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Abstract

Group IVA is a large magmatic group of iron meteorites. The mean A7O (=8'70 — 0.52:5'%0) of the silicates is ~+1.2%,, similar to
the highest values in L chondrites and the lowest values in LL chondrites; 8'30 values are also in the L/LL range. This strongly suggests
that IVA irons formed by melting L-LL parental material, but the mean Ni content of IVA irons (83 mg/g) is much lower than that of a
presumed L-LL parent (~170 mg/g) and the low-Ca pyroxene present in two IVA meteorites is Fs13, much lower than the Fs20-29 values
in L and LL chondrites. Thus, formation from L-LL precursors requires extensive addition of metallic Fe, probably produced by reduc-
tion of FeS and FeO. Group IVA also has S/Ni, Ga/Ni, and Ge/Ni ratios that are much lower than those in L-LL chondrites or any
chondrite group that preserves nebular compositions, implying loss of these volatile elements during asteroidal processing. We suggest
that these reduction and loss processes occurred near the surface of the asteroid during impact heating, and resulted partly from reduc-
tion by C, and partly from the thermal dissociation of FeS and FeO with loss of O and S. The hot (~1770 K) low-viscosity melt quickly
moved through channels in the porous asteroid to form a core. Two members of the IVA group, Sao Joao Nepomuceno (hereafter, SIN)
and Steinbach, contain moderate amounts of orthopyroxene and silica, and minor amounts of low-Ca clinopyroxene. Even though SIN
formed after ~26% crystallization and Steinbach formed after ~77% crystallization of the IVA core, both could have originated within
several tens of meters of the core-mantle interface if 99% of the crystallization occurred from the center outwards. Two other members of
the group (Gibeon and Bishop Canyon) contain tabular tridymite, which we infer to have initially formed as veins deposited from a cool-
ing SiO-rich vapor. The silicates were clearly introduced into IVA irons after the initial magma crystallized. Because the y-iron crystals in
SJIN are typically about 5 cm across, an order of magnitude smaller than in IVA irons that do not contain massive silicates, we infer that
the metal was in the y-iron field when the silicates were injected. The SJN and Steinbach silicate compositions are near the low-Ca-py-
roxene/silica eutectic compositions. We suggest that a tectonic event produced a eutectic-like liquid and injected it together with unmelt-
ed pyroxene grains into fissures in the solid metal core. Published estimates of IVA metallographic cooling rates range from 20 to
3000 K/Ma, leading to a hypothesized breakup of the core during a major impact followed by scrambling of the core and mantle debris
[Haack, H., Scott, E.R.D., Love, S.G., Brearley, A. 1996. Thermal histories of IVA stony-iron and iron meteorites: evidence for asteroid
fragmentation and reaccretion. Geochim. Cosmochim. Acta 60, 3103-3113]. This scrambling model is physically implausible and cannot
explain the strong correlation of estimated cooling rates with metal composition. Previous workers concluded that the low-Ca clinopy-
roxene in SIN and Steinbach formed from protopyroxene by quenching at a cooling rate of 10'> K/Ma, and suggested that this also
supported an impact-scrambling model. This implausible spike in cooling rate by a factor of 10! can be avoided if the low-Ca clinopy-
roxene were formed by a late shock event that converted orthopyroxene to clinopyroxene followed by minimal growth in the clinopy-
roxene field, probably because melt was also produced. We suggest that metallographic cooling-rate estimates (e.g., based on island
taenite) giving similar values throughout the metal compositional range are more plausible, and that the IVA parent asteroid can be
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modeled by monotonic cooling followed by a high-temperature impact event that introduced silicates into the metal and a low-temper-
ature impact event that partially converted orthopyroxene into low-Ca clinopyroxene.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Group IVA is the third largest magmatic group of iron
meteorites. The metal compositions of its members indicate
formation by fractional crystallization of a metallic magma,
with minor superposed effects of melt trapping (Wasson and
Richardson, 2001). In the magmatic groups there is a strong
negative correlation between Ir and Au, with the highest Ir
and lowest Au concentrations in the first crystallized solid
and vice versa. Fractional crystallization requires that a
magma remains well mixed, and thus implies slow cooling
in an asteroidal core. Buoyancy will remove even tiny sili-
cates (a few micrometers in size) from a molten core on a time
scale orders of magnitude shorter than the time required for
efficient fractional crystallization.

Silicates consisting of low-Ca pyroxene and tridymite
occur in Sao Joao Nepomuceno (hereafter abbreviated
SJN) and Steinbach. Tabular tridymite, seemingly deposit-
ed as veins, is present in Gibeon and Bishop Canyon. We
will use the term “‘silica-bearing IVA irons” as a generic
for these four irons, and the term ‘‘silicates” to refer to
pyroxene and silica.

In Steinbach the silicates are much more abundant than
the metal; in a 12-cm? slab, Ulff-Moiller et al. (1995) ob-
served 61.9% silicate (including 37.2% orthopyroxene,
4.5% clinopyroxene, and 20.2% tridymite), 32.4% metal
and 5.7% FeS (all units are vol.%). In contrast, Scott
et al. (1996) reported that silicates constitute only
19 vol.% of a large slice of SIN.

Oxygen-isotope studies show that the A'’O values in the
IVA pyroxene and silica grains are about 1.29/,, similar to
those in L and LL chondrites (Clayton and Mayeda, 1996;
Wang et al., 2004). Figure 5 in Wang et al. (2004) shows all
the data; with the exception of slightly higher values in
Gibeon tridymite, 8'%0 values are around 4-5%,, also sim-
ilar to those in L and LL chondrites. This is relatively
strong evidence that the IVA irons formed in an asteroid
originally consisting of L- or LL-like chondrites. On the
other hand, the initial Ni content of 83 mg/g (Wasson
and Richardson, 2001) inferred for the IVA metallic mag-
ma is much lower than that estimated for an L-chondrite
parental composition (140 mg/g; LL chondrites have Ni
contents >200 mg/g; we will use a mean of 170 mg/g),
although it is similar to the value of 88 mg/g expected in
an H-chondrite asteroid (Ni concentrations from Kalle-
meyn et al., 1989; metallic Fe from least-weathered ob-
served-fall samples of Jarosewich, 1990). These
compositions indicated that the simplest model, the
closed-system melting of L-chondrite parental material fol-
lowed by separation of the metal into a core, cannot be
correct.

Mafic silicates in a magmatic iron meteorite are expected
to have formed near the core-mantle boundary of the parent
asteroid. There is general agreement that the main-group
pallasites (PMG) formed at a core-mantle boundary. Com-
positional data for PMG metal (and O-isotopic data of
PMG olivine) are consistent with their formation in the same
parent asteroid that produced the large magmatic IIIAB
group (Clayton and Mayeda, 1996; Wasson and Choi,
2003). The silicates in pallasites consist almost exclusively
of olivine; low-Ca pyroxene and phosphoran olivine are rare.
Olivine is the most important mineral in most planetary and
(probably) most asteroidal mantles. If a total or high-degree
melt is formed in a chondritic body, the first silicate to crys-
tallize from the melt is expected to be olivine (the enstatite
chondrites constitute the only chondrite groups that may
be an exception to this generalization). In olivine the
(Mg + Fe)/Si ratio is about twice that in low-Ca pyroxene.
Because, in chondritic matter, Mg, Fe, and Si are roughly
equally abundant, the higher the fraction of iron present as
FeO, the larger the normative olivine/pyroxene ratio.

As discussed in detail by Ulff-Mgller et al. (1995), the
fact that Steinbach and SJN contain pyroxene and silica
rather than olivine is nominally inconsistent with the sim-
ple picture that they are IVA core/mantle samples from
an L-chondrite or similar parent body. Either they formed
from a fractionated source (favored by Ulff-Magller et al.,
1995) or the chemical processes at the core-mantle site were
exceptional. Special circumstances are also suggested by
the observation that the FeO/(FeO + MgO) ratio in IVA
pyroxene is about 0.13, much lower than the range of
0.22-0.29 observed in bulk L and LL chondrites.

The metal in 33 PMG (Wasson and Choi, 2003) shows a
wide range in Ir concentrations, but most PMG have low
(0.1 <Ir £ 0.32 pug/g) to very low (<0.1 pg/g) Ir contents,
consistent with late formation of the metal in a fractionally
crystallized core. In contrast, three of the four silica-bear-
ing IVA irons have relatively high Ir contents. Although
the IVA sample set is too small to provide adequate statis-
tical coverage, the Ir content of the IVA metal provides an
additional contrast with the PMG.

We combined a petrological investigation of SIN with
equilibrium calculations and a fractional-crystallization/
trapped-melt model in order to reevaluate the origin of
the silica-bearing IVA irons. We address seven important
questions: (a) Is it possible to form IVA irons from L-LL
parental materials? (b) Why do the silicates consist of
pyroxene and tridymite rather than olivine? (c) What
processes caused tridymite to form veins? (d) If, as indicat-
ed by the O-isotopic data, the IVA irons originated on an
L- or LL-like body, what processes caused the FeO/
(FeO + MgO) ratio to be much lower than in the mafic
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silicates of those chondrites, and why is the initial IVA Ni
content much lower than that in L-chondrite metal? (e) Is it
more plausible to form IVA meteorites from mixes of
materials having different O-isotopic compositions? (f)
Are the high Ir contents observed in three of the four sili-
ca-bearing IVA irons consistent with formation near a
core-mantle interface? (g) Is an impact-scrambling model
required for the late history of the IVA asteroid or are
the observations consistent with a traditional, intact-core
monotonic cooling model?

2. Samples and analytical techniques

We studied the largest available surface of the Sao Joao
Nepomuceno (SJN) iron, a 9 X 19 cm slab from the Nation-

al Museum in Rio de Janeiro (Fig. 1). We obtained and
investigated two thin sections (USNM 6881-1 and 6881-
5) and one thick section (USNM 6881-a) of SIN from
the Smithsonian Institution (Fig. 2). We also examined a
4x4cm slab of Steinbach (LC 755) from the UCLA
collection.

The samples were examined microscopically in reflected
light; the thin sections were also examined microscopically
in transmitted light. The modal abundances of silicates,
metallic Fe-Ni, and troilite were determined in SJN thin
section 6881-5 (4988 points) and thick section 6881-a
(7252 points) in reflected light using an automated point
counter.

A back-scattered electron (BSE) image was made of a
segment of the SIN slab (constituting ~13% of the slab’s

Fig. 1. Reflected light image of a large slab of Sao Joao Nepomuceno from the National Museum in Rio de Janeiro. Outlines of the primary taenite
crystals are shown; the largest is 5x 12 cm; all others are appreciably smaller. Massive silicates occur along the bottom of the slab (which has suffered
significant oxidation). Silicates occur as massive intergrowths and as stringers. Large portions of the slab have few or no silicate inclusions.
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Fig. 2. Reflected light image of thick section USNM 6881-5 of Sao Joao Nepomuceno. Most silicates are low-Ca pyroxene (px, medium gray); the minor
silicate tridymite (tri) is dark gray. Silicates exhibit curved boundaries with respect to metal (met, white). Small bright grains within silicates are mostly
troilite with minor metal. Massive troilite (tro, light gray) is minor; it mainly occurs within the silicates and along silicate-metal boundaries.
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Table 1
Modal abundances of phases in SJN and Steinbach

SIN Steinbach

vol.% wt.% vol.%" wt.%
Metallic Fe-Ni 65.8 81.9 32,5 55.0
Troilite 43 3.2 6.6 6.6
Chromite 0.2 0.1 0.0 0.0
Tridymite 4.2 1.5 21.0 10.2
Orthopyroxene 23.9 12.5 38.3 27.1
Low-Ca clinopyroxene 1.6 0.8 1.6 1.1
Total 100.0 100.0 100.0 100.0

% Normalized mode after Scott et al. (1996) excluding 0.6 vol.% FeOOH.
Although the Steinbach chromite abundance rounds off to 0.0 vol.%, the
phase is present. The following mineral densities (g/cm™>) were used in
calculating wt.%: metallic Fe-Ni (7.9), troilite (4.67), chromite (4.7),
tridymite (2.26), orthopyroxene (3.31), low-Ca clinopyroxene (3.31).

surface area) with a LEO 1430 scanning electron micro-
scope (SEM). Silica and low-Ca pyroxene were identified
with the SEM; the abundances of these phases were deter-
mined using Adobe Photoshop software.

