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Abstract–Sixteen nonporphyritic chondrules and chondrule fragments were studied in
polished thin and thick sections in two enstatite chondrites (ECs): twelve objects from
unequilibrated EH3 Sahara 97158 and four objects from equilibrated EH4 Indarch. Bulk
major element analyses, obtained with electron microprobe analysis (EMPA) and analytical
scanning electron microscopy (ASEM), as well as bulk lithophile trace element analyses,
determined by laser ablation inductively coupled plasma–mass spectrometry (LA-ICP-MS),
show that volatile components (K2O + Na2O versus Al2O3) scatter roughly around the CI
line, indicating equilibration with the chondritic reservoir. All lithophile trace element
abundances in the chondrules from Sahara 97158 and Indarch are within the range of
previous analyses of nonporphyritic chondrules in unequilibrated ordinary chondrites
(UOCs). The unfractionated (solar-like) Yb/Ce ratio of the studied objects and the mostly
unfractionated refractory lithophile trace element (RLTE) abundance patterns indicate an
origin by direct condensation. However, the objects possess subchondritic CaO/Al2O3 ratios;
superchondritic (Sahara 97158) and subchondritic (Indarch) Yb/Sc ratios; and chondritic-
normalized deficits in Nb, Ti, V, and Mn relative to RLTEs. This suggests a unique nebular
process for the origin of these ECs, involving elemental fractionation of the solar gas by the
removal of oldhamite, niningerite, and/or another phase prior to chondrule condensation. A
layered chondrule in Sahara 97158 is strongly depleted in Nb in the core compared to the
rim, suggesting that the solar gas was heterogeneous on the time scales of chondrule
formation. Late stage metasomatic events produced the compositional diversity of the
studied objects by addition of moderately volatile and volatile elements. In the equilibrated
Indarch chondrules, this late process has been further disturbed, possibly by a
postaccretional process (diffusion?) that preferentially mobilized Rb with respect to Cs in
the studied objects.

INTRODUCTION

Enstatite chondrites (ECs) comprise an inhomogeneous
and scarce (<2% of the falls) group of meteorites with
highly variable Fe and S contents (e.g., Anders 1964). Based
on mineralogy and bulk chemistry, they are divided into the
EH (rich in Fe and S) and the EL (low in Fe and S) groups
(e.g., Sears et al. 1982) with some unusual ECs that do not

fit into either group (e.g., Weisberg and Kimura 2012). Both
EH and EL contain a range of petrologic types from
unequilibrated EH3 and EL3 to equilibrated EH4-5 and
EL4-6 types. Their mineral constituents include Fe-poor
silicates, Si-bearing metal, and unusual sulfide and nitride
phases that indicate formation under highly reducing
conditions (e.g., Keil 1968; Larimer 1968). Under such
conditions, the majority of lithophile elements (e.g., Ca,
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Mg, K, Na, Mn, and the REEs) can behave as calcophile
elements and partition into complex sulfides (e.g.,
oldhamite, niningerite). The mineralogy and its chemical
compositions allow a further distinction: the EH are more
reduced than the EL chondrites. The EH chondrites contain
niningerite, alkali sulfides and high Si content (2–3 wt%) in
the Fe-Ni metal. The EL chondrites have alabandite (e.g.,
Lin and El Goresy 2002) and less than 1 wt% Si in the Fe-
Ni metal (Weisberg et al. 2006).

Enstatite chondrites are the only chondrites with
bulk O, Cr, Ti, Ni, and Zn stable isotope compositions
similar to those of Earth and the Moon (e.g., Clayton
and Mayeda 1984; Warren 2011; Paniello et al. 2012).
However, Si isotopes differ from the Earth and Moon
(Fitoussi and Bourdon 2012; Savage and Moynier
2013), which may indicate that ECs formed in the inner
solar system. The lack of evidence for hydrous
alteration of matrix and chondrules also points toward
their formation well within the snow line. In addition,
the mineralogy and redox state of ECs suggest their
formation under similar conditions as the inner planets
(e.g., Mercury) (Ebel and Alexander 2011).

ECs have the most reduced and sulfurized mineral
assemblages known from meteorites (e.g., Keil 1968;
Larimer 1968; Gannoun et al. 2011; Weisberg and
Kimura 2012; Lehner et al. 2013; Barrat et al. 2014). To
understand the physicochemical conditions prevailing in
such regions, several detailed studies have been
performed (e.g., Keil 1968, 1984; Sears et al. 1982;
Grossman et al. 1985; Rubin and Grossman 1987;
Weisberg et al. 1994; Rubin et al. 1997; Kimura and
Lin 1999; McCoy et al. 1999) in ECs.

Characterization of the trace element contents of
ECs have been carried out by the bulk analysis of
fragments of these meteorites (e.g., Hertogen et al. 1983;
Sears et al. 1983; Frazier and Boynton 1985; Grossman
et al. 1985; Kallemeyn and Wasson 1986; Ebihara
1988); by analysis of the rare earth element (REE)
abundances in enstatite grains of unequilibrated ECs
(Lundberg and Crozaz 1988; Weisberg et al. 1994; Hsu
and Crozaz 1998); by the analysis of REE and other
trace elements in enstatite and sulfides (mainly
oldhamite and niningerite) (Larimer and Ganapathy
1987; Ebihara 1988; Crozaz and Lundberg 1995;
Gannoun et al. 2011); and, recently, by the study of the
abundances of a wide variety of trace elements (REEs,
Y, Nb, Zr, Hf, Sc, Ba, Rb, Sr, Th, and U) of EH and
EL chondrites (Barrat et al. 2014). However, no such
studies have been performed for chondrules and
chondrule fragments in EH3 and EH4 chondrites.

