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Abstract-The metal-rich chondrites Hammadah al Hamra (HH) 237 and Queen Alexandra Range -
(QUE) 94411, paired with QUE 94627, contain relatively rare (<1 vol%) calcium-aluminum-rich -
inclusions (CAIs) and Al-diopside-rich chondrules. Forty CAls and CAI fragments and seven Al--
diopside-rich chondrules were identified in HH 237 and QUE 94411/94627. The CAls, ~50—400 um
in apparent diameter, include (a) 22 (56%) pyroxene-spinel + melilite (+forsterite rim), (b) 11 (28%)
forsterite-bearing, pyroxene-spinel + melilite + anorthite (+forsterite rim) (c) 2 (5%) grossite-rich
(+spinel-melilite-pyroxene rim), (d) 2 (5%) hibonite-melilite (+spinel-pyroxene =+ forsterite rim), (e)
1 (2%) hibonite-bearing, spinel-perovskite (+melilite-pyroxene rim), (f) 1 (2%) spinel-melilite-
pyroxene-anorthite, and (g) 1 (2%) amoeboid olivine aggregate. Each type of CAI is known to exist
in other chondrite groups, but the high abundance of pyroxene-spinel + melilite CAls with igneous
textures and surrounded by a forsterite rim are unique features of HH 237 and QUE 94411/94627.
Additionally, oxygen isotopes consistently show relatively heavy compositions with A170 ranging
from —6%o to —10%o (1o = 1.3%0) for all analyzed CAI minerals (grossite, hibonite, melilite, pyroxene,
spinel). This suggests that the CAls formed in a reservoir isotopically distinct from the reservoir(s)
where "normal", 160-rich (A170 <-20%0) CAls in most other chondritic meteorites formed.

The Al-diopside-rich chondrules, which have previously been observed in CH chondrites and
the unique carbonaceous chondrite Adelaide, contain Al-diopside grains enclosing oriented
inclusions of forsterite, and interstitial anorthitic mesostasis and Al-rich, Ca-poor pyroxene,
occasionally enclosing spinel and forsterite. These chondrules are mineralogically similar to the
Al-rich barred-olivine chondrules in HH 237 and QUE 94411/94627, but have lower Cr
concentrations than the latter, indicating that they may have formed during the same chondrule-
forming event, but at slightly different ambient nebular temperatures. Aluminum-diopside grains
from two Al-diopside-rich chondrules have O-isotopic compositions (A170 ~—7 = 1.1%o) similar
to CAl minerals, suggesting that they formed from an isotopically similar reservoir. The oxygen-
isotopic composition of one Ca, Al-poor cryptocrystalline chondrule in QUE 94411/94627 was
analyzed and found to have A170 =~ -3 = 1.4%o.

The characteristics of the CAls in HH 237 and QUE 94411/94627 are inconsistent with an impact
origin of these metal-rich meteorites. Instead they suggest that the components in CB chondrites are
pristine products of large-scale, high-temperature processes in the solar nebula and should be considered
bona fide chondrites.
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TABLE 1. List of CAls and Al-diopside-rich chondrules studied in Hammadah al Hamra 237 and QUE 94411/94627.

Krot et al.

Chondrite ps CAI no. Core mineralogy Rim mineralogy

hb ars pv  mel sp cpx fo an mel sp cpx fo
Hibonite-rich/bearing CAls
HH 237 1 #4-1 + - + + + - - - - + + +
HH 237 AM #4 + - - + + - - _ + _ + _
HH 237 Is #11 + - + - + - - - + - + _
Grossite-rich CAIs
HH 237 S #1 - + — - - — — - + + + _
QUE 94411 4 #3, fr - + - - - - - - - - - _
Pyroxene-spinel = melilite CAls and fragments
HH 237 AM #1 - - - + + + - - - - — +
QUE 94411 4 #2, fr - - - + - - - - - _ - _
QUE 94627 4 #A - - - + + + - - - - - +
QUE 94627 4 #C - - + - + - - + + - + -
HH 237 ss #1 - - + + + + - - - _ - +
HH 237 Ss #2 - - + + + + - — + — + —
HH 237 Is #7 - - + + + - - - - +
HH 237 Is #9 - - - + + + - - - - - +
HH 237 Is #9a - - - + - - — _ - + + +
HH 237 Is #14 - - + + + + - - - — - +
HH 237 Is #15, fr - - - + + - - - - _ - -
HH 237 I #1-2 - - - - + + - - - - - +
HH 237 1 #3-1 - - - - + + - - - - - +
HH 237 ] #4-2 - - - + + + - - - - _ +
HH 237 AM #6, fr - - - - + - - - - - - -
QUE 94411 4 #1 - - - - + + - - — - - +
QUE 94411 4 #5, fr - - - - + + - - - - - -
HH 237 s #3 - - - - + + - - - — - +
HH 237 AM #5, fr - - - - - + - - ~ - - _
QUE 94411 6 #1 - - - - - + - - - - - +
QUE 94627 4 #D, fr - - - - - + - - - - - _
HH 237 Is #5 - - - - - + - - - - - +
HH 237 Is #12 - - - - - + - - - - - +
HH 237 s #2, fr - - - - - + - - - _ - _
Forsterite-bearing, pyroxene-spinel *+ melilite CAIs
HH 237 1 #1-1, fr - - - + + + + + - — _ -
HH 237 1 #1-3 - - - - + + + + - - - -
HH 237 1 #4-3 - - - - + + + - - - — +
HH 237 AM #2 - - - - + + + - - - - +
HH 237 ss #3, fr - - - - + + + - - - - -
HH 237 ss #4, fr - - - - + + + - - _ - -
HH 237 Is #38 - - - - + + + - - - — +
HH 237 s #4, fr - - - - - + + - - - - -
HH 237 AM #3 - - - - - + + - - - - +
Chondrite ps chd no. hb ars pv. mel sp cpx px fo  mes
Al-diopside-rich chondrules
HH 237 Is #6, fr - - - - + + - + -
HH 237 Is #2, fr - - - - + + - + -
HH 237 Is #3 - - - - + + - + -
HH 237 ss #5 - - - - + + - + -
QUE 94411 6 #2 - - - - - + + - -
QUE 94627 4 #B - - - - - + + + +
QUE 94627 4 #F - - - - - + + + +
HH 237 Is #4 - - - — - + + + +
HH 237 AM #5a - - - - - + - + +

Abbreviations: hb = hibonite; grs = grossite; mel = melilite; pv = perovskite; sp = spinel; cpx = Al,(Ti)-diopside; px = low-Ca pyroxene;
an = anorthite; mes = mesostasis; fo = forsterite; ps = polished section number; no = CAl/chondrule number; fr = fragment.
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Refractory CAls and Al-diopside-rich chondrules in HH 237 and QUE 94411 1191

INTRODUCTION

Hammadah al Hamra (HH) 237 and Queen Alexandra
Range (QUE) 94411, paired with QUE 94627, are metal-rich
meteorites (60—-70 vol% of FeNi-metal), which also contain
calcium-aluminum-rich inclusions (CAls), Al-diopside-rich
chondrules, barred-olivine, and cryptocrystalline chondrules
(Zipfel et al., 1998; Weisberg et al., 1998, 2001; Campbell et
al.,2000; Meibom et al., 2000; Petaev et al., 2001; Krot et al.,
2001). They show several unique, mineralogical and chemical
signatures, which are largely shared with the CH chondrites
and two other metal-rich chondrites, Bencubbin and
Weatherford. (1) They have much higher metal/silicate ratios
than any other chondrite group; (2) fine-grained matrix material
associated with chondrules, metal and CAls is largely absent;
(3) nitrogen isotopic compositions show extreme enrichments
in 15N; and (4) they are highly depleted in moderately volatile
elements (Na, K, S). Based on these observations and the fact
that CR and CH chondrites and several ungrouped metal-rich
chondrites (HH 237, QUE 94411/94627, Bencubbin,
Weatherford) have similar bulk O-isotopic compositions, these
meteorites have been grouped together in the CR clan
(Weisberg et al., 1998, 2001).

