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Abstract—A devitrified glass inclusion from the Guin (UNGR) iron consists of cryptocrystalline
feldspars, pyroxenes, and silicaand isrich in SiO,, Al,O5, and NayO. It containsarutilegrain and is
in contact with a large Cl apatite. The latter is very rich in rare earth elements (REES) (~80 x ClI),
which display a flat abundance pattern, except for Eu and Yb, which are underabundant. The
devitrified glass is very poor in REEs (<0.1 x Cl), except for Eu and Yb, which have positive
abundance anomalies. Devitrified glass and Cl apatite are out of chemical equilibrium and their
complementary REE patterns indicate a genesis via condensation under reducing conditions.

Inclusion 1 in the Kodaikanal (I1E) iron consists of glass only, whereas inclusion 2 consists of
clinopyroxene, which is partly overgrown by low-Ca pyroxene, and apatite embedded in devitrified
glass. All minerals are euhedral or have skeletal habits indicating crystallization from the liquid
precursor of the glass. Pyroxenes and the apatite are rich in trace elements, indicating crystallization
from aliquid that had 10-50 x CI abundances of REEs and refractory lithophile elements (RLES).
The co-existing glass is poor in REEs (~0.1-1 x CI) and, consequently, a liquid of such chemical
composition cannot have crystallized the phenocrysts. Glasses have variable chemical compositions
but arerichin SIO,, Al,O3, N&,O, and K,O aswell asin HFSES, Be, B, and Rb. The REE abundance
patterns are mostly flat, except for the glass-only inclusion, which has heavy rare earth elements
(HREES) > light rare earth elements (LREES) and deficitsin Eu and Y b—an ultrarefractory pattern.

The genetic models suggested so far cannot explain what is observed and, consequently, we
offer anew model for silicate inclusion formation in I1E and related irons. Nebular processes and a
relationship with E meteorites (Guin) or Ca-Al-rich inclusions (CAls) (Kodaikanal) are indicated. A
sequence of condensation (CaS, TiN or refractory pyroxene-rich liquids) and vapor-solid elemental
exchange can be identified that took place beginning under reducing and ending at oxidizing
conditions (phosphate, rutile formation, alkali and Fe?* metasomatism, metasomatic loss of REES
from glasses).

INTRODUCTION process—well known from industrial

iron smelting—

Iron meteorites are members of the large and highly
heterogeneous class of differentiated meteorites and have
bulk compositions far removed from that of the Sun. As
such, they are widely believed to be the products of smelting
processes, either on a planetary scale (planetary iron cores,
“igneous irons’) or on a planetesimal surface, small, impact-
produced scale (“nonigneous irons’—for a recent summary,
see Mittlefehldt et al. 1998). In either case, irons are believed
to be the product of smelting, i.e., separation of metal from
silicate in the liquid state with the help of gravity. Such a
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requires high temperatures as the liquid temperatures for
both metal plus sulfide and chondritic silicate are well above
1300 K.

For decades, data have been accumulating that are
incompatible with the steadfast belief that metal in iron
meteorites crystallized from a metal melt (for a short recent
summary, see Kurat 2003). One problem with amelt originis
that the most common matter in every planet, planetary
mantle peridotites, is missing among meteorites. Another
problem is posed by the presence of silicate inclusions and
glassesin iron meteorites.

© The Meteoritical Society, 2007. Printed in USA.
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Silicate inclusions in iron meteorites (e.g., Bunch et al.
1970) display an astonishing chemical and mineralogical
variety, ranging in their compositions from chondritic to
highly fractionated, silica- and alkali-rich assemblages. Thus,
they are believed to sample primitive (chondritic) as well as
chemically fractionated parent bodies (e.g., Wasson 1985).
Their origin(s) is commonly considered to be a simple one:
the mixing of silicates, fractionated or unfractionated, with
metal (e.g., Bunch et al. 1970; Wasson 1985; Scott 1979,;
Wasson and Wang 1986). The latter had to be liquid in order
to accommaodate the former in a pore-free assemblage, which
all models accomplish by assuming shock-melting and shock-
mixing. The process necessary to produce fractionated
silicates in the first place is usually not addressed or impact
shock events are suggested to be responsible.

I1E iron meteorites are particularly interesting because
they contain an exotic zoo of silicate inclusions, some of
which are chemically very strongly fractionated (e.g., Bunch
et al. 1970; Prinz et a. 1983; Rubin et al. 1986; Ebihara et al.
1997; Ruzicka et al. 1999; Hsu 2003; Takeda et al. 2003).
This extreme fractionation is commonly considered to be due
to impact mixing and melting of feldspars and silicafrom the
surface of a highly differentiated parent body (e.g., Ruzicka
et al. 1999, 2006; Hsu 2003). But these meteorites pose a
formidable conundrum (as do aso other irons): young
silicates are enclosed by very old metal (e.g., Burnett and
Wasserburg 1967; Bogard et a. 1967; Harper and Jacobsen
1996; Birck and Allegre 1998; Bogard et al. 2000; Quitte
et al. 2000, 2006; Snyder et al. 2001; Kleine et a. 2005;
Schersten et al. 2006).

Thus, the origin(s) of silicate inclusions in iron
meteorites was, and still is, a matter of debate. The following
facts pose severe problems for the widely entertained model
for the genesis of iron meteorites:

» metal is apparently older than inclusions (see references
above)

« silicatesare highly diverse in chemical composition

« dilicates are distributed throughout the metal in spite of
their much lower density

« slicates commonly form delicate aggregates that are

fully preserved in the metal (see, e.g., Bunch et a. 1970;

Nehru et a. 1982)

Besides their mineralogy and chemical composition, the
main point to elucidate isthe nature of the processthat allows
two different materials—high-density Fe-Ni metal and low-
density silicate inclusions—to co-exist in a pore-free
composite rock.

Herewereport on chemical disequilibriain silicate-oxide
inclusions in the Guin (UNGR) and Kodaikanal (I1E) irons.
These inclusions are chemically extremely fractionated and
indicate some relationship with enstatite meteorites and/or
Ca-Al-rich inclusions (CAls). Our studies show that the
inclusions record nebular rather than planetary fractionation
and metasomatic processes. Preliminary reports have been
given by Kurat et al. (2005, 2006).

G. Kurat et al.

METHODS

We analyzed the nonmetallic phasesin the Guin (UNGR)
and Kodaikanal (I1E) ironsfor their major and minor element
contents with a JEOL 6400 analytical scanning electron
microscope (NHM, Vienna), a JEOL superprobe (Max-
Planck-Institut fir Chemie, Mainz, Germany) and a Cameca
SX100 electron microprobe (Department of Lithospheric
Sciences, University of Vienna, Vienna, Austria). Microprobe
analyses were performed at 15 kV acceleration potential and
10 nA sample current. Mineral analyses were performed with
afocused electron beam ~1 um in diameter. Corrections were
made by using the online ZAF program.

Trace element analyses of individual phases were made
with the Cameca IMS 3f ion microprobe at Washington
University, Saint Louis, USA, following a modified
procedure of Zinner and Crozaz (1986a). Analyses were
made with an O~ primary beam and energy filtering at low
mass resolution was used to remove complex molecular
interferences. The resulting mass spectrum is deconvolved in
the mass ranges K-Ca-Sc-Ti, Rb-Sr-Y-Zr, and Ba-REE to
remove simple molecular interferences that are not eliminated
with energy filtering (Alexander 1994; Hsu 1995). Sensitivity
factors for the REE are from Zinner and Crozaz (1986b) and
those for other elements are from Hsu (1995). Absolute
concentrations are calculated by normalizing the ion signals
to that of Si, using the SiO, concentrations determined by
electron microprobe analyses. Reported errors are 1 sigma
and are due to counting statistics only.

RESULTS
Guin (UNGR)

Large silicate inclusions in Guin are common (Rubin
et al. 1986) and consist of devitrified siliceous glass with or
without augite, plagioclase, or phosphates. We investigated a
part of an elongated oval devitrified glass inclusion (Fig. 1)
taken from a dlice (Guin A) that was cut from the main mass
of Guin (Inv. Nr. M1141, NHM, Vienna). The inclusion
appears macroscopically black and is enveloped by skeletal
schreibersite. The boundary between the devitrified glass and
schreibersite (as well as rust-sulfide objects) is very complex
(Fig. 2a) with the phases tightly entangled, causing a very
rough and very large surface of the former glass. The
boundary is lined by a belt inside the former glass that isrich
in small Fe oxide/sulfide inclusions. Cracks are abundant and
mostly filled with rust. The devitrified glass does not contain
phenocrysts but contains microlites (up to ~2 um in length)
and fine-grained (<10 pum) intergrowths of albite, silica, and
low-Ca pyroxene with accessory clinopyroxene, ilmenite,
rutile, FeNi metal, FeS, Cl apatite, and whitlockite. Therutile
we investigated is located at the interface between the glass
and the oxide/sulfide-rich object (Fig. 2b) and forms an
elongated, apparently single crystal grain. The apatite we
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Schreibersite

Large schreibersite

Troilite

Fig. 1. Slice Guin A taken from the main mass of Guin at the Natural History Museum in Vienna (Inv. no. M 1141). Two glass inclusions
(black) and one trailite (gray) are present. All inclusions are covered by schreibersite, which in addition is also present as a big plate cutting
through the center of the slice (“large schreibersite”). The inclusion on the left edge was investigated in this study. Length of sliceis~9 cm.

investigated isal so located at the interface between the former
glass and schreibersite and is alarge single crystal in contact
with schreibersite. This contact is smoothly curved and in
places decorated by rust (Fig. 2c). Magnetite forms euhedral
crystals in inclusions consisting mainly of rust in the FeNi
metal (Fig. 2d). Rust is omnipresent and is still forming at
grain boundaries between schreibersite and metal and within
schreibersite.