Here, we report on a petrographic and chemical
study of individual nonporphyritic chondrules and
chondrule fragments in Sahara 97158 (EH3) and
Indarch (EH4) chondrites. We explore whether the

trace element relationships of these objects are
characteristic for EH3 and EH4 chondrules. Our results
give some insights into the chemical features that are
distinctive for ECs, the process involved in chondrule
formation, and the existence of late metasomatic events
acting with variable efficiency during or after chondrule
formation. Varela et al. (2014) reported preliminary
results.

SAMPLES AND ANALYTICAL METHODS

Sixteen chondrules and/or fragments of chondrules
were analyzed in polished thin and thick sections in two
enstatite chondrites: 12 objects from the EH3 Sahara
97158 and 4 objects from the EH4 Indarch (Fig. 1). Both
samples are from the NHM Vienna (inventory numbers:
N3264 and N2137, respectively). Abbreviations of sample
names used throughout this paper are: SA = Sahara
97158 and IN = Indarch.

Analytical Techniques

Objects were selected for chemical analysis using an
optical microscope and a scanning electron microscope.
Major element chemical compositions were obtained with
a JEOL 6400 analytical scanning electron microscope
(ASEM) (NHM Vienna) and a CAMECA SX100
electron microprobe (Department of Lithospheric
Science, University of Vienna). Electron microprobe
analyses (EMPA) were performed using a 15 kV
acceleration potential and 15 nA sample current.
Estimated precision for major and minor elements is
better than 3%, for Na about 10%. The detection limits
of elements (in ppm) are as follows: Na: 278; Si: 219; Mg:
172; Al: 140; K: 289; Ti: 326; Fe: 573; Mn: 323; Cr: 443;
Ni: 491. Natural and synthetic standards were used for
calibration and a ZAF correction was applied to the data.

Scans approximately 7.5 9 10 lm in size were
made over several nonoverlapping areas with total
dimensions of 80 9 80 lm and averaged to give
estimated bulk compositions. Sulfur was probably not
measured representatively, because sulfides usually are
not distributed homogeneously inside the objects.
Additionally, major element contents of silicate phases
were measured by ASEM and EMPA using finer beam
sizes. A problem with beam raster analyses is that the
ZAF corrections for the bulk composition may be
different from those in the individual minerals present.
This was not a major problem in previous studies (e.g.,
Engler et al. 2007) in which only silicates were involved.
However, this can lead to errors when phases with
greatly different densities, such as metal and sulfide, are
present. For the studied samples, the lack of corrections
based on density differences (Warren 1997; Berlin et al.
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2008) will reduce the accuracy of the measured bulk
elemental contents.

The bulk trace element contents of the chondrules
and chondrule fragments, as well as trace element
contents of individual silicate phases within each object,
were measured with a VG Plasma Quad II+ “S” ICPMS
and a 266 nm Q-switched Nd-YAG laser at the
Memorial University of Newfoundland (see Jackson
et al. [1992], Jenner et al. [1993], and Jackson [2001] for
a detailed description of the system). The laser was
pulsed at a frequency of 10 Hz, with an energy of 0.3–
0.4 mJ per pulse. The first 40 s of each measurement
were acquired with the laser off to determine the
background count rates for each analysis. The sample
was then ablated for 50–80 s, depending on the stability
of the acquired signals and the thickness of the mineral
in the section. Ablation pit diameters ranged between
10–40 lm (usually 40 lm), depending on the area of
interest and/or the object size. For bulk analyses of the
objects, either a 100 9 100 lm box raster or

40 9 100 lm line scan was used, depending on the
grain size and homogeneity of chondrules and
fragments. Engler et al. (2007) presented the detailed
conditions under which trace element analyses were
performed, as well as a description of the
standardization procedure.

The analytical error is expressed in terms of long-
term precision (Table 1), calculated as the relative
standard deviation of the average of BCR reference
standard analyses, collected over the whole period of
measurements (the reference standard was run at least
twice in all of the individual sets of analyses).

The various microbeam methods (ASEM, EMPA,
and LA-ICP-MS) used for obtaining bulk analyses of
micro-objects in thin/thick sections are based on the
assumptions that the volume analyzed is representative
of the whole object. Thus, the disadvantage of these
methods is the possibility of nonrepresentative
sectioning of inhomogeneous or coarse-grained objects.
Although we tried to measure the true bulk value by
making rasters or scans over representative areas
(depending on the homogeneity and grain size of each
individual object), the bulk analyses by ASEM, EPMA,
and LA-ICP-MS should be considered as the best
approximation that we could obtain for the actual bulk
elemental contents.

RESULTS

Petrography

The studied objects are nonporphyritic chondrules,
chondrule fragments, and related objects (Table 2).
Their size ranges from about 250 lm–2.5 mm in
apparent diameter. Shapes of objects vary between
spheroidal (spherical to ellipsoidal) and irregular
(Figs. 2A–L). Based on these variations, the objects
were divided into the following four groups (using the
same nomenclature as in Engler et al. 2007) (a)
chondrules (C), (b) chondrule fragments (CF), and (c)
irregular objects (IO), the latter being objects that have
textures similar to those of chondrules (Table 2).

Grain sizes of mineral phases range from <1 lm to a
maximum of about 20 lm. In some cases, single large
grains of minerals are present (e.g., SA2, SA8) (Fig. 2D).
Most of the objects are dominated by granular textures
with minor fibrous and platy textures (Table 2).
Although the distinction between porphyritic and
granular textures can be subtle, objects with granular
textures are typically composed of closely packed
anhedral crystals of olivine and/or pyroxene with very
low amounts of interstitial mesostasis. The grain size can
vary between very fine-grained and coarse-grained. In
certain objects, there are transitions between granular

A

B

Indarch (EH4)

Sahara 97158 (EH3)

Fig. 1. Backscattered electron images of the studied sections.
A) Sahara 97185 (bar scale: 3 mm), B) Indarch (bar scale:
1.6 mm).
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textures and platy textures (e.g., SA8, Fig. 2D). Those
with platy textures are barred olivine objects (IN4,
Fig. 2J) consisting of parallel plates of olivine (which
usually are in optical continuity) with interstitial glass.