Although rare, heavily-hydrated matrix lumps (often called
dark inclusions or dark clasts), mineralogically similar to those
present in the CH and CR chondrites (e.g., Grossman et al.,
1988; Scott, 1988; Bischoff et al., 1993a,b; Endref et al., 1994),
were identified in QUE 94411/94627 and HH 237, chondrules
and CAlIs in these meteorites show no evidence for aqueous
alteration (Greshake et al., 2000; Krot et al., 2001). Based on
the presence of metastable, compositionally zoned metal grains
in these meteorites, it was concluded that these rocks escaped
thermal metamorphism above 300 °C (Meibom et al., 2000;
Weisberg et al., 2001). The primitive characteristics of QUE
94411/94627 and HH 237 make them potentially important
for understanding high-temperature nebular processes.

Wasson and Kallemeyn (1990) and Wasson (2000, pers.
comm.) questioned the classification of the QUE 94411/94627,
HH 237 and CH chondrites as primitive carbonaceous
chondrites and suggested that their unusual mineralogical
and chemical characteristics could have resulted from
melting, vaporization, outgassing, condensation, and size-
sorting in a cloud of impact ejecta on the CR parent asteroid.
In this model, CAIs are conceived as foreign objects that
were randomly mixed in the ejecta during late stages of the
impact process.

In this paper, we describe the mineralogy, petrography and
oxygen isotopic compositions of 40 CAls and 7 Al-diopside-
rich chondrules in QUE 94411/94627 and HH 237 (Table 1).
We compare them to CAls and Al-rich chondrules in other
chondrite groups and discuss their crystallization histories and
relationship to the barred-olivine chondrules in QUE 94411/
94627 and HH 237. Additionally, we argue that the
characteristics of the CAIs and Al-diopside-rich chondrules in

QUE 94411/94627 and HH 237 are inconsistent with an impact
origin for these metal-rich chondrites.

ANALYTICAL PROCEDURES

Polished sections of Bencubbin (USNM 5717-1) HH 237
[1, s, ss, Is, AMNH 4956-2 (AM)] and QUE 94411 (4,6, 7,9)
paired with QUE 94627 (4) were studied using optical
microscopy, backscattered electron (BSE) imaging, x-ray
elemental mapping, electron probe microanalysis (EPMA),
laser ablation inductively-coupled plasma mass spectrometry
(LA-ICP-MS), and ion probe microanalysis. BSE images were
obtained with a Zeiss DSM-962 scanning electron microscope
(SEM) using a 15 kV accelerating voltage and 1-2 nA beam
current. Electron probe microanalyses were performed with a
Cameca SX-50 electron microprobe using a 15 kV accelerating
voltage, 10-20 nA beam current, beam size of ~1-2 ym and
wavelength dispersive x-ray spectroscopy. For each element,
counting times on both peak and background were 30 s (10 s
for Na and K). Matrix effects were corrected using PAP
procedures. Representative analyses are shown in Tables 2 to
6. The element detection limits with the Cameca SX-50 were
(in wt%): SiO,, Al,03, MgO, V;0s, 0.03; TiO,, CaO, K»0,
0.04; Na,0, 0.05; Cr,03, 0.06; MnO, 0.07; FeO, 0.08.

X-ray elemental maps with resolution of 2—5 um/pixel were
acquired using five spectrometers of the Cameca microprobe
at 15 kV accelerating voltage, 50-100 nA beam current and
~1-2 um beam size. The elemental maps in Mg, Ca, and Al
Ka were combined using a RGB-color scheme. The obtained
false color maps were used to identify Al-rich objects larger
than 5-10 gm in apparent diameter.

Bulk compositions of CAIs were calculated based on modal
mineralogy (estimated from BSE images and x-ray elemental
maps) and mineral compositions (Table 7). The average
analytical errors resulted from uncertainties in the modal
mineralogy estimates were ~5—10 rel%. Bulk compositions of
chondrules were measured using defocused (10 #m) electron
beam analysis (Table 8). The analytical errors for the bulk
compositions of the Al-diopside-rich and barred-olivine
chondrules were (in wt%): SiO,, CaO, MgO, <2; TiO,, <0.2;
A1203, FeO, <1; Cr03, <0.3; MnO, Na,O, and K,O were
generally below the detection limits of electron microprobe
analysis. The analytical errors for the bulk compositions of
the cryptocrystalline chondrules were <0.2 wt% for all elements
analyzed. Trace elements in CAls and chondrules were
analyzed using the Natural History Museum VG PlasmaQuad
LA-ICP-MS, with a 213 nm laser; typical pit sizes were 50 to
90 um; analytical errors were ~10-20 rel% (for details see
Russell et al., 2000b). Results are shown in Table 9.

