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Abstract-Rumuruti (R) chondrites constitute a new, well-established chondrite group different from the
carbonaceous, ordinary, and enstatite chondrites. Many of these samples are gas-rich regolith breccias
showing the typical light—dark structure and consist of abundant fragments of various parent-body lithologies
embedded in a fine-grained olivine-rich matrix. Unequilibrated type-3 lithologies among these fragments
have frequently been mentioned in various publications. In this study, detailed mineralogical data on seven
primitive fragments from the R-chondrites Dar al Gani 013 and Hughes 030 are presented. The fragments
range from ~300 um in size up to several millimeters. Generally, the main characteristics can be summarized
as follows: (1) Unequilibrated type-3 fragments have a well-preserved chondritic texture with a chondrule-
to-matrix ratio of ~1:1. Chondrules and chondrule fragments are embedded in a fine-grained olivine-rich
matrix. Thus, the texture is quite similar to that of type-3 carbonaceous chondrites. (2) In all cases, matrix
olivines in type-3 fragments have a significantly higher Fa content (44—-57 mol%) than olivines in other
(equilibrated) lithologies (38—40 mol% Fa). (3) Olivines and pyroxenes occurring within chondrules or as
fragments are highly variable in composition (Fag_gs and Fsg33, respectively) and, generally, more
magnesian than those found in equilibrated R chondrites.

Agglomerated material of the R-chondrite parent body (or bodies) was highly unequilibrated. It is
suggested that the material that accreted to form the parent body consisted of chondrules and chondrule
fragments, mainly having Mg-rich silicate constituents, and Fe-rich highly oxidized fine-grained materials.
The dominating phase of this fine-grained material may have been Fa-rich olivine from the beginning. The
brecciated whole rocks, the R-chondrite regolith breccias, were not significantly reheated subsequent to
brecciation or during lithification, as indicated by negligible degree of equilibration between matrix

components and Mg-rich olivines and pyroxenes in primitive type-3 fragments.

INTRODUCTION

Since 1994, the Rumuruti (R) chondrites have been recognized
as a new well-established chondrite group different from the
carbonaceous, ordinary, and enstatite chondrites (e.g., Schulze et al.,
1994; Bischoff et al., 1994; Rubin and Kallemeyn, 1994; Kallemeyn
et al., 1996). This group is named after the Rumuruti meteorite, the
first and so far the only R-chondrite fall (Schulze and Otto, 1993;
Schulze et al., 1994). The first R chondrite, Carlisle Lakes, was
found in Australia in 1977 (Binns and Pooley, 1979); meanwhile,
the number of R chondrites has been increased to ~15.

Most R chondrite samples are regolith breccias showing the
typical light—dark structure and having solar-wind-implanted rare
gases (Weber and Schultz, 1995). These meteorites contain
unequilibrated type-3 fragments and clasts metamorphosed to
various degrees and should be considered as R3—5 or R3—6 breccias
(e.g., Bischoff et al., 1994; Schulze et al., 1994; Kallemeyn et al.,
1996). Carlisle Lakes is an unbrecciated meteorite of petrologic
subtype 3.8. Also, in Hammadah al Hamra 119 (Weber ef al., 1997)
and in the small sample of Sahara 98248, no obvious brecciation
could be identified (R4; Grossman, 1999).

Unequilibrated chondritic clasts or individual chondrules have
been reported from many R chondrites in the past (e.g., Weisberg et
al., 1991, their Fig. 1; Schulze et al., 1994, their Fig. 5; Bischoff et al.,
1994, their Fig. 5; Rubin and Kallemeyn, 1994, their Fig. 4a). Jackel
et al. (1996) reported that several type-3 clasts were encountered in
Dar al Gani (DaG) 013 having a perfect chondritic texture. They also
found that these fragments consist of chondrules and chondrule
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fragments with highly unequilibrated olivines embedded in a fine-
grained, olivine-rich matrix and that the composition of matrix
olivines would "indicate a higher Fa content (~Fayg_s() than typically
found in other R chondrites and in the matrix of the equilibrated clasts
(~Fazg)." Abundant primitive, type-3 fragments were found in the
Hughes 030 (R3-6) chondrite (Bischoff et al, 1998). Texturally
different unequilibrated fragments were described and, on the basis of
the composition of matrix olivines within these fragments (up to
Fa_gp), Bischoff e al. (1998) concluded that "primitive unbrecciated R
chondrites, which still have to be found, should have high Fa contents
in matrix olivines (>>40 mol%)."

