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Abstract

Barred olivine (BO) chondrules are some of the most striking objects in chondrites. Their ubiquitous presence and peculiar texture caught the
attention of researchers and, as a consequence, considerable effort has been expensed on unraveling their origin(s). Here we report on a detailed
study of two types of chondrules: the Classic and the Multiple-Plate Type of BO chondrules from the Essebi (CM2), Bishunpur (LL3.1), Acfer 214
(CH3) and DAG 055 (C3-UNGR) chondrites, and discuss the petrographic and chemical data of their major mineral phases and glasses. Glasses
occur as mesostasis or as glass inclusions, the latter either enclosed inside the olivine bars (plates) or still connected to the mesostasis. The
chemical composition of all glasses, characterized by being Si–Al–Ca-rich and free of alkali elements, is similar to those of the constituents (the
building blocks, such as chondrules, aggregates, inclusions, mineral fragments, etc.) of CR and CV3 chondrites. They all have high trace element
contents (∼10 × CI) with unfractionated CI-normalized abundances of refractory trace elements and depletions in moderately volatile and volatile
elements with respect to the refractory trace elements. The presence of alkali elements (Na + K + Rb) is coupled with a low Ca content and is only
observed in those glasses that have behaved as open systems. This result supports the previous finding that Ca was replaced by alkalis (e.g., Na–Ca
exchange), presumably through a vapor–solid reaction. The glasses apparently are the quenched liquid from which the olivine plates crystallized.
However, they do not show any chemical fractionation that could have resulted from the crystallization of the olivines, but rather have a constant
chemical compositions throughout the formation of the chondrule. In a previous contribution we were able to demonstrate the role of these liquids
in supporting crystal growth directly from the vapor. Here we extend application of the primary liquid condensation model to formulate a new
model for the origin of BO chondrules. The primary liquid condensation model is based on the ability of dust-enriched solar-nebula gas to directly
condense into a liquid, provided the gas/dust ratio is sufficiently low. Thus, we propose that chondrules can be formed by condensation of a liquid
droplet directly from the solar nebula. The extensive variability in chemical composition of BO chondrules, which ranges from alkali-poor to
alkali-rich, can be explained by elemental exchange reactions with the cooling nebula. We calculate the chemical composition of the initial liquid
droplet from which BO chondrules could have formed and speculate about the physical and chemical conditions that prevail in the specific regions
of the solar nebula that can promote creation of these objects.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Barred olivine chondrules are considered to be classical
droplet chondrules (Dodd, 1978), members of the chondrule
family. They consist of a single or of multiple olivine crys-

* Corresponding author. Fax: +54 264 4213693.
E-mail addresses: evarela@casleo.gov.ar (M.E. Varela),

gero.kurat@univie.ac.at (G. Kurat), ekz@wustl.edu (E. Zinner).
0019-1035/$ – see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2006.05.009
tals in the form of parallel plates, constituting the Classic or
Multiple-Plate Type BO chondrules, respectively. Such chon-
drules are present in ordinary as well as carbonaceous chon-
drites. Their spectacular appearance has promoted many ef-
forts to understand their origins (e.g., Lux et al., 1981; Mc-
Sween, 1977, 1985; Grossman and Wasson, 1983a, 1983b;
Weisberg, 1987). The general belief is that these objects were
formed by complete melting of solid precursors, followed by
supercooling and rapid crystallization (e.g., Nagahara, 1983;
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Weisberg, 1987; Hewins, 1988, 1989). Such melts need consid-
erable superheating in order to have all memories of the solid
precursors destroyed and to crystallize a single olivine from a
nucleus that formed in the supercooled melt (as explain in de-
tail in Section 4.2.1). In contrast to this formation model, it has
been proposed, that the BO texture can be acquired by rapid
growth of subparallel olivine platelets by direct condensation
from the vapor followed by subsolidus recrystallization (Kurat,
1988). However, in spite of constant efforts to understand the
origin of BO chondrules, there remain two main unresolved
problems: the nature of the material from which the chondrule
liquids formed and the nature of the heating event.

Kurat et al. (2004) sketched a model of chondrule formation
by condensation where these objects can be produced in one
single nebular cooling step with the help of the universal liquid
(Varela and Kurat, 2004). This simple model answers some of
the still open questions concerning the origin of chondrules, as
no complex mixing of condensates and re-melting is necessary.