Oxygen isotopic ratios were measured in situ with the UCLA
Cameca IMS 1270 ion microprobe operating at a high mass
resolution with a beam spot size of ~10 um (for details see
McKeegan et al., 1998a; Simon et al., 2000). Instrumental mass
fractionation was corrected by using a Burma spinel and San Carlos
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Refractory CAls and Al-diopside-rich chondrules in HH 237 and QUE 94411 1195
TABLE 7. Bulk compositions (normalized to 100%) of CAls in Hammadah al Hamra 237 and QUE 94411/94627.
Chondrite  ps CAlno. core [rim] mineralogy SiO, TiO, Al,03 Cr,03 FeO MnO MgO CaO NaO K0
HH 237 | #4-1 hb+mel+pv [sp+cpxt+fo] 143  0.86 564 <0.06 0.63 <0.07 6.8 21.1 <0.05 <0.04
HH 237 AM #4 hb+mel+pv [mel+sptcpx] 12.7 0.81 592 <0.06 0.63 <0.07 0.8 259 <0.05 <0.04
HH 237 s #1 grs+pv [mel+sp+cpx] 5.8 039 69.1 <0.06 031 <0.07 1.2 232 <0.05 <0.04
HH 237 ss #2, fr mel+pv+sp+cpx 123 3.0 507 013 24 <0.07 19.5 119 <0.05 <0.04
HH 237 AM #1 mel+sp+cpx [fo] 159 060 498 0.09 066 <0.07 194 137 <0.05 <0.04
HH 237 Is #11 sp+hbtpv [mel+cpx] 15.6 5.1 45.1 0.08 1.0 <0.07 156 174 <0.05 <0.04
HH 237 Is #7 mel+sp+cpx [fo] 177 022 443 024 0.89 <0.07 240 127 <0.05 <0.04
HH 237 ss #1 mel+pv+sp+cpx [fo] 23.8 091 339 0.08 026 <0.07 6.7 343 <0.05 <0.04
HH 237 Is #9a mel [cpx+fo] 249 022 321 <0.06 0.45 0.10 4.5 377 <0.05 <0.04
HH 237 Is #9 mel+sp+cpx [fo] 275 2.1 299 014 064 <0.07 12.7 27.0 <0.05 <0.04
QUE 94627 4 #A mel+sp+cpx [fo] 272 1.1 295 0.4 070 <0.07 14.8 265 <0.05 <0.04
HH 237 Is #14 mel+pv+sp+cpx [fo] 25.8 3.2 27.7 0.10 1.1 <0.07 14.6 275 <0.05 <0.04
HH 237 Is #1-1 mel+sp+cpx+an 376 0.69 243 0.12  0.70 <0.07 174 19.2  <0.05 <0.04
HH 237 1 #4-2 cpx+sp [fo] 240 2.0 399 028 0.57 <0.07 200 132 <0.05 <0.04
HH 237 1 #1-2 cpx+sp [fo] 27.4 0.75 36.6 0.19 1.9 <0.07 173 15.8 <0.05 <0.04
HH 237 Is #8 cpx+sptfo [fo] 325 1.1 279 014 097 <0.07 260 114 <0.05 <0.04
QUE 94411 6 #1 cpx-+sp [fo] 425  0.86 9.1 011 071 <0.07 34.8 120 <0.05 <0.04
HH 237 1 #4-3 sp+cpx+fo [fo] 424 050 46 <006 031 <0.07 457 6.4 <0.05 <0.04
Abbreviations as in Table 1.
TABLE 8. Bulk compositions (normalized to 100%) of chondrules in Hammadah al Hamra 237 and QUE 94411/94627.
Chondrite ps chd Type SiO, TiO, AlLO3 Cry03 FeO MnO MgO Ca0O Na,O
QUE 94411 6 #9 CcC 52.9 <0.03 <0.04 0.68 1.4 <0.07 45.0 <0.04 <0.05
HH 237 1 #2 CcC 54.7 <0.03 <0.04 0.64 0.73  <0.07 43.8 <0.04 <0.05
QUE 94411 6 #7 CcC 55.0 <0.03 <0.04 0.69 1.1 <0.07 43.1 <0.04 <0.05
HH 237 1 #11 Ccc 54.9 <0.03 022 0.71 071 <0.07 432 0.16 <0.05
HH 237 1 #17 CcC 522 0.05 0.67 0.44 1.4 <0.07 445 0.70  <0.05
QUE 94411 6 #12 CcC 53.9 0.06 0.77  0.73 1.0 <0.07 42.8 0.69 <0.05
QUE 94411 6 #8 CcC 53.6 0.09 1.4 0.58 1.2 <0.07 419 1.2 <0.05
QUE 94411 6 #5 CcC 53.3 0.08 1.7 0.66 0.94 0.08 419 1.3 <0.05
HH 237 1 #10 CcC 53.0 0.10 1.9 0.77 2.5 022 399 1.6 <0.05
HH 237 1 #13 CcC 522 0.17 3.7 0.77 3.8 027  36.0 2.9 0.10
QUE 94411 6 #10 CcC 514 0.18 3.8 0.92 2.4 0.11  37.6 3.5 0.08
HH 237 | #8 CC 52.4 0.18 42 0.74 0.80 <0.07 382 3.4 0.07
HH 237 1 #12 CcC 522 0.20 4.6 0.77 2.2 038  36.1 33 0.28
QUE 94411 6 #6 BO 52.1 0.27 5.8 0.84 2.8 <0.07 334 4.7 <0.05
QUE 94411 6 #1 BO 48.7 0.19 7.0 0.58 2.9 025 359 4.4 0.06
HH 237 1 #7 BO 45.9 0.37 9.3 0.44 5.4 <0.07 31.5 7.0 <0.05
HH 237 1 #14 BO 46.3 042 10.1 0.60 4.3 <0.07 304 7.7 0.09
HH 237 1 #8 BO 47.8 040 105 0.41 2.6 <0.07 30.8 7.4 <0.05
HH 237 1 #16 BO 46.3 0.44  10.6 0.45 39 <0.07  30.6 7.6 0.06
HH 237 1 #9 BO 46.3 044 108 0.47 3.6 <0.07 304 8.0 <0.05
QUE 94411 6 #3 BO 47.7 0.41 11.0 0.43 2.2 <0.07 30.5 7.6 0.06
QUE 94411 6 #2 BO 47.6 040 11.1 0.48 3.5 <0.07 294 7.5 <0.05
HH 237 1 #3 BO 44.8 0.48 12.2 0.28 2.4 <0.07 32,5 7.2 0.09
QUE 94411 6 #11 BO 44.8 0.48 12.2 0.28 2.4 <0.07 325 7.2 0.09
QUE 94411 6 #2 BO 48.8 0.47 12.3 0.33 1.6 <0.07 28.5 9.2 <0.05
HH 237 1 #15 BO 44.7 0.54 14.0 0.32 4.9 <0.07 26.6 8.8 0.09
QUE 94627 4 #F Al-di 49.3 0.77 12.8 0.12 1.6 <0.07 24.3 11.7 0.21
QUE 94627 4 #B Al-di 48.1 0.78 13.8 0.08 1.6 <0.07 20.5 15.2 0.08
HH 237 MW #5a Al-di 46.2 1.1 16.7 0.10 2.3 <0.07 149 18.6 0.05

Abbreviations as in Table 1; BO = barred olivine chondrule; CC = cryptocrystalline chondrule; and Al-di = Al-diopside-rich chondrule.
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TABLE 10. Oxygen-isotopic compositions of CAls and chondrules in Hammadah al Hamra 237 and QUE 94627.

