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Abstract

We investigate petrologic and physical aspects of melt extraction on the parent asteroid of the ureilite meteorites (UPB).
We first develop a petrologic model for simultaneous melting and smelting (reduction of FeO by C) at various depths. For a
model starting composition, determined from petrologic constraints to have been CV-like except for elevated Ca/Al
(2.5 · CI), we determine (1) degree of melting, (2) the evolution of mg, (3) production of CO + CO2 gas and (4) the evolution
of mineralogy in the residue as a function of temperature and pressure. We then use these relationships to examine implica-
tions of fractional vs. batch melt extraction.

In the shallowest source regions (�30 bars), melting and smelting begin simultaneously at �1050 �C, so that mg and the
abundance of low-Ca pyroxene (initially pigeonite, ultimately pigeonite + orthopyroxene) begin to increase immediately.
However, in the deepest source regions (�100 bars), smelting does not begin until �1200 �C, so that mg begins to increase
and low-Ca pyroxene (pigeonite) appears only after �21% melting. The final residues in these two cases, obtained just after
the demise of augite, match the end-members of the ureilite mg range (�94–76) in pyroxene abundance and type. In all source
regions, production of CO + CO2 by smelting varies over the course of melting. The onset of smelting results in a burst of gas
production and very high incremental gas/melt ratios (up to �2.5 by mass); after a few % (s)melting, however, these values
drastically decline (to <0.05 in the final increments).

Physical modelling based on these relationships indicates that melts would begin to migrate upwards after only �1–2%
melting, and thereafter would migrate continuously (fractionally) and rapidly (reaching the surface in < a year) in a network
of veins/dikes. All melts produced during the smelting stage in each source region have gas contents sufficient to cause them to
erupt explosively and be lost. However, since in all but the shallowest source regions part of the melting sequence occurs with-
out smelting, fractional melting implies that a significant fraction of UPB melts may have erupted more placidly to form a thin
crust (�3.3 km thick for a 100 km radius body).

Our calculations suggest that melt extraction was so rapid that equilibrium trace element partitioning may not have been
attained. We present a model for disequilibrium fractional melting (in which REE partitioning is limited by diffusion) on the
UPB, and demonstrate that it produces a good match to the ureilite data. The disequilibrium model may also apply to trace
siderophile elements, and might help explain the ‘‘overabundance’’ of these elements in ureilites relative to predictions from
the smelting model.

Our results suggest that melt extraction on the UPB was a rapid, fractional process, which can explain the preservation of a
primitive oxygen isotopic signature on the UPB.
� 2007 Elsevier Ltd. All rights reserved.
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Fig. 1. Plot of log fO2 vs. T, showing curves of graphite–CO + CO2

equilibrium at 30, 65 and 100 bars total gas pressure and of olivine–
silica–metal equilibrium at various Fo values. Equilibration tem-
peratures in the range of �1250–1275 �C for ureilites (Fo � 76–94)
indicate that they are derived from pressures of �30–100 bars.
Assuming a bulk ureilite parent body (UPB) with a total iron
content similar to that of Allende (mg �62, if all iron occurs as
FeO), silicate melting begins at �1050 �C (solid circles). Smelting
begins when the value of Fo buffered by carbon redox equilibrium
exceeds 62. The temperature at which this occurs (open circles)
depends on pressure (depth). At 30 bars, smelting begin approx-
imately simultaneously with melting; however, at 100 bars, it does
not begin until T reaches nearly 1200 �C. Note that at depths
corresponding to pressures greater than �100–125 bars (and high
magmatic temperatures), smelting does not occur on the UPB
because carbon redox equilibria buffer Fo values lower than those
of the starting material. IW = iron–wüstite buffer. Graphite–
CO + CO2 equilibria calculated using the precise thermodynamical
treatment of French and Eugster (1965). Olivine–silica–metal (OSI)
equilibria calculated from the equations of Nitsan (1974) and
Williams (1972).
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1. INTRODUCTION

The ureilites, which form the second largest group of
achondrites (�210 recognized samples), are coarse-grained,
highly equilibrated ultramafic (olivine–pyroxene) rocks
thought to represent the mantle of a partially melted, car-
bon-rich asteroid (Goodrich, 1992; Mittlefehldt et al.,
1998; Goodrich et al., 2004). Intriguingly, although they
show clear evidence of high-temperature (1100–1300 �C)
igneous processing, they also show primitive oxygen isoto-
pic characteristics. Thus, they may preserve a unique stage
or mode of early planetary differentiation.

Monomict ureilites can be divided into three types,
based on the identity of their pyroxenes (Goodrich
et al., 2004, 2006). Olivine–pigeonite ureilites (the most
abundant) contain uninverted pigeonite (Wo � 7–13) as
their main (usually sole) pyroxene, and span a large
range of mg (Fo � 76–87). Olivine–orthopyroxene urei-
lites (Table 1) contain orthopyroxene (Wo 6 5) instead
of, or in addition to, pigeonite, and have highly magne-
sian compositions (Fo � 86–92). Together, these two
groups define a single Fe/Mg–Fe/Mn trend of near-con-
stant, chondritic Mn/Mg, which suggests that they are
residues (consistent with their equilibrated textures) and
are related to one another by various degrees of reduc-
tion of common precursor material (Goodrich and Dela-
ney, 2000). The relatively rare augite-bearing ureilites
have variously higher Mn/Mg ratios which suggest that
they are cumulates (consistent with their poikilitic tex-
tures and the presence of melt inclusions), but show the
same large range in degree of reduction (Fo 76–95).
The reduction relationship among ureilites can be ex-
plained by smelting (the metallurgical term for reduction
of metallic ore by carbon) over a range of pressures
(hence depths) in the ureilite parent body (Fig. 1), an
interpretation that is supported by a correlation between
Fo and pyroxene/olivine ratio and by the restriction of
orthopyroxene to the most magnesian compositions
(Fig. 2). Ureilite smelting pressures have been estimated
to range from �5 to 30 bars for the most ferroan ureilite
to �50–125 bars for the most magnesian (Berkley and
Jones, 1982; Goodrich et al., 1987; Warren and Kalle-
meyn, 1992; Walker and Grove, 1993; Sinha et al.,
1997; Singletary and Grove, 2003). The latter imply a
minimum size for the ureilite parent body (UPB) of
�100 km in radius.
Table 1
Olivine–orthopyroxene ureilitesa

Name/pairings Fo

EET 87517b 92.3
EET 96262/96322/96328/ 87511/87523/87717 87.1
LEW 85440/88201/ 88102/88281 91.2
Y 74659 91.8
Y 791538 91.4

References: (1) Singletary and Grove (2003); (2) this work; (3) Takeda (1
a Includes all olivine–orthopyroxene ureilites for which adequate descr

et al., 2004, 2005) may also belong to this group.
b This ureilite was classified by Singletary and Grove (2003) as olivine–p

properties of its low-Ca pyroxene, we classify it as olivine–orthopyroxen
From the point of view of planetary differentiation, what
is missing from this picture is the basaltic (crustal) comple-
ment to these ultramafic (mantle) rocks—i.e. the melts.
Warren and Kallemeyn (1992) and Scott et al. (1993) sug-
gested that the absence of basaltic ureilites could be ex-
plained if melts generated on the UPB had high contents
of CO + CO2 gas derived from smelting, and therefore
erupted explosively (Wilson and Keil, 1991) at velocities
sufficient to escape their parent and be lost. If this is the
Orthopyroxene (%) Pigeonite (%) References

55 — 1, 2
45 — 2

42–46 — 2, 3
3 52 3

18–20 27–28 2, 3

989).
iptions currently exist. Several recently discovered samples (Russell

igeonite. However, because of the low Wo content (4.5) and optical
e.
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Fig. 2. Relationship between Fo content of olivine and modal
abundance of pyroxene in olivine + low-Ca pyroxene ureilites.
Positive correlation supports the model that mg was determined by
pressure-dependent carbon redox control (smelting) on the UPB.
Asterisks represent results from MAGPOX calculations for model
ureilite precursor material used in this study. Data for olivine–
pigeonite ureilites from Singletary and Grove (2003). Data for
olivine–orthopyroxene ureilites from Takeda (1989) and this work
(Table 1). One ureilite (EET 87517) classified as olivine–pigeonite
by Singletary and Grove (2003) has been reclassified here as
olivine–orthopyroxene (on the basis of the low Wo content and
optical characteristics of the pyroxene).
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case, then the UPB may never have had a crust. Neverthe-
less, some insights into the nature of melts on the UPB have
been gleaned from polymict ureilites, which are regolith
breccias and contain a few percent of feldspathic clasts
(Goodrich et al., 2004). Detailed studies of these clasts
(e.g. Ikeda et al., 2000; Ikeda and Prinz, 2001; Cohen
et al., 2004) have identified several feldspathic igneous
lithologies that may represent melts complementary to the
monomict ureilites. Interestingly, the compositions of these
lithologies (none of which is basaltic), suggest that melt
extraction on the UPB may have been a fractional, rather
than batch, process (Cohen et al., 2004; Goodrich et al.,
2004; Kita et al., 2004).