Recently, we have shown the important role that silicate
liquids play during the growth of major minerals in the solar
nebula (Varela et al., 2005a). This model proposes a liquid-
supported condensation process, in which a Si–Al–Ca liquid
(the glass precursor) supports the growth of crystals (e.g.,
olivine, pyroxene, plagioclase) directly from the vapor. Liquids
can condense much more easily than crystals because liquids do
not discriminate against certain elements and they do not need
long-range order—a condition which is very difficult to achieve
for a crystal nucleus as several thousands ions have to assemble
in the right order within a very short time to create a stable con-
densation nucleus. Therefore the primary liquid condensation
model proposes that the first condensate to appear in the solar
nebula is likely to be a liquid. This liquid helps to grow crystals
from the vapor similarly to the well-known vapor–liquid–solid
growth process (e.g., Givargizov, 1987). That process needs
only very small amounts of liquid, which serves as an efficient
accommodation site for the condensing species. This model is
capable of explaining the mineralogical and chemical variabil-
ity among most chondritic constituents. However, we can also
envision that in the specific regions of the solar nebula where
this process occurred, larger quantities than the minimally re-
quired amount of liquid could condense, to form droplets. In
this way, BO chondrules could have formed directly from the
solar nebula. Here we report on detailed studies of some BO
chondrules, which allow us to reconstruct their evolution in de-
tail and to show how the primary liquid condensation model can
help us to unravel the origin of BO chondrules.

Preliminary results were presented at the Lunar and Plan-
etary Science Conference in Houston, Texas (Varela et al.,
2005b).

2. Analytical techniques and samples

Barred olivine chondrules were studied with the optical mi-
croscope for the petrographic characteristics of the constituent
phases (e.g., glasses, olivines, and pyroxenes) and the occur-
rences of glass inclusions.
Major-element chemical compositions of constituent phases
were obtained with a JEOL 6400 analytical scanning electron
microscope (NHM, Vienna) and SX100 and SX50 CAMECA
electron microprobes (Institute of Geological Sciences, Uni-
versity of Vienna, Center d’analyses Camparis, Université de
Paris V, respectively). Microprobe analyses were performed at
15 keV electron energy and 10 nA sample current. Analyses of
minerals and glasses were performed both a focused (∼1 µm)
and defocused beam (5 µm). The samples were first analyzed
for Na with a counting time of 5 s followed by the analysis
of all other elements with a counting time of 10 s in order to
prevent premature Na loss from glasses. Basaltic and trachytic
glasses (ALV 981 R24 and CFA 47; Métrich and Clocchiatti,
1989) were analyzed as standards and the on-line ZAF program
was used for corrections.

Trace element analyses of glasses and pyroxene were made
with the Cameca IMS 3F ion microprobe at Washington Uni-
versity, St. Louis, following a modified procedure of Zinner and
Crozaz (1986).

The studied chondrules are located in the Polished Thin Sec-
tions (PTS) “Essebi,” “Bishunpur v. G3684 (2),” “Acfer 214
Algerien,” and “DAG055” (all from the NHM, Vienna).

3. Results

3.1. Petrography and chemical composition of phases in BO
chondrules

3.1.1. Chondrule Ess-BO-1
This BO chondrule from the Essebi CM2 chondrite (PTS

Essebi, NHM, Vienna) belongs to the Classic Type as defined
by Weisberg (1987). The parallel thin plates of olivine are set
into a clear glassy mesostasis and have—as the thin enveloping
olivine crust—uniform extinction (Fig. 1). Clear glass inclu-
sions and neck inclusions (glass inclusions still connected to
the mesostasis glass) are present in several of the olivine plates
(Fig. 1b). The olivine crust has variable thickness, a rough and
in places botryoidal surface and irregularly distributed metal in-
clusions (Ni: 4.3–5 wt%). In places two rims are discernible,
one inner, clear one and an outer one that is dusted with metal
and features protrusions toward the chondrite matrix.

The chemical composition of all glasses (glass inclusions,
neck inclusions, and the clear glassy mesostasis) in Ess-BO-1
is uniformly Si–Al–Ca-rich (Table 1, Figs. 1d and 1e). Olivines
have relatively constant FeO contents around 0.74 wt% with a
mean of 13 olivine laths (selected from the profile 1–13, white
line in Fig. 1a) having 0.8 wt% FeO [Ol. (13), Table 2]. Only
one olivine lath located near the surface of the chondrule shows
a higher content (FeO: 2.21 wt%). Three small subhedral Ca-
rich pyroxenes <30 µm in length and 15 µm wide are present in
Ess-BO-1. One is shown by an arrows in Fig. 1c (Table 2), the
second is covering an olivine lath, and the third fills interstitial
space.