We combined the mean silicate/troilite ratio from the
SIN thin and thick section modal analyses (10.9) with the
silica/pyroxene ratio from the BSE image (0.165), the orth-
opyroxene/clinopyroxene (opx/cpx) ratio in thin section
6881-5 (12.4), and the overall silicate/metal ratio of the slab
(0.366) to determine the abundances of the individual min-
eral phases in the whole rock. These values appear in Table
1. Volume-percent was converted into weight percent using
appropriate mineral densities. The density of low-Ca
pyroxene varies with FeO content; the value used here cor-
responds to the composition of SIN pyroxene.

We made eight compositional zoning profiles in 1-um
steps across opx-troilite and opx-tridymite boundaries in
SIN using the JEOL JXA-8200 electron microprobe at
UCLA; we used natural and synthetic standards, an accel-
erating voltage of 15keV, a 15-nA sample current, 20-s
counting times, and ZAF corrections.

3. Mineralogy and petrology
3.1. Sdo Jodo Nepomuceno

Fig. 1 shows an image of the large slab of SIN. The fine-
octahedrite pattern is similar to those in other low-Ni, low-
Au IVA irons that are not known to contain silicates, but
the sizes of the y-iron crystals parental to the two-phase
system are much smaller than those typical of normal
IVA irons (mean of ~40 cm; Wasson, 1972). The bound-
aries are marked in Fig. 1; the largest y-iron crystal dimen-
sion is about 10 cm, the mean size about 5 cm.

The silicates appear dark in Fig. 1 with the exception of
those in an oxidized region at the bottom left. The opx
and tridymite grains commonly form chains (or stringers)
and irregular clusters. More massive silicate occurs along
the bottom side of the slab; the outer part of this bottom
region is highly oxidized, but microscopic study indicates
that this region is dominated by silicates. Large portions of

the slab contain few or no silicate grains. The silicate grains
typically exhibit curved interfaces with metal (Fig. 2), similar
to those in the subset of metamorphosed pallasites that
have rounded olivine (e.g., Brenham and Springwater).

The major phases in SIN, determined by combining the
modal analyses, are listed in Table 1. The silicate/metal
volumetric ratio of SIN (0.45) is much less than that
determined for Steinbach (1.9; Scott et al., 1996). Steinbach
also has a much higher tridymite/pyroxene volumetric ratio
(0.53) than SIN (0.16).

Orthopyroxene grains in SJN are typically 500-3500 pm
in maximum dimension. They form sharp boundaries with
other silicate grains (Fig. 3). About half of the opx grains
contain 2-5vol.% rounded to irregularly shaped opaque
grains and polymineralic opaque assemblages ranging in
size from 5 to 75 um (Fig. 3a). Ninety percent of these
assemblages are rich in troilite; varieties include isolated
troilite grains (67%), troilite—chromite intergrowths
(12%), troilite-metal intergrowths (8%) and troilite—chro-
mite-metal intergrowths (3%). A few small tridymite inclu-
sions are present, in many cases associated with opaques
(Fig. 3a). Also present among inclusion types are isolated
grains of chromite (2%) and metal (5%), and metal-chro-
mite intergrowths (3%).

As also noted by Ulff-Mapller et al. (1995), the orthopy-
roxene is not compositionally homogeneous. Some grains
are slightly more ferroan than others: grain centers vary
in composition from Fs 13.1-13.8 mol%. There is little var-
iation in CaO (e.g., Table 2), but Cr,O3 varies by a factor
of ~3 (i.e., 0.19-0.56 wt.%).

There is reverse zoning in orthopyroxene with respect to
FeO (Figs. 4 and 5); this zoning is restricted to the outer
~10 pm of the grains where the Fs contents drop (by about
0.6 mol%) to 12.4-13.3 mol%. The zoning trends are the
same at opx-troilite (Fig. 4a) and opx-tridymite (Fig. 4b)
boundaries. The Cr,O3 content of opx co-varies with Fs,
but shows appreciably more scatter; values range from
~0.20 wt.% at grain margins to ~0.35 wt.% in grain centers
(Fig. 5a). The CaO (and Wo) contents show no systematic
zoning trends (Fig. 5b).

We observed six low-Ca clinopyroxene grains; they
range in size from 400 x 800 to 1060 x 1900 um (Fig. 3b)
and contain subparallel, somewhat wavy striations situated
30-50 um apart. The twin lamellae appear fractured (as do
those in Steinbach; Haack et al., 1996). Few opaque inclu-
sions occur within these low-Ca clinopyroxene grains (e.g.,
Fig. 3b). The boundaries between the orthopyroxene and
the few low-Ca clinopyroxene grains we observed in SJN
are commonly subplanar or curved wherein the cpx is emb-
ayed relative to the opx.

Tridymite occurs as coarse grains (up to
1000 x 2600 um) adjacent to low-Ca pyroxene (Fig. 3c
and d) and as small inclusions (typically 10-30 pm in size)
within pyroxene. (Some of the small tridymite crystals
within opx grains are adjacent to small grains of troilite,
metal and chromite, e.g., Fig. 3a.) In contrast to the orth-
opyroxene, most tridymite grains contain no completely
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Fig. 3. Photomicrographs of silicate textures in Sao Joao Nepomuceno. (a) Numerous opaque inclusions (white) occur inside orthopyroxene (light gray),
but few occur inside tridymite (dark gray, top). This suggests that the pyroxene may have formed by rapid crystallization, whereas the SiO, might have
been deposited from a melt or vapor. (b) Low-Ca clinopyroxene grain (center with striations) occurs among inclusion-bearing opx grains. Note the much
larger abundance of inclusions in the orthopyroxene. (c) Large troilite grain (white, center) inside silicate assemblage consisting of opx (light gray) and
tridymite (dark gray). Note the inclusions in the orthopyroxene. The small dark patches are due to plucking during thin-section preparation. (d) Interface
of silicates (gray shades) and metallic Fe—Ni (white). A discontinuous rim of swathing kamacite (white band) occurs at the interface. Thin (~2-pm-thick)
veins of limonite (very light gray) occur at silicate grain boundaries; 2—-6-pum-thick intersecting limonite veins occur within tridymite. (Limonite is a product
of terrestrial weathering.) Images a, ¢, and d in reflected light; image b in plane-polarized transmitted light. opx, orthopyroxene; cpx, low-Ca

clinopyroxene; trd, tridymite; met, metallic Fe-Ni; and tr, troilite.

Table 2

Selected analyses (wt.%) of orthopyroxene in SJN

Point No. 2-70 6-122 2-81 1-24 1-23
SiO, 57.1 56.9 57.1 57.4 57.3
Cry03 0.22 0.27 0.29 0.33 0.43
FeO 8.9 8.9 9.2 9.4 9.5
MgO 34.1 332 33.5 33.1 332
CaO 0.28 0.30 0.26 0.24 0.26
Total 100.6 99.6 100.4 100.5 100.7
Fs (mol%) 12.6 13.0 13.3 13.6 13.8
Wo (mol%) 0.51 0.57 0.48 0.45 0.49

embedded opaque inclusions, although a few tridymite
grains have one or two opaque inclusions at the boundary
with opx (Fig. 3c and d).

There are sharp boundaries between adjacent coarse sil-
icate grains, but in nearly every case, the boundaries are
lined with ~2-pum-thick limonite rinds formed during ter-
restrial weathering. All of the coarse tridymite grains also
contain numerous 2-6-um-thick intersecting veins of limo-
nite (Fig. 3a, ¢, and d).

Troilite grains (300-900 um) commonly occur at metal-
silicate boundaries; some large troilite grains are complete-
ly surrounded by silicate (e.g., Fig. 2). We estimate that

~80% of the troilite occurs outside of silicates and that
~20% occurs as inclusions within silicate grains. Also sur-
rounding many of the silicate grains at the interface with
metal is swathing kamacite (Fig. 3d), ranging in thickness
from 50 to 300 um.

3.2. Steinbach

The texture of Steinbach is very similar to that of SIN but
the silicate/metal volumetric ratio is much higher (2.2 vs.
0.45) and Steinbach contains appreciably more tridymite
(21.0% vs. 4.2 vol.% of the silicates) (Table 1). Steinbach sil-
icates form a lacy network of 2-3-mm-thick filaments with
scalloped margins intergrown with 3-4-mm-thick patches
of metallic Fe-Ni. The more massive silicate and metal re-
gions in Steinbach are both ~1 cm thick. A 1.3-mm-diameter
opx spherule occurs within the metal, completely surround-
ed by a 30-400-um-thick rim of swathing kamacite.

Orthopyroxene grains in Steinbach are typically
400-3500 pm in maximum dimension, similar in size to
those in SJN. Some of the opx grains contain 5-15-um-size
inclusions consisting of opaque grains and polymineralic
assemblages; however, the abundance of opaque inclusions
in Steinbach opx is an order of magnitude lower than that
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tridymite. Every pyroxene trace shows evidence of reduction, i.e., reverse zoning in Fs over the outer 10-15 pm of the orthopyroxene grains.
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in SIN opx. Nevertheless, as in SJN, most of the inclusions
are rich in troilite; varieties in Steinbach include isolated
troilite grains (66%), troilite-chromite intergrowths (1%),
troilite-metal intergrowths (18%), and troilite—chromite-
metal intergrowths (3%). Also present are monomineralic
inclusions of chromite (7%) and kamacite (5%). Ulff-Moller
et al. (1995) found that Steinbach pyroxene was slightly
richer in FeO than that in SIN: 9.6-10.1 vs. 9.2 wt.%
(i.e., Fs14 vs. Fs13).

Tridymite occurs as coarse grains (350-3000 um in size)
adjacent to low-Ca pyroxene. Most tridymite grains con-
tain no opaque inclusions.

Troilite occurs as 1-5-mm-size grains at metal-silicate
boundaries and as patches completely surrounded by sili-
cate. Some 30-200-um-size grains of metallic Fe-Ni also
occur among the silicate grains.

Every metal patch in Steinbach has swathing kamacite
along its edges. Swathing kamacite is always the first
kamacite to form. This early nucleation in part explains
the relative coarseness of the kamacite in this high-Ni
(94 mg/g) metal.

There appear to be no large patches of metal in Stein-
bach. The largest metal-rich region visible on a photograph
of the largest specimen (Rittersgriin, 45 x 34 cm) sent to us
by A. Massauck is ~9 cm long, 1.0-1.5 cm wide, and even
it contains a few silicates.

3.3. Tridymite in Gibeon and Bishop Canyon

There have been several reports of tridymite in Gibeon
(e.g., Berwerth, 1902; Schaudy et al., 1972). Fig. 6a shows
an apparently discontinuous 26-mm-long, 0.7-1.4-mm-
wide tridymite platelet in UCLA specimen IN 590; it seems
likely that it is continuous in three dimensions. As reported
by Schaudy et al. (1972), the length of the plate is limited
by the size of the 5S-mm-thick section. These authors stated
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Fig. 6. Tabular tridymite in Gibeon. (a) An apparently discontinuous
lamella (dark gray) in UCLA specimen IN590. Reflected light. (b) A
similarly-sized, continuous lamella (white) in Vienna Museum of Natural
History Gibeon specimen A3; also visible is a dark melted zone and an
adjacent undisturbed Widmanstitten structure.

that the tridymite ‘“‘crystals are oriented perpendicular to
the long axes of the inclusion, suggesting that they formed
in situ along a preexisting metal surface.” We interpret the
tridymite platelets to represent veins that were thinner
when formed. When contraction of the metal caused the
veins to widen, the tridymite minimized its surface energy
by forming the observed platelets.

Fig. 6b shows a similarly-sized tridymite plate (0.5-
1.5 x 22 mm) in Gibeon specimen A3 from the Vienna Nat-
ural History Museum (G. Kurat, pers. comm.). Scott et al.
(1996) examined tridymite in Bishop Canyon; an image is
shown in their Fig. 6. The tridymite forms two plates about
1 mm thick and 5 and 10 mm in maximum dimension. Ulff-
Moller et al. (1995) reported rare cases of centimeter-size
tridymite in Gibeon as well.

We did not obtain compositional data for the lamellar
tridymites. Ulff-Meller et al. (1995) noted that they have
a much lower content of Al and Ti than do the SiO, occur-
rences in SJN and Steinbach, a fact consistent with their
formation by condensation in a vein since both Al and Ti
are refractory.

4. Formation of the IVA irons from L-LL materials:
Overview of the challenges

In discussing possible models for IVA irons we will as-
sume that, as implied by the O-isotopic composition, the

primitive IVA asteroid was composed of L or LL chondrite
materials. We recognize that the IVA O-isotopic composi-
tion could be produced by an admixture of materials that
does not include L or LL chondrites, but among the mete-
orites in our collections there is only one (uncommon)
chondrite group (the ordinary-chondrite-related R chon-
drites) having A'’O values more positive than those of
LL chondrites, and we therefore find it more reasonable
to examine processes by which IVA metal and silicates
could form from L-LL chondrite materials. We return to
this topic in Section 12.