In this work, the mineralogy of various primitive, type-3
fragments from DaG 013 and Hughes 030 were studied for the first
time in more detail and the results are presented here. The main aim
of this study is to demonstrate the mineralogical and mineral-
chemical characteristics of primitive clasts from R chondrites.
Considering the chemical data and petrographic observations, some
indications concerning metamorphism, brecciation, and late-stage
lithification and breccia formation can be given.

ANALYTICAL PROCEDURES

Polished thin and thick sections from DaG 013 (PL95141,
PL96218) and Hughes 030 (PL98092, PL98016) were studied by
optical microscopy in transmitted and reflected light. A JEOL 840A
scanning electron microscope (SEM) was used to resolve the fine-
grained texture of the type-3 clasts. Mineral analyses were obtained
with a JEOL JXA-8600 S electron microprobe operating at 15 kV
and a probe current of 15 nA and with the JEOL 840A SEM
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FIG. 1. Backscattered electron images of primitive type-3 fragments from the R-chondrites DaG 013 and Hughes 030. In all clasts, abundant chondrules or
chondrule fragments with mainly FeO-poor constituents (e.g., Fo-rich olivines, En-rich pyroxenes) occur. These have a dark grey appearance in backscattered
electron images. (@) Dar al Gani 013, fragment No. 1. the boundary between the type-3 fragment and the bulk meteorite is clearly visible because of the
lighter appearance (higher Fa contents) of matrix olivines in the primitive clast. (b) Dar al Gani 013, fragment X: chondritic textured area of a large
unequilibrated fragment. (c) Hughes 030, fragment No. 1: several chondrules with mainly FeO-poor constituents at the (marked) boundary between the type-3
fragment and the bulk meteorite matrix. (d) Hughes 030, fragment No. 2: the smallest unequilibrated fragment analyzed having no complete chondrules and
only some zoned olivines (ol) and pyroxenes (px) as coarse-grained constituents embedded in a fine-grained, olivine-rich (Fa_ss) matrix. (e) Hughes 030,
fragment No. 3: large chondritic textured, primitive fragment with a clearly visible boundary to the bulk meteorite. (f) Hughes 030, fragment 2-1: abundant
chondrule fragments and some chondrules occur within this unequilibrated fragment. Most of the abundant mafic silicates, olivine and pyroxene, within the
chondrules, and chondrule fragments are Fo- and En-rich, respectively (dark grey or black in the backscattered electron image). Compare Figs. 2—6 concerning
the matrix textures and the chemical compositions of the main constituents of the fragments.
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FIG. 2. (right) (a) A thin rim of Fa-rich olivine (arrows) surrounding Fo-rich
olivine within fragment X from DaG 013. In addition, two completely
unzoned, Mg-rich low-Ca pyroxenes are visible. (b) A chondrule fragment
in clast 2-1 from Hughes 030. The olivine bars have a similar composition
compared with the fine-grained matrix olivines. In the upper right corner, an
unzoned, low-Ca pyroxene is visible (Px). The olivine fragment on the left
hand side is significantly zoned. (c) A Fa-rich olivine fragment (~Fag,4) was
found in the matrix of fragment 2-1. Note the sharp optical contrast between
this clast (light grey) and the olivines within the matrix (medium grey). The
degree of equilibration between matrix olivines and the Fe-rich olivine
fragment is negligible (CPx: Ca-pyroxene). Backscattered electron images.

equipped with a Pentafet-detector (Oxford Instruments) for energy
dispersive analysis (EDS, LINK AN10000). Using the SEM for
quantitative analysis, samples and appropriate mineral standards were
measured at an excitation voltage of 20 kV, and the beam current
constancy was controlled by a Faraday cup. ZAF corrections were
applied. Repeated analyses of the same areas and the comparison
with data obtained with the electron microprobe demonstrated the
reproducibility of the system. Data from the electron microprobe
were corrected according to Bence and Albee (1968).