3.1.2. Chondrule Bishunpur Ch-C
This chondrule from the Bishunpur LL3.1 chondrite [PTS

Bishunpur v. G3684 (2), NHM, Vienna] is a small, slightly
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Fig. 1. (a) Back-scattered electron (BSE) image of BO chondrule Ess-BO-1 (PTS Essebi). The white line (1–13) indicates a traverse along which 13 analyses of
olivine plates were made. (b) Transmitted light image of Ess-BO-1 showing the co-existence of glass inclusions (circle), neck inclusions (squares) and the glassy
mesostasis (arrows). (c) A detail of the chondrule [rectangular area in part (a)]. (d) Secondary Electron Microscope (SEM) Al image showing the Al-rich composition
of the mesostasis and the glass inclusions in olivine. (e) SEM Ca image showing the Ca-rich composition of the mesostasis and glass inclusions in olivine.
oval object of 400 µm in diameter with discontinuous subhe-
dral olivine bars (10 to 30 µm in width), surrounded by a 30 to
60 µm thick olivine shell (Fig. 2a). Glass inclusions—located
in the center of the olivine bars—as well as the mesostasis
are composed of clear glass (circles in Fig. 2b). An inner rim,
speckled with small oxide inclusions, is covered by an FeO-rich
rim that carries abundant large oxides. It is tightly intergrown
with the inner rim and has a rough outer surface with abun-
dant protrusions into the chondrite matrix. The Bishunpur Ch-C
chondrule has no pyroxene. Glass inclusions and mesostasis are
Si–Al–Ca-rich with Ca/Al ratios around the chondritic value.
Alkalis are present only in the glassy mesostasis in fairly con-
stant amounts, as shown in the ten-step scan profile between
two olivine laths [M.G. (10), Table 1]. Olivines in the Bishun-
pur CH-C chondrule have also very uniform compositions. All
olivine laths have a total range in FeO of 1.18 to 1.62 wt% [Ol.
Lath (4) is the mean value of a four-step scan profile across an
olivine lath, Table 2]. The olivine shell has a fairly constant FeO
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Fig. 1. (continued)

content varying from 2 to 2.45 wt% [Ol. Mantle (4): is the mean
value of a four-step scan profile across the mantle olivine, Ta-
ble 2]. The FeO content of the mantle olivine increases toward
the surface of the chondrule (FeO: 7.9 wt%, Ol Mantle B., Ta-
ble 2).
3.1.3. Chondrule Bishunpur Ch-A
From the Bishunpur LL3.1 chondrite [PTS Bishunpur v.

G3684 (2), NHM, Vienna] is composed of two olivine crystals
which form a core and a thick mantle (Fig. 3a). The core of this
pear-shaped chondrule consists of euhedral to subhedral dis-
continuous olivine plates and clear glassy mesostasis. The thick
mantle consists almost exclusively of olivine in two optical ori-
entations. One of them follows the orientation of the majority
of the olivine plates and crystals of the core (Fig. 3b). One core
olivine has a glassy neck inclusion (circle in Fig. 3a) and the
mantle olivine contains several clear primary glass inclusions
(circle in Fig. 3c and inset), some glass pockets, and rounded to
subrounded former metal-rich inclusions, now altered to Fe–Ni
oxides. Inclusion glasses in the mantle olivine (Fig. 3c) are Si–
Al–Ca-rich with no detectable Na and with a chondritic Ca/Al
ratio. Glasses from the neck inclusion and the mesostasis are
also Si–Al–Ca-rich (Figs. 3d and 3e), with subchondritic Ca/Al
ratios and Na2O contents of around 4.8 wt%. Two step-scan
profiles (of seven and five steps, respectively) across the glassy
mesostasis show that the glass has a fairly constant chemical
composition with Na2O varying from 4.36 to 4.96 wt%; MgO
from 4.7 to 5.8 wt%; FeO from 0.74 to 1.43 wt%; CaO from
11.4 to 12.7 wt%; and Al2O3 from 16.4 to 17.3 wt%. The av-
erage values of the seven-step scan analyses in the mesostasis
[M.G. (7)] are given in Table 1. Olivines in the Bishunpur CH-A
chondrule are chemically homogeneous, no chemical variation
was detected between the olivine laths and the mantle olivines
Table 1
Major element contents (wt%) of matrix glasses and glass inclusions in barred olivine chondrules (EMP data)

Sample Ess-BO-1 Bishunpur Ch-C Bishunpur Ch-A

G.I. N. Incl. M.G. M.G. G.I. M.G. M.G. (10) G.I. N. Incl. M.G. (7)