Although we suspect that low type-3 chondrites such as
LL3.0 Semarkona better represent the nature of IVA pre-
cursor materials prior to heating and metamorphism, it is
useful for discussion to mention that metamorphic equili-
bration of such materials under closed-system conditions
might have produced an olivine composition near Fa28
and a pyroxene composition near Fs25; the latter is about
2x higher than that observed in SJN or Steinbach.

There are two major chemical challenges associated with
forming the IVA meteorites from L-LL parental materials.
The first is large in scale: the reduction of the Ni content of
the metal from L-LL values to the much lower IVA value.
The second may be either local or large-scale: formation of
SiO, and Fs13 low-Ca pyroxene (rather than the olivine
expected to crystallize from an L-LL magma) at the IVA
core-mantle interface.

As discussed in the Introduction, the mean Ni content of
L-LL metal is about 170 mg/g Ni. To convert such metal
into initial IVA metal having 83 mg/g Ni, it is necessary
to dilute it with a comparable amount of Ni-free Fe.

The mean FeO/(FeO + MgO) ratio in completely melt-
ed L-LL silicates would be about 0.27. Complete melting
of the silicates would yield a low-SiO, (~50 wt.%) liquid
that would crystallize olivine as the first liquidus phase.
Assuming a (Fe/Mg)soiia/(Fe/Mg)mere distribution ratio of
0.3 as recommended by Warren (1986), we calculate that
the first crystallizing olivine would have a composition of
FalO0; crystallization of pyroxene would give a similar or
slightly lower Fe/(Fe + Mg) ratio, i.e., Fs09. In contrast,
the IVA silicates are silica-rich and the Fs content of the
low-Ca pyroxene is Fs13. We assume that the IVA silicates
are representative of those everywhere in the lower mantle
of the IVA asteroid, but it is possible that these were
uncommon materials formed in special (possibly core-relat-
ed) processes.

Because the temperature of the IVA metallic magma
(estimated below) is high, i.e., ~1800 K at the start of crys-
tallization, the magma cannot be stored on top of silicates,
particularly chondritic silicates. This high-temperature
magma would have had a viscosity similar to that of water.
Thus, at whatever depth the melting of the metal occurs, it
would have buoyantly moved to the center of the asteroid
on a relatively short time scale. A detailed estimate depends
on the volume of magma and the nature of the conduits,
and is beyond the needs of this study. We note that the
acceleration of gravity at 1 km from the center of the body
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Table 3

Sequence of steps in our model to explain the formation of the IVA irons and their silica and silicate inclusions

I A high-velocity (=7 km s~!) impact onto a highly porous L-LL-chondrite-like asteroid produced high temperatures at the bottom of a
cylindrical impact crater (the part of the asteroid distant from the impact site was relatively unaffected by this event)

IIA  Extensive volatile loss occurred including FeS dissociation and loss of S to space
Some FeO reduction occurred with loss of the O to space, in part as CO

1IB A metallic magma with a volume of a few km® was produced; it rapidly (on a scale of about one day) migrated through the porous underlying

materials to form a central core

111 After extensive crystallization of the core a second event injected silicates into fissures in the core
v The core crystallized through the o + y field while insulated by overlying materials
\% After cooling to about 600 K and forming the Widmanstitten pattern another impact occurred that converted some of the low-Ca

orthopyroxene into clinopyroxene

is ~lems 2 If we assume a steady-state velocity of

1 cm s~ it would require 10° s (~1 day) to move a distance
of 1 km. If the melt started 10x farther from the center, the
gravitational acceleration would have been 10x higher.
Thus, the estimate of ~1 day to reach the center of a highly
porous (or fractured) asteroid seems reasonable.

Because our IVA model is unconventional we outline
the key steps in Table 3 to help the reader follow the inter-
pretations that follow.

5. Temperatures in the IVA core and associated materials:
Possible heat sources

5.1. Initial temperature of the IVA metallic magma and the
precursor materials

The mean initial temperature of the initial IVA magma
provides a lower limit on the mean temperature of the
chondritic precursor materials from which the magma sep-
arated. The magma temperature is mainly determined by
the S content; this was estimated to be 25 mg/g by Scott
et al. (1996) but only 4 mg/g by Wasson and Richardson
(2001). Our best current estimate, and the one used in the
crystallization modeling discussed below, is 5 mg/g.

We estimated the relevant temperatures by first reading
them off the Fe-S phase diagram (Brandes and Brook,
1992) and then lowering them by 20 K to allow for the ef-
fect of the initial Ni content (estimated by Wasson and
Richardson, 2001) of 83 mg/g. The Fe-S phase diagram
yields a liquidus temperature of ~1793 K for 4 mg/g S
and 1749 K for 25mg/g S, lowered to 1773 and 1729 K,
respectively, to allow for the effect of Ni. We will use a val-
ue of ~1770 K, corresponding to our current S estimate of
5 mg/g. This is a lower limit on the actual mean tempera-
ture; if all metal melted, a modest increase in the actual
temperature would not have affected the S and Ni contents
used to obtain the estimate. This mean temperature applies
to the system that includes the metallic melt and the asso-
ciated silicate melt and solids, a region that (based on L-LL
chondrite compositions) was probably about 5-6x more
massive than the IVA core. Note that 1770 K is 510 K
higher than the Fe-FeS eutectic temperature of 1260 K,
and is high enough to produce extensive melting of the sil-
icates if some low-melting phases such as plagioclase were
present. Also, the enstatite—tridymite eutectic temperature

is ~1770 K. A successful heat source must thus account
both for an increase in temperature and for a considerable
quantity of latent heat.

5.2. Internal heating of the IV A asteroid by short-lived
radionuclides

Discussions in the recent literature are focused on two
main asteroidal heat sources: the decay of the extinct radio-
nuclide 2°Al (and possibly also *°Fe) and the deposition of
heat by massive impacts. The adequacy of both has been
challenged. Recent data on chondrules indicate 2°Al/*’Al
ratios were too low to produce differentiation (e.g., Kunihi-
ro et al., 2004), and some past evaluations of impact pro-
cesses have concluded that these produce little heating in
the Asteroid Belt >2.2 AU from the Sun (e.g., Keil et al.,
1997).

The initial >°Al/?’ Al ratios preserved in the unequilibrat-
ed chondrites range from high values in refractory inclu-
sions to low values in chondrules. Assuming that the Al
isotopes were well mixed, at least within the nebular forma-
tion regions of the individual chondrite groups, it is the
lowest preserved ratio that must be used in asteroidal heat-
ing calculations. Thus, the relatively high inferred initial
26A1/2"Al ratios for some chondrules from CV3 Allende
reported by Bizzarro et al. (2004) are not relevant to the
discussion of asteroidal heating.

The initial *°A1/?” Al ratios in LL3.0 Semarkona chond-
rules, shown by Kita et al. (2000) to be about 7.5 x 1075,
provide an excellent data set for evaluating the potential
of an 2°Al heat source in an L-LL asteroid. Kunihiro
et al. (2004) showed that the mean ratio is too low to melt
and differentiate an asteroid even if it formed immediately
after chondrule formation and even if the asteroid were
large enough to retain all interior heat. These workers cal-
culated that the *°Al content could raise the temperature of
the L-LL body to 1360 K (neglecting latent heat). There is
enough heat to melt the FeS and some metal, but no sili-
cates would melt. The evolved heat is only about half of
that (including latent heat) required to produce the temper-
ature of ca. 1800 K inferred for the IVA core.

As discussed by Kunihiro et al. (2004), it is possible that
differentiated asteroids formed as a result of radiogenic
heating from chondritic materials having °Al/?>’Al ratios
>2x higher than those in LL chondrules. However, as of
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now there are no studies that document the existence of ini-
tial ratios in planetesimals higher than those measured in
LL3.0 Semarkona chondrules by Kita et al. (2000). The re-
quired high ratios therefore remain speculative.

There are conflicting reports about the initial “°Fe/*°Fe
ratios. Tachibana and Huss (2003) reported an initial
OFe/>®Fe ratio in LL3.1 Bishunpur and Krymka of
1.4 x 1077 that, according to Kunihiro et al. (2004), would
increase temperatures by only 160 4+ 20 K. In contrast, a
recent study by Mostefaoui et al. (2005) reported a ratio
7 higher, 9.2 x 10~’. LL-chondritic matter with Fe having
the latter ratio and Al with the Kita et al. 2°Al1/>’Al ratio
could produce moderate degrees of melting, although, after
allowance for latent heat, would only marginally reach the
1770 K temperature inferred for the IVA core.

Until the ®°Fe/*°Fe ratio has been better defined we find
it best to assume that radiogenic heating alone was inade-
quate to melt the IVA asteroid and suggest that the aster-
oid was largely melted by a massive impact. We suggest
that the impact occurred when the parent asteroid was still
highly (>50%) porous; the higher the porosity, the more
efficient the conversion of impact kinetic energy into heat
(Melosh, 1989).

A complicating isotopic discovery is the 'S?Hf-'8*W
study by Kleine et al. (2005) which showed that
182y /184W ratios in samples of magmatic iron meteorites
(including IVA) are lower than the initial ratio obtained
by interpreting data on separates from a refractory inclu-
sion from the CV3 Allende as an isochron. This implies
that the irons formed earlier than refractory inclusions. Be-
cause Allende has experienced extensive aqueous alter-
ation, it seems possible that the low-Hf (magnetic)
sample has been contaminated by radiogenic '*?W. We
suggest that this result needs to be confirmed on a more
pristine meteorite before it is used as a chronological con-
straint on iron-meteorite formation.

For completeness we also mention that another type of
internal heating has been proposed. Joule heating by cur-
rents induced by a T-Tauri solar wind (e.g., Sonett et al.,
1970) might also be able to provide an internal heat source.
However, the model is largely undeveloped; many prob-
lems need to be solved (e.g., the role of porosity and ran-
dom orientation of spin axes) before this can be
considered a viable mechanism.

5.3. Impact heating of the IV A precursor materials on the
parent asteroid

The chief arguments against the impact production of
asteroidal magmas is that the mean impact velocity of
5km s~ ! in the Asteroid Belt provides relatively little ener-
gy per unit projectile mass, and that, because of the low es-
cape velocities (ca. 0.14 kms~' for an asteroid with a
radius of 100 km and chondritic density), the most strongly
heated crater ejecta is lost from the asteroid (Keil et al.,
1997). There are several problems with this paper. The dis-
cussion of cratering is based on terrestrial analogs that are

highly compact, and thus produce bowl-shaped craters
with appreciable amounts of high-temperature ejecta leav-
ing the crater at velocities greater than the escape velocity
of the asteroid. The second main problem is that the
authors assume that the whole asteroid must be heated.

However, as discussed in some detail by Wasson and
Kallemeyn (2002), modeling by W. Bottke (pers. comm.,
2001) has shown that 20% of impact velocities are 7 km s~
or higher, and it is clear that minor impacts on highly
porous bodies result in retention of most of the heat. Our
picture of the IVA impact event and similar magma-gener-
ating impacts is that, because of the high-porosity of the
target asteroid, the heat was mainly deposited at the bot-
tom of quasi-cylindrical craters having depth/diameter
ratios > 1.

H.J. Melosh (pers. commun., 2005) carried out a planar-
impact approximation and showed that the minimum
velocity required to produce appreciable melting in a highly
porous target is 4 km s~'. It would appear that an impact
velocity of 7kms™' is marginal for producing the high
(1800 K) temperatures experienced by the IVA parental
materials, and that this should be considered a lower limit
on possible impact velocities.

Only large-scale impact events are likely to produce
magmas large enough to fractionally crystallize. Nonethe-
less, it is not necessary that asteroid-size amounts of melt
be produced. The flux of IVA iron meteorites onto the
Earth requires about 1 km® of IVA materials in heliocentric
orbits; thus, the total amount of chondritic material that
was melted could be as small as 5 km?® Note that the size
of the asteroid is not specified in this model. We suggest
that the radius was probably small, perhaps 10-20 km.
Small radii make it more likely that the molten metal can
drain to the center of the body with only minimal loss by
freezing as a result of heat exchange with the cooler inter-
vening materials.

In impact events the heat is distributed heterogeneously,
as demonstrated in meteorites such as Portales Valley in
which massive metal veins and some essentially unmelted
H-chondrite materials occur on a scale of ~10 cm (Rubin
et al., 2001). We suggest that, immediately after a large im-
pact, such thermal heterogeneities were present at scales of
10 cm to several kilometers in the portion of the IVA aster-
oid affected by heat from the impact event. The combina-
tion of heat and rarefaction waves caused moderate
expansion of the hottest materials, but because of the
geometry they were largely confined to the cylindrical
crater.

