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Abstract—Two rare, spinel-bearing, Al-rich chondrules have been identified in new chondrite finds from Roosevelt County, New
Mexico—RC 071 (L4) and RC 072 (L5). These chondrules have unusual mineralogies, dominated by highly and asymmetrically
zoned, Al-Cr-rich spinels. Two alternatives exist to explain the origin of this zoning—fractional crystallization or metamorphism.
It appears that fractional crystallization formed the zoning of the trivalent cations (Al,Cr) and caused a localized depletion in
chromites around the large Al-Cr-rich spinels. The origin of the zoning of the divalent cations (Fe,Mg,Zn) is less certain. Diffusive
exchange and partitioning of Fe and Mg between olivine and spinel during parent body metamorphism can explain the asymmetric
zoning of these elements. Unfortunately, appropriate studies of natural and experimental systems to evaluate the formation of
zoning of the divalent cations by fractional crystallization have not yet been conducted. The bulk compositions of the chondrules
suggest affinities with the Na-Al-Cr-rich chondrules, as would be expected from the abundance of Al-Cr-rich spinels. Melting of
rare and unusual precursors produced the compositions of Na-Al-Cr-rich chondrules, possibly including a spinel-rich precursor
enriched in Cr,0O; and ZnO. The two chondrules we studied have larger modal abundances of Al-Cr-rich spinels than reported
in other Na-Al-Cr-rich chondrules of similar composition, and Al-rich chondrules even more enriched in spinel are reported in
the literature. These differences indicate that factors other than bulk composition control the mineralogy of the chondrules. The
most important of these factors are the temperature to which the molten chondrule was heated and the cooling rate during
crystallization. These two chondrules cooled rapidly from near the liquidus, as indicated by the zoning, occurrence and sizes of
spinels, radiating chondrule textures and localized chromite depletions. The range of mineralogies in other Al-rich chondrules
of similar composition reflect a range of peak temperatures and cooling rates. We see no reason to believe that this range is

fundamentally different from the range of thermal histories experienced by “normal” Fe-Mg-rich chondrules.

INTRODUCTION

CHONDRITES AND THEIR COMPONENTS CONTAIN a vast amount
of information regarding the processes that occurred in the early
solar system, and numerous studies have therefore been carried
out to unravel their histories. Special attention has been paid
in the past 10 years to deciphering the histories of the common
Fe-Mg-rich chondrules. For example, studies of the least altered
ordinary chondrites (e.g., Gooding et al., 1980; Grossman and
Wasson, 1982; Jones and Scott, 1989) have attempted to define
the compositions of the solid precursors from which these chon-
drules formed by melting. Furthermore, dynamic crystallization
experiments (e.g., Hewins, 1988; Lofgren, 1989) and study of
chondrules in the most primitive chondrites (e.g., Jones and
Scott, 1989; Jones, 1990) were carried out to constrain the con-
ditions under which chondrules formed. Finally, measurements
of zoning and homogenization of chondrule silicates (e.g., Mi-
yamoto et al., 1986; Scott and Jones, 1990; McCoy et al., 1991)
have contributed to understanding the conditions under which
chondrites were modified.

Less attention, however, has been paid to a group of rare, yet
ubiquitous Al-rich chondrules. Bischoff and Keil (1983, 1984)
determined the bulk compositions of Al-rich chondrules, as well
as conducted detailed studies of the mineralogy and textures of
selected chondrules, in order to infer thermal histories and phys-
ical settings of their formation. While these studies focused pri-
marily on the formation of Al-rich chondrules, other authors
(Fudali and Noonan, 1975; Wlotzka, 1985, 1987) examined the
histories of chondrules during thermal metamorphism. Exper-
iments by Stolper and Paque (1986) on some CAI compositions,
which are similar to compositions of Al-rich chondrules, allow

speculations on the thermal histories of Al-rich chondrules dur-
ing crystallization and observations of resulting textures.

We have identified two spinel-bearing, Al-rich chondrules
from two chondrites recently found in Roosevelt County, New
Mexico. These chondrites are metamorphosed, and our studies
have focused on deciphering the roles of crystallization and
subsequent metamorphism in the history of these Al-rich chon-
drules.

SAMPLES AND TECHNIQUES

Roosevelt County 071 and 072 were recovered by Ivan E. Wilson
from Roosevelt County, New Mexico, USA, in T2S, R33E, Section 33
of Roosevelt County (approximate coordinates 34°05'N, 103°30'W). RC
071 was recovered on 8 July 1989 and RC 072 was found in October
of 1989. The original masses were 5.28 grams for RC 071 and 9.79
grams for RC 072. Polished thin section UH-37 and the remaining mass
of 4.82 grams of RC 071 and polished thin section UH-1 of RC 072
are in the collection of the Planetary Geoscience Division, University
of Hawaii. The remaining mass of RC 072 (9.05 grams) is in the pos-
session of the finder.

