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Abstract-If Vesta is the parent body of the howardite, eucrite, and diogenite (HED) meteorites, then geo-
chemical and petrologic constraints for the meteorites may be used in conjunction with astronomical con-
straints for the size and mass of Vesta to (1) determine the size of a possible metal core in Vesta and (2)
model the igneous differentiation and internal structure of Vesta.

The density of Vesta and petrologic models for HED meteorites together suggest that the amount of metal
in the parent body is <25 mass%, with a best estimate of ~5%, assuming no porosity. For a porosity of up to
5% in the silicate fraction of the asteroid, the permissible metal content is <30%. These results suggest that
any metal core in the HED parent body and Vesta is not unusually large.

A variety of geochemical and other data for HED meteorites are consistent with the idea that they originated
in a magma ocean. It appears that diogenites formed by crystal accumulation in a magma ocean cumulate
pile and that most noncumulate eucrites (excepting such eucrites as Bouvante and Stannern) formed by sub-
sequent crystallization of the residual melts. Modelling results suggest that the HED parent body is enriched
in rare earth elements by a factor of ~2.5-3.5 relative to CI-chondrites and that it has approximately chon-
dritic Mg/Si and AV/Sc ratios. Stokes settling calculations for a Vesta-wide, nonturbulent magma ocean sug-
gest that early-crystallizing magnesian olivine, orthopyroxene, and pigeonite would have settled relatively
quickly, permitting fractional crystallization to occur, but that later-crystallizing phases would have settled
(or floated) an order of magnitude more slowly, allowing, instead, a closer approach to equilibrium crystalli-
zation for the more evolved (eucritic) melts. This would have inhibited the formation of a plagioclase-flota-
tion crust on Vesta.

Plausible models for the interior of Vesta, which are consistent with the data for HED meteorites and
Vesta, include a metal core (<130 km radius), an olivine-rich mantle (~65-220 km thick), a lower crustal
unit (~12-43 km thick) composed of pyroxenite, from which diogenites were derived, and an upper crustal
unit (~23-42 km thick), from which eucrites originated. The present shape of Vesta (with ~60 km difference
in the maximum and minimum radius) suggests that all of the crustal materials, and possibly some of the

underlying olivine from the mantle, could have been locally excavated or exposed by impact cratering.

INTRODUCTION

Meteorites belonging to the howardite, eucrite, and diogenite
(HED) clan are believed to have originated on the same parent body,
based on common O isotopic compositions (Clayton and Mayeda,
1996), the coexistence of eucrite- and diogenite-like lithologies in
polymict breccias (e.g., Duke and Silver, 1967; Bunch, 1975; Ma-
son et al., 1979), and an apparent continuum in mineral assemblages
and compositions between diogenitic material (orthopyroxenites) to
eucritic material (gabbro and basalt) (e.g., Duke and Silver, 1967).
There are good reasons to believe that the HED parent body is aster-
oid 4 Vesta. This includes remote spectroscopic evidence that sug-
gests that Vesta alone among all large main-belt asteroids resembles
HED meteorites (e.g., Consolmagno and Drake, 1977; Gaffey et al.,
1989). In addition, there is the recent discovery of 26 small (4-10 km
in diameter) asteroids ("Vestoids") with Vesta-like reflectance spectra
in a variety of orbits between Vesta and dynamical resonances in the
asteroid belt (Binzel and Xu, 1993). The existence of these Vestoids
imply that material is being removed from Vesta and transported to
dynamical resonance locations, from where it can be perturbed into
Earth-crossing orbits (Binzel and Xu, 1993; Binzel, 1996).

Based on this evidence, it appears that the HED meteorites be-
long to a relatively exclusive group of meteorites for which the
identity of the parent body is believed to be known. Moreover, the
variety and large number of HED meteorites in our collections sug-
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gest that the igneous lithologies in the parent body were unusually
well sampled. Only olivine and possibly metal from the parent
body may be largely missing in the sample collections. These con-
siderations suggest that combined studies of Vesta and HED mete-
orites might prove to be especially insightful for understanding the
origin of Vesta.

Howardites are polymict breccias composed of clasts of diogenite-
and eucrite-like material and appear to have formed largely as mix-
tures of diogenites and eucrites in the regolith of the HED parent
body (e.g., Duke and Silver, 1967; Chou et al., 1976; Dreibus et al.,
1977). Diogenites are unbrecciated, monomict, or polymict ortho-
pyroxenites that originally formed as cumulates in one or more
magmas undergoing fractional crystallization (e.g., Fukuoka et al.,
1977; Mittlefehldt, 1994; Fowler et al., 1994, 1995). Eucrites are
unbrecciated, monomict, or polymict breccias that can be subdivided
into "cumulate eucrites," including cumulate-feldspar eucrites and
cumulate-pigeonite (Binda-type) eucrites, and into "noncumulate
eucrites." As the name implies, the cumulate eucrites are believed
to have formed as cumulates during fractional crystallization (e.g.,
Stolper, 1977; Consolmagno and Drake, 1977; Hamet et al., 1978).
The origin of noncumulate eucrites is more obscure. They may have
originally formed in one of two ways, either as (1) partial (primary)
melts of the HED parent body that experienced comparatively little
modification by fractional crystallization processes (Stolper, 1977,
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Consolmagno and Drake, 1977; Jones, 1984, Jurewicz et al., 1993),
or (2) melts produced from the same or similar magmas that had
earlier crystallized diogenites (Mason, 1967; Warren, 1985; Ikeda
and Takeda, 1985; Warren and Jerde, 1987; Hewins and Newsom,
1988; Grove and Bartels, 1992). The large and apparently continuous
variations in mineral compositions and mineral assemblages in how-
ardites and polymict eucrites (e.g., Duke and Silver, 1967; Delaney
et al., 1984; Takeda and Mori, 1985; Ikeda and Takeda, 1985)
provide compelling evidence for the importance of fractionating
magmas in the HED parent body. However, the role that fractional
crystallization may have played in the origin of noncumulate eu-
crites is still being debated.

Most studies of eucrites have concluded that the HED parent body
is poor in volatile elements but otherwise is generally chondritic in
composition (e.g., Dreibus et al., 1977, Morgan et al., 1978). It is
generally believed that metal segregation occurred in the parent body
to form a core (Hewins and Newsom, 1988). Siderophile element
depletions in eucrites have been modelled to infer the amount of
metal that segregated into a core and the degree of partial melting
during metal segregation. Estimates of the amount of metal in the
HED parent body, based on the siderophile element depletions in
eucrites, vary widely: 13% (Morgan et al., 1978), 32-42% (Palme
and Rammensee, 1981), 2—-10% (Newsom and Drake, 1982), 7-35%
(Newsom and Drake, 1983), 30-50% (Newsom, 1985), 15-45%
(Jones et al., 1988), 20-40% (Hewins and Newsom, 1988), and 6—
22% (Righter and Drake, 1997a). Metal contents in chondrites
rarely exceed ~20 wt% (e.g., Jarosewich, 1990), and some of the
estimates for the metal content in the HED parent body imply super-
chondritic metal contents.

In this paper, we assume that Vesta is the HED parent body.
We then use astronomical constraints for the size and mass of Vesta,
in conjunction with geochemical and petrologic data for HED mete-
orites, to model the interior structure and igneous evolution of the
asteroid. We estimate the amount of metal in the asteroid, using an
approach independent of that based on models of siderophile ele-
ment depletions in eucrites. Our results suggest that (1) an unusually
large amount of metal is not present in Vesta, (2) the HED suite origi-
nated in a magma ocean (Ikeda and Takeda, 1985), and (3) Vesta
fully differentiated to produce a layered core-mantle-crust structure.

SIZE OF METAL CORE IN VESTA

Siderophile-element depletions in HED meteorites imply that
the HED parent body experienced metal segregation, which sug-
gests the formation of a metallic core. If Vesta is the HED parent
body, astronomical constraints for the overall density of Vesta can
be combined with estimates of the density of the silicate fraction of
Vesta to determine the size of a metal core by mass balance.

Bulk Density of Vesta

The density of Vesta can be inferred from astronomical con-
straints for the mass and radius of the asteroid (Table 1). Indepen-
dent values for the mass of Vesta have been determined by Schubart
and Matson (1979) and Standish and Hellings (1989), based on ana-
lyzing the perturbations by Vesta on two different objects: asteroid
Arrete and the planet Mars. Although the masses for Vesta deter-
mined by these workers (2.75 * 0.24 x 1023 gand 3.0 = 0.6 x 1023 g,
respectively) overlap, the former value is used here, as it is more
precise. Undoubtedly, the best estimates for the radius of Vesta are
based on recent Hubble Space Telescope (HST) data (Thomas et al.,
1996; Thomas, pers. comm., 1996). Thomas et al. (1996) reported

TABLE 1. Physical parameters for Vesta.

mass* 2.75+024x10% ¢
radiust 289 x 280 x 229 + 7 km
density 3.54 + 0.42 g/cm3
surface gravity ~0.26 m/s?

pressure at center ~1.2 kb

*Schubart and Matson (1979).
tThomas, pers. comm. (1996).

that the shape of Vesta is approximately that of an ellipsoid with
radii of 280 x 272 x 227 km and an estimated error of +12 km for
the radius in each dimension. These radii values were subsequently
revised to 289 x 280 x 229 % 7 km (Thomas, pers. comm., 1996).
Based on the latest HST data, the mean radius of Vesta is ~266 km,
and the radius of a sphere with equivalent volume to that of Vesta is
~265 km. These data agree with previous estimates for the average
radius of Vesta (269 *+ 14 km, Morrison, 1977; 272 + 40 km,
Schubart and Matson, 1979). Thus, it appears that both the mass
and radius of Vesta are reliably determined. Using the mass of
Schubart and Matson (1979) and the revised radii of Thomas (pers.
comm., 1996), the density of Vesta is 3.54 + 0.42 g/cm3 (Table 1).

It should be noted that the quoted error on the density is a "+ 1o
error," which is obtained by propagating an assumed error of +7 km
radius in each of three orthogonal directions to an error in the calcu-
lated volume and propagating this error in volume with the quoted
error in the mass. Unless the average small-scale relief on Vesta is
>14 km, the assumed error in the volume will be larger than any
volume uncertainty introduced by the local topography.

Mass Balance and Porosity Considerations

For a two-component mixture of metal and silicate in Vesta,
mass balance implies

_ PvVesta ~ Psilicate

Xmetal = Eq. (1)
Pmetal ~ Pisilicate
and
Xmetal — Pmetal l:p Vesta ~ P silicate:| Eq. (2)
PVesta | Pmetal ~ Psilicate

where Xpeta1 = volume fraction metal in Vesta, Xy, = mass fraction
of metal in Vesta, pyeg, = density of Vesta, pyera = density of the
metal component, and pgjjicate = density of the silicate component.

