Fig. 1), with no measurable tem-
perature dependence. No evidence was found for 
exchange of O isotopes between structural oxygen 
in mineral substrates and adsorbed CO2. Depending 
on the fraction of CO2 condensed (as ice or ad-
sorbed) and the degree of communication between 
condensed and vapor fractions, residual vapor may 
be enriched by as much as tens of per mil relative 
to the initial CO2 reservoir.  
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Figure 1: Plot of C and O fractionation in different systems 
as noted in the legend. Grootes et al. liquid/vapor [4], Eiler 
et al. ice/vapor [2], Rahn et al. adsorbate/vapor [3]. From 
Rahn et al. [3]. 
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71: 241-9. [2]oEiler, J.M., et al. (2000) Geochimica Et 
Cosmochimica Acta, 64: 733-746. [3]oRahn, T. and J.M. 
Eiler (2001) Geochimica Et Cosmochimica Acta, 65: 
839-846. [4]oGrootes, P.M., et al. (1969) Zeitschrift fur 
Physik A, 221: 257-73. 

 

Oxygen in the Terrestrial Planets (2004) 3040.pdf



MICRO-XANES MEASUREMENTS ON EXPERIMENTAL SPINELS AND THE OXIDATION STATE 
OF VANADIUM IN SPINEL-MELT PAIRS.  K. Righter1 , S.R. Sutton2,3, and M. Newville3 1Mail Code ST, 
NASA Johnson Space Center, 2101 NASA Parkway, Houston, TX 77058, kevin.righter-1@nasa.gov; 2Dept. of the 
Geophysical Sciences and 3GSECARS, University of Chicago, 5734 S. Ellis Ave., Chicago, IL  60637. 
 
Introduction: Spinel can be a significant host phase for 
V as well as other transition metals such as Ni and Co.  
However, vanadium has multiple oxidation states V2+, 
V3+, V4+ or V5+ at oxygen fugacities relevant to natural 
systems. We do know that D(V) spinel/melt is correlated 
with V and TiO2 content and fO2, but the uncertainty of 
the oxidation state under the range of natural conditions 
has made elusive a thorough understanding of D(V) 
spinel/melt.  For example, V3+ is likely to be stable in 
spinels, based on exchange with Al in experiments in the 
CaO-MgO-Al2O3-SiO2 system [1].  On the other hand, it 
has been argued that V4+ will be stable across the range of 
natural oxygen fugacities in nature [2,3].  In order to gain 
a better understanding of D(V) spinel/melt we have 
equilibrated spinel-melt pairs at controlled oxygen fugaci-
ties, between HM to NNO, where V is present in the 
spinel at natural levels (~300 ppm V).  These spinel-melt 
pairs were analyzed using micro-XANES at the Advanced 
Photon Source at Argonne National Laboratory.  The new 
results will be used together with spinel compositional 
data (Ti, V content) and oxygen fugacity, to unravel the 
effects of these variables on D(V) spinel/melt.  
Experimental: A Hawaiian ankaramite was doped with 
1% each of Cr, Ni and Ru or Cr, Rh and Os.  These com-
positions were placed in 3 mm AuPd capsules and 
crimped (but not welded) at the top.  These capsules were 
then welded, together with a buffer mixture in a separate 
alumina crucible, into an evacuated silica tube.  Buffers 
used were hematite-magnetite (HM), MnO-Mn3O4 
(MNO), Re-ReO2 (RRO), and Ni-NiO (NNO), covering 
~5.5 logfO2 units at 1300 ˚C.  The silica tubes were held 
in the hotspot of vertical 1 atm furnaces for 48 hrs., and 
then quenched by rapid removal from the furnace.  All 
runs contain spinel, glass, and Ru or RhOs metal; full 
details of these experiments were reported by [4]. 
Synchrotron Micro-XANES spectroscopy (SmX):  
Measurements of the valence of V were made using syn-
chrotron micro-XANES (X-ray Absorption Near-Edge 
Structure) spectroscopy, at the Advanced Photon Source 
(APS), Argonne National Laboratory (beamline 13-ID, 
the Consortium for Advanced Radiation Sources or 
CARS). SmX measurements are made by focusing a 
monochromatic (cryogenic, Si (111) double crystal mono-
chromator) X-ray beam from the synchrotron onto a spot 
on the sample and measuring the fluorescent X-ray yield 
from that spot as a function of incident X-ray energy.  
Synchrotron XANES spectroscopy can resolve small en-
ergy differences since the energy of the incident X-ray 
beam used to excite K- absorption edges can be controlled 
with resolution of  ~0.1eV. Changes of fluorescent X-ray 
intensity and energy as the energy of the monochromatic 
incident beam is increased across an absorption edge are a 
function of oxidation state and coordination (e.g., [5]). 

