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Abstract

Chondrules and isolated forsterites in five low-subtype ordinary chondrites [NWA 3127 (LL3.1), Sahara 97210 (LL3.2),
Wells (LL3.3), Chainpur (LL3.4), and Sahara 98175 (LL3.5)] were studied using petrographic, EMPA, and SIMS techniques
to better constrain the origin of chondrules and the olivine grains within them. Our results imply that igneous crystallization,
vapor fractionation, redox effects, and open-system behavior were important processes. All olivine grains, including normal,
relict, and isolated forsterite grains, show evidence for igneous fractionation under disequilibrium conditions, with olivine
crystallizing during rapid cooling (closer to 2000 �C/h than to 100 �C/h). Vapor fractionation is manifested by anti-correlated
abundances between refractory elements (Al, Sc, Y, Ti, Ca, V) and volatile elements (Cr, Mn, P, Rb, Fe) in olivine. Redox
effects are evidenced in various ways, and imply that Fe, Co, Ni, and P were partitioned more into metal, and V was parti-
tioned more into olivine, under reducing conditions in the most FeO-poor melts. There is no obvious evidence for systematic
variations in olivine composition according to meteorite subtype, but shock melting in Sahara 97210 resulted in the injection
of glass-derived melt into olivine, resulting in artificially high abundances of Ba, Sr, Na, Ti, and some other incompatible ele-
ments in olivine. Terrestrial weathering in a hot desert environment may have mobilized Ba and Sr in some glasses.

Our data suggest that chondrules in ordinary chondrites experienced repeated thermal, chemical, and mechanical process-
ing during a ‘‘recycling” process over an extended time period, which involved multiple episodes of melting under fluctuating
redox and heating conditions, and multiple episodes of chondrule break-up in some cases. Forsterite grains, including normal
grains in forsterite-bearing type I chondrules, the cores of isolated forsterites, and relict forsterite in type II chondrules, all
crystallized from similar, refractory melts under reducing conditions; relict Mg-olivine and isolated forsterite grains were thus
derived from type I chondrules. Olivine in type II chondrules, including normal grains and ferroan overgrowths on relict Mg-
olivine, crystallized from more volatile-rich, oxidized, and relatively unfractionated melts. Relict dusty olivine grains in type I
chondrules were derived from type II chondrules during incomplete melting episodes involving reduction and some vapori-
zation, with clear (non-dusty) grains in dusty olivine-bearing chondrules crystallizing from the reduced and partly vaporized
melts. Melt compositions parental to normal olivine grains in type I and II chondrules are systematically enriched in refrac-
tory elements compared to bulk chondrule compositions, implying that chondrules often experienced open-system exchange
with more volatile-rich surroundings after some olivine had crystallized, possibly while the chondrules were still partly molten.
Type II chondrules could have been derived from type I chondrules by the addition of relatively volatile-rich material, fol-
lowed by re-melting and little evaporation under oxidizing conditions. In contrast, type I chondrules could have been derived
from type II chondrules by re-melting involving more-or-less evaporation under reducing conditions. Chemical, oxygen
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isotope, and petrographic data are best accommodated by a model in which there were several (>2–3, sometimes P4–5) melt-
ing episodes for most chondrules in ordinary chondrites.
� 2008 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Chondrules formed by the re-melting of relatively coarse
(chondrule-like) pre-existing materials in the solar nebula,
followed by rapid cooling as free-floating objects
(e.g., Grossman et al., 1988; Wasson, 1993; Hewins, 1997;
Rubin, 2000; Zanda, 2004; Hewins et al., 2005; Jones
et al., 2005), but the processes and conditions under which
they formed remain highly uncertain. A fundamental uncer-
tainty is the genetic relationship between the two major
types of chondrules in ordinary and carbonaceous chon-
drites, designated type I and type II (e.g., Hewins, 1997).
Type I chondrules are poor in FeO, rich in metal, and con-
tain forsteritic olivine (Fo > 90), whereas type II chondrules
are rich in FeO, poor in metal, and contain ferrous olivine
(Fo < 90) (Scott and Taylor, 1983). Type I chondrules are
more common in carbonaceous chondrites (McSween
et al., 1983; Scott and Krot, 2005), whereas type II chond-
rules are more common in ordinary chondrites (Hewins
et al., 2005). The relationship between type I and II chond-
rules bears in large part on whether chondrules experienced
significant mass transfer with their surroundings, i.e., be-
haved as largely closed systems (Grossman and Wasson,
1983), as open systems (Huang et al., 1996; Sears et al.,
1996; Varela et al., 2005; Libourel et al., 2006), or as partly
open, partly closed systems (Hewins et al., 1997).

Strong evidence that chondrules were affected by a re-
melting process is provided by the relatively common
occurrence in chondrules of relict grains, composed chiefly
of olivine, which did not crystallize in situ during the last
chondrule-forming episode (Jones, 1996; Jones et al.,
2005). There are two major types of relict or xenocrystic
olivine grains in chondrules that evidently formed under
different conditions: (1) dusty-metal-bearing olivine grains
(‘‘dusty olivine”), which contain numerous micrometer-
sized inclusions of Ni-poor metal (Nagahara, 1981;
Rambaldi, 1981; Kracher et al., 1984; Jones, 1996); and
(2) forsteritic (‘‘Mg-olivine”) grains, which are unusually
magnesian compared to other olivine grains in the chond-
rules (Kracher et al., 1984; Jones, 1996; Jones et al.,
2005). Non-relict or phenocrystic (hereafter ‘‘normal”)
olivine grains typically show normal Fe–Mg zoning, with
ferrous rims and magnesian cores, thought to reflect
closed-system fractional crystallization within the chond-
rules (Jones, 1990; Hewins and Connolly, 1996; Hewins
et al., 2005; Jones et al., 2005). Such grains could have crys-
tallized as a result of the final melting event that produced
the host chondrule. In contrast, relict dusty olivine formed
by metal exsolution from a previous generation of more
ferrous olivine during FeO-reduction at high (solidus to
liquidus) temperatures (Kracher et al., 1984; Jones and
Danielson, 1997; Leroux et al., 2003), and relict Mg-olivine
evidently crystallized from melts that were more magnesian
than the melts that crystallized normal grains (Kracher
et al., 1984; Pack and Palme, 2003; Wasson and Rubin,
2003; Pack et al., 2004; Jones et al., 2005). Some grains
can be identified as relict in part owing to anomalously
large grain size (Kracher et al., 1984).

As relict grains formed before normal olivine grains in
the same chondrules, they provide an opportunity to under-
stand how chondrule compositions (as recorded by olivine)
changed with time. More importantly, the chemical and
textural characteristics of different generations of olivine
grains in chondrules can, in principle, provide information
about the processes that affected solids in the solar nebula
and how the nebula itself was evolving.

To study how chondrules and their components evolved,
we used optical microscopy, scanning-electron-microscopy
(SEM), electron microprobe analysis (EMPA), and second-
ary ion mass spectrometry (SIMS) techniques to analyze
relict and normal olivine grains in a variety of low-subtype
(weakly metamorphosed) LL-chondrites. Following the
pioneering work of Alexander (1994), our study is one of
the first to report trace-element analyses of olivine in
chondrules, and the first to distinguish the trace-element
compositions of relict and normal grains. Included in our
study are olivine grains from both type I and type II chond-
rules. Besides olivine grains in chondrules, we also analyzed
‘‘isolated olivine grains” (IOGs) in chondrites (McSween,
1977; Steele, 1986, 1988; Kurat et al., 1989; Jones, 1992;
Jones et al., 2000; Weinbruch et al., 2000) and petrograph-
ically similar small chondrule fragments. Recently it has
been argued that refractory forsterites present as isolated
grains and as chondrule grains formed by crystallization
from the same refractory melts in objects that were largely
destroyed (Pack and Palme, 2003; Pack et al., 2004).

Forty-two objects including chondrules and forsteritic
grains from small chondrule or isolated objects were se-
lected for study (Table 1). Preliminary trace-element results
were presented by Ruzicka and Floss (2003, 2004) and Ruz-
icka et al. (2006). The results of a complementary study
focusing on oxygen-isotope compositions in olivine from
some of the same objects studied here was published re-
cently (Ruzicka et al., 2007). Based on our results, we sug-
gest that chondrules experienced repeated chemical,
thermal, and mechanical processing during a ‘‘recycling”

process over an extended time period which involved multi-
ple episodes of melting under various conditions.

2. SAMPLES AND METHODS

We studied one polished thin-section (PTS) of each of
five low-subtype ordinary chondrites, including NWA
3127 (PTS CML0248-A), Sahara 97210 (AMNH 4967-2),
Wells (AMNH 4928-1), Chainpur (AMNH 4020-1), and
Sahara 98175 (CML0278-B). Classification data for these
meteorites are as follows: NWA 3127 [LL3.10, S2, W3]
(Russell et al., 2005); Sahara 97210 [LL3.2, S4, W0-1]



Table 1
Petrographic and olivine EMPA data for objects in this study

Objecta Typeb Texture & mineralogyc Normal olivine grainsd Relict olivine grainsd

NWA-1 IAB POP; px, gl, ol, met Fo99.1–99.7 clear Fo98–99.5multiple dusty
NWA-2 IAB POP; px, ol, gl, met Fo95–97 clear Fo91.4–93.7 dusty
NWA-3 IAB POP; px, ol, gl, met,

cpx
Fo97–98 clear Fo95–97 multiple dusty

NWA-4 IAB POP; px, ol, met, gl Fo98–99 clear Fo97–99 multiple dusty
NWA-5 IA PO; ol, gl Fo92–99 clear Fo86–92 large dusty
NWA-7 IIA PO; ol, meso Fo77–84 Fo95–96 core coarse grain/Fo83–93 ovg.
NWA-8 IIA PO; ol, gl, px Fo76–88 (1) Fo91–92 core coarse grain/Fo80–83 ovg.;

(2) Fo98 core small relict/Fo78 ovg.;
(3) Fo90 core small relict; (4) Fo 84–89 dusty

NWA-12 IIA PO; ol, meso, troi Fo72–80 (1) Fo99.4 core cluster/Fo79–80 ovg.; (2,3)
small Mg-rich cores

NWA-13 IIA PO; ol, meso, chr Fo70–89 Fo97–99 core cluster/Fo73–96 ovg.
NWA-14 IIA PO; ol, px, gl Fo75–87 Fo98 core/Fo94–76 ovg.
NWA-15 IIA PO/AO; ol, meso Fo78–83 Fo87–93 core/Fo76 ovg.
NWA-16 IA PO; ol, gl, met Fo99.3–99.4 None
NWA-17 IA PO; ol, gl, px, cpx, met Fo98–99 None
NWA-20 IA PO; ol, gl, px, cpx, met Fo98–99 None
Sah97-2 IA PO; ol, gl, met, minor

troi veins
Fo98–99.5 cores/Fo65–84

ovg.
None, or forsteritic cores

Sah97-3 IOG ol, minor troi veins Fo98–99.2 core/Fo65–68

ovg.
None, or forsteritic core

Sah97-4 IA or
IOG

2 ol grains with
intervening gl; met,
minor troi veins

Fo97–99.5 cores/Fo55–85

ovg.
None, or forsteritic cores

Sah97-5 IA BO; ol, gl, px rim Fo71–97 Fo98–99.4 core/ Fo71–98 ovg.
Sah97-7 IA PO; ol, gl, troi (shock

melt), partial px rim,
met

Fo69–98 Fo98–99.3 core/Fo81–91 ovg.

Sah97-8 IA or
IOG

single ol grain with
overgrowth, attached
meso, px

Fo98–99.4 core/Fo63–97

ovg.
None, or single ol grain

Sah97-9 Al-
rich

PO; ol, gl, fas Fo98–99.6 core large grain/
Fo68–91 ovg., Fo65–70

small grains

None, or core of large grain

Sah97-10 IA? Non-porphyritic ol, px
rim, troi, met, gl, phos,
ch

Fo98–99.1 cores/Fo69–98

other
None, or forsteritic cores

Wel-1 IA PO; ol, gl, px, met Fo97–99.1 cores None
Wel-2 IA PO; ol, gl, met, px Fo97–99.6 None
Wel-4 IIA POP; ol, px, gl, cpx,

neph
Fo68–80 Fo96.8–99.6 core/Fo64.9–79.5 ovg.

Wel-10 IIA PO; ol, gl, crystallites Fo70–85 (1) Fo91–98 core/Fo71–76 ovg.
(2) Fo95–96 core/ Fo71–79 ovg.

Wel-12 IIA PO; ol, px, gl Fo65–84 Fo77–90 core/ Fo69–82 ovg.
Ch-1 IIA PO; ol, meso, troi rim Fo72–84 (1) Fo99.3 small core/Fo75–86 ovg.

(2) Fo92–93 core/Fo69–83 ovg.
Ch-2 IIAB POP; ol, px, gl, met,

troi, cpx
Fo76–79 Fo99.7 core/Fo85–96 ovg.