This conclusion would be highly significant, in that it
might explain the preservation of a primitive oxygen isoto-
pic signature on the UPB. The oxygen isotopic composi-
tions of ureilites define a d17O–d18O line of slope �1,
nearly coincident with the CCAM line (Clayton and May-
eda, 1988, 1996). This pattern is remarkable, as most other
achondrites show d17O–d18O trends of slope �1/2, reflect-
ing isotopic homogenization and mass-dependent fraction-
ation as expected from igneous processing. Furthermore,
D17O values are correlated with mg (or Fo), which in the
smelting model implies a correlation with depth (Walker
and Grove, 1993; Goodrich et al., 2002). The preservation
of such a correlation (depth gradient) during high-T igne-
ous processing seems unlikely, but it may be explained if
melt extraction was a rapid, fractional process in which
the melts did not interact substantially with the rocks
through which they migrated.

The focus of this paper is to investigate whether melt
extraction on the UPB could have been fractional. We
begin by examining the chemical/mineralogical composi-
tion of ureilite precursor material, and then develop a pet-
rologic model for simultaneous melting and smelting of this
material at various depths. Previous studies have addressed
the final products of smelting (i.e. the ureilitic residues), but
have not considered how smelting progresses during the
course of melting. This may be critical if melting was frac-
tional. Specifically, we determine (1) degree of melting, (2)
the evolution of mg, (3) production of CO + CO2 gas and
(4) the evolution of mineralogy in the residue as a function
of temperature (during heating) and pressure. We then use
these relationships to examine implications of batch vs.
fractional melting, and to test which of these occurred. In
particular, we model the physics (mode and rate) of melt
extraction, and the partitioning of rare earth element
(REE) on the UPB.
2. COMPOSITION OF UREILITE PRECURSOR

MATERIALS

In order to model melt generation and extraction on the
UPB, we must know the chemical/mineralogical composi-
tion of the starting material. Most models for the petrogen-
esis of ureilites have assumed carbonaceous chondrite-like
precursors, as suggested by their oxygen isotopic composi-
tions (which specifically point toward CV-like material) and
their high carbon contents (Mittlefehldt et al., 1998).
Although in detail the data (e.g. carbon isotopic composi-
tions: Grady et al., 1985) do not show a clear link to any
specific carbonaceous chondrite group, this remains the
most reasonable assumption. Goodrich (1999) examined
anhydrous chondritic silicate compositions with respect to
their ability to produce ureilites (i.e. their major mineral
assemblages) as residues of batch melting. This modelling,
which utilized the melting/crystallization program MAG-
POX (Longhi, 1991) showed that strictly chondritic compo-
sitions (when reduced to the mg range of ureilites) cannot
produce olivine–pigeonite residues; they produce exclu-
sively olivine–orthopyroxene residues. Investigation of the
effects of key compositional parameters in the orthopyrox-
ene–plagioclase–wollastonite (Opx–Plag–Wo) phase system
(Fig. 3) led to the conclusion that ureilite precursor materi-
als must have had (1) Ca/Al ratios of 2–3.5 · CI; (2) very
low alkali contents (similar to the lowest in the carbona-
ceous chondrite range); (3) various Al/Mg ratios (�0.75–
1.25 · CI); and (4) Si/Mg ratio similar to that of ordinary
(�1.15 · CI), rather than carbonaceous chondrites.

Recently, some of these conclusions were challenged by
Kita et al. (2004). These authors performed partial melting
calculations using MELTS (Ghiorso and Sack, 1995), and
reported that batch melting of anhydrous silicate CM re-
duced to mg 77 (low end of the ureilite mg range) produced
an olivine–pigeonite residue, a result that is not in agree-
ment with the MAGPOX calculations (Fig. 3). They also
suggested that fractional (as opposed to batch) melting of
chondritic materials might have led to increasingly super-
chondritic Ca/Al ratios in residues and thus pigeonite-bear-
ing residues. In addition, their trace element (K, Ba, Sr)
modelling suggested that feldspathic materials in polymict
ureilites (assumed to represent UPB melts) were produced



Fig. 3. Orthopyroxene–plagioclase–wollastonite (Opx–Plag–Wo)
phase system projected from olivine (Ol), showing bulk composi-
tion of anhydrous silicate CM, reduced to mg 77 and mg 87, � the
range of olivine–pigeonite ureilites (mg of bulk compositions and
Fo of olivine in final residue are nearly the same). Locations of
phase boundaries are dependent on mg and alkali contents; those
shown (calculated with MAGPOX) are specific to CM at low
degrees of melting. Light grey and dark grey shaded areas show, for
mg 77 and mg 87, respectively, the region in which a bulk
composition must plot in order to produce an olivine–pigeonite
residue. Comparison of these regions with loci of constant Ca/Al
shows that this requirement is best met by compositions with
superchondritic Ca/Al. Black stars are data from Kita et al. (2004)
showing calculated compositions of residues produced in progres-
sive fractional melting (up to �23%) of CM at mg 77. Note that,
although the Ca/Al ratios of these residues increase as a result of
fractionation, they do not move into the pigeonite field, and thus a
ureilite-like final assemblage is not produced. See Longhi (1991) for
projection equations.
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from alkali-undepleted materials. Here we examine these
suggestions and reevaluate the conclusions of Goodrich
(1999).

First, we have investigated batch melting of CM at mg

77 using both MAGPOX and MELTS, in order to examine
discrepancies between the programs. We have been working
with John Longhi to improve the parameterization of the
orthopyroxene–pigeonite phase boundary in MAGPOX
by comparison to experimental studies (Longhi and Pan,
1988; Grove and Juster, 1989; Singletary and Grove,
2003), and are using a recent version that incorporates these
revisions. The melting sequence derived from our MELTS
calculation (Fig. 4a) is in agreement with the results of Kita
et al. (2004) up until �23% melting—the point at which pla-
gioclase is eliminated and an olivine + low-Ca pyroxene
residue is produced. Our calculations shows that at this
point, pigeonite (Wo � 14) is replaced by orthopyroxene
(Wo � 5), which implies a configuration of phase bound-
aries in the Opx–Plag–Wo system such as that shown on
the right in Fig. 4a, and an olivine–orthopyroxene residue
is produced. In contrast, Kita et al. (2004) report no change
in pyroxene identity, and hence conclude that a pigeonite-
bearing residue is produced. Nevertheless, the abundances
of low-Ca pyroxene that we calculate are in agreement with
theirs.

The melting sequence derived from the analogous calcu-
lation in MAGPOX (Fig. 4b) appears at first glance to be
dramatically different: according to MAGPOX, the initial
ratio of augite to low-Ca pyroxene (lpyx) is much higher
(thus plagioclase is eliminated before augite), and the low-
Ca pyroxene is always orthopyroxene (pigeonite does not
appear in the melting sequence at all). However, this se-
quence implies a configuration of phase boundaries
(Fig. 4b, right) that differs only slightly from that inferred
from MELTS (Fig. 4a, right)—the main difference being
that the orthopyroxene–pigeonite boundary is located at
slightly higher Wo. Thus, this comparison reveals a slight
discrepancy between the two programs with respect to the
mg dependence of the orthopyroxene–pigeonite boundary,
but nevertheless substantiates the conclusion that strictly
chondritic precursor compositions will not produce urei-
lite-like residues, since in either program the case most
likely to do so (the lowest mg of the ureilite range) does not.

Secondly, the suggestion (Kita et al., 2004) that frac-
tional melting might allow pigeonite bearing ureilitic resi-
dues to be produced from chondritic precursors could be
critical to our work. Unfortunately, fractional melting can-
not be modelled with precision using MAGPOX, because
the program does not calculate the compositions of low-de-
gree melts (<3–4%) reliably. This is also the case with
MELTS, which (as discussed by Kita et al., 2004) reports
implausibly high SiO2 and Na2O contents. However, a
qualitative analysis in the Opx–Plag–Wo system (Fig. 3)
suffices to demonstrate that fractional melting of chondritic
compositions is unlikely to lead to ureilite-like olivine–
pigeonite residues. The earliest melts in this system must
plot at the aug–lpyx–plag cosaturation point (‘‘peritec-
tic’’)—the temperature minimum of the liquidus surface—
and will remain there until one phase (either plagioclase
or augite, for compositions relevant to this discussion) is ex-
hausted. The location of this point varies slightly with mg

and alkali content, but in all cases is close to the locus of
chondritic Ca/Al ratio. For CM at mg 77 it is at slightly
lower Ca/Al and slightly higher Plag than the bulk (nearly
directly right of it), in the region of orthopyroxene stability
(Fig. 3). Fractionation of early melts will therefore move
residues along a path of nearly constant Wo (directly left),
which does indeed pass through successively higher Ca/Al.
This does not, however, necessarily imply that they will
pass into the pigeonite field. In fact, it can be seen that
the likelihood of this is low, as their path is nearly parallel
to the orthopyroxene–pigeonite boundary. This argument is
substantiated by the fractional melting simulation that Kita
et al. (2004) performed for this composition (using MELTS,
with 5% melt increments). The compositions of their resi-
dues (black stars in Fig. 3) increase in Ca/Al by a factor
of >3 in the course of 23% melting; yet only the final residue
reaches the pigeonite field and it contains only �4% pigeon-
ite, far too little to match an olivine–pigeonite ureilite of mg