Wavelength dispersive analyses of randomly selected olivines and
pyroxenes throughout the chondrites, and bulk analyses of Al-rich chon-
drules were performed on an ARL EMX-SM microprobe operated at
an accelerating potential of 15 keV, a beam current of about 20 nA and
counting times of 10 seconds. Bulk chondrule compositions were mea-
sured using a broad (40 um) beam, and analyses were corrected using
the methods of Lux et al. (1980), as modified by Jones and Scott (1989).
Wavelength dispersive analyses and scanning electron microscopy of
pyroxenes throughout RC 071 and of individual phases in the Al-rich
chondrules were performed on a JEOL 733 superprobe operated at 15
keV, 20 nA sample current and counting times up to 40 seconds. Dif-
ferential matrix effects were corrected using the method of Bence and
Albee (1968). Natural and synthetic minerals of well-known composi-
tions were used.

Noble gas concentrations in RC 071 were determined by L. Schultz
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FiG. 1. Backscattered electron image of RC 071-Al. Spinels (S) occur
in a partial ring offset from the edge of the chondrule. Olivines (O) occur
at both the edge and interior of the chondrule. The remainder of the
chondrule has a radiating texture defined by two types of feldspathic
material and opaque phases. Irregular white veins are hydrated iron
oxides caused by terrestrial weathering. The outer edges of the spinels
are lighter due to zoning and enrichment in FeO and Cr,0,. Scale bar
= 100 pgm.

(pers. comm., 1989). The concentrations and isotopic compositions of
He, Ne and Ar were measured using standard mass spectrometry tech-
niques.

ROOSEVELT COUNTY 071

RC 071 is classified as an L4 ordinary chondrite. The L clas-
sification is based on the mean Fa content of olivine (Fa,,,, ¢
= 0.8, N = 20) and mean Fs content of low-Ca pyroxenes (Fs,, ,,
¢ = 0.4, N = 20). These values are within the ranges for equil-
ibrated L group chondrites given by Gomes and Keil (1980).
Classification as petrologic type 4 (Van Schmus and Wood,
1967) is based on the presence of clearly delineated chondrules
and polysynthetically twinned low-Ca clinopyroxene. The Wo
content of low-Ca pyroxene is 1.5 mole%, which is slightly above
the range of Wo 0.4-1.2 given by Scott et al. (1986) for most
type 3 and 4 chondrites. These authors also reported a few L4
chondrites with Wo up to 1.6 mole%.

T. J. McCoy et al.

TaABLE 1. Noble gas data for Roosevelt County 071.
Isotope Concentration

3He 7.75
“‘He 488

20Ne 2.07
2INe 2.28
22Ne 2.44
36AT 1.37
BAT 0.38
4OAT 1477

Values are X 10-® cm®g~!, measured at standard temperature and pres-
sure.
Source: L. Schultz, pers. comm., 1989.

RC 071 is pervasively weathered, with hydrated iron oxides
occurring as veins, patches and pigments throughout. Large (~80
pm) grains of Fe,Ni metal (both kamacite and taenite) and troi-
lite are present, but have been altered significantly at their edges.

RC 071 has a patchy appearance in both thin section and
hand sample, apparently resulting from heterogeneous shock
effects. Some areas of the meteorite are only lightly shocked,
with olivines showing undulatory extinction. Other areas are
heavily shocked, with olivines exhibiting mosaicism and show
shock darkening with shock-induced veins consisting of metallic
Fe,Niand trolite, and shock induced intergrowths of Fe,Ni metal
and troilite. These features correspond to shock stage 4 of Stoffler
et al. (1991). RC 071 is not brecciated, since individual mineral
grains cross borders between regions exhibiting different shock
effects and vaguely resembling clasts. Solar-wind implanted gas-
es were not found (Table 1) and, thus, the meteorite is not a
regolith breccia. RC 071 is a heterogeneously shocked meteorite
cross-cut by shock veins.

ROOSEVELT COUNTY 072

RC 072 is classified as an L5 chondrite. The L classification
is based on the mean Fa content of olivine (Fa,,,, ¢ = 0.8, N
= 15) and Fs content of low-Ca pyroxene (Fs,,,, 6 = 0.9, N =
15), both of which are within the ranges for equilibrated L
chondrites given by Gomes and Keil (1980). Classification as
petrologic type 5 (Van Schmus and Wood, 1967) is based on
poorly delineated chondrule boundaries, the occurrence of only
rare polysynthetically twinned low-Ca clinopyroxene, and the

FiG. 2. Backscattered electron image of RC 072-Al. The chondrule is a semi-circular fragment. The location of the chondrule on the outer
edge of the meteorite not covered by fusion crust suggests that part of the chondrule was lost during terrestrial weathering, not by fragmentation
on the parent body or during atmospheric entry. Large picotitic spinels (S) dominate the chondrule. The areas adjacent to the picotitic spinels

are darker due to a lack of chromite. Scale bar = 100 um.
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TABLE 2. Mean compositions of phases, range of spinel compositions
and bulk chondrule composition (in wt.%) for Al-rich chondrule in
Roosevelt County 071.
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TABLE 3. Mean compositions of phases, range of spinel compositions
and bulk chondrule composition (in wt.%) for Al-rich chondrule in
Roosevelt County 072.