Ch-3 IIA PO; ol, meso Fo63–86 Fo99.2–99.8 core/ Fo69–83 ovg.
Ch-7 IAB POP; px, ol, gl, met,

troi, troi rim
Fo87–96 Fo89–93 large dusty

Ch-8 IIAB POP; ol, px, feld, cpx Fo62–71 Fo95 core/ Fo65–67 ovg.
Ch-9 IAB POP; px, ol, gl, met,

cpx, troi-rich rim
Fo95–97 clear Fo89–94 dusty

Sah98-1 IA POP; ol, px rim, gl,
met

Fo95–98 clear Fo91–97 large dusty

Sah98-2 IA PO; ol, gl, met, troi, px Fo72–93 Fo98–99 core/Fo72–88 ovg.
Sah98-3 IIA PO/AO; ol, troi,

crystallites
Fo62–75 Fo85.3–97.8 core

Sah98-4 IA PO; ol, gl, px, meso,
met

Fo72–99 None
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Table 1 (continued)

Objecta Typeb Texture & mineralogyc Normal olivine grainsd Relict olivine grainsd

Sah98-6 IAB POP; ol, px rim, gl, met Fo71–92 Fo97–98 core
Sah98-7 IIA PO; ol,meso, met, troi veins Fo60–83 Fo87–89 core/Fo70–87

ovg.
Sah98-8 IIA POP; ol, px, gl, met, troi, cpx Fo74–90 Fo94–98 core/Fo82–88

ovg.
Sah98-11 IA PO; ol, gl, minor met Fo94–99.6 None

a NWA, NWA 3127 (LL3.1); Sah97, Sahara 97210 (LL3.2); Wel, Wells (LL3.3); Ch, Chainpur (LL3.4); Sah98, Sahara 98175 (L3.5).
b I, low-FeO chondrule; II, high-FeO chondrule; A, olivine-rich; AB, olivine and pyroxene-rich; IOG, isolated olivine grain.
c Textures: PO, microporphyritic olivine; POP, microporphyritic olivine–pyroxene; BO, barred olivine; AO, agglomeratic olivine.

Mineralogy: listed in approximate decreasing abundance in each object; ol, olivine; px, low-Ca pyroxene; cpx, pigeonite or augite; gl, glass;
met, Fe-metal alloy; troi, troilite; fas, fassaite; neph, nepheline; feld, feldspar; phos, phosphate; chr, chromite; meso, mesostasis.

d ovg., overgrowth; Fo = 100 �Mg/(Mg + Fe) atomic.
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(Grossman, 1998; with subtype and class as modified
according to the Meteoritical Bulletin Database, 2007),
Wells [LL3.3] (Grossman, 1997), Chainpur [LL3.4] (Grady,
2000; with subtype as modified according to the Meteoritic-
al Bulletin Database, 2007), and Sahara 98175 [LL3.5, S4,
W1] (Grossman, 1999). Our observations suggest that Wells
was minimally shocked (S1) but is relatively weathered
(W2–W3), and that Chainpur is minimally shocked (S1)
and weathered (W0). Of the five meteorites, Sahara 97210
contains the most obvious shock effects, including melt
pockets and troilite-rich melt veins. Relict olivine grains
were identified using a combination of optical microcopy,
backscattered electron (BSE) imaging, and cathodolumi-
nescence (CL) imaging. CL imaging using an SX-50 elec-
tron microprobe at the University of Tennessee was
performed first to locate nearly pure forsterites, as these
grains typically show cathodoluminescence. This was fol-
lowed by an optical survey using a petrographic microscope
and a BSE imaging survey performed using a JEOL JSM-
35C SEM at Portland State University, to identify other
Mg-olivine relicts and dusty olivine relict grains.

Representative olivine and pyroxene grains and glass
were selected for quantitative wavelength dispersive
electron microprobe analysis (EMPA) using two Cameca
SX-50 electron microprobes (at Oregon State University,
Corvallis, and at the University of Tennessee, Knoxville),
to characterize major-element and minor-element composi-
tions in �1 lm-diameter (olivine, pyroxene) and �4 lm-
diameter (glass) analysis spots. For the dusty olivine grains,
EMPA data reported here pertain to nearly metal-free areas
within the grains. Operating conditions were a 15 keV
accelerating voltage and a beam current of 10–50 nA.
Well-characterized minerals and glasses were used as stan-
dards, and data were reduced using the nominal Cameca
PAP procedure (Pouchou and Pichoir, 1985). Microprobe
and petrographic data were used to target spots for subse-
quent trace-element analyses. Microprobe data were usu-
ally obtained at the same location as subsequent SIMS
analyses.

Trace elements were analyzed in olivine (all meteorites
except Wells) and in glass (NWA 3127 and Sahara 98175)
by secondary ion mass spectrometry (SIMS) using the mod-
ified Cameca ims-3f ion microprobe at Washington Univer-
sity, according to techniques described by Zinner and
Crozaz (1986a). All analyses were made using an O� pri-
mary beam and energy filtering at low mass resolution to
remove complex molecular interferences. The resulting
mass spectrum is deconvolved in the mass ranges K–Ca–
Sc–Ti and Rb–Sr–Y–Zr to remove simple molecular
interferences that are not eliminated with energy filtering
(Alexander, 1994; Hsu, 1995). Sensitivity factors for the
REE are from Zinner and Crozaz (1986b), and those for
other elements are from Hsu (1995). Absolute concentra-
tions are determined by normalizing the ion signals relative
to Si, using SiO2 concentrations determined by electron
microprobe analyses of the specific grains chosen for ion
probe analysis. A complete set of SIMS analyses is
provided in an Electronic Annex, Table AE-1. After
trace-element runs, analysis locations were documented
by optical petrography and with the SEM at Portland State
University. SIMS data were discarded for analyses whose
pits overlapped multiple phases or for analyses that did
not substantially agree with EMPA data for the same ele-
ments. In CI-normalized plots of trace-element data, the
average CI-chondrite abundances of Anders and Grevesse
(1989) were used for normalization.

3. RESULTS

3.1. Petrography

Table 1 presents petrographic and olivine Fo data for
the objects that were studied. These objects were selected
for study because they contain good examples of relict, nor-
mal, or isolated olivine grains. Fig. 1A–L shows BSE
images of selected objects and grains illustrating typical
textures.

Type I chondrules sometimes contain relict dusty olivine
grains, which are characterized by micrometer-sized metal
inclusions that often form trails within olivine (Fig. 1A–
C). Chromite inclusions are also common in dusty olivine.
The dusty grains co-exist in chondrules with normal olivine
phenocrysts that lack metal inclusions and which conse-
quently appear clear in transmitted light; as these grains
have different compositions than other normal grains (see
Section 3.2) it is convenient to refer to the non-dusty grains
in dusty olivine-bearing chondrules as ‘‘clear olivine”. Clear
olivine grains are normally zoned, although as with other



Fig. 1. Backscattered electron images illustrating chondrule and grain textures. (A) Sah98-1, a type I chondrule containing magnesian olivine
and pyroxene (dark), glass, and metal (white). (B) Close-up of Sah98-1 showing relict dusty olivine (dusty ol) with tiny inclusions of metal
(white speckles), clear olivine (clear ol) with forsteritic cores and narrow ferrous rims, enstatitic low-Ca pyroxene (px), glass (gl), and coarser
metal (met). Magnesian pyroxene (dark) is in direct contact with ferrous chondrite matrix (light, upper right) and shows no evidence for Fe–
Mg exchange in this subtype 3.5 meteorite. (C) Close-up of NWA-3 showing relict dusty olivine with metal inclusions, clear olivine with
forsteritic cores and narrow ferrous rims, low-Ca pyroxene, and glass. Clear olivine has euhedral outlines where it is in contact with glass, and
coats dusty olivine. (D) Ch-3, a type II chondrule containing zoned normal olivine grains, mesostasis composed of glass and pyroxene, and a
single large relict with a forsterite core (relict core) and ferrous overgrowth (ovg). SIMS pits are faintly visible (image courtesy H. Hiyagon).
(E) NWA-12, a type II chondrule containing zoned normal olivine grains, a glass + pyroxene mesostasis, and at least three relict Mg-olivine
grains. (F) Close-up of NWA-12 showing two small relict Mg-olivine grains (circled) and a larger relict composed of an aggregate of forsterite
cores (relict core) and ferrous overgrowth (ovg). A glass inclusion (arrow) occurs near the center of the large relict. (G) Sah97-3, an isolated
olivine grain (IOG) composed of a forsterite core (fo) and ferrous overgrowth (ovg). Bright veins cross-cutting the field of view are troilite-rich
shock veins. (H) Sah97-8, a small type I chondrule or IOG composed of a forsterite core (fo), ferrous overgrowth (ovg), and adhering patches
of feldspathic mesostasis (meso) and zoned low-Ca pyroxene (px). A ferrous olivine veinlet cross-cuts the forsteritic grain core. (I) Sah98-11, a
forsterite-bearing type I chondrule composed of forsterite (fo) and glass (gl), with small amounts of metal (white). Ferrous olivine veinlets
cross-cut the forsterite grains. Magnesian olivine and glass are in direct contact with ferrous host matrix (bright) and show no evidence for Fe–
Mg exchange. (J) NWA-8, a type II chondrule containing zoned normal olivine grains, a glass + pyroxene mesostasis, small amounts of
troilite (white), a coarse Mg-olivine relict (#1), a small forsterite relict (#2), another Mg-olivine relict (#3), and a dusty olivine relict (#4). (K)
Close-up of dusty relict #4 in NWA-8 showing a magnesian core with aligned pits (trending lower left to upper right) probably once filled with
metal, and a ferroan overgrowth (ovg). Rare dusty metal inclusions are present in the core. (L) Close-up of relict #2 in NWA-8, composed of a
small forsterite core (relict) and ferrous overgrowth (ovg). Glass and low-Ca pyroxene crystallites are visible in the mesostasis.
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Fig. 1 (continued)
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normal olivine grains in some type I chondrules, the grains
have relatively uniform interior compositions. Clear olivine
grains sometimes have euhedral outlines and often sur-
round dusty olivine (Fig. 1C). Clear olivine grain interiors
are always more forsteritic than co-existing dusty grains
(Table 1).

Some chondrules contain one or more grains with relict
Mg-olivine cores that are distinctly more forsteritic than
other normally zoned olivine grains in chondrules
(Fig. 1D–F and Table 1). The relict Mg-olivine cores are al-
ways surrounded by more ferrous olivine overgrowths that
have well-formed crystal projections where they face the
interior of the host chondrule (Fig. 1D–F and Table 1).
In all cases, overgrowths around Mg-olivine relict grains
have Fo contents that overlap those of normal olivine
grains in the host chondrules (Table 1). Sometimes relict
Mg-olivine forms what appears to be a grain cluster com-
posed of multiple attached grains (Fig. 1F). As with normal
grains, glass inclusions are sometimes observed in relict
Mg-olivine grains (Fig. 1F; Pack et al., 2004).

As normal grains themselves contain relatively magne-
sian cores, identification of a grain core as containing relict
Mg-olivine in BSE images depends on the core having an
anomalously forsteritic composition. Owing to composi-
tional contrast in BSE images, such anomalously magne-
sian grains are more readily identified among ferrous
olivine grains in type II chondrules than in type I chond-
rules. For example, the relict Mg-olivine grain in Ch-3
(Fig. 1D) consists essentially of pure forsterite (Fo99–100),
much more forsteritic than the cores of normal grains in
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this type II chondrule (as high as Fo86) (Table 1). Similarly,
the relict Mg-olivine cluster in NWA-12 (Fig. 1E and F)
contains pure forsterite (Fo99–100), much more magnesian
than the cores of normal grains in the chondrule (up to
Fo80).

Some type I chondrules (e.g., Sah97-2, illustrated by
Ruzicka et al. (2007); and Sah97-10) contain strongly zoned
grains, making the identification of relict Mg-olivine grains
in these chondrules uncertain. In such chondrules, it could
be argued that the cores of all of the grains are relict, and
that the grain rims or overgrowths formed in a secondary
melting event. Alternatively, it may be that none of the
grains are relict, and the strong zoning was the result of
extensive fractional crystallization. In either case, the Fo
contents of the grain cores and rims in these chondrules
resemble relict Mg-olivine grains and overgrowths, respec-
tively (Table 1).

Four objects, all from Sahara 97210, contain what could
be described as small type I chondrules or isolated olivine
grains (Sah97-1; Sah97-3; Sah97-4; Sah97-8). These objects
appear similar to isolated forsterite grains described in the
literature based on phase compositions, textures, and
cathodoluminescent properties (Steele, 1986; Jones, 1992;
Pack et al., 2004). The single olivine grains in the small type
I/isolated objects of this study have forsteritic cores and fer-
rous overgrowths, with textures and Fo contents similar to
those observed for relict Mg-olivine grains (Fig. 1G–H and
Table 1). Ferrous olivine veinlets cross-cut forsterite grains
of the objects (Fig. 1H), with ferrous olivine following a
microcrack or chain of minute pore spaces. This is similar
to what is sometimes observed in forsterite in type I chond-
rules (e.g., Sah98-11, Fig. 1I) and in relict Mg-olivine grains
(e.g., see Ruzicka et al. (2007) for a close-up image of the
relict forsterite in Ch-3, which contains such a vein).

Although all four objects are similar to isolated forste-
rite grains described in the literature, only one of them,
Sah97-3 (Fig. 1G), is truly a single grain. Another of the ob-
jects (Sah97-1) actually consists of two attached grains with
different optical orientations; a third (Sah97-4, illustrated
by Ruzicka et al. (2007)) contains two olivine grains with
differing orientation and some intervening glass. The fourth
object, Sah97-8, has a ferroan overgrowth which interfin-
gers with, and thus appears to have co-formed with, magne-
sian low-Ca pyroxene and feldspathic mesostasis (Fig. 1H).
This association is similar to what is found in type I chond-
rules (Table 1).

Some type I chondrules contain forsteritic olivine
(Fo97–100) that is weakly zoned throughout much of the grain,
becoming ferrous only in a narrow rim zone (e.g., Sah98-11,
Fig. 1I; also NWA-16, NWA-17, NWA-20, Wel-1, Wel-2).
As these objects contain multiple grains of similar composi-
tion, there is no compelling evidence that the grains are relict.
However, they are included in our study because the overall
composition, sizes, and textures of the grains are similar to
the cores of Mg-olivine relict grains in type II chondrules
and the cores of isolated forsterite grains.