We considered two possible kinds of impactors that are
consistent with the O-isotopic data. One is another local L-
or LL-like body which happened to have had an orbit that
led to an impact with a relatively high (7 km s') velocity.
The projectile might contribute an appreciable fraction
(e.g., >20%) to the resulting magma but, because its O-iso-
topic composition was similar to that of the target materi-
als, the melt had an L-LL composition. In the second
model we envision the higher velocity impact of an object
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from the outer solar system. The mean velocities of Oort
cloud comets are about 40 kms™' at 2.5 AU, those of
bodies from the Neptune region were smaller but
>10 km s~'. Outer-solar-system bodies might have an O-
isotopic composition similar to those in carbonaceous
chondrites, with A'’O in the range from —3 to +19%,. How-
ever, because the projectile would have contributed <5% of
the mass of the silicate magma, it would have produced a
relatively minor change in the A'’O value of the magma.

What actually happens in the hot impact debris depends
on the kinetics of the dissociation and evaporation reac-
tions, and these in turn will depend on the physical state
of the hot materials. We have not tried to model these pro-
cesses and states, but have instead carried out a few equilib-
rium calculations based on rough ideas of the physical
processes involved.

5.4. Impact heating, radionuclide or other internal heating,
and volatile loss

Impact heating is an extremely rapid and highly hetero-
geneous heating process; internal (radionuclide or joule)
heating is a very slow and uniform heating process. Impact
heating occurs in surficial layers of a chondritic asteroid;
radionuclide heating is most effective in the interior of
the asteroid. It is important to recognize that, because of
these differences, the heating of asteroidal materials from
low (ca. 200 K) to high (ca. 1800 K) mean temperatures
should produce very different products.

For example, we estimated above that the initial temper-
ature of the IVA metallic magma was 1770 K, and it might
have been higher. Kunihiro et al. (2004) estimated that pla-
gioclase melts in the range 1400-1500 K; thus, it seems
probable that, when an asteroid heated by 2°Al reaches a
temperature of 1500 K, a melt with basaltic composition
would form and, as a result of buoyancy forces, would mi-
grate towards the surface, taking with it the 2°Al. This pro-
cess, which would occur after about 1-3 2°Al half-lives,
would bring much of the 2°Al to the surficial parts of the
asteroid where the heat is more efficiently transported to
the surface and radiated into space (e.g., Taylor et al.,
1993). As a result, the interior of the asteroid would no
longer be heated, and it would not be possible to reach
the IVA magmatic temperature of 1770 K.

In addition, the rapid time scale of impact heating seems
better suited to the loss of volatiles than is slow internal
heating. As noted by Wasson and Trigo-Rodriguez
(2004), volatilization produced during chondrule formation
must have resulted in the recondensation of the evaporated
elements as fine (<1 um) condensates, mainly formed on
the surfaces of fine nebular particles. During impact-gener-
ated flash heating of a highly porous chondritic material, it
seems likely that large fractions both of these very fine
deposits and their fine substrates would be evaporated.
Depending on the details of the circumstances (e.g.,
whether a hot carrier gas, perhaps H»O, is also generated),
efficient loss of volatiles may have occurred.

The important message is that, in asteroidal size bodies,
impact heating is better suited than internal heating both
for the loss of volatiles and for the generation of high-tem-
perature magmas.

6. Large- and small-scale reduction processes in the IVA
asteroid

6.1. Processes that can produce reduction and reducing
agents

There are two reduction processes that must have oc-
curred if IVA materials formed from L-LL precursors:
the formation of the Fe metal necessary to reduce the bulk
Ni content of the IVA magma from ca. 170 to 83 mg/g, and
the formation of the SiO gas that seems necessary to
explain the formation of SiO, veins. The formation of
low-Ca pyroxene rather than olivine at the core-mantle
interface may also be related to the reduction process that
led to the Ni dilution in the metal. The Ni dilution process
was certainly large-scale; it may have involved five or more
cubic kilometers of largely molten matter and final temper-
atures of ~1800 K or higher. The process responsible for
the formation of tabular SiO, in Gibeon and Bishop
Canyon may be large or small in scale.

It is possible to reduce FeO and FeS to metallic Fe with
temperature alone in an open system. The FeS bond breaks
at relatively low temperatures (<2000 K) and the FeO bond
is weaker than those involving oxygen and the other com-
mon metals Mg and Si. If, as seems likely, there was loss of
a gas phase during the hypothetical impact event, then
there is little doubt that minor-to-moderate reduction of
FeS and FeO occurred.

Ulff-Maoller et al. (1995) reviewed several possible reduc-
ing agents that might have affected the IVA meteoritic
materials. The chief reducing agent in ordinary chondrites
is probably C in one of its forms. Jarosewich (1990) report-
ed total C contents in LL3.0 Semarkona and LL3.1
Bishunpur of 5.7 and 5.3 mg/g, respectively. As will be
shown below, this amount of C is enough to produce about
half the required FeO reduction; if the projectile originated
in the outer solar system, it may have had an appreciably
higher C content. Most chondritic C is in the form of car-
bonaceous matter associated with the silicates, but there
may also have been carbides or graphite associated with
the metal.

6.2. Reduction of silicates and FeS to produce the observed
1V A Ni concentration

As stated above, formation of the IVA core from L-LL
metal having 170 mg/g Ni requires that the original metal
be diluted with a roughly equal amount of Ni-free Fe met-
al. The obvious way to create such low-Ni metal is the
reduction of FeS and of FeO in the silicates. The amount
of NiS in the FeS and of NiO in LL3 silicates is very low
(typically <0.5 and <0.04 wt.%, respectively; e.g., Jones,
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Table 4
Fractions of Fe in different phases of the hypothetical L-LL chondrite
parent (a mix of 2 parts L and | part LL compositions) of the IVA metal

Form Mass (g/1000 g) Mass of Fe (g/1000 g)
FeO 153 119
FeS 59 37
Metal® 68 56
Reduced Fe® — 71

% Metal compositions based on Fe metal in unweathered observed falls
from Jarosewich (1990) and Ni and Co values from Wasson and
Kallemeyn (1988).

® Fe needed to lower Ni content of the metal from 170 to 83 mg/g.

1990), although some LL3 chondrites contain accessory
pentlandite [(Fe,Ni)9Sg] formed during parent-body aque-
ous alteration. In general, however, the reduction of sulfide
and FeO in silicates would produce nearly pure Fe metal.

Table 4 provides a perspective for the inferred reduction
process. We assume that the precursor of the IVA materials
consisted of a mixture of 2/3 L and 1/3 LL materials, and
calculated the compositions of the Fe-bearing components
of these using the FeO, FeS, and Fe metal data of unweath-
ered falls from Jarosewich (1990). The Ni and Co contents
of unweathered falls were taken from Wasson and Kalle-
meyn (1988). In the central column are the concentrations
in grams per 1000 g of FeO, FeS and metal in our hypo-
thetical precursor, and in the right column we show the
amount of Fe in these components. The last line in the
third column shows that 71 g of Fe per 1000 g of starting
L-LL material must be reduced from FeS and/or FeO in
order to lower the Ni content of the metal from 170 to
83 mg/g.

We noted above that impact heat is distributed hetero-
geneously, and that the mean temperature of the core
and associated silicates was >1770 K. However, we have
no direct information about the maximum temperatures
that were reached or about the scale of the heterogeneities.

We know of no published discussion of the manner in
which heating occurs in the central part of a moderate-size
impact event during the period immediately following the
initial compression state. To facilitate the discussion of
heat redistribution during this stage, we suggest the follow-
ing, very crude, three-component scenario: (a) slightly
heated, coarse, solid materials, perhaps ~500 K; (b) largely
melted materials, perhaps ~1500 K; and (c) vaporized (and
ionized) materials, a plasma perhaps at ~5000 K. The frac-
tion of the target and projectile in each component will
vary widely depending on the impact velocity and the phys-
ical properties of both the target and the projectile.

The most porous materials will be heated the most dur-
ing the compression phase; these probably included all
kinds of chondritic materials (chondrules, metal, fines,
etc.). Post-shock, the heat will be redistributed among the
three components. In particular, those materials in contact
with the plasma will gain heat. Because heat conduction is
a slow process, the materials that gain the most heat will
consist of thin surficial layers.

As discussed by Wasson (1996) and Wasson and Tri-
go-Rodriguez (2004), chondrule formation inevitably led
to large amounts of evaporation of the fine nebular
materials. These materials immediately recondensed as
fine smoke or onto the surfaces of preexisting grains.
The interchondrule matrix may have largely formed in
this way and the most volatile elements (including S as
FeS) will probably be largely sited in these surficial
deposits. Even though some of the evaporated Fe may
have been metallic, recondensation at low (<500 K) tem-
peratures will result in the formation of Fe-O (and Fe-S)
bonds. Grossman and Brearley (2005) have demonstrated
that much of the bulk S in chondrites occurs in fine
grains. In addition to the materials that were formed
as fine grains in the nebula there will be another popula-
tion of fine, dispersed, solid and melt particles produced
by the compressional phase of the impact; these were
also efficiently heated by the plasma.

Thus, impact events are well suited to the loss of vola-
tiles by the IVA precursor materials, either as a result of
evaporation of entire tiny particles or as a result of the loss
of volatile species from molten materials.

Hot melt droplets are expected to lose much of their S.
We examined several possible reactions. Perhaps the most
relevant reaction in the melt is

2FeS(l) = 2Fe(l) + Sa(g) (1)

Using Gibbs free-energy data from JANAF (1998) and
assuming unit activities for FeS and Fe, we find that this
reaction yields an S, vapor pressure of 107> atm at
~1900 K.

It would be difficult to model the actual conditions of a
diverse mix of components having a wide range of temper-
atures in this expanding, turbulent impact plume. We sug-
gest that, as a crude approximation, one can use
equilibrium calculations carried out for the solar nebula
to assess which elements are the most likely to be lost.
To the degree that loss mainly resulted from the volatiliza-
tion of late nebular condensates onto grain surfaces, this
approximation is quite suitable. The redox conditions
may have differed from those in the nebula. It seems prob-
able that the H,/H,O ratio was orders of magnitude lower
than that in the nebula (implying more oxidizing condi-
tions) but vaporization of carbonaceous matter present in
the hypothesized late nebular condensates would have
made conditions more reducing.

Large amounts of S loss are indicated by the inferred
compositions of the IVA cores. The data of Jarosewich
(1990) yields a S/Ni weight ratio of 1.9 for our L-LL pre-
cursor mix. The estimated S content of the IVA metal mag-
ma of Scott et al. (1996) of 25 mg/g yields a S/Ni ratio of
0.30; our estimate of 5 mg/g gives a ratio of 0.060. Thus,
the magma is inferred to have lost 84% to 97% of its S dur-
ing formation; we conclude that loss of S from FeS provid-
ed about half (~35 g) of the required 71 g of Fe (Table 4).
The remainder must have been produced by reducing FeO
from the silicates.
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The FeO may have been reduced by an agent such as C
or, at high temperatures, by disruption of the FeO bond
followed by loss of O from an open system. We will first
discuss reduction by C. One obtains essentially the same re-
sult whether one reduces solid FeO, FeSiO; or Fe,SiO4 (the
free energy of formation of the latter two from the oxides is
relatively small, i.e., several kJ). We will use Fe,SiO4 in our
example:

Fe,Si04(s) + C(s) = FeSiOs(s) + Fe(s) + CO(g) (2)

If we assume unit activities for all solid phases, the free-ener-
gy data (Robie et al., 1978; Berman, 1988; JANAF, 1998)
indicate an equilibrium constant (=pCO) of 228 atm at
1500 K and 680 atm at 1700 K. It seems clear that the
pCO would be similar or larger in the molten system (at
somewhat higher temperatures). These pressures imply
near-complete loss of CO gas to space following the impact.

If CO is lost, reaction (2) goes to completion. We men-
tioned above that the most primitive L and LL chondrites
have C contents of about 5.6 mg/g; because one mole of Fe
is produced by every mole of C oxidized to CO, 5.6 g of C
can reduce 26 mg of Fe, about 37% of the Fe needed to re-
duce the Ni content of the metal from 170 to 83 mg/g.