�77 (Fig. 2).
This analysis supports the conclusion that starting com-

positions with superchondritic Ca/Al are required to pro-
duce ureilite-like residues, and indicates that this is the
case even if melt extraction was fractional. The required
Ca/Al ratios have been reevaluated, however. Higher values
are needed to produce pigeonite-bearing residues at higher
mg, and the analysis of Goodrich (1999) was constrained to
match the most magnesian ureilite (Fo 94). However, it is
now recognized that all ureilites of Fo P 87 are either orth-
opyroxene-bearing residues (Table 1, Fig. 2) or augite-bear-
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Fig. 4. Comparison between batch melting sequence of bulk CM reduced to mg 77 calculated (a) using MELTS (fO2 = IW � 1.5, P = 125
bars) and (b) using MAGPOX. Phase diagrams for Opx–Plag–Wo system (projected from Ol) illustrate that the two programs differ slightly
on the location of the orthopyroxene/pigeonite boundary as a function of mg (boundaries in [a] inferred from the compositions of melts and
calculated melting sequence; boundaries in (b) calculated with MAGPOX for the point of augite exhaustion). Despite this discrepancy, both
programs indicate that batch melting of CM at mg 77 (� the most ferroan of the ureilite mg range) produces an olivine–orthopyroxene, rather
than a ureilite-like olivine–pigeonite, residue. Since at higher mg (e.g. the rest of the ureilite range), the stability of orthopyroxene relative to
pigeonite increases, it is clear that no ureilites can be simple residues from batch melting of CM.
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ing cumulates (Goodrich et al., 2004, 2006). The highest
Ca/Al ratio now required is only �2.5 · CI.

The requirement for various non-chondritic Al/Mg ra-
tios in ureilite precursor materials (Goodrich, 1999) arose
from the fact that the ureilite data available at the time
did not show the correlation between pyroxene/olivine ratio
and Fo that would be a consequence of various degrees of
smelting of a homogeneous composition. This requirement
can now be eliminated, as new data (Fig. 2) do show the ex-
pected correlation. Using a composition with Ca/
Al = 2.5 · CI and Al/Mg = CI, a reasonable match to the
ureilite data can be obtained over the full range of mg.

The requirement for an OC-like Si/Mg ratio in ureilite
precursor materials (Goodrich, 1999) seems unsatisfactory
from a theoretical point of view, as all other indications
are that the parent body was CC-like. This higher value
(relative to CC) was used to increase pyroxene/olivine ra-
tios at all mg to match those of ureilites. However, our com-
parison between MAGPOX and MELTS suggests that this
may not be necessary. For example, our bulk composition
with Ca/Al = 2.5 · CI at mg 76 produces (at the point of
augite exhaustion) an olivine–pigeonite residue with
�26 vol % pigeonite in MAGPOX but �45% in MELTS,
a difference which greatly exceeds that due to the difference
in the mg dependence of the orthpyroxene–pigeonite
boundary (as noted above, MELTS calculates a higher ra-
tio of low-Ca pyroxene to augite). Thus, if we were using
MELTS it would be necessary to lower the Si/Mg ratio of
the starting material to a CC-like value in order to produce
ureilites. The source of this discrepancy between MAGPOX
and MELTS appears, at least in part, to be due to a differ-
ence in distribution of Wo between augite and pigeonite,
and new experimental data may be required to fully resolve
it. For the present, we must retain the OC-like Si/Mg ratio,
but note that it is likely artificial (i.e. a substitute for the
proper correction to MAGPOX).

Finally, we have also considered the conclusion of Kita
et al. (2004), based on modelling of feldspathic clasts in
polymict ureilites, that ureilite precursor materials must
have been alkali-undepleted. Our results remain at odds
with this conclusion, as all calculations we have made using
alkali contents higher than those (low CV) used by Good-
rich (1999) fail to produce ureilite-like residues (principally
because alkalis increase the stability of orthopyroxene



Table 2
Model ureilite precursor material at various degrees of reduction

Wt% mg 62.3 mg 76 mg 91

SiO2 40.3 46.2 52.0
TiO2 0.13 0.15 0.17
Al2O3 2.29 2.62 2.96
Cr2O3 0.56 0.65 0.73
FeO 26.8 16.1 5.6
MgO 24.8 28.5 32.1
MnO 0.29 0.31 0.31
CaO 4.55 5.22 5.88
K2O 0.03 0.04 0.04
Na2O 0.20 0.20 0.22
Fe/Mga 0.61 0.32 0.098
Fe/Mna 91.1 51.3 18.4
Al/Mg/CI 1 1 1
Ca/Al/CI 2.5 2.5 2.5
Si/Mg/CI 1.08 1.08 1.08
K/Mg/CI 0.28 0.28 0.28
Na/Mg/CI 0.07 0.07 0.07

a Molar values.

PlagOpx

Wo

{Ol}
augite

plag

62
66

76
94

pig

opx

Fig. 5. Opx–Plag–Wo system showing model ureilite precursor
material used in this study (Ca/Al = 2.5 · CI) at various degrees of
reduction (in various colors, labelled mg 62–94). Bulk UPB is
assumed to have a total iron content similar to that of Allende (mg

�62, if all iron occurs as FeO), and plots in the augite field; thus,
unsmelted UPB residues (at depths corresponding to pressures
greater than �100–125 bars; see Fig. 1) should contain augite as
their sole pyroxene. This composition produces olivine–pigeonite
residues at mg �66–86 and olivine–orthopyroxene–(pigeonite)
residues at mg P87 (after augite is exhausted). Phase boundaries
shown (in same colors as the corresponding bulk compositions) are
for approximately the point of augite exhaustion.
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relative to pigeonite). However, we note that the petrogen-
esis of feldspathic clasts in polymict ureilites is poorly
understood (Cohen et al., 2004; Kita et al., 2004). For
example, Kita et al. (2004) assume that they are direct prod-
ucts of UPB melts. They may instead represent melts that
have evolved through fractional crystallization (Goodrich
et al., 2004), which would have increased their alkali con-
tents. Thus, it is not clear that the calculations of Kita
et al. (2004) provide a robust constraint on the composition
of ureilite precursor materials.

In summary, the composition for ureilite precursor
materials that we use in this work (Table 2) is CV-like
(and assumed to have a bulk Fe content similar to that of
Allende), except for having Ca/Al �2.5 · CI. It is unlikely
that this superchondritic Ca/Al ratio was a primary feature
of the UPB (Goodrich, 1999). Goodrich et al. (2002) sug-
gested that Ca was mobilized and concentrated during
pre-igneous aqueous alteration (which is probably an inev-
itable consequence of heating a carbonaceous chondrite
asteroid: Cohen and Coker, 2000), as evidenced in dark
inclusions in CV chondrites with Ca/Al ratios up to
�4 · CI (Fruland et al., 1978; Bischoff et al., 1988; Johnson
et al., 1990; Krot et al., 1995, 1997, 1998). This idea remains
to be tested, but the bottom line for this work is that with-
out superchondritic Ca/Al ratios we cannot model melting
on the UPB, as ureilite-like residues will not be produced.

3. MELTING AND SMELTING ON THE UPB

3.1. Simultaneous melting and smelting at various pressures

A number of studies have discussed carbon redox con-
trol (regardless of whether they used the term smelting)
on the UPB (Berkley and Jones, 1982; Warren and Kalle-
meyn, 1992; Goodrich et al., 1987; Walker and Grove,
1993; Sinha et al., 1997; Singletary and Grove, 2003,
2006). These studies focussed on estimating pressures of
equilibration, from either thermodynamic or experimental
constraints, based on the assumption that carbon redox
equilibrium was attained for the final, high-temperature
assemblages now represented by the olivine–pigeonite urei-
lites. No studies so far have examined the progress of the
smelting reaction during the course of melting, which could
be critical if melting were a fractional, rather than batch,
process. Here we do so.