The oxidation states of V have been inferred using this 
technique on a range of planetary materials [6,7]. 
Results: Micro-XANES spectra, including well defined 
pre-edge peaks, were obtained on experimental spinels 
and glasses containing between 70 ppm and 2 wt% V, and 
in areas as small as 5x5  m2. Spinels grown at oxygen 
fugacities between NNO and MNO (three lowest fO2s of 
this study) all have similar pre-edge intensities, but spinel 
grown at HM has a much higher intensity (Fig. 1).  
Glasses in all cases have higher pre-edge intensities than 
the spinel.  Application of the glass calibration results of 
[8] to the glass pre-edge intensities indicates that the three 
lowest fO2 glasses are dominated by V4+, while the highest 
fO2 glass (HM) contains mixed valence of 4+ and 5+.  
Although measurements on spinels of known V oxidation 
state are required to calibrate these spinel spectra in terms 
of oxidation state, the glass calibration of [8] provides 
some preliminary insight (particularly appropriate if V in 
spinel resides in octahedral sites).  In this case, the results 
suggest V3+ dominance except for the most oxidized sys-
tem (HM) which is inferred to be dominated by V4+.  
However, the similar spectra for glass and spinel in the 
HM runs must be confirmed with additional measure-
ments.  These results show that V oxidation states can be 
determined using micro-XANES.  Future plans include 
characterization of spinels with known V oxidation state, 
as well as experimental spinel-melt pairs at lower fO2’s.  
References: [1]  Canil, D. (1999) GCA 63, 557-572; [2] 
Toplis, M.J. and Corgne, A. (2002) CMP 144, 22-37; [3] 
Borisov, A. et al. (1987) Geokhimiya 7, 915-920; [4] 
Righter, K. et al. (2004) GCA 68, 867-880; [5] Wong, J. et 
al. (1984) Phys Rev B 30, 5596-5610; [6] Sutton, S.R. et al. 
(2002) LPSC XXXIII, #1907; [7] Karner, J.M. et al., (2003) 
LPSC XXXIV, #1998; [8] Karner, J.M. et al. (2004) LPSC 
XXXV, #1269. 
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Testing the Magma Ocean Hypothesis Using Metal-Silicate Partitioning of Te, Se and S
L. A. Rose1 and J. M. Brenan2, Department of Geology, University of Toronto (22 Russell Street, Toronto, Ontario,
Canada, M5S 3B1) 1rose@geology.utoronto.ca, 2brenan@geology.utoronto.ca.

Introduction: It has been observed that Te, Se and
S all have similar depletions in the bulk silicate Earth
(Dcore-silicate Earth ~ 100; [1]). If the core formed as a re-
sult of high P-T equilibrium at the base of a magma
ocean, this equivalent depletion signature would re-
quire similar metal-silicate partitioning. The partition-
ing behavior of these elements is most certainly con-
trolled by oxygen fugacity (fO2) (e.g. [2]), but to dif-
ferent extents. A powerful test of the magma ocean
theory is to determine if these elements converge to the
same D at a set of P-T-fO2 conditions reasonable for
core formation.

Experimental Technique:  A series of high pres-
sure (1-3 GPa), high temperature (1500-2000°C)
metal-silicate partitioning experiments are being per-
formed in a piston cylinder apparatus. Small amounts
of Te or Se (1wt%) are added to a 50:50 mixture of
powdered silicate melt and metal (Fe-Ni-Si), which is
encapsulated in pre-densified MgO crucibles. The as-
sembly is encased in a graphite furnace and BaCO3
sleeve. Oxygen fugacity is varied by adding different
amounts of Si to the metal phase. This alters the rela-
tive activities of Fe (in the alloy) and FeO (in the sili-
cate melt), thereby changing the experimental fO2 rela-
tive to the iron-wüstite (IW) equilibrium. Samples are
first pressurized and then heated to the experiment T at
100°C/minute, with T monitored using a W-Re ther-
mocouple located directly above the sample. Experi-
ments last 30 minutes and are rapidly quenched by
cutting the power supply. After extraction, samples are
mounted and sectioned in preparation for EMPA
analyses.