1) )] 3) () ®) 6) @D (@) 3) () )
Sio, — - 37.8 463 654 378 Sio, — — 38.2 62.1 47.6
044 098 4.0 0.41 0.71
ALO, 48.6  39.7-55.3  0.08 338 229 205 ALO, 48.3 39.1-54.2 0.17 248 24.0
5.4 0.09 1.0 2.3 5.7 0.17 0.44
Cr,0, 155  84-247 011 0.0 002 3.2 Cr,0, 16.7 10.5-25.4 0.14 0.06 2.9
5.5 0.07 016 0.02 5.7 0.04 0.05
TiO, 028 006 003 085 TiO, 0.15  0.05-0.27 0.16 0.95 1.3
0.51 002 002 0.09 0.02 0.40
MgO 130  9.9-150 383 032 019 14.1 MgO 12.8 10.2-14.6 38.8 0.09 4.4
1.7 0.72 060 0.32 1.7 1.0 0.02
MnO — - 042 001 — 0.23 MnO 026  0.16-0.37 0.52 — 0.11
012 0.0I 0.08 0.02
FeO 223 19.3-263  23.1 0.77 0.83 10.6 FeO 20.0 18.2-22.4 22.7 0.84 5.8
2.3 0.83 036 0.24 1.6 0.16 0.52
Ca0 — - 003 172 39 32 Ca0o - - 0.08 5.1 42
0.02 086 2.6 0.03 0.45
Na,O - - - 1.5 5.7 2.8 Na,0 - - - 5.6 5.9
0.18 0.38 0.26
K,O - - - 004 030 008 K,0 - - - 0.24 0.16
0.01 0.13 0.03
ZnO 0.74 0.35-1.1 - - - 0.19  ZnO 0.83  0.69-0.90 - — 0.11
0.27 0.07
FeS - - - - - 033  FeS — - - - 0.05
Fe,Ni - - - - - 6.7 Fe,Ni - - - - 0.32
Total 100.14 - 100.12  100.10 99.27 100.58  Total 99.04 - 100.77 9978  96.85
N 10 14 6 4 N 10 3 4

(1) Spinels, (2) Range of compositions in spinels, (3) Olivines, (4) Crys-
talline Feldspar, (5) Glassy Feldspathic Mesostasis, (6) Bulk Compo-
sition.

Italicized figures represent 1o for N analyses.

— indicates elements which were not analyzed.

Wo content of low-Ca pyroxene of 1.5 mole%, which is within
the range for type 5 chondrites given by Scott et al. (1986).
The meteorite is weathered. Silicates are stained a uniform
brown, and hydrated iron oxides occur as veins throughout the
rock. Metallic Fe,Ni and troilite show weathered grain bound-
aries, but moderately-sized, unweathered grains (up to 45 um)
exist. Olivine throughout the thin section shows undulatory
extinction, corresponding to shock stage 2 of Stoffier ez al. (1991).
RC 071 and 072 are not paired with each other, based on dif-
ferences in petrologic type and shock features, and are not paired
with previously described chondrites from Roosevelt County.

Al-RICH CHONDRULES

We found one spinel-bearing Al-rich chondrule in each pol-
ished thin section of RC 071 and RC 072 (Figs. 1, 2). Al-rich
chondrules are arbitrarily defined as containing > 10 wt.% bulk
ALO; (Bischoff and Keil, 1984), and both chondrules, here re-
ferred to as RC 071-Al and RC 072-Al, satisfy this criterion
(Tables 2, 3).

Descriptions
RC 071-Al

RC 071-Al is circular in thin section (Fig. 1). It is dominated
by large spinel phenocrysts and has a radiating texture defined
by two types of feldspathic materials, olivines and opaque phases.
Mean compositions of individual phases, as well as the bulk
composition, are shown in Table 2.

The most striking feature of RC 071-Al is the high abundance
of optically transparent, pink spinels. The spinels are picotitic

(1) Spinels, (2) Range of compositions in spinels, (3) Olivines, (4) Crys-
talline Feldspar, (5) Bulk Composition.

Italicized figures represent 1o for N analyses.

— indicates elements not analyzed.