The reducing capacity of graphite is twice as large if CO,
is the product rather than CO. However, equilibrium calcu-
lations at temperatures of 1500-2000 K indicate that the
pCO/pCO, ratio is about 35-40 in systems in which the
activity of FeO (or FeSigs0,) is ~0.15; thus, the amount
of additional Fe metal associated with CO, formation is
negligible. And, during the short time available for reaction
in an impact-heated assemblage, formation of diatomic CO
would occur much more efficiently than formation of tri-
atomic CO,.

The third mechanism to obtain reduced Fe is to break
the FeO bond at high temperatures:

FeO = Fe + O(g) (3)
and
FeO = Fe + %Oz(g) (4)

The physical form of the FeO was taken to be the stable
form at a pressure of 1atm; solids below 1800 K (FeO)
or 1900 K (Fe), liquids above these temperatures. Our cal-
culations show that appreciable pressures of O(g) and
O5(g) are only reached at temperatures >2500 K. At
2500 K, pO is about 10 °atm and pO, about
4% 107" atm. If the gases escape, the reactions proceed to
the right as written, but at such low vapor pressures the
reaction rate is relatively low. Nonetheless, in those por-
tions of the impact melt that reached temperatures
>2500 K, there could have been appreciable open-system
loss of O or O,. Wang et al. (2001) evaporated chondrite
material under vacuum conditions and observed that, at
2270 K, a 200 mg sample lost >90% of its FeO within
about 4 min. Because of the oxidizing conditions the
remaining Fe formed Fe;O, instead of metal. We suggest

that, under reducing conditions, evaporation of FeO fol-
lowed by dissociation should be able to provide much of
the additional 6-10 g of Fe required to account for the
low IVA Ni content. We suggest that the expanding vapor
cooled enough to condense Fe(g) to Fe (s) which entered
the metallic melt whereas the O and its gaseous reaction
products largely escaped from the asteroid. The retention
of the Fe is consistent with the fact that several moderately
volatile elements such as As and Au were not lost from the
IVA system.

Group IVA did lose two more-volatile moderately vola-
tile elements, Ga and Ge. The mean L and LL composi-
tions given by Wasson and Kallemeyn (1988) yield mean
Ga/Ni and Ge/Ni mass ratios of 4.8x10™* and
8.6 x 107%, respectively; the mean IVA compositions given
by Wasson and Richardson (2001) are 3.6x 107> and
1.9x 107°, respectively, 1-2 orders of magnitude lower
than the L-LL ratios. These imply 93% loss of Ga and
>99% loss of Ge during formation.

To summarize, we calculate that, in a hypothetical
1000 g of L-LL parental material containing 68 g of metal
with a Ni concentration of 170 mg/g, it was necessary to
add 71 g of Fe to reduce the Ni content down to the ob-
served 83 mg/g in the IVA core. We suggest that about half
of the required Fe was the product of FeS dissociation and
loss of S, from an open system. The other half of the Fe
must have been reduced from the silicates; we infer that
most of this reduction was by C contained in the precursor
materials or the projectile, with the remainder resulting
from thermal dissociation of FeO. This reduction involved
about 30% of the FeO in the mafic silicates. During the
heating events the IVA materials lost >90% of their Ga
and Ge.

6.3. Reduction as an explanation of IV A silicate
compositions

The same reduction process required to bring the Ni
content of the metal from the L-LL range down to that in-
ferred for the group-IVA magma would also have reduced
the FeO/(FeO + MgO) ratio in the associated mafic sili-
cates from ~0.27 down to 0.206 (note that reducing FeO
by 30% only reduced this ratio by 24%).

If the reduced L-LL mix melted completely, calculations
(Roeder and Emslie, 1970; Warren, 1986) show that the
first olivine or pyroxene that would crystallize under equi-
librium conditions would be expected to have FeO/
(FeO + MgO) ratios of about 0.074, appreciably lower
than the ratios (about 0.13) observed in SJN and Steinbach
pyroxene.

We suggest four possible explanations for this discrep-
ancy: (1) the difference could either reflect non-equilibrium
crystallization of the initial melt or that the pyroxene was
not the first mafic mineral to crystallize from the melt; (2)
the mafic cumulates at the core-mantle interface may have
included residues that were not reduced during the hypoth-
esized melting event; (3) the SJN and Steinbach materials
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may have formed by partial melting of the mantle mafics;
or (4) the first cumulate may have been magnesium olivine,
but a later evolved liquid (such as that proposed by Ulff-
Moller et al., 1995) could have produced more ferroan
pyroxene in SJN and Steinbach.

In contrast, the tridymite cannot be easily explained by
these simple models. We find subsolidus reduction to be
more promising formation mechanism, and now pursue
this process in greater detail in Section 7.

7. Formation of tridymite veins in Gibeon: Role of reducing
gases

We suggest that the fact that the morphology of tridy-
mite in Gibeon and Bishop Canyon indicates that it was
deposited in veins is an important clue to understanding
the origin of the tridymite in the other IVA irons. Because
these were deposited in fissures in the solid metal of Gibeon
and Bishop Canyon, they formed after the large (30%) esti-
mated degree of crystallization.

The mean SiO, abundance is not known. If it were as
high as 1 mg/g it should be visible in most Gibeon surfaces
having areas of 100 cm?. It is clearly much rarer; we suggest
that the mean concentration is in the range of 0.1-1 pg/g.

It is probable that the lamellar tridymite in IVA irons
formed by deposition from a supersaturated fluid. We infer
that the components of SiO, were transported by dry, gas-
eous fluids. It is important to examine processes that could
have produced the volatile Si-rich phase. SiO; itself has a
very low vapor pressure, and it is not plausible to suggest
that SiO, (g) was the main Si species in the gas. In contrast,
SiO is quite volatile; thus, reducing conditions would have
made it much easier to transport the Si into (or within) the
interior of the IVA core at high temperatures and, follow-
ing a drop in temperature, to precipitate tridymite.

Reduction of SiO, or FeSiO; from the mantle could
have produced the SiO(g). One possible reducing agent is
CO, with the resulting oxidized form being CO,. Reactions
involving CO could be:

Si0(s) + CO(g) = SiO(g) + CO,(g) (5)
and
FeSiO;(s) + 2CO(g) = Fe(s) + 2C0O,(g) + SiO(g) (6)

Less probable is that there was sufficient H, to serve as the
reducing agent. We used equilibrium calculations to inves-
tigate these possibilities; the two reactions give similar re-
sults. We assessed the pSiO values at a series of assumed
equilibrium pCO/pCO, and pH,/pH,O ratios; the results
are shown in Fig. 7.

If some fraction of the gaseous products of these equa-
tions moved into veins and other cavities in the solid
IVA core, cooling would cause the reaction to proceed in
the reverse direction and produce SiO, during cooling.
However, the pSiO pressures shown in Fig. 7 are too low
to produce appreciable deposits of SiO,. We therefore con-
clude that a stronger reducing agent is required.
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Fig. 7. Gibbs’ free-energy-based calculations of equilibrium relationships
for reactions involving either CO or H, to produce pyroxene and
eventually silica from fayalite in the IVA asteroid. Equilibrium pressures
of SIO seem too low to account for the formation of the observed
tridymite lamellae.

Perhaps the reducing agent was a very small amount of
C dissolved in the IVA magma; Moore et al., 1969b report-
ed C concentrations of ~100 pg/g in IVA irons, and initial
concentrations were presumably higher. If we assume an
initial C content of 400 pg/g, an activity coefficient at
1700 K of 0.1 for C in metallic Fe-Ni, and that pSiO =
pCO, we obtain equilibrium pressures of 1.4 x 10~*atm
for the latter, sufficient to condense tridymite at mean con-
centrations of 0.1 pg/g in regions having 1% porosity.

Alternatively, as Ulff-Moller et al. (1995) suggested,
there may have been a tiny (perhaps 0.1-0.01 mg/g)
amount of Si dissolved in the melt. In this case, oxidation,
perhaps by O dissolved in the metallic magma or by CO,
CO, or H,O vapor from the mantle, would be required
to produce the SiO vapors. An intriguing possibility is
the reaction

Si(1, Fe-Ni) + CO»(g) = SiO(g) + CO(g) (7)

If this reaction is added to reaction (5) we obtain the reac-
tion for Si as a reducing agent:

Si0,(s) + Si (I, Fe-Ni) = 2SiO(g) (8)

The presence of metallic Si in the core would require it to
have been more reducing than the overlying mantle. If, as
hypothesized above, the core was formed by an impact
event, it seems plausible that heterogeneities in the reduc-
tion process would have resulted in the introduction of
small amounts of C or Si into the metallic magma.

In summary, it seems plausible that SiO, concentrations
in the range 0.1-1 pg/g could have been introduced into the
core and that the tridymite abundance in Gibeon is not
inconsistent with this estimate.
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8. Impact melting: Formation of a central core

We noted in Section 4 that, because of the high tem-
perature of the metallic magma, it is inevitable that it
will migrate to the gravitational center of the parent
asteroid. Its temperature was ~1770 K when it started
to crystallize; if, as we suggest, it was formed by melt-
ing and minor vaporization during an impact event into
a highly porous target, its formation region may have
been separated from the center of the body by several
km to several tens of km (we assume that the radius
of the parent asteroid was relatively small, perhaps
10-20 km).

Shortly after the impact, molten metal and molten sili-
cates would have been in the bottom of the crater (because
they formed there or migrated there). In our hypothesized
porous asteroid these would immediately have started to
flow through cracks to lower levels. The leading edge
may have sometimes experienced pooling because the con-
duit narrowed, but flow-induced erosion would have soon
widened these early channels.

If some crystallization of the metal occurred as a result
of heat exchange with silicates through which the metal was
passing, this would have left some refractory (high Ir, low
Au) metal behind. This may be the explanation of the
observation that the initial Ir/Au ratio in the IVA magma
was only about 64% of that in LL metal (Wasson and Rich-
ardson, 2001).

The melt would have been mainly metallic but, if the
flow was turbulent, small silicate droplets could have been
entrained and carried all the way into the central core.
These molten materials may have included some of the
most strongly heated silicates, i.e., they may have been par-
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tially reduced and have had low contents of volatiles (e.g.,
Na, Ga) that are lost with the gas phase in impact-generat-
ed reducing environments. When core formation was com-
plete, these silicates would have buoyantly separated from
the metal.

An interesting question is the detailed heat transfer
following emplacement of a hot metallic magma below
a substantially cooler layer of silicates. Although it is
possible that the adjacent silicates were considerably
(200-800 K) cooler than the metallic magma, heat would
be rapidly transferred by the melting of plagioclase and
calcic pyroxene and the upwards migration of a basaltic
melt into the porous body. In this way temperatures of
ca. 1500 K would be achieved rather quickly in a thin
surrounding shell.

A large amount of heat became available when the mag-
ma crystallized. Wasson (1996) noted that the heat released
by the crystallization of 1 g of Fe metal (247 J/g) is about
200x greater than the heat (~1.2 J/g) required to increase
the temperature of silicates by one degree.

This scenario suggests that the core initially cooled
rapidly but that the rates had dropped an order of mag-
nitude when the last IVA iron crystallized at a temper-
ature around 1700 K. Modeling this high-temperature
cooling is beyond the scope of this paper. It should
cause no resolvable effect on the low temperature
(600-700 K) cooling rates that are recorded in the Wid-
manstitten pattern. If high cooling rates resulted in
incomplete mixing of the metallic magma it could have
had an effect on the trends on element-Au diagrams;
perhaps the increase in the negative slope on IVA Ir-
Au and Ir-As diagrams (Fig. 8) at Au=0.9 pg/g is
partly due to this effect.
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Fig. 8. Calculated tracks of liquid and solid compositions of IVA irons based on a fractional crystallization model. (a) log Ir vs. log Au. (b) log Ir vs. log
As. Mixing curves connect these tracks at seven different degrees of crystallization (e.g., 0%, 30%, and 50%). Approximately half of the IVA irons formed
within the first 60% of the core to crystallize, the remainder during the 70-90% crystallization interval. The four silica-bearing IVA irons are represented by

shaded triangles.
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9. Introduction of silicates into the IVA melt: Relationship to
the degree of crystallization of the IVA core

In Table 5 we list mean metal compositions of the four
silica-bearing IVA irons. Data for these and other IVA ir-
ons are given by Wasson and Richardson (2001). In Fig. 8
these compositions are plotted on Ir-Au and Ir—As log-log
diagrams. Group IVA is one of three large iron meteorite
groups that show clear evidence of near-ideal fractional
crystallization. This process requires complete mixing of
the melt on a time scale that is short relative to the period
necessary to crystallize a small amount (say 1%) of the
remaining liquid. The key parameter controlling this crys-
tallization process is the solid/liquid distribution coefficient
D = X1/ Xiiq (Where X is the elemental concentration in
the solid and Xjiq is that in the parental melt, ie., “the
mother liquor”). For most refractory elements, D > 1; for
most volatile elements, D < 1. As shown in numerous stud-
ies, most recently by Chabot and Jones (2003), D values de-
pend on the composition of the metallic magma, and
particularly on the S content of the magma.