PETROGRAPHY

Many Rumuruti chondrites contain fragments of unequilibrated,
type-3 lithologies (e.g., Weisberg et al., 1991; Schulze et al., 1994;
Bischoff et al., 1994, 1998; Rubin and Kallemeyn, 1994; Jackel et
al., 1996). In Hughes 030 and DaG 013, which both have not been
significantly shocked (S2 and Sl1, respectively; using the shock
classification scheme for ordinary chondrites from Stoffler et al.,
1991), these lithic fragments have textures resembling type-3
carbonaceous chondrites: chondrules and chondrule fragments
having olivines and pyroxenes of various compositions are embedded
in a fine-grained, olivine-rich matrix (Figs. 1-4). The chondrule-to-
matrix ratio within primitive unequilibrated clasts is roughly 1:1
(Fig. 1) and much lower than that in ordinary chondrites (~6:1;
Grossman et al., 1988). Some examples of type-3 fragments from
DaG 013 and Hughes 030 are shown in Fig. 1. The size of these
fragments is highly variable ranging from <300 um (Fig. 1d) up to
many millimeters in largest dimension. In fact, one thin section of
DaG 013 (PL96218; ~1 cm?) consists almost completely of
unequilibrated lithologies. The boundaries of these type-3 clasts can
clearly be recognized in backscattered electron images (Fig. 1a,d,f)
based on the higher Fa contents of the matrix olivines (Fas44)
compared to the Fa contents of olivines from the host meteorite
matrix (~Fayp), which is basically equilibrated and recrystallized.
Typically, the type-3 clasts contain abundant chondrules and
chondrule fragments of variable sizes, but chondrules >500 um in
apparent diameter are rare. This is consistent with previous
measurements that the average apparent chondrule diameter of R
chondrites is on the order of 400 um (e.g., Bischoff et al., 1994;
Kallemeyn et al., 1996). All typical chondrule types have been
observed. Although matrix olivines within the clasts are very rich in
FeO, the mafic silicates within the chondrules and chondrule
fragments are mostly Fe-poor (see below), which is apparent in the
backscattered electron images (Fig. 1).

As shown in Fig. 1, olivines in chondrules or chondrule fragments
are often zoned. Also, forsteritic olivines have frequently been
observed (Fig. 2a) sharply surrounded by thin rims of Fa-rich olivine.
In other cases, chondrules or chondrule fragments with more or less
unzoned Fa-rich olivines occur. Figure 2b shows such an object that
contains olivine bars similar in composition to olivine grains within

Olivine
Fa4.6

Fs
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the fine-grained matrix (~Fas4g). In addition, a Fa-rich olivine
fragment was encountered within the fine-grained matrix. Between
this fragment and the matrix olivines, a distinct compositional
difference was found (Fig. 2c).

W

FIG. 3. Backscattered electron images of the matrix of unequilibrated, type-3
fragments from the R-chondrite Hughes 030: (a) fragment No. 1, (b) fragment
2-1, and (c) fragment No. 3. The matrix texture within all three fragments is
quite similar. Lath-shaped (c) or blocky olivines (a and b) are by far the domi-
nant constituents of a very porous groundmass. Zoning of some small matrix
olivines is visible in (a). Sulfides, chromites, or both are rare (tiny white grains).

A. Bischoff

Some typical matrix textures from unequilibrated R-clasts are
shown in Figs. 3 and 4. Matrix olivines from the unequilibrated
clasts in Hughes 030 mostly occur as isolated, anhedral grains,
typically <5 um in size (Fig. 3). In some clasts, these grains are
somewhat elongated (Fig. 3¢) and slightly zoned. Matrix textures in
two of the type-3 clasts from DaG 013 are shown in Fig. 4.
Although some lath-shaped olivines occur in the matrix of fragment
No. 2, the whole matrix appears to be slightly recrystallized, leading
to larger grain sizes of the mineral constituents and larger pores
(Fig. 4a). The matrix of fragment X is extremely fine grained, and
mineral identification of most constituents is impossible by SEM
and electron micoprobe (Fig. 4b). Analyses of olivines >3 um
revealed high Fa contents (~Fas;; Fig. 5). A significant porosity
within the unequilibrated, type-3 clasts from R chondrites is obvious
(Figs. 3 and 4). Although the matrix mineralogy is strongly

dominated by olivines, small grains of sulfides and Cr-rich spinels
were also detected.