The bulk densities of the metal and silicate components will be
decreased by the presence of porosity. Porosity may be important in
small asteroids (Britt and Consolmagno, 1997), but whether a large
asteroid such as Vesta can have significant overall porosity is de-
batable. Self-compression in a large asteroid such as Vesta will tend
to minimize porosity.

Vesta has a central pressure of ~1 kb (Table 1), and porosity will
be minimized near the center of the asteroid where self-compression
is highest. Thus, we assume negligible porosity associated with a
metal core in Vesta and take ppera = 7.87 g/cm3, which is appro-
priate for kamacite (BVSP, 1981). Although S and Ni are likely to
be present in any metal core in addition to Fe, we have not at-
tempted to model the addition of these elements, largely because
their concentrations in a core are poorly known. However, the si-
multaneous addition of both components to a core will tend to leave
the value of ppea relatively unchanged, as S will lower while Ni
will raise the density of the core.

The bulk density of the silicate fraction can be expressed as

Psilicate = (1 — @) Prmineral Eq. (3)
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where ¢ is the volume fraction of pores (0—1) in the silicate fraction
and Ppineral 1S the density of the mineral assemblage. The mineral
assemblage can be inferred from petrological and geochemical
models of HED meteorites. Consequently, pmineral €an, in principle,
be determined. In calculating ppiperat, the following mineral densi-
ties (in grams per cubic centimeter, from Deer et al., 1966) were
assumed: pigeonite 3.30-3.46, orthopyroxene 3.21-3.96, augite
2.96-3.52, olivine 3.22—4.39, plagioclase 2.63-2.76, tridymite 2.26,
chromite 5.09, and ilmenite 4.74. Interpolation was used to deter-
mine the density of minerals in solid-solution series.

A plausible value for ¢ in Eq. (3) can be inferred based on por-
osity measurements of various meteorites (Britt and Consolmagno,
1997), although such data must be used with discretion, as the
porosities of meteorites are likely to have been strongly influenced
both by impact shock and terrestrial weathering processes. Juvinas,
the one HED sample measured by Britt and Consolmagno (1997),
has a porosity of ~10% (¢ = 0.10). Sixteen ordinary chondrites,
which arguably have a mineralogy (although probably not a texture)
similar to that of Vesta, range in porosity from 0.3 to 17%, with the
higher porosities corresponding to weathered specimens (Britt and
Consolmagno, 1997). From this data set, we consider values of ¢ <
0.05 to be plausible for the silicate fraction of Vesta, although we
suspect that the actual value of ¢ for Vesta is in the range of 0-0.02.

Using Eq. (2), Fig. 1 shows the inferred metal mass fraction in
Vesta for a given value of pg;jicate and for three different values of
Pvesta corresponding to the lower-limit, the best-estimate, and the
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FIG. 1. Metal mass fraction in Vesta as a function of the density of the
silicate portion (pg;j;cqce) fOr three values of the bulk density of Vesta (Dyega
=3.12 g/cm?, 3.54 g/cm?, and 3.96 g/cm?, corresponding to the lower-limit,
the best-estimate, and the upper-limit, respectively.) Vertical lines show the
value of pgjjicqre fOr various parent body composition models (Jones, 1984;
Dreibus and Winke, 1980; and Stolper/Fukuoka) assuming negligible
porosity in Vesta. For the Stolper/Fukuoka models, three values of the
parameter C, (= CI-normalized abundance of refractory lithophile elements)
are shown; a value of C ~ 2 is probably most appropriate for these models.
For a density of 3.54 g/cm?® and a value for pgjicaee Of ~3.45 g/cm?, the metal
mass fraction in Vesta would be ~5%. )

upper-limit of the latter parameter. From Eq. (3), Pmineral = Psilicate
when ¢ = 0, and pgjjicate = 0.95 X Pminerat When ¢ = 0.05. Once
Pmineral a0d ¢ are specified, pgjicate can be calculated, and Fig. 1 can
be used to determine the metal content of Vesta.

Density of the Silicate Fraction in Vesta—Model 1

Model 1 assumes that the source region of the eucrites is identi-
cal to the silicate fraction of Vesta. Implicit in this model is the no-
tion that at least some eucrites originated as relatively simple products
of partial melting within the HED parent body.

Utilizing mineral-melt partition coefficients for Sc, Mg, and Si,
Jones (1984) modelled the composition of the eucrite parent body as
consisting of 75% olivine and 25% Main Group eucrite, with eu-
crites formed by roughly 25% partial melting. The CIPW norm of
the eucrite parent body composition of Jones (1984) is as follows:
74.6 wt% olivine (Fos7), 11.9% orthopyroxene (Ensg), 9.2% plagio-
clase (AnggOry), 3.7% clinopyroxene (WosgEnyg), 0.3% ilmenite,
and 0.3% chromite. Assuming that this norm approximates the ac-
tual mineralogy of the source, an overall value for pineral = 3-63
g/cm3 is implied. Assuming ¢ = 0 and the upper-limit density of
Vesta, this corresponds to a metal mass fraction in Vesta of <15%
(Fig. 1). For ¢ = 0.05, the metal mass fraction is <23%.

Melting experiments by Stolper (1977) suggested that eucrites
formed by partial melting of a source region consisting mainly of
olivine (Fogs), low-Ca pyroxene (WosEngs), and plagioclase (Angy),
and Fukuoka et al. (1977) modelled trace-element (La, Sm, Yb, Sc,
Sr, and Ba) abundances of the Sioux County and Stannern eucrites
with a partial-melting model. The latter authors found that different
proportions of olivine, low-Ca pyroxene, and plagioclase in the source
region could be accommodated depending on the value of a parame-
ter, C,, which is equal to the CI-chondrite normalized concentration
of trace refractory lithophile elements in the source region. The
larger the value of C,, the less olivine in the source. The depletion
of volatile lithophile elements in HED meteorites compared to
chondrites (Dreibus et al., 1977, Morgan et al., 1978) implies that
refractory lithophile elements are enriched in the parent body (i.e.,
Co > 1). On the other hand, a value of C, much greater than 3 for
Model 1 would imply no olivine in the eucrite source region, which
is inconsistent with the models of Stolper (1977) and Fukuoka et al.
(1977). Thus, values of C, ranging from ~1-3 are permissible for
the Stolper/Fukuoka models.

As C, increases from 1 to 3, the proportion of olivine in the
source region decreases from ~85 to ~8%, the proportion of low-Ca
pyroxene increases from ~11 to ~80%, and the proportion of plagio-
clase increases from ~4 to ~12%, with a net decrease in p ,iperal from
~3.58 to ~3.32 g/cm3. Assuming ¢ = 0, a metal mass fraction of 0—
27% in Vesta is inferred based on the Stolper/Fukuoka models (Fig.
1). The higher metal contents for the latter require simultane-ously
extreme assumptions about the density of Vesta (Dyesa = 3.96
g/cm3, the upper limit) and the composition of the eucrite source
region (C, = 3, the upper limit). Jones et al. (1990) suggested that
the most appropriate source composition for a eucrite partial melting
model has C, ~ 2. In this case, Prineral i ~3.46 g/cm3 based on the
Stolper/Fukuoka models. For C, = 2 and ¢ = 0, the metal mass
fraction in Vesta is ~4%, with an upper limit of ~23% (Fig. 1). For
¢ = 0.05, this becomes ~12% with an upper limit of ~29%.

Density of the Silicate Fraction in Vesta—Model 2
In Model 2, the silicate portion of Vesta is composed of a mix-
ture of HED materials and olivine, as proposed by Dreibus et al.

(1977) and Dreibus and Wénke (1980). These authors varied the
proportion of eucrite and diogenite in the parent body until a chon-
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dritic Al/Sc ratio was obtained and then added olivine (assumed by
Dreibus and Winke (1980) to be equivalent to olivine in a pallasite
meteorite) to the mixture, so as to obtain a chondritic Mg/Si ratio.
Chondritic ratios of Al/Sc and Mg/Si for the HED parent asteroid
are reasonable, as ratios of nonvolatile lithophile elements in the
HED parent body appear to be roughly chondritic (Dreibus et al.,
1977; Morgan et al., 1978; Winke, 1981; Warren, 1983). Model 2
is not tied to any specific petrogenetic model, but it implicitly as-
sumes that the parent body was differentiated into an unsampled
(and presumably deep) olivine-rich portion and a well-sampled (and
presumably near-surface) portion containing eucritic, howarditic,
and diogenitic material.

The CIPW norm of the Dreibus and Winke (1980) parent body
composition has 48.5 wt% olivine (Fo7,), 38.2% orthopyroxene
(Enyg), 9.5% plagioclase (Ang4Ory3), 3.5% clinopyroxene (Wos
Ensg), and 0.3% ilmenite. Assuming that this norm is representative
of the mineralogy, Prminerat i 3-42 g/cm3. For ¢ = 0, this corresponds
to a metal mass fraction of ~6%, with an upper limit of ~24% (Fig. 1).
For ¢ = 0.05, the inferred metal mass fraction is increased to ~14%,
with an upper limit of ~30%.

Size of Metal Core in Vesta

Models 1 and 2 give consistent results for the density of the sili-
cate fraction in the HED parent body (Pmineral ~ 3-32-3.63 g/cm?),
and this leads to consistent estimates for the size of a metal core in
Vesta. For negligible values of porosity, the metal content is inferred
to be in the range of ~0—10 mass% (~0—4 vol%) for reasonable val-
ues of parent body composition and likely values for the bulk dens-
ity of Vesta, although metal contents as high as 25 mass% cannot be
excluded. If up to 5% porosity in the silicate fraction of the asteroid
is allowed and the actual bulk density of Vesta is close to the inferred
upper limit, metal contents as high as ~30 mass% are possible.
These metal contents are within the range observed for chondrites.

Estimates of the amount of metal in Vesta and the HED parent
body based on this work are summarized in Fig. 2 where they are

0.6 —

compared to literature estimates for the amount of metal in the eucrite
parent body based on modelling siderophile-element depletions in
eucrites. In Fig. 2, the best estimates shown for Models 1 and 2
(~4% and ~6% metal, respectively) assume the best-estimate value
for the density of Vesta, negligible porosity, and (for Model 1) rea-
sonable estimates of parent body composition, while the ranges show
the effect of more extreme assumptions regarding these parameters.
Even with the fairly large uncertainties inherent in the approach
used here, it is clear that the data are inconsistent with many of the
literature estimates, which call for metal contents as high as 50 mass%
(Fig. 2). On the other hand, some literature estimates for the size of
a metal core in the eucrite parent body, in particular those by Mor-
gan et al. (1978), Newsom and Drake (1982), and Righter and Drake
(1997a), are consistent with the estimates of the metal content in
Vesta deduced here (Fig. 2). Based on our results, a superchondritic
metal content in Vesta seems unlikely.