Radial textures with pyroxene as main mineral
phase are scarce among the studied objects (IN6,
Fig. 2K). In certain objects pyroxene grew with fibrous
shape. A typical system for arranging the fibers is
radiating with one or more eccentric locations of the
radiation center (e.g., IN6).

The dominant silicate phases of the different objects
are low-Ca pyroxene, with minor olivine, high-Ca
pyroxene, and glass. Subordinated phases include silica
(SA2, SA5, SA7, SA15) and plagioclase (IN6–IN3).
Object SA10 is very inhomogeneous with an olivine-rich
coarse-grained core (SA10-core) and a thick pyroxene-
rich fine-grained rim (SA10-rim) (Figs. 2E and 2F).

Besides troilite, oldhamite is present as a ubiquitous
phase in all chondrules, with a minor presence of more
exotic, rare sulfides like niningerite and alabandite.
Objects in Indarch show metal and sulfides that are
often attached to chondrule rims. The principal
petrographic characteristics of all studied objects are
summarized in Table 2.

Chemical Composition of Individual Phases

Low-Ca pyroxene is the major mineral phase in
both chondrites. There is a slight difference in the major
element composition of low-Ca pyroxene in Sahara
97158 varying from En89.7-98.8 as compared to in
Indarch, which almost reaches pure enstatite
endmembers En94.5-99.5.

High-Ca pyroxene is scarce and was only detected
in SA3, varying in composition from Wo0.18 to Wo25.5.

Olivine was identified in three objects (SA2, SA3,
SA8) as a minor mineral phase with elemental abundances
showing a narrow range from Fo98.6-96.5.

Plagioclase was only detected in objects from EH4
Indarch with almost no variation in the major element
composition: Ab96.6–Ab98.2.

Glass and Si-rich phases: Glass in Sahara 97158
objects contains between 64.3 and 74.4 wt% SiO2, 10–
20 wt% Al2O3, 2-18 wt% MgO, 2.7–5.5 wt% Na2O,
and 0.2–7.8 wt% CaO. In objects SA7 and SA12, Si-
rich phases (SiO2: 92.6-96.6 wt%) are present. Glasses
in the EH4 Indarch are less Si-rich (~50 wt% SiO2), but
show higher contents in Al2O3 and CaO (~30 wt%
Al2O3 and ~14 wt% CaO) as compared to those present
in Sahara 97158.

Representative analyses of mineral phases are listed
in Table 3.

Bulk Major and Minor Element Composition

Major element compositions of bulk objects from
Sahara 97158 have SiO2 contents varying from 50 to
64 wt%, Al2O3 contents from 0.7 to 4 wt%, apparent
FeO contents from 1 to 9.5 wt%, MgO contents from
25 to 34 wt%, and CaO contents from 0.5 to 2.5 wt%.
The objects from Indarch have lower SiO2 (48–59 wt%)
and MgO (21–31 wt%) contents, as compared to
Sahara 97158. All objects show subchondritic CaO
contents with Al2O3 contents showing some variation
depending on the glass/feldspar ratio of the objects. The
Na2O + K2O contents vary between 0.1 and 4 wt%
(Table 4).

Lithophile Trace Element Abundances
Lithophile trace element abundances in bulk objects

of ECs vary mostly between 0.1 and 7 x CI (Figs. 3A
and 3B; Table 5). The abundance patterns are generally
flat with significant abundance anomalies in Nb, which
can be observed in the majority of objects of the two
chondrites analyzed.

Objects in Indarch
The EH4 Indarch objects have irregularly

fractionated refractory trace element abundances
(Fig. 3A). Niobium is strongly depleted in IN4 and IN7
relative to the other refractory elements. CI chondrite-
normalized REE patterns are relatively flat with IN4
showing a slight negative Ce anomaly. A strong
depletion in Yb is present in object IN6 relative to the
other HREE. The abundances of the more refractory of
the moderately volatile elements (Sr and Ba) are
variable, with objects showing positive (IN4, IN7) and

Table 1. Long-term precision of LA-ICP-MS analyses
for individual elements (� RSD% of BCR analyses).

Element
� R
SD%: Element

� R
SD%: Element

� R
SD %:

Zr 9 La 8 Sr 6

Hf 11 Ce 7 Ba 7
Sc 9 Pr 7 V 4
Y 9 Eu 8 Cr 22
Nb 6 Nd 9 Mn 5

Ta 10 S
m

9 Rb 8

Ti 14 Tb 10 Cs 8

Ca 4 Gd 10 W 13
Th 11 Dy 11
U 9 Ho 11

Er 12
T
m

12

Yb 12
Lu 12
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negative (IN3, IN6) anomalies. The studied objects
display a strong negative V anomaly (except IN3) with
all four chondrules having a positive Cs anomaly.

Objects in Sahara 97158
The unequilibrated EH3 Sahara 97158 shows roughly

flat, CI chondrite-normalized trace element abundance

patterns ranging mostly between 1 and 5 x CI, with
some irregularities (Fig. 3B; Table 5). The REE patterns
are nearly flat in all objects, except for a negative Eu
anomaly. The moderately volatile elements are
irregularly fractionated, with Sr and Ba being depleted
or enriched with respect to the other moderately volatile
elements. Objects in Sahara 97158 were divided in two

core
rim

A B

C
D

E
F

Fig. 2. A–H) Backscattered electron images of objects from Sahara 97158. F) Transmitted light optical image of layered object
SA10 in which the core and rim are observed. I–L) Backscattered electron images of objects from Indarch.
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groups (Figs. 4A and 4B) according to the presence or
absence of negative Nb anomalies, as follows.