03

FIG. 4. Backscattered electron images of the matrix of unequilibrated,
type-3 fragments from the R-chondrite DaG 013. (a) The matrix of
fragment No. 2 consists predominantly of some lath-shaped and mainly
anhedral olivines. The porosity (black areas) is quite high and sulfides and
chromites are rare (tiny white grains). (b) The matrix of fragment X is
extremely fine grained. Mineral identification of most constituents is
impossible because of the small grain size; however, some olivine grains
(>3 um; ol) could be analyzed and have very high Fa contents (~Fas7;
Fig. 5).
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FIG. 5. Compositions of matrix olivines in unequilibrated, type-3 fragments
from the R-chondrites DaG 013 and Hughes 030. For comparison, the
olivine compositions of the host meteorite matrix are given. Note the high
Fa contents of matrix olivines within the fragments DaG 014-X and Hughes
030-No. 2 (compare Table 1).
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CHEMISTRY OF MAIN MINERALS

Matrix areas of unbrecciated R chondrites (e.g., Carlisle Lakes)
are well recrystallized and mainly consist of equilibrated olivines
(Fasg_40), plagioclase, and relatively coarse-grained Ti-bearing,
Cr-rich spinels. Olivines within the bulk-rock matrix of DaG 013
(mean: Fay;g) and Hughes 030 (Fazo¢) have slightly higher
Fa contents than olivine in most other R chondrites because of a
lower degree of bulk-rock equilibration and recrystallization (Table 1;
Fig. 5). The matrix olivines of equilibrated fragments in these twé
chondrites, however, have a similar composition to matrix olivines
in most R chondrites (Fasg_40).

Within the unequilibrated, type-3 clasts, olivine is also by far the
dominating mineral, but its composition differs significantly from
olivine within the bulk rock. The average composition of matrix
olivines of individual unequilibrated fragments varies between 44
and 57 mol% Fa (Fig. 5; Table 1). Within individual fragments, the
composition of matrix olivines is quite homogeneous. Fragment X
in DaG 013 and fragment No.2 in Hughes 030 have the most
Fa-rich matrix olivines, Fasg 9+ g (range: 53.5-59.2 mol% Fa) and
Fasgg+2 (range: 52.1-60.1 mol% Fa), respectively. It has to be
noted that matrix in fragment X is very fine grained (Fig. 4b) and
that only the largest grains were analyzed.

Olivine within chondrules and chondrule fragments is highly
variable in composition and mostly more magnesian than matrix
olivine (Fig. 6; Table 2). Generally, the olivine compositions vary
between 0 and 45 mol% Fa without a distinct peak (Fig. 6). An
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TABLE 1. Apparent size of primitive type-3 fragments (in mm).*
Sample Size n Fa (mean) Fa (range)
DaG 013
bulk matrix - 22 418+ 1.0 39.843.7
fragment No. 1 25x3.5 16 456 2.1 42.2-49.9
fragment No. 2 20x2.5 19 436+ 14 412456
fragment X 52x175 17 569+ 1.8 53.5-59.2
Hughes 030
bulk matrix - 31 406 =19 38.647.2
fragment No. 1 22x27 23 455 %25 41.3-50.3
fragmentNo.2  0.13x030 20 56.0 22 52.1-60.1
fragment No. 3 34x48 11 45912 43.747.4
fragment 2-1 14x19 19 502 +22 44.2-52.3

*Compositions of olivine within these fragments and within the bulk matrix of
the R-chondrites DaG 013 and Hughes 030; chemical data in mol% Fa.
n =number of analyses; compare Fig. 5.

olivine fragment in clast 2-1 from Hughes 030 has a Fa content of
64 mol%. In some Fo-rich olivines, tiny Fe,Ni metal grains were
detected. Zoning of olivine within chondrules or chondrule fragments
is common (Fig. 1). Frequently, a sharp boundary between Fo-rich
olivine and Fa-rich matrix olivine has been observed. The example
shown in Fig. 2a illustrates a Fo-rich olivine (96 mol% Fo)
surrounded by Fa-rich olivine having about 50-55 mol% Fa. Low-’
Ca pyroxenes are highly variable in composition (mostly Fsg_;s;
Table 2 and Fig. 7). In fragment X from DaG 013, Fs contents as
high as 32.6 mol% were measured.