The phases of the devitrified glass are too small to be
analyzed with the electron microprobe (EMP). Only apatite
and rutile could be analyzed asindividual minerals, otherwise
we give the bulk composition of the former glass (Table 1).
The latter is rich in silica, alumina, sodium, and potassium.
The chemical composition is somewhat variable with ranges
(in wt%) for SIO, 66.0-72.2, TiO, 0.15-1.0, Al,O3 15.8—
19.6, FeO 0.694.2, Ca0 1.17-1.47, Na,0O 7.8-10.3, and K,0
0.59-1.0 (approximately chondritic Na/K). The former glass
isvery poor in Cr and Mn (below detection limit of the EMP),
and has very little Mg (<0.02-0.04 wt% MgO) but some Cl
(<0.02-0.10) and P,O5 (0.07-0.25). Rutile contains some
SiO, (0.31 wt%), Cr,05 (0.21), and FeO (0.48). The apatite
contains Cl (6.0 wt%) and some SO, (0.17), FeO (0.25),
MnO (0.19), and Na,O (0.39).

Trace element contents of the former glass are low
(Table 2; Fig. 3). They are mostly at an abundance of ~0.1 x
Cl (Cl = abundance relative to Cl chondritesis defined as the
mass ratio of the concentration in the sample and in Cl
chondrites), except for Zr, Ti, Nb, S, Ba, Be, K, and Rb
(~10 x CI). Abundances of Sc, Ba, Yb, Li, and B are about
chondritic. The rare earth element (REE) contents are aso
low (0.02-0.1 x CI) and decrease from La (~0.1 x CI) to Gd
(~0.02 x CI) and increase again toward Lu (~0.1 x ClI).
Europium and Y b have positive abundance anomalies (at ~4 x
Cl and ~0.6 x ClI, respectively) with respect of the other
REEs. The chlorapatite co-existing with the devitrified glass

haslow Ti, V, Zr, Nb, Be, V, Cr, K, and Rb (<0.1 x Cl), high
Sr (~20 % Cl), REE, and Y (~70-80 x Cl) contents with a flat
abundance pattern and negative anomaliesin Eu and Yb (~43
x Cl and ~16 x ClI, respectively) abundances. Scandium, Ba,
Mn, Li, and B have approximately chondritic abundances.
Rutile is extremely poor in most trace elements, many of
which were found to be below detection limits. Very low are
the abundances of Y, REEs, Mn, and F (<0.1 x Cl). The
abundances of Sc, S, Ba, V, Cr, Li, and K are approximately
chondritic and those of Zr (760 x ClI) and Be (520 x CI) are
extremely high. Magnetiteis also very poor in trace elements,
with most elements being below detection limits (REEs and
high-field-strength elements [HFSES]). Abundances below
0.01 x CI werefound for Sc, V, Cr, and Li. Strontium, Ba, K,
B, and F are present at ~0.1 x Cl abundance levels.

K odaikanal

The Kodaikanal sampleinvestigated in this study was cut
from the 4 mm thick large dice of the Natural History
Museum in Vienna (Inv. no. H988) shown in Buchwald
(1975). The sample was cut from the left lower corner. It
contains three silicate inclusions that are embedded in FeNi
metal (Fig. 4) and which we named inclusions 1, 2, and 3. All
inclusions have mostly rounded and smooth surfaces and are
in part covered by schreibersite as previously described
(Bence and Burnett 1969).

Inclusion 1 consists exclusively of glass. It has the shape
of adlightly deformed sphere with flat bordersin three places.
Schreibersite covers part of the inclusion as a very thin layer
and a small amoeboid crystal (Fig. 4, detail). Inside the glass,
a staircase of crystal faces leads down to a polygonal, flat
bottom. Inclusions 2 and 3 are multiphase inclusions
consisting of devitrified glass, augite, and low-Ca pyroxenes
with chromite, apatite, and whitlockite as minor phases.
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Fig. 2. a) Reflected-light image of section Guin A depicting devitrified glass (gray, rich in cracks) covered by sulfide plus rust (gray, lens-
shaped objects upper center, center left and center bottom), schreibersite (white, covering the rust-sulfide objects on top and bottom), and
metal (white, upper left corner). Black dots are ion probe sputtering pits. Scale bar is 400 um. b) Close-up of the boundary between glass
(dark), the lens-shaped sulfide/rust object from Fig. 2a (light gray, left upper corner) and rutile (gray). The complex boundary indicates
incomplete separation of a (sulfide +/— X)-rich phase and the liquid. Note the cracks and the rutile in the center (with small ion probe
sputtering pit) and the abundant microlites in the dark devitrified glass. Reflected light image. Scale bar is 20 um. c) Large apatite crystal
(center, gray) in contact with devitrified glass (dark gray, right side) and schreibersite (white, eft side). Black areasin apatite and schreibersite
are ion-probe sputtering pits. Reflected light image. Scale bar is 100 pm. d) Metal (white with rust-decorated |obate grain boundaries) with
inclusions of rust (gray) enclosing euhedral magnetite (light gray) with central SIM S sputtering pit. Reflected light image. Scale bar is 20 um.

Inclusion 2 (~9 mm in size) has pyroxenes—ranging in size
from 500 pm to over 2000 pm—Iocated in the center (Figs. 4
and 5). Anhedral to subhedral augites have bulky habits and
commonly are overgrown by euhedral to subhedral skeletal
crystals of low-Ca pyroxenes, which formed at the expense of
the Carich pyroxenes. Chromite is mainly associated with
the pyroxenes and the pyroxene-glass interface. In many
places, the clear glass with needle- and plate-like crystals of
apatite and whitlockite dominate the near-surface volume of
inclusion 2 (Fig. 6). The mineralogy of inclusion 3 and its
phase composition are similar to those of inclusion 2, but the
inclusion is located near a fracture (see Buchwald 1975,
photo) and, consequently, it has some signs of alteration, as
evidenced by the presence of areas with very thin Fe-rich

threads, creating the impression of a net. Because of the
aterations in this inclusion, we have decided to perform the
trace element study ininclusions 1 and 2 only.

The major element chemical compositions of main
phases in al inclusions are given in Table 3. Glasses in the
three inclusions have similar chemical compositions and are
al highly siliceous (SIO,: 64.4-67.7 wt%), rich in TiO,
(0.41-0.51), Al,O3 (17.8-19.4), Na,O (4.1-7.1), and K,O
(2.7-6.4). They are poor in Cr,0O3 (0.14-0.20 wt%), MnO
(0.13-0.18), MgO (0.08-0.13), and CaO (0.10-0.21), but
contain some FeO (0.48-1.19 wt%) and P,Os (0.20-0.25).
Clinopyroxenes are chemically homogeneous over large
areas and are MgO-rich (17.0-18.0 wt%), Cr,O5-rich (~1.2)
and poor in Al,O5 (~1.3) and Na,O (0.50-0.73). Low-Ca
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Table 1. EMP analyses of phases from Guin A (in wt%, N = number of analyses).
Glassaverage GlassSi-rich  GlassNarich  GlassK-rich  GlassFe-rich  Rutile Apatite

N 40 8 9 5 11 3 8

SO, 68.0 72.2 66.3 66.8 66.0 0.31 0.17

TiO, 0.29 0.15 0.28 1.00 0.22 97.2

Al,O, 17.8 15.8 19.6 17.8 17.2 0.03

Cr,05 0.21

FeO 1.80 1.60 0.69 211 4.2 0.48 0.25

MnO 0.19

MgO 0.03 0.04 0.03 0.04 0.02

Cao 131 117 147 1.30 1.22 52.8

Na,O 9.0 7.8 10.3 8.8 84 0.39

K,0 0.72 0.59 0.73 1.00 0.65 0.02

P,O5 0.19 0.20 0.07 0.25 0.21 0.02 39.1

Cl 0.04 0.04 0.07 0.10 6.0

Total2 99.18 99.59 99.44 99.16 98.24 98.29 98.90

aNot corrected for O equivalent of Cl.
Table 2. lon probe analyses of phases from Guin A (in ppm). Upper limits are marked in italics.

Element Glass1 Error Glass 2 Error Apatite Error Rutile Error Magnetite  Error
Li 1.95 0.03 2.73 0.03 31 0.05 0.8 0.1 0.011 0.005
Be 0.35 0.01 0.65 0.02 0.0036 0.0006 12.9 0.9 0.004
B 1.06 0.04 1.98 0.05 13 0.05 11 0.2 0.08 0.03
F 0.15 0.01 0.13 0.01 4990 26 0.1 0.03 35 0.8
K 5771 4 5902 3 18.3 0.3 452 6 30 2
Ca 8869 3 8976 25 1914 44 49 8
S 45 0.1 4.2 0.1 2.78 0.05 125 0.5 0.016 0.007
Ti 3475 2 2420 15 75 04 0.39
\% 6.5 0.1 5.35 0.08 1.18 0.05 105 2 0.05 0.02
Cr 73 13 90 1 59 0.4 1056 21 0.77 0.35
Mn 223.6 0.7 3785 0.8 1817 3 45 2 247 6
Fe 4137 3 5275 12 831 8 7830 92
Rb 14.6 0.3 15.3 0.3 0.14 0.01 0.5 0.08
Sr 59.9 04 61.1 0.3 154.8 0.7 4.6 0.6 05 0.1
Y 0.078 0.006 0.085 0.008 109 0.5 0.17 0.03
Zr 30.6 0.9 45 1 0.41 0.05 3000 60 0.32
Nb 45 0.15 38 0.1 0.006 0.001
Ba 2.8 0.3 212 0.3 12 0.1 1.7 0.3 0.7 0.2
La 0.022 0.003 0.017 0.002 16.5 0.3 1 0.2
Ce 0.03 0.003 0.036 0.002 38.3 0.45 13 0.2
Pr 0.0045 0.001 0.0064 0.0008 4.8 0.1 3.6 0.5
Nd 0.011 0.002 0.02 0.002 241 0.4 0.21 0.06
Sm 0.007 0.003 0.012 0.003 6.3 0.3
Eu 0.25 0.03 021 0.02 0.91 0.05 0.04
Gd 0.004 0.002 0.0035 0.0017 10.2 0.4 0.06
Tb 0.0013 0.0014 0.0005 19 0.1 0.02
Dy 0.017 0.002 0.015 0.002 134 0.3 0.04
Ho 0.007 0.001 0.008 0.001 32 0.1
Er 0.017 0.003 0.016 0.002 9.01 0.25
Tm 0.004 1.26 0.08
Yb 0.132 0.008 0.087 0.005 25 0.2
Lu 0.002 0.001 0.0036 0.0008 13 0.1

pyroxenes are also mostly chemically homogeneous, with
low CaO (~1.3 wt%) and Al,O5 (0.37) contents, but are fairly
rich in TiO, (0.22), Cr,0; (0.45), MnO (0.51), and FeO
(10.4). Very thin, Fe-rich discontinuous rims have similar
compositions, except for the FeO content, which is about

15wt% and probably due to rust at the grain boundary.
Chromite commonly associated with low-Ca pyroxeneisrich
in TiO, (3.4 wt%) and Cr,05 (50.2) and contains appreciable
amounts of Al,O3 (9.8), MnO (0.66), and MgO (6.0). Some
SO, (1.0 wt%) and ZnO (0.06) are also present. Apatite
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Fig. 3. Cl-normalized trace element abundances in phases of the Guin A silicate-oxide inclusion (normalizing data from Anders and Grevesse
1989). Here and in the following graphs the elements are ordered according to decreasing condensation temperature (L odders 2003), except

for the REEs, which are ordered by increasing atomic number.