Fig. 5 shows the location of our model ureilite precursor
material (Table 2) in the Opx–Plag–Wo system at various
degrees of reduction/smelting (we assume that its super-
chondritic Ca/Al ratio was already established by the time
the silicate solidus was reached). At mg �62 (no smelting) it
plots in the augite field (suggesting that at greater depths on
the UPB than those represented by known ureilites, ureilitic
residues should contain augite as their sole pyroxene). Pro-
gressive smelting moves it directly toward Opx: at mg �66,
it enters the pigeonite field, and at mg �87 it enters the
orthopyroxene field (phase boundaries are those corre-
sponding to the point at which augite is exhausted in the
melting sequence). Fig. 6a–d shows corresponding batch
melting sequences calculated (with MAGPOX) for this
composition at mg �76 (� the low end of the ureilite
range), 83, 87 and 91 (� the high end of the range for oliv-
ine + low-Ca pyroxene ureilites), respectively, and illustrate
the change in mineralogy of the final residue (at � the point
of augite exhaustion: Goodrich, 1999; Singletary and
Grove, 2003) with increasing degrees of smelting: in partic-
ular, pyroxene/olivine ratio increases, and at higher mg

orthopyroxene appears and begins to replace pigeonite.
For each mg, the accompanying Opx–Plag–Wo diagram
show the location of phase boundaries at the solidus and
at the point of augite exhaustion, and illustrates the path
of the liquid during melting. At low mg (�66–86), the orth-
opyroxene–pigeonite boundary is below the peritectic point
(i.e. the peritectic point is within the pigeonite field), and the
only pyroxene present throughout the melting sequence is
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pigeonite. At mg >�87, the orthopyroxene–pigeonite
boundary is above the solidus (i.e. the peritectic point is
within the orthopyroxene field), and the only pyroxene
present at the beginning of the melting sequence is orthopy-
roxene. As melting proceeds, however, the liquid overtakes
the orthopyroxene–pigeonite boundary, and pigeonite be-
gins to form at the expense of orthopyroxene. Pigeonite/
orthopyroxene increases until augite is exhausted (and their
ratio at this point decreases with increasing mg), at which
point the trend reverses and orthopyroxene begins to dom-
inate (actually, for all mg >�83, the bulk composition is
within the orthopyroxene field and so at very high degrees
of melting olivine–orthopyroxene residues are produced).
Finally, at higher mg than illustrated (i.e. mg 94), the orth-
opyroxene–pigeonite boundary is located at sufficiently
high Wo that the melt never overtakes it, and the only
pyroxene ever present is orthopyroxene. It is important to
note that our model does not explicitly involve the oliv-
ine fi low-Ca pyroxene reaction boundary in the olivine–
quartz–wollastonite (Ol–Qtz–Wo) system, because we as-
sume that ureilites are produced as residues at the point
of augite exhaustion.
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Fig. 6. Results of calculations with MAGPOX showing batch melting se
increasing mg (increasing degrees of smelting, decreasing depth). Ureili
types) are produced in the range mg �76–91 (results from these calculation
at �30% melting, just after complete removal of augite. Accompanying d
location of phase boundaries at the solidus (black lines) and at the point o
of melt composition, ending at the point of augite exhaustion. Green
considered to be ‘‘pre-smelted’’ in the sense that the melting sequences do
By comparison to Fig. 2, it is clear that the melting
behavior of this composition over a range of increasing
mg, as predicted by MAGPOX, can lead to the observed
trend of pyroxene/olivine ratio and pyroxene types seen
in ureilites. However, the exact calibration of MAGPOX
(i.e. the location of the orthopyroxene–pigeonite boundary
as a function of mg) relative to available experimental data,
remains uncertain. For example, the calibration used for
the calculations shown in Fig. 6 locates the orthopyrox-
ene–pigeonite boundary at slightly lower temperature (by
�20�), for a given mg, than the data of Grove and Juster
(1989). This produces a good match to the mg (�87) at
which orthopyroxene appears in the ureilite data, whereas
a more exact calibration to the experimental data would
shift this point to mg �83 and result in complete loss of
pigeonite for mg >�87 (inconsistent with what is seen in
ureilites). This slight mismatch, however, should not be
considered fatal, as the dependence of the orthopyroxene–
pigeonite boundary on mg is likely sensitive to a variety
of factors that are not completely understood.

Although each of the melting sequences shown in
Fig. 6a–d might be thought to correspond to a particular
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depth (pressure) on the UPB, this view is misleading be-
cause in each case the starting composition (source region)
was assumed to have already had the appropriate FeO con-
tent to produce a final residue of a certain mg; i.e. it was as-
sumed to be ‘‘pre-smelted.’’ In fact, our model assumes that
the UPB was originally homogeneous in FeO content (with
mg �62, as in Allende), and that in each source region
(depth), the mineralogy of the residue evolved in response
to progressive smelting as well as progressive melting.

Consider first a source region located at a depth equiva-
lent to �30 bars pressure (the pressure of equilibration of
the most magnesian ureilite, based on the thermodynamic
treatment in Fig. 1). Smelting begins at �1060 �C, the tem-
perature at which carbon redox reactions buffer an mg va-
lue near that of the bulk UPB (�62); at this point, the
carbon redox system is in equilibrium and gas pressure is
assumed to be equal to total lithostatic pressure. This is also
the approximate solidus temperature for this composition
(from MAGPOX, with an uncertainty of ±20 �C), and so
smelting and melting begin simultaneously (Fig. 1). In con-
trast, for a source region located at a depth equivalent to
�100 bars pressure (the pressure of equilibration of the
most ferroan ureilite), smelting does not begin until T has
reached just over 1200 �C, where the 100 bar graphite–gas
curve intersects the olivine–silica–metal buffer for mg �62
(Fig. 1). For source regions located at intermediate depths
(pressures), smelting begins at temperatures between 1060
and 1200 �C (e.g. �1140 �C at 65 bars). In all cases, as tem-
perature continues to increase, carbon redox equilibria buf-
fer progressively higher mg values (i.e., the graphite–gas
curves cross olivine–silica–metal curves of progressively
higher mg), and smelting proceeds further. The relation-
ships between mg and T, for each of 30, 65 and 100 bars
pressure, are shown in Fig. 7a.

In order to determine the mineralogical evolution of ure-
ilitic residues in response to simultaneous melting and
smelting, we first determined wt% melt vs. T functions for
individual pre-smelted compositions in the range mg 76–
94 and combined them, using the relationships between T

and mg (Fig. 7a), to produce actual (simultaneous smelting)
wt% melt vs. T functions for 30, 65, and 100 bars pressure
(Fig. 7b). We then combined the relationships in Fig. 7a
and b, for each of the three pressures, to produce wt% melt
vs. mg functions (Fig. 7c). Finally, guided by these func-
tions, we used MAGPOX in a series of incremental calcula-
tions (altering the mg of the starting composition for each
melting interval) to simulate simultaneous melting and
smelting. The resulting melting sequence for each pressure
(both the mineralogical evolution of the residue and the
path of progressive melts in Opx–Plag–Wo) are shown in
Fig. 8.

At 100 bars (Fig. 8a), smelting does not begin until
�21% melting, and so up until this point the melting se-
quence is identical to that of the mg 62 starting material;
pigeonite is not present, and augite is the only pyroxene.
Pigeonite appears when smelting begins, and increases stea-
dily in abundance as augite is progressively lost. The final
olivine–pyroxene residue (Fo � 76) at the point of augite
exhaustion contains �26 wt% pigeonite, which is a good
match to the ureilite data (Fig. 2). Note that this sequence
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(both the mineralogical evolution of the residue and the
compositions of progressive melts) differs considerably
from the pre-smelted mg 76 sequence (Fig. 6a). At 65 bars
(Fig. 8b), the melting sequence is similar, except that smelt-
ing begins and pigeonite appears earlier (at �16% melting)
and the final residue (Fo � 86) contains �46 wt% pigeonite
(also a good match to the ureilite data). Again, this se-
quence differs considerably from that of a pre-smelted mg

86 composition. At lower pressures, the mineralogical evo-
lution of the residue is more complex, because of the
appearance of orthopyroxene at mg >�86. At 30 bars
(Fig. 8c), where melting and smelting begin nearly simulta-
neously, pigeonite is present initially and increases in abun-
dance with progressive smelting during melting. However,
at �11% melting, mg has reached �86 and orthopyroxene
appears. Orthopyroxene now increases at the expense of
pigeonite until mg reaches �91; here, the composition of
the melt passes the orthopyoxene–pigeonite–augite cosatu-
ration point and the orthopyroxene/pigeonite trends re-
verse (the resurgence of pigeonite here is the same effect
as observed in the pre-smelted compositions of mg P87,
but it is tempered by the increase of orthopyroxene due
to progressive smelting).