NWA-7 and NWA-8 contain unusually coarse relicts. In
NWA-8, the coarse relict is over 600 lm long, compared to
a typical grain diameter of �100 lm (Fig. 1J). Similarly, in
NWA-7, the coarse relict is �300 lm long, compared to a
typical grain diameter of �50–100 lm. In both cases, the
cores of these coarse relicts are relatively magnesian com-
pared to normal olivine in the chondrules (Table 1), but
the identification of these grains as relicts is based partly
on their anomalously large sizes.

Chondrule NWA-8 (Fig. 1J) is exceptional in that it con-
tains multiple relict grains of different types, sizes, and com-
positions (Fig. 1J–L). Besides the coarse relict mentioned
above (#1, with Fo91–92 in the grain interior), it also con-
tains a much smaller Mg-olivine relict (#2, with an Fo98

core), another small Mg-olivine grain (#3, with an Fo90

core), and another grain that appears to contain a dusty
olivine core (#4, with Fo84–89 in the core). Normal grains
in the chondrule have olivine with Fo76–88, overlapping
the composition of #4. The identification of #4 as a dusty
olivine grain is based on the presence in the core of aligned,
micrometer-sized pits (Fig. 1K), as well as some tiny metal
inclusions. The pits were probably once filled with dusty
metal inclusions. They are probably not an artifact of sam-
ple preparation, as such pits are restricted to the core of this
grain and are not found in other well-studied areas, as the
sizes and alignment of the pits are typical to what one
would expect for dusty olivine, and as some dusty metal
inclusions are present in the grain core. Dusty grain #4 is
unusually ferroan compared to other dusty olivine grains,
and is the only dusty grain we analyzed in a type II host
chondrule (Table 1). The grain also differs from other dusty
olivine grains in containing an unusually broad ferrous rim
(Fig. 1K), which has an olivine composition similar to the
more ferrous normal olivine in the chondrule.

There is no obvious tendency for relict grains to occur in
preferential locations in chondrules. They can occur near
chondrule margins or near their centers. There is also no
obvious relationship between meteorite subtype and the
composition of relict or normal grains to indicate that
in situ metamorphism played an important role. For in-
stance, forsteritic grains of similar chemistry occur both
in NWA 3127 (LL3.1) and Sahara 98175 (LL3.5). In situ

Fe–Mg diffusional exchange must have been very limited
even in the latter meteorite, which has the highest subtype
of the ones in this study, as forsterite, enstatite, and FeO-
poor glass are in direct contact with the ferrous matrix of
the meteorite (e.g., Fig. 1A and I).

3.2. Olivine compositions

The average compositions of different olivine grain types
determined by EMPA are given in Table 2, and the average
compositions and composition ranges for different types of
olivine as determined by SIMS are shown in Table 3 (nor-
mal and isolated grains) and Table 4 (relict and associated
grains). Individual SIMS analyses are provided in Table
EA-1 in an Electronic Annex. Variation diagrams for se-
lected oxides and elements plotted against iron content
based on EMPA and SIMS data are illustrated in Figs. 2
and 3, respectively. The measured grain compositions vary
widely, both for specific grain types and between grain
types (Figs. 2 and 3 and Tables 2–4). There is no obvious
evidence for systematic variations in olivine composition
according to meteorite subtype; any variations caused by



Table 2
Average composition of various olivine grain types from NWA 3127, Sahara 97210, Wells, Chainpur, and Sahara 98175, based on EMPA data

Grain type Normal
forsterite

Normal ferrous
olivine

Forsterite grain
core

Forsteritic relict
Mg-ol

Ferroan relict
Mg-ol

Overgrowth relict
Mg-ol

Relict dusty
olivine

Clear olivine

Host
chondrule

I II Small IA/IOG I & II I & II I & II Ib I

n 9 16 3 10 13 17 8 8
Fa (mol%) 1.16 (0.39) 23.52 (4.80) 1.04 (0.24) 1.19 (0.56) 7.12 (3.72) 21.41 (6.02) 5.81 (3.23) 3.33 (2.16)
wt%
SiO2 41.59 (0.26) 37.67 (0.77) 41.68 (0.12) 41.64 (0.32) 40.41 (0.80) 37.89 (1.10) 40.65 (0.70) 41.44 (0.43)
TiO2 0.04 (0.02) 0.01 (0.01) 0.06 (0.03) 0.06 (0.04) 0.03 (0.02) 0.03 (0.03) 0.01 (0.01) 0.02 (0.01)
Al2O3 0.22 (0.10) 0.07 (0.03) 0.30 (0.05) 0.23 (0.12) 0.16 (0.14) 0.12 (0.10) 0.06 (0.03) 0.05 (0.03)
Cr2O3 0.19 (0.14) 0.28 (0.15) 0.09 (0.01) 0.14 (0.07) 0.29 (0.15) 0.23 (0.12) 0.33 (0.19) 0.24 (0.17)
FeO 1.16 (0.38) 21.27 (3.99) 1.06 (0.25) 1.19 (0.56) 6.86 (3.44) 19.43 (5.09) 5.69 (3.13) 3.28 (2.12)
MnO 0.02 (0.02) 0.38 (0.07) 0.01 (0.01) 0.02 (0.01) 0.13 (0.15)a 0.32 (0.06) 0.25 (0.08) 0.12 (0.06)
MgO 55.73 (1.12) 39.17 (3.09) 56.45 (0.61) 55.82 (0.99) 50.69 (2.90) 40.62 (4.23) 51.96 (2.32) 53.54 (1.28)
NiO 0.06 (0.07) 0.09 (0.07) 0.01 (0.01) 0.04 (0.05) 0.08 (0.06) 0.12 (0.08) 0.05 (0.04) 0.05 (0.03)
CaO 0.41 (0.11) 0.12 (0.04) 0.50 (0.06) 0.51 (0.17) 0.32 (0.25) 0.19 (0.09) 0.08 (0.07) 0.14 (0.05)
Na2O 0.02 (0.02) 0.02 (0.01) 0.06 (0.03) 0.01 (0.01) 0.01 (0.01) 0.02 (0.02) 0.01 (0.01) 0.03 (0.05)

Total 99.45 99.08 100.20 99.66 98.97 98.98 99.10 99.00

Data for particular grain types were first averaged in each object, and then averaged for all objects. Values in parentheses indicate standard deviation. n = number of objects averaged. Other
symbols as in Table 1. Total number of individual analyses in database = 1493.

a Average = 0.09, standard deviation = 0.07 excluding coarse Mg-olivine relict in NWA-7.
b Excludes dusty olivine (Fa13.5) in NWA-8, a type II chondrule.
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Table 3
Compositions of normal (non-relict) olivine in chondrules from NWA 3127, Sahara 97210, Chainpur, and Sahara 98175 and of forsterite grain cores in small type IA/isolated objects Sahara 97210
based on compiled SIMS data and EMPA Fo data

Grain type Weakly zoned forsterite Normally zoned core Normally zoned core Normally zoned rim Forsterite core
Host Type I chondrules Type I chondrules Type II chondrules Type II chondrules Small IA/IOG

Range Avg n Range Avg n Range Avg n Range Avg n Range Avg n

Fo (mol%) 98.3–99.5 98.9 4 92.9–99.2 97.3 9 70.8–89.4 81.7 14 66.2–81.4 74.0 11 97.1–99.1 98.5 4
Na (lg/g) 33.9–154 77.5 4 77.3–278 178 2 87.8–803 215 14 80.7–626 219 11 — — —
Al (lg/g) 317–2060 1260 4 505–1200 853 2 61.5–897 320 14 156–1070 391 10 — — —
Si (wt%) 19.3–19.4 19.4 4 18.0–19.6 19.2 9 17.3–18.6 18.1 14 16.5–18.0 17.5 11 19.1–19.5 19.4 4
P (lg/g) 11.7–250 82.5 4 20.6–164 60.1 9 36.0–914 333 14 26.4–825 317 11 35.0–72.9 51.8 —
K (lg/g) 29.0–59.1 42.7 4 30.9–56.9 43.9 2 16.9–91.4 40.7 14 7.23–102 52.0 11 — — —
Ca (lg/g) 1050–2740 1990 4 705–2580 1960 9 210–1820 783 12 302–1450 755 9 1970–2880 2460 4
Sc (lg/g) 3.59–16.8 9.04 4 1.42–11.7 7.53 9 1.59–4.97 3.05 14 2.69–14.6 4.97 11 4.27–24.8 15.4 4
Ti (lg/g) 73.7–307 165 4 79.1–161 120 2 11.6–172 37.1 14 20.5–398 74.3 11 — — —
V (lg/g) 64.0–344 192 4 18.9–104 64.3 9 8.97–61.6 34.2 14 29.6–78.5 44.4 11 53.1–515 250 4
Cr (lg/g) 740–2340 1480 4 549–998 856 9 306–3710 1810 14 782–3420 1970 10 579–933 727 4
Mn (lg/g) 40.2–283 186 4 56.3–545 203 9 1470–3660 2680 14 1860–3950 3380 11 30.6–158 63.7 4
Fe (wt%) 0.271–0.719 0.522 4 0.264–4.16 1.66 9 5.35–19.8 11.3 14 10.7–22.6 16.0 11 0.205–2.02 0.812 4
Co (lg/g) 3.91–11.9 7.77 4 9.19–195 54.3 9 25.3–163 83.2 14 43.0–186 103 11 7.93–256 113 4
Ni (lg/g) 58.1–217 137 4 32.2–1700 702 9 85.5–877 297 14 84.9–1300 375 11 80.6–838 403 4
Rb (lg/g) 0.0321–0.787 0.312 4 0.0349–1.09 0.415 9 0.0358–1.28 0.545 14 0.188–1.70 0.726 10 0.162–0.590 0.285 4
Sr (lg/g) 0.0556–1.03 0.375 4 0.253–0.293 0.273 2 0.0301–0.416 0.160 14 0.113–0.388 0.218 11 — — —
Y (lg/g) 0.0871–0.837 0.338 4 0.195–0.245 0.220 2 0.0266–0.145 0.0780 14 0.047–0.465 0.152 11 — — —
Zr (lg/g) 0.124–0.719 0.301 4 0.364–0.438 0.401 2 0.0551–1.05 0.378 14 0.130–0.962 0.511 11 — — —
Ba (lg/g) 0.0345–0.334 0.128 4 0.0937–0.136 0.115 2 0.0166–0.551 0.278 14 0.0274–0.628 0.266 11 — — —
La (ng/g) 23.8–93.4 52.8 4 10.8–97.8 51.6 8 11.7–57.8 34.5 14 16.9–78.8 40.5 11 18.0–24.4 21.5 4
Ce (ng/g) 14.6–270 86.6 4 4.1–97.6 30.0 9 0.9–79.4 27.4 14 11.3–81.1 41.5 11 3.3–12.1 7.0 4
Pr (ng/g) 2.3–38.4 16.7 4 2.1–22.7 9.0 9 2.2–15.4 8.85 13 1.8–17.7 9.6 11 3.9–16.3 8.1 3

Data exclude anomalously high values for Sahara 97210 attributed to shock mobilization of glass (see Text). Avg, average (mean); n, number of analyses included in the range and average.
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Table 4
Compositions of relict and associated olivine in chondrules from NWA 3127, Sahara 97210, Chainpur, and Sahara 98175 based on compiled SIMS data and EMPA Fo data

Grain type Relict dusty olivine Clear olivine Relict forsterite (Fo97–100) Overgrowth relict fo Other relict Mg-olivine
Host Type I chondrulesa Type I chondrules Type I & II chondrules Type I & II chondrules Type I & II chondrules