Schreiber§ite .

Glass1 + 4

Fig. 4. Composite backscattered scanning (BSE) electron image of the polished section of Kodaikanal (from Inv. no. H988, NHM Vienna)
investigated. Metal (white) contains 3 silicate inclusions (labelled Incl. 1, Incl. 2, and Incl. 3). Inclusion 1 is shown in an enlarged image at
right, details of inclusion 2 in Figs. 5 and 6. Inclusion 1 is a pure glass inclusion; inclusions 2 and 3 are multiphase inclusions with a high
proportion of devitrified glass. Note the clear glass of inclusion 1 that allows visibility to the bottom and the walls, which are decorated by

steps of crystal faces. The total sampleis 2.54 cm in diameter.

contains little SiIO, (0.71 wt%), FeO (0.45), MgO (0.18),
Na,O (0.06), or Cl (0.25 wt%).

Trace element abundances as determined by ion
microprobe analysis are presented in Table 4. Glasses of
three different compositions have been encountered (Fig. 7).
All glasses are poor in trace elements, except for Zr (~10 x
Cl), Nb (~15-200 x Cl), Be (~45-120 x ClI), B (~12-14 x
Cl), and Rb (200400 x CI). The average trace element

abundance pattern of the glassesis low in Sc, Y, REEs, Li,
and F (~0.14 x CI) and very low in V, Cr, and Mn (<0.1 x
Cl). Inthe glass-only inclusion 1 (analyses Glass 1 and Glass
4) the heavy REEs (HREES) are enriched (Lu ~ 3.7 x ClI)
over the light REEs (LREEs) (Ce ~ 0.43 x Cl), with small
negative anomalies in Eu and Yb abundances. This glass is
the richest in Nb (~205 x CI), Be, B (~110 x Cl), and Rb
(=500 x Cl) and the poorest in Eu (<0.26 x Cl) and F
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Fig. 5. 8) Reflected light optical micrograph of clinopyroxene (Cpx,
light gray), in part overgrown by low-Ca pyroxene (Opx), in the
center of Kodaikanal glass-rich inclusion 2. The black ion probe
sputtering pitsarelabelled in accordance with Table 4. Bright dotsare
small chromites inside pyroxenes and at the interface to the
devitrified glass (gray). Scale bar is 200 um. b) Backscattered
electron (BSE) image of detail from inclusion 2 depicting
clinopyroxene (Cpx, light gray) overgrown by low-Ca pyroxene
(Opx, gray) and embedded in devitrified glass (dark, rich in cracks).
Low-Ca pyroxene has crystal faces in contact with the glass and
obviously grew from the former liquid by reaction between the liquid
and the clinopyroxene. Small bright crystalsin pyroxene and in glass
are chromite. Side-length of pictureis~600 pm.

(~0.035 x CI). The second type of glass is represented by
analyses Glass 2 and Glass 3. It isin contact with pyroxenes
in the center of inclusion 2. In contrast to glassin inclusion 1,
this glass has a flat REE pattern with approximately
chondritic abundances and a small positive Eu anomaly and
has less Nb (~20 x Cl), Be (~50 x Cl), and Cr (~0.0025 x
Cl). The third type is represented by Glass 5, which co-exists
with abundant small apatites near the surface of inclusion 2
(Fig. 6). It has the lowest abundance of the REEs (0.13-0.45
x Cl), except for Eu, which shows a large positive abundance
anomaly (1.4 x Cl). The REE abundances show a V-type
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Fig. 6. Reflected light optical micrograph of part of Kodaikanal
inclusion 2 (upper end in Fig. 4) depicting platy and skeletal apatite
(light gray, approximately 10 vol%) in devitrified glass (gray). lon
probe sputtering pits in glass (Glass 5) and apatite are labelled in
accordance with Table 4. Scale bar is 100 pm.

pattern with high La and Lu (0.39 x CI and 0.45 x ClI,
respectively) and low Sm (0.13 x Cl) and Gd (0.17 x CI)
abundances. The Y abundance follows that of the HREES,
but the remaining elements follow the trends shown by the
other glasses. The contents of Cr and Li in Glass 5 are the
lowest encountered.

Trace element abundances in minerals, all embedded in
the glass of inclusion 2, vary over a wide range (Fig. 8).
Apatite is the richest in trace elements with REE, Y, and Sr
abundances between 94 x Cl (Lu) and 360 x Cl (La). The
LREEs are enriched over the HREEs and Eu has a negative
abundance anomaly, which is characteristic for all minerals
in this inclusion. Other trace elements have low abundances:
V and Cr<0.01 x Cl, Li ~0.02 x Cl, Ti, Nb, and Mn ~ 0.3 x
Cl and Zr, Sc, and Ba at about chondritic abundance. Only
Be and B (2.6 and 4.6 x CI, respectively) have eevated
abundances. Clinopyroxene has a smooth REE abundance
pattern with HREESs > LREEs (~10 x CI for Gd to Lu and
~1.5 x CI for La) and a negative Eu anomaly (-2 x ClI).
Clinopyroxeneisaso richin Scand Y (~10 x Cl), and less
so in Zr, Ti, Sr, Be, V, Cr, Mn, and Li, which have
abundances between 1 x Cl and ~5 x ClI. Below chondritic
abundances have B, Rb, Nb, and F at ~0.3-0.6 x Cl and Ba
at 0.01-0.02 x Cl. Low-Ca pyroxene has a trace element
abundance pattern that approximately follows that of the
clinopyroxene, but at a much lower level and a steeper
overall ope. The REESs range in abundance from 0.02 x Cl
(Ce) to 3.6 x ClI (Lu) and form a smooth pattern with a
negative anomaly for Eu and a positive one for La
Abundances of Sc, Y, Ti, V, Cr, Mn, and Li follow those of
the HREES (~1-4 x Cl), those of Zr, Nb, Sr, Be, B, Rb, and F
follow those of the LREES (~0.07-0.4 x CI) and that of Bais
very low at 0.004 x ClI.
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Table 3. EMP analyses of phases from glass-rich inclusions in the Kodaikanal (I1E) iron (in wt%). Glass 11 is from
inclusion 1, Glass 12 from inclusion 2, and Glass I3 from inclusion 3. Number of analyses in parentheses.

CpxA(26) CpxB (1) Opx (11) Glassl1(7) Glassl2(15) GlassI3(16) Chr (1) Ap (1)
Sio, 53.3 53.8 56.3 68.9 67.7 64.4 1.00 0.71
TiO, 0.34 0.45 0.22 0.41 0.46 0.51 34
Al,O4 1.23 1.20 0.37 17.8 194 18.9 9.8
Cry,04 1.28 143 0.45 0.14 0.20 0.15 50.2 0.02
FeO 55 4.7 10.4 0.48 0.82 1.19 27.6 0.45
MnO 0.30 0.24 0.51 0.13 0.17 0.18 0.66
ZnO 0.04 0.03 0.06 0.05
MgO 18.0 17.0 311 0.10 0.08 0.13 6.0 0.18
Cao 189 20.5 1.30 0.10 0.21 0.16 54.2
Na,O 0.50 0.73 0.08 41 6.8 7.1 0.06
K,0O 6.4 37 2.7
P,Os5 0.02 0.02 0.21 0.20 0.25 0.03 2.7
Cl 0.02 0.25
Total2 99.39 100.10 100.75 98.79 99.74 95.74 98.75 98.62

aNot corrected for O equivalent of Cl.
Cpx = clinopyroxene; Opx = low-Ca pyroxene; Chr = chromite; Ap = apatite.
Table 4. SIMS analyses of phases from Kodaikanal glass-rich inclusions (in ppm).

Element Glass1,incl.1  Error Glass2,incl.2 Error Glass 3, incl.2  Error Glass4,incl.1  Error
Li 7.34 0.04 0.492 0.009 1.68 0.02 6.55 0.04
Be 3.09 0.02 1.23 0.01 1.42 0.01 274 0.02
B 135.8 0.3 12.13 0.07 12.86 0.08 1315 0.3
F 2.3 0.2 17.2 0.7 23.4 0.9 17 0.2
Na
Mg 487 1 1083 1 1278 2 436 1
P 1545 3 1455 2 1487 3 1444 3
Cl 7.4 0.6 241 4 180 5 11 1
Ca 503.9 04 1386.4 0.8 481.3 04
Sc 452 0.07 2.98 0.06 412 0.07
Ti 2268 1 2370 1 2524 1 2200 1
\% 3.18 0.04 6.24 0.05 5.68 0.06 3.02 0.04
Cr 67 0.2 6.66 0.06 6.73 0.07 33.8 0.2
Mn 101.3 0.3 148.8 0.3 173.6 04 93.8 0.3
Fe 2942 12 32,505 21 23,650 22 1890 6
Zn 518 7 1392 10 790 9 513 8
Rb 1136 2 497 1 928 1 1166 2
Sr 20.7 0.1 38.4 0.2 41.8 0.2 20 0.1
Y 2.25 0.04 1.92 0.03 22 0.04 2.18 0.04
Zr 451 0.3 44 0.2 45.8 0.3 43.3 0.3
Nb 52.5 0.3 4.26 0.07 5.38 0.09 50.6 0.3
Cs 42.6 04 314 0.3 271 0.3 44 04
Ba 17 0.2 21.2 0.2 19 0.2 16.3 0.2
La 0.1165 0.009 0.34 0.02 0.35 0.02 0.12 0.01
Ce 0.27 0.02 0.84 0.03 0.92 0.04 0.3 0.02
Pr 0.043 0.004 0.111 0.006 0.118 0.008 0.035 0.0035
Nd 0.2 0.01 0.42 0.02 0.46 0.02 0.2 0.01
Sm 0.057 0.006 0.106 0.009 0.1 0.01 0.058 0.007
Eu 0.08 0.01 0.09 0.01
Gd 0.18 0.02 0.16 0.02 0.14 0.02 0.2 0.02
Tbh 0.038 0.004 0.032 0.003 0.041 0.005 0.039 0.004
Dy 0.39 0.02 0.32 0.01 0.31 0.02 0.36 0.02
Ho 0.114 0.009 0.069 0.005 0.065 0.006 0.12 0.01
Er 0.39 0.02 0.227 0.009 0.25 0.01 0.36 0.02
Tm 0.057 0.005 0.036 0.003 0.035 0.004 0.055 0.005
Yb 0.25 0.02 0.23 0.01 0.2 0.02 0.17 0.02
Lu 0.092 0.008 0.045 0.004 0.052 0.006 0.073 0.007
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Table 4. Continued. SIM S analyses of phases from Kodaikanal glass-rich inclusions (in ppm).2

