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Introduction: The presence of trivalent Ti in lunar
pyroxene has been inferred from electron probe [1, 2]
and spectroscopic [3, 4] analyses, even though (a) the
fO, of the Ti,05/TiO, buffer lies several orders of
magnitude below the iron-wiistite (IW) buffer; and (b)
Fe’" was reported [5], although [3] disputed the claim.
The valences of Ti, V and Cr in the olivine and pyrox-
ene of lunar igneous rocks, important indicators of the
SO, of their source regions, can be readily measured
nondestructively by XANES (X-ray Absorption Near-
Edge Structure) spectroscopy. Our initial work [6,7,8]
showed little Ti*" but much higher than expected pro-
portions of Ti in tetrahedral coordination; both obser-
vations call into question inferences of Ti'" based on
Ti/Al ratios >0.5 [1, 2]. Sung et al. [4] reported absorp-
tion bands in the visible to near-infrared region of
spectra A-17 pyroxene that were attributed to Ti’".
They estimated Ti’" proportions to be 30-40% from
electron probe analyses but assumed that Ti did not
enter tetrahedral sites. XANES work on A-17 glasses
and basalt compositions led Krawczynski et al. [9] to
conclude that ~10% of the Ti in their source region
could be trivalent, and Karner et al. [10] inferred an
SO, of IW-2 for A-17 orange glass from its V valence.
To see if the pyroxene and olivine in A-17 basalts do
indeed contain Ti’" and/or reduced V and Cr, we ana-
lyzed two samples, 70017 and 74275.

Samples and Methods: One polished thin section
of each sample was studied. Areas of the sections to be
analyzed were documented by SEM and analyzed by
energy-dispersive spectroscopy. XANES spectra were
collected using the GSECARS X-ray microprobe in
fluorescence mode, with a 1 pm X-ray beam. Valences
were determined following the results of [11], who
demonstrated that Ti K-edge XANES spectra of pure
Ti*"-bearing minerals fall into distinct valence-
coordination clusters on a plot of pre-edge peak inten-
sity vs. energy. Those with all Ti in tetrahedral coordi-
nation have high intensities and low energies, whereas
those with all Ti in octahedral coordination have low
intensities and high energies. Any Ti’" present in oli-
vine and pyroxene is expected to be in octahedral co-
ordination, yielding a third data cluster, pre-edge peaks
with relatively low intensity and low energy. Titanium
valences in unknowns were determined by applying
the lever rule to mixing lines for XANES results for
standards representing these three endmember occur-
rences. Valences are reported as values between 3 and
4, representing averages for the analytical volumes,

with precisions based on spectral fitting uncertainties.
The valence of V was determined from the absolute
intensity of the pre-edge peak ensemble compared to
glass standards as in [12]. The valence of Cr was de-
termined using Fe-free glass standards with Cr’" or
Cr*" as in [13]. For each analytical spot, spectra were
collected at two to four different orientations and then
merged to minimize orientation effects.

Sample petrography and mineral chemistry:

70017. The texture and mineral chemistry of this
medium-grained vesicular basalt were reported by
[14,15]. TIts mode is 50% pyroxene, 26% plagioclase,
22% ilmenite, and minor amounts of olivine, troilite,
metal, silica and mesostasis. Olivine and ilmenite crys-
tallized before pyroxene and plagioclase. Early pyrox-
ene is relatively Ti-, Al-rich augite; contents of these
minor elements decreased as crystallization continued
toward pigeonite composition [14].

74275. Also studied by [15], this sample is finer-
grained than 70017. It has olivine phenocrysts, smaller
pyroxene phenocrysts, and acicular armalcolite with
ilmenite rims in a groundmass of augite and plagio-
clase. Olivine is more abundant in this sample than in
70017 (~15 vs. ~1 vol%) and more magnesian (Fo7s.g5
vs. Foso.7p). Pyroxene in this sample is richer in TiO,
(3.6-6.1 wt%) than that in 70017 (1.6-3.6 wt%) [16].

Results: Preliminary XANES data for vanadium
indicate mixtures of V>* and V> for olivine and pyrox-
ene. Average pyroxene valences are 2.75+0.07 in
70017 and 2.87+0.05 in 74275. Average V valences in
olivine are lower, 2.60+0.16 in 70017 and 2.53+0.05 in
74275. More extensive results are available for Ti and
Cr (50 pyroxene and 18 olivine analyses).