As discussed in Wasson (1999) and Wasson and Rich-
ardson (2001), the scatter in the elemental concentration
data for magmatic irons on diagrams such as those in
Fig. 8 far exceeds experimental (analytical and sampling)
error. Based especially on the trends within the group-
IITAB Cape York irons, Wasson (1999) showed that the
scatter could be the result of melt trapping, which produces
arrays connecting the equilibrium solid and liquid compo-
sitions. In addition to the mixing of melt and solid that are
in equilibrium, there is also evidence for the occasional
mixing of early solids with much more evolved melt.

Crystallization causes the fully incompatible elements S
and P to increase in the residual melt. As a result most D
values increase during crystallization. Some researchers
(e.g., Chabot, 2004) argue that the crystallization trends
in magmatic iron-meteorite groups should be based on
trends fitted to laboratory D values, with the S content
the only free parameter. In contrast, Wasson (1999) has ar-
gued that, because of the high degree of scatter in the lab-
oratory data, particularly at the low S concentrations that
are most relevant, the published fits to the data are relative-
ly inexact and therefore quite permissive. He suggested that

3163

magma can be directly estimated from a combination of
observed (modal) S contents and elemental fractionation
trends.

Wasson and Richardson (2001) developed a single qua-
dratic fit of the relationship between log D and the log S
concentration of the melt for both IVA and IITAB trends.
Here we return to a linear fit of the dependence of log D on
the S content to obtain IVA D values. Fig. 8 shows IVA
metal compositions, the calculated solid and liquid tracks
together with mixing curves connecting these tracks at sev-
en different degrees of crystallization (0%, 30%, etc.). Based
on the present modeling attempt, about half of the IVA ir-
ons formed within the first 60% of the core to crystallize,
the remainder during the period of 70-90% crystallization.
We chose D values for Au and As that give both a satisfac-
tory fit to the broad downward trend of the left envelope
(i.e., zero trapped melt) of the distribution and also yield
similar estimates (on each diagram) of the fraction of
trapped melt in each iron. We used the parameterization
given by Jones and Malvin (1990):

In(D) = B, -In(1 —=2-a-X;) — (4-0-X,) +C, 9)

where  fi, = 2X/(2- X;+4-Xp)] B+ 1[4 Xp/(2- X+ 4
* Xp)]- Bp- The values of the constants for the three ele-
ments modeled in Fig. 8 are given in Table 6.

We found it particularly challenging to find fits for Du,
and D4, that would yield similar degrees of melt trapping
for each diagram, but finally had a modicum of success.
Note, for example, the position of Steinbach on each dia-
gram. On the Ir-Au plot the position corresponds to about
22% trapped melt, on the Ir-As plot, to about 18%. We
consider this to be adequate agreement considering the
uncertainties in the concentration data and the approxima-
tions inherent in the fitting procedures. The SIJN
composition implies about 21% trapped melt on the
Ir-Au and Ir-As diagrams.

The positions of the four silica-bearing IVA irons are
shown in Fig. 8 by shaded triangles. As mentioned earlier,

Table 6
Values of the constants used in equation 15 to calculate the dependence of
Dy, Day and Dag on the S and P content of the magma

the trends within each group are best obtained by trial and Element C Bs Bo
error fits of D-value algorithms within the range permitted  Ir 0.48 —4.5 —-4.0
by uncertainties in experimental data. In a few cases (IIAB ~ Au -LI5 0.00 0.00
Cape York is the prime example) the S content of the As —L77 —0.50 —0.30
Table 5
Elemental composition of the metal in silica-bearing IVA irons

Cr Co Ni Cu Ga Ge As w Re Ir Pt Au
Bishop Canyon 329 3.92 75.8 156 2.06 0.110 2.92 0.60 345 2.83 5.7 0.777
Gibeon 214 3.86 77.4 168 2.09 0.111 3.54 0.61 249 2.54 59 0.887
SIN 31 3.89 80.2 162 2.13 0.118 4.95 0.54 322 2.73 5.7 1.057
Steinbach 534 4.22 94.0 164 2.27 0.134 12.7 0.43 120 0.798 4.6 2.500

The first three have relatively high Ir contents, whereas that of Steinbach is relatively low. The data are plotted in Fig. 8.
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three of the four have high Ir contents indicating formation
early, after about 30% crystallization (SJN about 26%). In
contrast, our modeling indicates that Steinbach formed
after about 77% crystallization.

The I'VA statistics differ from those for main-group pall-
asites (PMG). Wasson and Choi (2003) reported data on 33
PMG if Phillip’s County (for which Ir replicates were dis-
similar) is deleted. Of these 33 PMG, 18 have very low Ir
contents (<0.1 pug/g) and another eight have low Ir con-
tents (0.1 <Ir <0.32). Wasson and Choi (2003) interpreted
the loci of these low-Ir, high-Au and high-As points to be
the result of mixing an evolved liquid either with early crys-
tallized, high-Ir core metal or with refractory mantle metal
trapped in the olivine that was introduced into the metallic
magma to form the PMG. These interpretations imply
roughly 80% crystallization before the olivine-metal mixing
event. In contrast, three of the four silica-bearing IVA ir-
ons experienced <30% crystallization.

There is an ongoing debate within the iron-meteorite re-
search community between those (like us) who conclude
that core crystallization is almost entirely from the center
outwards and others (Haack and Scott, 1992, 1993) who
hold that cores crystallized almost entirely from the core-
mantle interface inwards. A key part of the Haack-Scott
argument is that temperatures were lower at the top of
the core, and thus that crystallization would have occurred
there first. We agree with this view, but we note that, as
soon as any solid metal became detached and settled buoy-
antly to the center of the core, crystallization there would
have been far more efficient than crystallization at the edge.
An important boundary condition is the temperature gra-
dient across the core. According to Haack and Scott
(1992) the total temperature drop across a convecting core
with a radius of 10 km is only 0.5 K!

Crystallization of a metallic magma causes an increase
in the nonmetal content in a boundary layer immediately
adjacent to the solid. Within this boundary layer mixing
is by the relatively slow process of diffusion. This enhance-
ment in nonmetal concentration lowers the liquidus tem-
perature. The key difference between crystallization at the
top and bottom of the core is that the boundary layer is
buoyantly stable at the top of the core and unstable at
the bottom. As a result, the mean thickness of this layer
is appreciably smaller at the bottom of the core than at
the top. Local turbulence would occasionally reduce the
thickness of the boundary layer; crystallization then oc-
curred in those regions where the nonmetal concentration
happened to become low enough to permit crystallization.
Buoyancy causes the bottom of the core to have had much
more low-nonmetal surface area than was present at the
top of the core. This is the reason that crystallization in
the IVA and other magmatic cores occurred at a much
higher rate at the bottom of the core.

Fractional crystallization requires continuous, thorough
mixing of the residual magma; convection is the only pro-
cess that can produce the required stirring. Fluid convec-
tion is achieved both by crystallization releasing heat and

increasing the content of light elements at the bottom of
the magma chamber. For a spherical core with radius R
that crystallized entirely from the center to the edge we cal-
culate that the three high-Ir silica-bearing IVA irons
formed at ~0.67 R and Steinbach at ~0.92 R from the
center.

However, it is inevitable that some crystallization also
occurred near the core-mantle interface. In fact, Haack
and Scott (1992) argued that dendritic crystallization from
the core surface downwards accounted for all magmatic ir-
ons. Our view is very different. Growth at the top of the
core mainly occurs because random convective overturn
events sweep away the light-element-enriched layer or be-
cause an occasional dendrite manages to protrude through
the light-element-rich layer. As discussed above, the rate of
crystallization at the top of the core was surely much lower
than that at the bottom.

If the mass rate of outwards growth is 100x greater than
the downwards rate, then after 99% crystallization, the out-
er layer of solids would have a thickness of 0.003 R; if R
were 20 km, solids produced during 99% crystallization
of the core could all occur within an outer layer only
60 m thick. If the core radius were 2 km and 95% of the
crystallization occurred from the center outwards, this out-
er layer preserving 99% of the crystallization would com-
prise 34 m. We suggest that the metallic portions of high-
Ir silica-bearing IVA irons and of the high-Ir pallasites
mainly formed in such thin outer zones of the respective
cores.

The timing of silicate injection into the core is somewhat
constrained by the observation that the (ca. 5-cm) y-iron
crystals in SJN are about 8x smaller than those in sili-
cate-free or tridymite-bearing IVA irons. In Gibeon, Buch-
wald (1975) observed original y-iron grains ranging from
10 to 50 cm; a photo of Gibeon in Wasson (1985, Fig. 1I-
7) shows three grains, the largest being 40 cm across. We
suggest two possible alternative processes for creating the
smaller sizes in SIN: (1) fracturing during the impact event;
or (2) that the event occurred before complete growth of
the gamma phase, with silicate-rich regions hindering fur-
ther growth. In any case, it seems clear that the silicates
were injected into the core after it had crystallized but be-
fore it cooled across the y/(o + y) boundary.

We offer a speculative scenario to account for the mixing
of silicates and metal in SJN and Steinbach. We suggest
that reduction processes caused SiO; to form on orthopy-
roxene near the core-mantle interface. After the core had
largely crystallized, a tectonic event (e.g., mantle collapse
or impact) occurred, causing selective melting of materials
that were adjacent to silica (and thus could form the opx-
silica cotectic). The same event could have caused fractures
in the core. The cotectic melt entrained opx from the man-
tle and opaques from the core as it flowed into these frac-
tures as a slurry. The FeO/(FeO + MgO) ratio of the melt
was somewhat higher than in the entrained opx.

As the silicate melt proceeded down the fault conduit
into the core, it lost the coarser grains of pyroxene and
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as well as many opaques. As a result, the bulk FeO/
(FeO + MgO) ratio increased. Thus, the Steinbach (77%
crystallization) silicates represent melt/slurry that moved
farther and were thus more “evolved.”

When the slurry/melt stopped moving, it rapidly lost its
heat to the surrounding metal. Orthopyroxene crystallized
rapidly, trapping the associated opaques. The opaques had
settled out by the time the tridymite crystallized, thus
accounting for its dearth of inclusions.

Small amounts of FeS-metal eutectic entrained with the
silicate-rich slurry became the last phases to crystallize after
the impact-mixing event. Nucleation occurred at metal-sil-
icate boundaries presumably because of the high-surface
energy available at this site.

10. Low-Ca clinopyroxene and cooling rates

The occurrence of polysynthetically twinned low-Ca
clinopyroxene in Steinbach and Sao Joao Nepomuceno
has important implications for the origin of IVA irons.
Low-Ca clinopyroxene can form in two basic ways: (a) for-
mation from protopyroxene due to quenching from high
temperatures, and (b) formation from orthopyroxene by
shock. Models involving these two interpretations are out-
lined below. Because very fast cooling between 1470 and
900 K is required to quench clinopyroxene, an extremely
high cooling rate is implied by this interpretation.

10.1. Transformation from protopyroxene after quenching

Low-Ca clinopyroxene is less stable than orthopyroxene
at temperatures <1000 K, but it can exist metastably for
geologic time at temperatures a few hundred K lower.
Low-FeO (Fs <10 mol%) pyroxene-rich chondrules in
unequilibrated  chondrites contain  polysynthetically
twinned low-Ca clinoenstatite formed from protoenstatite
after quenching from high temperatures during chondrule
formation (e.g., Alexander, 1994). Essentially all type-3
chondrites and many type-4 chondrites contain low-Ca
clinopyroxene (Van Schmus and Wood, 1967) formed in
this way. However, this phase is absent in type-5 and -6
chondrites because these rocks were metamorphically
recrystallized at temperatures above 900 K (Dodd, 1981;
Olsen and Bunch, 1984), where low-Ca clinopyroxene is
transformed into orthopyroxene (Boyd and England,
1965; Grover, 1972).

10.2. Formation from orthopyroxene by shock

Hornemann and Miiller (1971) and Stoffler et al. (1991)
found that clinopyroxene lamellae parallel to the (100)
planes of parental orthopyroxene grains were formed at
shock pressures of ~5 GPa (i.e., corresponding to shock-
stage S3). Twinned low-Ca clinopyroxene in unbrecciated
type-5 or -6 chondrites (e.g., Fig. la of Rubin et al.,
1997) is commonly attributed to transformation from orth-
opyroxene as a result of inhomogeneous shear (i.e., shock).