Element Glass-5,incl.2 Error  OPX,incl.2 Error

CPX-1,incl.2 Error

CPX-2,incl.2 Error  Ap,incl.2 Error

Li 0.46 0.01 42 0.07 2.08 0.02 259 0.03 0.027  0.005
Be 15 0.02 0011 0001 0053  0.002 0064  0.003 0064  0.006
B 19.7 0.1 023 002 0.61 0.02 0.44 0.02 4 0.2
F 6.4 0.6 3.2 0.3 34 1 16.7 09 38700 150
Na 492 1 3617 2 3531 2 2140 5
Mg 670 2 1904 9

P 956 3 103 1 9.1 0.6 83.1 0.7

cl 35 3 11 2 113 3 65 3

Ca 7387 0.6 5689 4 121,365 64 124,800 80

sc 3.19 0.09 225 0.2 58.2 0.1 57.3 0.2 7 0.2
Ti 2199 1 1032 1 1840 1 1958 1 70 3

v 5.58 0.07 1235 05 287.6 0.4 279 05 038 004
cr 5.06 008 2972 3 9960 4 10,188 5 7 03
Mn 947 0.4 3648 4 2422 15 2321 2 567 3
Fe 5784 14 54,860 60 38,024 24 37,203 28

Zn 386 8 377 12 2740 16 1856 16 188 13
Rb 758 2 036 008 0.66 0.25

S 322 0.2 013 002 10.86 0.08 132 0.1 856 3

Y 0.46 0.02 23 0.07 13.82 0.08 155 0.1 330 2
zr 36.7 0.3 025 002 468 0.08 55 0.1 55 05
Nb 5.2 0.1 0018  0.004 0.12 0.01 0.13 0.02 008 001
Cs 3858 05 016 003 0.15 0.01 0.15 0.02 15 0.2
Ba 11 0.2 0009  0.004 0025  0.004 0044  0.006 23 03
La 0.093 0.009 0016  0.004 03 0.02 0.39 0.02 84 1
Ce 0.2 0.02 0012  0.002 1.65 0.04 1.84 0.06 217 2
Pr 0.024 0.003 0005  0.001 0.36 0.02 0.43 0.02 27 06
Nd 0.084 0.007 0039 0004 2.42 0.06 2.81 0.08 152 2
sm 0.02 0.004 0024  0.004 1.26 0.05 1.32 0.07 46 2
Eu 0.08 0.01 00034  0.0009 0106  0.007 0.13 0.01 5.9 03
Gd 0.034 0.008 009 001 1.91 0.09 2 0.1 a4 2
Tb 0.009 0.002 0033 0004 0.33 0.02 0.39 0.03 8.3 05
Dy 0.057 0.005 028 002 258 0.07 278 0.08 52 1
Ho 0.016 0.002 0085  0.009 0.45 0.02 0.55 0.03 10.2 05
Er 0.061 0.005 0.4 0.02 1.45 0.05 1.66 0.06 259 0.9
m 0.011 0.002 0065  0.008 0.21 0.01 0.24 0.02 3.2 0.2
Yb 0.072 0.008 048 005 1.33 0.07 13 0.1 20 1
Lu 0.011 0.002 009 001 0.22 0.02 0.21 0.02 23 0.3

20PX = low-Ca pyroxene; CPX = clinopyroxene; Ap = apatite.
DISCUSSION

Problems with Magmatic and Impact Origins for Some
Iron Groups

In the following paragraphs, we discuss some of the data
that are in conflict with the widely accepted model that iron
meteorites are made of metal that crystallized from a metal
melt.

One problem is posed by the fact that the chemical
groups of the iron meteorites, each believed to represent a
single planetary core, apparently followed different rules in
local fractionation processes (as indicated by individual and
widely different slopes in two-element correlation plots, e.g.,
Ir versus Ni plots, indicating different elemental solid-liquid
distribution coefficients). Possible explanations for this

behavior require ingeniously complex models (e.g., Wasson
1985; Haack and Scott 1992; Jones and Malvin 1990).
Furthermore, because metal is a good heat conductor, irons
from one and the same core should have very similar cooling
rates, which is not observed. For example, IVA irons, among
others, display widely different individual cooling rates (e.g.,
Rasmussen et al. 1995; Haack et a. 1996). In addition, given
the very high melting temperatures and generally very low
cooling rates estimated for irons, the metal within a given
meteorite should be chemically homogeneous, which is not
the casein the Canyon Diablo |AB, the Campo del Cielo |AB,
and the Acufia I1ICD irons (e.g., Wasson 1968; Kurat et al.
1991, 2000). A special problem is aso posed by common
schreibersitesincluded in metal. Their chemical compositions
(and trace element contents) are highly variable and
correlated with the size of the crystals (Jochum et al. 1980;
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Skala et al. 2000; Kurat et a. 2002a) and this in spite of the
very low apparent cooling rates, which, however, were not
low enough to achieve chemical equilibration between
schreibersites and between schreibersites and metal. A
compositional zoning is expected to develop but is not
detectable (Clacke and Goldstein  1978). Isotopic

disequilibrium in irons is also widespread. Graphite has
widely variable C isotope compositions on a small scae
(Deines and Wickman 1975; Maruoka et a. 2003). Nitrogen
isotopic ratios are also variable in metal and other phases of
irons (e.g., Franchi et al. 1993; Sugiura 1998; Asame et a.
1999).
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Another problem is posed by the apparent radiogenic
ages of metal and of inclusions in irons meteorites. Recently,
it was found that metal of iron meteorites has a deficit in the
radiogenic isotope 182W, daughter of short-lived (T, =
9Myr) 18Hf as compared to chondrites, indicating
siderophile-lithophile element separation very early in the
solar system (Harper and Jacobsen 1996; Quitte et al. 2000;
Schersten et a. 2006). If applied to the common genetic
model of iron meteorites, this fact would make the irons the
oldest objects of the solar system. Given that the common
chondritic inclusions in irons have ages indistinguishable
from those of chondrites or are even younger (Burnett and
Wasserburg 1967; Snyder et al. 2001), this is a physical
impossibility. However, irons (or their precursors) must be
old not only because of their primitive W, Pb, and Re/Os
isotopes (Birck and Allegre 1998), but also because they
contain carriers of primitive gases (e.g., Asame et al. 1999,
Matsuda et a. 2005) and they contain daughters of now-
extinct radionuclides. So far, 12°Xe (e.g., Alexander and
Manuel 1968; Bogard et a. 1969, 1971; Niemeyer 1979;
Meshik et al. 2004), 197Ag (Chen and Wasserburg 1983;
Kaiser and Wasserburg 1983), and 53Cr (Sugiura and Hoshino
2003) excesses have been reported.

Also, common silicateinclusionsin IAB and I 1ICD irons,
which are supposed to have been picked up by the metal melt,
do not exhibit any sign of force (or shock features) nor any
sign of heat: neither the silicates not the metal plus sulfide
were heated to the minimum eutectic melting temperature—a
physical impossibility considering the very small sizes of
some of these inclusions (for excellent descriptions, see
Bunch et al. 1970). The same holds for the preservation of
delicate aggregation and growth structures of inclusions in
irons (e.g., El Goresy 1965; Kracher 1974; Nehru et al. 1982).

In spite of the very low cooling rates indicated by the
metal, the silicates and oxides are usually chemically out of
equilibrium. In addition, glassy objects and glass inclusions
are very common and give clear evidence for guenching
rather than slow cooling. The latter should have led to
devitrification and recrystallization of the glasses into
equigranular metamorphic rocks. The presence of glassesis
another strong argument against mixing of the silicates with a
metal melt. Rather, all evidence points toward a subsolidus
deposition of metal in a gentle process that preserved highly
delicate textures, chemical and isotopic disequilibria, and
even glasses (see Kurat 2003).

Our results, as discussed below, are aso in conflict with
formation of irons from a melt, and therefore we have to
guestion the validity of this model.

The Problem of Silicate Inclusionsin IIE Irons
Silicateinclusionsin I1E irons are highly diverse in their

texture, mineralogy, and chemical composition. The Rb-Sr
ages are aso variable, ranging from fairly high (eg.,
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Colomera, 4.51 Ga) (Sanz et a. 1970) to farly low (e.g.,
Kodaikanal, 3.5-3.7 Ga) (Burnett and Wasserburg 1967
Bogard et al. 1967). This diversity (e.g., Bunch et a. 1970;
Casanova et a. 1995) has motivated researchers to formulate
several genetic models. However, one feature is common to
al slicate inclusions in II1E irons: they kept a memory of a
chondritic source because they have oxygen isotopic
compositions that are similar to those of H chondrites
(Clayton et al. 1983). Because of this property, al genetic
models of IIE irons involve collision of (molten or solid)
metal with or impact into atarget of H chondritic composition
(e.g., Wasson and Wang 1986; Ruzickaet al. 1999, 2006; Hsu
2003; Takeda et al. 2003).