Valence of Ti and Cr in pyroxene. Results are
summarized in Fig. 1. In 70017, Ti valence ranges
from 3.65+0.08 to 3.94+0.10 and averages 3.79+0.08.
For 74275, the range and average are 3.66+0.06 to
4.01+0.08 and 3.86+0.11, respectively, quite similar to
70017. The valences of Ti and Cr do not vary system-
atically with ferrosilite (Fs) (Fig. 1). The valence of Cr
(Fig. 1b) has a wider range in 70017, 2.69+0.05 to
2.84+0.05, than in 74275, 2.81+0.05 to 2.86+0.05.

Valence of Ti and Cr in olivine. Results are sum-
marized in Fig. 2. Just three analyses were obtained for
70017, all for olivine less magnesian than that ana-
lyzed in 74275, and containing no Ti’". Both Ti and Cr
are more reduced in 74275 olivine than in 70017 oli-
vine. In both samples Cr is more reduced in the olivine
than in the coexisting pyroxene. As the plots show, in
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pyroxene the Cr valence is >2.7, and in olivine it is 41 e
<2.7. In 70017, Ti is more reduced in pyroxene (avg. - PYROXENE
3.8) than in olivine (avg. 4.0), and in 74275 the Ti va- I
lences in olivine and pyroxene average 3.9.
Proportions of Ti in tetrahedral coordination in py- r
roxene. As in previous work [6,7,8] significant propor- a0 [ 1]
tions are observed. Pyroxene in 74275 generally has at L |
lower proportions of tet Ti (11-27%) than that in 70017 [
(18-43%), likely due to its higher Al,0O5 contents (5.0-
9.6 wt% in 74275 vs. 1.3-4.9 wt% in 70017) [8].
Discussion: These two rocks have very similar I q
bulk compositions but different crystallization se- 37 ]
quences [15], accounting for the differences in pyrox- i o ]
ene composition. Unlike that in 70017, pyroxene in 3 Fig. 1a
P |

74275 crystallized before Fe-Ti oxides and plagioclase Y ) PN ! P A M-
10 15 20 25 30 35 40

@ 70017 |]
a0 L O 74275 |]

Ti valence
=
\ 4

38

and thus has higher Al and Ti contents and lower tet Ti

proportions. Although the latter feature has been asso- Mole % Fs
ciated with lower Ti*" proportions, the range of va- 290
lence of Ti in pyroxene is about the same in both sam- [
ples (Fig. la), and it shows no correlation with Fs
component, tet Ti proportions, or atomic Ti/Al ratio. It
is worth noting that almost all pyroxene valence results
are not within error of 4.0. Pyroxene in both A-17 2.80
samples tends to have larger Ti’" components than was i
found for pyroxene in A-14 aluminous basalts [7], but
smaller ones than the 30-40% inferred by [4].

The large difference in average Cr valence between . i
the pyroxene (2.83+0.02) and olivine (2.38+0.11) in 2.70 |- ]
74275 is of interest. It was suggested [17] that the I ]
coarse, magnesian olivine “megacrysts” in this rock 265 |- ® 70017 k
are exotic fragments; Delano and Lindsley [18] agreed b O 74275 ]
with [17] that the 74275 bulk composition is not that of Fig. 1b
the parental melt put concluded that, unlike a dgll'ite 260 - '1'5' — '2'0' — ‘2'5' — ‘3'0‘ — '3'5‘ —
clast also found in 74275 [17], the coarse olivine
grains could be related to the host rock. Our data are Mole % Fs
consistent with these suggestions that the olivine and 410
pyx in 74275 did not crystallize from the same melt. r OLIVINE ‘