SiO2 52.6 54.6 53.1 54.4 53.3 51.8 51.2 45.1 59.2 58.7
TiO2 0.98 1.23 1.00 0.97 0.94 1.04 0.96 1.05 0.73 0.54
Al2O3 23.6 19.6 23.3 22.7 20.5 20.2 19.6 28.4 17.8 16.8
Cr2O3 0.27 0.32 0.42 0.39 0.35 0.44 0.47 0.27 0.80 0.52
FeO 0.26 0.32 0.35 0.63 0.68 0.59 0.44 0.44 0.95
MnO 0.01 0.03 0.06 0.05 0.02 0.02 0.03 <0.02 0.04 0.05
MgO 4.58 3.30 3.95 3.83 4.92 3.77 4.70 4.23 4.27 5.3
CaO 17.6 20.8 17.4 17.2 18.7 18.4 18.1 20.5 11.0 12.0
Na2O 0.02 <0.02 0.25 0.20 0.05 2.39 2.38 <0.02 4.89 4.70
K2O 0.02 0.02 0.2

Total 99.92 99.90 99.80 100.09 99.41 98.76 98.05 99.99 99.17 99.76

Sample Ac-BO-214/3 Ac-BO-214/4 DAG 055 BO-1

G.I. M.G. M.G. M.G. G.I. M.G. M.G. Ch.M1 Ch.M2 Ap.M.

SiO2 59.7 50.5 52.0 53.6 58.8 50.2 48.9 48.7 48.3 48.5
TiO2 0.47 0.60 0.54 0.53 0.47 0.29 0.43 0.04 0.05 0.06
Al2O3 16.0 20.6 22.1 20.1 18.2 22.7 23.0 32.2 32.5 32.4
Cr2O3 0.41 0.31 0.24 0.35 0.66 0.45 0.25 0.03 0.04 0.04
FeO 0.18 2.51 2.00 2.32 0.16 2.46 2.55 0.46 0.45 0.73
MnO <0.02 0.04 0.02 0.06 0.02 <0.02 0.04 0 0.04 0
MgO 6.6 4.57 3.81 3.79 1.26 3.36 3.87 0.45 0.31 0.56
CaO 10.6 7.8 5.9 6.9 14.0 5.9 6.6 16.3 16.5 15.8
Na2O 5.7 12.1 12.4 11.0 6.3 13.0 12.8 2.40 2.25 2.47
K2O 0.02 1.04 1.08 1.17 <0.02 1.14 1.08 0.04 0.02 0.03

Total 99.67 100.09 100.04 99.82 99.90 99.52 99.51 100.62 100.46 100.59

References. G.I.: glass inclusion; N. Incl.: neck inclusion; M.G.: mesostasis glass; M.G. (10): ten-step scan profile in mesostasis; Ch.M1: chondrule mesostasis;
Ap.M.: appendix mesostasis.
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Table 2
Major element contents (wt%) of olivine and pyroxene in barred olivine chondrules (BMP data)

Sample Ess-BO-1 Bishunpur Ch-C

Ol. Lath Ol. Lath Ol. (13) Px. Ol. H. (G.I.) Ol. Lath (4) Ol. Mantle (4) Ol. Mantle B.

SiO2 42.5 41.5 42.2 49.4 41.3 41.8 41.4 40.5
TiO2 0.10 0.06 0.08 0.91 0.01 0.04 0.03 <0.02
Al2O3 0.07 0.30 0.17 13.8 0.06 0.29 0.07 0.03
Cr2O3 0.29 0.29 0.29 0.93 0.23 0.23 0.18 0.09
FeO 0.74 2.21 0.80 0.30 1.19 1.41 2.13 7.9
MnO 0.05 0.04 0.04 0.14 0.03 0.04 0.05 0.32
MgO 56.2 54.5 55.9 15.2 57.0 55.7 55.8 51.2
CaO 0.30 0.3 0.30 18.5 0.29 0.43 0.28 0.16
Na2O 0.04

Total 100.25 99.20 99.78 99.22 100.11 99.94 99.94 100.20

Sample Bishunpur Ch-A Ac-BO-214/3

Ol. H. (N-Incl.) Ol. Lath (9) Ol. Mantle (21) Ol. Mantle B. Ol. Lath C. (5) Ol. Lath B. Px. Crystal (6) Px. Crystal B. Px. Mantle (6) Px. Mantle B.