However, our data on Guin and Kodaikanal inclusionsin
part support existing models but are also in conflict with
them. This begins with the fact that the composition of the
low-Ca pyroxene encountered in Kodaikanal inclusion 2
roughly fits the composition of equilibrated H chondrite
orthopyroxene, whereas the composition of the clinopyroxene
indicates an affinity with L chondrites. In addition, there are
no traces of shock (e.g., crushing, polysynthetic twinning,
kink bands, planar features, recrystallization, isotropization,
selective melting, etc.) in the silicates we studied, minerals
and glasses are out of chemical equilibrium, and the
distribution of elements between phases is inconsistent with
an equilibrium process. All thisis discussed in the following
paragraphs and an attempt is made to find an explanation for
the situation encountered.

Mineral Compositions

There apparently exists a wesk link between |IE silicate
inclusions and H chondrites (as also suggested by the O
isotopes) (e.g., Clayton et al. 1983): the low-Ca pyroxene in
Kodaikanal inclusion 2 (Table 3) has a major and minor
element composition similar to that of orthopyroxene from
equilibrated H chondrites, but with an FeO content at the
lower end of the range (10.4 wt%) and TiO,, Al,O3 and
Cr,05 contents somewhat high, up to about twice those of H
chondrite pyroxenes (all comparison data are from Brearley
and Jones 1998). The clinopyroxene in inclusion 2 has a
composition comparable to that of clinopyroxene from
ordinary chondrites—similar to those from L chondrites
(TiO,, FeO, MnO, NaO)—but has too much Al,O5 (1.23
versus 0.3-0.8 wt%), too little CaO (18.9 versus 20—
22.5wt%) and has no similarity with clinopyroxene from H
chondrites. Chromite has a composition outside the range for
ordinary chondrite (OC) chromite with low FeO (28 versus
30 wt%) and Cr,0O3 (50 versus >55 wt%) and high Al,O3 (9.8
versus ~6 wt%). Such a composition is known from
unequilibrated OCs (Wlotzka 2005), notably from Mezo-
Madaras (e.g., Hoinkes and Kurat 1974).

Pyroxenes and chromite in Kodaikanal appear to have
been derived from a chondritic source or have experienced
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processes similar to those experienced by the constituents of
chondrites. The affinity appears to be with OCs, somewhere
between H chondrites (low-Ca pyroxene) and L chondrites
(clinopyroxene). The phases are out of chemical equilibrium
with each other (e.g., Fe-Mg distribution between crystals and
trace element distributions between crystals and glass) (see
distribution coefficients listed by Green 1994 and discussion
below), probably as a consequence of incomplete
metasomatic elemental exchange between silicates and the
solar nebula, a feature very common among al meteorites
(e.g., Kurat 1988).

Mineral-Glass Relationship

Pyroxenes, chromite, and apatite in Kodaikanal have
euhedral, commonly skeletal habits and are embedded in
devitrified glass. Apparently, these phases crystallized from a
liquid that was quenched to glass. However, when looking at
the chemical composition of the glass, it becomes clear that a
liquid of such chemical composition could never have
produced the mineral phases the glass now carries. It is
extremely poor in Cr, Mn, Mg, and Cabut very richin Si, Na,
and K. The overall chemical composition resembles that of
glasses in enstatite meteorites (e.g., Keil et a. 1989), in
Chassigny (a SNC alivinite) (Varelaet a. 2000), ALH 84001
(aSNC pyroxenite) (Kurat et al. 1997), and in someterrestrial
upper mantle peridotites (e.g., Vardla et a. 1998).
Characteristically, all of these glasses have very high alkali
contents (Na,O + K,O commonly >10 wt%) and high SiO,
contents (~65-80 wt%), and Na,O/K ,O ratios that are around
unity—far removed from the chondritic value. Thus, we have
a highly curious situation with apparently chondritic silicates
and chromite (belonging to different chondrite clans) being
enclosed by a former liquid that is totally out of equilibrium
with these phases and in addition that shows extreme
chemical fractionation. This looks like a physical
impossibility, especialy because the minerals have crystal
habits that indicate crystallization from the liquid in which
they are trapped.

The low-Ca pyroxene of Kodaikanal inclusion 2 is a
good example of areaction product from a phase (the Ca-rich
pyroxene) not in equilibrium with the enclosing liquid
(Fig. 5b). Apparently, Ca was removed from the system,
making the augite unstable. As a consequence it broke down
and reacted with the liquid to form low-Ca pyroxene:

CaMgSi,Og(s) = MgSiOs(s) + SIOy(1) + CaO(l) 1)
(s=solid; | = dissolved in liquid)

The CaO liberated in this way from augite is no longer
traceable in the glass, and so must have had a sink where it
was needed urgently. A possible sink could have been the
phosphates, which are abundant and located preferentialy
near the inclusion’'s surface, which indicates that P,O5 was
added to the liquid from the environment and caused the
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augites to become unstable. While this happened, the liquid
still had high trace element contents because al phases, the
original augite, and the secondary low-Ca pyroxene and
phosphates are rich in trace elements and indicate derivation
from a liquid with about 10-50 x CI trace element
abundances (see discussion below).

The new stable phase formed; the low-Ca pyroxene,
however, is also out of eguilibrium with a liquid of the
composition of the glass it is in contact with, but shows no
sign of any reaction with that liquid. This fact has also been
recognized by former studies of silicateinclusionsin l1E irons
(e.g., Ruzicka et al. 1999, 2006; Hsu 2003; Takeda et al.
2003). The major element abundance evolution of such
liquids has been discussed in great detail by Ruzicka et al.
(1999) and this discussion need not be repeated here. These
authors reached a clear conclusion: “the large scatter and lack
of systematic relationshipsfor |1 E inclusions suggest that they
were not differentiated in the same way asterrestrial volcanic
rocks. In particular, their varied compositions appear to
reflect processes other than simple partial melting or
fractional crystallization.” (p. 2130). However, this clear and
strong conclusion did not generate new genetic modelsfor I1E
silicate inclusions. Most workers in this field keep
propagating the impact model (FeNi impactor—chondritic or
differentiated target), a model highly popular among
meteoriticists, without defining the differentiation
mechanismin detail. Very recently, Ruzickaet a. (2006) were
also faced with that problem in their study of silicate
inclusions in the Sombrerete ungrouped iron meteorite and
suggested a solution via a “filter-press fractionation”
process, “in which liquidus crystals of Cl apatite and
orthopyroxene were less able than silicate melt to flow
through the metallic host between inclusions. This process
enabled a phosphoran basaltic andesite precursor liquid to
differentiate within the metallic host, yielding a dacite
composition for some inclusions.” We do not see a possible
application of that process for our inclusions in Guin and
Kodaikanal, mainly because:

» apartia melt from a chondrite cannot have exclusively
apatite and low-Ca pyroxene at its liquidus—it needs to
be saturated with all phases present in chondrites;

« the bulk compositions of the liquids have no relationship
to those of “andesites’ or “dacites,” especialy in their
trace element contents (and, consequently, should not be
called “andesitic” and “dacitic”);

« the fractionation of the alkali elements from chondritic
proportions to highly fractionated proportions cannot be
achieved that way—asis discussed below.

Most studies leave the problem of the alkali fractionation
open, except the studies by Takeda et al. (2003) and Ruzicka
et al. (2006), who discussed this problem in great detail.
Takeda et al. (2003) recognized that fractionation of the
akalis is difficult and cannot be achieved via feldspars (see
early discussion of that problem by Wlotzka et a. 1983 and
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Kurat et al. 1984). Other mineral systems are needed and
Takeda et a. (2003) concluded that “the K-rich material may
have originated as a fluid phase that leached K from
surrounding material s and segregated by amechanism similar
to that proposed for the Na-rich inclusions.” Thisisindeed a
process that has been identified in the formation of partia
melts in the Earth’'s upper mantle with mgor element
compositions similar to those of glassesin IIE irons. There,
hal ogenites and carbonates appear to be responsible for these
fractionations (e.g., Navon et al. 1988; Litvin and Zharikov
1999; Sokol et al. 2000; Varela et al. 1998). Ruzicka et al.
(2006) don’'t see such difficulties and simply state their strong
belief that “K-glass and Na-glass also formed by immiscible
separation of a melt with an intermediate composition . . .”
However, this seems to be a very unlikely process because
silicate melts with much higher alkali contents than those
involved in Sombrerete silicate inclusion formation al so show
perfect miscibility (e.g., Tuttle and Bowen 1958) and a
silicate melt containing a few wt% of alkali oxides with a
chondritic Na/K ratio (i.e, very low K content, type 1
inclusions in Sombrerete) has never been shown to tend to
break down into Na-rich and K-rich melts.

NaK fractionation is very common in constituents of E,
LL, and L chondrites (e.g., Kurat 1967; Wlotzka et al. 1983;
Kurat et al. 1984; El Goresy et al. 1988) and can have a
variety of causes. As there seems to be a connection between
LL chondrites and E meteorites (e.g., Kurat et al. 1984),
fractionation via akali sulfides, which, like halogenites, do
not form Na-K solid solutions, is one possible way. These
sulfides aggregate in different proportions (thus defining the
Na/K ratio), are subsequently oxidized, and the akalis
dissolve in silicate liquids or diffusionaly replace Ca in
glasses (e.g., Kurat 1988; Varela et a. 2005). Many
meteoritic objects appear to have formed that way—see
good examples in the Kréhenberg (Wlotzka et a. 1983) and
Chainpur LL chondrites (Kurat et a. 1984). They contain
alkali-rich glasses, which still carry relictic sulfides (now
converted into troilite). Furthermore, the glass of Guin
apparently was associated with and subsequently separated
from sulfides as is evidenced by the incomplete
disentanglement between sulfide and liquid at the former
liquid's surface and the many tiny Fe/S-rich droplets in the
Guin glass (Figs. 2a—) that did not reach the surface because
the time available was apparently too short for a clean
separation.

A formidable problem is posed by the chemical
composition of the glasses. Liquids of such composition are
unable to crystallize the clinopyroxene and low-Ca pyroxene,
which, however, are there, embedded in the glass and have
obviously grown from that liquid, which became the glass by
guenching. Takeda et al. (2003), Ruzicka et a. (2006), and
other investigators do not address this problem in detail,
although al investigators recognize the non-equilibrium
situation: “Evidently, the analyzed glass did not form from a

1453

melt in complete equilibrium with either the analyzed
orthopyroxene or merrillite” (Ruzicka et al. 2006). However,
no explanation is given.