Buseck et al. (1980) noted that, because the twinning
process produces two clinoenstatite unit cells from each
orthoenstatite unit cell, clinoenstatite formed during shock
should have lamellae with widths that are only even
multiples of the 0.9-nm unit-cell width of orthopyroxene.
They suggested that this provides a means of
discriminating between the two mechanisms of formation
of low-Ca clinopyroxene.

Haack et al. (1996) studied twinned low-Ca clinopyrox-
ene in Steinbach by transmission electron microscopy
(TEM) and found that lamellac widths are both odd and
even multiples of the 0.9-nm unit-cell width. Based on the
Buseck et al. (1980) arguments, they (and Scott et al.,
1996) concluded that the low-Ca clinopyroxene formed
from protopyroxene by quenching at 1470 K. The observa-
tion that the clinopyroxene lamellac were fractured, as
commonly found in chondrules in type-3 chondrites, was
cited as additional support for this conclusion.

Because of the importance they attached to the conclu-
sion that the clinopyroxene required quenching from
1470 to 900 K, Scott et al. (1996) maintained that, follow-
ing their hypothesized reassembly of the asteroid, the tem-
perature of SJN and Steinbach had fallen to ~900 K at a
rate of about 10'? K/Ma. This inferred increase in cooling
rates (by a factor of 10'° compared to metallographic cool-
ing rates) was considered to offer support for the impact-
scrambling model. Haack et al. (1996) modeled the mean
temperature of the reassembled asteroid, and concluded
that it was somewhere in the range of 723-973 K; their pre-
ferred value appears to be 823 K, estimated for a body with
no insulating regolith.

A fact that is not readily explained by the Haack et al.
model is why about 80% of the low-Ca pyroxene is ortho-
pyroxene. Because the orthopyroxene and clinopyroxene
grains are adjacent, they must have cooled from 1470 to
900 K at the same rate. Why did most of the protopyroxene
transform into opx (but not all of it)?

We question whether the chaotic conditions associated
with impact-induced shock always produce even spacings
in the widths of twin lamellae widths in low-Ca clinopyrox-
ene. Shocks can produce highly variable degrees of heating
on small distance scales. For example, dislocations in the
target pyroxene followed by metamorphic growth during
the high-temperature period that follows the shock could
add odd spacings.

It seems plausible that the inferred shock event may
have produced small amounts of melt. During cooling
the melt would have found itself in the cpx stability field,
and the shocked cpx could have served as crystallization
nuclei. The resulting mass of cpx would have had both
odd and even spacings. We suggest that the best way to
show that real shocks always produce even spacings is to
determine if only even spacings are found in shocked
type-5 and -6 ordinary chondrites. Until such studies have
been completed, we suggest that the more plausible (and
best working) scenario is that real planetary impacts pro-
duce both odd and even spacings.
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Rubin et al. (2002) observed large amounts of low-Ca
clinopyroxene in the chondritic silicates of the IAB-related
iron NWA 468. In these materials the proportion of
clinopyroxene corresponds to ~1/3 of the total amount
of low-Ca pyroxene. The silicates in this iron meteorite
are chondritic and thus were not derived from an igneous
melt. The only plausible scenario is that the clinopyroxene
in NWA 468 was also produced by impact-induced shock
from orthopyroxene since there is no reason to believe that
appreciable protopyroxene was ever present. Inversion
from protopyroxene requires an implausibly high cooling
rate, i.e., 10" times more rapid than that recorded in the
IAB Widmanstétten structure.

There is direct evidence of high temperatures produced
by late shocks in the IVA asteroid; Ulff-Meller et al.
(1995) noted that, in Gibeon and Bishop Canyon, metal
adjacent to tridymite had been shock melted.

As discussed in a latter section, the late history of the
IVA asteroid is enormously simpler and (we argue) the
resulting scenario much more plausible if the low-Ca clin-
opyroxene formed by shock after the asteroid had cooled
to low temperatures, around 500 K.

10.3. Metallographic cooling rate estimates for IV A
meteorites

There have been several studies of metallographic cool-
ing rates of IVA iron meteorites. With the exception of
constant cooling rates reported by Willis and Wasson
(1978) and Yang et al. (1997), all studies have led to wide
ranges of cooling rates that correlate with chemical compo-
sition. The recent cooling rate estimates of Rasmussen
et al. (1995) range from 3400 K/Ma and 1100 K/Ma in
Yingde and Bishop Canyon, respectively, down to 19 and
28 K/Ma in Steinbach and Mantos Blancos, respectively.
These rates were plotted against log Au in Fig. 6 of Wasson
and Richardson (2001) and showed a strong negative cor-
relation. We calculated an F statistic of 18.3 for the 14
points in this array, indicating that the correlation is valid
at the >99% confidence level.

As noted by Wasson and Richardson (2001), the cooling
rates determined by Yang et al. (1997) in six IVA irons by
the cloudy-taenite-island-size method yield similar cooling
rates of 28 4+ 8 K/Ma with no compositional dependence.
It is important to note that this method measures a proper-
ty established at low temperatures, after the kamacite had
completely exsolved from the parental taenite. Thus, it oc-
curred after the hypothetical breakup and scrambling-reas-
sembly event. In fact, the blocking temperature for island-
taenite is probably only about 150 K lower than those for
the taenite profiles commonly used for metallographic
cooling rates.

10.4. Cooling rates and the impact scrambling model

Haack et al. (1996) accepted the validity of the wide
apparent range in IVA cooling rates and attempted to ex-

plain it by suggesting that, while the core temperature
was above about 1120 K (before any of the metal had
cooled across the boundary between the y-field and the
o + v field), the parent asteroid experienced a catastrophic
breakup event followed by the gravitational reassembly of
some fraction of the original asteroidal material. Core frag-
ments ended up at a wide variety of depths as implied by
the estimated cooling rates. The resulting scrambled struc-
ture was raisin-bread like. The rapid cooling is achieved by
mixing cold silicates with the hot (1470 K) core materials.
Thus, Steinbach was mixed with silicates having mean tem-
peratures of ~350 K during the postulated scrambling
event, and these materials were then buried to the greatest
depth observed among IVA irons based on the estimated
low cooling rate of Steinbach.

Although this scenario can nominally account for the
wide range in cooling rates, a true scrambling cannot ac-
count for the correlation of cooling rate with composition.
Although Haack et al. (1996) suggested that this correla-
tion is “‘spurious,” resulting from “poor sampling,” the
strong correlation of cooling rate with Au concentration
shows that this view is incorrect. The overall correlation
is a fact that must be explained by a successful model even
if, as Haack et al. do, one arbitrarily breaks up the IVA
group into subsets within which there is no apparent
correlation.

To understand more fully the impact-scrambling pic-
ture we calculated cooling rates as a function of depth
within asteroids. Our results are shown in Fig. 9. In one
simulation we used an initial temperature of 825 K and
in the other a temperature of 1770 K. We assumed a sur-
face temperature of 200K, a heat capacity of
837Jkg 'K™' and a thermal conductivity of
2.1 Wm ' K !; both values were taken to be independent
of temperature. These thermal parameters are the same as
those used by Kunihiro et al. (2004). We did not include
an insulating regolith in the model asteroid; addition of a
regolith would make it much more difficult to achieve the
wide range in cooling rates. Our simulations showed that
an asteroid with a radius of 80 km is well suited to explain
the lowest cooling-rates estimated by Rasmussen et al.
(1995), or the Yang et al. (1997) cooling rate of 28 K/
Ma (as evaluated by Wasson and Richardson, 2001). In
a body with a porous, insulating outer layer the cooling
rates can be achieved in much smaller bodies (our pre-
ferred interpretation).

For this hypothetical 80-km asteroid we calculated the
depth at which the Rasmussen cooling rates indicated each
iron appeared to originate. The relative volume is more
useful than depth in assessing how the reassembly model
distributes IVA irons. In Fig. 10 the locations of the mete-
orites are plotted as a histogram showing the distribution
in volume space (0 is the center, 1 is the surface of the
body). The results are peculiar. If the Rasmussen et al.
cooling rates are accepted as correct, then most (9 of 16)
of these core fragments ended up in the outermost 20%
of the volume (or 7% of the radial depth). One originated
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Fig. 9. Calculation of cooling rates as a function of fractional volume within asteroids for two different initial temperatures: (a) 825 K and (b) 1770 K. The
following assumptions were made: asteroid surface temperature, 200 K; heat capacity, 837 J kg 'K ~'; thermal conductivity, 2.1 W m~'K~'; no insulating
regolith. (The heat capacity and thermal conductivity were assumed to be independent of temperature.)
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IVA cooling rates (Rasmussen et al., 1995)
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Fig. 10. Histogram showing the numbers of IVA meteorites that formed
at different depths based on the cooling-rate estimates of Rasmussen et al.
(1995). Depth is represented as volume space wherein 0 is the center and 1
is the asteroid surface. This literal interpretation of the inferred cooling
rates implies that most of the original core materials were scrambled
upwards into the outer part of the body. As discussed in the text, this is
dynamically implausible.

at a slightly greater depth; and the remaining 6 are distrib-
uted within the innermost 50% of the asteroidal volume.

11. Distribution of opaque inclusions in silicate grains

The occurrence of opaque inclusions within orthopyrox-
ene but the dearth of such inclusions in tridymite in SJN
and Steinbach was first noted by Ulff-Meller et al.
(1995). We confirm that observation, and also confirm that

the inclusion abundance in SIN pyroxene is an order-of-
magnitude greater than that in Steinbach. Ulff-Mgller
et al. (1995) suggested that this difference could be due to
one of three mechanisms (which we expand upon here):
(1) increased solubility of sulfide in FeO-rich melts that
would crystallize pyroxene instead of more siliceous melts
from which tridymite would form; (2) more rapid (earlier)
crystallization of pyroxene, rapid enough to trap associated
opaque grains, and (3) pushing and concentration of opa-
ques by an advancing pyroxene solidification front. Be-
cause pyroxene contains other opaque phases (e.g.,
chromite, metallic Fe-Ni) in addition to sulfide, mecha-
nism 1 appears, at best, an incomplete explanation. We
do not understand mechanism 3, and suspect that there is
no such physical mechanism. Mechanism 2 remains viable.
We suggest that low-Ca pyroxene was the first liquidus
phase, and that it rapidly crystallized on pyroxene crystals
entrained in the slurry.

We note that the preferential association of opaque
grains with opx is similar to the predominant occurrence
of opaque inclusions (mainly oxide grains) within pyroxene
in mafic clasts in mesosiderites (Rubin and Mittlefehldt,
1992); mesosiderite plagioclase is relatively free of inclu-
sions. A plausible interpretation is that non-trapped dense
opaque inclusions settled out of the melt prior to crystalli-
zation of the more-siliceous phase (tridymite in IVA irons,
plagioclase in mesosiderites).

Our observations suggest that the inclusion density in
low-Ca clinopyroxene is lower than that in the low-Ca
orthopyroxene. We suggest that the orthopyroxene crystals
with low inclusion densities are preferentially converted to
clinopyroxene by shock waves. Perhaps the inclusions
cause diffraction in the waves and make it more difficult
to achieve uniaxial compression.
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12. Late history of the IVA asteroid

By the time the core temperature had dropped to 1400 K
most IVA metal had crystallized. Two models of the
remaining history of the IVA asteroid have been discussed.
(1) In the traditional (intact core) model the core cools
through the vy field in the Fe-Ni phase diagram, then passes
through the o + vy field and forms the Widmanstétten pat-
tern. After the body had cooled to low temperatures and
negligible further metallurgical changes were occurring,
the body was broken up to produce meter-size meteoroids.
(2) In the impact-scrambling model of Haack et al. (1996),
the asteroid (including the core) is fragmented while still
in the y-field (>1250 K) and the core fragments are mixed
with mantle materials from all levels; the fragments then
fall back together to form the final body, cooling the metal
to ~900 K (below the y/a + v) boundary.

Our thermal modeling calculations (Fig. 9) revealed that
the lowest estimated cooling rates (20-30 K/Ma) observed
in IVA irons imply formation in a body with a maximum
radius of about 80 km (much smaller if an insulating
mega-regolith is added). Wasson (1985) noted that, for
an asteroid with a density of 3.5 g cm >, the escape velocity
inms~'is 1.4 R where R is the asteroidal radius in kilo-
meters. Thus, a IVA-body radius of 80 km yields an escape
velocity of ~110 ms™'; a body with a radius of 20 km and
an appreciably lower density has an escape velocity of
~20m s~ '. For discussion purposes, we will assume that
R = 80 km, but most of the arguments are not affected by
minor changes in R. In fact, as noted above, the formation
of a metallic melt by impact and its draining to the center
of the body is more easily achieved in a much smaller aster-
oid, perhaps 10-20 km in radius.