3.2. CO + CO2 gas production during melting

The results of our calculations for simultaneous melting
and smelting at various pressures (Fig. 8) have significant
implications for the generation of CO + CO2 gas, particu-
larly in the case of fractional melting. Although previous
workers (Warren and Kallemeyn, 1992; Scott et al., 1993;
Warren and Huber, 2006) have estimated the amount of
CO + CO2 gas generated by smelting on the UPB (in the
interest of evaluating explosive volcanism), none of them
considered the progress of gas production during the course
of melting. From Fig. 8, it is clear that gas production will
vary significantly during the course of melting; furthermore,
it will vary with depth. The relationships between degree of
melting and mg shown in Fig. 7c allow us to calculate the
amounts of CO + CO2 gas generated as a function of melt-
ing at each depth (pressure) in the UPB. We have assigned
the starting material a uniform carbon content (5 wt%) suf-
ficient to guarantee smelting up to at least mg �94 (though
it may have been higher and not necessarily homogeneous),
and utilize the stoichiometry of the simplest reduction reac-
tions (reduction of 1 mole of FeO yields 1 mole of CO or
0.5 moles of CO2). Total gas pressure is assumed to be
equal to lithostatic pressure, and the ratio between CO
and CO2 (as a function of T and P) is obtained from the
formulations of French and Eugster (1965). Results are
shown in Fig. 9.

Consider first the shallowest source regions (30 bars
pressure), where gas production begins at approximately
the same time as melting. Assuming a batch melting pro-
cess, nearly 10 wt% gas (of which 90–100% is CO) has been
produced by the time silicate melting ends (�29% melt),
implying a concentration of �31% gas in the melt (or
�23% in the total melt + gas fluid phase). However, if melt-
ing is a fractional process , we need to consider the gas con-
tents of small increments of melt. Because the rate of
smelting (relative to melting) is initially high, the ratio of
gas to melt in the system will be very high in the earliest
stages of melting. This ratio rapidly decreases as melting
and smelting proceed. This is shown quantitatively in
Fig. 10, where we plot the amount (wt%) of gas generated
during each 1% melting interval (gas/melt ratio by mass).
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In the initial few 1% increments, the ratio of gas to melt is
>1 (as high as 2.5); in the final fifteen (� half of the total
melting interval), it is 60.05 (Fig. 10).

In the deepest source regions (�100 bars pressure) smelt-
ing does not begin, and therefore no gas is generated, until
�21% melting has occurred. The total amount of gas gen-
erated by the time melting is complete is �5.3%, which
would imply a concentration of �18% in a batch (�29%)
melt. In the case of fractional melting, the first 20 1% melt
increments contain no gas (Fig. 10). The next increment,
however, has a gas/melt ratio of �1.7. This rapidly declines,
so that in the final (3–4) steps of melting it is, as in the shal-
lowest source regions, very low (60.05). Thus, the general
picture is that the onset of smelting results in a burst of
gas production and very high gas/melt ratios. In the shal-
lowest source regions this occurs near the beginning of
melting; in the deepest source regions it does not occur until
near the middle of the melting sequence (and, notably, after
plagioclase has been exhausted from the residues). In all
source regions, however, these initially high values rapidly
decline. Another point is that deeper source regions on
the UPB (corresponding to pressures greater than �125
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bars) would not have produced any gas, since they did not
experience smelting. (Fig. 1).

3.3. Effect of fractional melting on smelting

In the preceding discussion we considered the implica-
tions of fractional melt removal with respect to the concen-
tration of gas in the melt. Paradoxically, however, one of
the consequences of fractional melt removal is that the
gas produced by smelting would be continuously removed
from the system (in fact, it might be continuously removed
from the system even in a batch melting situation, based on
buoyancy), which implies that carbon redox equilibrium
would not be maintained. This situation was seen by War-
ren and Huber (2006) as a runaway (‘‘gas-leaky’’) process
that could not produce the array of mg (Fo) seen in urei-
lites. However, their discussion neglected the fact that
smelting is occurring during heating (Fig. 11). For a source
region located at a depth equivalent to �30 bars pressure,
the system is in carbon redox equilibrium at �1060 �C
and Fo � 62. At this point, both melting and smelting be-
gin. If the melt is instantaneously removed and takes the
gas with it, the smelting reaction (FeO + C fi Fe + CO)
must be driven to the right. This results in a drop in oxygen
fugacity (down arrows) and the system is no longer in equi-
librium. However, temperature is rising, and as it does so
the system will return to equilibrium (diagonal arrows par-
allel to Fo curves). This process will be repeated in a series
of infinitely small steps, until melting is complete (heating
ends) and the final residue reaches Fo � 94; this residue will
be at equilibrium provided the last tiny increments of melt
and gas are not removed.
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3.4. Smelting of melts during ascent

One of the consequences of upward migration of melts
on the UPB is that if they carry graphite with them (the
low density of graphite would be conducive to this, but
the grain size of graphite might preclude it being trans-
ported in initial melt conduits), they would be progressively
smelted. Fig. 12 shows, for example, calculated contents of
CO + CO2 that would be generated by smelting during iso-
thermal ascent of melts in the range 1050–1250 �C. These
gas contents (up to �11 wt%) are substantial, and would
be an additional contribution (beyond gas generated by
smelting in the source region) to explosive volcanism. How-
ever, if all melts were smelted in this way during ascent to
the surface (or near-surface) of the UPB, they should all
be highly magnesian. This prediction is in contrast to what
is observed in polymict ureilites. Several of the indigenous
feldspathic melt lithologies that have been identified
(including the most abundant) in polymict ureilites are
notably more ferroan than monomict ureilites (Ikeda
et al., 2000; Cohen et al., 2004). Furthermore, the very fact
that they were preserved (as opposed to being lost by explo-
sive volcanism) might suggest that they did not contain
excessive gas. Nevertheless, the exact relationship of these
clasts to monomict ureilites is poorly understood, and their
ferroan compositions might also be explained by late frac-
tionation after complete consumption of carbon (Cohen
et al., 2004). Thus, the question of whether melts on the
UPB carried graphite with them during ascent remains
open.

3.5. Effect of fractional melting on compositions of melts

The melting sequences shown in Fig. 8 incorporate the
effect of progressive smelting during melting, but are still
batch melting sequences. This approximation is necessary
since, as noted above, fractional melting cannot be mod-
elled precisely enough with MAGPOX. Nevertheless, we
can determine the general effect of fractional melting on
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the compositions of melts and residues from a crude calcu-
lation. Fig. 13 shows (in the Opx–Plag–Wo system) the re-
sults of a fractional melting simulation for our model
ureilite precursor material at mg 76 (cf. Fig. 6a). Melts were
fractionated in 5% intervals, up to 30% total melting. Com-
parison of the fractional with the batch residues shows that
the difference is not extreme (mainly due to lower Al2O3

contents in the fractional residues), and in fact might be dif-
ficult to detect in actual ureilites (though we do note that
typical olivine–pigeonite ureilites have Al2O3 contents near
�0.25 wt% [Mittlefehldt et al., 1998], which is close to the
prediction of the fractional calculation). In contrast, the dif-
ference in melt compositions is quite large: namely, frac-
tional melts quickly develop Ca/Al ratios significantly
higher than those of the batch melts. This result then, has
implications that could be further examined by comparison
to feldspathic materials in polymict ureilites.

We have not attempted to combine simultaneous melt-
ing and smelting with fractional melt removal because the
compounding of errors from two relatively crude iterative
calculations is likely to be so large that results would not
be meaningful. Nevertheless, the effect should be similar
to what is seen in Fig. 13, namely melt compositions may
be significantly more refractory, but residues will be only
minimally different from those in the batch melt/smelt cal-
culations (Fig. 8).

3.6. Explosive volcanism

Our new estimates of CO + CO2 gas production due to
smelting remain consistent with the suggestion (Warren and
Kallemeyn, 1992; Scott et al., 1993) that melts generated on
the UPB were lost to space by explosive volcanism (Wilson
and Keil, 1991). However, the recognition that in all but the
shallowest source regions, some portion (in fact, more than
half in the deepest) of the melting sequence occurred in the
absence of smelting, implies that by no means were all melts
thus lost. Our calculations (details to be published sepa-
rately) indicate that the total of the smelted melts that
would have erupted explosively corresponds to �10% of
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Fig. 13. Comparison of compositions of melts and residues from
�30% fractional vs. batch melting. Fractional melting simulated by
an iterative calculation in 5% melt increments. Bulk composition
(mg 76) is the same as in Fig. 6a. Although fractional residues differ
only slightly from those of batch residues, fractional melts evolve to
significantly higher Ca/Al ratios than batch melts. Dashed lines are
phase boundaries at solidus; solid lines are phase boundaries at
point of augite exhaustion (�30% melting).
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the initial 100-km radius asteroid volume, while the total of
non-smelted melts, which ultimately would have erupted
non-explosively to form a crust, represents �8.8%. Warren
and Huber (2006) argue that the loss of asteroid mass due
to explosive volcanism would have led to a diminution in
pressure that would have fed the runaway smelting process
they envision (as discussed above). However, the loss of
10 vol % of a 100-km body corresponds to a reduction in
its radius of only �3%—from 100 km to �96.5 km. While
it is true that this change in radius has a proportional effect
on the variation of pressure with depth, this occurs progres-
sively during the melting process and is not large enough to
have a significant effect on any of our calculations. Further-
more, although it has been proposed that the UPB never
had any crust, our calculations suggest that it may have
had thin crust, encompassing the outer �3.3 km of the final
body.
4. PHYSICS OF MELT EXTRACTION ON THE UPB