Chondrite ps CAI/Chd.  core [rim] mineralogy min pt 4180 lo o170 lo Al70 lo

no. (%) (%) (%o0) (%) (%o) (%)

HH 237 AM  #4 hb+mel+pv [sp+mel+cpx] hb+mel 4 -12.98 146 -16.72 121 -9.98 1.17
HH 237 AM  #4 hb+mel+pv [sp+tmel+cpx] hb+mel 5 -12.14 1.58 -16.20 122 -9.89 1.22
HH 237 s #1 grs [sp+mel+cpx] ers 7 -11.87 1.56 -13.33 .12 -7.16 1.11
QUE 94627 4 #C sp+pv [mel+cpx+an]  sptcpxtan C -1736 197 -18.49 128 -9.46 1.39
QUE 94627 4 #A mel+cpx+sp [fo] mel 1 -10.99 2.03 -15.35 2.03 -9.63 1.50
QUE 94627 4 #A mel+cpx+sp [fo] mel 4 -5.55 191 -11.46 1.98 -8.57 1.39
QUE 94627 4  #A mel+cpx-+sp [fo] mel 7 -8.49 1.84 -13.64  2.04 -922 144
QUE 94627 4 #A mel+cpx+sp [fo] mel Al -1046 2.00 -13.97 1.00 -8.53 1.15
QUE 94627 4 #A mel+cpx+sp [fo] mel A2 -11.19 194 -15.80 120 -9.98 1.30
QUE 94627 4 #A mel+cpx-+sp [fo] mel A3 -10.27 1.85 -14.05 091 -8.71 1.00
QUE 94627 4 #A mel+cpx+sp [fo] cpx 3 -11.89 227 -15.73 2,12 -9.54 1.70
QUE 94627 4 #A mel+cpx+sp [fo] sp 2 -1246 198 -15.19 2.02 -871 1.46
QUE 94627 4 #A mel+cpx-+sp [fo] sp/fo 6 -11.35 2.05 -14.59 220 -8.69 1.73
HH 237 s #2 cpx+sp, fr cpx 8 -10.20 1.51 -14.37 .12 -9.07 1.10
HH 237 s #3 cpx+sp [fo] cpx 9 -5.61 1.49 -9.16 126 -6.24 1.24
HH 237 ] #3 cpx-+sp [fo] sp 10 -9.79 163 -13.16 1.11  -8.06 1.13
HH 237 AM  #3 cpx-+fo [fo] cpx 6 -13.54  1.52 -19.18 1.13 -12.14 1.11
QUE 94627 4 #B Al-diopside-rich chondrule  cpx B -8.45 1.98 -10.90 0.92 —-6.50 1.08
QUE 94627 4 #F Al-diopside-rich chondrule  cpx F —4.29 1.83 -9.14 .10 -6.91 1.16
QUE 94627 4 #1 CC-chondrule cpx 5 028 1.83 -2.89 1.99 -3.04 1.37

Abbreviations as in Table 1; pt = point, min = mineral.

olivine standards (McKeegan ef al., 1997); under our analytical
conditions possible matrix effects between spinel and the Fe-poor
minerals analyzed here are <1-2%o/amu (10). The precision and
accuracy for a single analysis of each individual spot is in the
range 1-2%o for both 4170 and 6180. Results are shown in
Table 10. Following isotopic analyses, each CAI was examined
by SEM to verify the locations of the sputtered craters and the
mineralogy of the phases analyzed.

RESULTS

Calcium-Aluminum-Rich Inclusions:
Mineralogy and Petrography

Refractory inclusions are a minor (<1 vol%), but ubiquitous
constituent in QUE 94411/94627 and HH 237 (Table 1; Fig. 1).
No CAIs were found in Bencubbin or Weatherford (Zipfel er
al., 1998; Weisberg et al., 1998, 2001; Krot et al., 2000a). The
CB CAIs and CAI fragments, ~50—-400 ym in apparent
diameter, have rounded to irregular shapes and compact
textures; fluffy-type inclusions are very rare. Based on
mineralogy, the refractory inclusions can be divided into seven
types: (1) hibonite-rich, (2) hibonite-bearing, spinel-perovskite,
(3) grossite-rich, (4) spinel-melilite-pyroxene-anorthite,
(5) pyroxene-spinel + melilite, (6) forsterite-bearing, pyroxene-
spinel = melilite + anorthite, and (7) amoeboid olivine aggregate
(AOA) (Table 1). Secondary alkali-rich minerals (nepheline

and sodalite) and phyllosilicates are absent in the CB CAls
and AOA.

(1) Two hibonite-rich CAIs were found. They have cores
composed of platy hibonite, interstitial melilite, and minor
perovskite (Figs. 2a and 3a—c). The cores are surrounded by
multi-layered rims of melilite, Al-diopside, and *forsterite.
Spinel is concentrated in the peripheral portions of the CAls
and appears to be a part of the rims.

(2) One hibonite-bearing, spinel-perovskite CAI was found.
It has a massive spinel-hibonite core containing numerous
inclusions of perovskite. The core is surrounded by a thick
melilite-Al-diopside rim (Fig. 4).

(3) One grossite-rich CAI and a grossite fragment were
found. The CAI has a compact grossite core containing tiny
inclusions of perovskite; the core is surrounded by a spinel-
melilite-Al-diopside rim (Figs. 2b and 3d).

(4) One multicored spinel-rich CAI was found; each core
consists of irregularly-shaped spinel + perovskite and is rimmed
by melilite, anorthite, and Al-diopside (Figs. 2d and 3e,f).

(5) The dominant inclusion type is pyroxene-spinel + melilite;
22 CAIs were found (Table 1). They have rounded shapes and
compact, igneous textures. Modal abundances of pyroxene, spinel,
and melilite range broadly (Figs. 2c and 5). Spinel occurs as
euhedral-to-subhedral grains surrounded by Al-diopside and/or
melilite. One of the refractory spherules consists entirely of Al-
diopside (Fig. 6a—). Most pyroxene-spinel + melilite CAls are
surrounded by forsterite rims of variable thickness.
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FIG. 1. Combined elemental map in Mg (red), Ca (green) and Al Ka (blue) x-rays of HH 237 (polished section "I"). The meteorite contains
rare (<1 vol%) CAls (labeled by numbers) and two types of chondrules: large, Ca, Al-rich chondrules (bluish) of barred-olivine textures
(labeled as "BO") and small Ca, Al-poor chondrules (reddish) of cryptocrystalline textures (labeled as "CC").
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FIG. 2. Combined elemental maps in Mg (red), Ca (green) and Al Ka (blue) x-rays of the pyroxene-poor CAls from HH 237 and QUE 94411/
94627. (a) Compact-type CAI largely composed of hibonite (hb) and melilite (mel); it is surrounded by a multilayered rim of spinel (sp),
pyroxene (px), and forsterite (ol). Outlined region is shown in detail in Fig. 3a. (b) Compact-type CAI composed of grossite (grs) and
surrounded by a spinel-melilite-pyroxene rim (see also Fig. 3d). (c) Compact type A CAI composed of melilite, fassaitic pyroxene, spinel
and minor perovskite; it is surrounded by a pyroxene-forsterite rim. (d) Spinel-rich CAI composed of multiple spinel-perovskite cores
surrounded by melilite, anorthite (an), and pyroxene (see also Fig. 3e,f).

(6) Forsterite-bearing CAls are texturally and
mineralogically similar to the pyroxene-spinel + melilite CAls
described above, but in addition to pyroxene, spinel and melilite
(found only in one CAI, #1-1), their cores also contain forsterite
(Figs. 6d,e and 7). Eleven forsterite-bearing CAlIs were found.
Forsterite forms small, anhedral inclusions in Al-diopside and
rims host inclusions. One of the forsterite-bearing CAls is
dominated by a coarse-grained forsterite (Fig. 6d). Another
CAl is associated with a chondrule-like material composed of

anorthite, minor forsterite, and interstitial high-Ca pyroxene
and Si-rich mesostasis (Figs. 6e and 7a—d).