We offer a new solution to the conundrum posed by the
euhedral crystals in a glass that bears no obvious chemical
relationship to the crystals. When looking at Figs. 5 and 6,
there cannot be any doubt that pyroxenes and apatite
crystallized from the liquid that is now present as glass.
However, that liquid, in order to be capable of crystallizing
these phases, must have had a chemical composition that was
very different from the one we now find for the glass. In
particular, it must have contained 10—100 times the amount of
REESs of the glass. Consequently, the glass must have changed
its chemical composition after the crystals precipitated. The
change, of course, must have taken place at sub-solidus
temperatures, involving the glass and not the liquid, because
the latter would have quickly reacted with the crystals, which
are out of chemical equilibrium with the glass. Such aliquid-
solid reaction is documented by the low-Ca pyroxene
overgrowths on Ca-rich pyroxenes but is not preserved in the
trace element abundances. Apparently, we see evidence for a
change of the major element composition of the liquid that
caused the reaction of Carich pyroxene to form Ca-poor
pyroxene. However, the trace element distributions between
crystals and glass give clear evidence for an additional
subsolidus metasomatic event that further changed the
chemical composition of the glass (and likely also that of the
crystals to some extent, e.g., adjustment of the Fe/Mg ratio).
Thisis not an unusual situation for meteoritic objects, many
of which comprise noneguilibrium phase associations that
have been established by subsolidus metasomatic elemental
exchange between the objects and the local solar nebula (e.g.,
Kurat and Kracher 1980; Peck and Wood 1987; Kurat 1988;
Kurat et a. 2002b; Varela et a. 2003, 2005, 2006)—a simple
conseguence of nebular cooling (e.g., Fegley 2000). The
uniform chemical composition of the pyroxenes is aso a
conseguence of metasomatic elemental exchange—
directly comparable with the uniform chemical compositions
of Fe/Mg silicates in equilibrated ordinary chondrites (Keil
and Fredriksson 1964) and other rocks (see discussion by
Kurat 1988). This exchangeis a process now well established
experimentally and theoretically (e.g., Dohmen et a. 1998;
Dohmen and Chakraborty 2003).

Glass Composition and Geochemical Fractionation

All glasses investigated by us have strongly fractionated
trace element contents (Fig. 9)—as can be expected from the
fractionated major element abundances. They display a
peculiar feature, which is aso evident in the major element
abundances. some incompatible elements (e.g., Ti, Nb, B, Rb)
are strongly enriched over the compatible ones—as they
should be—but others, notably the REES, are not. Apparently
two fractionation processes were active:
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geochemical processes.

« a geochemical (crystal-liquid) fractionation that led to
the enrichment of incompatible elements (Ti, Nb, Sr, Ba,

Be, B, Rb) and the depletion of compatible elements (V,

Cr, Mn, Li) intheliquid;

 an independent fractionation of the REES, possibly by
extraction of REES from the system.

The depletion of the REEs in the glasses is very
pronounced, with their abundances being as low as 0.01-1 x
Cl. The chemical composition of the glasses is thus far
removed from those rocks they are commonly referred to:
terrestrial rhyolites, dacites, and andesites. Comparison with
the andesitic terrestrial crust (Fig. 9) revealsthat the Guin and
Kodaikanal glasses have seen fractionation processes that
were very different from those taking place in the Earth’'s
planetary crust (and others).

Ruzicka et a. (2006) fractionate the REE contents by
extracting varying amounts of phosphates in a “filter-press
differentiation process’ where liquids can move through
(partly liquid!) metal, but crystals cannot. They state: “trace-
element data strongly suggest that glass became depleted in
those elements that were sequestered in Cl apatite and
merrillite . . .” However, in reality, the glasses are so poor in
REE that they could never have been in equilibrium with
phosphates, which are very rich in REEs (see discussion on
apatite-glass relationship below). To explain this situation,
crystal-liquid distribution coefficients would be needed
having values never observed in nature or in experiments
(e.g., Green 1994; Prowatke and Klemme 2006).

Not only are the low abundances of the REESs peculiar,

but also their abundance patterns are as well, none of which
follow the geochemical fractionation trend toward LREES >
HREEs. The patterns are either flat, V-shaped, or even
HREE-enriched. Consequently, the glasses could not have
seen a process like terrestrial geochemical elemental
fractionation.

The flat patterns apparently document nongeochemical
fractionation of the REEs from other elements, a depletion by
indiscriminate removal of REES. This can be done by removal
of either a REE-rich phase with flat abundance pattern or a
vapor from the system. As the system apparently was not
dominated by a liquid (which would force a geochemical
fractionation), avapor fractionation isindicated. Thisview is
supported by two additional features of REE patterns in the
glass: the HREEs > L REES abundances in Kodaikana Glass
1 and 4 and the abundance anomalies for Eu and Y b (positive
and negative). Anomalies in the abundances of Eu are
common in extraterrestrial and terrestrial systems and are due
to the easily achieved reduction of Eud* to Eu?*, which
follows Ca2* into the structure of plagioclase. Also, Yb can be
reduced to Yb?*, but its ionic radius does not allow it to
follow Eu?* into the Ca-Al-silicate lattices (e.g., Strange et al.
1999). Therefore, anomalies in Yb abundances are usually
attributed to cosmochemical (nebular) fractionations because
Y b has—Ilike Eu—alower condensation temperature than the
rest of the REEs (e.g., Lodders 2003). Indeed, Eu and Yb
depletions are very common in highly refractory phases of
CAls (eg., Ireland et a. 1988; Fahey et a. 1994). They are
frequently accompanied by a REE abundance pattern with
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HREESs > L REEs, a consequence of the fact that condensation
temperatures of the HREEs are higher than those of the
LREEs. Kodaikana Glasses 1 and 4 have such an
ultrarefractory pattern in spite of the fact that they are strongly
depleted in total REES and are strongly enriched in volatile
alkalis compared to ultrarefractory phases from CAls (e.g.,
Fahey et a. 1994). Possibly, we see an admixture of a small
amount of an ultrarefractory phase to that liquid.

A contrasting pattern with very low REE and positive Eu
and Yb anomalies is exhibited by the Guin Glass 1. It
apparently documents a condensate from a system from
which the most refractory REES have amost completely been
removed. The co-existing apatite carries the complementary
trace element signature of this phase, which, not being a
refractory mineral phase, islikely to be aderivative of such a
phase (see discussion below).

Glasses from other |1 E irons have major, minor, and trace
element contents similar to those found in the Kodaikanal and
Guin inclusions (Fig. 10). However, a strong positive Eu
abundance anomaly seems to be common and is occasionally
accompanied by a small negative Yb anomaly. There have
been severa attempts to explain this feature by geochemical
fractionation. Hsu (2003) discussed this at length and had to
admit that “the origin of Yb anomalies in IIE silicate
inclusions remains unsolved.” Takeda et a. (2003) also
discussed this problem and concluded that “This indicates
that Yb fractionation was somehow related to mixing of the
crystal mush with molten metal” and “negative Y b anomalies
might have been produced by evaporation under reducing
conditions.” Ruzicka et al. (2006) describe positive Yb and
Sm abundance anomalies in phosphates of Sombrerete and

suggest “that the positive anomalies in phosphate formed as a
result of gas-melt-phosphate partitioning.” Their suggestion
implies that in the presence of a vapor phase the phosphate
does not obey the crystal-liquid distribution coefficients and
thus depletes the “glass’ by enriching itself in these elements
(“3-phase partitioning effects’), aphysically unlikely process.
The authors aso recognize the necessity of reducing
conditions during the formation of Yb and Sm anomalies and
also recognize that the presence of phosphates and the high
Fe/Mg of the silicates indicate the opposite. As a solution,
Ruzicka et al. (2006) suggest that the “phosphate-melt-
gas partitioning” took place “under highly reducing
conditions; such a gas would have been present momentarily
at the start of inclusion crystallization.” However, this idea
does not take care of the fact that the evidently oxidized
phosphates are the liquidus phase over a large range of
temperatures.

The geochemical fractionation and the evaporation
models of Hsu (2003) and Takeda (2003) are at odds with the
very low abundances of the REEs and—as we know from our
study—the high abundances of some incompatible elements,
among them highly volatile elements like Na (50%
condensation temperature; CT 958 K; al taken from Lodders
2003), K (CT 1006 K), Rb (CT 800 K) and B (CT 809 K).
Their high abundances practically exclude the possible
evaporative loss of Y b because all these elements should have
been lost compl etely. We suggest that all patterns can be made
by fractional condensation because the 50% condensation
temperatures for Eu and Yb are quite different at 1356 and
1487 K, respectively (Lodders 2003), but are much higher
than those of the volatile elements Na, K, Rb, and B. The CT
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of Yb being higher than that of Eu makes it unlikely that Yb
can belost in an evaporation event without loss of Eu, which,
however, is strongly enriched over Yb. It is curious that the
straightforward explanation for the Yb anomaly via
condensation, which is widely accepted for CAls and
chondrules, appears to be unacceptable for inclusions in
irons—and this in spite of the fact that irons have been
identified as being one of the most ancient objects of the solar
system (see, e.g., Schersten et a. 2006).

The strong depletion of Mg/Fe-silicate-compatible
elements (V, Cr, Mn) in all glassesfrom Kodaikanal and Guin
could be an indication for a fractionation via Mg/Fe silicates

G. Kurat et al.

(precipitation of such silicates from the liquid) and also
possibly via a metal phase because al three elements can be
siderophile/chal cophile under reducing conditions. However,
the possibility of vapor fractionation is left as an alternative
for Cr and Mn because these elements are moderately volatile
and usually depleted with respect to the refractory elements
in, e.g., chondrules and aggregates of CV and CM chondrites
(e.g., Varelaet a. 2005, 2006).