The relationships derived above (specifically the melt/
smelt sequences in Fig. 8 and the gas production curves
in Fig. 9) provide essential input for modelling the physics
(mode and rate) of melt extraction on the UPB. This work
will be published separately, but results (presented in preli-
minary form in Wilson et al., 2006) are summarized here.
Our calculations indicate that melts would have begun to
migrate from their source regions (principally upwards un-
der buoyancy forces) after only �1–2% melting. Thereafter,
they would have migrated continuously in a network of thin
veins, coalescing upwards into fatter veins, and eventually
into dikes. Full vein inter-connectivity would have been
established very quickly, and thereafter the melt content
of the vein network at any time would have been at most
only �0.3%. Furthermore, melt migration rates would have
been high, with the most conservative estimate of the time
required for a given parcel of melt to pass through the sys-
tem to the surface being in the range of 2 months to one
year. Such rapid, continuous melt extraction, and migration
in veins and dikes (as opposed to slow percolation along
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Fig. 14. REE for olivine + low-Ca pyroxene ureilites. Sources of data:
Warren (1994), Spitz and Boynton (1991), Warren and Kallemeyn (1992
grain boundaries) would have been conducive to preserva-
tion of oxygen isotopic heterogeneity in the mantle, since
the distance that oxygen can diffuse in olivine in a year at
1200–1250 �C is on the order of only 1 lm (D = 10�20 m2/s:
Dohmen et al., 2002).
5. TRACE ELEMENT FRACTIONATION DURING

MELT EXTRACTION ON THE UPB

From the point of view of geochemical modelling, the
process suggested by our physics calculations (Wilson
et al., 2006) is perfect fractional melting, in which each
infinitesimal batch of melt is removed instantaneously from
its source region. This result can be tested further using
trace elements such as rare earth elements (REE), which
provide a sensitive indicator of batch vs. fractional melting.
Warren and Kallemeyn (1992) modelled REE of ureilites,
and concluded that they are not consistent with fractional
melting. Here, we reevaluate this conclusion.

5.1. REE patterns of ureilites

Bulk REE data are available for 20 ureilites (Goodrich
et al., 2004), but only eight of these are olivine + low-Ca
pyroxene ureilites (i.e. residues relevant to our modelling)
of low shock state (Fig. 14a). All of them show a V-shaped
REE pattern, which is known to result from the presence of
a cryptic, volumetrically minor LREE-enriched component
that can be removed by leaching (Fig. 14b). The origin of
this component is uncertain, but it is generally agreed to
be secondary (Goodrich and Lugmair, 1995; Goodrich
et al., 1995; Torigoye-Kita et al., 1995a,b) and not represen-
tative of the residual mantle composition. Therefore, only
HREE will be used in our modelling.

Six of the patterns in Fig. 14a, all of which belong to
olivine–pigeonite ureilites of low to intermediate mg

(Fo � 78–83), show very similar HREE abundances. Of
these, Kenna is the best studied. Two sets of leaching exper-
iments have been performed on Kenna (Boynton et al.,
1976; Spitz and Boynton, 1991). In the leached samples,
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Fig. 15. REE distribution coefficients (D). (a) Values for plagio-
clase based on lunar basalts at 1240 �C (Jones, 1995). Values for
olivine from Jones (1995) parameterized as log10 D = �4.56 +
0.219 * REE#. Values for olivine from McKay (1986) are based on
two types of lunar basalts. (b) Values for both pyroxenes from
Jones (1995) parameterized in terms of ‘‘eucritic’’ Dca (solid lines),
and also 1125 �C (upper set of dashed lines) and 1250 �C (lower set
of dashed lines) values of DCa from Grove and Bence (1977).
Values for augite from Grutzeck et al. (1974) correspond to
fO2 = IW � 1. Values for augite from McKay et al. (1986) are
based on shergottites.
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HREE abundances are slightly lower and show a slightly
steeper pattern than in bulk rock analyses; LREE are highly
depleted, and show slightly lower abundances in one sample
than in the other (Fig. 14b). REE have also been measured
in situ (by SIMS) for Kenna olivine and pigeonite (Guan
and Crozaz, 2000). A bulk REE pattern reconstructed from
these data in modal proportions (olivine:pigeonite = 75:25)
is essentially identical in HREE to the patterns of the lea-
ched whole-rock samples, and also essentially identical in
LREE to the pattern of the leached sample with the lower
abundances (Fig. 14b). Furthermore, Nd isotopic data indi-
cate that material free of the LREE-enriched component
should have a 147Sm/144Nd ratio of �0.51 (Goodrich and
Lugmair, 1995). This translates into an Sm/Nd ratio
(�2.6) only slightly higher than that of the reconstructed
pattern (�2.4). Thus, the REE pattern of one leached Ken-
na sample, and the pattern reconstructed from the individ-
ual Kenna minerals, appear to be the best data available to
represent the residual mantle of the UPB. Kenna has
Fo � 79, and thus (in the smelting model) represents one
of the deeper of the source regions that have been sampled.
Only one REE pattern is available for an olivine–orthopy-
roxene ureilite representing shallow source regions
(Y791538, Fo � 91). Its HREE abundances are slightly
higher than those in the olivine–pigeonite samples, but we
cannot be certain that this is significant. Therefore, in this
work we limit our modelling to Kenna.

5.2. Starting material and melting sequence

In their REE modelling, Warren and Kallemeyn (1992)
used a starting material containing 11.5% plagioclase (sim-
ilar to unaltered CV chondrites), with olivine, pigeonite and
augite in the ratio 75:20:5. They assumed that the phases
being melted were half plagioclase and half mafic minerals,
the latter in modal proportions. Plagioclase is eliminated at
23% melting, leaving a final residue consisting of 75% oliv-
ine, 20% pigeonite, and 5% augite. The conditions we use in
our modelling differ from these in several respects.

First, in our interpretation only the olivine + low-Ca
pyroxene ureilites are residues; therefore, the final residue
should not contain augite. Second, we specify the bulk
chemical composition of the starting material to be the
model ureilite precursor composition discussed above (Ta-
ble 2), and focus on modelling a Kenna-like residue—i.e.
a source region at �100 bars. The starting mineralogy is,
therefore, �76 wt% olivine, 19 wt% augite, and 5 wt% pla-
gioclase (Fig. 8a). As melting proceeds before smelting, pla-
gioclase and augite both decrease, and plagioclase is
exhausted at �15% melting. When smelting begins, at
�21% melting, pigeonite appears, and thereafter increases
in abundance. Augite is exhausted at �33% melting, leaving
a Kenna-like olivine–pigeonite residue with �26 wt%
pigeonite (Fig. 2).

5.3. REE distribution coefficients

Experimentally determined REE crystal/liquid distribu-
tion coefficients for olivine, plagioclase, pigeonite and au-
gite are reviewed by Jones (1995). Data most appropriate
for this work are summarized in Fig. 15. Values for plagio-
clase are those recommended for lunar basalts at �1240 �C.
Those for olivine are given by log10 D = �4.566 +
0.219 · REE# (though this parameterization likely gives
Ce and Nd values that are too high: Jones, 1995). Pyroxene
distribution coefficients are parameterized by Jones (1995)
in terms of crystal/liquid distribution coefficients for Ca
(DCa): log10 D = Alog10 DCa + B. Regression parameters
(A,B) for pigeonite and augite are given in Table 6 and
‘‘hypothetical’’ values for DCa for various meteoritic and
terrestrial rock types are given in Table 7 of his paper. Of
these, lunar mare basalts provide the most appropriate ana-
log to ureilites, because lunar mare basalts represent liquids
with superchondritic Ca/Al ratios (in contrast to eucrites
which have �chondritic Ca/Al). Unfortunately, however,
the lunar basalt DCa values for pigeonite and augite given
by Jones (1995) are substantially different from those given
for all other rock types (note too that they are not consis-
tent with values determined by Grove and Bence, 1977)
and are probably erroneous (Jones, personal communica-
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tion). Parameterization in terms of DCa also introduces a
complexity in that DCa values are T-dependent. Fig. 15b
shows the ranges of REE distribution coefficients for
pigeonite and augite calculated from the parameterization
of Jones (1995) using DCa values from Grove and Bence
(1977) for 1125 and 1250 �C (� the T range over which
melting occurs for our starting composition). These are sim-
ilar to the total ranges of values measured in the most reli-
able experimental studies (Grutzeck et al., 1974; McKay
et al., 1986). The DCa values suggested by Jones for eucrites
correspond to a T of �1175 �C (� an average T for our
melting interval) when compared to the Grove and Bence
(1977) data, and produce sets of REE distribution coeffi-
cients roughly in the middle of these ranges. In addition,
the associated uncertainties (calculated from the 2-sigma
values in Table 6 of Jones, 1995) correspond well to the to-
tal ranges. Therefore, for our nominal ‘‘best’’ set of values,
we use those calculated from eucritic DCa.