SiO2 41.8 42.0 42.6 41.7 42.2 41.6 56.4 50.3 52.6 47.6
TiO2 0.02 0.03 0.03 0.03 0.05 0.04 0.48 0.90 0.31 1.16
Al2O3 0.06 0.09 0.21 0.21 0.40 0.04 3.09 8.3 1.82 11.9
Cr2O3 0.24 0.23 0.19 0.19 0.12 0.16 0.67 0.79 0.68 0.97
FeO 0.90 0.86 0.76 1.23 0.73 1.02 0.00 0.22 1.07 0.44
MnO 0.02 0.02 0.02 0.02 0.16 0.11 0.10 0.12 0.20 0.30
MgO 56.6 56.6 55.9 56.6 55.8 56.8 36.7 19.6 41.4 17.3
CaO 0.22 0.23 0.31 0.32 0.24 0.20 2.09 19.9 1.84 20.2
Na2O 0.03 0.07

Total 99.86 100.06 100.02 100.30 99.70 99.97 99.53 100.16 99.92 99.94

Sample Ac-BO-214/4 DAG 055 BO-1

Ol. Lath (3) Ol. Lath (5) Ol. Mantle (7) Ol. Mantle B. Px. Ol. Lath (10) Ol. Lath (6) Ch. Px. Ap. Px. (5)

SiO2 41.8 41.7 41.6 46.5 48.0 38.8 41.1 51.8 54.4
TiO2 0.02 <0.02 0.03 0.04 1.35 0.08 0.07 2.44 0.92
Al2O3 0.04 0.05 0.16 0.40 11.0 0.28 0.13 3.82 4.25
Cr2O3 0.25 0.12 0.30 0.88 0.87 0.21 0.17 0.80 0.71
FeO 1.19 1.35 1.47 2.32 0.41 17.9 5.22 0.69 3.00
MnO 0.06 0.05 0.09 0.17 0.02 0.16 0.10 0.14 0.16
MgO 56.3 56.4 56.2 49.5 17.7 42.1 52.9 19.9 29.4
CaO 0.31 0.22 0.16 0.28 20.6 0.29 0.26 20.5 7.0
Na2O 0.02 0.05 0.21

Total 99.99 99.89 100.01 100.09 99.95 99.82 99.95 100.14 100.00

References. Ol. (13): mean composition of 13 olivine laths; Px: pyroxene crystal; Ol. H. (G.I.): host olivine of a glass inclusions, Ol. Lath (4): mean composition
of a four-step scan profile; Ol. Mantle (4): mean composition of a four-step scan profile in the mantle olivine; Ol. Mantle B.: point analyze at the mantle surface;
Ol. H. (N. Incl): olivine host of a neck inclusion; Ol. Lath B.: point analysis at the olivine lath’s border; Px. Crystal (6): mean value of a six-step scan profile in the
pyroxene; Px. Crystal B.: point analysis at the pyroxene surface; Px. Mantle B.: point analysis at the surface of the mantle pyroxene; Ch. Px.: chondrule pyroxene;
Ap. Px.: appendix pyroxene.
(see average of a nine-step scan analysis of an olivine lath from
the core and the twenty-one-step analysis from the mantle [Ol.
Lath (9) and Ol. Mantle (21), Table 2]), except for the Al2O3

and CaO, which are higher, and the Cr2O3, which is lower in
the mantle olivine than in the central olivine plates. The total
range in the FeO content is from 0.6 to 1.2 wt%, with the high
value encountered near the surface of the mantle olivine (Ol
Mantle B., Table 2).

3.1.4. Chondrule Ac-BO-214/3
This chondrule from the Acfer 214 chondrite (PTS Acfer

214 Algerien, NHM, Vienna) belongs to the Classic Type
(Fig. 4). The parallel plates of olivine have clear glass inclu-
sions and neck inclusions and are set into a clear glass mesosta-
sis (Fig. 4b). The Ac-BO-214/3 chondrule is enveloped by a
thin (∼50 µm) pyroxene crust. Euhedral to subhedral pyrox-
enes, up to 250 µm in size, are present inside the chondrule
(Figs. 4a and 4b). They show crystal faces against the glass
and complex grain boundaries with olivine. The olivine laths
become thinner where pyroxene appears and diminish inside
pyroxene. The olivine plate in contact with the border of the
pyroxene crystal show a series of parallel straight-line glass in-
clusions in the center of the plate parallel to the olivine plate
(thin arrow in the SEM Al image, Fig. 4c). The surface of the
olivine lath close to the pyroxene is retracting toward the cen-
ter of the original plate (see SEM Al image, Fig. 4c). A second
olivine plate forms a wedge where overgrown by the pyroxene.
The olivine lath becomes thinner from the border (high-Ca) to
the center (low-Ca) of the pyroxene crystal where it terminates.
The decrease in thickness of this wedge is well visible in the
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Fig. 2. (a) BSE image of the Bishunpur CH-C chondrule (PTS Bishunpur v.
G3684). (b) Detail BSE image [rectangle in part (a)], showing location of the
glass inclusions in olivine (circles).