Results and Discussion:  Partitioning data for Te
(this work) and S [2] at 2.5 GPa and 1700°C are shown
in the accompanying figure. Both DTe and DS increase
with fO2, and importantly, each with different slope.
The stronger fO2 dependence of DS suggests this ele-
ment is dissolved within the silicate melt in a different
valence state (probably 2-) compared with Te (proba-
bly 1-). The trends converge at D = 250 and log fO2 =
IW-0.25. The Ds at convergence are much higher than
those estimated from silicate mantle depletion (DTe =
71, DS = 76; [1]). Results thus far however, are from
experiments run at relatively low P and T compared to
estimated conditions of core formation. Changing both
parameters to relevant conditions may alter both the
magnitude and slope for the elements studied, and
therefore alter the point of intersection.

Several studies have examined the effect of P and T
on metal-silicate partitioning with different trends
emerging for different elements. Factors affecting D
include valence state, coordination within the silicate
melt, and thermodynamic properties such as ∆Hf and
∆Sf [3,4]. DNi, DCo and DMo were shown to decrease
with increasing pressure and temperature, whereas DMn
and DV increased [5-9]. Ga and Re were found to favor
the silicate phase with increasing temperature whereas
P became more siderophile [10,11]. Importantly to this
study, DS has been shown to increase by an order of
magnitude (102 to 103) when P increased from 2.5 to
20 GPa [7]. Te and Se may therefore become more
siderophile with pressure if they behave similarly.
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From estimates of their depletion in the silicate
Earth [1], it is clear that Te, Se, and S behave similarly
during metal-silicate partitioning. We have found that
Te and S partition into the metal phase by an equal
amount close to the IW buffer, yet with a much higher
D than predicted. Although such results are incompati-
ble with the magma ocean model, increased T may
lower Ds to the required level, although the effect of P
could counter this. Experiments are currently in prog-
ress to assess these effects.

References: [1] McDonough (2003) In: The Man-
tle and Core (ed. Carlson) Treaties on Geochemistry,
2. 547-568. [2] Kilburn and Wood (1997) EPSL, 152,
139-148. [3] O'Neill (1992) Science, 257, 1282-1284.
[4] Keppler and Rubie (1993) Nature, 364, 54-56. [5]
Righter et al. (1997) Phys. Earth Planet. Int., 100, 115-
134. [6] Ohtani et al. (1997) ibid, 97-114. [7] Li and
Agee (1996) Nature, 381(6584), 686-689. [8] Hillgren
et al. (1994) Science, 264, 1442-1445 [9] Walker et al.
(1993)  Science, 262, 1858-1861. [10] Righter and
Drake (1997) EPSL, 146, 541-553. [11] Schmitt et al.
(1989) GCA, 53, 173-185.
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SOLUBILITY OF OXYGEN IN LIQUID IRON AT HIGH PRESSURE AND CONSEQUENCES FOR THE 
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1Bayerisches Geoinstitut, University of Bayreuth, D-95440 Bayreuth, Germany, dave.rubie@uni-bayreuth.de; 2 Pre-
sent address: Gleiwitzerstr. 3, D-55131 Mainz, Germany. 

 
Introduction: Knowledge of the solubility of oxy-

gen in liquid iron alloy at high pressure is necessary for 
determining if oxygen is present as a major light ele-
ment in planetary cores. In addition, solubility meas-
urements enable the partitioning of oxygen between 
metal and silicates to be determined which can then be 
used to constrain oxygen fugacity during core forma-
tion, based on a given bulk composition. 