(appreciable Cr, Al > Cr, 1 < Fe/Mg < 3) and comprise 21.1
vol.% of the chondrule, based on modal analysis of 1065 points.
These spinels form a ring offset from, but close to, the edge of
the chondrule (Fig. 1). They are euhedral to subhedral, with
connected spinels having rounded faces towards the chondrule
rim, range from 30-100 um in diameter, and are highly zoned
towards the rim of the chondrule. Zoning profiles for the major
elements Al,O,, Cr,0,, FeO and MgO are illustrated in Fig. 3a,
while the zoning profile for ZnO is shown in Fig. 3b. The zoning
profiles in these spinels are extremely asymmetric. Cr,O, and
FeO are highest at the grain edge nearest the chondrule rim and
decrease towards the chondrule interior, while Al,O, and MgO
are lowest at the grain edge closest to the chondrule exterior
and increase towards the chondrule center. Zoning profiles for
MnO and TiO, mimic the behavior of FeO and Cr,0,. The
compositional range in this single spinel is similar to the entire
range of Al,O,, Cr,0,, FeO and MgO in all picotitic spinels in
RC 071-Al as determined by point analyses (Table 2). Thus,
most of the compositional variability of these spinels is a result
of zoning, rather than grain-to-grain heterogeneities. Concen-
trations of ZnO in these spinels is high, up to 1.1 wt.%.
Olivines up to 50 um in diameter occur both near the edge and
in the interior of the chondrule. They are equilibrated (Fa,s,, o
= 1.0, N = 14) and essentially identical to olivines throughout
RC 071 (Fa,,,). They are surprisingly high in some minor ele-
ments when compared to olivines in other equilibrated chon-
drites (McCoy et al., 1991). The apparent high amounts of TiO,
and AlL,O, may be the result of beam overlap during microprobe
analysis with minute ilmenite and chromite grains, which were
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Fic. 3. Rim to rim zoning profiles across one of the most-highly
zoned spinels in RC 071-Al. Extreme asymmetry exists in the zoning
within the spinel grains. (a) Zoning profiles for Cr,0,, Al,O,, FeO and
MgO. FeO and Cr,0, are enriched at the grain edge towards the chon-
drule exterior, while Al,O, and MgO are depleted. (b) Zoning profile for
ZnO mimics the trends of MgO and Al,O,. Error bars on ZnO data
points illustrate analytical uncertainty.

observed as inclusions in back-scattered electron images. Other
minor elements are probably elevated because of the crystalli-
zation of these olivines from a melt significantly enriched in
these elements.

T. J. McCoy et al.

Two distinct types of feldspathic materials are present in this
chondrule (Fig. 1). These are a crystalline feldspar (Ang) and a
glassy material of An,, (Table 2, Fig. 4a). This glassy material
is optically isotropic and back-scattered electron images show
no distinct phases. These two types of material were probably
formed by fractional crystallization, producing a Ca-rich crys-
talline feldspar and a Na-rich melt. The preservation of this
glass in a petrologic type 4 chondrite is unusual. The glass,
however, is relatively low in CaO, and McCoy et al. (1991)
found that low-CaO glasses apparently resist devitrification, even
in type 5 chondrites.

Opaque phases are too small for reliable quantitative analysis.
Abundant Fe,Ni metal (up to 5 um in diameter) was observed,
and this is reflected in the bulk composition of 6.7 wt.% metallic
Fe,Ni (Table 2). Minor amounts of troilite (0.33 wt.%) and
ilmenite were identified. A second type of spinel was found and
EDS analysis shows almost exclusively Fe and Cr, thus it appears
to be a chromite, quite distinct in composition from the large
picotitic spinels. The chromites are found throughout the chon-
drule, except in a zone extending out 30 um for the picotitic
spinels (Figs. 4a,b).

Bischoff and Keil (1984) arbitrarily subdivided Al-rich chon-
drules into four subtypes: Ca-Al-rich chondrules (Na,0 =< 5.0
wt.%), (Ca,Na)-Al-rich chondrules (Na,O > 5.0 wt.%), Na-Al-
rich chondrules (CaO = 2.6 wt.%, Na,O > 4.1 wt.%) and Na-
Al-Cr-rich chondrules (CaO < 4.8 wt.%, Cr,0; = 2.4 wt.%,
Na,O > 4.7 wt.%). The relatively high bulk Cr,0, concentration
of RC 071-Al (3.2 wt.%) suggests grouping with the Na-Al-Cr-
rich chondrules. In Figs. Sa—c, Cr,0; is plotted against Na,O,
CaO0, and SiO,, respectively. Bulk compositions of three groups
of chondrules (data from Bischoff and Keil, 1984) are plotted
with RC 071-Al. In plots of Cr,O; vs. CaO (Fig. 5b) and Cr,0,
vs. Si0, (Fig. 5¢), RC 071-Al plots in the field of Na-Al-Cr-rich
chondrules. In a plot of Na,O vs. Cr,0, (Fig. 5a), RC 071-Al
plots below other Na-Al-Cr-rich chondrules. RC 071-Al con-
tains 2.8 wt.% Na,O (Table 2), well below the arbitrary lower