(7) One AOA was found. This AOA is texturally and
mineralogically similar to AOAs described in CV, CO, and
CR carbonaceous chondrites (Hashimoto and Grossman, 1987;
MacPherson ef al., 1988; Weisberg and Prinz, 1990; Weisberg
etal., 1993; Weber and Bischoff, 1997; Chizmadia and Rubin,
2000; Komatsu et al., 2001; Krot, unpubl. data). It consists of
a fine-grained refractory material composed of Al-diopside,
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FIG. 3. Backscattered electron images of the pyroxene-poor CAls from HH 237 and QUE 94411/94627. (a) Hibonite-melilite CAI surrounded
by a multilayered rim composed of spinel, pyroxene and forsterite. Spinel is a minor phase inside the CAI. (b, ¢) Hibonite-rich CAI; melilite,
perovskite, spinel, and metal (mt) are minor. The CAI is surrounded by a melilite- pyroxene rim. Region outlined in (b) are shown in detail
in (c). (d) Grossite-rich CAI surrounded by a melilite-pyroxene rim (see inset); w = weathering products and holes. (e, f) Spinel-rich CAI
composed of multiple spinel-perovskite cores surrounded by melilite, anorthite, and pyroxene. Region outlined in (e) is shown in detail in (f).

FIG. 4. Backscattered electron image of a spinel-hibonite-perovskite
CAI #11 surrounded by a thick melilite-pyroxene rim.

spinel, and anorthite and surrounded by a thick mantle of
forsterite containing large FeNi-metal nodules (Fig. 8).

Aluminum-Diopside-Rich Chondrules

Barred-olivine chondrules in HH 237 and QUE 94411/
94627 are abundant and often have >10 wt% Al;O3 (bulk
content); as such they can be designated "Al-rich chondrules"
according to the definition by Bischoff and Keil (1984). These
chondrules consist of forsterite, Al-rich (high-Ca and low-Ca)
pyroxenes, and anorthitic mesostasis; the modal abundances
of these minerals range broadly (Fig. 9). In this paper, we
characterize the much rarer Al-diopside-rich chondrules in
QUE 94411/94627 and HH 237, which are texturally and chem-
ically somewhat different from the barred-olivine chondrules.

Two of the Al-diopside-rich chondrules are mineralogically
similar to the forsterite-bearing pyroxene-spinel CAls described
above. These chondrules have rounded shapes, compact
textures and consist of Al-diopside, forsterite, and minor spinel
(Fig. 10). Forsterite occurs as skeletal, elongated inclusions
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FIG. 5. Combined elemental maps in Mg (red), Ca (green) and Al Ka (blue) x-rays of the pyroxene-spinel *+ melilite CAls from HH 237 and
QUE 94411/94627. Modal abundances of pyroxene, spinel, and melilite range broadly. The CAls are surrounded by forsterite rims of

variable thickness.

in Al-diopside and as compact rims around the chondrules;
anhedral spinel grains are largely concentrated in the chondrule
peripheries.

Three of the Al-diopside-rich chondrules consist of anhedral
grains of Al-diopside and interstitial Al-rich, low-Ca pyroxene,
and anorthitic mesostasis (Figs. 11 and 12). The Al-diopside
grains contain numerous oriented inclusions of forsterite

(Fig. 12a); occasionally, forsterite grains occur in interstitial
regions together with low-Ca pyroxene (Fig. 12c). The Al-
rich, low-Ca pyroxenes contain tiny inclusions of spinel
(Fig. 12b). In some cases, spinel is concentrated in the
peripheral regions of the Al-diopside grains; the spinel-bearing
portions of these grains are depleted in Al relative to the grain
cores (Fig. 12d).
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FIG. 6. Combined elemental maps in Mg (red), Ca (green) and Al Ka (blue) x-rays (a, d, €) and x-ray elemental maps in Ti (b) and Al Ka (c)
of the pyroxene-rich (a—c) and forsterite-bearing CAls (d—e) from HH 237. (a—d) Al,Ti-diopside spherule (px) surrounded by a forsterite rim.
The pyroxene shows significant compositional variations in Al and Ti. (d) Forsterite-bearing pyroxene-spinel CAI associated with a chondrule-
like anorthite-rich material (see also Fig. 7a—d). (e) Forsterite-bearing pyroxene-spinel CAI; forsterite forms inclusions in pyroxene and rims

around the CAIL

One of the Al-diopside-rich chondrules is composed of
skeletal forsterite crystals overgrown by Al-diopside, and
interstitial anorthitic mesostasis (Fig. 13).

Mineral Chemistry

Hibonite in the HH 237 and QUE 94411/94627 CAIs is
MgO- and TiO,-poor (<1.6 wt%). Grossite and perovskite
have nearly pure end-member compositions (CaAl;O7 and
CaTiOs3, respectively) (Table 2). Plagioclase is nearly pure
anorthite, with Na and K contents below the detection limits
of EPMA (<0.05-0.04 wt%) (Table 2). Olivine is nearly pure
forsterite (Fa<) s5), but is enriched in CaO (0.5-1.5 wt%)
(Table 2). Olivine grains in the Al-diopside-rich chondrules
are too fine grained for quantitative EPMA.

Melilite is compositionally uniform within an individual
CAI; however, it shows a large range in dkermanite content
between different inclusions (Aks_7g) (Table 3). Melilite in
the hibonite-melilite-rich and grossite-rich CAls generally has
a lower Ak content (5-17 mol%) than that of the pyroxene-
spinel + melilite CAls (4-78 mol%). The highest Ak-content
(Ak7g) was found in the forsterite-bearing CAI #1-1 (Fig. 7e).

High-Ca pyroxenes in the CAls are MnO-, NayO- and KO-
free (<0.07, <0.05, <0.04 wt%, respectively) and Cr,O3-poor
(<0.15 wt%). These pyroxenes have significant variations in MgO
(427 wt%), Al,O3 (026 wt%), and TiO, (017 wt%) contents
within individual inclusions and between different CAls (Table 4,
Fig. 14). High-Ti Al-diopsides (fassaite) are rare and occur in
cores of some pyroxene-spinel * melilite CAls; rim pyroxenes
have always low concentrations of Al;O3 and TiO, (Table 4).
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FIG. 7. Backscattered electron images of the forsterite-bearing refractory inclusions from HH 237. (a—d) Forsterite-bearing pyroxene-spinel
CAI associated with a chondrule-like anorthite-rich material; the latter consists of anorthite, high-Ca pyroxene and silica-rich mesostasis
(mes). Regions outlined in (a) are shown in detail in (b) and (c). (e, f) Forsterite-bearing pyroxene-melilite-spinel-anorthite CAI. Region

outlined in (e) is shown in detail in (f).

High-Ca pyroxenes of the Al-diopside-rich chondrules are
compositionally similar to those of the pyroxene-spinel =
melilite CAls, but occasionally have higher abundances of
Cry03 (up to 1.1 wt%) (Table 5, Fig. 14). Low-Ca pyroxenes
are characterized by high concentrations of Al,O3 (9-14 wt%)
and commonly show significant deviations from stoichiometry,
possibly due to tiny inclusions of spinel and/or anorthitic glass
(Table 5).