References: [1] Weill D. et al. (1971) PLSC 2", 4.05 |
413-430. [2] Papike J. et al. (1998) RiM 36, 7-1 — 7-11. C
[3] Burns R. et al. (1973) PLSC 4th, 983-994. [4] Sung 4.00 |
C-M. et al. (1974) PLSC 5th, 717-726. [5] Cohen A. . GE G
(1973) LS IV, 151-153. [6] Simon S. et al. (2014) LPS 395 I
XLV, Abstr. #1063. [7] Simon S. and Sutton S. (2016)
LPS XLVII, Abstr. #1251. [8] Simon S. and Sutton S.
(2016) M&PS, in review. [9] Krawczynski M. et al.
(2009) LPS XL, Abstr. #2164. [10] Karner J. et al.
(2006) Am. Min. 91, 270-277. [11] Farges F. et al. 280 [ & 70017
(1997) Phys. Rev. B, 56, 1809. [12] Sutton S. et al. O 74275
(2005) GCA 69, 1404. [13] Goodrich C. et al. (2013) 375 | 3
GCA 122, 280. [14] Longhi et al. (1974) PLSC 5th, C Fig.2 1
447. [15] Hodges F. and Kushiro 1. (1974) PLSC 5t}f, 3.702._2‘ o= 2.'3' o= '2.'4' o '2.'5' — szel — '2.'7' — ‘2_‘8
505. [16] Meyer C. (2011) Lunar Sample Compendi-
um. [17] Walker D. et al. (1976) EPSL, 30, 27-36. [18] Cr valence
Delano J. and Lindsley D. (1982) LPS X111, 160-161.
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OXYGEN AND MAGNESIUM ISOTOPIC COMPOSITIONS OF GROSSITE-BEARING INCLUSIONS IN
DOM 08004 (CO3.1) AND DOM 08006 (CO3.0) CHONDRITES. S. B. Simon?, A. N. Krot?", and K. Nagashima?.
!Department of the Geophysical Sciences, University of Chicago, Chicago, IL 60637, USA (shs8@uchicago.edu).
2HIGP/SOEST, University of Hawai‘i at Manoa, Honolulu, HI 96821, USA (*sasha@higp.hawaii.edu).

Introduction: Ca,Al-rich inclusions (CAls) in the
least metamorphosed chondrites show a bimodal distribu-
tion of the initial 2Al/Z7Al ratio [(2°Al/?” Al)g] with peaks
at ~0 and ~5x10-° [1-5], most likely indicating heteroge-
neous distribution of 2Al in the protoplanetary disk dur-
ing an apparently brief epoch of CAI formation [2]. Most
CAls in these chondrites are uniformly 160-rich (AYO ~ —
24%o) suggesting formation in a gas of ~solar composition
[3,4]. The important exceptions are isotopically anoma-
lous 28Al-poor CAls with fractionation and unidentified
nuclear effects (FUN) [5], 2°Al-poor platy hibonite crys-
tals (PLACS) [6], and 2°Al-poor grossite-rich CAls in CH
chondrites showing a range of A0, from ~ —35%o to ~ —
10%o [7,8]. Grossite, CaAl4Oy, is one of the most refrac-
tory minerals predicted to condense from a cooling gas of
solar composition [9]. Grossite-bearing inclusions are a
relatively rare type of CAls in most chondrite groups, ex-
cept CH chondrites, the only group where they have been
extensively studied [10-13]. Here, we report on the min-
eralogy, petrography, O and Al-Mg isotope systematics of
six grossite-bearing CAls in DOM 08004 (C0O3.1 [14])
measured in situ with the UH Cameca ims-1280. For ana-
lytical conditions during SIMS measurements see [12].
Isotopic compositions of grossite-bearing CAls in DOM
08006 (C0O3.0) will be reported at the meeting.

Mineralogy and Petrography: For details, see [14].

DOM 08004: CAI 16-1 has a hibonite (in wt%: ~0.9
MgO, ~1.9 TiO,) —grossite—perovskite core surrounded
by the layers of spinel, melilite (Ak;_s), Al-diopside (0.6—
9.6 Al,Os, 0-1 TiOy), and forsterite (Fig. 1a). CAl 26-1
consists of platy hibonite (~0.7 MgO, ~1.6 TiO5) crystals
surrounded by grossite (Fig. 1b). CAls 44-2 (Fig, 2a), 75-
1 and 77-1 consist of several mineralogically-zoned bod-
ies composed of grossite and perovskite, and surrounded
by layers of spinel and melilite (Ak;_12). CAl 55-1 occurs
inside a magnesian porphyritic olivine-pyroxene chon-
drule (Fig. 2b). Its core consists of grossite, melilite (Aks
11), and perovskite; it is surrounded by layers of spi-
nel+perovskite and plagioclase (Fig. 1f). The spinel layer
is corroded by plagioclase and overgrown by Cr-bearing
spinel. Grossite in all CAls experienced incipient replace-
ment by a secondary Fe-rich phase (“sec” in Figs. 1, 2).