10 ‘}Jm

Fic. 4. The same area in RC 071-Al illustrated in both backscattered electrons (A) and Cr Ka X-rays (B). In (A), picotitic spinels (S), olivines
(O), microcrystalline feldspar (MF), glass (G), chromites (C) and weathering veins (WV) are present. Cr Ko X-rays (B) show locations of picotitic
spinels (bottom) and chromites. However, chromite is absent within 30 um of the outer edge of the picotitic spinel. Scale bars = 10 pm.
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Fic.5. Comparison of the bulk compositions of chondrules RC 071-

Al and RC 072-Al with bulk compositions of Al-rich chondrules from
other ordinary chondrites (Bischoff and Keil, 1983).

limit of 4.7 wt.% Na,O for Na-Al-Cr-rich chondrules defined
by Bischoffand Keil (1984). Bischoff (1984) reports other chon-
drules which are Cr-rich but Na-poor.
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RC 072-4l

RC 072-Al (Fig. 2) is a semi-circular fragment. The chondrule
fragment is located on the outer surface of the meteorite and
the broken edge of the chondrule is not covered by fusion crust.
It is likely that the chondrule was fragmented and lost during
terrestrial weathering, rather than on the meteorite parent body
or during atmospheric entry. This chondrule is also dominated
by picotitic spinels, which comprise 14.2 vol.%, based on modal
analysis of 2053 points. The remainder of the chondrule has a
microcrystalline texture and consists of feldspar, olivines and
opaque phases. Mean compositions of individual phases are
shown in Table 3.

The picotitic spinels range from 50-100 ym in diameter and
occur as euhedral crystals both on the edge of the chondrule, as
well as in a cluster in the middle of the chondrule. The range
in compositions of spinels in RC 072-Al and RC 071-Al are
similar. As in RC 072-Al, picotitic spinels in RC 072-Al are
zoned. Cr,0, zoning in one spinel of RC 072-Al ranges from
25.4 wt.% at the crystal edge closest to the chondrule rim, to
18.5 wt.% in the core of the crystal, and 10.5 wt.% at the crystal
edge closest to the chondrule center.

Olivines (Fa,,,, ¢ = 0.6, N = 3) are commonly nucleated at
the chondrule edge and are homogeneous and identical in com-
position to olivines throughout the chondrite (Fa,,,). As in RC
071-Al, minor element concentrations are elevated in the oli-
vines of RC 072-Al and apparent Al,O, concentrations may be
due to beam overlap with micron-sized chromites enclosed in
the olivines.

A single type of feldspar is present in RC 072-Al. It is mi-
crocrystalline and has a composition of An,, (Table 3). No Fe,Ni
metal was observed. Small crystals of troilite and ilmenite were
observed and chromites are also present, but again are depleted
in zones around the large picotitic spinels (Fig. 2).

The bulk composition of RC 072-Al plots in the composi-
tional fields of Na-Al-Cr-rich chondrules defined by Bischoff
and Keil (1984) (Figs. 5a—).

Discussion

The conventional view of chondrite genesis involves the pro-
duction of chondrules by melting of pre-existing dust in the
solar nebula by transient heating phenomena to form molten
droplets, which solidified rapidly. The chondrules then aggre-
gated with matrix and other componenets into parent bodies,
where they were metamorphosed to form the various petrologic
types. Chondritic meteorites contain information on all of these
stages, and Al-rich chondrules expand our undertanding of these
processes and materials in the early history of the solar system.

Spinel Crystallization and Chondrite Metamorphism

Before inferences can be made about the origin and crystal-
lization of these Al-rich chondrules, we must unravel those
properties attributable to metamorphism. The equilibration of
chondrule olivines is certainly a metamorphic effect. Addition-
ally, the similarity in olivine compositions within the chondrule
and throughout the chondrite argue that the chondrules were
not added to the chondrites in a later brecciation event. The
lack of identifiable clasts also argues against these chondrites
being breccias.
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The zoning in the picotitic spinels of RC 071-Al and RC 072-
Al is dramatic and its origin and preservation may have im-
portant implications for the metamorphic history of these chon-
drites. Bischoff and Keil (1984) observed similar zoning in a
spinel from a Ca-Al-rich chondrule. These authors attributed
the zoning to Cr,0O;-depletion of the melt during crystallization
and growth of the spinel from a Cr,0,-rich nucleus at the chon-
drule rim. The existence of similar zoning in RC 071-Al and
RC 072-Al, which have experienced metamorphism, also raises
the possibility that the zoning was formed or modified by dif-
fusion during equilibration.