Spinel of the CB CAIs is poor in FeO (<1.2 wt%), Cr,05
(0.1-0.6 wt%), and V703 (<0.8 wt%) (Table 6). Spinel grains
in the Al-diopside-rich chondrules are too fine grained for
quantitative EPMA.

Bulk Compositions of Calcium-Aluminum-Rich
Inclusions and Chondrules: Major Elements

Bulk major element compositions of the CAls and
chondrules in HH 237 and QUE 94411/94627 are listed in
Tables 7 and 8 and shown in Figs. 15 and 16. They are less
refractory on average than those in CH chondrites, which are
characterized by high abundance of hibonite and grossite
(Weber et al., 1995). They are similar to the CR CAls (Weber
and Bischoff, 1997), but generally do not contain anorthite.
The Al-diopside-rich chondrules are compositionally similar
to the most Al-rich barred-olivine chondrules, but generally
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FIG. 8. Backscattered electron images and combined elemental map in Mg (red), Ca (green) and Al Ka (blue) x-rays of an amoeboid olivine
aggregate #1-3 from HH 237. The aggregate consists of fine-grained pyroxene-spinel-anorthite material surrounded by a thick forsterite
mantle containing large nodules of FeNi-metal.
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FIG. 10. Backscattered electron images and combined elemental map in Mg (red), Ca (green) and Al Ka (blue) x-rays of an Al-diopside-rich
chondrule #5 from HH 237. The chondrule consists of Al,Ti-diopside (px) with numerous inclusions of forsterite; spinel is minor. It is
surrounded by a forsterite rim.
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FIG. 11. Combined elemental map in Mg (red), Ca (green) and Al Ka (blue) x-rays (a) and x-ray elemental maps in Ti (b), Al (c) and Mg Ka
(d) of an Al-diopside-rich chondrule #4 from HH 237 (see also Fig. 12). The chondrule contains Al-diopside (Ca-px) with numerous
inclusions of forsterite, and interstitial material composed of Al-rich, low-Ca pyroxene (Mg-px), forsterite, and anorthitic mesostasis (mes).
The low-Ca pyroxenes contain tiny inclusions of spinel.
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FIG. 12. Backscattered electron images of the Al-diopside-rich chondrule shown in Fig. 11. (a, b) Chondrule consists of Al-diopside with
numerous forsterite inclusions, Al-rich, low-Ca pyroxene with small spinel inclusions, and anorthitic mesostasis. (c) Forsterite grains occupy
interstitial regions between the Al-diopside grains. (d) Spinel grains overgrowing Al-diopside.

have lower Cr concentrations; cryptocrystalline chondrules are
less refractory than barred-olivine and Al-diopside-rich
chondrules.

Bulk Compositions of Calcium-Aluminum-Rich
Inclusions and Chondrules: Rare Earth Element
Abundances

Bulk rare earth element (REE) concentrations in CAIs and
chondrules (barred-olivine and cryptocrystalline) are listed in
Table 9; REE abundance patterns normalized to CI are shown
in Fig. 17. None of the chondrules analyzed, however, belong
to the category of Al-diopside-rich chondrules described above.
Barred-olivine and cryptocrystalline chondrules have unfrac-
tionated REE patterns that range from ~10x CI to <0.01x CI;

barred-olivine chondrules have higher REE abundances than
cryptocrystalline chondrules.

In the hibonite-melilite CAI #4-1 (Fig. 2a), REE abundances
are enriched by a factor of ~100 over CI. The abundance pattern
exhibits negative anomalies in Ce, Eu and Yb. Two of the
CAls, #4-2 and #1-1, largely composed of Al-diopside, spinel,
and minor melilite (Figs. 4d and 6i) have flat (group I) REE
patterns at ~10 x CI, except for a negative Eu anomaly (Fig. 17).

Oxygen-Isotopic Compositions

Oxygen-isotopic compositions of primary minerals in eight
CAls, two Al-diopside-rich chondrules, and one
cryptocrystalline chondrule are listed in Table 10 and shown
in Fig. 18. All mineralogical types of the CAls described above
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FIG. 13. Backscattered electron images of Al-diopside-rich chondrule #5a from HH 237. The chondrule consists of skeletal forsterite grains
overgrown by Al-diopside, and interstitial anorthitic mesostasis.
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FIG. 14. Concentrations of Al;O3 vs. TiO; in high-Ca pyroxenes in
the CAls and Al-diopside-rich chondrules from HH 237 and QUE
94411/94627.

have relatively heavy O-isotopic compositions with Al70
ranging from —6%o to —10%o (10~ 1.3%0). Variations in O-isotopic
compositions of different minerals within an individual CAI
are small. Two Al-diopside-rich chondrules analyzed have
similar O-isotopic compositions (Al70 = -7 + 1.1%o) to those
of CAls. A Ca,Al-poor cryptocrystalline chondrule from QUE
94411/94627 has heavier O-isotopic composition than CAls
and Al-diopside-rich chondrules (A170 = -3 = 1.4%o).

DISCUSSION

Comparison of Calcium-Aluminum-Rich Inclusions
in Hammadah al Hamra 237 and Queen Alexandra
Range 94411/94627 to Those in Other Chondrite Groups

A comparison between CAls in HH 237 and QUE 94411/
94627 and those in other chondrite groups shows that all CAI
types exist in at least one of the carbonaceous chondrite groups
(Table 11). Alteration minerals, such as secondary nepheline
and sodalite, which are common in CAls from the CO, oxidized
CV and ordinary chondrites (Bischoff and Keil, 1984;
MacPherson et al., 1988; Russell et al., 1998), are absent in
the refractory inclusions from HH 237 and QUE 94411/94627.
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FIG. 15. (left and above) Bulk compositions of CAls and Al-diopside-rich, barred-olivine and cryptocrystalline chondrules from the HH 237
and QUE 94411/94627 (a), CR (b) and CH (c) carbonaceous chondrites, projected from spinel onto the plane larnite (La) — forsterite (Fo) —
corundum (Cor), together with the spinel-saturated liquidus relationships in this system; solid vectors show calculated trajectory for bulk
condensed solids during equilibrium condensation; dashed vectors show experimentally-determined compositions of liquids during melt
evaporation (after MacPherson and Huss, 2000). CAls in the HH 237, QUE 94411/94627 and CR CAlIs are less refractory on average than
those in CH chondrites and roughly follow equilibrium condensation path. The Al-diopside-rich chondrules are compositionally similar to
the most Al-rich barred-olivine chondrules. Bulk compositional data of the CR and CH CAlIs are from Weber and Bischoff (1997) and Weber
and Bischoff (1994), respectively.
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FIG. 16. Bulk contents of lithophile elements normalized to Mg and
CI chondrite abundances in barred-olivine, cryptocrystalline and Al-
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diopside-rich chondrules in HH 237 and QUE 94411/94627. The circles) in HH 237 and QUE 94411/94627.
Al-diopside-rich chondrules are compositionally similar to the most
Al-rich barred-olivine chondrules; the former are slightly depleted

in Cr, however.
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FIG. 18. Oxygen-isotopic compositions of CAls, Al-diopside-rich and cryptocrystalline chondrules in HH 237 and QUE 94411/94627.