Range Avg n Range Avg n Range Avg n Range Avg n Range Avg n

Fo (mol%) 86.9–95.9 91.6 8 92.4–99.7 95.9 6 97.2–99.7 98.8 7 71.7–88.2 79.6 7 88.2–95.9 93.3 7
Na (lg/g) 147–652 300 8 63.3–412 209 5 36.3–489 186 6 204–507 312 6 62.1–726 253 7
Al (lg/g) 77.6–1290 709 8 90.1–2070 739 5 172–3390 1520 6 202–1990 977 6 213–2110 894 7
Si (wt%) 18.1–19.3 18.7 8 19.2–19.7 19.3 6 19.2–19.6 19.4 7 17.4–18.4 17.9 7 18.2–19.9 19.0 7
P (lg/g) 44.3–469 186 8 12.5–97.7 35.7 6 16.9–235 58.2 7 62.9–307 161 7 40.3–239 106 7
K (lg/g) 26.9–232 86.8 8 36.5–77.4 56.5 5 10.3–108 47.3 6 17.9–97.8 51.2 6 18.8–176 67.8 7
Ca (lg/g) 95.9–1920 735 7 402–2130 908 6 1630–4370 2700 7 317–2650 1170 7 445–3570 1510 7
Sc (lg/g) 1.48–6.50 3.00 8 1.60–3.69 2.64 6 2.31–12.5 7.59 7 3.57–15.9 6.30 7 1.66–12.3 6.30 7
Ti (lg/g) 11.4–192 62.7 8 31.3–167 81.8 6 80.9–424 258 6 33.6–256 130 6 17.1–428 155 7
V (lg/g) 29.8–70.4 49.4 8 14.1–102 50.2 6 33.2–422 114 7 14.7–127 49.3 7 12.2–108 55.7 7
Cr (lg/g) 853–4680 2560 8 415–1940 1100 6 509–1580 952 7 496–2820 1320 7 406–3170 1650 7
Mn (lg/g) 998–4300 1990 8 163–2200 1070 6 21.5–423 139 7 2170–2960 2520 7 144–3650 1180 7
Fe (wt%) 0.752–14.6b 4.59b 8 0.102–2.93 1.77 6 0.0963–2.72 0.707 7 5.83–16.1 11.1 7 0.496–6.48 2.98 7
Co (lg/g) 5.33–324 60.1 8 4.85–47.5 20.4 6 1.64–14.2 6.47 7 17.9–118 55.7 7 3.06–149 50.4 7
Ni (lg/g) 10.6–4390 715 8 16.4–1045 410 6 33.0–317 130 7 60.4–859 200 7 51.2–4250 972 7
Rb (lg/g) 0.0727–1.38 0.494 8 0.118–0.390 0.194 5 0.017–0.384 0.110 7 0.0448–0.888 0.385 7 0.0421–0.744 0.465 7
Sr (lg/g) 0.0336–5.68 0.901 8 0.132–2.28 0.723 6 0.0439–0.711 0.263 6 0.101–0.589 0.247 6 0.102–0.562 0.266 7
Y (lg/g) 0.0282–0.193 0.0931 8 0.0333–0.628 0.297 6 0.0871–0.531 0.323 6 0.0847–0.378 0.210 6 0.0569–0.385 0.221 7
Zr (lg/g) 0.0599–0.990 0.355 8 0.334–1.95 1.10 6 0.0890–2.16 0.600 6 0.404–1.47 0.793 6 0.155–1.12 0.617 7
Ba (lg/g) 0.0362–1.21 0.352 8 0.0379–0.921 0.332 6 0.0062–0.364 0.102 6 0.159–0.444 0.314 6 0.0466–0.380 0.168 7
La (ng/g) 9.6–146 44.0 8 10.2–150 46.5 6 6.1–72.8 20.4 7 18.6–62.5 37.2 7 11.7–75.1 39.9 7
Ce (ng/g) 3.9–170 45.6 8 16.0–236 81.3 6 4.2–45.8 16.8 5 3.7–79.1 37.0 6 4.3–91.8 48.4 7
Pr (ng/g) 0.3–29.7 10.3 8 2.8–26.8 10.3 6 0.2–13.3 5.58 6 1.8–10.6 5.9 6 0.6–21.4 8.21 7

Data exclude anomalously high values for Sahara 97210 attributed to shock mobilization of glass (see Text). Avg, average (mean); n, number of analyses included in the range and average; fo,
forsterite.

a Includes dusty relict in NWA-8, a type II chondrule.
b Range 0.752–5.55 and average 3.16 excluding dusty relict in NWA-8.
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Fig. 2. Average olivine (ol) grain compositions in different objects, based on 1493 individual electron microprobe analyses, showing
systematic differences in the composition of various grain types. Isol fo cores = the cores of forsterite grains in small type IA/isolated objects.
The compositions of different relict Mg-olivine grains in the same chondrule are shown separately, as these can vary significantly. (a) Fa vs.
CaO. (b) Fa vs. MnO. (c) Fa vs. Cr2O3. (d) Fa vs. Al2O3.
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slight differences in metamorphic grade appear to be smal-
ler than the variations within and between grain types.
Especially notable are the low Mn and Rb and high Ca,
Al, Ti, V, and Sc contents for the most forsteritic (�Fa0–

3, �0–2.5 wt% Fe) grains (Figs. 2 and 3). These forsteritic
grains include normal grains in type I chondrules, the cores
of forsterite grains in small type I/isolated grain objects,
and relict grains in type II chondrules (Figs. 2 and 3 and
Tables 2–4). In normal grains, the concentration of Mn in-
creases with iron content (Figs. 2b and 3e). In contrast,
there is no apparent relationship between Cr and Fa con-
tent in either normal or other grain types, although highly
forsteritic grains of all types appear to show an upper limit
to Cr2O3 abundances (Fig. 2c). The same effect was noted
for olivine in type 3.0 chondrites (Grossman and Brearley,
2005). The latter authors suggested that the Cr content of
olivine with >1–3 wt% FeO was controlled by the exsolu-
tion of chromite, and was dependent on subsolidus thermal
history. This could account for the large amount of scatter
in Cr contents for such olivine (Fig. 2c). Ferroan over-
growths on relict forsterite grains have compositions that
are essentially indistinguishable from normal ferroan oliv-
ine grains (Figs. 2 and 3 and Tables 2–4). Both relict dusty
olivine and co-existing clear olivine grains tend to be en-
riched in Mn compared to what one would expect based
on the correlation of manganese and iron content in normal
olivine in chondrules that lack dusty olivine (Figs. 2b and
3e). Although dusty and clear grains tend to be relatively
forsteritic, compared to most forsterites and relict Mg-oliv-
ine they are not as enriched in some refractory elements,
such as Ca, Al, V, and Sc (Figs. 2 and 3 and Tables 2–4).

3.3. Glass compositions

To help interpret olivine chemistry, SIMS analyses
were obtained for glass in some chondrules from NWA
3127 and Sahara 98175. Table 5 shows glass abundances
and olivine/glass concentration ratios for three representa-
tive objects (NWA-17, Sah98-11, Sah98-2) and average
glass abundances for all seven objects in which glass was
analyzed. Individual SIMS analyses for glass are provided
in Table EA-2 in an Electronic Annex. As one would ex-
pect, glass is enriched in highly incompatible elements
(e.g., elements at top part of Table 5). Barium and Sr
abundances in glass are especially variable. On a CI-nor-
malized basis, some glasses have positive Ba and Sr anom-
alies (e.g., Sah98-11); others have negative anomalies (e.g.,
Sah98-2, Sah98-6, NWA-5); still others are relatively
unfractionated (e.g., NWA-16, NWA-20; NWA-17 has
only small positive Ba and Sr anomalies) (Table 5). These



Fig. 3. Iron variation diagrams showing olivine (ol) compositions keyed by grain type, based on individual SIMS analyses. Tie lines connect
core–rim analysis pairs (rims are Fe-enriched) in zoned normal grains. For forsteritic olivine grains in small type IA chondrule/isolated objects
(‘‘isolated ol”), data are shown both for magnesian cores and ferrous overgrowths. (a) Fe–Ca plot. (b) Fe–Ti plot. (c) Fe–V plot. (d) Fe–Sc
plot. (e) Fe–Mn plot, with a reference line shown for Mn/Fe = 0.017, the average value for normal olivine as determined by SIMS and EMPA.
(f) Fe–Rb plot.
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elements are mobile in hot desert environments (Barrat
et al., 2003; Crozaz et al., 2003). We suggest that terres-
trial weathering transported Sr and Ba into or out of
chondrule glasses, accounting for the anomalies. However,
olivine grains in the same objects do not show obvious Sr
or Ba anomalies.

4. DISCUSSION

4.1. Shock mobilization: chemical effects in Sahara 97210

olivine

Of the five meteorites studied, shock effects are the most
pronounced in Sahara 97210, with some objects being
cross-cut by troilite melt veins (Fig. 1G), or occurring adja-
cent to melt veins (Fig. 1H) or glassy melt pockets (see also
Ruzicka et al., 2007). Some veins are present in Sahara
98175 as well, but not to the same extent as in Sahara
97210. It appears that besides these petrographic manifesta-
tions of shock melting, the measured abundances of some
trace elements in olivine from Sahara 97210 were affected
by shock.

Our SIMS analyses indicate that some elements, such as
Ba, Sr, Na, and Ti, are systematically enriched in olivine
from Sahara 97210 compared to NWA 3127, Chainpur,
and Sahara 98175, regardless of grain types (Fig. 4). Other
elements that are significantly enriched in Sahara 97210
olivine include Zr, Al, K, and Y. Many EMP analyses of
olivine in Sahara 97210 also showed elevated Na and Al
contents and were rejected as this is an indicator of contam-
ination by a feldspathic phase. As the elements that are en-
riched in Sahara 97210 olivine are concentrated in glass
(Table 5), as there is abundant petrographic evidence for
shock in this meteorite, and as glass could be among the
first phases to melt and mobilize during shock heating, we
suggest that glass-derived melt was injected into olivine as
a result of shock, yielding artificially high abundances for
some incompatible elements.



Table 5
CI-normalized abundances for glass and olivine/glass concentration ratios for co-existing phases in type I chondrules from NWA 3127 and Sahara 98175 based on SIMS data

Object NWA-17, weakly zoned foa Sah98-11, weakly zoned fob Sah98-2, strongly zoned olc Average ± SD, 7 objects

Glass Olivine/glass Glass Olivine/glass Glass Olivine/glass Glass Olivine/glass

La 9.48 0.0130 9.51 0.0291 20.2 0.0155 10.7 ± 4.5 0.0237 ± 0.0147
Ce 10.4 0.0058 9.57 0.0043 8.54 0.0134 9.50 ± 1.69 0.0137 ± 0.0134
Pr 10.3 0.0167 9.49 0.0126 12.6 0.0121 10.1 ± 1.9 0.0146 ± 0.0113
Ba 15.1 0.0016 48.3 0.0030 0.739 0.0541 11.5 ± 17.0 0.0467 ± 0.0654
Zr 12.4 0.0025 12.1 0.0151 38.5 0.0024 15.4 ± 10.5 0.0077 ± 0.0052
Sr 16.4 0.0004 28.3 0.0015 0.644 0.0505 9.52 ± 10.3 0.0427 ± 0.0451
Rb 10.2 0.0088 4.47 0.0216 15.1 0.0171 8.91 ± 5.58 0.0310 ± 0.0283
K 11.3 0.0077 3.34 0.0318 8.80 0.0116 8.27 ± 5.67 0.0143 ± 0.0079
Y 11.1 0.0050 10.0 0.0208 33.0 0.0038 13.4 ± 8.8 0.0139 ± 0.0167
Na 10.6 0.0013 6.22 0.0050 13.7 0.0040 11.8 ± 7.4 0.0030 ± 0.0019
Al 9.84 0.0037 — — 10.2 0.0057 11.2 ± 3.4 0.0072 ± 0.0040
Ti 8.45 0.0200 9.52 0.0741 8.40 0.0216 9.18 ± 2.48 0.0355 ± 0.0209
Ca 5.24 0.0364 8.50 0.0301 4.23 0.0180 6.12 ± 2.46 0.0245 ± 0.0091
P 0.0292 0.329 0.0245 1.85 0.0385 0.6364 0.0300 ± 0.0085 1.37 ± 1.30
Sc 4.36 0.161 7.28 0.397 29.0 0.0245 9.06 ± 8.99 0.157 ± 0.117
V 0.813 2.87 0.654 6.19 1.82 0.280 1.79 ± 1.72 1.94 ± 2.17
Fe 0.120 0.271 0.0264 0.538 0.324 0.674 0.156 ± 0.137 1.31 ± 1.17
Mn 0.990 0.133 0.527 0.0383 0.543 0.505 0.537 ± 0.266 0.837 ± 0.846
Cr 1.68 0.436 0.753 0.370 1.14 0.181 1.26 ± 0.44 0.380 ± 0.110
Si 2.69 0.677 2.33 0.780 2.51 0.712 2.52 ± 0.11 0.704 ± 0.039
Co 0.0161 0.484 0.0151 1.57 0.020 6.13 0.0563 ± 0.0650 3.41 ± 3.31
Ni 0.0404 0.144 0.0372 0.575 0.078 1.59 0.109 ± 0.102 1.27 ± 1.19

Elements are arranged in order of increasing olivine/melt partition coefficients (Table 6). The average CI-chondrite abundances of Anders and Grevesse (1989) were used for normalization. fo,
forsterite; SD, standard deviation.

a Olivine, Fo98.3.
b Olivine, Fo99.5.
c Olivine grain core, Fo92.9.
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Fig. 4. Plots showing systematic enrichments in the measured
abundances of Na, Ba, Sr, and Ti in olivine (ol) from Sahara 97210
(Sah97) compared to three other meteorites, including NWA-3127
(NWA), Chainpur (Ch), and Sahara 98175 (Sah98).

Fig. 5. Plots relevant for understanding the nature of igneous
fractionation in chondrules. Elements are arranged according to
equilibrium D-values in olivine (Table 6). (a) Average CI-normal-
ized abundances in glass and co-existing normal forsteritic olivine
in type I chondrules. Bars represent standard deviations. (b)
Concentration ratios for rim–core analysis pairs in zoned normal
olivine grains from type I and type II chondrules.
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Elements not strongly concentrated in glass, and not sig-
nificantly enriched in Sahara 97210 olivine, include P, V, Sc,
Mn, Fe, Co, and Ni. Curiously, some incompatible ele-
ments, including Rb, La, Ce, and Pr, are strongly enriched
in glass but are not enriched in Sahara 97210 olivine. Evi-
dently, these elements were not concentrated in olivine by
shock processes.

The amount and spatial distribution of glass in Sahara
97210 olivine can be estimated. Based on the difference in
average olivine composition in Sahara 97210 and the other
three meteorites, we infer that �1–2 mass% glass in the
SIMS analysis volumes of Sahara 97210 olivine can account
for the artificially high abundances of Na, Al, Sr, Y, and Zr,
although somewhat larger glass proportions would be
needed for Ti (�4.5%) and Ba (�10%). The glass-derived
melt must be uniformly distributed in these olivine grains
on the scale of SIMS analyses (�20 lm) as we do not ob-
serve the variations within the measurements that would
be expected if the melt were present as a small number of
inclusions within the grains. As we are most interested in
the pre-shock composition of olivine, data for contaminat-
ing elements in Sahara 97210 olivine have been omitted
from Tables 3 and 4 and all figures except for Fig. 4 and
are not considered further.