At least some of the features observed in these chondrules
are readily explained by fractional crystallization and are in-
consistent with an origin by metamorphic equilibration. Ex-
periments with CAI compositions (Stolper and Paque, 1986)
similar to those of Al-rich chondrules, demonstrated that spinels
preferentially nucleate on the surface of the charge and grow
into the interior of the chondrule. This type of growth, coupled
with the depletion of Cr,0O, from the melt (Bischoff and Keil,
1984), readily explains the asymmetric zoning of the spinels.
Although the spinels in RC 071-Al are offset from the edge of
the chondrule in the plane of the thin section, it is possible that
they are attached in a third dimension. The depletion of the
small chromites around the large, picotitic spinels also favors
an origin by crystallization: the rapid crystallization of picotitic
spinels depletes the surrounding melt in Cr,0;, so that chromites
cannot crystallize, except in more distant portion of the melt
which were not depleted in Cr,0,. We can envision no meta-
morphic process which would leave the area around the large
spinels devoid of the smaller chromites.

The formation of the zoning within and, therefore, the com-
position of the picotitic spinels is less clear. It is important to
remember that the spinel structure incorporates the trivalent
cations (Al,Cr) in the B site, while the divalent cations (Fe,Mg,Zn)
are incorporated in the A site. Fudali and Noonan (1975) made
the following observations about diffusion in spinels: (1) Fe-Mg
exchange in the A site of the spinel structure is slower in Mg-
rich spinels than it is in the Mg-poor chromites and (2) for a
single spinel grain, Fe-Mg exchange in the A site is faster than
Al-Cr exchange in the B site, and the two exchanges are largely
independent of one another. The assertion of independence of
diffusion is only partially true. While the diffusion of Al-Cr is
independent of Fe-Mg, the inverse is not entirely true. We know
that the partitioning of Fe and Mg between olivine and spinel
is dependent on temperature and Cr/Al ratio in the spinel (Ir-
vine, 1965), and this is the basis of the olivine-spinel geother-
mometer. Subsequent investigators calibrated this thermometer
(Jackson, 1969; Fabries, 1979; Engi, 1983) and it has been ap-
plied to meteoritic systems by Wlotzka (1985, 1987) and John-
son and Prinz (1991). Although considerable uncertainty exists
in the calibration of this thermometer, it can be used to deduce
relative temperatures. The result of this two site structure is that
the zoning of different elements can result from different proces-
es (i.e., crystallization, equilibration).

The trivalent cations Al and Cr are highly and asymmetrically
zoned in the picotitic spinels. A possible interpretation is that
Cr,0, increases towards the edge of the chondrule as a result of
diffusive exchange with the matrix material, leading to the highly
asymmetric zoning. However, this interpretation is inconsistent
with what we know about diffusion and observe in chondritic

T. J. McCoy et al.

Olivine-Spinel Geothermometer

16
600°C 700°C_~"m go0ec
1.4 "
L
a 12 .
¥ s = RCO7I-Al
=]
E o ° © RCO72-Al
| o
0.8 o
06 T T T
0.0 0.1 0.2 0.3 0.4
Cr/(Cr+Al)

Fic. 6. Olivine spinel thermometry diagram using the empirical
calibration curves of Fabries (1979). K, equals the Fe/Mg ratio in spinel
divided by the same ratio in olivine. Data for spinels in RC 071-Al and
RC 072-Al plot at around 800 °C. Additionally, RC 072 (L5) spinels
plot at slightly higher temperatures than RC 071 (L4) spinels, consistent
with the petrologic type assignments.

systems modified by diffusion. At temperatures appropriate to
chondritic metamorphism, grain boundary diffusion is signifi-
cantly faster than volume diffusion. The result of these relative
rates is that diffusional modification does not occur just at the
edge of the grain closest to the chondrule exterior, but at all
edges of the grain. In RC 071-Al, olivines both outside and
inside the partial ring of spinels are equilibrated, demonstrating
that the spinels did not act as a barrier to diffusion. Symmetric
zoning is observed in chondritic minerals which have been al-
tered by diffusional modification. Taenite grains in metamor-
phosed chondrites exhibit symmetric Ni zoning (Wood, 1967)
and olivines and pyroxenes in type 3.1-4 chondrites show sym-
metric zoning for a host of elements (Miyamoto et al., 1986;
Scott and Jones, 1990; McCoy et al., 1991). These considera-
tions argue that Al,O, and Cr,0, zoning was not established by
exchange of these elements between the spinels and the matrix
during metamorphism, but rather by fractional crystallization.