Similar to CAls in CO, CM and two ungrouped chondrites
MacAlpine Hills (MAC) 88107 and MAC 87300, the most
abundant (56%) CAls in HH 237 and QUE 94411/94627 are
pyroxene-spinel-rich inclusions (MacPherson et al., 1983,
1984; Greenwood et al., 1992, 1994; Russell ef al., 1998,
2000a). However, there are mineralogical and textural
differences between the pyroxene-spinel-rich inclusions in HH
237 and QUE 94411/94627 and other chondrite groups.
Melilite is rare in the pyroxene-spinel-rich CAls in CM
chondrites, but it is a common mineral in those in HH 237,
QUE 94411/94627, CO, CR, MAC 87300, and MAC 88107.
In these meteorites, there is a continuum between the pyroxene-
rich and melilite-rich CAls (Figs. 2¢ and 5).

The pyroxene-spinel-rich inclusions in CO, CR, MAC
87300 and MAC 88107 occur as irregularly-shaped objects
composed of nodules, chains, or bands of spinel that are rimmed
by pyroxene and phyllosilicates, commonly with minor
perovskite, melilite, or hibonite (MacPherson ez al., 1983, 1984,
Greenwood et al., 1992, 1994; Russell ef al., 1998, 2000a;
Weisberg and Prinz, 1990; Weber and Bischoff, 1997). These
CAls are texturally and mineralogically similar to a spinel-rich

inclusion #C in QUE 94411/94627 (Fig. 3e,f). The pyroxene-
spinel + melilite inclusions in HH 237 and QUE 94411/94627
have compact textures and consist of euhedral to subhedral
grains of spinel embedded in Al-diopside and melilite, suggest-
ing an igneous origin. Considering the mineralogy, textures,
and chemical composition (presence of Ti3+ in pyroxene), some
of the pyroxene-spinel + melilite CAIs resemble type B CAls
in CV chondrites (Grossman, 1980). The HH 237 and QUE
94411/94627 CAls, however, are typically rimmed by
forsterite. Similar forsterite rims were described around
pyroxene-spinel spherules in CH chondrites (Krot ez al., 1999).
Forsterite has also been observed as a minor component of Wark—
Lovering rims around CAls in CV, CR, MAC 88107 and MAC
87300 (MacPherson et al., 1988; Russell et al., 2000a; Krot,
unpubl. data) and as thick mantles around some CAls from
CM and CV chondrites (MacPherson et al., 1984, 1988).
Forsterite-bearing CAls, previously described only in CV
chondrites (Blander and Fuchs, 1975; Dominik ez al., 1978; Wark
etal., 1987; Clayton et al., 1977, 1984; Davis et al., 1991, 2000;
Krot et al., 2000b), are rather common (~28%) in HH 237 and
QUE 94411/94627. However, the forsterite-bearing CAls in HH
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TABLE 11. Types of refractory inclusions associated with chondrite groups.
CAI type HH 237/QUE CV Cco CM CK oC EC CH CR
Melilite-rich (type A) rare common  common rare - rare - common  common
Al,Ti-px-rich (type B) rare common - - rare - - - rare
Amoeboid olivine aggregates rare common common —common  common - - - common
Forsterite-bearing rare rare - - - - - - -
Spinel + pyroxene * melilite-rich common common common common rare rare rare common  common
Hibonite *+ spinel-rich rare common common common - rare rare common rare
Grossite-rich rare - rare - - - - common rare
Ca-pyroxene spherules rare - rare rare - - rare common -

Modified from MacPherson et al. (1988). Additional data: CH chondrites, Weber and Bischoff (1994), Kimura et al. (1993); CO chondrites,
Greenwood et al. (1992), Russell et al. (1998); CM chondrites, MacPherson et al. (1983, 1984), Simon et al. (1994); CR chondrites, Weisberg
and Prinz (1990), Weisberg et al. (1993), Kallemeyn et al. (1994); Weber and Bischoff (1997); CK chondrites, McSween (1977), MacPherson
and Delaney (1985), Kallemeyn et al. (1991), Keller ez al. (1992), Noguchi (1993); EC chondrites, Bischoff et al. (1985), Guan et al. (1999),

Fagan et al. (2000); QUE/HH 237, this study.

237 and QUE 94411/94627 are mineralogically and texturally
different from those in CV chondrites. The latter are larger,
enriched in melilite, and surrounded by well-developed Wark—
Lovering rims which have up to five mineralogically different
layers instead of one or two in the CAls studied here.

Similar to most chondrite groups, but in contrast to CH
chondrites, grossite-rich and hibonite-rich CAls are rare in HH
237 and QUE 94411/94627 (MacPherson et al., 1989; Kimura
etal., 1993; Weber and Bischoff, 1994, 1997; Krot et al., 1999).
The hibonite-rich CAls in HH 237 an QUE 94411/94627 with
lath-shaped hibonite and interstitial melilite and perovskite are
similar to the hibonite-perovskite-spinel-melilite CAI 1805-1
in Semarkona (Bischoff and Keil, 1984; Fig. 10.3.17 in
MacPherson et al., 1988), although the rim mineralogy is
different. The grossite-rich CAI and one of the hibonite-rich
CAls in HH 237 are surrounded by melilite-Al-diopside rims,
like many CAls in CH chondrites (Weber and Bischoff, 1992,
1994; Krot et al., 1999).

Similar to CH chondrites, but in contrast to other carbonaceous
chondrite groups, AOAs are rare in HH 237 and QUE 94411/
94627 (MacPherson et al., 1989; Kimura et al., 1993).

To summarize, CAls in the metal-rich chondrites HH 237
and QUE 94411/94627, as a group of objects, are texturally,
mineralogically, and isotopically different from CAIs in other
chondrite groups. (1) They are dominated by rounded,
compact-type pyroxene-spinel + melilite and forsterite-
bearing, pyroxene-spinel = melilite inclusions. (2) Most of
the CAls in HH 237 and QUE 94411/94627 are surrounded by
forsterite rims. (3) The majority of CAls in other chondrite
groups are characterized by 160-rich isotopic compositions
(A170 <-20%o), with spinel, pyroxene, grossite, and hibonite
enriched and melilite and anorthite depleted in 160 within an
individual CAI (Clayton et al., 1973, 1977; McKeegan et al.,
1998b). In contrast, the CAls studied here have 160-poor
oxygen isotopes with A170 ranging from —6%o to —10%o for
all analyzed CAI minerals (grossite, hibonite, melilite,
pyroxene, spinel). This suggests that the CAls in HH 237 and

QUE 94411/94627 formed in a reservoir isotopically distinct
from the reservoir(s) where usual, 160-rich (A170 < —20%o)
CALIs in other chondritic meteorites formed.