Mineral Glass Disequilibria

The chemical compositions of glasses in Guin and
Kodaikanal (as well as other II1E irons) are not only unusual
but are also apparently unrelated to those of the minera
phases they carry. This has been recognized by al students of
[1E iron inclusions (e.g., Bunch et a. 1970; Ruzicka et a.
1999, 2006; Hsu 2003; Takeda et al. 2003) and discussed in
great detail. However, no satisfactory explanation has been
offered so far. All models utilize mixing of minerals,
fractionated melts, and molten metal in planetary impact
events. In these models, augite, low-Ca pyroxene, and apatite
must have crystallized in a foreign system and were trapped
by the shock-melted plagioclase-quartz mixture. However,
minerals are commonly phenocrystsin the glass, indicating in
situ crystallization and glasses are enriched in elements that
cannot have been derived from plagioclase or quartz (see
above) and are depleted in the plagiophile elements such as
the LREEs. Below we discuss briefly the mineral-glass
disequilibria encountered in Guin and Kodaikanal and offer a
new solution of the problems posed.

Pyroxene-Glass Relationship

As discussed above, the pyroxenes in Kodaikanal
inclusion 2 appear to have grown from the liquid in which
they are now trapped (euhedral and skeletal crystalsin glass),
but that liquid could not have had the chemical composition
the co-existing glass now has. The pyroxenes are obviously
far out of equilibrium with the glassy mesostasis. Abundances
of REEsin aliquid in equilibrium with the clinopyroxene and
orthopyroxene in Kodaikanal inclusion 2 (Figs. 11a and 11b)
would need to be between about 10 x Cl and 40 x CI. That is
very different from what we observe in the glass in contact
with the pyroxenes in this inclusion (REE abundances of
around 1 x ClI; see Fig. 7). Similar disequilibria have been
described for dilicate inclusions of Miles and Weekeroo
Station and prompted the proposal that the fel dspathic glass
could have formed by remelting of pre-existing feldspar and
pyroxene (Ruzicka et a. 1999) or feldspar, pyroxene, and
tridymite (Hsu 2003). Although some match of the REE
patterns with those of the glasses can be obtained by these
mixtures, three important features cannot be matched. First,
the highly fractionated Na,O/K,0 ratio of the glasses (as
discussed above) is clearly impossible to achieve by melting
of H chondrite feldspar and pyroxene and needs a
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fractionation mechanism that involves nonsilicates. Second,
the combination of high concentrations of some incompatible
elements with low concentrations of REES in the glasses can
also not be achieved this way. Concentrations of Zr, Ti, Nb,
Sr, Ba, Be, K, Na, and Rb—all around 10 x Cl in Guin and
Kodaikanal glasses and occasionally reaching >100 x CI (Nb,
Be, and Rb in Kodaikana glass)—combined with REE
abundances of 0.01 to 2 x CI cannot be achieved in this way.
Third, many glasses and also pyroxenes have a negative Yb
abundance anomay (e.g., Hsu 2003; Takeda et al. 2003;
Ruzicka et al. 2006), which cannot be explained by either
shock or partial melting. This anomaly is also present in our
sample and is accompanied by a negative Eu anomaly in
Kodaikanal glassy inclusion 1 (as it is also in pyroxenes in
Colomera [Takeda et a. 2003]).

Clearly, pyroxenes crystallized from a liquid that
subsequently was quenched to glass. The chemical mismatch
between the minerals and the glass can only be explained by
changing the chemical composition of the glass after
formation of the assemblage. A metasomatic process is
indicated; we shall discuss this below.

Apatite-Glass Relationship

Apatite in Guin and in Kodaikana is very rich in the
REEs, Y, and Sr (Figs. 3 and 8), which is very different from
the co-existing glass (Figs. 3 and 7). The complementary REE
patterns of apatites in Guin and Kodaikanal and the co-
existing glass at first sight suggest an igneous origin.
However, compared to experimental distribution coefficients
of the REEs and other trace elements between apatite and a
siliceous liquid (e.g., Green 1994; Prowatke and Klemme
2006), the apatite-glass assemblages are far out of equilibrium
(e.g., LaKd~11.4, but Lag,;/Lag; ~ 740-915), except for Sr.
In addition, the REE abundance pattern of apatite does not
follow the distribution coefficients (having a hump with La<
Sm > Lu), but rather isflat. A hypothetical liquid from which
apatite could have been crystallized would need to have REE
abundances of about 20 x Cl in Kodaikanal and ~5 x ClI in
Guin (Fig. 12), inthe latter case with a pattern complementary
to that of the distribution coefficient (La > Sm < Lu). This
suggests that the Guin apatite did not grow from a liquid,
which is supported by its location at the surface of the glass
and by its grain size and shape. However, the occurrence and
habit of apatite in Kodaikanal glass give clear evidencefor in
situ crystallization from aliquid. In addition, the composition
of the hypothetical liquid in equilibrium with that apatite is
similar to those calculated for liquids in equilibrium with the
pyroxenes, which also have igneous habits and occur within
the same inclusion. Thus, al three major phases present in
inclusion 2 glass indicate derivation from a liquid that was
rich in refractory trace elements at a level of about 1040 x
Cl. Interestingly, such liquids are commonly involved in
meteorite formation, have been dubbed by us as “universal
liquid” (e.g., Varelaand Kurat 2004, 2006; Varela et a. 2005,
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and partition coefficients used (Prowatke and Klemm 2006).

2006) and seem to be responsible for the formation of arich
variety of objects, such as single alivine crystals, chondrules
and aggregates, pyroxenites (diogenites), eucrites, angrites
and many more. It is apparent that traces of the action of a
primary solar nebulaliquid exist also in silicate inclusions of
iron meteorites.

Thetrace element abundances and the pattern of the Guin
apatite do not fit the primary nebula liquid system and
indicate a genesis different from that of the Kodaikanal
apatite. The Guin trace element abundance pattern rather
resembles the group 111 pattern of CAls (Martin and Mason
1974) at an abundance similar to that found in hibonites (e.g.,
Ireland et al. 1988) and oldhamites (e.g., Kurat et al. 1992;
Crozaz and Lundberg 1995). The pattern and abundance level
suggest a trace element—rich precursor phase of the apatite
that formed by condensation from nebular gas at low fO,
(Lodders and Fegley 1993). Oldhamite is probably the best
guessasit can be easily transformed into apatite by oxidation.
First, CaSisoxidized (it actually should burn):

2Ca3(s) +30,(g) = 2Ca0(s) + 2S0,(g) 2

(s=solid; g = gas)

Then the lime produced reacts with gaseous species of P
and CI to produce apatite:

10Ca0(s) + 3P,0x(g) + 2Cl(g) = 2Cas5(PO,)3Cl(s)  (3)

P,Os5(g) can be obtained from the cooling vapor—as
indicated by the destabilization of augite in Kodaikanal
inclusion 2—or from the burning of schreibersite,
barringerite, perryite, or any other phosphide, if necessary:

4(Fe,Ni)3P(s) + 50,(g) = 4(FeNi)(s) + 2P,05(9) (4)

Perryite could in addition also contribute to the high SiO,
content of the glasses.
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The co-existence of oldhamite and silica-alkali—rich glass
is aso typical for enstatite meteorites (e.g., Keil et al. 1989;
Varela et al. 1998). In addition, the complementary REE
patterns of apatite and glassin Guin indicate that these phases
are related: the removal of REEs from the local vapor by the
apatite precursor could have created the REE-depleted but Yb
and Eu-enriched environment necessary for the formation of
the REE-poor liquid which was quenched to glass. Thisis a
possible explanation for Guin but a different mechanism for
theremoval of REEsfrom the glassis needed for Kodaikanal.
Possibly, a metasomatic processthat removed Ca, Mg, and Fe
fromthe glassisalso responsiblefor the removal of the REES,
which found a sink outside the glass—possibly they became
concentrated in an REE-rich phase such as that present in OC
chondrite matrices (e.g., Rambaldi et al. 1981).

Rutile-Glass Relationship

Rutile in the Guin inclusion is generally poor in trace
elements, in particular in REEs. Their abundances could not
be measured, but those of the HREES can be estimated from
the Y abundance, which is ~0.1 x CI (Fig. 3). A few of the
other elements (Sc, Sr, Ba, V, Cr, Li, K, and B) have
abundances around 1 x Cl. However, two elements have
abundances that are very high: Zr (760 x Cl) and Be (520).
The co-existing glassis also rich in these elements, but their
abundances are not high enough for a chemica equilibrium
between rutile and a former glassy matrix. Very few partition
coefficients for rutile/silicate liquid are known (Jenner et al.
1993) for Sr = 0.5 and for Zr = 5. Given these (highest values
found), the rutile appearsto betotally out of equilibrium with
the glass with arutile-glass distribution ratio of 97 for Zr, but
it could have crystallized from a liquid containing 152 x ClI
Zr. These data and the high Be content suggest an exotic
source for the rutile. Because rutile is not known to be aphase
that can directly precipitate from the solar nebula, it very
likely had a precursor, presumably one from the clan of Ti-
rich phases usually associated with oldhamitein E meteorites.
Thelow REE abundancesin rutile point toward osbornite as a
possible precursor (e.g., Kurat et a. 1992), which was
oxidized to rutile. The source for the high Be content is
unknown and currently subject of an investigation—as is the
Zr problem.

Magnetite

Magnetiteis not part of the silicate inclusion assemblage
in Guin, but rather enclosed separately in the meta. Its
occurrence and co-existence with rust suggests a secondary
origin from a former assemblage that contained lawrencite.
Trace element contents are all very low, indicating a
lithophile-element—poor, metal-related source. However,
many hydrophile elements are present at detectable
abundance levels, which indicate that possibly terrestrial
water was involved in the oxidation event.

G. Kurat et al.
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Fig. 13. Cl-normalized estimated liquid REE contentsin equilibrium
with pyroxenes and apatites in the Guin (UNGR) and Kodaikanal
IIE iron meteorites. Liquid in equilibrium with pyroxenes and
apatite in the Kodaikanal inclusion have similar compositions and
indicate crystallization from a trace element—rich liquid with about
10-50 x Cl abundances (the universal liquid of Varela and Kurat
2004 and Kurat et a. 2004). Apatite from Guin apparently has a
source different from that in Kodaikanal. However, both of them are
far out of chemical equilibrium with the glass they are now
associated with.