Objects SA2, SA5, SA7, SA9, SA12, and SA13 have
similar abundance patterns of refractory elements with
negative abundance anomalies for Nb (strongly depleted
in objects SA2 and SA5) (Fig. 4A; Table 5). CI
chondrite-normalized REE patterns are flat with Eu

below the detection limit in objects SA7, SA9, SA12,
and SA13, and showing a slight negative depletion in
SA2 and SA5. Additionally, a small positive Tm
anomaly is present in SA9 and SA7. The abundances of
Sr and Ba are highly variable showing positive and
negative anomalies, with object SA7 showing a strong
depletion in both elements. The moderately volatile

G H

K

I J

L

Fig. 2. (Continued).
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elements Mn, V, Cr, Rb, and Cs have normalized
abundances that increase smoothly with increasing
volatility.

Objects SA3, SA1, SA8, and SA15 have similarly
flat normalized abundance patterns for refractory and
REE elements (Fig. 4B). They do not have a deficit in
the Nb abundances but show Eu negative anomalies.
Their abundances in Sr and Ba are variable as are also
those of the volatiles Rb and Cs.

The object SA10 (visible in the lower central part of
the polished section, Fig 1A) is the biggest chondrule in
Sahara 97158. The two analyses of SA10 (SA10-core
stands for the coarse-grained inner portion and SA10-rim
stands for the fine-grained outer portion) have nearly flat
CI chondrite-normalized refractory trace element
patterns with abundances around 2–4 9 CI (Fig. 4C).
Both analyses show negative Nb anomalies, which are
strongly depleted in the core of the object. The REE
patterns are rather flat with a negative Eu anomaly.
Abundances of Sr and Ba are variable relative to the
REE. The moderately volatile elements Mn, V, Cr, Rb
have normalized abundances that increase smoothly with
increasing volatility, with a slight depletion in Cs.

Elements with different geochemical and
cosmochemical properties (Yb and Ce) are plotted
against each other in Fig. 5A. The trace element ratios
of objects in Sahara 97158 and Indarch show a positive
correlation of elemental abundances with almost all
objects lying on or very close to the solar line.

DISCUSSION

Porphyritic chondrules are the dominant textural
type of chondrule in the unequilibrated ECs. They

consist of near endmember enstatite (with scarce
olivine), glass of albitic composition, silica and minor
Fe-Ni metal, and sulfides (mainly troilite containing
variable amounts of Mn-Mg-CaS) (e.g., Weisberg and
Kimura 2012).

The presence of relic, FeO-bearing olivine
(Rambaldi et al. 1983; Lusby et al. 1987; Weisberg
et al. 1994) among the highly reduced mineralogy of
chondrules in ECs indicates prechondrule processing in
an oxidizing environment (Kurat 1988). Accordingly,
chondrules in ECs may have originated from source
materials depleted in sulfides. Subsequent sulfurization
(by S2� metasomatism) formed sulfides from metal and
silicates. Evidence for this is replacement of enstatite
and forsterite by the assemblage of a silica phase and
sulfides containing Mg, Mn, Fe, Ca, and Na (Lehner
et al. 2010, 2013). The variable mineralogical and bulk
chemical compositions of different clasts of ECs reflect
variable degrees of sulfurization in the chondrule-
forming environment. An example of more sulfurized
objects are the silica-bearing chondrules with abundant
niningerite ([Mg,Fe,Mn]S) and troilite in the
unequilibrated EH chondrites.

Sulfurization may have occurred during either
chondrule accretion and/or later metamorphism at low
CO fugacities (Fleet and MacRae 1987).
Thermodynamic data for the observed mineral reactions
show that formation of SiO2 and sulfides via sulfidation
reactions can be achieved by lowering fO2, increasing
fS2, or a combination of the two (Petaev et al. 2011). In
the solar nebula, the chondrule-forming regions could
have been located closer to the proto-Sun where the gas
pressure was high (e.g., 0.1–1.0 bar) (Blander et al.
2009). Accordingly, under such conditions, formation of

Table 4. Bulk analyses of objects in enstatite chondrites; major and minor elements were measured by SEM and
EMPA.

Chondrite Object SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 S Total

Indarch IN4 50.4 0.1 10.2 0.1 6.7 0.1 20.6 2.8 3.6 b.d. 0.2 2.0 96.8
IN7 54.7 0.2 8.6 0.3 5.0 0.5 21.0 0.8 4.0 0.1 0.2 1.7 97.1

IN3 48.4 0.1 1.3 0.8 11.9 0.3 26.1 0.5 1.8 b.d. 0.1 3.4 94.7
IN6 59.7 0.3 2.5 0.4 2.1 0.1 31.3 0.9 0.2 0.1 0.2 0.8 98.6

Sahara 97158 SA1 49.7 0.7 3.8 0.9 9.5 0.4 29.3 2.4 0.4 0.3 0.3 0.9 98.6
SA2 62.4 0.4 2.8 0.6 2.1 0.2 28.0 1.7 0.5 0.1 0.1 0.5 99.4

SA3 53.0 0.5 4.0 0.8 5.1 0.3 30.0 2.5 0.2 0.3 0.3 1.1 98.1
SA5 57.9 0.3 4.1 0.6 2.7 0.2 29.2 2.0 0.8 0.3 0.2 0.7 99.0
SA6 58.9 0.2 0.7 1.1 3.4 0.2 33.9 0.8 0.1 0.1 b.d. 0.1 99.4

SA7 60.2 0.2 1.9 0.6 6.3 0.3 26.8 0.2 b.d. 0.1 0.1 1.1 97.8
SA8 62.8 0.1 0.8 0.5 1.1 0.1 33.1 0.4 0.5 0.1 0.1 0.2 99.8
SA9 60.5 0.4 2.1 0.4 5.1 0.3 27.7 0.6 0.8 0.2 0.2 0.7 99.0

SA10 (c + r) 48.5 0.2 1.5 0.5 4.7 0.4 39.8 1.0 0.4 0.1 0.1 1.0 98.1
SA12 64.5 0.1 2.6 0.6 3.4 0.2 25.9 0.5 0.4 0.2 0.2 0.6 99.2
SA13 59.6 0.5 2.8 0.4 6.5 0.2 25.9 0.9 0.8 0.2 0.1 0.7 98.6

SA15 63.4 0.3 3.4 0.7 3.4 0.2 25.0 1.4 0.3 0.3 0.2 0.5 99.1

b.d. = below dedection limit; c + r = core and rim.
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chondrules in ECs could take place by direct
condensation (applying the Constrained Equilibrium
Theory). Blander et al. (2009) suggested that chondrules
were formed by solidification of supercooled liquid rain-
like droplets in equilibrium with the nebula gas rather
than by remelting of preexisting matter produced liquid
droplets. Their calculations suggest that nucleation and
crystallization of silicate droplets took place at
~1400 K. This model seems to rest on the idea that
surface tension governs the nucleation of liquid,
suppressing Fe condensation. Therefore, the presence of
small relict, prechondrule, and/or presolar grains that
could have acted as seeds for nucleation appear to
restrict this model.