SEM Mg image (Fig. 4d). The chondrule has also large voids
(Fig. 4a).

The clear glasses of inclusions and mesostasis are Si–Al-
rich but have lower Ca contents (Table 1) than in Ess-BO-1. All
glasses in this chondrule are alkali-rich, with Na2O and (K2O)
contents varying from 5.7 wt% and (0 wt%) in glass inclusions
to 12.4 wt% and (1.17 wt%) in the mesostasis, respectively.
Chemical compositions of all olivine laths are similar to each
other. Only a slight change in the FeO content is observed from
the olivine laths located in the center of the chondrule [Ol. Lath
C (5): 0.73 wt% FeO] to those located near the surface of the
chondrule (Ol. Lath B: 1 wt% FeO, Table 2). The Al2O3 con-
tent, however, falls in this sequence from 0.4 to 0.04 wt%. The
chemical compositions of low-Ca pyroxenes forming the en-
veloping crust of the chondrule [Px. Mantle (6): mean value of
a six-step scan profile in the pyroxene crust] and those form-
ing the subhedral to euhedral crystals inside the chondrule [Px.
Crystal (6): mean value of a six-step scan profile in the pyrox-
ene crystal] are similar, except for FeO and (Al2O3), which vary
from 0.00 and (3.09) wt% in the Px. Crystal (6) to 1.07 and
(1.82) wt% in the Px. Mantle (6) (Table 2). High-Ca pyroxenes
(thick arrow in Fig. 4b) are present around low-Ca pyroxene
crystals (thin arrow in Fig. 4b) and in the inner surface of the
pyroxene crust (Figs. 4b and 4e). All high-Ca pyroxenes have
a similar chemical composition (Px. Crystal B. and Px. Man-
tle B., Table 2).

3.1.5. Chondrule Ac-BO- 214/4
This chondrule from the Acfer 214 chondrite (PTS Acfer

214 Algerien, NHM, Vienna) contains groups of olivine plates
oriented in different directions (Fig. 5) and is enveloped by
a thin (<50 µm) olivine crust. Clear glass inclusions are lo-
cated in the center of the olivine laths (arrows in Fig. 5b) which
are set in a clear glassy mesostasis. Voids are common, many
have smooth outlines and mainly replace the glassy mesostasis
(Fig. 5c).

The chemical composition of glasses in Ac-BO-214/4 are
Si-, Al-, and alkali-rich with Na2O contents of 6.3 and 13 wt%
in glass inclusions and mesostasis, respectively, and K2O con-
tents reaching 1.14 wt% in the glassy mesostasis. The olivine
laths have FeO contents [Ol. Lath (3): 1.19 wt% and Ol. Lath
(5): 1.35 wt%, Table 2] similar to those of the olivine that forms
the mantle [Ol Mantle (7): 1.47 wt%, Table 2]. A slight increase
in the FeO content is present in the outer regions of the mantle
olivine (Ol. Mantle B.: 2.32 wt%, Table 2), which is also richer
in Al2O3 than the olivine laths. Small subhedral Ca-rich pyrox-
ene crystals (white arrows in Figs. 5a and 5c, Table 2) are also
present.

3.1.6. Chondrule DAG055 BO-1
This chondrule is a Classic Type BO chondrule (Fig. 6a)

(PTS DAG055, NHM, Vienna). Its parallel thin plates of
olivines are set into a glassy mesostasis containing thin py-
roxene needles (Fig. 6b). The chondrule is surrounded by a thin
olivine crust and rounded to subrounded former metal-rich in-
clusions, now altered to Fe oxides. Attach to this chondrule is
an appendix (lower right corner of Fig. 6a) with barred olivine
texture and euhedral to subhedral pyroxenes surrounding the
olivine crystals (Fig. 6c). Note that some olivine crystals have
lobate surfaces where in contact with the pyroxene (Fig. 6c).
The appendix’s mesostasis is of clear glass. Voids are common
in the matrix and occasionally replace larger portions of it.