DOM 08006: CAI 31-2 has a core composed of
hibonite (~0.9 MgO, ~1.8 TiO,), grossite, and perovskite;
it is surrounded by the layers of melilite (Akz 44), Ti-free
diopside (~0.2 Al,O3), forsterite (Fay) + FeNi-metal (oxi-
dized to magnetite), and low-Ca pyroxene (FsiWo0o1)
(Fig. 3a). CAI 56-1 has a corundum-hibonite (~0.6 MgO,
~1.1 TiOy)—grossite core surrounded by the melilite
(Aki1) and Al-diopside rims. Corundum and hibonite are
corroded by hibonite and grossite, respectively. CAl 99-1

Fig. 1. BSE images of the 25Al-poor grossite-bearing CAls
16-1 and 26-1 from DOM 08004 (C03.1). Hereafter: cor =
corundum; cpx = high-Ca pyroxene; grs = grossite; hib =
hibonite; mel = melilite; pv = perovskite; px = low-Ca py-
roxene; sec = secondary phase; sp = spinel.

is an aggregate of several concentrically-zoned objects
having spinel-hibonite (~2 MgO, ~5 TiO2)—perovskite or
grossite cores which are surrounded by the layers of meli-
lite (Aky) and spinel-melilite (Aky), respectively (Fig. 3c).

Diverse secondary minerals (magnetite, N-rich metal,
Ni-bearing sulfides, Fe,Ni-carbides, phyllosilicates, and
fayalite) are observed in matrices and chondrules of DOM
08004 and DOM 08006, suggesting that both meteorites
experienced hydrothermal alteration [15].

Oxygen isotopes: On a three-isotope oxygen diagram
(8*"0 vs. 5'80), compositions of the grossite-bearing
CAls in DOM 08004 plot along ~slope-1 line. In Fig. 4,
we show A0 values (= 8170 - 0.52x580) of individual
minerals in these CAls. All CAls are isotopically hetero-
geneous, with grossite and, in most cases, melilite being
160-depleted relative to spinel, hibonite, and Al,Ti-diop-
side. Spinel in the relict CAl 51-1 shows a range of A0
most likely refecting partial melting and overgrowth by
Cr-bearing spinel during crystallization of the %0-poor
host chondrule.
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Fig. 2. BSE images of the 2Al-rich grossite-bearing CAls
44-2 and 51-1 from DOM 08004 (C03.1).
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Fig. 4. AYO values of the DOM 08004 grossite-bearing
CAls. TF = terrestrial fractionation line.

Magnesium isotopes: Hibonite and grossite in CAls
16-1 and 26-1 show no resolvable excesses of 2Mg*,
(%Al Al)o < 5.7x1077 and <6.8x1077, respectively. Gros-
site in CAls 44-2, 51-1, 75-1 and 77-1 shows large 2Mg*
excesses correlated with their Al/Mg ratios, correspond-
ing to inferred (®AlIFAl), of (4.4+0.3)x107,
(4.040.3)x107°, (4.5+0.3)x10 and (4.3+0.3)x107, re-
spectively. The (8Al/27Al), values systematically lower
than the canonical ratio are probably due to use of an im-
proper Al/Mg sensitivity factor for grossite, that was as-
sumed to be the same as for hibonite [3].

Discussion: The 60-depleted compositions of gros-
site and melilite in DOM 08004 CAls may have resulted
from postcrystallization exchange during fluid-rock inter-
action on the CO chondrite parent body [15]. The altera-
tion appears to not have affected the Al-Mg systematics
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Fig. 3. BSE of the grossite-bearing CAls 32-1, 5
1 from DOM 08006 (CO3.0).
of the CAls. Therefore, the inferred (28Al/2"Al), likely re-
flect the heterogeneous distribution of Al in the CAI-
forming region. The 26Al-poor CAls could have formed
prior to addition of 2°Al to the protoplanetary disk.
References: [1] MacPherson G. et al. (2014) LPS, 45,
#2134. [2] Krot A. et al. (2012) MAPS, 47, 1948-1979.
[3] Makide K. et al. (2009) GCA, 73, 5018-5051. [4]
Koop L et al. (2016) GCA, 184, 151-172. [5] Krot A. et
al. (2010) ApJ, 713, 1159-1166. [6] Kodp L. et al. (2016)
GCA, 189, 70-95. [7] Krot A. et al. (2008) ApJ, 672, 713—
721. [8] Gounelle M. et al. (2009) ApJ, 698, L18-L22.
[9] Grossman L. (2010) MAPS, 45, 7-20. [10] Kimura M.
et al. (1993) GCA, 57, 2329-2359. [11] Weber D. et al.
(1995) GCA, 59, 803-823 [12] Krot A. et al. (2017a)
GCA, in press. [13] Krot A. et al. (2016) LPS, 47, #1203.
[14] Simon S. & Grossman L. (2015) MAPS, 50, 1032-
1049. [15] Krot A. et al. (2017) LPS, 48, this issue.
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DIVERSE ALTERATION OF DOM 08006 (C03.0) AND DOM 08004 (C03.1) AND ITS EFFECT ON
OXYGEN ISOTOPIC COMPOSITIONS OF GROSSITE-BEARING REFRACTORY INCLUSIONS. A. N.
Krot, K. Nagashimg and S. B. SimonHIGP/SOEST, QLYHUV LW\ RI +DHAdddlyw, H) 9682L-UIR D
(*sasha@higp.hawaii.ediitDept of the Geophysical Science$he University ofChicago, Chicago, IL 60637, USA.