Engler et al. (2007) argued that nonporphyritic
objects from UOCs were the result of direct

condensation in a late stage of evolution of the solar
nebula, based on petrographic and chemical data and
theoretical considerations. Major and trace element
compositions of the objects have unfractionated (solar-
like) ratios of CaO/Al2O3, Yb/Ce, and Sc/Yb. Their full
equilibrium condensation calculations show that it is
possible to have enstatite as the stable liquidus phase in
an 800 9 Cl dust-enriched nebular gas at a ptot of
10�3 atm, if about 72% of the original Mg is removed
(possibly as forsterite) from the system. Besides Mg
depletion by olivine removal, several cosmochemical
processes could have removed Mg from the system
efficiently, such as by separating Mg under reducing
conditions (forming sulfides). Such a process was very
likely active in the enstatite chondrite formation regions
because these meteorites contain pyroxene-rich and
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SiO2-oversaturated chondrules, an indication of a highly
fractionated Mg/Si ratio.

In this study, the trace element data in
nonporphyritic chondrules in ECs show that these
objects could have been formed via cosmochemical
(rather than geochemical) processes. In contrast to
UOCs (Engler et al. 2007), some of the refractory
elements in the ECs appear to have been fractionated
from the primordial ratio, possibly during sulfide

formation. However, addition of alkali elements from
the vapor to the cooling chondrule was apparently a
common process in nonporphyritic chondrules of both
UOCs and ECs. Grossman et al. (2002) suggested that
zoning of moderately volatile elements in Semarkona
chondrules was due to hydration of chondrule glass
without devitrification during aqueous alteration.
However, detail studies of nondevitrified alkali-rich
glasses in glass inclusions and mesostasis in
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Fig. 4. Bulk analyses of lithophile trace elements normalized to Cl chondrite abundances of objects from Sahara 97158. Objects
are divided into two groups according to the presence (A) or absence (B) of a negative Nb anomaly. Several objects have Eu
contents below the detection limit. C) Object SA10: core and rim.
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chondrules of carbonaceous and ordinary chondrites
show that the hydration process will produce
devitrification. The presence of nondevitrified glasses
could signal some other process, like a Ca versus
alkalis exchange reaction (e.g., Varela and Kurat
2009). In the studied objects, alkali addition was
accomplished with variable efficiency, with only a few
objects managing to fully equilibrate their moderately
volatile and volatile element abundances with the
chondritic reservoir.

Major Elements

Nonporphyritic chondrules and chondrule
fragments of Sahara 97158 and Indarch have MgO and

SiO2 rich compositions. The variable Fe contents (with
Fetot calculated as apparent FeO) largely reflect the
variable amounts of metal and sulfide carried by the
objects. It was not possible to measure bulk silicate
compositions of the chondrule objects using microbeam
methods without also including some metallic Fe
(Table 4). Bulk silicate analyses of objects in ECs,
including silicate glass (see Table 3), do not commonly
contain FeO, reflecting the reducing environment in
which they formed. The high Al2O3 contents of some
objects from Indarch (IN4, IN7) are mainly a
consequence of their high abundance of Al-rich glass
and feldspar.

The sums of the volatile components K2O + Na2O
plotted against the refractory oxide Al2O3 scatter
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roughly around the CI line (Fig. 6A). This is suggestive
of variable addition of alkalis from the vapor to the
cooling chondrule. Because Na and K have slightly
different condensation temperatures (e.g., Lodders 2003)
the final Na/K ratio of the studied objects will depend
on how long each object resided in particular regions of
the nebular gas. The weak correlation shown in Fig. 6A
may indicate that the equilibration process with the
chondritic reservoir did not run to completion.

The oxides Al2O3 and CaO are both refractory and
should not be cosmochemically fractionated from each
other if the objects were generated as condensates (as
discussed below). A fractionation could mean that
either the objects evolved in an environment with a
composition different from the solar composition or
later subsolidus reactions separated the elements. In the
studied objects, a weak correlation between CaO and
Al2O3 exists, with CaO/Al2O3 lower than chondritic
values (Fig. 6B). This Ca-deficit could be the result of a
fractionation mechanism that is peculiar to enstatite
chondrites. Crystallization of sulfides such as oldhamite
would fractionate the CaO/Al2O3 ratio because Ca (due
to its calcophile behavior) is in part partitioned into
sulfides.

The Refractory and REE Elements

Figure 5A plots the compatible/refractory element
Yb against the incompatible/refractory element Ce and
the compatible/refractory element Sc. The abundances
of Yb and Ce are well correlated with almost all objects
lying close to or on the primordial ratio. Yb and Ce
have different geochemical behavior but these elements
are not fractionated, indicating that the objects did not
change their solar ratios for these elements during their
evolution. This, points to the predominance of a
cosmochemical process (condensation) during formation
of these chondrules. Objects with pyroxene-dominated
mineralogy of the ECs show mostly unfractionated
RLTE patterns with or without specific abundance
anomalies, as discussed below. Mixing and melting of
solid precursors cannot produce these patterns. If this is
the case, we should expect some fractionation of REE
abundance patterns, as well as fractionated Yb/Ce
ratios according to the mineralogy of the objects. The
fact that we do not see these fractionations, despite the
SiO2/MgO fractionation, suggests that these objects
could result from direct condensation in the solar
nebula.