There is no chemical variation in the composition of the
chondrule and appendix mesostasis. Both are Si–Al–Ca-rich
(Ch.M1, Ch.M2, Ap.M., Table 1). Olivine laths in the chondrule
have variable FeO contents. Two scan profiles, a ten-step scan
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(a) (b)

(c) (d)

Fig. 3. (a) BSE image of the Bishunpur-CH-A chondrule (PTS Bishunpur v. G3684). Encircled is the neck inclusion of the core. (b) Transmitted light image showing
the core and part of the thick mantle olivines. Note the two optical orientations of the olivines. (c) Transmitted light image of selected region [rectangle in part (b)],
showing the location of two primary glass inclusions and an inset with an enlargement of one inclusion. (d–e) SEM Al and Ca images showing the Al–Ca-rich
composition of the glassy mesostasis and the neck inclusion from the core.
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(e)

Fig. 3. (continued)

in a high-Fe olivine lath [Ol. Lath (10), Table 2] and a six-step
scan in a low-Fe olivine lath [Ol. Lath (6), Table 2] show vari-
ations in their FeO contents from 14 to 21.8 wt% and from 3.2
to 5.65 wt%, respectively. Pyroxenes have also variable compo-
sitions. The needle-like pyroxenes in the chondrule mesostasis
(Ch. Px., Table 2) are high-Ca (20 wt% CaO) and those in the
appendix are low-Ca pyroxenes [6.95 wt% CaO: in a five-step
scan profile in an euhedral pyroxene in the appendix, Fig. 6c,
Ap. Px. (5), Table 2].

3.1.7. Chemical compositions of glasses
Glass inclusions in all studied objects have CaO and Al2O3

contents that scatter around the chondritic ratio line (Fig. 7).
Those from the mesostasis show super-chondritic (Essebi and
Bishunpur Ch-C) and subchondritic (Acfer BO-214/3 and
214/4) CaO/Al2O3 ratios, respectively (Fig. 7).

The CaO and Na2O contents of glass inclusions and mesosta-
sis are anticorrelated (Fig. 8). Inclusion glasses have the highest
CaO contents of all glasses and are free of Na2O.

Trace element abundances in mesostasis glass of Ess-BO-1
are high and typical at 10–20 × CI levels with the exception
of Be (100 × CI). Those in Ac-BO 214/3 have high refractory
and light rare earth element (LREE) abundances (10 × CI), but
lower abundances of Ti (3 × CI), Sc (5 × CI), Ca (4 × CI) and
heavy rare earth elements (HREE) (6 × CI) as compare to Ess-
BO-1 (Table 3, Fig. 9). Pyroxene (Py Acfer 214/3) in contact
with the mesostasis has LREE abundances around 0.5 × CI and
HREE abundances around 0.8 × CI, with Ti and Sc abundances
similar to those of the mesostasis glass. Trace element abun-
dances in the glass inclusion [Bish Ch-A (GI)] in the Bishun-
pur chondrule A are higher (∼20–30 × CI) than those in the
mesostasis at 10–20 × CI [Bish CH-A(M1-M2), Fig. 10]. All
glasses show a similar pattern, that is, unfractionated and high
(10–30 × CI) refractory lithophile trace element abundances
and low abundances of volatile and moderately volatile ele-
ments.
(a) (b)

Fig. 4. (a) BSE image of the AC-BO-214/3 chondrule (PTS Acfer 214 Algerien). Rectangular areas A1–A2 are the selected areas for point counting, as explained
in the text. (b) Detail BSE image of the area indicated in part (a), showing the pyroxene with crystal faces against the glass. Arrows (thick and thin) indicates high
and low-Ca pyroxene, respectively. (c) SEM Al image of part (b), which clearly shows how the surface of the olivine lath close to the pyroxene is retracting toward
the center of the original plate. Arrow indicates glass inclusions in the form of a straight line in the center of the olivine plate. (d) SEM Mg image of part (b), where
the wedge of the olivine, where overgrown by the pyroxene, is clearly observed. (e) SEM Ca image of part (b), showing the Ca-rich border of the pyroxene.
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(c) (d)

(e)

Fig. 4. (continued)
3.2. Bulk compositions of barred olivine chondrules

Bulk compositions were determined for Essebi, Bishun-
pur A, C and Acfer 214/3 chondrules by point counting. We
used a grid to cover the area of the whole object or of selected
parts of the chondrule, as explained below.

3.2.1. Ess-BO-1
In this object we covered half of the chondrule area with

3408 points, of which 2284 are on olivine. This gives modal
abundances for the constituent phases of: olivine 67%, glass
33%. For the olivine composition we took the mean of the 13
olivine laths given in Table 2. For the glass composition we used
the mean value of all glasses (glass inclusions, navel-inclusion
and mesostasis, Table 1). The bulk Ess-BO-1 chondrule compo-
sition (Table 4) calculated in this way for the four main oxides
is: MgO: 39.4 wt%, Al2O3: 7.6 wt%, SiO2: 46.8 wt%, CaO: 6.3
wt%.