4.2. Igneous fractionation and rapid cooling

Notwithstanding relict grains, the textures of chondrules
and the major- and minor-element zoning patterns of nor-
mal olivine grains are best interpreted as reflecting closed
system crystallization of olivine during moderately rapid
(�100–2000 �C/h) cooling (e.g., Lofgren, 1989; Radomsky
and Hewins, 1990; Jones and Lofgren, 1993; Desch and
Connolly, 2002). Our trace-element data have implications
for the nature of igneous fractionation in chondrules.

Fig. 5 shows two plots useful for evaluating igneous par-
titioning, with elements arranged in order of increasing



Table 6
Partition coefficients (D) and cooling-rate-sensitivity values for
olivine

Adopted equilibrium
Dol/melt

Dol/melt

referencea
Cooling-rate-
sensitivityb

Na 0.0097 1, 2 —
Al 0.0082 3, 4, 5 16
Si 0.87 3 3.8
P 0.1 6 93
K 0.006 7, 8 —
Ca 0.022 3, 4, 5 6.7
Sc 0.13 3, 4 58
Ti 0.011 4 6.7
V 0.29 4 44
Cr 0.67 3, 4 130
Mn 0.54 3, 4 7.3
Fe 0.49 3 44
Co 1.83 3, 4 25
Ni 8.3 4 10
Rb 0.0041 9 —
Sr 0.0013 3, 4 460
Y 0.0074 3, 4 160
Zr 9.9 E�4 4 1050
Ba 1.0 E�4 3, 4 19,000
La 2.3 E�5 3 21,700
Ce 5.0 E�5 3 15,400
Pr 6.8 E�5 3 6800

a References: [1] Leeman and Scheidgger (1977), [2] Villemant
et al. (1981), [3] Beattie (1994), [4] Kennedy et al. (1993), [5] Colson
et al. (1988), [6] Brunet and Chazot (2001), [7] Griffin and Rama
Murthy (1969), [8] Philpotts and Schnetzler (1970), [9] Dunn and
Sen (1994).

b Cooling-rate-sensitivity based on data from Kennedy et al. [4],
with sensitivity = 100� ½ðDol=melt

diseq: Þ=ðDol=melt
eq: Þ � 1�, where diseq. =

apparent disequilibrium D value in 2191 �C/h cooling experiment
(BO30), and eq. = apparent equilibrium D value in 100 �C/h
cooling experiment (BO67).
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olivine/melt partition coefficients (D-values; summarized in
Table 6). Fig. 5a shows average compositions of glass and
normal olivine in type I chondrules, based on the data in
Table 5. One would expect that for equilibrium igneous
partitioning, olivine/glass concentration ratios would
resemble the D-values in Table 6. However, Fig. 5a and
Table 5 instead show that elements with a wide dispersion
of D-values ranging from La (�2 � 10�5) to Ca (�2 �
10�2) (Table 6) have relatively uniform CI-normalized
abundances in olivine (�0.1 � CI) and glass (�10 � CI),
with a relatively constant olivine/glass concentration ratio
of �0.01. The most incompatible elements show the great-
est departure from equilibrium distributions. We interpret
these data to indicate that equilibrium was not maintained
during olivine crystallization in chondrules. This conclusion
agrees with that of Alexander (1994) based on similar
reasoning.

One could argue that disequilibrium is the result of
chondrule glasses being genetically unrelated to co-existing
olivine (Libourel and Krot, 2007), or the result of chemical
modification of mesostases after the crystallization of oliv-
ine (Varela et al., 2005; Libourel et al., 2006). Although we
do find evidence for chemical modification of chondrule
mesostases following olivine crystallization (Electronic
Annex; Section 4.7), zoning in olivine is also inconsistent with
equilibrium partitioning. Fig. 5b shows the concentration ra-
tio of elements in rims to cores for normally zoned olivine
grains. Incompatible elements should be enriched in grain
rims compared to cores, with greater enrichments the more
incompatible the element. Thus, in Fig. 5b, rim/core values
should generally increase from right to left, but this is not ob-
served. Instead, rim/core values for many elements scatter
around a relatively constant value of �1–2 (Fig. 5b). Even
the most incompatible elements behaved as if they were only
moderately incompatible.

The best explanation for the data in Fig. 5 and Table 5 is
that normal olivine in chondrules crystallized under dis-
equilibrium conditions as a result of rapid cooling. Trace-
element contents in olivine are enriched by rapid cooling,
with the most incompatible elements becoming the most en-
riched (Kennedy et al., 1993). This pattern agrees with what
is found for normal olivine in chondrules.

As rapid cooling affects igneous partitioning differently
for different elements, it is instructive to define a cooling-
rate-sensitivity parameter. Cooling rate-sensitivity (CRS)
is here defined as the absolute value of:

CRS ¼ 100� Dol=melt
diseq:

� �.
Dol=melt

eq:

� �
� 1

n o
ð1Þ

where Dol=melt
diseq: is equal to the concentration ratio of an ele-

ment in olivine to glass under conditions of rapid cooling
(2191 �C/h, BO30 experiment of Kennedy et al., 1993),
and Dol=melt

eq: is the same parameter under nominal equilib-
rium conditions (100 �C/h, BO67 experiment of Kennedy
et al., 1993). Sensitivities calculated this way are given in
Table 6. The relative cooling-rate-insensitivity of Ca is
well-established (Pack and Palme, 2003). The most cool-
ing-rate-sensitive elements include the LREE, Ba, and Zr.
The abundances of these elements in igneous grains are evi-
dently highly sensitive to departure from equilibrium
caused by rapid cooling.

Fig. 6 shows calculated melt compositions for various
olivine grain types assuming equilibrium and disequilibrium
D-values. In Fig. 6, only refractory elements are shown and
elements are arranged according to cooling-rate-sensitivi-
ties. Calculated melt compositions for normal olivine (aver-
age forsterite, average type I grain core, average type II
grain core) are portrayed in Fig. 6a and b. If equilibrium
D-values are used, corresponding to cooling rates
6100 �C/h (Kennedy et al., 1993), unrealistically high
abundances (to 103–104 � CI) for parent melt composition
are obtained for the most cooling-rate-sensitive elements
(Fig. 6a). In contrast, if disequilibrium D-values more
appropriate to rapid cooling conditions (�2000 �C/h) are
used, essentially the same enrichment (very roughly
10 � CI) is found for all refractory elements (Fig. 6b), a
more reasonable result. This suggests that normal olivine
in a variety of chondrule types (forsterite-bearing, type I,
and type II) crystallized rapidly, and that the trace-element
abundances of the most incompatible elements were con-
trolled largely by kinetic effects during rapid cooling.

In Fig. 6c and d, the same procedure as for normal
grains is used to show calculated melt compositions for
average relict forsterite and dusty olivine grains. The calcu-



Fig. 6. Calculated parent melt abundances for (a) average normal olivine assuming equilibrium D-values, (b) average normal olivine assuming
disequilibrium D-values pertinent for rapid cooling (�2200 �C/h) conditions, (c) average relict olivine (relict forsterite and dusty olivine)
assuming equilibrium D-values, and (d) average relict olivine assuming disequilibrium D-values. D-values and relative cooling-rate-sensitivity
are from Table 6. Bars represent standard deviations. Abbreviations: fo, forsterite; ol, olivine.
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lated abundance patterns for the two types of relict grains
are similar to those for normal grains (Fig. 6a–d). This im-
plies that both relict forsterite and relict dusty olivine pre-
serve a signature of igneous partitioning and rapid
crystallization.

It is conceivable, but very unlikely, that this apparent ra-
pid-cooling signature of relict grains was reset during the
last chondrule melting event. Resetting would require sig-
nificant diffusion of highly incompatible elements through-
out relict olivine grains, but as normal olivine grains in the
host chondrule also preserve a rapid-cooling signature, sig-
nificant diffusion would not have been possible in relict
grains. Thus, the rapid-cooling signature of relict grains is
almost certainly a feature inherited from the time they orig-
inally crystallized. As the rapid-cooling signature of relict
grains is similar to that shown by normal grains, it appears
that relict grains crystallized in chondrule-like objects.

Although our data for isolated olivine grains are limited,
the abundances of cooling-rate-sensitive La, Ce, and Pr in
the forsteritic cores of such objects are similar to those in
other grain types (Tables 3 and 4). This implies that such
grains also originated by rapid crystallization in chon-
drule-like objects.

Based on our data, cooling rates for both normal and
relict olivine grains were closer to �2000 �C/h than to
�100 �C/h. Thus, we agree with Alexander (1994) that typ-
ical cooling rates for chondrules were >1000 �C/h, but we
emphasize that both earlier and later generations of chond-
rules (as manifested by relict and normal grains, respec-
tively) must have cooled rapidly.

No cooling-rate-sensitivity values are available for the
volatile alkali elements (Na, K, Rb), but we suggest that
at least Na and K were sensitive to cooling rates. Calculated
melt abundances using equilibrium partition coefficients for
all the alkali elements are somewhat high (e.g., �4–60 � CI
for the normal grain cores in type I and II chondrules). In
addition, Na and K abundances show little correspondence
with the abundance of other volatile elements such as Mn,
further suggesting that they reflect rapid cooling. On the
other hand, Rb abundances do correlate with those of other
volatile elements such as Mn (see below). We therefore sug-
gest that Rb behaved more as a cooling-rate-insensitive
element.

4.3. Vapor fractionation

In addition to igneous fractionation, we infer that oliv-
ine compositions were partly established by vapor fraction-
ation, which includes processes such as vaporization or
condensation involving partitioning between a gas phase
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and chondrules. To best evaluate the role of vapor
fractionation, we focus on the data for lithophile cooling-
rate-insensitive elements (Section 4.2). For such elements,
abundances in olivine will depend relatively little on cooling
rates and should better reflect the composition of the melt
out of which olivine crystallized. In principle, vapor frac-
tionation can be inferred if the abundances of refractory
elements (Al, Sc, Y, Ti, Ca, V) co-vary with one another
and vary inversely with volatile elements (Cr, Mn, P, Rb,
Fe). However, Cr abundances in olivine were probably
partly controlled by chromite exsolution (Section 3.2),
and there is evidence that P, Fe, and V abundances in oliv-
ine may have been affected by redox conditions (Section
4.4), so the data need to be evaluated with these complica-
tions in mind.

Fig. 7 shows the variation in abundances of Y, Al, and
Mn with Ti for different grain types. Yttrium and Al abun-
dances clearly co-vary with those of Ti, whereas Mn and Ti
Fig. 7. Titanium variation diagrams showing olivine (ol) compo-
sitions keyed by grain type, based on individual SIMS analyses. Tie
lines connect core–rim analysis pairs (rims are Ti-enriched) in
zoned normal grains. (a) Ti–Y plot. (b) Ti–Al plot. (c) Ti–Mn plot.
Ign. fract. = schematic igneous fractionation trend (arrow points
towards more evolved compositions); vapor fract. = schematic
vapor fractionation trend (arrow points towards higher tempera-
ture or more thermally processed conditions).
contents vary inversely with some scatter (Fig. 7). As these
elements are incompatible (Table 6), igneous fractionation
alone would result in co-variations among them, with more
‘‘evolved” compositions plotting to the upper right in
Fig. 7. Although either igneous fractionation or vapor frac-
tionation could account for the observed variations be-
tween Y, Al, and Ti in Fig. 7, the data for Mn and Ti
suggest that vapor fractionation played some role in estab-
lishing the composition of olivine. This argument is sup-
ported by an overall inverse correlation in the abundances
of refractory Ti with volatile P, Rb, and Fe.

That both igneous and vapor fractionation were impor-
tant is suggested by the overall pattern of chemical varia-
tion between refractory and volatile elements as well as
the data for specific grains. For instance, normal olivine
grains in Sah98-11 (Fig. 1I) have high abundances of refrac-
tory elements (Y, Al, Ti) and low abundances of Mn
(Fig. 7), suggesting that this chondrule experienced a rela-
tively large amount of thermal processing during vapor
fractionation. Other normal grains, as in Ch8-5, have high
abundances of all incompatible elements including Mn
(Fig. 7), consistent with evolved igneous fractionation.
The operation of both vapor fractionation and igneous
fractionation for various grains can explain the greater scat-
ter in the Mn–Ti plot (Fig. 7c) than in the Y–Ti and Al–Ti
plots (Fig. 7a and b).

All of the elements plotted in Fig. 3 are relatively incom-
patible (Table 6), and igneous zoning can explain the
tendency for normal ferrous olivine grains to have co-vary-
ing Sc–Fe and Mn–Fe abundances (Fig. 3). However, Mn
and Rb contents are depleted by up to two orders of mag-
nitude for the most forsteritic grains (Fig. 3e and f), more
consistent with a vapor fractionation process than with
igneous fractionation. In agreement with this, the most for-
steritic grains are often enriched in refractory elements (e.g.,
Ca, Ti, V, Sc) (Fig. 3).

Altogether, the data support a model in which the most
forsteritic grains crystallized from melts that experienced
the most thermal processing, heated either to higher tem-
perature or for longer duration, or both. Forsteritic grains
of different types, including relict Mg-olivine, normal for-
sterite grains, and the forsteritic cores of grains in small
type I chondrules/isolated objects, all evidently crystallized
from refractory melts.

4.4. Redox processes

We use a variety of chemical evidence to infer that redox
processes were important during chondrule formation.
These processes affected the abundances of siderophile ele-
ments including Fe, Ni, and Co. Phosphorus also behaved
in a partly siderophile manner. We infer that V partitioned
differently in olivine under different redox conditions.