Arguments Against an Impact Origin of the Metal-Rich
Chondrites: Evidence from Calcium-Aluminum-Rich
Inclusions

Wasson and Kallemeyn (1990) and Wasson (2000, pers.
comm.) argued that cryptocrystalline and barred-olivine
chondrules, dominant in the HH 237, QUE 94411/94627, and
CH chondrites, resulted from melting, vaporization, outgassing,
and condensation in a cloud of impact ejecta on the CR parent
asteroid. According to this hypothesis, rare CAls in the HH
237, QUE 94411/94627, and CH chondrites either survived
this impact event or were added later, during regolith gardening
together with typical ferromagnesian chondrules of porphyritic
textures (type I and type II). The observed differences in textures
and mineralogy of CAIs in the HH 237, QUE 94411/94627, CH,
and CR chondrites exclude the origin of these inclusions and their
host meteorites from CR chondritic material, only. In addition,
because both HH 237 and QUE 94411/94627 lack chondrules of
porphyritic textures, addition of CAls with "normal" chondritic
materials during regolith gardening can be excluded. Therefore,
it seems unlikely that the metal-rich chondrites formed by impact
processing of the CR asteroidal body.

Crystallization History of Calcium-Aluminum-Rich
Inclusions in Hammadah al Hamra 237 and
Queen Alexandra Range 94411/94627

The compact textures of most CAls studied here suggest
that they probably crystallized from melts. The crystallization
history of the CAls can be inferred from their estimated bulk
compositions, petrographic observations and crystallization
experiments on melts of similar compositions (e.g., Stolper,
1982; Beckett and Stolper, 1994).
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The dominant pyroxene-spinel + melilite CAIs in HH 237
and QUE 94411/94627 are characterized by compact textures
with euhedral-to-subhedral spinel grains embedded in Al-
diopside and/or melilite; the CAls are typically surrounded by
forsterite rims. Textural relationships between these minerals
suggest early crystallization of the spinel-melilite-pyroxene
core followed by forsterite. Bulk compositions of most of these
CAls projected from spinel onto the plane larnite-forsterite-
corundum plot in the liquidus field of melilite (Fig. 15). (Due
to the presence of thick forsterite rims around the spinel-
pyroxene CAls QUE 94411/94627 #1 (Fig. 5d) and HH 237,
Is #7, their bulk compositions plot in the liquidus field of
forsterite (Fig. 15).) The equilibrium crystallization sequence
of melts of such compositions is spinel or melilite — anorthite
— pyroxene (Stolper, 1982). Fractional crystallization may
result in early appearance of pyroxene, in the crystallization
sequence, prior to anorthite. The absence of anorthite in most
CAls in HH 237 and QUE 94411/94627 may reflect difficulty
of nucleating anorthite or rapid cooling of the CAI melts
(Stolper, 1982).

The presence of forsterite rims around pyroxene-spinel-
melilite CAls, which is not predicted to be a product of an
equilibrium crystallization sequence from melts of these
compositions (Stolper, 1982), is puzzling. It may suggest that
the forsterite rims did not crystallize from the CAI melts, but
accreted or condensed later around already solidified CAls.
This interpretation is supported by the presence of forsterite as
the outermost layer of a Wark—Lovering rim sequence around
hibonite-melilite CAI (Fig. 2a) (Wark—Lovering rims are
generally considered to be products of gas-solid reactions
between solid CAI and nebula gas; MacPherson et al., 1988).

In contrast to the rim forsterite, some pyroxene-spinel CAls
contain forsterite in their cores; the latter probably crystallized
from CAI melts (Fig. 6e—n). This interpretation is consistent
with their bulk compositions plotting in the liquidus field of
forsterite (Fig. 14).

Bulk compositions of the compact hibonite-melilite CAIs plot
near the hibonite-melilite cotectic supporting nearly simultaneous
crystallization of these minerals (Beckett and Stolper, 1994).

Comparison of Aluminum-Diopside-Rich Chondrules
in Hammadah al Hamra 237 and Queen Alexandra
Range 94411/94627 to Aluminum-Rich Chondrules
in Other Chondrite Groups

The rare Al-diopside-rich chondrules in HH 237 and QUE
94411/94627 (Figs. 10—-13) are mineralogically very similar
to rare Al-diopside-rich chondrules in CH chondrites (Krot et
al., 1999; unpubl. data). Based on the bulk compositions, the
Al-diopside-rich chondrules can be classified as Al-rich
chondrules (Bischoff and Keil, 1984). Our mineralogical
observations of the Al-rich chondrules in CO, CK, CV, CR,
enstatite and ordinary chondrites (Fagan et al., 2000; Krot,
2000) and literature survey show, however, that Al-rich chondrules

Krot et al.

texturally and mineralogically similar to Al-diopside-rich
chondrules are not found in other chondrite groups.

Origin of Aluminum-Diopside-Rich Chondrules:
Possible Link between Calcium-Aluminum-Rich
Inclusions and Chondrules in Hammadah al Hamra 237
and Queen Alexandra Range 94411/94627

It was recently concluded that chondrules and FeNi-metal
grains in HH 237 and QUE 94411/94627 formed by condensation
in a solar nebula region with an initially high dust/gas ratio (10—
50x solar) that experienced complete vaporization and were
subsequently isolated from this region at high ambient
temperatures (Meibom et al., 2000; Herzog et al., 2000; Krot et
al., 2001; Petaev et al., 2001; Campbell ez al., 2001).

Barred-olivine and cryptocrystalline chondrules in HH 237
and QUE 94411/94627 show a large range in refractory
lithophile element abundances (from ~5—6x CI to <0.01x CI),
which correlate with textural type and size of chondrules: large,
barred-olivine chondrules are enriched in refractory lithophile
elements compared to small, cryptocrystalline chondrules
(Russell et al., 2000b; Krot et al., 2001). These observations
were interpreted as a result of fractional condensation either
of chondrules or chondrule precursors in a closed system
(Russell et al., 2000b; Krot et al., 2001). According to this
model, barred-olivine chondrules formed first and were
subsequently isolated from the nebular gas either by physical
removal from the chondrule-forming region or by coarsening
of fine-grained precursors during chondrule formation;
cryptocrystalline chondrules formed later from a gas depleted
in refractory lithophile elements (Krot et al., 2001). The observed
positive correlation between chondrule size and refractory
lithophile element abundances is inconsistent with the origin
of Al-rich chondrules by partial evaporation of ferromagnesian
chondrule precursors (MacPherson and Huss, 2000).

The Al-diopside-rich chondrules are compositionally and
mineralogically rather similar to the Al-rich barred-olivine
chondrules; the former, however, are slightly depleted in Cr
(Table 8; Figs. 8a,b and 14). This suggests that Al-diopside-
rich chondrules could be genetically related to barred-olivine
chondrules; both chondrule types may have formed in the same
event. The observed enrichment in Al, Ca, and Ti, and depletion
in Cr of Al-diopside-rich chondrules compared to barred-
olivine chondrules may indicate that the Al-diopside-rich
chondrules were isolated from the nebular gas at higher ambient
temperatures than barred-olivine chondrules. Yet, the observed
similarity in O-isotopic compositions of the Al-diopside-rich
chondrules and the even more refractory CAls in HH 237 and
QUE 94411/94627 suggests that these components formed from
an isotopically similar reservoir. Perhaps, CAls, Al-diopside-
rich chondrules, and barred-olivine chondrules formed at high
temperatures in the closed system. An oxygen isotopic study
of barred-olivine chondrules in QUE 94411/94627 and HH 237
may help to resolve this issue.
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