Dar al lGani 013 fragment No. 1
|
37 |
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g° | |
> ' |
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FIG. 6. Compositions of olivines within chondrules and chondrule fragments
of unequilibrated, type-3 fragments from the R-chondrites DaG 013 and

Hughes 030. Olivines in chondrules from all investigated type-3 fragments
are highly variable in composition (compare Table 2).
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TABLE 2. Compositions of olivine and low-Ca pyroxene within chondrules and chondrule fragments of primitive type-3

fragments from the R-chondrites DaG 013 and Hughes 030.*

Olivine Pyroxene
Sample n Fa (mean) CV (%) Fa (range) n Fs (mean) Fs (range)
DaG 013
fragment No. 1 23 214 =149 70 0.7-44.6 20 92+69 0.8-23.1
fragment No. 2 17 209+ 156 75 0.8-44.1 16 12279 1.1-25.0
fragment X 30 148 £ 10.8 73 1.6-453 30 10.0 =83 1.0-32.6
Hughes 030
fragment No. 1 15 13.8 £ 129 93 1.6-40.0 2 - 4.7/16.0
fragment No. 2 small number of olivines/pyroxenes 3 12.6 £ 10.3 6.0-24.4
fragment No. 3 20 21.0 £ 13.0 62 134438 21 9.7+175 1.3-23.7
fragment 2-1 26 253176 70 1.9-63.7 14 127+ 63 43-22.1

*Data in mol% Fa and Fs; CV = coefficient of variation of olivine compositions.

n = number of analyses; compare Figs. 6 and 7.

Other phases within type-3 fragments from R chondrites are quite
rare. Chromium-rich spinels, plagioclase, sulfides, and Ca-pyroxene
were occasionally encountered. The Cr-rich spinels appear to be
much more abundant and larger in size within the equilibrated bulk
chondrite matrix than within the primitive type-3 fragments. In
some fragments, these grains are very rare. The compositions are
highly variable as revealed from the analyses of ~40 grains: TiO,
(0.1-8.3 wt%), Cr,03 (12.5-67.6 wt%), Al,05 (0.1-21.0 wt%), FeO
(29.9-79.0 wt%).

Plagioclase analyzed in this study has an An component of 10.7 *
2.5 mol% (range: 6.4—15.5 mol% An). Thus, rare plagioclase in
type-3 fragments is similar in composition to feldspars from other
bulk R chondrites (e.g., Bischoff et al., 1994; Schulze et al., 1994;
Rubin and Kallemeyn, 1994; Kallemeyn et al., 1996).

Small sulfides, mostly heavily altered by terrestrial weathering,
were frequently encountered within the primitive fragments. Only a
small number of grains could be analyzed, and these have up to
31.3 wt% Ni.

Calcium-rich pyroxenes were mainly found in chondrules and
chondrule fragments and are variable in composition. On the basis
of the analyses of ~20 grains, the following compositional range can
be given: Fs3 51, Woyg 46

DISCUSSION

How Primitive Are the Unequilibrated Clasts in the Hughes 030
and Dar al Gani 013 Rumuruti Chondrites?

Carlisle Lakes has been classified as the only unbrecciated type-3
R chondrite. On the basis of a moderate degree of recrystallization,
the sample is described as a subtype 3.8 chondrite (Rubin and
Kallemeyn, 1989). Olivine more magnesian than Fas;_4; is very
rare in Carlisle Lakes. Some olivines having 83 mol% Fo were
found enclosed in pyroxene of a large, 2.5 mm sized chondrule
(Weisberg et al., 1991). The situation is completely different for the
type-3 clasts studied here. Olivines more magnesian than Fasg are the
rule and not the exception. Representative olivines from chondrules
and chondrule fragments were analyzed (randomly selected), and the
data are summarized in Table 2 and Fig. 6. These olivines have
been chosen in order to determine how primitive these fragments
are. First of all, the coefficient of variation (CV) of olivine compo-
sitions was calculated revealing values between 62 and 93% (Table 2).
Considering the subtype classification for ordinary chondrites, the
subtypes for these clasts are certainly well below 3.5, because CV
values between 40 and 50% characterize type-3.5 ordinary chondrites

(Scott, 1984). Using Fig. 66 from Scott (1984), in this attempt the
CV values for the olivine compositions in chondrules and chondrule
fragments from unequilibrated R-chondrite clasts were plotted (Fig. 8).
The data show that the studied clasts are highly primitive and that
their petrologic subtype is significantly below 3.5. Here, it is
suggested that the studied clasts are of subtype 3.2 (£0.1).