DIFFERENTIATION AND
INTERNAL STRUCTURE OF VESTA

In this section, we model the differentiation and interior of Vesta
assuming that it is the HED parent body. Our modelling results
support the hypothesis that the HED meteorites originated in a mag-
ma ocean (Ikeda and Takeda, 1985) and that the parent body differ-
entiated extensively (Takeda, 1996). Takeda and coworkers have
long suggested that the HED suite could have been derived from a
layered crust formed by fractional crystallization, with noncumulate
eucrites respectively overlying cumulate eucrites and diogenites (Ta-
keda et al., 1976, 1979; Miyamoto and Takeda, 1977, 1994). Simi-
larly, Delaney (1995) discussed the possibility that HED meteorites
could have crystallized in a Vestan "magma spheroid" created by a
"small giant impact" between colliding objects. More recently, Ru-
zicka et al. (1997a,b) and Righter and Drake (1997b) argued that a
magma ocean could explain many of the geochemical characteristics
of HED-suite meteorites, and Lugmair and Shukolyukov (1997)
suggested that an early, global differentiation episode on the HED
parent body was consistent with Mn-Cr isotopic data for
eucrites and diogenites.

L This work
(Vesta, HED
0.5 | parent body)

Literature
(Eucrite Parent Body)

0.4 -

0.3 -

+5%Tporosity

0.2

metal mass fraction

0.1 -

®

I

1 I 1 ! 1 i

0.0

Melt Compositions

i In the magma ocean models discussed below, it is nec-
essary to assume an initial composition for the melt. The
approach of Dreibus and Winke (1980) was used, as it de-
pends on relatively few assumptions, and as the assump-
. tions that are made are reasonable. The key assumptions
are that (1) the Al/Sc and Mg/Si ratios of the parent body
are the same as those in chondrites and that (2) the silicate
portion of the parent body is composed of a mixture of eu-
- crites, diogenites, and olivine. Implicit in the second as-
i sumption is that, except for olivine, the silicate portion of
the parent body was well sampled by HED-suite mete-
orites. The first assumption is reasonable if the parent
body formed largely out of chc \dritic materials. The sec-

ND82
PR81

1 2
Model

M78 N85 HN88

ND83 J88

element depletions.

core that also contains sulfide (Righter and Drake, 1997a).

RD97

FIG. 2. Metal mass fraction in Vesta and the HED parent body (this work) compared to
estimates in the literature for the eucrite parent body based on modelling siderophile
M78 = Morgan et al. (1978); PR81 = Palme and Rammensee
(1981); ND82 = Newsom and Drake, 1982; ND83 = Newsom and Drake (1983); N85 =
Newsom (1985); J88 = Jones et al. (1988); HN88 = Hewins and Newsom (1988); RD97
= Righter and Drake (1997a). The RD97 range corresponds to the metal present in a

ond assumption is also reasonable, as the HED suite con-
sists of many breccias but orly two principal lithologies
(eucrites and diogenites).

Once the compositions for the eucrite, diogenite, and
olivine endmembers are specified, the three components
can be mixed so as to obtain Al/Sc and Mg/Si ratios of any
particular chondrite type. This mixture then represc.ats the
assumed composition of the parent body and the initial melt.
Our approach differs slightly from Dreibus and Winke
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(1980) in that the Sc content of the assumed olivine component is
included in the mixing computation, whereas it was neglected by the
former authors. However, our mixing calculations utilize the same
olivine component and similar eucrite and diogenite components as
Dreibus and Winke (1980).

In Table 2, we show hypothetical HED parent compositions as-
suming Al/Sc and Mg/Si ratios identical to carbonaceous, ordinary,
and enstatite chondrites. Chondrites have relatively uniform Al/Sc
ratios but vary in Mg/Si ratios, with the latter being highest in car-
bonaceous chondrites and lowest in enstatite chondrites. This dif-
ference in Mg/Si ratios manifests itself as various amounts of olivine
in the parent body compositions shown in Table 2. Thus, a carbo-
naceous chondrite protolith results in a relatively olivine-rich parent
body, whereas an enstatite chondrite protolith results in an olivine-
poor parent body (Table 2).

Mineralogy and Pyroxene Compositions

We used the MAGFOX program, written by J. Longhi, to model
fractional crystallization in an HED magma ocean. The program de-
termines the mineralogy and mineral compositions of cumulates, and
the corresponding major-element compositions of melts, produced
by fractional crystallization. In our models, the initial compositions
given in Table 2 were used as inputs to MAGFOX.

Table 3 shows the mineral assemblages that are produced by
successive crystallization at 1 bar of the HED-CI model magma, al-
though similar results are obtained for all of the compositions given
in Table 2. The amount of olivine that crystallizes will be greatest for

TABLE 2. Model compositions of the HED parent body, derived
using the procedure of Dreibus and Winke (1980) but for various
chondrite-like protoliths.

DW380 HED- HED- HED- HED-
CI CM L EH
1 ()] 3 (€)] (3)
protolith CI CI CM L EH
wt%
SiO, 46.23 45.34 45.74 46.96 49.06
TiO, 0.16 0.18 0.18 0.21 0.26
Al O4 327 3.29 325 3.71 4.63
Cry)04 091 0.85 0.88 0.92 0.98
FeO 14.79 14.34 14.48 15.11 16.25
MnO 0.42 0.40 0.41 0.44 0.49
MgO 31.53 32.67 32.16 29.30 24.15
Ca0O 2.57 2.78 2.76 3.17 3.97
Na,O 0.11 0.12 0.12 0.14 0.17
K,0 0.01 0.01 0.01 0.01 0.01
P,04 - 0.02 0.02 0.03 0.04
at%
Mg/(Mg + Fe) 79 80 80 78 73
wt/wt
MgO/SiO, 0.68 0.72 0.70 0.62 0.49
CaO/Al,04 0.79 0.84 0.85 0.85 0.86
FeO/MnO 35 36 35 34 33
mass%
eucrite - 243 23.7 26.8 331
diogenite - 243 27.8 353 472
olivine 43 514 48.5 379 19.7

References: (1) Dreibus and Winke (1980); (2) bulk Al/Sc and Mg/Si
as in CI chondrites (Anders and Grevesse, 1989); olivine composition
as in Dreibus and Winke (1980); (3) bulk Al/Sc and Mg/Si as in CM, L
and EH chondrites (Wasson and Kallemeyn, 1988); olivine compo-
sition as in Dreibus and Winke (1980).

a carbonaceous-chondrite-like protolith and smallest for an enstatite-
chondrite-like protolith, but otherwise, identical assemblages and
virtually identical mineral compositions are obtained for the differ-
ent precursors. Different stages are identified in Table 3 that corre-
spond to changes in mineral assemblages. To facilitate discussion,
reference will be made to these stages throughout the remainder of
this paper.

Fractional crystallization of an HED magma ocean is expected
to result first in olivine alone (initial-stage 1), followed by ortho-
pyroxene * chromite (stage 1-3), and then by pigeonite alone (stage
3—4) (Table 3). Although chromite is predicted to cocrystallize with
orthopyroxene, the phase equilibria involving chromite are inade-
quately handled by the program (J. Longhi, pers. comm.). Thus, the
model results for chromite should be considered highly tentative.
Plagioclase begins to crystallize at stage 4. Continued fractional crys-
tallization will produce plagioclase, pigeonite, silica polymorph, fer-
rous olivine, and augite (Table 3). Ilmenite joins the crystallization
sequence after solidification is essentially (~99%) complete (stage 7).

One of the characteristics of fractional crystallization is the for-
mation of cumulates that have widely varying mineral compositions.
Figure 3 shows that the composition of the model pyroxene in the
cumulates becomes increasingly ferrous and calcic as crystallization
progresses. The composition ranges from magnesian orthopyroxene
(Eng3_76Wo;_,) between stages 1-3, to pigeonite (Enys_3g, Wo,_g)
between stages 36, and finally to augite (Enyg_gWo33_3¢) between
stages 6—7.

The pyroxene cumulates that form between stages 1 and 3 re-
semble diogenites in mineralogy. Diogenites consist primarily of
orthopyroxene (En;g_g, mainly En;4; Mittlefehldt, 1994; Fowler et
al., 1994) and have an average mode of ~92% orthopyroxene, ~4%
olivine, ~1% clinopyroxene, ~0.9% chromite, and ~2% other (Bow-
man et al., 1996).  The mineralogy of stage 1-3 orthopyroxene
cumulates resembles diogenites, with the notable exception that oli-
vine abundances are higher in diogenites. The excess olivine can be
explained by incomplete settling of earlier-crystallized olivine.
Chromite abundances in diogenites are lower on average than what

TABLE 3. Low-pressure (1 bar) fractional crystallization sequence of a
Vesta-wide magma ocean, based on the MAGFOX program developed
by J. Longhi, assuming a parent body composed of eucrite + diogenite +
olivine with Cl-like Al/Sc and Mg/Si ratios (HED-CI model).

Stage Vol% Assemblage*
crystallized
0-61 ol (Fogz_go)
1
61-64 opx (Eng; 5oWo; 1_;3)
2
64-69 90% opx (Engy 76Wo0; 3 5,) +10% chrt
3
69-71 pig (Engs_soWo,_s)
4
77-87 62% plag (Ang;_g,) +38% pig (Ensg_4; W0s_7)
5
87-90 56% plag (Ang)_go) +10% pig (Eny;_30Wo;_g) +
27% ol (Fo37_33) + 7% silica
6
90-99 48% plag (Anggy_7;) +27% aug (En,g_oWo33_36) +
20% ol (Fo33_g) + 5% silica
7 99

*Modes in vol%. ol = olivine; opx = orthopyroxene; chr = chromite; pig =
$igconite; plag = plagioclase; aug = augite; silica = silica polymorph.
Probable overestimate (see text).
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FIG. 3. Pyroxene quadrilateral diagrams showing the average compositions
of pyroxenes found in diogenites (Mittlefehldt, 1994; Fowler et al., 1994)
and in unequilibrated eucrites (Miyamoto et al., 1985; Pun and Papike,
1996) compared to model predictions for fractional crystallization in an HED
magma ocean. The numbers associated with the model track correspond to
the stages shown in Table 3, with 1 being the first pyroxene to crystallize
and 7 being the last. "Core" and "rim" compositions for eucrites refer to
grain cores and rims, respectively.

would be predicted by the model, and this probably reflects a ten-
dency for MAGFOX to overestimate the amount of chromite that will
crystallize early with orthopyroxene.