The Eu distribution coefficients shown in Fig. 15 corre-
spond to an oxygen fugacity (fO2) of �IW/10, which is
appropriate for modelling Kenna. The plagioclase value is
that cited by Jones (1995) for lunar conditions (fO2 < IW).
The augite value is extrapolated to IW/10 from the data of
Grutzeck et al. (1974), and the pigeonite value is from
McKay et al. (1991) for pigeonite of Wo � 8 at IW/10.
Olivine distribution coefficients are likely to have a substan-
tial negative Eu anomaly at low fO2 (Jones, 1995), but its
magnitude (Fig. 15) is only a guess.
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Fig. 16. Results of REE modelling, using the ‘‘best’’ set of
distribution coefficients (solid squares in Fig. 15) for (a) the 100
bar simultaneous melting and smelting sequence derived in this
work (Fig. 8a) and (b) the mineralogy and melting sequence of
Warren and Kallemeyn (1992). The model is incremental batch
melting, where n = the number of equal-sized steps of melt
extraction. Most reliable REE patterns for residual ureilites
(Kenna, representing one of the deepest source regions sampled)
shown for comparison.
5.4. Modelling and results

We modelled incremental batch melting (Allegre and
Minster, 1978) using a FORTRAN program (which we
wrote ourselves) in which we could input any melting se-
quence to describe the evolution of the residual mineralogy.
We used various selections of distribution coefficients with-
in the ranges of uncertainty shown in Fig. 15, and for each
selection calculated the REE pattern of the final residue
(CR/C0, where C0 is assumed chondritic) for n (# of
equal-sized steps of melt extraction) up to 75.

Fig. 16 compares the result obtained for the 100 bar
simultaneous melting plus smelting sequence with that ob-
tained from the melting sequence of Warren and Kallemeyn
(1992), using the ‘‘best’’ values of all distribution coeffi-
cients (solid squares in Fig. 15). The latter is very similar
(though not identical, probably because the distribution
coefficients used are not quite the same) to that reported
by Warren and Kallemeyn (1992) themselves. The n = 1
pattern (batch melting) for our melt/smelt sequence shows
lower REE abundances and a steeper slope than that for
the Warren and Kallemeyn (1992) sequence, because of
the lack of augite in the residue. However, results for all
higher values of n (larger number of extraction steps) show
higher abundances and shallower slopes, due to the pres-
ence of larger amounts of augite in the residue throughout
the melting sequence. Furthermore, our melting sequence
produces negative Eu anomalies in the residues for all val-
ues of n (consistent with the negative Eu anomalies seen in
all olivine–pigeonite ureilites), whereas the Warren and
Kallemeyn (1992) mineralogy produces positive Eu anoma-
lies for n > 2. This difference is due to the much smaller
amount of plagioclase in our composition, and its earlier
exhaustion from the residue. In both cases, results essen-
tially converge for n > 75, approaching perfect fractional
melting. The two sets of results, however, lead to similar
conclusions. Compared to the CI-normalized REE patterns
for Kenna, both suggest that in an incremental batch melt-
ing model, only a small number of steps of melt extraction
could have been involved (at most 2 for our melting se-
quence). Results obtained for other selections of distribu-
tion coefficients (within the uncertainties in Fig. 15) are
similar in this respect. Thus, we conclude that in an incre-
mental batch melting model, REE in Kenna are not consis-
tent with fractional melting.

5.5. Disequilibrium melting

Incremental batch melting is an equilibrium model. It
assumes that equilibrium partitioning occurs between melt
and residue even in the case of perfect fractional melting
(n fi1) where each infinitesimal amount of melt produced
is extracted from the residue instantly. Equilibrium



Fig. 17. Results of REE disequilibrium melting model. The model
is for near-fractional melting with diffusion-controlled chemical
exchange, slightly modified from that of Van Orman et al. (2002) as
described in the text. A small amount of melt (0.1%) remains with
the residue as melting proceeds, while the rest is extracted and
undergoes no further interaction with the residual minerals. Augite
and plagioclase grains are spheres with initial radii of 1 mm. Black
curves show REE patterns in the residual solid after 30% melting
(just after augite is exhausted from the residue) for four different
total melting times, from 0.01 to 10 Myr. Kenna leached residue
(dashed line) shown for comparison.
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partitioning between minerals and melt may not be
achieved during partial melting if the rate of diffusion in
the minerals is slow compared with the rate of melting
(Van Orman et al., 2002). In this situation, incompatible
elements are held within the solid at levels greater than their
equilibrium partition coefficients imply, because they are
unable to escape efficiently from the interiors of mineral
grains. Thus, as the degree of disequilibrium increases, the
effective partition coefficient tends toward one. Rare earth
elements are fractionated from one another less efficiently
under disequilibrium conditions, and the composition of
the solid residue produced by disequilibrium fractional
melting may resemble that produced by equilibrium batch
melting (Van Orman et al., 2002). Because the timescale
for melting of the UPB is likely to have been on the order
of a few million years or less (Wilson et al., 2006), similar
to the timescales considered by Van Orman et al. (2002),
it is reasonable to consider whether disequilibrium may
have been important during melting of the UPB and to
evaluate its possible influence on the REE composition of
the solid residue. The clearest evidence for diffusion-limited
REE exchange during melting would be frozen-in diffusion
profiles in the residual minerals. Such profiles have not been
observed in ureilites (Guan and Crozaz, 2000). However,
ureilites show abundant evidence for long duration equili-
bration at high temperatures (Mittlefehldt et al., 1998),
which may have erased any diffusion profiles developed
during partial melting

Here, REE patterns for the final residue of disequilib-
rium near-fractional melting on the UPB are calculated
for a range of melting timescales, using a modified version
of the model described by Van Orman et al. (2002). The
model treats an end-member case in which the redistribu-
tion of elements between minerals and melt is controlled
only by diffusion in the minerals. A variety of recrystalliza-
tion and dissolution/precipitation processes may short-cir-
cuit solid-state diffusion, enhancing the rate of mineral-
melt exchange. If such processes were active during melting
of the UPB, the distribution of trace elements would be
intermediate between the diffusion-controlled scenario con-
sidered here and the equilibrium distribution models dis-
cussed above. Van Orman et al. (2002) considered melting
in response to adiabatic decompression, with pressure and
temperature decreasing as melting proceeds. Here, melting
is considered to take place by heating at constant pressure
(100 bars). For simplicity the temperature is assumed to in-
crease linearly with time. Although this is not realistic, the
results are similar to those obtained using more realistic
thermal histories based on the calculations of Wilson
et al. (2006), for the same total timescale of melting. The to-
tal melt fraction increases with temperature according to
the 100 bar curve shown in Fig. 7b, and mineral propor-
tions as a function of the total melt fraction follow the
curves shown in Fig. 8a. Prior to the onset of melting,
REE are partitioned between augite and plagioclase
according to the ratio of their mineral/melt equilibrium
partition coefficients. Olivine is a minor host of the REE
and is thus ignored in these simulations. Augite and plagio-
clase grains are approximated as spheres, and the number
of grains is assumed to remain constant as melting
proceeds, so that the grain radii decrease with the 1/3 power
of the mineral’s volume in the residue. As melting proceeds,
the instantaneous melts that are produced equilibrate with
the surfaces of augite and plagioclase grains, and REE
are transferred from mineral interiors to the melt to the ex-
tent that they are able to diffuse out of the grains in the time
available.

The diffusion coefficients for trivalent REE in plagioclase
used in the simulations were calculated as functions of tem-
perature using the experimentally determined Arrhenius
expressions for labradorite given by Cherniak (2003). Diffu-
sion coefficients of trivalent REE in augite were calculated as
functions of both temperature and oxygen fugacity using the
experimentally determined expressions of by Van Orman
et al. (2001) for natural diopside. No experimental data are
available for diffusion of Eu2+ in plagioclase or augite, so
data for Pb2+, which has the same charge and similar ionic ra-
dius, were used as a proxy. The Pb2+ diffusion data of Cher-
niak (1995) were used for plagioclase, and the Cherniak
(2001) Cr-diopside data were used for augite. Simulations
performed using experimental data for Sr2+ in labradorite
(Cherniak and Watson, 1994), and Eu2+ in orthopyroxene
(Cherniak and Liang, 2007) instead as proxies for Eu2+ diffu-
sion in plagioclase and augite, respectively, gave similar re-
sults. Pigeonite begins to crystallize late in the melting/
smelting sequence, after �20% melting. No diffusion data
are available for the REE in pigeonite, but the growth of
pigeonite is so rapid (Fig. 8a) and REE diffusion in other
pyroxenes so slow (Van Orman et al., 2001; Cherniak and
Liang, 2007) that diffusive transfer between the melt and
growing pigeonite is assumed to be negligible. In other words,
uptake of the REE by pigeonite is treated as a fractional pro-
cess, in which each increment of crystallizing pigeonite is in
equilibrium with the instantaneous melt produced at that
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time and undergoes no subsequent exchange with melts pro-
duced later.