Introduction: Most Ca,Akrich inclusions (CAIS)
in chondritesof petrologic type< 3.0(CO, CR, CM)are
uniformly *O-rich (‘72 a A Asuggestingfor-
mation in a gas of approximately solar composifibn
2]. In contrast, mlilite and anorthite in CAls fror€O
and CVchondrites of higher petrologic type3.1) are
often *%O-depleted to various degrees4p3 indicative
of postcrystallization exchange widim'®O-poorexter-
nal reservoir.The place and mechanism of this ex-
change (gasmelt or gassolid in the nebulass. fluid-
rock on the parent baogk) remain controversial4 6].

In our companion abstract [7], we reported on the min
eralogy, petrogaphy and Gsotope compositionfnly

in DOM 08004) of grossitebearing CAls inDOM
08004 6 (C0O3.1)and DOM 0800656 (CO3.M) (class-
fication is based on @Dz contensin chondrule ferroa
olivines [8 A0, this study). In DOM 08004 grossite
bearing CAlsare isotopically heterogeneous with gros-
site('72 A A WRand in mostases, melilite
('Y72 1A WR Abding%0O-depleted relative to
hibonite, spinel, and Al, Tiliopside('’2 a A An
DOM 08004, gossite experienced incipient replace-
ment byFe-rich phases(s)in DOM 08006t is petro-
graplically pristine Both meteorites experiencedter-
oidal alteration resulting in formation ghyllosilicates
and abundannagnetite 9 12]. To understangossible
effect of this alteration orthe O-isotope compositions
of grossitebearingCAls, we studied secondary miner-
alization of DOM 08004 and 08006 bthe UH field
emissionelectron microprobdEOL JXA8500F.Oxy-
genisotope compositions of magnetite to be measure
in situ with the UH Cameca im%280 will be reported
at the meeting.

Seconday mineralization in DOM 08004
(C0O3.1) Most Fe,Nimetal nodules in chondrules are
pseudomorphically replaced by -Bearing magnetite
and Nirich metal, an@ftenovergrown bycleanCr-free
magnetite(Fig. 18). Chondrule mesostasis is partially
replaced byphyllosilicates. The most extensive altera-
tionwas is found insilica-bearing pyroxene chondrules,
in which silica isnearlycompletely pseudomorphically
replaced by Feich hydrous phase(s)(in wt%, 26.5
SiO,, 0.93 AbO;, 61.5 FeO, 0.62 MnO, 4.6 MgO, 0.2
Ca0, 0.14 NgO, =94.5 3V H FFid-1). Some oli-
vinesin type | and type Il chondrulgagmentsare over-
grown by nearly pure fayalite (Fig&c,d). Matrix and
fine-grained chondrulgims contain abundant submi-
cronsized grains of ferroan olivip@ndare occasion-
ally crosscut by fayalite vein&ig. 1b). In addition,the
matrix contains abundant coarse euhetralubhedral
magnetite grains associated with-idih metal and

Fig. 1. Backscattered electron ) images of seconde
mineralization in DOM 08004 (C0O3.1). met = FeNetal
mgt = magnetite; ol = olivine; phyl = phyllosilicates; p
low-Ca pyroxene; sec = second&eyrich hydrousphasés),
sf = sulfide; sil = silca.



































































































































































