Pyroxene compositions in diogenites follow the compositional
track predicted by the model, passing through stage 3 between
stages 2 and 4 (Fig. 3). The pyroxene in diogenites is largely ortho-
pyroxene (Mittlefehldt, 1994; Fowler et al., 1994, 1995), and in the
model, orthopyroxene ceases to crystallize at stage 3, and pigeonite
begins to crystallize at stage 3. Yet the composition of diogenitic
pyroxene does not merely extend to stage 3 but rather extends beyond
it (Fig. 3). This indicates an apparent discrepancy between the mod-
el and the observations. The discrepancy could indicate either that
(1) some of the pyroxene in diogenites actually crystallized as pi-
geonite initially and subsequently inverted to a mixture of orthopy-
roxene and augite, or that (2) the composition of the diogenite or-
thopyroxene was affected by a reequilibration process that increased
the Fe and Ca content of the pyroxene. There is support for each of
these alternatives. Some augite occurs in diogenites (Fig. 3; Mittle-
fehldt, 1994), and such augite could conceivably have inverted from
an early formed pigeonite. Similarly, a reequilibration process has
been inferred for diogenites from the tendency for the abundances
of Mg and Fe in orthopyroxene to be more uniform than for pre-
sumably less mobile elements, such as Al, Ti, and the rare earth ele-
ments (Mittlefehldt, 1994; Fowler et al., 1994, 1995). The tendency
for diogenite pyroxene compositions to lie at a more evolved point
on the crystallization trend than might otherwise be expected (Fig. 3)
is consistent with a reequilibration hypothesis, in which earlier-formed

© Meteoritical Society * Provided by the NASA Astrophysics Data System

pyroxene exchanged components with a surrounding melt that con-
tinued to evolve.

Taken as a whole, the data suggest that diogenites could corre-
spond to stage 1-3 cumulates that have an admixture of olivine and
that experienced limited reequilibration with a more evolved melt.

Following orthopyroxene crystallization, pigeonite alone crys-
tallizes between stages 3 and 4. The composition of this pigeonite is
similar to the compositions of pigeonite grain cores in unequilibrated
(weakly metamorphosed) eucrites (Fig. 3). This suggests that the
cores of pyroxene grains in unequilibrated eucrites could have been
in equilibrium with melts that formed soon after diogenites were
produced. The rims of pyroxene grains in unequilibrated eucrites
have compositions that resemble a mixture of the pigeonite and augite
that is expected to crystallize around stage 6 (Fig. 3), which implies
that these rims could have equilibrated with melts that evolved to
stage 6. There is a tendency for the grain cores in unequilibrated
eucrites to have compositions that are slightly more calcic than pre-
dicted (Fig. 3), and this could indicate that these cores experienced
limited equilibration with more evolved, calcic melts.

Major Elements

The bulk compositions of model residual melts 3—4, formed after
the crystallization of orthopyroxene and before the crystallization of
plagioclase, are very similar to those of noncumulate eucrites (Table
4). These melts have Mg# (=100 Mg/[Mg + Fe)], MgO/SiO,,
Ca0/Al,03, and FeO/MnO ratios that bracket those of noncumulate
eucrites (Table 4). The chrome contents of the model melts are
clearly low compared to eucrites (Table 4), but this can be explained
if MAGFOX overestimates the amount of early-crystallizing chromite,
as noted above. The abundances of Al,05 and CaO are somewhat
low, and that of SiO, somewhat high, in melts 3—4 compared to eu-

TABLE 4. Major-element composition of magma ocean liquids initially and
after 69% (melt 3) and 77% (melt 4) fractional crystallization, compared to
eucrites.*

initial melt melt eucrites’
3 4

wt%
SiO, 4534 50.87 49.66 48.07-49.53
TiO, 0.18 0.46 0.62 0.56-0.96
Al,O4 3.29 8.65 11.83 11.78-13
Cr,04 0.85 0.13% 0.11% 0.28-0.38
FeO 14.34 20.48 21.39 16.07-20.1
MnO 0.40 0.57 0.59 0.47-0.59
MgO 32.67 11.04 5.50 5.46-7.28
Ca0 2.78 7.38 9.71 10.24-10.99
Na,O 0.12 0.34 0.47 0.21-0.60
K,0 0.01 0.03 0.04 0.03-0.08
P,0O5 0.02 0.06 0.08 0.08-0.13
at%
Mg/(Mg+Fe) 80 49 31 3342
wt/wt
MgO/Sio, 0.72 0.22 0.11 0.11-0.15
CaO/ALO, 0.84 0.85 0.82 0.80-0.88
FeO/MnO 36 36 36 29-39

*Assumes HED-CI starting composition, with residual melt compositions
based on the MAGFOX program, developed by J. Longhi.

fNoncumulate, unbrecciated and monomict eucrites including: Béréba,
Cachari, Camel Donga, Haraiya, Ibitira, Juvinas, Nuevo Laredo, Pasamonte,
Sioux County, Stannern (BVSP, 1981; Jarosewich, 1990).

Probable underestimates (see text).
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crites, but otherwise the agreement between the model and eucrites
is remarkably good (Table 4). This is especially true considering
the large fractionations (involving up to 77% crystallization) that
must have occurred from the assumed starting composition.

Figure 4 shows the major-element compositions of the fraction-
ating residual melts compared to eucrites in terms of MgO/SiO,,
CaO/Aly03, and Mg#. Jurewicz et al. (1993, 1995) noted that such
diagrams succinctly summarize the most important major-element
ratios in eucrites. The fractionating magmas produced for the dif-
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FIG. 4. Comparison of the major-element compositions for noncumulate
eucrites with that of liquids in an HED magma ocean undergoing fractional
crystallization. For the model trajectories, various initial compositions
(given in Table 2) were assumed; inflections correspond to the appearance
of new phases, as for the stages in Table 3. Triangles show the composi-
tions of liquids at various temperatures produced by experimental melting
of the Murchison CM chondrite (Jurewicz et al, 1993). Eucrite data
sources: unbrecciated and monomict eucrites (shaded squares), same as in
Table 4; eucrites known or suspected to be polymict (unshaded squares),
including ALHA76005 ("76"), Y-791195 ("79"), Y-74450, Y-74159, and
Macibini ("M") (BVSP, 1981; Jarosewich, 1990).

ferent model melt compositions given in Table 2 follow very similar
trends (Fig. 4), showing the relative insensitivity of the models to
the particular chondrite precursor assumed. In all cases, melts be-
tween stages 3 and 4 either approach or pass through the bulk com-
positions shown by noncumulate eucrites.

For a given MgO/SiO; ratio, the models slightly underestimate
Mg# compared to eucrites, and for the Dreibus and Winke (1980)
melt composition only, the CaO/Al,O3 ratio is slightly low com-
pared to most eucrites (Fig. 4). The discrepancy in Mg# can be
explained if the parent body has a higher Mg# than assumed. If the
major-clement compositions of diogenites were affected by late-
stage reequilibration to produce somewhat more ferrous pyroxene,
as seems likely (Mittlefehldt, 1994; Fowler et al., 1994, 1995), the
Mg# of the assumed starting compositions (Table 2) would be too
low. Consequently, the small discrepancy in Mg# between the
model melts and eucrites (Fig. 4) is readily understood.

Figure 4 also shows the melt compositions produced by experi-
mentally melting the Murchison (CM) chondrite under reducing O
fugacities at different temperatures (Jurewicz et al., 1993). Jurewicz
et al. (1993, 1995) suggested that experimental melts of Murchison
provide a closer match to eucrites than experimental melts of other
chondrite types, with the 1170 °C Murchison melt providing the best
match of all. In Fig. 4, the experimental melt compositions appear
to be very similar to that predicted by our models, especially for the
Dreibus and Winke (1980) starting composition, for experimental
temperatures =1170 °C (Fig. 4). The 1160 °C melt has a CaO/Al,03
ratio much higher than observed for eucrites and very different from
our model melts; the 1170 °C melt has a CaO/Al,O; ratio slightly
lower than observed for most eucrites and lower than most of our
model melts (Fig. 4). In contrast, the CaO/Al,O; ratios of the HED-
CL, HED-CM, HED-L, and HED-EH model melts all pass through
the center of the eucrite field at the appropriate MgO/SiO, ratios,
between stages 3 and 4 (Fig. 4). The 1170 °C Murchison melt does
appear to provide a better match to eucrites in terms of Mg# (for a
given MgO/Si0,) than the model HED magma ocean melts, but this
is probably because the initial Mg# values for the latter were
slightly underestimated, as explained above.

Another noteworthy feature of Fig. 4 is the apparent tendency for
unbrecciated and monomict noncumulate eucrites (filled squares) to
form an apparent trend in the CaO/Al,05 vs. MgO/SiO, plot roughly
parallel to that expected for stage 46 melts (Fig. 4). Such "basaltic"
eucrites provide a better estimate of liquid compositions than do
polymict eucrites (unshaded squares in Fig. 4). The stage 4-6 model
trend is produced by the cocrystallization of plagioclase and ferro-
magnesian minerals. Plagioclase crystallization is responsible for
increasing the CaO/Al,0O5 ratio of the residual melts, until augite
joins the crystallization sequence at stage 6, at which point the trend
is reversed (Fig. 4). Pigeonite crystallization between stages 4 and
6, olivine crystallization between stage 5 and 7, and augite crystalli-
zation between stages 6 and 7 are responsible for the steady decrease
in the MgO/SiO, ratio as the melts crystallize (Fig. 4). The varia-
tion in the CaO/Al,03 ratios of eucrites suggests that they experi-
enced plagioclase fractionation, and the similarity of the eucrite data
trend with that predicted for stage 4-5 or stage 4—6 melts suggests
that the basaltic eucrites could have experienced partial equilibration
with melts that evolved past stage 4. That plagioclase fractionation
occurred in eucrites is also supported by rare-earth-element data, as
discussed below, and by BVSP (1981).

To summarize, major-element data for eucrites are consistent with
the hypothesis that eucrites formed as residual liquids in a magma
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ocean setting. The magma ocean melts could have evolved by frac-
tional crystallization roughly to the point at which plagioclase began
to crystallize. Furthermore, it appears that the HED parent body
could have roughly chondritic ratios of Al/Sc and Mg/Si, otherwise
agreement between the model and observations would not be ex-
pected.

Rare Earth Elements

In this section, we combine estimates for mineral/melt partition
coefficients (D-values) for rare-earth-elements (REE; Table 5) with
the fractional crystallization model described above to model REE
abundances in diogenites and eucrites (neglecting any effect of
chromite, which is poorly handled in the model). We treat the initial
REE abundance as a free parameter and discuss various initial con-
centrations in terms of the C, parameter introduced earlier, where
C, = Cl-chondrite normalized abundance of elements in the HED
parent body. As previously discussed, values of C, > 1 are likely
for refractory trace elements such as the REE, based on the inferred
depletion of volatile elements in the parent body (Dreibus et al.,
1977; Morgan et al., 1978).