Experimental Results: We have determined oxy-
gen solubility experimentally as a function of pressure 
(9-18 GPa), temperature (2173-2673 K) and oxygen 
fugacity (1.1 to 3.6 log units below the iron-wüstite 
buffer) in samples of liquid Ni-Fe alloy contained in 
magnesiowüstite capsules using a multianvil apparatus 
[1]. Results show that solubility increases as a function 
of oxygen fugacity (fO2) and temperature, with the 
maximum solubility determined in this study being 
1.28 wt%. In order to determine the effect of pressure 
independently of oxygen fugacity, we calculate the 
distribution coefficient, KD, for the partitioning of oxy-
gen between liquid Fe-alloy and magnesiowüstite: 

met met
O Fe

D mw
FeO

X X
K

X
=  

where ,  ,  and met met mw

O Fe FeO
X X X  are the mole fractions of 

oxygen in metal, Fe in metal and FeO in magne-
siowüstite respectively. KD includes the term 

/met mw
Fe FeOX X  and is therefore independent of fO2. The 

distribution coefficient, and therefore oxygen solubility 
at constant fO2, decreases with increasing pressure. In 
order to extrapolate the oxygen solubility data to higher 
pressure (P) and temperature (T), we use the relation-
ship 

RT lnKD  = -∆H + T∆S – P∆V 
to fit our results, together with those of an earlier study 
[2], where ∆H, ∆S and ∆V are changes in enthalpy, 
entropy and volume respectively for the oxygen ex-
change reaction and R is the gas constant. Based on a 
simple extrapolation of the solubility results (constant 
values of ∆H, ∆S and ∆V), oxygen solubility reaches 5-
15 wt% at 3500-4000 K, moderate pressures (e.g. 5-10 
GPa),  and an oxygen fugacity 2 orders of magnitude 
below the iron-wüstite buffer. However, as pressure 
exceeds ~40 GPa, oxygen solubility is predicted to 
become low, even at very high temperatures. 

Core Formation Model: Using the simple extrapo-
lation of oxygen solubility to high pressures and tem-
peratures, we have modelled the geochemical conse-

quences of metal-silicate separation in magma oceans 
and can thus explain why the FeO content of the 
Earth’s mantle (~8 wt%) is much lower than that of the 
Martian mantle (~18 wt%) [1].  We assume that both 
Earth and Mars accreted from material with a chon-
dritic composition. Because the initial oxidation state is 
uncertain, we vary this parameter by defining different 
initial oxygen contents. The geochemical consequences 
of metal-silicate separation are determined using a 
simple fractionation model and we assume that the 
temperature at the base of the magma ocean is close to 
the peridotite liquidus. In the case of Earth, high tem-
peratures in a magma ocean with a depth >1200 km 
result in significant quantities of oxygen dissolving in 
the liquid metal with the consequent extraction of FeO 
from the residual silicate. In contrast, on Mars, even if 
the magma ocean extended to the depth of the current 
core-mantle boundary, temperatures are not sufficiently 
high for oxygen solubility in liquid metal to be signifi-
cant. The results show that Earth and Mars could have 
accreted from similar material, with an initial FeO con-
tent of around 18 wt%. On Earth, oxygen was extracted 
from silicates by the segregating metal during core 
formation, leaving the mantle with its present FeO con-
tent of ~8 wt%. On Mars, in contrast, the segregating 
metal extracted little or no oxygen and left the FeO 
content unaltered at ~18 wt%.  A consequence of this 
model is that oxygen could be an important light ele-
ment in the Earth’s core but not in the Martian core.  

On Earth, as metal migrates to greater depths below 
the base of the magma ocean, the solubility of O is 
predicted to decrease strongly, which could lead to 
precipitation of FeO and the enrichment of the lower 
part of the mantle in this component. Alternatively, if 
all or part of the dissolved oxygen is transported to the 
core (e.g. as a disequilibrium component), the conse-
quences could include the presence of significant 
amounts of oxygen as a light element in the core and/or 
the formation of a FeO-rich layer at the CMB due to 
exsolution of the excess oxygen. In order to clarify 
these issues, oxygen solubility measurements at much 
higher pressures (e.g. 30-100 GPa) are required. 