Our results show that the abundances of the
refractory compatible elements (Sc and Yb) are
fractionated from the primordial ratio (Fig. 5B).
Although both refractory elements are well correlated in
nonporphyritic chondrules from unequilibrated ordinary

(UOC) and carbonaceous chondrites (CC), two objects
from Indarch are depleted in Yb and five (out of nine)
objects from Sahara 97158 have very low Sc
abundances. Oldhamite, an abundant sulfide in ECs,
could have acted as the carrier phase of both elements
(Sc and Yb). Therefore, we suggest that formation of a
sulfide, possibly oldhamite, or another reduced phase
could be responsible of the observed fractionation.

The lithophile trace element abundances in Sahara
97158 and Indarch are within the range covered by
nonporphyritic chondrules in UOCs (Figs. 3A and 3B),
despite the different physicochemical conditions
prevailing during formation of both types of chondrites.
There is a tendency toward flat, CI chondrite-
normalized patterns, especially for the REE except for a
negative Eu anomaly. One striking difference in the
abundance patterns of objects in other chondrites, like
the UOC, is the negative CI chondrite-normalized Nb
anomaly, which is conspicuous for many of the studied
objects (Figs. 4A and 4C). Negative Eu and Yb
anomalies have been reported previously for blue and
red enstatite grains from unequilibrated ECs, which
may be the product of either condensation or
evaporation processes in the early solar nebula (Hsu
and Crozaz 1998).

The two objects from Indarch in which all REE
could be determined (IN4 and IN7) show relatively flat
CI chondrite-normalized abundances, with no negative
Eu anomaly (Fig. 3A). This REE pattern is consistent
with enstatite chondrites having evolved in a reducing
environment where no host phase for Eu was available
during or before the formation of the objects. Their
strong negative Nb anomaly correlates with a strong
negative V anomaly (Fig. 7A) with some objects from
Sahara 97158 falling around this trend line. All objects
show a weak positive correlation between their Nb and
Ti normalized abundances (Fig. 7B). These results
indicate that mineral phases that incorporate V and Nb
(e.g., niningerite can incorporate ~ 10 9 CI Nb and Ti,
Kurat et al. 2004) could have been removed from the
nebular regions where these objects condensed.

In a recent study, Barrat et al. (2014) measured the
abundances of some lithophile trace elements (REEs, Y,
Rb, Ba, Sr, Zr, Hf, Nb, Th, U) in a suite of enstatite
chondrites (EH and EL). In this study, they performed
a series of leaching experiments to separate metal and
sulfides in order to investigate the contributions of
sulfides to the whole rock (WR) budget as well as to
determine the trace element abundances of insoluble
silicate fractions. The leaching procedure was able to
remove nearly all sulfides and metals, leaving a residue
essentially composed of silicates (e.g., enstatite and
plagioclase). The results indicated that sulfides such as
oldhamite are the only REE-rich phases in enstatite
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chondrites (e.g., Crozaz and Lundberg 1995), in
agreement with previous calculations for chemical
equilibrium under high reducing conditions (Lodders
and Fegley 1993).

Our results show that trace element contents in
Indarch chondrules are variable. If the observed
compositional variation is due to incorporation of
variable amount of small sulfide grains in the analyzed
areas, we would expect fine-grained, sulfide-rich objects
to be REE enriched. The SEM images of Indarch
chondrules (Figs. 2I–L) show that IN3 is very rich in
fine-grained sulfides, as compared to the other studied
objects. However, its trace element normalized
abundances are very low, with some elements showing
similar (Y, Nb, Tb, Gd, Ho, Ba) or even lower (Zr, Hf,
Sr, Rb) contents, as compared to the Indarch residue
(the data of Indarch residue are from Barrat et al. 2014;
Fig. 8). Therefore, the compositional variability of the

studied objects seems to be real rather than artifact of
the microbeam measurement method.

The radiating pyroxene chondrule fragment IN6
shows refractory elements (Zr, Hf, Y) and LREE (La,
Ce, Pr) concentrations with near chondritic values, with
an unfractionated pattern similar to that of the Indarch
whole rock (IN WR1-3, Fig. 8). Eu contents are very
low (below the detection limits). In contrast HREE are
fractionated relative to chondrites (Gd/Yb: ~6) with
positive anomalies of Tm and Lu. The strong deficit in
the LREE coupled with low Eu content could be
attributed to oldhamite removal from the nebular gas
prior to chondrule condensation. On the other hand,
the fractionated pattern of the HREE is not what
would be expected for a nebular reservoir after removal
of oldhamite. Gannoun et al. (2011) reported that the
oldhamite in EH3 chondrites contains Gd: ~20 9 CI;
Lu: ~9 9 CI, with positive Yb anomaly. It is possible,
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however, that niningerite, which is present in this object,
and is HREE-rich (Crozaz and Lundberg 1995; Kurat
et al. 2004), controlled the bulk HREE abundances of
this chondrule fragment.

All studied objects in Sahara 97158 have broadly
flat, CI chondrite-normalized REE patterns with
negative Eu anomalies (in objects SA7, SA9, SA12, and
SA13, Eu is below the detection limits). Only SA7
shows REE abundances akin to those of the whole rock
(data of whole rock Sahara 97158 are from Barrat et al.
2014), with nearly all other objects showing
superchondritic REE abundances (up to 5 9 CI)
(Fig. 9A). The high REE abundances may indicate that
the chondrule analyses contain variable amounts of the
REE-rich sulfide oldhamite (e.g., analysis corresponding
to leached Sahara 97072 REE contents ~ 50 9 CI,
Fig. 9A). Although we cannot exclude that some minute
sulfides could have been included, the REE contents of

enstatite crystals from Sahara 97092, which may be
paired with Sahara 97158 (Grossman 1998) determined
by SIMS (Gannoun et al. 2011), are within the range of
those present in our analyses (Fig. 9B). Only SA6 has
undetectable LREE contents and shows abundances of
some HREE similar to those of Sahara residue
(Fig. 9A). All objects, except SA6, show very high
abundances of the refractory elements Zr, Hf, Sc, and
Ti. The negative Nb anomaly, which occurs as a special
feature in many objects of Sahara 97158 (Fig. 4A) could
be due to the removal of an Nb-enriched phase (nitride
or sulfide) from the nebular gas prior to chondrule
condensation. Because Nb shows a broad positive
correlation with Ti (Fig. 7B), this phase could have
been niningerite.