In the fractional crystallization model, orthopyroxene crystallizes
between stages 1-3, and pigeonite alone crystallizes between stages
3—4. Asshown above, the mineralogy and pyroxene composition of
diogenites corresponds approximately to stage 3 pyroxene. Figure 5
shows that the REE abundances of diogenite orthopyroxene (Mittle-
fehldt, 1994; Fowler et al., 1995) resemble stage 2—4 pyroxene, as-
suming C, ~ 3. This agrees with the data presented in Fig. 3a. If the
DregoP¥/melt values of Weill and McKay (1975) are used, the
agreement between stage 2 and 3 pyroxene with diogenites is ex-

TABLE 5. Mineral/melt partition coefficients assumed in this work.

Olivine Orthopyroxene Pigeonite Plagioclase

Sc 0.13*, 24*  0.65* 1.50% 0.0071¢
Cr 0.6%, 1.2 1.29,1.83% 5.2¢ 0.0332¢
La 0.0001% 0.007@, 0.0009% 0.0009% 0.0418¢
Ce 0.0001% 0.009€, 0.0014% 0.0017% 0.0302¢
Nd 0.0001% 0.014@, 0.0050% 0.0058% 0.0236¢
Sm 0.0006% 0.022@, 0.0142% 0.011% 0.0170¢
Eu 0.0007% 0.015@, 0.0064% 0.0068% 1.27

Gd 0.001% 0.037@, 0.0350% 0.021% 0.0105¢
Tb 0.002% 0.048@, 0.0454% 0.027% 0.0095¢
Dy 0.003§ 0.060€, 0.0558% 0.034% 0.0089¢
Er 0.008¢% 0.10@, 0.0864% 0.055% 0.0077¢
Yb 0.0198 0.22@,0.1512% 0.087% 0.0065¢
Lu 0.03% 0.22@, 0.1770% 0.11% 0.0068¢

*Colson et al. (1988). 1364 °C (for initial-stage 1) and 1202 °C (for stage

5-7), respectively.

fWeill and McKay (1975). Temperature 1380 °C, "FMG" composition (for

initial-stage 1).

McKay and Weill (1976). 1200 °C (for stage 5-7).

SMcKay (1986). Lanthanum and Ce assumed to be the same as for Nd; Eu,

Tb, Dy, Er values interpolated.

#Colson et al. (1988), 1281 °C.

$Barnes (1986) 1305 °C (for stage 1-2) and 1255 °C (for stage 2-3),

respectively, with fO, =IW.

@Weill and McKay (1975), 1200 °C run and as estimated from their Fig. 6.

Europium anomaly assumed to be similar to that of pigeonite.

&Schwandt and McKay (1996). "High D." Gadolinium and Tb values inter-
olated.

gCo]son etal. (1988), 1202 °C run.

“Weill and McKay (1975).

fMcKay et al. (1991), Wos, fO, =IW. Lanthanum, Tb, Dy, Er, Lu values

interpolated.

¢Phinney and Morrison (1990). Neodymium, Gd, Dy, Er values interpolated.
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FIG. 5. Comparison of REE abundances in model cumulates 1-4 (heavy
solid and dashed lines) with that of diogenite pyroxene separates (Mittle-
fehldt, 1994). Cumulates 14 correspond to the stages given in Table 3 and
assume an initial REE abundance of 3 x CI chondrites (C, = 3). Two dif-
ferent REE patterns are shown for stage 2 and 3 orthopyroxene depending
on the value of DoPYmelt ysed, with "2a" and "3a" based on the values of
Weill and McKay (1975) and "2b" and "3b" based on the values of Schwandt
and McKay (1996). The average CI chondrite abundances of Anders and
Grevesse (1989) were used for normalization.

cellent for all REE; whereas, if the values of Schwandt and McKay
(1996) are used, the agreement is less satisfactory for the light REE
(LREE) but still excellent for the heavy REE (HREE) (Fig. 5). The
overall similarity in the predicted and observed REE patterns and
abundances supports the idea that diogenites formed as cumulates in
a magma ocean. The agreement between the model and observa-
tions is generally satisfactory for values of C, for the REE ranging
between ~2.5-3.5.

The agreement between model orthopyroxene and diogenites for
the LREE using the Weill and McKay (1975) D-values may be for-
tuitous. The higher Dy gppOP¥/melt values of Weill and McKay (1975)
compared to Schwandt and McKay (1996) and to the Dy gpgPig/melt
values of McKay ef al. (1991) (Table 5) are suspect, because they
were obtained before the effects of secondary fluorescence from an
REE-enriched groundmass on REE-depleted minerals were fully
recognized (McKay, 1986; McKay et al., 1990, 1991). If the
DRgg®P¥/melt values of Schwandt and McKay (1996) are adopted, it
would appear that diogenite pyroxene has an excess of LREE over
that predicted by the model. Both bulk analyses of pyroxene sep-
arates (Mittlefehldt, 1994) and SIMS analyses of individual pyrox-
ene grains (Fowler et al., 1995) show the apparent LREE excess.

Another puzzling aspect of the data is the large range in REE
abundances shown by diogenites compared to the model predictions
(Fig. 5). In part, this is almost certainly caused by the unrealistic as-
sumption, made in the model, that partition coefficients are constant
and do not vary with changing temperature or melt composition.
However, even for models in which DgggP¥melt values vary modest-
ly (factor of ~3) during orthopyroxene crystallization, the range in
REE abundances within diogenite pyroxene is difficult to explain
unless extensive amounts of pyroxene crystallization (~90%) are in-
voked (Fowler et al., 1995). Such large amounts of crystallization
are higher than what would be predicted by the model discussed here

© Meteoritical Society * Provided by the NASA Astrophysics Data System



.32..825R

1997M&PS. .

Vesta as the HED parent body 833

(~21% from stage 1 to 3; ~41% from stage 1 to 4). Clearly, the
issues of elevated LREE abundances and the large range in REE
abundances in diogenites warrant further study.

Although the exact choice for DrggP¥™elt values is critical for
modelling REE abundances in pyroxene cumulates, it does not sig-
nificantly affect the composition of the model residual liquids, as the
values for these coefficients are so low (Table 5). Figure 6 compares
the REE abundances of model liquids produced assuming C, = 3
(the same as in Fig. 5) with that of a representative sampling of non-
cumulate eucrites. On the scale of the figure, there is no difference
in melt compositions produced by assuming the different DgpoPx/melt
values of Weill and McKay (1975) and Schwandt and McKay (1996).

Assuming C, ~ 2.5-3.5, the REE data for noncumulate eucrites
are consistent with stage 3—4 and post-stage—4 melts (Fig. 6). Eucrites
with the lowest REE abundances (~9-13 x CI chondrites), such as
Y-82066, Sioux County, Juvinas, and ALH-765, have relatively flat
REE patterns with no negative Eu anomalies and appear to corre-
spond to model residual melts 3—4. Eucrites with intermediate REE
abundances (~13—16 x CI chondrites), such as Pasamonte, Chervony
Kut, Lakangoan, and Nuevo Laredo, appear to have small negative
Eu anomalies, as expected for melts that experienced plagioclase
fractionation, soon after stage 4 (Fig. 6). Bouvante and Stannern
have the highest REE abundances (~20-30 x CI chondrites), show
prominent negative Eu anomalies, and appear to have HREE-
depleted patterns (Fig. 6). Their REE abundances are very similar

model residual melts 1—6 vs. esucrites
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FIG. 6. Comparison of REE abundances in model residual liquids 1-6

(heavy lines) with that of selected eucrites. Liquids 1-6 correspond to the
stages given in Table 3 and assume an initial REE abundance of 3 x CI
chondrites (C, = 3). Noncumulate eucrite data represent average concen-
trations for individual meteorites and include: (a) Y-82066 (Mittlefehldt
and Lindstrom, 1993); (b) Sioux County (Palme and Rammensee, 1981;
Palme et al, 1978; Mittlefehldt, 1979), Ce data omitted; (c) Juvinas
(Schmitt ez al., 1964, Winke et al., 1972; Palme and Rammensee, 1981;
Shimuzu and Masuda, 1986; Nakamura and Masuda, 1980; Schnetzler and
Philpotts, 1969); (d) ALH-765 (Nakamura and Masuda, 1980), Ce data
omitted; (¢) Pasamonte (Winke et al., 1977; Gast et al., 1970; Mittlefehldt,
1979); (f) Chervony Kut (Palme et al, 1978), Dy data omitted; (g)
Lakangoan (Warren and Jerde, 1987); (h) Nuevo Laredo (Warren and Jerde,
1987), Dy data omitted; (i) Stannern (Schmitt et al, 1964; Palme and
Rammensee, 1981; Gast et al., 1970; Mittlefehldt, 1979; Schnetzler and
Philpotts, 1969); (j) Bouvante (Palme and Rammensee, 1981). The average
CI chondrite abundances of Anders and Grevesse (1989) were used for
normalization.

to that expected for stage 56 residual melts. While Bouvante and
Stannern could correspond to stage 56 residual melts, other evi-
dence described in the next section suggests that their origin was
different than that of other noncumulate eucrites.

In general, the REE data for noncumulate eucrites are consistent
with these meteorites having formed as residual liquids in a magma
ocean. As the same values of C, (~2.5-3.5) are consistent with the
data for both diogenites (Fig. 5) and noncumulate eucrites (Fig. 6),
this supports the idea that both types of meteorites originated in
melts of the same or similar starting compositions. Moreover, the
REE data for eucrites support the conclusion that some eucritic
melts evolved approximately to stage 3—4 and that other eucritic
melts evolved past the plagioclase crystallization step at stage 4.

Mg# Versus Samarium

Not all eucrites formed in the same way. Cumulate eucrites
clearly formed as cumulates and do not represent liquid composi-
tions, and not all noncumulate eucrites appear to have formed as
residual liquids in a magma ocean. That this is the case is perhaps
best seen in variation diagrams such as Fig. 7, in which a compati-
ble element or parameter (e.g., Mg#) is plotted against an incom-
patible element (e.g., Sm). Similar diagrams were used by Warren
and Jerde (1987) to argue that most noncumulate eucrites originated
predominantly as residual liquids. In Fig. 7, the compositional
trends of fractionating HED magma ocean liquids with C, values of
2.5, 3.0, and 3.5 are shown, with Mg# based on Longhi's MAGFOX
program and Sm based on the modelling discussed in the last sec-
tion. Of the 20 noncumulate eucrites shown in Fig. 7, 16 have com-
positions that lie close to the trends expected for an origin as residual
melts, which is consistent with the conclusions of Warren and Jerde
(1987). This suggests that most, but not all, of the noncumulate
eucrites in our collections could have formed as residual liquids in a
magma ocean.