Dar al Gani 013
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|
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3 #_. ]
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FiG. 7. Compositions of pyroxenes within chondrules and chondrule
fragments of unequilibrated, type-3 fragments from the R-chondrites DaG
013 and Hughes 030. Pyroxenes in chondrules from all investigated type-3
fragments are highly variable in composition (compare Table 2).
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FIG. 8. Plot of coefficient of variation of olivine compositions (CV)
against the petrologic subtypes (see Sears et al., 1982, and Scott, 1984, for
details). The lower part of the diagram includes the subtype classification
of ordinary chondrites. The CV values for olivines in chondrules and
chondrule fragments within type-3 clasts from R-chondrites are well above
50%.

In many groups of carbonaceous chondrites, olivine and pyroxene
compositions tend to have pronounced peaks below 10 mol% Fa and
Fs, respectively (e.g., McSween, 1977; Scott and Jones, 1990;
Bischoff et al., 1993a,b). For the type-3 clasts from R chondrites,
different characteristics have been found. Here, no obvious peak
exists and chondrule olivines and pyroxenes vary from 0—64 mol%
Fa and 0-33 mol% Fs (Figs. 6 and 7), respectively. The Fa- and Fs-
distributions shown in these figures reflect the actual abundances.
These distributions are more similar to those found in ordinary than
in carbonaceous chondrites.

In all studied fragments, chondrules exist containing olivines
with a Fa content in excess of 39 mol%, a value typically found for
olivines in equilibrated clasts of R chondrites. Thus, a huge range of
olivine compositions can be found. In Fig. 2, it is shown that
chondrules exist with olivines of Fass_so, as well as that Fa,
olivines have sharp boundaries with olivines having >40 mol% Fa.
In the latter case, zoning of the forsteritic olivine is negligible. The
occurrence of chondrules and fragments with olivines of variable
composition within individual type-3 clasts from R chondrites has to
be a primitive feature. This statement is convincingly proved by
another observation shown in Fig. 2c, where no chemical gradient
was found between a Fag, fragment and the coexisting matrix
olivines having ~45 mol% Fa. In no cases were any indications for
considerable in situ equilibration found. In other words, these
fragments studied here represent accreted materials (fragments,
chondrules with variable composition of mafic silicates, matrix
minerals) that have not been significantly altered by in situ thermal
annealing. This result is consistent with suggestions by Weisberg et
al. (1991). These authors stated that the occurrence of Fays grains in
a host that is mainly equilibrated with olivines of Fasg suggests that
distinct R-chondrite lithologies equilibrated prior to final
lithification.

Formation of the R-chondrite Parent Body: Agglomeration of
Chondrules with Variable Iron-Magnesium Ratios and Highly
Oxidized Matrix Components

Based on the mineralogy of primitive, type-3 fragments in
R chondrites, it is suggested that the material that accreted to form
the parent body (or bodies) primarily consisted of chondrules and
chondrule fragments, mainly having reduced silicate constituents
(reduced means more magnesian than typically found in the
equilibrated host R chondrite), which occasionally contained Fe,Ni
metals and highly oxidized, Fe-rich, fine-grained materials. Thus,
the agglomerated material of the R-chondrite parent body(ies) was
highly unequilibrated. The dominating phase of the fine-grained
matrix may have been Fa-rich olivine from the beginning. If this
assumption is correct, primitive R chondrites, which still have to be
found as individual rocks, are mineralogically (e.g., mostly MgO-
rich mafic silicate phases in chondrules, Fa-rich matrix olivine) and
texturally (e.g., chondrule-matrix ratio close to 1.0) very similar to
type-3 carbonaceous chondrites.

The paucity of Fe,Ni metal in the matrix of primitive, type-3
fragments from R chondrites indicates that the accreted matrix
components were highly oxidized. It has been suggested previously
that these materials were already oxidized prior to parent-body
agglomeration. Several good reasons were given by Rubin and
Kallemeyn (1994) ruling out the possibility that R chondrites
agglomerated as reduced material (e.g., material rich in coexisting
metallic Fe,Ni and Mg-rich olivine and pyroxene). In their most
convincing argument, these authors state that if the R chondrites had
agglomerated ~6 vol% Fe,Ni metal, then because the molar volume
of magnetite is twice that of kamacite, ~12 vol% magnetite should
have been produced during parent-body oxidation. However,
magnetite is only a rare phase in R chondrites (Kallemeyn et al.,
1996). In addition, Schulze et al. (1994) described some metals in
Rumuruti. The existence of these metals indicates that some highly
reduced phases accreted together with abundant oxidized matrix
components. These metals would have been destroyed if oxidation
had happened subsequent to accretion in situ on the R-chondrite
parent body.