Hypothetical Liquid Compositions

Estimates for abundances of REEs in the liquids that
could have crystalized the pyroxenes and apatite in
Kodaikanal range between 12 and 55 x CI, al with flat
patterns but at different levels: clinopyroxene needs a liquid
with REEs near 50 x Cl and low Ca-pyroxene and apatite a
liquid with REE ~20 x CI (Fig. 13). Hence, two different
liquids are indicated for the production of silicates and
apatite in Kodaikanal inclusion 2, both in the range of bulk
CAl compositions. However, given al the uncertainties
these data contain, they could be taken as to indicate a
single, refractory-element—rich liquid. Ruzicka et al. (1999,
2006) and Hsu (2003) reported very similar hypothetical
liquid compositions for the Mg/Fe phases in the Weekeroo
Station 11E, Sombrerete (UNGR) and Miles I1E irons, except
for afew that look fractionated but shall not concern us here.
Such liquids are predicted to be present in the solar nebula
under higher-than-canonical pressure regimes (e.g., Yoneda
and Grossman 1995), appear to be omnipresent in the early
solar nebula and to be responsible for the formation of
almost all rocks we get delivered as meteorites (e.g., Varela
and Kurat 2004, 2006). Therefore, it is possible that the
Kodaikanal silicates also formed from and with the help of
such liquids. If this is indeed the case, then the proto-
inclusions for Kodaikanal formed from liquids that directly
condensed from the solar nebula vapor at high T and p
conditions.
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A New Model for Il E Silicate I nclusion Formation

Recent attempts to model the formation of these rocks by
conventional magmatic approaches have met insurmountable
difficulties and reached nonsatisfying conclusions such as
“IlE iron meteorites could have formed by the collision
between an FeNi metal impactor and either a differentiated or
undifferentiated silicate-rich target of H-chondrite affinity.
More than one type of target may be necessary to account for
the full diversity of IIE-like meteorites.” (Ruzicka et al.
1999). Takedaet al. (2003) concluded that “these assemblages
cannot be made by impact melting of the H chondrites’—a
widely entertained model. Because none of the proposed
models can explain the existing wealth of contradictory data,
the obvious nonequilibria between co-existing phases, the
strange elemental fractionations with some incompatible
elements being depleted, others enriched, the high abundance
of apatite (about 10 vol% in near-surface glass) (Fig. 6), the
common presence of Eu and Yb abundance anomalies, the
complementary abundance anomaliesin apatite and glass and
many other features, we offer here an incomplete alternative
model for future tests and discussion.

If we consider the Kodaikanal inclusions, they could
have formed from a nebular refractory liquid that precipitated
in the first stage diopside, which at that stage acquired its
refractory trace element abundance. Thelack of olivinein the
assemblage points to the refractory nature of the
clinopyroxene-liquid assembly, the early condensing CAI-
related CMAS liquid of Yoneda and Grossman (1995). An
alternative possibility would be astrongly fractionated nebula
composition, which had to be depleted in condensable Mg as
compared to the standard solar nebula composition. Anyway,
possible ways to achieve that goal shall be investigated in the
future especially because similar liquids are also needed for
the formation of pyroxene-rich achondritic rocks (e.g.,
angrites, nakhlites, eucrites). The Kodaikanal primary silicate
liquid obviously precipitated first diopside (low-Al augite).
Addition of P to the system—by condensation from the vapor
or by dissolution of P-bearing phases—created a demand for
Cafor the formation of phosphates, which as a consequence
led to dissolution of the previously precipitated augite and its
partial replacement by low-Ca pyroxene. At that point the
liquid was dtill rich in refractory trace elements (as
documented by the precipitated phases) but was already poor
in Ca, which was utilized for the formation of phosphates and
was probably replaced by akalis from the vapor. The akalis
must have been fractionated from each other either by
gaseous or crystalline species akin to sulfides such as
dierfisherite (Kg[Cu,Fe,Ni]5S6Cl) and caswellsilverite
(NaCrS,) from which the alkalis were liberated by oxidation
and entered the silicate liquid in stochastic, nonchondritic
proportions. After quenching of the liquid, the crystal phases,
augite, enstatite, and apatite, were left embedded in a glass
that was rich in refractory elements and possibly also alkalis.
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In addition to the metasomatic processes that were already at
work up to this stage (addition of P and vapor-liquid exchange
of akalis for Ca), several metasomatic events must have
taken place likely in the subsolidus temperature range:

* exchange of Mg from the silicates for Fe, “equilibration”
of the pyroxene composition (see, e.g., Kurat 1988)
under conditions similar to those prevailing in the OC
chondrite formation region;

« equilibration of the O isotopes of the rock with those of
the vapor—also in the OC chondrite formation region (H
chondrite for I1E inclusions [Clayton et al. 1983], LL
chondrite for Guin [Rubin et al. 1985));

« exchange of Mg for moderately volatile elements, such
as Cr and Mn—also in the OC chondrite formation
region;

« removal of elements that could be mobilized (up to +3-
charged ions, including the REEs, but not HFSES) from
the glass (where diffusion is fast) but not from the
crystalline phases (where diffusion is slow) to the vapor
(see, eg., Engler et a. 2004).

The model for the formation of the Guin (UNGR) silicate
inclusion investigated is similar to that given above for
Kodaikanal. The record left in the inclusion alows us to
reconstruct the following possible genetic pathway:

« in astrongly reducing nebular vapor, CaS (and possibly
also TiN) was precipitated at high T, took al refractory
lithophile elements available, in particular the refractory
REEs (Lodders and Fegley 1993), and left behind a
vapor, which was depleted in these elements;

« from that fractionated vapor a silica-rich liquid, poor in
REEs but rich in Eu and Yb and CaS-incompatible
refractory elements (e.g., Al, Ti, Nb), precipitated and
was chilled;

e the products CaS—and possibly aso TiN—were
transferred into an oxidizing nebular region (similar to
the LL chondrite formation region), where the reduced
phases were oxidized and transformed into apatite and
rutile, respectively;

* here also, O was exchanged with the vapor and adjusted
to an isotopic composition similar to that of LL
chondrites;

» Ca from the glass was exchanged for akalis from an
unfractionated chondritic vapor.

Inclusions in IIE irons range in composition from
chondritic to highly fractionated, alkali-, pyroxene- and even
silica-rich. The suggested nebular processes can produce the
whole spectrum of inclusion rocks simply by changing the
Mg/Si ratio in the vapor. Changes in that ratio can best be
achieved by locking Mg into a silicafree phase, like
niningerite, or comparable gas species. A vapor with
chondritic Mg/Si ratio should produce olivine-bearing proto-
rocks such as olivine-anorthite, olivine-clinopyroxene rocks,
and Mg-depleted vapor protorocks like E meteorites. High
temperatures in the solar nebula in regions with redox
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conditions similar to those experienced by OCs led to
oxidation of previously formed sulfides (oldhamite,
niningerite, alkali-sulfides) and other phases (e.g., osbornite),
toaMg-Fe, Ca-alkali, and O exchange between vapor and the
silicate phases, and to homogeneous, equilibrated OC-like
mineral compositions.

The final product could be glass-rich objects such as
those we observe now as inclusions in FeNi metal. These
objects appear to have been overgrown first by schreibersite
and then gently been enclosed by metal produced in a
subsolidus process from carbonyls as suggested by Bloch and
Miller (1971) and discussed by Kurat (2003).

CONCLUSIONS

Phases in glass-bearing multiphase silicate inclusions in
the genetically related Guin (UNGR) and Kodaikana (I1E)
irons are chemically far out of equilibrium and strongly
fractionated, as previously observed in severa IIE irons.
From the discussion above, it is evident that the solution of
most problems posed by the Guin and K odaikanal inclusions
(and @l other IIE iron silicate inclusions) lies in the solar
nebula. Our data suggest that nebular condensation and
subsolidus nebular processing were responsible for the
formation of these rocks—as they appear to be for most
meteoritic matter. What becomes immediately evident is that
the story starts in a highly reducing environment with
condensation of refractory minerals and liquids (CAl-related)
and ends with elemental exchange reactions between solids
and the cooling vapor under oxidizing condition—a sequence
of eventsrecorded in most meteorites. The case of thellE iron
and Guin silicate inclusions appears to be no special case,
except for the size of the objects (cm-sized instead of mm-
sized like chondritic constituents) and their location (in metal
instead of a silicate rock, chondritic or achondritic).

The few phases present in Guin do not provide us with a
comprehensive genetic story but give us clear evidence for
high T condensation under reducing conditions and
metasomatism under oxidizing conditions. The condensation
event is recorded by the presence of large apatite and rutile,
which likely are derivatives of reduced early condensates
such as oldhamite and osbornite. The devitrified glass
associated with these phases has complementary REE
abundances to those of the apatite, clearly indicating a
condensation relationship, with the apatite being depl eted and
the glass being enriched in the moderately volatile REES Eu
and Yb relative to the neighboring REEs. High contents of
alkalis (in fractionated as well as unfractionated proportions)
and other volatile elements in the glass document a
metasomatic exchange with the cooling nebula, a process
previously identified for chondritic congtituents like
chondrules.

Silicateinclusionsin Kodaikanal contain arecord of high
T condensation from a non-fractionated nebular reservoir.

G. Kurat et al.

The vapor produced a liquid that was rich in refractory trace
elements and precipitated mainly clinopyroxene, some low-
Ca pyroxene, and apatite. These three phases kept a memory
of their derivation from arefractory element-rich liquid. This
liquid was quenched and is now present as glass. However,
the chemical composition of this glass is not refractory any
more, but has been changed to be siliceous, alkali-rich, and
REE-poor. This composition appears to be the result of a
metasomatic exchange between the glass and the cooling
nebula. In that process the REEs were removed (and probably
stored in a phase outside the glass—see e.g., Engler et al.
2004) and alkalis and other volatile elements were added to
the glass. That process seems to have taken place in an
environment similar to that in which the constituents of the
OCs were processed: the Fe/Mg ratio of the silicates and O
isotopic ratios were changed to those of OCs.

Finally, the rocks created in thisway were gently covered
by condensing schreibersite and wrapped up into metal (via
low-temperature condensation, possibly from carbony! break-
down), where we can find them now unscratched for our
investigations.

Inclusions found in other I1E irons can be created in the
same way but had to start out at different condensation p-T
conditions: the whole range is represented, from
unfractionated (chondritic inclusions, e.g., Netschaevo) to
highly fractionated rocks and glasses, e.g., in Kodaikanal.
The latter seem to have been derived from phases and liquids
(CAls) condensing at high temperature under generally
reducing conditions. These phases were subsequently
oxidized and metasomatically atered to akali- and Si-rich
rocks.
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