In Fig. 7, only the cumulate eucrites, and only the noncumulate
eucrites Bouvante (Bo), Stannern (St), ALHA81001 (81), and Pomoz-

4 v v 1 1] 1 1t [ 1 rjpr 1t | 1 1 T7T
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eucrite E

HED magma |
ocean melts
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FI1G. 7. Comparison of the Sm concentrations and Mg# (= 100 Mg/(Mg +
Fe) atomic) values for eucrites with that of residual melts in an HED magma
ocean undergoing fractional crystallization (HED-CI model). For the melt-
composition trajectories, various initial Sm abundances were assumed,
corresponding to initial CI-normalized abundances (C, values) of 2.5, 3.0
and 3.5. Numbers along the composition trajectories correspond to the
stages in Table 3. Eucrite data source: Warren and Jerde (1987).
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dino (Po), lie off the expected trends for magma ocean melts. The
latter noncumulate meteorites are members of the so-called "Stan-
nern Trend," whereas, the other noncumulate eucrites in Fig. 7
belong either to the "Main Group" or the "Nuevo Laredo Trend"
(Warren and Jerde, 1987). Candidates for magma ocean products,
thus, include the Main Group and Nuevo Laredo Trend eucrites.
The Stannern Trend eucrites formed differently, perhaps as partial
melts (Warren and Jerde, 1987).

In detail, Fig. 7 provides additional evidence that noncumulate
eucrites were generally affected by variable degrees of plagioclase
fractionation. The compositions of the Main Group and Nuevo
Laredo Trend eucrites generally scatter between the C, =2.5 and C,,
= 3.5 trajectories (Fig. 7). Nuevo Laredo (NL) and Lakangoan (La)
have compositions that correspond to model liquids close to stage 4
with C, ~ 3.5; whereas, Sioux County (SC) has a composition corre-
sponding to a model liquid between stages 3 and 4 with C, ~ 2.5.
That these eucrites do not plot along exactly the same C, trend is
probably indicative of a breakdown in the model, with some plagio-
clase fractionation occurring before the residual melt reached the
low Mg/Si ratio and Mg# values appropriate for the onset of plagio-
clase crystallization at stage 4. This conclusion is consistent with
the discussion regarding Ca/Al ratios and pyroxene compositions
given above. Plagioclase fractionation will cause the Sm content of
the liquid to change more rapidly for a given change in Mg# than
expected for pigeonite fractionation alone, similar to the trend shown
after stage 4 (left side of Fig. 7). If plagioclase fractionation is taken
into account, most or all of the Main Group and Nuevo Laredo-
Trend eucrites could have formed from a liquid with the same initial
composition.

Owing to the apparent "model breakdown" close to stage 4, and
the possibility that the initial Mg# of the melt may have been slightly
underestimated (see above), it is difficult to estimate with precision
which C, value for the REE is most appropriate. However, the data
bracket the melt trajectories for C, ~ 2.5-3.5 (Fig. 7), which suggests
that the value for C, lies in this range. This value for C, is consistent
with the REE data for diogenites and eucrites (see above).

Chromium Versus Scandium

Jones and coworkers (Jones et al., 1996; Jurewicz et al., 1993,
1995) suggested that the moderately incompatible-compatible ele-
ments Cr, Sc, and V may be key to understanding the petrogenesis
of eucrites. According to these authors, the Cr abundances of eucrites
especially favor a partial melt origin, rather than a residual melt origin,
for noncumulate eucrites (Jurewicz et al., 1993; Jones et al., 1996).

To see whether the data for moderately compatible-incompatible
elements are consistent with a magma ocean hypothesis, we have
used the same approach as for the REE to model the abundances of
Cr and Sc in eucrites. We focused on Cr and Sc, as D¢, and Dg, for
the relevant phases and temperatures encountered in a magma ocean
appear to be reasonably well known. For olivine and pyroxene, D¢,
and Dg, increase as temperature decreases (Table 5), with the result
that these elements change from somewhat incompatible to some-
what compatible, as olivine and pyroxene crystallize in a magma
ocean. For the fractional crystallization model discussed in this
paper, the amount of chromite that crystallizes early is uncertain (as
noted above). Thus, modelling results involving Cr and Sc, which
are highly compatible or moderately incompatible in chromite, re-
spectively, are subject to ambiguity. In the models, the presence of
early crystallizing chromite is neglected, and only orthopyroxene is
assumed to crystallize between stages 1 and 3. Therefore, the Cr
and Sc abundances in early formed (chromite-bearing) cumulates

may be underestimated, while the Cr and Sc abundances in residual
melts may be overestimated.

Figure 8 shows the abundances of Cr and Sc in model residual
melts 1-6 for three different values of initial concentrations (2.0, 2.5
and 3.0 x CI chondrites for both elements). For these initial con-
centrations, the model liquid composition trajectories intersect the
field of noncumulate eucrite compositions near stage 4 (Fig. 8).
Therefore, Cr and Sc data for eucrites are consistent with the resi-
dual-liquid hypothesis. Moreover, that the eucrite data for Cr and
Sc correspond to stage 4 liquids is consistent with all of the evi-
dence discussed above. If the presence of some early crystallizing
chromite is taken into account, the model residual melt composi-
tions will shift to lower Sc and Cr abundances, and this will shift the
value of the apparent C, that matches the eucrite data (C, ~ 2-3
assuming no chromite fractionation; Fig. 8) to higher values (C, =
2-3). Such a shift will not appreciably change the conclusion that
eucrites correspond roughly to stage 4 model liquids (Fig. 8). Initial
Sc and Cr abundances of =2-3 x CI chondrites (assuming some
chromite fractionation) in the HED parent body are implied.
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FIG. 8. Comparison of the Cl-normalized abundances of Cr and Sc in
diogenites and in unbrecciated and monomict noncumulate eucrites with
model residual melts 1-7 produced by fractional crystallization. Numbers
along the composition trajectories correspond to the stages in Table 3.
Eucrite data points represent average concentrations for individual mete-
orites. The average CI chondrite abundances of Anders and Grevesse
(1989) were used for normalization. Eucrite data: Béréba (Palme ef al.,
1978; Mittlefehldt, 1979; Schmitt er al, 1972); Bouvante (Palme and
Rammensee, 1981); Cachari (Palme et al, 1978; Schmitt et al, 1972);
Chervony Kut (Palme et al., 1978; Schmitt et al., 1972); Ibitira (Morgan et
al., 1978; Winke et al, 1972, 1974; Palme and Rammensee, 1981;
Jarosewich, 1990); Juvinas (Winke et al., 1972; Palme and Rammensee,
1981; Schmitt et al., 1964, 1972); Haraiya (Mason et al., 1979; Schmitt et
al., 1972); Lakangaon (Warren and Jerde, 1987; Schmitt et al, 1972);
Nuevo Laredo (Warren and Jerde, 1987; Schmitt et al, 1972); Pard-
varninkai (Mason et al., 1979; Schmitt et al., 1972); Pasamonte (Winke et
al.,, 1972; Palme and Rammensee, 1981; Mittlefehldt, 1979; Schmitt et al.,
1972); Perimiho (Schmitt et al., 1972); Sioux County (Palme et al., 1978,
Palme and Rammensee, 1981; Mittlefehldt, 1979; Schmitt et al., 1972);
Stannern (Palme and Rammensee, 1981; Mittlefehldt, 1979; Schmitt et al.,
1972); ALHA81001 (Warren and Jerde, 1987); Y-82066 (Mittlefehldt and
Lindstrom, 1993); Y-793164 (Mittlefehldt and Lindstrom, 1993).

© Meteoritical Society * Provided by the NASA Astrophysics Data System



.32..825R

1997M&PS. .

Vesta as the HED parent body

We also modelled the abundances of Cr and Sc in the cumulates
produced by fractional crystallization to see if the predicted ortho-
pyroxenitic cumulates correspond to diogenites. In contrast to the
eucrites, bulk analyses of diogenites show highly variable Cr abun-
dances, which range over an order of magnitude (from ~1.5 to ~19
x CI chondrites, although mainly <3.5 x CI). This may indicate that
various amounts of chromite were analyzed in sample sizes too small
to be representative for these (rather coarse-grained) rocks. The Sc
content of diogenites is less variable, ranging from ~2 to ~3.5 x CI
chondrites. Unfortunately, the large variation in Cr content makes it
difficult to assess how closely the model pyroxene cumulates corre-
spond to diogenites. Nonetheless, the observed compositions seem
to substantially overlap model stage 1-2 orthopyroxene cumulates
assuming C, ~ 2-3. If C, ~ 2, a stage 3 orthopyroxene cumulate
is also possibly consistent with the data. The presence of any early
crystallizing chromite would appear to shift the model cumulate
compositions to higher values of Sc and Cr, improving the agree-
ment between diogenites and stage 1 cumulates, and worsening the
agreement between diogenites and stage 2 and 3 cumulates.

The data for Sc and Cr, which represent moderately incom-
patible-compatible elements, are consistent with the data for com-
patible elements (including major-elements) and with the data for
incompatible elements (including the REE). The mineral/melt par-
tition coefficients for these different elements in the relevant phases
vary over a few orders of magnitude. Yet the conclusion is the same
regardless of which element one models. Namely, it appears that
diogenites and eucrites could have formed in the same, chemically
evolving magmatic system, such as a magma ocean.

Pseudoternary Diagram

The partial melt hypothesis of eucrite formation gained
support after it was realized that the compositions of non-
cumulate eucrites cluster around a pseudoperitectic for oli-
vine, pigeonite, and plagioclase (Stolper, 1977). At low px
(e.g., 1 bar) pressures, this pseudoperitectic composition
will not be attained by liquids undergoing fractional crys-

835

monomict noncumulate eucrites. Longhi and Pan (1988) discussed
melting and crystallization of a composition they termed "EPB3,"
derived by Dreibus et al. (1977). This composition represents an
earlier iteration of the Dreibus and Winke (1980) composition and
is similar to the other compositions given in Table 2, especially the
HED-CI composition.

For fractional crystallization of the HED-CI or EPB3 melts (heavy
and thin solid lines in Fig. 9, respectively), the compositions of the
residual liquids closely approach the compositions of eucrites at stage
4 (Fig. 9). This is especially true for fractional crystallization at 1 and
2 kb. As the errors associated with the 1 and 2 kb data are estimated
to be =1 kb by Longhi and Pan (1988), this would appear to allow
fractional crystallization at pressures as low as 0—1 kb, which is with-
in the pressure range of Vesta. For comparison, partial melting curves
for the EPB3 composition (dotted lines in Fig. 9) imply a range of
0-5 kb to match eucrite compositions (Fig. 9). Pressures up to 5 kb
are inconsistent with Vesta being the eucrite parent body.