Our consideration of the mechanics of the Haack et al.
(1996) impact-scrambling model provides several reasons
for skepticism. Because the cool outer layers of the asteroid
should be retained (to provide low post-scrambling metal
temperatures), energy limitations associated with the low
escape velocity of the asteroid present a major hardship
for this model. The relatively low velocities (a mean of
5km s~') in the Asteroid Belt create another. At 5km s~
much of the extra energy required to break up the solid
steel core must be obtained by increasing the mass of the
projectile.

There are two IVA features that Haack et al. (1996) and
Scott et al. (1996) thought were best explained by the im-
pact-scrambling model: (a) the wide range in apparent
cooling rates (19-3400 K/Ma, Rasmussen et al., 1995)
and the presence of clinopyroxene crystals with odd and
even numbered multiples of the unit-cell width, implying
formation from protopyroxene by rapid cooling (from
1400 to 800 K in about 3 h). Because of the latter con-
straint, Haack et al. assumed that the temperature of the
IVA core was ca. 1400 K before the impact-scrambling
event.

Haack et al. (1996) used simple scaling relationships to
discuss the relationship between the specific impact energy

and the asteroid diameter. They showed that most of the
possible impact outcomes in parameter space involve shat-
tering and dispersal, but they argued that, at slightly lower
impact energies, scrambling would result. We agree that
launching materials towards all azimuths at suborbital
speeds is necessary to achieve scrambling, but we cannot
imagine a mechanical basis for expecting this to occur in
a single impact event. Haack et al. (1996) did not provide
guidance on this point.

We suggest two “Gedankenexperimente” for consider-
ing whether it is plausible to mix materials efficiently from
the hot core with much-cooler surficial materials: (1) an im-
pact cratering model, and (2) a center-of-core explosion
model. According to the Haack et al. (1996) scaling rela-
tionships, scrambling a body with a radius of 80 km re-
quires that the radius of the impactor be 0.12 that of the
asteroid, or about 10 km. For the model to be successful,
it not only needs to produce a large crater in the mantle,
it needs to shatter the ductile (1400-K) core and expel the
core fragments into space while leaving most of the exca-
vated surficial mantle materials gravitationally bound to
the system. This model thus requires the asteroid to be uni-
formly crushed to fragments having about the same (per-
haps 10-100-m) size and that these be accelerated to
about the same velocity (slightly less than 110 m s~'). This
contrasts with models of cratering events on the surfaces of
compact bodies (i.e., the Earth or Moon) in which most of
the energy goes into ejecting materials from the crater, with
the smallest ejecta reaching the highest velocities (and
much of the ejecta achieving velocities > 110 m s, the es-
cape velocity on this asteroid).

Even if the bottom of this hypothetical crater reached
the core (at a depth of about 0.5 R), we see no reason to
expect that appreciable shattering of the core would occur.
Instead, we would expect the ductile core to deform but
largely remain intact. For this reason we doubt that it is
possible to scramble a hot (1400 K) core-bearing asteroid
by the impact of a much smaller body (mass 500x smaller
than that of the asteroid) at a velocity of 5 km s~ '. If it is
at all possible to totally disrupt an 80 km asteroid, the
impactor would have to be much larger; much of the debris
would escape the system, and an appreciable fraction of the
final object would be derived from the projectile. We sus-
pect that even such a total disruption would lead to rela-
tively little scrambling of core fragments.

According to our second “Gedankenexperiment,” a
very large explosion detonated in the center of the IVA
core could have disrupted it. But even this highly implausi-
ble scenario would not lead to scrambling if the mean
velocity imparted to the surficial layer is less than the es-
cape velocity. Instead, we would expect the debris to move
radially outwards while largely retaining the relative stra-
tigraphy. Surficial materials would achieve the highest radi-
al velocities. After the fragments reach apoapse and fall
back to form a rubble-pile asteroid, the relative depths of
individual materials would largely be the same as those in
the original asteroid.
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As discussed above, we also have serious doubts
about the robustness of the constraints that the impact-
scrambling model is designed to explain. We argue that
IVA cooling rates were probably more-or-less the same,
and that the apparent range is an artifact. The strong
correlation of the inferred metallographic cooling rates
with metal composition implies that a composition-de-
pendent feature affecting the kamacite growth mechanism
was not adequately incorporated into the model. As dis-
cussed in numerous past papers, cooling rates in a metal-
lic core are determined by conduction through the
surrounding mantle, and thus, should be independent
of location within the core. We suggest that the prudent
course is to accept the near-constant island-taenite cool-
ing rates of Yang et al. (1997) and to assume that future
studies will better reveal the details of the kamacite
growth mechanism, and lead to a reformulated model
that will result in the disappearance of the apparent com-
positional dependence of the cooling rates. It may be
necessary to follow the example of Willis and Wasson
(1978) and try a range of phase-diagram boundaries
and diffusion-coefficient algorithms (as permitted by data
uncertainties) to locate the source of the hypothesized
systematic error.

The other feature the impact-scrambling model was de-
signed to explain is the even and odd multiples of the clin-
opyroxene unit cells; these imply that the clinopyroxene
formed during monotonic cooling from high temperatures,
but also that the cooling rate between 1400 and 800 K was
about 10'? K/Ma. We argue above that both odd and even
clinopyroxene cell spacings are predicted for impacts that
produce large amounts of dislocations and small amounts
of shock melt that crystallized clino- or protopyroxene dur-
ing cooling. The temperature of this melt remained con-
stant as long as latent heat was released, but then
dropped quickly thereafter as heat leaked into the cooler
surroundings.

Based on this discussion we conclude that the tradition-
al, central-core model (punctuated by at least one late im-
pact event) is the better choice for explaining the properties
of the IVA irons. We suggest that future research on the
formation of the observed features could usefully be direct-
ed towards improving our understanding of the kamacite
nucleation and growth, and at investigating the clinopyrox-
ene spacings in heavily shocked type-5 and type-6
chondrites.

13. A simpler model? Formation of IVA from mixed-source
precursor materials

The simplest interpretation of the similarity in A'’O and
8'80 values between the IVA silicates and the L and LL
chondrites is that the IVA silicates formed from L-LL-
chondrite precursors. We therefore concluded that this
was the first hypothesis to examine, and much of this paper
examines how one could create the relatively reduced IVAs
with their low contents of volatiles from L-LL chondritic

materials that are much more oxidized and have moderate
contents of the volatiles S, Ga, and Ge.

We now expand the range of precursor materials to in-
clude all kinds of ordinary chondrites including materials
intermediate between H and L and treating R chondrites
as an anomalous kind of ordinary chondrite. We will also
consider the evidence of Choi et al. (1998) regarding the
O-isotopic composition of the trapped water in primitive
ordinary chondrites.

If the parental materials of IVA silicates were initially as
reduced as H chondrites, then much less reduction would
be required. It would still be necessary to lose volatiles,
and flash evaporation in an open system seems the most
suitable for this. But FeS and the nebular carriers of Ga
and Ge probably evaporate at lower temperatures than
the carriers of the FeO even though the FeO in matrix is
accessible to flash evaporation.

How might one plausibly account for the difference in
A0 between H-group materials (mean is 0.7%,) and
IVA materials (1.2%,). The latter could be achieved if
15% of the O had the A'’O value of 49, observed in the
magnetite of LL3.0 Semarkona by Choi et al. (1998) or if
8% of the O had a A0 value of 7%, as inferred by Choi
et al. (1998) for the water responsible for the formation of
the magnetite.

Rubin (2005; see also Wasson, 2000) has shown that
there is a correlation between redox state and A'’O in the
H group; at the oxidized extreme of the group, A0 is
about 0.8%,. If we repeat the calculations using this A'’O
value for the H group, we find that 12.5% of the O would
have to come from the exotic source with A'’0 = 4.0%, or
6.5% from the source with A'’0 = 7.0%,.

The problem is then to find a scenario that would pro-
vide both these amounts of exotic oxygen and an environ-
ment that would lead to mixing with the other constituents
of the magma that produced the IVA silicates. This appears
to be challenging.

The great advantage of this kind of model is that it is not
necessary to reduce FeO. One must still remove large frac-
tions of volatiles, and the breakdown of FeS would provide
the extra Fe metal needed to reduce the Ni concentration
down to IVA levels. We argue that this volatile loss is best
explained by rapid heating in open systems as provided by
impact events.

We will not attempt to assess the relative plausibility of
this kind of model relative to the one involving L-LL mate-
rials developed above. We consider both of them to be wor-
thy of further exploration.

14. Summary and conclusions

The IVA iron meteorites together with IIAB and IITAB
constitute a trio of large iron meteorite groups that formed
by fractional crystallization of slowly cooling cores. Be-
cause of the low bulk S content, the initial temperature
of the IVA core was higher (~1770 K) than those of the
other two groups. At this temperature, all the metal and
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nearly all the silicates would have been molten. Thus, the
IVA asteroid heat source was strong. The O-isotopic com-
position of IVA silicates implies that these irons formed
from an L-LL-chondrite precursor. The low Ni content
of the initial IVA magma requires that the L-LL metal
was diluted by metallic Fe. Kunihiro et al. (2004) showed
that the low 2°Al/*’Al ratios measured in Semarkona
chondrules (Kita et al., 2000) provide too little heat to melt
asteroids even if the asteroid accreted immediately after
chondrule formation and all of the heat was retained in
the interior. Although heat from ®°Fe decay may have been
able to produce the required extra heat (Mostefaoui et al.,
2005), another report (Tachibana and Huss, 2003) reports
a much lower *°Fe/>°Fe initial ratio. Impact heating is
therefore suggested as the heat source for the IVA parent
body; impact heating has the additional value of producing
(in some regions) temperatures high enough to produce
metallic Fe by dissociation of FeS and FeO, with the S
and O lost from the system as volatiles. High temperatures
in an open system could also account for the low Ge/Ni
and Ga/Ni ratios in IVA irons; these are 1-2 orders of
magnitude lower than those in the presumed L-LL-chon-
drite precursor.

An additional feature of the IVA meteorites is the
unusual nature of their silicates: in two IVA irons the sili-
cate consists of tabular (and probably lamellar) tridymite,
in two others mixtures of low-Ca pyroxene and tridymite.
The tridymite has few opaque inclusions, whereas such
inclusions are abundant in orthopyroxene; inclusions in
opx are an order of magnitude more abundant in SJN than
in Steinbach. The tabular tridymite has a lower content of
minor elements than does the tridymite associated with
pyroxene. We argue that SiO, veins formed by vapor depo-
sition in cracks in the solid (T < 1600 K) IVA core; we can
find no other mechanism to account for the petrographic
evidence. Because SiO, has a very low vapor pressure, we
propose that Si was transported as SiO(g). The reducing
agent may have been C or Si dissolved in the core. It is pos-
sible that some of the SiO, present in the pyroxene-silica
assemblages was also formed as a vapor deposit.

We propose that the IVA silicates were emplaced as a
shock-produced slurry, with the melt composition being
close to the pyroxene-silica cotectic (as first suggested by
Ulff-Moller et al., 1995). The shock pressure forced part
of the slurry through cracks in the core; as it progressed
it lost pyroxene and opaque phases and gradually became
more ferroan. We thus interpret the Steinbach silicates to
be more evolved than those in SIN, consistent with the
greater depth associated with the more-evolved metal in
Steinbach.

The low-Ca clinopyroxene in SJIN and Steinbach may
have formed by a later shock that produced low-Ca clino-
pyroxene and a minor amount of melt. Although shocking
massive orthopyroxene leads to a doubling of the number
of crystals (and thus lattice spacings that form multiples
of two), even the tiniest amount of clinopyroxene growth
associated with annealing dislocations or crystallization

of melt would have added odd numbers to the multiples
of the lattice spacings.

Haack et al. (1996) proposed that the wide inferred
range (3400-19 K/Ma, according to Rasmussen et al.,
1995) of IVA metallographic cooling rates was best
understood by an impact-scrambling model. Because
the cooling rate data strongly correlate with metal com-
position, an alternative would seem to be composition-
dependent effects in the a-iron-formation mechanism that
are not adequately included in current nucleation and
growth models. A more recent report based on the island
size in cloudy taenite (Yang et al., 1997) found no evi-
dence of cooling-rate variations in group IVA. We there-
fore conclude that the preferred model of group-IVA
formation is the traditional monotonic cooling model fol-
lowed by an impact event that converted some orthopy-
roxene into clinopyroxene.
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