A particular feature was found in the chondrule
SA10 (Fig. 4C) that gives a general idea about the time
scales and/or length scales over which the postulated
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nebular removal processes took place. SA10 is a layered
chondrule in which the olivine-rich core is strongly
depleted in Nb as compared to its pyroxene-rich rim,
which shows only a slight Nb depletion. Removal of a
Nb-rich phase from the nebular gas must have occurred
on the time scales and/or over length scales of
formation of an individual chondrule in order to
explain the core-rim contrasts in Nb concentration
preserved in this object.

The Moderately and Strongly Volatile Elements

Moderately and strongly volatile elements are
“irregularly fractionated.” By this term, we mean that
fractionation is not a function of condensation
temperature, volatility, or mineral partitioning and
therefore, is not a smooth function of cosmochemical or
geochemical properties of the elements. A typical
example, as found previously in UOCs (Engler et al.
2007), is when moderately volatile elements are depleted
but strongly volatile elements are not. It takes at least
two steps to create this fractionation.

The more refractory of the moderately volatile
elements (Sr and Ba) are enriched and depleted in objects
from both Sahara 97158 and Indarch enstatite chondrites
(Figs. 3 and 4). The negative abundance anomalies of Sr
and Ba in studied objects are interpreted as the result of
vapor fractionation, because Sr and Ba are more volatile
than elements between Zr and Lu.

Enrichments of Sr and Ba may have different causes.
In objects of Sahara 97158, the Sr and Ba enrichments are
coupled with high contents in Rb, U, and Th (Fig. 10).
Because all of these elements are very abundant in the
terrestrial crust, such enrichments may be explained by
terrestrial contamination, most likely where Sahara 97158

fell in the desert. The fine-grained rim from SA10 object is
enriched in Sr and Ba relative to its core (Fig. 4C),
supporting this view. Object IN7 from Indarch, follow the
Sr, Ba, and Rb trends of Sahara 97158 chondrules
(Fig. 10) and may have the same explanation of terrestrial
contamination. However, in other objects, such as IN4,
the origin of the enrichments in Sr and Ba are not clear.
At first sight, the enrichments could be a consequence of
the microbeam analyses including disproportionately high
abundances of plagioclase (DSr Plag/liq = 1.55; Bindeman
et al. 1998) in the analyzed areas, consistent with the high
Al2O3 contents (Table 4). But this seems not to be the case
because the REEs are not fractionated and instead display
a flat, CI chondrite-normalized abundance pattern.

The moderately volatile elements V, Cr, and Mn
have similar behavior especially in objects of the Sahara
97158 chondrite. These elements are olivine/pyroxene
compatible and could have been added to the objects by
equilibration with the chondritic reservoir. Because
these elements are easily accommodated in pyroxene-
dominated chondrules, they are present in slightly
superchondritic amounts. In Indarch, the variation in
Mn contents could be related to possible contamination
with sulfides. The three objects, IN4, IN6, and IN7,
showing high abundances of Mn (1.4–3 9 CI; Fig. 8)
are also those in which the sulfide niningerite was
detected (Table 2). Troilite and oldhamite are the main
sulfides present in IN3 (Mn ~ 0.5 9 CI).

In Sahara 97158, the normalized abundances of the
moderately volatile to strongly volatile elements (V to Cs)
increase with decreasing condensation temperature. The
moderately volatiles Rb and Cs have abundances similar
to those of the REE (~2 9 CI), with exception of SA1,
with some objects being enriched in Rb as compared to
the whole rock and residue (Fig. 9A). These patterns
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suggest that these elements were probably added to the
objects by metasomatic processes. In this case, the
pyroxene-compatible transition elements were acquired
during equilibration with the chondritic reservoir (e.g., V,
Cr), whereas Rb and Cs, present in superchondritic
amounts and unfractionated relative abundances, were
added to the objects while they remained in contact with
the cooling volatile-rich vapor. However, this process did
not run to completion in all objects. The SA1 chondrule
appears to have escaped such an event. An early
separation of the object from the vapor may have
prevented the full acquisition of the volatile elements Rb
and Cs (Fig. 4B).

The volatile element abundances in objects of
Indarch are quite peculiar. All objects are enriched in Cs

but depleted in Rb. The latter show abundances lower
than those of the whole rock and residue, which is mainly
composed of silicates (Fig. 8). The fact that Rb is
depleted in chondrules and chondrule fragments in
Indarch as compared to similar objects from Sahara
97158 may indicate that a distinct event affected the
Indarch chondrules. However, if such an event took place
in the nebular gas, both elements (Rb and Cs) should be
equally depleted, as they have similar condensation
temperatures (50% condensation temperature ~800 K;
Lodders 2003). Therefore, the Rb-Cs fractionation in
chondrules of Indarch suggests that these objects were
disturbed during a later metasomatic process.