Thermal Processes on the R-chondrite Parent Body

Rubin and Kallemeyn (1994) and Kallemeyn et al. (1996)
discussed several aspects of thermal processing on the R-chondrite
parent body. On the basis of their limited sampling (the samples of
DaG 013 and Hughes 030 were not studied), these authors did not
recognize the extent of primitive, type-3 fragments in R chondrites,
and their model concerning the parent-body history does not include
this aspect in detail.

All models concerning the evolution and processing of a parent
body require knowledge about the starting material. Therefore, the
recognition of the primitive starting materials is of fundamental
importance when considering aspects such as metamorphism, recrys-
tallization, and phase equilibration. On the basis of the mineralogy
of primitive, unequilibrated type-3 fragments, the "accreted starting
material" must have consisted of coarse-grained components
(chondrules, chondrule fragments) basically containing olivine and
pyroxene with highly variable compositions (Figs. 6 and 7) and fine-
grained material consisting (probably from the beginning; Fig. 5) of
Fe-rich olivine (Fassq).

Dodd (1981) suggested metamorphic temperatures of about
1000-1100 K to produce type-5 and type-6 ordinary chondrites.
Assuming similar temperatures for the R chondrites, within interior
regions of the R-chondrite parent body, material was heated to form
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R5 and R6 lithologies: Fo-rich olivines (~Fo79_jg0) and En-rich
pyroxene as well as Fa-rich matrix olivines (~Fassq) equilibrated to
form chemically homogenous olivine with 38—-40 mol% Fa and less
abundant equilibrated Ca-poor pyroxene (~Fsyg in Acfer 217,
Bischoff et al., 1994). In less strongly metamorphosed regions of
the parent body, equilibration of olivine took place, whereas Ca-poor
pyroxene greatly survived as unequilibrated grains. Similar obser-
vations are known from ordinary chondrites of type 4 and of high
petrologic type 3 (e.g., 3.8, 3.9). A typical R chondrite of this type
is the unbrecciated meteorite Carlisle Lakes.

Assuming that metamorphism is a function of depth, the type-3
fragments studied here must derive from parent-body regions close
to the surface, where thermal annealing was not strong enough to
lead to significant equilibration and recrystallization.

Brecciation and Late Parent-body Processes

Impact processes caused fragmentation on the R-chondrite parent
body. Equilibrated and recrystallized lithologies (type 5 and 6) from
greater depth were mixed as fragments together with clasts from
near-surface lithologies. These include not only aberrant mineral clasts
and chondrules (Kallemeyn et al., 1996), but also a considerable
abundance of type-3 fragments.

During impact processes, some material was highly heated
resulting in the formation of impact-melt rocks (Jackel et al., 1996)
and the cellular martensite—troilite melt mixture as found within
Allan Hills (ALH) 85151 (Rubin and Kallemeyn, 1989). These
impact-related lithologies cooled rapidly and were incorporated into
the surface breccias. The real number of shock events responsible
for producing the various constituents of a loose regolith is unknown.
Considering these surface materials, interactions with the solar wind
occurred, and these regolith materials became enriched in solar-wind
gases (Weber and Schultz, 1995). During further impact activity,
these loose regolith materials were consolidated (lithified) to form
tough breccias. Tough breccias can be produced even under low-
shock pressures (5-10(20) GPa: Kieffer, 1975; Gibbons et al., 1975;
Schaal et al., 1979; Schaal and Horz, 1980; Bischoff and Lange, 1984;
Stoffler et al., 1988; Bischoff and Stoffler, 1992). Both samples,
DaG 013 (S1) and Hughes 030 (S2), were not shocked above
10 GPa during lithification or a later event as indicated by the
presence of very weakly shocked minerals within the bulk rock.

Although highly heated fragments, like impact-melt rocks, occur
within these R-chondritic breccias, it is very clear that the brecciated
whole rock was not significantly reheated subsequent to brecciation
or during lithification. The abundant unequilibrated clasts are good
indicators as well as the occurrence of martensite in ALH 85151
(Rubin and Kallemeyn, 1989). Because Fe-Mg exchange in olivine
is a rapid process, observations in type-3 clasts do not allow a
significant heating process (Fig. 2).
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