Elevated Mn/Fe ratios in both relict dusty and associ-
ated clear olivine are suggestive of a redox process, with
the high Mn/Fe values reflecting the conversion of some
oxidized iron to metallic iron (Figs. 2b and 3e). It is widely
agreed that dusty olivine formed by the exsolution of metal
from olivine during FeO-reduction of pre-existing olivine
(see Introduction). As clear olivine co-existing with the



Fig. 8. Cobalt variation diagrams showing olivine compositions
keyed by grain type, based on individual SIMS analyses. Tie lines
connect core–rim analysis pairs. (a) Co–Fe plot. (b) Co–Ni plot. (c)
Co–P plot. Metal fract. = schematic metal–olivine partitioning
trend (arrow points towards increasing metal stability under lower
fO2

conditions). Other abbreviations as in Figs. 3, 6, and 7.
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dusty olivine probably formed by crystallization from chon-
drule melts, the high-Mn/Fe signature of such olivine sug-
gests that FeO-reduction affected the melts out of which
clear olivine crystallized. In other words, dusty-metal-bear-
ing type I chondrules evidently formed by melting under
reducing conditions, with dusty grains representing incom-
pletely melted olivine, and clear olivine representing olivine
that crystallized from the reduced melt.

Besides relict dusty and normal clear grains, the coarse
Mg-olivine relict in NWA-7 (represented by analysis
NWA7-1) also has high Mn/Fe (Figs. 2b and 3e). As this
coarse relict lacks dusty metal, it probably originated in a
manner similar to clear olivine, by crystallization from a
melt that had been FeO-reduced. As the grain is present
in a type II host chondrule, following reduction it subse-
quently must have been incorporated in an oxidized chon-
drule melt.

Low P, Fe, Co, and Ni contents in co-existing glass and
olivine in type I chondrules also suggest that these elements
were partly sequestered in metal. In such chondrules, the
abundance of P and Fe in glass is low, and the concentra-
tion ratio of these elements in olivine/glass is high, com-
pared to other elements of similar olivine compatibility
(Fig. 5a and Table 5). This is almost certainly caused by
the partitioning of these elements into metal. In agreement
with our suggestion for P, Zanda et al. (1994) found that
the P content of metal in chondrules was inversely related
to Fa content of co-existing olivine, implying metal–silicate
equilibration that had the effect of removing P from pro-
gressively more magnesian olivine.

The same effect probably occurred for Co and Ni.
Nickel has olivine/glass concentration ratios that are
significantly lower in type I chondrules (average �1.3;
Table 5) than one would expect for the equilibrium D-value
(�8; Table 6), and both Ni and Co olivine/glass values are
especially low in chondrules with more forsteritic olivine
(e.g., NWA-17 and Sah98-11, with Fo95–100 olivine) than
in chondrules with less forsteritic olivine (e.g., Sah98-2,
with Fo93–72 olivine) (Table 5). This suggests that effective
Dol/melt values for Co and Ni were lower in more magnesian
objects, consistent with experimental evidence for a de-
crease in Dol/melt values as fO2

decreases and metal becomes
increasingly stable (Ehlers et al., 1992). Thus, at low oxygen
fugacities, Co and Ni behave more as semi-compatible than
compatible elements in olivine. If Co and Ni were partly
partitioned into metal, it might explain why these elements
are not consistently depleted in olivine rims compared to
cores (Fig. 5b), as zoning trends in olivine would depend
on whether metal was present or not.

Fig. 8 shows how abundances of Fe, Ni, and P vary with
respect to Co for different olivine grain types. Measured Co
contents in olivine vary by over two orders of magnitude,
and they are correlated with Fe, Ni, and (to some extent)
P contents (Fig. 8). Moreover, grains low in Co, Ni, Fe,
and P contents are relatively forsteritic (Fo90–100). The
abundances of Co and Ni should be only weakly affected
by vapor fractionation, as these elements are neither espe-
cially volatile nor refractory. Instead, the data can be ex-
plained by olivine–metal partitioning under variable redox
conditions, with grains that have the lowest Co–Ni–Fe
(and often P) contents corresponding to those that formed
under the most reducing conditions.

Vanadium abundances in olivine also appear to record
variations in partitioning behavior caused by variations in
fO2

. Vanadium contents are higher in olivine than in co-
existing glass for the most forsteritic olivine (e.g., in objects
NWA-17 and Sah98-11; Table 5). This implies that V be-
haved as a compatible element in olivine that crystallized
from the most magnesian melts. Under reducing condi-
tions, V could have been present as V2+ instead of V3+

(Papike et al., 2005). V2+ has an ionic radius (0.79 Å) sim-
ilar to that of Mg2+ (0.72 Å), Fe2+ (0.78 Å, high spin), and
Mn2+ (0.83 Å, high spin) (Li, 2000). Thus, V2+ has similar
size and charge to other elements that partition into olivine
readily, making V more compatible in olivine under
reducing conditions, in agreement with experimental data
(Gaetani and Grove, 1997; Canil and Fedortchuouk,
2000). Based on calibrations between DV

ol=melt and fO2
(Canil

and Fedortchuouk, 2000), V would become compatible in
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olivine under fO2
conditions P3 log units below the IW buf-

fer. Thus, NWA-17 and Sah98-11 could have formed under
these conditions. Besides normal olivine in these chond-
rules, V is also strongly enriched in relict forsterite in
Sah97-9 and in the core of isolated grain Sah97-3 (Figs.
7c and Fig. 1G). We hypothesize that the high V contents
of these olivine grains reflect their crystallization from
refractory melts under low fO2

.

4.5. Genetic relationships of grains

Here we discuss how different olivine grains in type I and
type II chondrules are genetically related, using the average
compositions of grains (Tables 3 and 4 and Fig. 9) and the
compositions of grains in individual chondrules (see the
Electronic Annex for a selection of objects) as guides. In
Fig. 9, elements are grouped according to their affinities
as either cooling-rate-insensitive lithophile elements, cool-
ing-rate-insensitive siderophile elements, or cooling-rate-
sensitive lithophile elements. The cooling-rate-insensitive
elements should provide better information about genetic
relationships and thermal processing of the melts from
which olivine crystallized, whereas the cooling-rate-sensi-
tive elements could provide information about cooling
rates. In general, we find no evidence for systematic differ-
ences in the abundances of cooling-rate-sensitive elements
for different grain types or chondrules, suggesting that cool-
ing rates were roughly the same for all grains.
Fig. 9. Average CI-normalized abundances of (a) normal olivine, (b) relict
olivine, and (d) clear olivine. Elements are grouped according to cooling
tendencies. Bars show standard deviations. Abbreviations: avg., average
Fig. 9 shows the average abundances of various grain
types. For normal olivine grains, type I forsterite is the
most enriched in refractory elements (Al, Sc, Y, Ti, Ca,
V) and the most depleted in siderophile elements (Fe, Co,
Ni), whereas type II olivine is the least enriched in refrac-
tory elements, and the most enriched in volatile elements
(Mn, P, Rb) (Fig. 9a). We interpret these differences as
reflecting the formation of type I forsterite from refractory
melts under the lowest fO2

conditions, and type II olivine
from the least refractory, most volatile-rich melts under
the highest fO2

conditions. The composition of relict forste-
rite is similar to that of normal forsterite in type I chond-
rules, whereas overgrowths on relict forsterite grains have
average compositions similar to those of normal type II
olivine for some elements (Mn, Fe, Co, Ni) and composi-
tions intermediate between relict forsterite and normal type
II olivine for other elements (Al, Y, Ti, Ca, V) (Fig. 9a and
b and Tables 3 and 4). This suggests that relict forsterite
grains could have been derived from forsterite-bearing type
I chondrules. Overgrowths on relict forsterite probably
formed by crystallization from melts similar to those of
type II olivine, with some diffusional exchange occurring
between the relict forsterite and the surrounding chondrule
melt.

Average relict dusty olivine has a similar composition to
average type II olivine cores (Fig. 9c). This suggests that
dusty grains were similar in composition to type II olivine
cores before the FeO-reduction event that produced dusty
forsterite and ferrous overgrowths around relict forsterite, (c) dusty
-insensitive lithophile, siderophile, and cooling-sensitive lithophile
(mean); s.d., standard deviation of the mean; others as in Fig. 6.
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metal. In contrast, relative to type II olivine, the average
composition of normal grains that co-exist with dusty oliv-
ine (clear olivine) is slightly enriched in some refractory ele-
ments (Al, Y, Ti), depleted in volatile elements (Cr, Mn, P,
Rb), and depleted in Fe and Co (Fig. 9d). As clear olivine
crystallized from the reduced melts that were generated dur-
ing the formation of dusty olivine (Section 4.3), the differ-
ence in composition between type II and clear olivine
signifies a change in melt composition during the formation
of dusty olivine-bearing chondrules. Specifically, vaporiza-
tion evidently caused the evaporative loss of volatile ele-
ments (Cr, Mn, P, Rb) from the chondrule melt and an
accompanying enrichment of refractory elements (Al, Y,
Ti). In addition, reduction caused elements with siderophile
tendency (Fe, Co, Ni, P) to partition more into metal, low-
ering the abundances of these elements in the melt that was
available to partition into olivine.
Fig. 10. CI-normalized average parental melt compositions deter-
mined for different grain types, using equilibrium D-values for
olivine (Table 6) for elements most likely to give accurate melt
compositions. Bars represent standard deviations. (a) Forsterite
grains (Fo97–100) including normal grains in type I chondrules,
relict Mg-olivine grains, and the cores of forsterite grains in small
type IA chondrules/isolated objects (‘‘isol. fo cores”). (b) Normal
olivine grain cores for zoned olivine grains in type I and type II
chondrules. (c) Relict dusty olivine and co-existing non-dusty
(clear) olivine grains. Abbreviations as in Fig. 6.
4.6. Parental melt compositions

Parental melt compositions corresponding to different
olivine grain types can be determined assuming that the
measured grain compositions reflect melt compositions
and that the equilibrium D-values in Table 6 are appropri-
ate. Neither of these assumptions is probably strictly cor-
rect. First, various processes may have perturbed the
composition of olivine during or after crystallization (e.g.,
formation of dusty metal, shock mobilization (Section
4.1), diffusional exchange between olivine and surround-
ings). Second, equilibrium D-values are not completely
appropriate for chondrules as there is good evidence for
disequilibrium caused by rapid cooling (Section 4.2). Final-
ly, there is evidence that V was more compatible, and Ni
and Co were less compatible, in olivine for magnesian melts
under reducing conditions (Section 4.4), so actual D-values
may have differed from those in Table 6. Nonetheless,
Fig. 10 shows general features of chondrule melt composi-
tions corresponding to different grain types, using elements
that are least likely to have been perturbed by disequilib-
rium based on their low cooling-rate-sensitivity values
(Table 6). For zoned olivine in type I and type II chondrules
(Fig. 10b), we assume that the cores of the grains reflect
the original composition of the parent melts. As olivine is
a liquidus phase in the chondrules, the composition of the
grain cores should be related to the original melt
composition.

All calculated melt abundances show a tendency for
refractory lithophile elements (Al–V) to be enriched on a
CI-normalized basis relative to volatile lithophile elements
(Si–P), and for Co and Ni to be progressively depleted rel-
ative to Fe, but these effects are most pronounced for for-
sterite-bearing and other type I chondrules and least
pronounced for type II chondrules (Fig. 10). This is consis-
tent with the idea that forsterite-bearing and type I chond-
rules were heated to a higher temperature or for longer
duration than type II chondrules and formed under more
reducing conditions (see also Sections 4.3 and 4.4). The cal-
culated average melt composition for dusty and co-existing
clear olivine are similar and differ most in the abundances
of volatile and siderophile elements (Cr, Mn, P, Fe, Co,
Ni) (Fig. 10c), probably as a result of combined vaporiza-
tion and redox effects during the last melting event to affect
these chondrules, with volatile elements being vaporized
and siderophile elements being increasingly partitioned into
metal under reducing conditions (Section 4.5). The melt
composition for dusty olivine is generally similar to that
of type I and type II parental melts but is more similar to
type II melts for Cr, Mn, P, Fe, Co, Ni, Sc, and Y
(Fig. 10b and c), implying that dusty olivine originally crys-
tallized from type II-like melts before the reduction event
that produced dusty metal (Section 4.5).

4.7. Parental melt composition vs. bulk chondrule

composition

4.7.1. Evidence for open-system behavior

One may ask how the parent melt compositions for
various olivine grain types (Fig. 10) compare to the
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compositions of typical bulk chondrules. We find that, in
general, parental melt and chondrule compositions do not
coincide and attribute this to open-system behavior.

Calcium and Mn are relatively cooling-rate-insensitive
elements (Table 6) and serve as convenient monitors of
refractory- and volatile-element abundances, respectively,
in parental melts. Our data for forsterite suggest that these
grains crystallized from relatively refractory melts, enriched
in Ca by �7–20 � CI-chondrites (with the ranges for our
melt compositions encompassing the standard deviation
of the mean for various types of forsterite grains); other
refractory elements (Al, Sc, Y, Ti, V) were enriched to a
similar or larger extent, but with less precision and greater
uncertainty (Fig. 10a; Section 4.6). This agrees with the
conclusion of Pack et al. (2004), who suggested that refrac-
tory forsterites crystallized from melts enriched in refrac-
tory elements (Ca, Al) by �10–20 � CI-chondrites. Palme
and coworkers concluded that forsterites formed in objects
that were too refractory to correspond to typical ferromag-
nesian chondrules. For instance, Weinbruch et al. (2000)
suggested that isolated forsterites were derived from con-
densates chemically similar to a type of CAI known as a
plagioclase–olivine inclusion (POI), whereas Pack and
Palme (2003) and Pack et al. (2004) suggested that forste-
rites were derived from ‘‘refractory melt condensates”,
now completely destroyed except for the presence of relict
forsterite grains in chondrules and isolated forsterite grains.
According to Pack et al. (2004), refractory melt condensates
must have been different than chondrules because the com-
positions are not the same.