We suggest that a postaccretion process such as
diffusion preferentially mobilized Rb (atomic radius:

A

B

0.01

0.1

1

10

100

Zr H
f

S
c Y Ti N
b La C
e P
r

N
d

S
m E
u Tb G
d

D
y

H
o E
r

Tm Y
b Lu S
r

B
a

M
n V C
r

R
b

C
s

A
bu

nd
an

ce
 re

la
tiv

e 
to

 C
I

SA1 SA2 SA3 SA5
SA6 SA7 SA8 SA9
SA10 rim SA10 core SA12 SA13
SA15  SA97072 Enst 1 SA97092 Enst 2 SA97092 Enst 3

0.01

0.1

1

10

100

Zr H
f

S
c Y Ti N
b La C
e P
r

N
d

S
m E
u Tb G
d

D
y

H
o E
r

Tm Y
b Lu S
r

B
a

M
n V C
r

R
b

C
s

A
bu

nd
an

ce
 re

la
tiv

e 
to

 C
I

SA1 SA2 SA3 SA5
SA6 SA7 SA8 SA9
SA10 rim SA10 core SA12 SA13
SA15 SA WR* SA residue* SA Leached*

Fig. 9. A) Bulk analyses of lithophile trace elements normalized to Cl chondrite abundances of objects from Sahara 97158. Data
of whole rock and residue from Sahara 97158 (SA WR and SA residue) and leached Sahara 97072 (SA Leached) are from
Barrat et al. (2014). B) SIMS analysis of Sahara 97092 (which is possibly paired with Sahara 97158) enstatite (SA97092 Enst 1-
Enst 3) from Gannoun et al. (2011).

1358 M. E. Varela et al.



1.48 �A) with respect to Cs (atomic radius: 1.69 �A) into
a Na+K-bearing phase forming part of the matrix,
producing the low Rb contents of the studied
chondrules. One such mineral may be roedderite ([Na,
K]2[Mg, Fe]5[Si, Al]12O30), which has been identified
previously in the Indarch chondrite (Fuchs et al. 1966).
Trace elements contents of roedderite demonstrate
enrichments in alkali elements (e.g., Rb ~ 50 9 CI) and
depletions in siderophile and refractory lithophile
elements (Hsu 1998) (Fig. 8). Roedderite occurs in the
matrix of unequilibrated enstatite chondrites as euhedral
crystals (Hsu 1998) and is associated with sphalerite in
Indarch (El Goresy and Ehlers 1989). In addition, it has
been identified in other unequilibrated EH chondrites
(Keil 1968; Rambaldi et al. 1986; Kimura and El
Goresy 1988; El Goresy and Ehlers 1989) and in the
aubrite Bustee (Hsu 1998). It is unclear if roedderite
condensed in the same region of the solar nebula as the
ECs or was transported from another more oxidizing
environment of the nebula (El Goresy and Ehlers 1989).
Accordingly, the occurrence of roedderite embedded
inside sulfide minerals like niningerite in the matrix is
an example of nonequilibrium accretion. However, its
textural occurrence in the EH3 Qingzhen led Rambaldi
et al. (1986) to suggest that it might represent the
precipitate of an alkali-rich fluid phase, possibly
developed during planetary processes in the enstatite
chondrite parent body.

Although the constituents of the matrix in enstatite
chondrites, as well as the relationship of matrix from
one chondrite group to another is far from completely
understood (e.g., Kimura 1988; Weisberg and Kimura
2012; Weisberg et al., 2014), the presence of roedderite
in Indarch seems to have played a key role in the
volatile element distribution in Indarch chondrules.
Enstatite chondrites show highly heterogeneous volatile

element abundances with the EH type showing the
highest abundances (Hertogen et al. 1983). Our results
lead us to suggest that the high abundance of volatile
elements in the studied objects may have its roots in a
metasomatic event that did not run to completion. The
geochemical record of such a process remained
undisturbed in many objects of EH3 Sahara 97158 but
was partially modified in those from EH4 Indarch.

CONCLUSIONS

Petrographic and chemical study of individual
nonporphyritic chondrules and chondrule fragments in
the Sahara 97158 (EH3) and Indarch (EH4) chondrites
shows that each object may reflect a complex and
unique history. Notwithstanding these unique features,
Sahara 97158 and Indarch chondrules show a common
elemental feature, negative Nb and Eu anomalies, which
are conspicuous for many objects of the studied ECs.

Unfractionated, solar-like ratios for elements with
different geochemical behavior (e.g., Yb/Ce ratios and CI
chondrite-normalized REE abundance patterns) shows
that many primordial elemental ratios of these objects
were not modified during postaccretion processing, and
therefore, point toward the predominance of
cosmochemical processes (condensation) during
chondrule formation. Negative abundance anomalies for
medium volatile elements (Sr and Ba) in the studied
objects are interpreted as the result of fractionation
processes in the solar gas where ECs condensed.

A distinct fractionation mechanism, possibly unique for
ECs, was apparently active during chondrule formation.
Subchondritic CaO/Al2O3 ratios; nonchondritic Yb/Sc
ratios; and deficits in chondritic-normalized Nb, Ti, V, and
Mn abundances in the studied objects reflect element
partitioning by sulfide or other reduced phase such as
oldhamite or niningerite in the solar gas. Removal of
elements from the solar gas by this phase occurred over the
time scales and/or over the length scales of the formation of
an individual chondrule and so could be recorded during
nebular accretion of a single object.

Normalized abundances of moderately volatile and
volatile elements in Sahara 97158 increase with
decreasing condensation temperatures indicating that
these elements could have been added during a late
nebular event. Continued interaction of the pyroxene-
rich objects with the cooling nebular gas would promote
a variety of elemental exchanges. In this way,
moderately volatile as well as strongly volatile elements
could have been added to the objects. In objects from
equilibrated Indarch EH4, Rb is depleted with respect
to Cs. Because this fractionation cannot be attributed to
a late nebular event, we suggest that a postaccretion
process such as diffusion preferentially mobilized Rb
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with respect to Cs into a Na+K-bearing phase such as
roedderite that forms part of the matrix. Our results
lead us to suggest that the chaotic behavior of the
moderately and strongly volatile elements is likely due
to variations in the efficiency of a metasomatic event.
The elemental record of such a process remained
undisturbed in many objects of EH3 Sahara 97158, but
was partially modified in those from EH4 Indarch.
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