Fig. 17 shows REE patterns in the solid residue of disequi-
librium near-fractional melting, just after the exhaustion of
augite. The different patterns correspond to different melting
rates, with the total melting time varying between 0.01 and
10 Myr. Although the melting process modelled is nearly
fractional, with only 0.1% melt remaining in the solid residue,
the REE are retained in the solid at relatively high concentra-
tions because slow diffusion in the minerals prevents them
from escaping efficiently as melting proceeds. The slower
the melting rate, the more time is available for REE to diffuse
into the melt; thus, with increasing melting time the REE con-
centrations in the residue decrease. The heavier trivalent
REE, and divalent Eu especially, decrease more rapidly in
the residue as the melting time increases because they diffuse
more rapidly than the lighter REE. Diffusion of the light REE
is slow enough to retain these elements in the residue at levels
many orders of magnitude higher than they would be if equi-
librium partitioning were attained, even when the melting
time is as long as 10 Myr. When the melting time is shorter
than�0.1 Myr, there is very little diffusive exchange between
minerals and melt, and the change in REE composition dur-
ing melting is due almost entirely to changes in the mineral
proportions. If melting were modal, with all minerals enter-
ing the melt in proportion to their abundance in the solid,
the REE pattern in the residue would remain unchanged
(flat) during melting. Instead, in these simulations plagioclase
and augite enter the melt preferentially, carrying their com-
plement of REE with them, and thus the REE concentrations
in the solid decrease significantly as melting proceeds even
when there is no diffusive exchange between minerals and
melt. In the simulations shown in Fig. 17, the mineral grains
were assumed to be 1 mm in radius initially. Larger grains
would lead to less efficient diffusive exchange (and generally
higher REE abundances in the residual solid), and smaller
grains would allow a greater degree of exchange (and lower
REE abundances). Because the diffusion length scales with
the square root of time, decreasing the square of the grain size
is equivalent to increasing the melting time by the same fac-
tor. For example, the REE pattern for 100-lm grains with
a melting time of 0.1 Myr is the same as the REE pattern
for 1 mm grains with a melting time of 10 Myr.

Fig. 17 shows that for a reasonable range of melting
conditions on the UPB, the REE pattern of the residual
solid may be controlled to a large extent by disequilib-
rium effects. Under these conditions, the predicted REE
patterns for nearly perfect fractional melt extraction over-
lap the REE pattern of the leached Kenna sample, and
clearly provide a much better match than the equilibrium
model (Fig. 16). The calculated patterns are not a perfect
match for Kenna, but the discrepancies are not fatally
large. Yb and Eu concentrations (Fig. 17) tend to be low-
er than in Kenna, but for Yb the discrepancy would de-
crease by including olivine, which may hold a significant
fraction of heavy REE, in the model. For Eu, the dis-
crepancy may reflect a poor understanding of the diffu-
sion kinetics: Despite differences in detail, Fig. 17 shows
that the REE patterns in residual ureilites are consistent
with efficient, fractional melt extraction, and do not re-
quire that a large melt fraction remain with the residue
on the UPB.

6. FRACTIONAL EXTRACTION OF METALLIC

MELTS AND DISEQUILIBRIUM PARTITIONING

OF SIDEROPHILE ELEMENTS

The results of our work strongly support the idea that
extraction of silicate melts on the UPB was fractional, and
that disequilibrium partitioning of trace elements during
this process determined their concentrations in the ureilitic
residues. These results may also be applicable to metallic
melts on the UPB, and in particular may help in removing
one of the extant obstructants to the smelting model (Mit-
tlefehldt et al., 2005; Warren and Huber, 2006). The smelt-
ing reaction implies formation of significant amounts of
metal, in proportion to increase in mg of silicates. For
example, �11 wt% metal would be formed in shifting mg

over the range (Fo 75–95) of ureilites (Warren and Huber,
2006). In our model, the total amount of metal produced
would be even higher, since we assume that all source re-
gions were originally mg �62. However, ureilites have me-
tal contents that are uniformly low (at most �5%, more
typically 61–2%), and are not correlated with mg of sili-
cates. Thus, if the smelting model is essentially correct,
then most of the metal produced by smelting must have
been removed from the silicate residues. Metal produced
by smelting is likely to have been lost in the form of melt,
since in the temperature range over which smelting oc-
curred it should have been saturated with C and S and
thus largely liquid. This is supported by the observation
that ureilite siderophile element abundances are correlated
with solid metal/liquid metal partition coefficients (Good-
rich et al., 1987; Janssens et al., 1987; Jones and Good-
rich, 1989; Spitz and Boynton, 1991; Rankenburg et al.,
2005; Warren et al., 2006). The fate of this large quantity
of metal, which is apparently not represented by any
known meteorite, is not known (minor remnants of it
may be found as 10–50 lm-sized cohenite-bearing metallic
spherules included in olivine in a few ureilites: Goodrich
and Berkley, 1986). Typically, density considerations
would suggest that separated metal should sink. However,
the smelting setting suggests that it may, instead, have mi-
grated upwards due to inclusion of large amounts of gas,
and erupted explosively to be lost to space (Keil and Wil-
son, 1993). Using the amounts of CO and CO2 generated
by smelting during each increment of silicate melting
(Fig. 9c), together with the corresponding amounts of li-
quid iron produced by smelting, we have calculated the
bulk density of the liquid iron + gas mixture, assuming
that the gas was distributed uniformly throughout both
of the liquid components. At the 30 bar pressure level,
the bulk density of the iron + gas varies from �30 to
�500 kg/m3 as smelting progresses; at the 100 bar pressure
level it varies from �100 to �400 kg/m3. All of these den-
sities are very much less than the �3500 kg/m3 density of
the unmelted host material, leading to a large buoyancy
driving the fluids upward. Coalescence of the CO/CO2

gas bubbles generated by smelting, as they rose through
the liquid metal, would have led to the formation of
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elongate gas bubbles (gas ‘‘slugs’’), as happens under anal-
ogous conditions in basaltic silicate melts (Vergniolle and
Jaupart, 1986). These slugs would have forced interstitial
pockets of liquid metal upward, and would have left only
a very thin veneer of this liquid on the silicate grains.
Thus, we conclude that essentially all metallic melt pro-
duced by smelting would have been extracted very effi-
ciently (in terms of both volume and speed), and its
absence in the ureilite residues is not a mystery.

A related problem, however, is that ureilite trace sider-
ophile element abundances are relatively undepleted (in
the range of 0.1–1 · CI) compared with those in ultramafic
rocks from differentiated parent bodies that are known to
have experienced metal (core) segregation (Goodrich,
1992; Mittlefehldt et al., 1998). Moreover, they fail to
show the negative correlation with mg that is predicted
by smelting. Both Mittlefehldt et al. (2005) and Warren
and Huber (2006) regard these observations as fatal to
the model that smelting on the UPB was responsible for
the variation in mg among monomict ureilites.

In contrast, we suggest that trace siderophile elements
in ureilites might be consistent with the smelting model
if their concentrations were established in a disequilibrium
partitioning process. Our model implies that the amount
of metal present in UPB source regions before smelting
began was negligible, so that low-T mobilization/segrega-
tion of S-rich metallic melts, such as is commonly invoked
for primitive achondrites (McCoy et al., 2006), was prob-
ably minor. Our calculated melt/smelt sequences, then,
show when metal first appears in the melting sequence,
for each depth (Fig. 8). As noted above, the temperatures
at which this occurs are such that the majority of the me-
tal formed must have been liquid. If extraction of metallic
melts was a rapid, fractional process, then all metal would
have been essentially removed the instant it formed. In
this situation, the transfer of siderophile elements from
the solid (where they initially reside solely in the silicate
minerals) to the metallic melt is analogous to the transfer
of REE to the silicate melt; the partitioning of siderophile
elements is likely to be diffusion-limited, and disequilib-
rium effects may be important. Unfortunately, there are
few experimental data on the diffusion of siderophile ele-
ments in the relevant silicates. Diffusion data do exist
for Ni in olivine over a wide range of temperature and
fO2 (Petry et al., 2004). At conditions appropriate to
smelting at 100 bars, Ni diffusion coefficients are in the
range 6 · 10�20–2 · 10�18 m2/s, depending on the crystal-
lographic orientation of olivine, and about an order of
magnitude lower for smelting conditions at 30 bars. These
values are somewhat higher than REE diffusivities in au-
gite, but similar to or lower than REE diffusivities in pla-
gioclase. Diffusion coefficients for Ni and other
siderophiles are likely to be even lower in pyroxenes, given
the generally sluggish diffusion kinetics in these minerals in
comparison to olivine. Thus, based on the limited diffu-
sion data available, at least some degree of disequilibrium
seems likely. This would have had the effect of retaining
siderophiles in the silicate residue above equilibrium levels,
and thus might provide an explanation for the siderophile
‘‘overabundance’’ problem in ureilites.
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