This argument is undercut as a discrepancy exists be-
tween the composition of parent melts and chondrules
not only for forsterite, but for more ferroan olivine as well.
Bulk compositions for typical type I and type II chondrules
in low-subtype chondrites were summarized by Hewins
(1990) and Jones et al. (2005). Type II chondrules are rela-
tively unfractionated (solar-like) and more volatile-rich
than type I chondrules, which agrees with our inferences
for the parental melts that crystallized olivine in these ob-
jects (Fig. 10b). Yet the abundances of refractory elements
in chondrules are different than what we calculate for the
corresponding parental melts. For instance, based on the
data shown by Hewins (1990), type II chondrules have Ca
abundances of �0.6–1.2 � CI, lower than the �1.5–
8 � CI values we infer for type II parental melt. Similarly,
in olivine-rich type I chondrules, Ca abundances are
�0.7–3.5 � CI, much lower than the �8–12 � CI values
we infer for type I parental melt. As type I chondrules have
variable abundances of volatile elements such as Mn, it is
difficult to assess whether a discrepancy exists for such ele-
ments also in such chondrules, but type II chondrules have
abundances of Mn that resemble those calculated for type
II parental melts. In general, the average discrepancy for
various elements between parental melt and chondrule
compositions is greater for type I chondrules than type II
chondrules.

These discrepancies can be explained in various ways.
(1) D-values used to calculate parent melt compositions
may not be appropriate. (2) The D-values used might be
appropriate, but the technique used to calculate melt com-
positions could be flawed. (3) The techniques used to deter-
mine bulk chondrule compositions might be giving
erroneous results. (4) Olivine may not have crystallized
from the same melts as now represented by bulk chondrule
composition. These possibilities are evaluated below.

Although D-values are uncertain (Section 4.6), we do
not think they are so uncertain as to explain the discrepan-
cies. For instance, the D-value for Ca is relatively well-
determined (Libourel, 1999; Pack and Palme, 2003). The
uncertainty in the D-value for Ca caused by cooling rate
uncertainty is �7%, as inferred from the cooling-rate-insen-
sitivity value of 6.7 (Table 6), much too low to explain the
discrepant results. Also, D-values for all refractory elements
would have to be significantly in error, and in the same
sense as for Ca, as all refractory elements give roughly con-
sistent results, which we consider unlikely.

Alternatively, the calculation for parental melt composi-
tions would be erroneous if the measured composition of
olivine was not directly related to the original parent melt
compositions. For instance, with zoned grains, different
parent melt compositions will be obtained depending on
which part of a zoned grain is analyzed, with higher abun-
dances of incompatible elements expected for rim analyses
than for core analyses. However, this cannot explain the
discrepancy for forsterites that have relatively uniform
compositions throughout most of their interiors. In addi-
tion, only core compositions were used to calculate the melt
compositions for zoned grains. Moreover, even if the lowest
calculated parent melt abundances are considered, there
would still be a discrepancy between bulk and parental
compositions. Finally, grains are not strongly zoned in
most elements (Section 4.2), so zoning is unlikely to be
the explanation for the discrepancy. We therefore conclude
that the approach used to determine parental melt compo-
sitions cannot be in sufficient error to explain the discrepan-
cies between parent melt and chondrule compositions.

If the D-values and approach used to determine melt
compositions are valid, possibly the data for chondrules is
in error. However, compositions based on two different
techniques, EMPA and INAA, give roughly consistent re-
sults (Jones et al., 2005), so we consider it unlikely that
chondrule bulk compositions are significantly in error.

Thus, we conclude that olivine crystallized from parent
melts more refractory than now represented as chondrules.
This is true for melts that crystallized pure forsterite, type I
chondrules, and type II chondrules, but is most pronounced
for the former and least pronounced for the latter. We sug-
gest that refractory elements (Ca, Al, Sc, Y, Ti, V) must
have been lost, and volatile elements must have been
gained, by chondrules after the crystallization of olivine
grain cores in type I and II chondrules that contain zoned
olivine, and after the crystallization of olivine grains with
nearly pure forsterite interiors in some type I chondrules.
Thus, chondrules often behaved as open systems. We sug-
gest that exchange occurred between chondrules and sur-
rounding volatile-rich gas while chondrules were still
partly molten, which would facilitate exchange. In the Elec-
tronic Annex we note evidence for the secondary introduc-
tion of volatile alkali elements (Na, K, Rb) in NWA-5
(Fig. EA-2a). The relatively high average abundances of
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these elements in glass in otherwise relatively refractory
type I chondrules (Fig. 5a) also supports the secondary
introduction of alkali elements into such chondrules.

One reviewer (JNG) suggested that if open-system ex-
change had occurred, one would necessarily see evidence
for it in the zoning profiles of olivine. Presumably such ex-
change would be manifested by olivine rim/core concentra-
tion values lower than expected for refractory elements
(e.g., Al, Sc, Ca, Y, Ti, V) and higher than expected for vol-
atile elements (e.g., Mn, P, Rb) compared to igneous frac-
tionation alone. However, such evidence depends on the
rate of diffusion into or out of a chondrule relative to that
of igneous crystallization. We note that zoning patterns for
a given element differs for different grains (Fig. 3), so the sit-
uation is not as straightforward as it might seem. For
refractory forsterites, Pack and Palme (2003) and Pack
et al. (2004) noted that Ca and Al are reversely zoned,
opposite to the situation expected for igneous crystalliza-
tion alone and consistent with the model proposed here.

Our results are consistent with increasing evidence that
at least type I chondrules behaved as open systems involv-
ing some loss of refractory elements (Ca, Al, Ti, Mg) and
some gain of alkalis and Si (Varela et al., 2002, 2005;
Libourel et al., 2006). For instance, Libourel et al. (2006)
noted that glass compositions for melt inclusions in olivine
and in glassy mesostases of type I chondrules in Semarkona
and CR chondrites do not lie on an olivine-subtraction or
low-Ca-pyroxene-subtraction line, and suggested that Si
was added to chondrule melts by exchange from surround-
ing gas. Varela et al. (2005) presented evidence that Ca and
Al were lost, and Na, K, and Si were gained, in type I
chondrules in Kaba, noting a difference between glass inclu-
sions in olivine (which behaved more as closed systems) and
glass in mesostasis. These authors suggested that some ele-
ments (Si, Al) were exchanged in melt and other elements
(Ca, Na, K) were exchanged in glass. Although we do not
subscribe to the assertion that olivine crystallization did
not affect melt compositions (Varela et al., 2002, 2005),
nor to the more extreme view that the composition of chon-
drule glass may be genetically unrelated to olivine (Libourel
et al., 2006; Libourel and Krot, 2007), we do consider the
evidence for open-system behavior provided by these
authors to be compelling and consistent with our results.

4.7.2. Conversion of type I to type II chondrules: open-system

exchange while partly molten?

The parent melt compositions of different objects inter-
grade and form a volatility sequence, ranging from the
refractory melts that crystallized nearly pure forsterite, to
type I chondrules, and finally to the volatile-rich type II
chondrules (Fig. 10). The difference between average com-
positions of these parental melts is on the order of the dif-
ferences between parent melt and chondrule compositions
that seem to require open-system exchange. This implies
that open-system exchange potentially could have been
important in transforming refractory parent melts to type
I melts, and type I melts to type II melts. We offer the fol-
lowing (admittedly simplistic) model.

We suggest that as soon as some chondrules formed,
they reacted with surrounding gas to become more vola-
tile-rich, explaining the widespread discrepancies discussed
above. If such chondrules were then re-melted but were
not significantly vaporized, the composition of olivine that
crystallized from the new melts would reflect volatile-
enrichment caused by open-system exchange. In this way,
a less refractory type I chondrule could form from a more
refractory type I precursor, and a type II chondrule could
form from what was a less volatile-enriched type I
precursor.

If chondrule melting events were of short duration, less
than a minute (e.g., Wasson, 1993; Hewins, 1997), there
would have been limited opportunity for volatiles to diffuse
into chondrule melts before olivine crystallized. This is
especially true for the melts parental to normal olivine in
type II chondrules, which would have required a substantial
influx of volatiles to explain their relatively unfractionated
compositions if they originated from type I-like precursors
(Fig. 10b). On the other hand, a significant amount of Si
can diffuse into molten chondrule charges in a few minutes
if gas pressures are sufficiently high (Tissandier et al., 2002).
Moreover, if multiple, brief melting events were involved,
each involving an influx of volatiles, conceivably a type II
melt could be generated from a type I precursor.

4.8. Chondrule recycling model

The presence in chondrules of relict grains that have
sizes and compositions similar to those of normal grains im-
plies that chondrules were recycled, i.e., underwent repeated
cycles of melting (Alexander, 1996; Jones, 1996). Other
evidence for recycling includes the presence of evidently
re-melted chondrule rims (coarse-grained rims) and the
presence of enveloping compound chondrules (Rubin,
2000; Jones et al., 2005). Our data support the recycling
model and provide additional constraints for it. As relict
grains represent earlier generations of grains than normal
grains in the same chondrules, we are able to infer how
grains and their host chondrules evolved.

Fig. 11 schematically illustrates our chondrule recycling
model. It is based both on the data reported herein, as well
as on oxygen-isotope data for olivine in some of the same
objects (Ruzicka et al., 2007). With regard to the oxygen
data, a key assumption is that nebular gas evolved with
time, so that enrichments in olivine of 16O, represented by
increasingly lower (more negative) D17O values, correspond
to progressively older objects. This assumption is supported
by a growing body of evidence for a variety of chondritic
materials (see Ruzicka et al., 2007; and references therein),
has an astrophysical basis (e.g., Kuramoto and Yurimoto,
2005; Lyons and Young, 2005), and is consistent with dif-
ferences in the isotopic composition of relict and normal
grains (Ruzicka et al., 2007). The model shown in Fig. 11
is meant to apply to chondrules in ordinary chondrites,
but may also have some relevance for chondrules in carbo-
naceous chondrites, as discussed below.

Various steps are shown for the chondrule recycling
model in Fig. 11. These include the formation of early
refractory melts (process 1), fragmentation of refractory
melt objects (process 2), later melting under oxidizing con-
ditions (process 3), and re-melting of ferroan objects under



Fig. 11. Chondrule recycling model. Ellipses represent processes, boxes observable products, and arrows indicate time progression.
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reducing conditions (process 4). In addition, there is evi-
dence for additional re-melting events, including the forma-
tion of a later generation of refractory melts during intense
heating, as well as repeated cycles of melting under alter-
nately reducing and oxidizing conditions and repeated cy-
cles of fragmentation. We discuss each of these steps below.

4.8.1. Refractory melts: early intense heating (process 1)

We infer that at least some chondrule precursors were af-
fected by an early, intense heating event that produced
refractory melts under reducing conditions (process 1 in
Fig. 11). This resulted in refractory, forsterite-bearing
chondrules, which had parent melt compositions similar to
those inferred for forsterite grains (Fig. 10a). Forsterite in
the chondrules acquired negative D17O values from the sur-
rounding gas (Ruzicka et al., 2007). These chondrules could
have petrographically resembled type I chondrules in ordin-
ary chondrites such as Sah98-11 (Fig. 1I) or type I chond-
rules in carbonaceous chondrites (Ruzicka et al., 2007).

4.8.2. Fragmentation of refractory chondrules (process 2)

Early, refractory, forsterite-bearing chondrules were
sometimes severely fragmented, and the grains in them dis-
persed (process 2, Fig. 11). Dispersed forsterite or Mg-oliv-
ine grains could have become incorporated in later
generations of chondrules or preserved as isolated grains
such as Sah97-3 (Fig. 1G) or the small type I/isolated object
Sah97-8 (Fig. 1H). The olivine core of the latter object has
an 16O-enriched composition and probably formed early
(Ruzicka et al., 2007). Although these objects are similar
to ‘‘isolated grains” described in the literature, in reality
some are polyphase and contain what appear to be small
amounts of pyroxene and mesostasis derived from chond-
rules (e.g., Sah97-8, Fig. 1H). It is unclear whether the fer-
rous olivine overgrowth and attached pyroxene and
mesostasis of Sah97-8 formed early in the forsterite-bearing
chondrule, or during a later re-melting event.

4.8.3. Later melting under oxidizing conditions (process 3)

Some Mg-olivine grains were clearly involved in at least
one additional chondrule-forming episode occurring under
more oxidizing conditions (process 3, Fig. 11). This pro-
duced type II chondrules that contain relict forsterite, such
as Ch-3 (Fig. 1D), NWA-12 (Fig. 1E and F), and relict for-
sterite #2 in NWA-8 (Fig. 1L). The preservation of relict
Mg-olivine grains indicates that they were incompletely dis-
solved in more ferroan melts, as a result of some combina-
tion of a high melting temperature for forsteritic olivine, a
low dissolution rate of olivine (Kuo and Kirkpatrick, 1985),
and a short melting duration (e.g., Wasson, 1993; Hewins,
1997). Ferroan overgrowths around the Mg-olivine relicts
crystallized from the newly-formed melts. Some of the
chondrule melts in process 3 are inferred to have been pro-
duced when the oxygen-isotopic composition of nebular gas
had evolved to a less 16O-enriched composition, resulting in
olivine with D17O values close to zero (Ruzicka et al., 2007).
This included type II host melts such as chondrule Ch-3
(Fig. 1D), which crystallized normal and overgrowth oliv-
ine with significantly different D17O values than the ear-
lier-formed relict forsterite (Ruzicka et al., 2007). Besides
type II chondrules that contain relict Mg-olivine grains,
we suggest that type II chondrules without relict grains
were also produced during process 3.