Thus, for the pressures obtained within Vesta, it appears that the
model parent body compositions given in Table 2 cannot easily pro-
duce noncumulate eucrite compositions through partial melting, but
that they can produce noncumulate eucrite compositions by crystal-
lization. -

Stokes Settling Calculations and Equilibrium Crystallization

The apparent breakdown in the fractional crystallization model
at large degrees of crystallization (corresponding roughly to the on-
set of plagioclase crystallization) suggests that crystals may not have
been able to segregate from the melt, either because the magmas
became choked with crystals (Tonks and Melosh, 1990; Taylor et al.,

Qz

normative composition

tallization that are also capable of producing diogenites. ol
(However, see Warren, 1985 and Hewins and Newsom,
1988.) In contrast, the pseudoperitectic composition can be
attained by low-pressure partial melting of a source con-
taining olivine, low-Ca pyroxene, and plagioclase.

The relevant phase equilibria were reinvestigated by
Longhi and Pan (1987), Bartels and Grove (1991), and
Grove and Bartels (1992), all of whom concluded that non-
cumulate eucrites could have formed as residual liquids
during fractional crystallization at elevated pressure. This
elevated pressure was variously estimated as 2 * 1 kb
(Longhi and Pan, 1988), ~1 kb (Bartels and Grove, 1991),

sil
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and ~0.5 kb (Grove and Bartels, 1992). If pressures much
greater than 1 kb are required for fractional crystallization,
then either Vesta (with a maximum interior pressure of ~1
kb; Table 1) cannot be the eucrite parent body or eucrites
cannot have formed as residual liquids in a magma ocean
that also crystallized diogenites (or both).

We argue that the available data and phase equilibrium
constraints are consistent with a fractional crystallization
origin for eucrites at pressures sufficiently low for them to
have originated in Vesta. Figure 9 shows the olivine-pla-
gioclase-quartz pseudoternary diagram of Longhi and Pan
(1988), together with the compositions of unbrecciated and

Ol

Feld

F1G. 9. Pseudoternary liquidus diagram olivine (Ol)-feldspar (Feld)-Quartz (Qz) com-
paring the compositions of noncumulate (unbrecciated and monomict) eucrites to hypo-
thetical melt compositions produced by partial melting and fractional crystallization.
The inset schematically illustrates the entire liquidus diagram. The heavy line shows
the 1 bar, fractional crystallization trajectory of the HED-CI model melt of this work,
with numbers corresponding to the stages given in Table 3. Thin lines show fractional
crystallization trajectories at 1 kb and 2 kb for the similar "EPB3" composition (Dreibus
etal., 1977; Longhi and Pan, 1988). Dotted lines show the position of the cotectic/reac-
tion boundary between olivine and low-Ca pyroxene appropriate to equilibrium partial
melting of the EPB3 composition at 0, 2, and 5 kb. The projection scheme, EPB3 frac-
tional crystallization trajectories, and EPB3 partial melting curves are after Longhi and
Pan (1988). Eucrite data source: same as in Table 4.
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1993) or because the viscosity of the melt became sufficiently large
(or both). These possibilities can be evaluated by calculating Stokes
flow settling velocities. For Stokes flow,

2ps - pslea’
9

where U = downward settling velocity of a spherical crystal, pf =
density of melt, pg = density of crystal, g = gravitational acceleration,
a = crystal radius, v = viscosity (Turcotte and Schubert, 1982, Eq. 6-
229). Equation (4) shows that settling velocities depend on melt
viscosity and density differences between the settling crystals and
melt, and these parameters for the magma ocean fractionation model
are plotted in Fig. 10. In Table 6, Stokes settling velocities calculated
from Eq. (4) assuming a = 1 mm are given at various stages in the
fractional crystallization of a magma ocean, neglecting the possibility
of crystal-choking and the effects of turbulence. These calculations
are oversimplified representations of the actual settling rates. How-
ever, they should give a reasonable indication of the relative settling
rates of various phases at different stages of magma ocean solidifi-
cation, for a given grain size.

Figure 10 and Table 6 show that melt viscosity increases dra-
matically between stages 3 and 4, just before plagioclase crystallizes.
By the time that plagioclase crystallizes at stage 4, melt viscosities
will have increased and the settling velocities will have decreased
by an order of magnitude compared to stage 3 (Table 6). Table 6
suggests that early crystallizing phases such as Mg-olivine, Mg-
orthopyroxene, and the most Mg-rich pigeonite will separate from
melt relatively quickly compared to later crystallizing phases. Even
late crystallizing Fe-olivine, although relatively dense (Fig. 10),
would be expected to sink rather slowly because of high melt vis-
cosities (Table 6). Plagioclase is less dense than melt and should
float (Fig. 10), but it will move more slowly than other phases
because of the small difference in density between it and melt and

Ustokes = Eq. (4)
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FIG. 10. Density of phases and melt viscosity as a function of percent
magma crystallized during fractional crystallization of the HED-CI model
magma. Numbers along the top of the plot correspond to the stages given in
Table 3. Temperatures, phase compositions, and phase crystallization intervals
were determined with the MAGFOX program, written by J. Longhi;
densities for minerals were estimated by interpolating density data from
Deer et al. (1966) for endmember compositions; and melt densities and vis-
cosities were determined with the DENSITYBW and VISCOSTY programs,
respectively, of P. Warren. The large increase in melt viscosity after ~70%
solidification will limit the ability of late crystallizing phases to sink or float
in the magma.

because of the high viscosity of coexisting melt (Table 6). This
suggests that the formation of a plagioclase flotation crust on Vesta
will be inhibited.

Marsh and Maxey (1985) suggested that although both crystal
settling rate and convection rate decrease with increasing magma
viscosity, the overall effect of increasing melt viscosity is to inhibit
crystal-melt separation. Thus, the apparent breakdown in the fraction-
al crystallization model slightly before the plagioclase crystallization
step (stage 4) can be attributed, at least in part, to the incomplete
separation of phases caused by high melt viscosities. Crystal-chok-
ing at high degrees of magma ocean solidification also may have in-
hibited fractional crystallization.

Owing to the likelihood of inefficient crystal-liquid separation
at high degrees of crystallization, it is assumed that the last stages of
magma ocean crystallization will be dominated by an approach to
equilibrium crystallization conditions. As crystal settling velocities
become especially low between stages 3 and 4, we consider equili-
brium crystallization for melt compositions corresponding to those
obtained at stages 3 and 4. Longhi's companion program to MAG-
FOX for equilibrium crystallization, MAGPOX, was used to deter-
mine the 1 bar equilibrium crystallization assemblages and residual
melt compositions produced for stage 3 and 4 liquids.

The residual melt compositions produced by equilibrium crys-
tallization are similar to those produced by fractional crystallization,
except at the most evolved compositions. The equilibrium crystalli-
zation assemblages of melts 3 and 4 are dominated by plagioclase
(39-55 vol%, Angg) and pigeonite (50-16%, Ensg_43Wog), with
smaller amounts of silica polymorph (3—5%), and appreciable amounts
of ferrous olivine (9-23%, Fo,5_59). For comparison, noncumulate
eucrites typically contain 41-42% plagioclase (Angy gq), 53—56%
pigeonite (Enss_4g), 1-4% silica polymorph, and 1% chromite
(BVSP, 1981). Although the amount of olivine is clearly overesti-
mated, the overall similarity between the model and noncumulate
eucrites is generally consistent with the idea that eucrites could have
crystallized under quasi-equilibrium-crystallization conditions in a
magma ocean, following the formation of diogenites by fractional
crystallization.

TABLE 6. Melt viscosities (v,;,) and Stokes settling velocities
(Ustokes) for minerals in a Vesta-wide magma ocean
undergoing fractional crystallization (HED-CI model).

Mineral, v U
melt stage* (g/?rfﬁ)'f (Po?gg)I (nv?‘é'if?‘)ﬁ
ol, initial 0.47 0.4 21500
ol, 1 0.63 19 603
opx, 1 0.51 19 492
opx, 3 0.55 73 137
pig, 3 0.50 73 125
pig, 4 0.51 449 21
plag, 4 —0.10 449 —4
pig, 5 0.50 662 14
plag, 5 -0.14 662 —4
trid, 5 —0.63 662 -17
ol, 5 1.05 662 29

*Mineral symbols and melt stages as in Table 3; silica
?olymorph assumed to be tridymite (trid).

Difference in density between mineral and melt (= density
mineral—density melt), with melt densities found by using
the program DENSITYBW by P. Warren.

IMelt viscosity found by using the program VISCOSTY by
P. Warren.

$Based on Eq. (4) in text. Assumes a grain radius of 1 mm
and the surface gravity of Vesta.

© Meteoritical Society * Provided by the NASA Astrophysics Data System



.32..825R

1997M&PS. .

Vesta as the HED parent body 837

Model for the Interior of Vesta

The differentiation model discussed above, together with con-
straints on the size of a metal core in Vesta, can be used to model
the interior of Vesta if spherical symmetry is assumed. In Table 7,
different interior models are presented depending on the size of a
metal core and the amount of olivine in the asteroid. Figure 11 shows
two plausible models for the interior of Vesta corresponding to dif-
ferent chondritic protoliths and a 5 wt% metal core.

A metal content of 5 wt% is considered to be the best estimate
for Vesta but can range anywhere between 0-25 wt% (see above).
This results in a metal core of 0—128 km radius (Table 7, Fig. 11).

As discussed above, it appears possible to form many HED lith-
ologies by the solidification of a magma ocean in Vesta, assuming
that solidification proceeded first by fractional crystallization and
then by equilibrium crystallization. In Vesta, fractional crystalliza-
tion would have produced an olivine-rich mantle overlain by a lower
crust containing pyroxenitic material, which is similar to diogenites.
Equilibrium crystallization would have produced an upper crust of
gabbroic or basaltic composition, which is similar to noncumulate
eucrites. It is assumed that diogenites correspond to the orthopy-
roxene cumulates produced during stages 1-3 and to the pigeonite
cumulates produced during the first half (50 vol%) of stage 34
crystallization. Eucrites are assumed to correspond to the remaining
melt. The precise "cut-off point" between diogenites and eucrites,
halfway through the stage 3—4 crystallization interval, is somewhat
arbitrary, but it is generally consistent with the data for pyroxene min-
eral compositions (Fig. 3) and melt compositions (Fig. 4, Table 4).