References: [1] Rubie D.C. et al. (2004) Nature 
429, 58-61. [2]. O’Neill H.St.C. (1998) JGR, 103, 
12239-12260. 
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Introduction: Segregation of Fe-Ni-S-O liquids
during partial melting of chondritic parent material
imparts a distinct geochemical signature on the
composition of residual metal and helps determine
siderophile partitioning behavior [1]. Chemical
signatures will vary according to initial parent body
composition, physical segregation mechanisms and at
what degree of partial melting core-forming liquids
are extracted.  In this study, geochemical data from
deformation experiments performed on partially
molten ordinary chondrite (Kernouve) have been
collected on Fe-S-Ni-O quench and associated Fe-Ni
residual metal by electron probe and LA-ICPMS [2].
Siderophile concentrations in the quench liquid and
associated metal, dynamically segregated at different
degrees of partial melting, were used to calculate
partition coefficients for different solid metal/liquid
metal compositions and are reported in [3].
Deformation in segregating liquid metal from silicate
most likely plays a more important role in core
formation than previously thought and here we
present experimental results and a model which
drives segregation by pressure gradients developed in
the silicate matrix undergoing porous flow and pure
shear [4]. The model also provides estimates of
segregation rates. Combined with the geochemical
data, possible links between liquid fraction chemistry
and rate of transport may be made.

Experimental Results: Four experiments were
chosen for in-depth chemical analyses. Analyses
provided data on both solid metal and quench Fe-S-
Ni-O compositions in Kernouve experiments (KM)
[3]. The experiments chosen were: KM-12 at the
lowest degree of partial melting (P=1.2 GPa,
T=900oC, strain rate=10-6/s, no silicate melt present,
10% strain, < 5 vol% quench metallic liquid present).
KM-12 quench liquid has S contents of 30-32 wt%
and O contents 0.24-0.66. KM-10 at a moderate
degree of partial melting (P=1.0 GPa, T=925oC,
strain rate= 10-5/s, 40% strain, 5-10 vol% quench
metallic liquid). KM-10 quench Fe-S-Ni-O located in
high stress shear domains had S contents of 26-29
wt% and O between 0.04-0.23. KM-17 (P=1.2 GPa,
T=940oC, strain rate=10-6/s, 10% strain, 15-20 vol%
quench metallic liquid and ~12% silicate melt
present, moderate degree of partial melting). KM-17
S quench liquid contents range between 15 and 20
wt% and O from 0.2 to 1.1.  KM-11 (P=1.0 GPa,
T=990oC, strain rate=10-5/s, 15% strain, > 25 vol%
quench metallic liquid, 15-18% silicate melt; highest
degree of partial melting). KM-11 quench liquid S
contents range between 8 and 12 wt% S and O

between 1.0-2.1 wt%.  Calculated D values (SM/LM)
show excellent agreement with equilibrium solid
metal-liquid metal partition coefficients determined
in S-bearing systems [6]. Both studies show the
influence of S on siderophile partitioning, with the
higher S content, low volume quench liquid having
Ds>200 for highly siderophile elements and Ds closer
to 1 for the highest volume, lowest S content metallic
liquid [3,6].  The role of O needs to be further
considered, but as shown by [7] may be significant in
porous flow segregation models. We can estimate the
rate of Darcy flow (steady seepage) as a function of
porosity and using the compositions of the liquid
metal fraction, begin to link major element and
siderophile chemistry to flow rates. We model a 100-
km planetesimal body undergoing Darcian flow and
discuss rates of segregation induced by
deformation–enhanced flow.

Melt Segregation Model: The shear dilatancy
model mathematically describes a porous matrix that
is modified by deformation to create dilatancy (low
pressure sites) and drives melt segregation [4]. Using
the permeability relationship from [5], calculations of
the rates of flow in a porous medium can be initially
made (porosity = melt fraction). The melt flow is
given in m/s (Darcy velocity) and ranges between 10-

8 m/s to 10-7 m/s for porosities (liquid fraction) of
0.05 to 0.10. As porosity increases, flow rates
increase, but level off to a range between 10-5 m/s to
10-4 m/s for porosities of 0.40 to 0.50. When
deformation events are included, calculated shear-
induced flow velocities range from 10-7 to 1 ms-1 for
strain rates up to 10-3 s-1. At higher rates, compatible
with catastrophic impact, instantaneous flow
velocities may exceed 10 ms-1. Transport of metallic
liquids with a range of S contents may be possible by
deformation-enhanced flow, in tandem with
background percolation of low melt fraction-high
S+/-O bearing liquids. These initial results suggest
that bodies of comparable size subjected to periods of
deformation should have formed proto-cores before
accreting to form larger terrestrial bodies if subjected
to deformation at strain rates in excess of 10-8s-1.
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