The origin of the zoning of the divalent cations (Fe,Mg,Zn)
is more difficult to interpret. It is possible that metamorphism
has modified the zoning and concentrations of these elements.
According to the theoretical basis of the olivine-spinel geother-
mometer, spinels with increasing Cr/Al ratios should have high-
er Fe/Mg (and presumably Fe/Zn) ratios. This is exactly the
behavior observed. In fact, application of this thermometer to
olivine-spinel pairs in RC 071-Al and RC 072-Al yields tem-
peratures of about 800 °C (Fig. 6), approximately those expected
for type 4 and 5 chondrites. Additionally, temperatures obtained
for RC 072-Al (L5) are slightly higher than for RC 071-Al (L4),
as would be expected. It is well known that ZnO is often enriched
in spinels of higher petrologic type, and numerous authors have
argued that ZnO is redistributed during metamorphism (Gross-
man and Wasson, 1985; Johnson and Prinz, 1991). The lack of
equilibration in the spinel, as shown by zoning in ALO; and
Cr,0,, places doubts on whether these calculations yield mean-
ingful temperature estimates. Johnson and Prinz (1991) ex-
pressed similar doubts about temperature estimates for une-
quilibrated type 3.0 to 4 chondrites.

The alternative mechanism for the formation of the zoning
of the divalent cations, fractional crystallization, appears im-
possible to assess. The spinels studied here are composed pri-
marily of four end members—spinel sensu stricto (MgAlLQ,),
hercynite (FeAl,O,), magnesiochromite (MgCr,0,) and chro-
mite (FeCr,0,). Unfortunately, much of the literature data on
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spinel zoning in experimental and natural systems is inappro-
priate to evaluate the zoning in these chondrule spinels. Exper-
imental work aimed at understanding terrestrial systems in-
volves trivalent iron in the end member magnetite (Fe,0,).
Unfortunately, most well-documented lunar spinels often in-
corporate significant amounts of titanium as an ulvospinel
(Fe,TiO,) component. Fe is enriched as Ti is enriched, because
of the coupled charge substitution of (Fe?*,Ti**) for (Al**,Cr+).
This trend is observed even in the very low-Ti basalts (Vaniman
and Papike, 1977). Spinels of appropriate composition occur in
lunar highland rocks but are homogeneous, due to the slow
cooling they experienced during crystallization (Papike et al.,
1991). The experiments of Stolper and Paque (1986) on CAI
compositions, although useful for textural information, shed no
light on the chemical zoning of spinels, since they produced
nearly pure MgALO,.

In summary, it appears that the zoning of the trivalent cations
(Al, Cr) was established during crystallization of the spinels and
has not been modified significantly during subsequent meta-
morphism. The zoning of the divalent cations (Fe,Mg,Zn) may
well have been altered by metamorphic equilibration. The zon-
ing observed is generally consistent with metamorphic equili-
bration, but both the exact temperatures given by the olivine-
spinel geothermometer and the use of this thermometer on spinels
that retain zoning of the trivalent cations formed by crystalli-
zation remains in doubt. We are unable to evaluate origin of
the the zoning of the divalent cations in the context of fractional
crystallization. This conclusion implies remarkably slow dif-
fusion rates for the trivalent cations relative to the divalent
cations. This is qualitatively consistent with our knowledge of
diffusion in spinels (e.g., Fudali and Noonan, 1975). Quanti-
tative assessment of these diffusion rates has not been conducted
to the best of our knowledge.

Chondrule Formation

The formation of chondrules by melting of solid precursor
materials has been favored for both Fe-Mg chondrules (Gooding
et al., 1980; Taylor et al., 1983; Grossman, 1988) and Al-rich
chondrules (Bischoff and Keil, 1984). Bischoff and Keil (1984)
proposed a MgO-FeO-SiO,-rich component, a highly-refractory
component rich in CaO, AlL,O,, TiO, and MgO, and a volatile-
rich componenent high in Na,O, K,O and Al,O, as the precursor
components. The source of Cr,0;, a major component in some
Al-rich chondrules, was not considered in the compositions of
these precursors. Plots of Na,O versus Cr,O, (Fig. 5a) and SiO,
versus Cr,0, (Fig. 5c) show no strong correlations, suggesting
that neither the volatile component or the MgO-FeO-SiO,-com-
ponent appear to have contained the Cr,0,;. CaO (refractory
component) versus Cr,O, show an inverse correlation (Fig. 5b),
suggesting that Cr,0, was likewise not contained in the refrac-
tory component. One possibility is a spinel-rich precursor. This
would explain the abundance of spinels in these Al-rich chon-
drules. Likewise, if the Zn is inherited from the precursor and
not a result of metamorphic redistribution, the spinel-rich pre-
cursor may be the source of ZnO.