The olivine content in Vesta will vary depending on what type
of chondritic protolith is assumed. The olivine content is maximized
with a carbonaceous chondrite protolith and minimized with an en-
statite chondrite protolith. The HED-CI and HED-EH model com-
positions (Table 2) are representative of plausible olivine-rich and
olivine-poor compositions, respectively, for Vesta. These two com-
positions are assumed for the silicate portion of Vesta in Table 7
and Fig. 11.

TABLE 7. Model of a fully differentiated Vesta for three core sizes and two
plausible endmember olivine contents.*

Olivine-rich (HED-CI) Olivine-poor (HED-EH)

Unit Depthto  Thickness of Depthto  Thickness of
unit (km)  unit (km) unit (km)  unit (km)

core = 0 mass%

eucritic crust 0 26 0 42
diogenitic crust 26 14 42 43
olivine mantle 40 224 86 179
Fe-metal core - 0 - -
core =5 mass%

eucritic crust 0 26 0 41
diogenitic crust 26 13 41 42
olivine mantle 39 151 83 107
Fe-metal core 190 75 190 75
core = 25 mass%

eucritic crust 0 23 0 37
diogenitic crust 23 12 37 35
olivine mantle 35 102 72 65
Fe-metal core 137 128 137 128

*Assumes 73 vol% (HED-CI) or 60 vol% (HED-EH) fractional crystalliza-
tion of the silicate portion of the HED parent body to produce olivine and
diogenitic cumulates, and solidification of the remaining liquid to produce
eucritic materials. Vesta is assumed to be spherical with a 265 km radius.

For the olivine-rich case, the olivine mantle is ~100-225 km
thick, the pyroxenitic lower crustal unit is ~12—14 km thick, and the
gabbroic upper crustal unit is ~23-26 km thick (Table 7, Fig. 11).
For the olivine-poor case, the olivine mantle is ~65-180 km thick,
the pyroxenitic lower crust is ~35—43 km thick, and the gabbroic up-
per crust is ~37-42 km thick (Table 7, Fig. 11). The total thickness
of "crust," including both the pyroxenitic and gabbroic lithologies, is
between ~35—40 km for an olivine-rich Vesta and between ~72-85
km for an olivine-poor Vesta.

Vesta has the shape of an oblate spheroid with a large difference
(~60 km) between its maximum and minimum radii (Table 1; Thomas
et al., 1996). If Vesta was originally spherical or near-spherical and
attained its present shape by impact cratering, a large cross-section
of the interior of Vesta could have been exposed. Significantly, the
total thickness of the model crust (~35-85 km) is comparable to the
difference between the maximum and minimum radii of Vesta
(~60 km). This suggests that all of the pyroxenitic and gabbroic
lithologies in a layered crust on Vesta could have been excavated or
exposed by impacts, regardless of the exact size of a metal core or

Vesta
olivine—rich rs

eucritic upper
crust 26 km

diogenitic
lower crust
13 km

‘‘‘‘‘‘

olivine mantle

Vesta
olivine—poor eucritic upper
crust 41 km

-———

diogenitic
lower crust
42 km

olivine mantle

core mass = 5%

core radius = 75 km
asteroid radius = 265 km

FIG. 11. Vesta interior models, drawn to scale, for two plausible endmem-
ber olivine contents and a fixed metal content of 5 wt%. Core dimensions
and layer thicknesses for eucritic crust, diogenitic crust, and the olivine
manﬂe are as in Table 7. Vesta is assumed to be spherical with a radius of
265 km.
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the assumed type of chondritic protolith. If Vesta is olivine-rich,
some mantle olivine also could have been exposed at the surface.
Impact-excavation of mantle olivine would have been increasingly
difficult if Vesta contained a lower proportion of olivine.

The Vesta interior models are generally consistent with (1) re-
mote spectroscopic data for Vesta, which suggest that only small
amounts of olivine are present on the surface (Gaffey, 1996); and
(2) the assumption that little or none of the olivine in the HED
parent body was sampled by HED meteorites (Dreibus et al., 1977
Dreibus and Winke, 1980). If the olivine detected spectroscopically
on Vesta (Gaffey, 1996) corresponds to olivine derived from the
mantle, this would imply that Vesta accreted from olivine-rich ma-
terials, which is perhaps similar to a volatile-depleted carbonaceous
chondrite protolith.

DISCUSSION

Other Interior Models for Vesta and the Howardite,
Eucrite and Diogenite Parent Body

Our models for a layered crust and mantle in the HED parent
body and Vesta are similar to that advocated by Mason (1967), Ta-
keda and coworkers (Takeda et al., 1976, 1979; Takeda, 1979;
Miyamoto and Takeda, 1977, 1994), and Delaney (1995), although
they differ in detail.

Mason (1967) suggested that the eucrite parent body was differ-
entiated into a eucritic crust (13 km thick), a diogenitic mantle (80 km
thick), and a pallasitic olivine-metal core. The parent body was esti-
mated to be 300 km in radius, so as to be consistent with inferred
pallasite cooling rates. This overall structure (and diameter) is simi-
lar to what we infer for Vesta, except that Mason's diogenite mantle
is much thicker, and his eucritic crust is much thinner. Furthermore,
we do not propose that pallasites originated in the HED parent body.
In our model, metal resides primarily in a core far from the surface
of the asteroid and is unlikely to have been sampled, either in the
form of pallasites or any other rock type.

Takeda and coworkers suggested that the gabbroic and pyrox-
enitic crust on the HED parent body is stratified into (from bottom
to top) diogenites, cumulate-pigeonite eucrites, cumulate-feldspar
eucrites, slowly cooled noncumulate eucrites, and rapidly cooled
noncumulate eucrites. This would imply an inverted density sequence
within the crust, as cumulate-feldspar eucrites are less dense (owing
to their high feldspar content) than noncumulate eucrites. Cumulate-
feldspar eucrites are inferred to have crystallized at ~8—12 km depth
in the parent body (Miyamoto and Takeda, 1977, 1994), near the
base of the eucritic crust. In our models, this depth is well within
the eucritic crust, rather than at the base.

Delaney (1995) proposed that Vesta contains a 65-km-thick crust
composed of an upper 25-km-thick eucrite layer and a lower 40-km-
thick diogenite layer. This overall crustal thickness and stratigraphy
is generally consistent with the models presented here, except that
the proportion of diogenite to eucrite is larger in Delaney's model.

Grove and Bartels (1992) suggested that diogenites could have
originated at great depth (~130 km) within Vesta, based on experi-
ments suggesting that eucrites and diogenites could have been com-
plementary differentiates from a melt at =0.5 kb pressure within the
parent body. However, it is difficult to understand how diogenites
could have been excavated from so deep within Vesta without also
destroying much of the parent body and without delivering a large
proportion of olivine to Earth in the form of meteorites.

Magma Oceans in Asteroids

Our results lend support to models that suggest that magma
oceans may have been present within some asteroids (Taylor et al.,

1993). However, Taylor et al. (1993) concluded that magma oceans
on asteroids would be turbulently convecting and that such turbu-
lence would severely inhibit crystal settling, to the point that equi-
librium crystallization would be expected to predominate over
fractional crystallization. This is at odds with our conclusion that
equilibrium crystallization was important only after fractional crys-
tallization occurred to form diogenites and residual eucritic liquids.

Tonks and Melosh (1990) investigated magma ocean dynamics
on the Earth and Moon. These researchers concluded that magma
oceans on both the Earth and Moon would be turbulently convect-
ing and that this would tend to favor equilibrium crystallization.
However, they noted that crystal settling, and fractional crystalliza-
tion, could still have occurred if the crystals grew to a large enough
size. This would tend to promote fractional crystallization for early
formed crystals, provided that such crystals could continue to grow
as the magma ocean crystallized. Diogenites contain coarse ortho-
pyroxene grains, up to 5 cm across in Johnstown (Mason, 1963),
which suggests that the pyroxenes in diogenites grew to a large size
before settling. Most important, Tonks and Melosh (1990) observed
that crystal growth and fractional crystallization within a magma
ocean would be promoted in Jower gravity objects. This is because
as gravity decreases, the rate-of-change in liquidus and solidus tem-
peratures with depth becomes smaller and more similar to an adiabat,
which potentially allows a crystal to continue to grow even while
convection is occurring. For objects with high gravity, a crystal cir-
culating to more shallow levels from deeper levels in a magma ocean
would likely encounter the liquidus and would begin to melt, im-
peding its growth. As a result of this effect, Tonks and Melosh (1990)
suggested that significant fractional crystallization could have oc-
curred in a lunar magma ocean but that this was unlikely in a ter-
restrial magma ocean.

Based on the arguments of Tonks and Melosh (1990), it would
seem that fractional crystallization in a magma ocean would be even
more likely for Vesta than for the Moon, owing to the lower gravity
of the former. Thus, despite the arguments of Taylor et al. (1993) to
the contrary, significant fractional crystallization in a magma ocean
on a Vesta-sized body appears to be possible.

SUMMARY

The HED achondrites provide valuable constraints on the HED
parent body, assumed to be Vesta. Vesta may contain a metal core
composing anywhere from ~0-25% of the mass of Vesta, with ~5
mass% representing the best estimate. An early magma ocean on
Vesta is consistent with a large variety of data for eucrites and dio-
genites, including the mineralogy, pyroxene compositions, major-
element compositions, REE abundances, and Cr and Sc abundances
of these meteorites, as well as with phase equilibrium constraints
and with Stokes settling calculations for the magma ocean. Model-
ling results suggest that the parent body is enriched in refractory
elements such as the REE by ~2.5-3.5 x CI chondrites and that it
has approximately chondritic Al/Sc and Mg/Si ratios. In a Vestan
magma ocean, diogenites could have formed by fractional crystalli-
zation, and non-cumulate eucrites could have formed by quasi-equi-
librium crystallization in the residual gabbroic liquid. A magma
ocean would have resulted in an olivine mantle, a diogenitic lower
crust, and an eucritic upper crust. Significant plagioclase flotation is
not predicted and apparently did not occur in Vesta. In contrast, in
the lunar magma ocean, equilibrium crystallization was followed by
fractional crystallization involving significant plagioclase flotation
(Snyder and Taylor, 1993). The reason for this difference is unclear,
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but we speculate that differences in mass and size between the Moon
and Vesta may have played a role.

Note added in proof: Based on recent imaging of Vesta with the Hubble
Space Telescope, P. C. Thomas et al. (1997, Science 277, 1492-1495) re-
ported a refined size and shape model for Vesta and the discovery of a 460-
km-diameter crater near the south pole of the asteroid. In the latest model,
the uncertainty in the semi-major axes (radii) of Vesta (Table 1) is reduced
to +5 km from +7 km. Systematic variations in spectral reflectance from
floor-to-rim in the south pole crater suggest that Vesta is mineralogically stra-
tified with depth, possibly consistent with the model reported here.
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