The chondrule melts that crystallized normally zoned
olivine in type I and II chondrules were not as refractory
in composition as the early-formed melts that produced
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forsterite-bearing chondrules (Fig. 10b). To account for
these less refractory compositions, either volatile elements
must have diffused into and/or refractory elements out of
chondrules (e.g., while chondrules were partly molten)
(Section 4.7), or additional dust with relatively unfraction-
ated composition must have been added to the chondrule
precursor assemblage, or both. If grains of different origin
were admixed to chondrule precursors, some were probably
dispersed from prior generations of chondrules. This would
imply that fragmentation and dispersal (process 2) often pre-
ceded the formation of oxidized melts (process 3 melting)
(Fig. 11). If instead volatile-element influx during chondrule
melting was an effective process, fragmentation of precursors
might not be necessary prior to the formation of oxidized
melts, and an alternative pathway to process 3 melting
bypassing fragmentation could have been followed (Fig. 11).

Whatever the origin of the more volatile-rich and oxidiz-
ing (type II) melts, we suggest that process 3 melting was
more important in the source region for ordinary chon-
drites than for carbonaceous chondrites, as type II chond-
rules are less common in carbonaceous chondrites (see
Introduction). This difference could reflect the systemati-
cally later formation of chondrules in ordinary chondrites,
after the nebula had evolved to allow more oxidizing condi-
tions to exist at least temporarily (Ruzicka et al., 2007).

4.8.4. Re-melting under reducing conditions (process 4)

Following the formation of more ferroan chondrules,
another episode of melting occurred under more reducing
conditions (process 4, Fig. 11). Reduction may have arisen
owing to the presence of C-rich phases admixed into the
starting material (e.g., Connolly et al., 1994) or because
of a low ambient fO2

imposed by gas. This resulted in type
I chondrules in ordinary chondrites that contain dusty oliv-
ine grains, such as Sah98-1 (Fig. 1A and B) and NWA-3
(Fig. 1C). The dusty olivine grains represent the unmelted
relicts from earlier generations of mainly type II chond-
rules, whereas co-existing clear grains in the chondrules rep-
resent normal grains that crystallized from the melts
produced in process 4. The melts produced in process 4
experienced reduction sufficient to produce relatively forste-
ritic clear olivine (up to Fo99.7 in NWA-1, Table 1) with en-
riched Mn/Fe values, and they appear to have experienced
some vaporization as well (Sections 4.5 and 4.6). Both dusty
and clear olivine with D17O values close to zero were
formed, in accordance with their presumed late formation
(Ruzicka et al., 2007). Besides dusty olivine-bearing type I
chondrules, other type I chondrules may have formed dur-
ing process 4. Such chondrules could have formed by more
intense heating which completely or largely melted pre-
existing materials, leaving no obvious relict dusty grains.
Examples of such chondrules include type I chondrules with
normally zoned olivine grains and D17O values close to
zero, such as Sah97-2, Sah97-5, Sah97-7, and Sah97-10
(Ruzicka et al., 2007).

4.8.5. Re-melting under reducing and intense heating

conditions: a later generation of refractory chondrules

With sufficiently intense heating, significant vaporiza-
tion could have occurred, and refractory melts similar to
those produced by process 1 melting could have formed,
thus bypassing process 4 and proceeding directly from a
type II chondrule to a refractory type I object (left loop
in Fig. 11). Significant vaporization would be needed to
produce such a refractory melt from a type II melt. For in-
stance, based on inferred parental melt compositions,
roughly a fivefold enrichment in Ca would be needed
(Fig. 10), implying 80% mass loss. This generally agrees
with evaporation experiments, which show that after 67%
evaporation of a CI-chondrite analog composition, the
CaO content of olivine can be changed from a type II-like
value (�0.1 wt%) to a refractory value (�0.65 wt%) after
18 h of heating at 1580 �C and 10�3 atm (Cohen et al.,
2004). Presumably shorter heating times would be necessary
for melting at higher temperature or lower pressure. In any
case, later-formed refractory objects might be chemically
indistinguishable from those produced by early process 1
melting. However, later- and earlier-formed refractory
melts could still be distinguished based on differences in
D17O values for olivine if the gas reservoir had changed
oxygen-isotopic composition. A good example of a refrac-
tory, forsterite-bearing chondrule known to have D17O val-
ues close to zero that probably formed late is Wel-2
(Ruzicka et al., 2007).

4.8.6. Pyroxene-rich type I chondrules

Type I chondrules often contain a pyroxene-rich, por-
phyritic olivine–pyroxene (POP) texture and mineralogy
(Table 1), usually with pyroxene concentrated near chon-
drule margins. Although extensive reduction could have
been responsible for pyroxene-rich compositions in chond-
rules, most olivine grains in these chondrules are not pure
forsterite, as one might predict for extreme reduction.
Alternatively, POP chondrules with pyroxene-rich margins
may have formed by the influx of Si from a surrounding
gas into chondrule melt (Tissandier et al., 2002; Hewins
et al., 2005; Varela et al., 2005; Libourel et al., 2006).
Examples of type I POP chondrules in ordinary chondrites
include Sah98-1 (Fig. 1A and B), which has pyroxene con-
centrated along its margin, and Ch-7 and Ch-9, which are
pyroxene-rich. All of these chondrules contain dusty oliv-
ine and so formed by the incomplete re-melting and FeO-
reduction of more ferroan chondrules during process 4
(Fig. 11). The latter two chondrules are also known to
have D17O values close to zero implying late formation
(Ruzicka et al., 2007). A relatively late origin for pyrox-
ene-rich chondrules in ordinary chondrites is supported
by Al–Mg dating (Mostefaoui et al., 2002). To account
for the Si-rich compositions of these and other POP
chondrules, we speculate that Si that was vaporized during
chondrule formation could have re-entered the chondrules
while they were still molten. Silicon is not an especially
volatile element, so intense heating, such as that needed
to produce a refractory, forsterite-bearing object from a
type II melt, probably would be needed. Thus, if many
chondrules were produced at once and some experienced
extensive vaporization, a significant amount of Si-bearing
vapor could have been generated, and some type I chond-
rules with a pyroxene-rich composition could have
formed.
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4.8.7. Additional break-up and re-melting events occurring

under fluctuating conditions

There is good evidence for additional recycling involving
a return loop between processes 4 and 3 in Fig. 11. For
example, the occurrence of a dusty olivine relict (#4) in
NWA-8 that appears to have been first reduced and then
oxidized (Electronic Annex) suggests that a dusty grain
from a type I chondrule (produced by process 4) was recy-
cled into an oxidizing type II melt (produced by process 3).
Similarly, the coarse Mg-olivine relict in type II NWA-7,
which has an elevated Mn/Fe value (Figs. 2b and 7e), prob-
ably crystallized from a reduced, originally ferroan melt
(Section 4.4), and provides another example of the same re-
turn loop, this time involving recycling of what would have
been a ‘‘clear” grain in a type I chondrule into a type II
melt. Finally, Mg-olivine relict grains that are not pure for-
sterite are present in type II chondrules (e.g., the relict in
NWA-15 has an �Fo90 core, Table 1), which suggests that
less refractory type I material possibly produced during
process 4 melting was recycled back into ferroan objects.

Multiple cycles of chondrule break-up occurred in some
cases. In particular, to create all four relict grains in NWA-
8 (Fig. 1J), we suggest that multiple episodes of melting fol-
lowed by break-up and dispersal (process 2) are needed.
The three best-studied relict grains in NWA-8 (coarse
Mg-olivine relict #1, small forsterite relict #2, and dusty
relict #4) must all have crystallized from different parental
melts, prior to becoming incorporated in a type II host melt
(Electronic Annex). It is difficult to understand how all
these grains could have ended up in the same chondrule
without the fragmentation of different chondrule
progenitors.

Our dataset on relict grains provides no direct evidence
for the break-up of type II chondrules, so a fragmentation
event directly following the formation of type II chondrules
is not shown in Fig. 11. However, the existence of ferroan
isolated olivine grains in weakly metamorphosed chondrites
that are interpreted to have formed in chondrules
(McSween, 1977; Jones, 1992) suggests that type II chond-
rules were fragmented, with their components possibly
recycled into later generations of chondrules. The lack of
ferroan relict grains in our study is not surprising, as ferro-
an grains would have low melting temperatures and would
thus be prone to destruction by melting.

4.8.8. Number of melting events

The number of melting events that affected chondrules is
difficult to determine, because each melting event tends to
destroy evidence for earlier generations. The number might
depend on chondrite class (i.e., fewer for carbonaceous
chondrites, greater for ordinary chondrites). Based on esti-
mates of chondrules that contain relict grains, Jones (1996)
inferred that at least 15% of chondrules experienced at least
two melting events. Based on models reproducing varia-
tions in bulk chondrule compositions assuming precursor
grain sizes, Hezel and Palme (2007) suggested no more than
1–2 melting episodes for chondrules.

Our data place constraints on the number of melting
events needed to obtain the different olivine grain types in
chondrules. Virtually all chondrules in ordinary chondrites
appear to be secondary objects that formed later than but
from some of the same precursors as chondrules in carbo-
naceous chondrites (Ruzicka et al., 2007). At least two
melting events must have affected type II chondrules that
contain relict Mg-olivine grains, one to produce the ferrous
host olivine and another, earlier melting episode to produce
the Mg-olivine grains. Similarly, at least two melting events
must have occurred to form type I chondrules that contain
relict dusty olivine grains, an earlier one under oxidizing
conditions to produce the original ferroan grain that ulti-
mately was reduced to form dusty olivine, and a later one
to produce clear olivine in the chondrules. Although type
I and type II chondrules in ordinary chondrites that lack
evidence for relict grains provide no direct textural evidence
for re-melting, we suggest that such chondrules formed by
the same processes and events that produced analogous
chondrules with relict grains, as they have similar textures
and compositions. If so, most type I and type II chondrules
were also melted at least twice. If ferroan, proto-dusty
grains were themselves produced in type II chondrules that
formed relatively late, as we suggest, then at least three
melting events would be needed for dusty olivine-bearing
and most type I chondrules in ordinary chondrites. Like-
wise, the olivine components of type II NWA-7 (Section
4.4) experienced at least three melting events, one to pro-
duce a ferroan olivine precursor, another to produce the
large ‘‘clear” olivine grain, and another to produce the
remaining olivine in the type II host chondrule. The mul-
tiple relicts in NWA-8 suggest that at least 4 and possibly
5 melting events were involved in the formation of this
chondrule (Electronic Annex), one for each chemically
distinct relict grain and another for the type II host chon-
drule. Other chondrules that contain multiple Mg-olivine
relicts of different composition, such as Wel-10, and Ch-
1 (Table 1), probably required three of more separate
melting events, one for each chemically distinct relict
and one for the host object. Thus, we suggest that chem-
ical, isotopic, and textural data for chondrules in ordinary
chondrites are best accommodated by a model in which
several (>2–3, sometimes P4–5) melting episodes took
place for most chondrules.

5. CONCLUSION

Our data suggest that chondrules in ordinary chondrites
experienced complex chemical, thermal, and mechanical
processing over a period of time, with chondrules or the
grains in them becoming recycled in later chondrule-
forming episodes. Igneous fractionation occurring under
disequilibrium (rapid cooling) conditions, vapor fraction-
ation, redox effects, and open-system exchange were all
important during chondrule formation. Secondary shock
melting and terrestrial weathering also affected trace-ele-
ment compositions in some cases. Type I chondrules that
contain relict dusty olivine grains were produced by incom-
plete melting of type II-like progenitors under reducing
conditions and sufficient heating intensity to result in evap-
oration in some cases. We infer that other type I chondrules
could have been formed from type II precursors in the same
manner involving more intense heating and evaporation,
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which would have more fully melted the precursors and de-
stroyed relict grains. To produce the most refractory type I
chondrules from an average type II precursor would require
�80% mass loss by evaporation. Relict Mg-olivine grains in
type II chondrules provide evidence for the reverse process,
in which Mg-olivine derived from refractory type I chond-
rules became incorporated in more volatile-rich type II
melts produced under oxidizing conditions. Both relict
Mg-olivine grains and isolated forsterite grains were de-
rived from the break-up of type I progenitors; the former
were recycled back into chondrules whereas the latter were
not. We infer that other type II chondrules could have been
derived from type I chondrule precursors by more complete
melting under oxidizing conditions and insufficient heating
intensity to result in much (if any) evaporation, after the
addition of volatile-rich material. Volatiles could have been
added to type I precursors either in the form of relatively
unfractionated dust, or by diffusional exchange between
chondrule precursors and volatile-rich surroundings. It ap-
pears that open-system exchange between chondrules and
their surroundings was an important process, as the paren-
tal melts for olivine in type I and II chondrules are more
refractory in composition than typical bulk type I and II
chondrules. We suggest that type I chondrules could have
been transformed into type II chondrules by diffusional ex-
change involving volatile-element gain and refractory-ele-
ment removal after some olivine had crystallized, but
before the chondrules had completely solidified. Re-melting
of such volatile-enhanced type I precursors under the
appropriate conditions could thus transform type I into
type II chondrules. Using all available chemical, isotopic,
and petrographic data, we infer that chondrules in ordinary
chondrites were derived from refractory type I chondrule
precursors similar to those dominant in carbonaceous
chondrites, after the nebula had evolved to permit more
volatile-rich material to become incorporated in chondrules
under transitory and probably localized oxidizing
conditions.
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