Alternative models exist to explain the formation of Al-rich
chondrules. Bischoff et al. (1989) measured rare-earth elements
in Al-rich chondrules. Based on similarities between bulk rare
earth elements in Al-rich chondrules and REE’s in mesostases
from Fe-Mg-rich chondrules, these authors concluded that dur-
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ing chondrule collisions, “common” Fe-Mg-rich chondrules lost
their mesostasis by ejection. This lost mesostasis then crystal-
lized to form Al-rich chondrules. The large sizes of RC 071-Al
and RC 072-Al would require almost complete loss of mesos-
tasis from a very large Fe-Mg-rich chondrule. Such a model fails
to explain several features. First, Jones (1990) show that type
II chondrules, which are one of the most abundant types of large
Fe-Mg-rich chondrules, formed by closed system fractional crys-
tallization and have not lost mesostasis. Secondly, the bulk com-
positions of these chondrules are quite different from compo-
sitions of Fe-Mg-rich chondrule mesostasis, most notably
containing much larger abundances of Cr,O,. Finally, the min-
eralogy reported in these Al-rich chondrules (i.e., large picotitic
spinels) are not generally observed in Fe-Mg-rich chondrule
mesostasis.

Crystallization Thermal History

The shapes and textures of the chondrules provide important
constraints on the physical setting and thermal histories during
chondrule formation and crystallization. Taylor et al. (1983)
summarized the evidence for formation of chondrules in the
solar nebula. The spherical shapes of RC 071-Al and RC 072-
Al indicate formation as freely floating, independent objects.
Two lines of evidence suggest that these molten droplets crys-
tallized from at or above the liquidus. Experiments with Fe-Mg
chondrule compositions produce radiating textures when cool-
ing from at or above the liquidus (Hewins, 1988). This type of
radiating texture is present in RC 071-Al. Experiments by Stol-
per and Paque (1986) showed that spinels preferentially nucleate
on the surface of the charge when cooled from above the liqui-
dus. Spinels are found at or near the edge of the chondrule in
both RC 071-Al and RC 072-Al. In RC 072-Al, equant spinels
are found in the chondrule interior. Cooling from above the
liquidus produced ragged spinels in the chondrule interior, while
cooling from slightly below the liquidus produced equant spinels
in the chondrule interior. Thus, RC 072-Al may have cooled
from slightly below the liquidus, or the spinels may have de-
tached from the edge of the chondrule. Further, cooling from
above the liquidus should yield euhedral spinels (Stolper and
Paque, 1986), as is the case with the chondrules studied here.
The liquidus temperature of Stolper and Paque’s (1986) exper-
iments is 1550 °C, in the range of liquidus temperatures reported
by Hewins (1983) (1440-1580 °C) for Fe-Mg-rich chondrules.
Thus, peak temperatures for Al-rich chondrules were similar to
those for Fe-Mg-rich chondrules.

Rapid cooling rates for these chondrules can be inferred from
a variety of properties. The first of these is the marked zoning
shown by Al,O, and Cr,0, in the picotitic spinels. As argued
above, these zoning profiles were not significantly modified by
metamorphism. Formation during crystallization argues for rapid
cooling rates of these chondrules. Coarse spinels were produced
by Stolper and Paque (1986), ranging from ~10-100 um in size
at a cooling rate of 1000 °C/hr, to as large as 2 mm at 2 °C/hr.
Since the spinels observed in the Al-rich chondrules are in the
100 um range, cooling rates of at least 1000 °C/hr or more are
indicated. Finally, the lack of chromites in zones around the
picotitic spinels indicates rapid cooling rates and severe dis-
equilibrium within the chondrule melt. The crystallizing pico-
titic spinels may have incorporated all the Cr,O, within 30 um,
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but rapid cooling rates prevented the incorporation of all Cr,0O,
from throughout the chondrule melt.

Chondrule Classification

The Al-rich chondrules studied here have compositional af-
finities to the Na-Al-Cr-rich chondrules, whose compositional
limits were arbitrarily chosen by Bischoffand Keil (1984), based
on only six individual chondrules. RC 071-Al and RC 072-Al
expand this group beyond the boundaries given by these authors.
Chondrules rich in Al and Cr are not necessarily rich in Na, and
it may be appropriate to rename the group “Al-Cr-rich” chon-
drules. Despite this small difference, the chondrules we have
studied do not have compositions drastically different from oth-
er Al-Cr-rich chondrules. The high volume percent of spinels
observed in RC 071-Al and RC 072-Al, however, were not
reported for any of the six Al-Cr-rich chondrules studied by
Bischoff and Keil (1983, 1984). To be sure, other authors have
reported chondrules which were almost entirely composed of
spinels (Tieschitz— Wlotzka, 1983; Burdett— Bischoff and Keil,
1984), but the bulk compositions of these chondrules were not
reported. In short, crystallization of chondrules with nearly iden-
tical bulk compositions result in vastly different modal miner-
alogies, particularly the abundance of spinel. Thus, the modal
mineralogy is dependent not only on the bulk composition of
the chondrules, but on other factors, such as peak temperature
and, to a lesser extent, cooling rate, all of which affect the crys-
tallization of spinel. Therefore, a range of peak temperatures
and cooling rates must be responsible for the formation of the
Al-Cr-rich chondrules, and we see no reason to believe that this
range is significantly different from that experienced by the
“common” Fe-Mg-rich chondrules.
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