3.2.2. Ac-BO-214/3
In this object we selected two areas (A1 and A2, Fig. 4),

involving a total of 1050 points. The percentage of the con-
stituent phases in areas A1 and A2 are olivine 63%–glass 37%
and olivine 64%–glass 36%, respectively. As for the glass phase
composition we used the mean value of all mesostasis glass
analyses (Table 1). The olivine composition was calculated
from the mean values of Ol. Lath C. (5) and Ol. Lath B. (Ta-
ble 2). The bulk Acfer 214/3 chondrule composition (Table 4)
has 4.33 wt% Na2O. Because the incorporation of alkalis in the
glass is due to a secondary process (as it will be explain in the
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(a)

(b) (c)

Fig. 5. (a) BSE image of the Ac-BO 214/4 chondrule (PTS Acfer 214 Algerien), the four rectangular areas (discontinuous thin white lines) are the areas selected for
point counting. Arrows show the location of the small pyroxenes. (b) Detail transmitted light image of the area indicated by the big rectangular in part (a). (c) Detail
BSE image of the small rectangular area in part (a). Arrows indicate pyroxenes.
text) we have added the content of Na2O moles to that of CaO
to obtain the primary composition. The thus calculated compo-
sition, expressed with the four main oxides, is as follows: MgO:
38.2 wt%, Al2O3: 7.3 wt%, SiO2: 47.7 wt%, CaO: 6.8 wt%.

3.2.3. Ac-BO-214/4
In this object we have selected four areas (thin lines in Fig. 5)

involving a total of 9500 points from which 2900 were found to
be on glass. The modal abundances of these areas is: olivine
70%, glass 30%. For calculating the olivine and glass compo-
nent of the bulk chondrule we used the mean of all olivines
(Table 2). Since the glass inclusions and the mesostasis are all
Na2O-rich, we used for the glass component the mean of all
glasses (Table 1). As for the previous chondrule, we added the
Na2O mole content to that of CaO and obtain for the four main
oxides: MgO: 40 wt%, Al2O3: 6.7 wt%, SiO2: 47 wt%, CaO:
6.2 wt%.
3.2.4. Bishunpur-A
For estimating the initial composition of this chondrule we

selected the barred olivine core area (Fig. 3). From a total of
4240 points, 2560 were on olivine, yielding the abundances:
olivine 60%, glass 40%. As glass composition we used that of
the glass inclusion (G.I., Table 1). For the olivine composition
we took the mean of all olivine crystals from the core (Table 4).
The bulk chondrule composition (Table 4) is: MgO: 36.3 wt%,
Al2O3: 11.5 wt%, SiO2: 43.7 wt%, CaO: 8.6 wt%.

3.2.5. Bishunpur-C
The area covered by point counting was the whole object

(Fig. 2). From a total of 10,265 points, 2267 belong to the glass
phase, giving: olivine 78%, glass 22%. Counting in the BO core
only gives 5325 points of which 3058 were on olivine, giving a
abundances of olivine 57.4% and glass 42.6%.

For the glass and olivine compositions we took that of the
glass inclusion (G.I., Table 1) and the mean of all olivines [Ol.
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(a)

(b) (c)

Fig. 6. (a) BSE image of chondrule DAG055 (PTS DAG 055). (b) Detail BSE image showing olivine laths and needle-like pyroxenes. (c) Detail of the appendix of
the DAG055 chondrule [rectangle in part (a)], showing the lobate surface of some olivine crystals in contact with pyroxenes, and the euhedral to subhedral shape of
pyroxenes.
H(GI), Ol. Lath (4), Ol. Mantle (4), Table 2], respectively. The
olivine from the border (Ol. Mantle B.) was excluded because
of its high FeO content.

The BO core composition (Table 4) obtained in this way
is: MgO: 40.1 wt%, Al2O3: 7 wt%, SiO2: 46.4 wt%, CaO:
6.5 wt%.

4. Discussion

The formation mechanism for BO chondrules is a topic of
ongoing debates. However, there is one point on which al-
most all researchers agree—in particular for the Classic Barred
Type—which is, that such chondrules must have formed from
liquid droplets that were undercooled and crystallized rapidly
from only one nucleus (e.g., Tsuchiyama et al., 1980; Weisberg,
1987; Hewins, 1988; Lofgren, 1989). Nevertheless, questions
remain open about how this liquid could have formed and
how the overheating—necessary for destruction of all crystal
nuclei—was achieved.

The most popular model has liquid droplets form by melt-
ing of solid precursors. The precursors were identified from
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Fig. 7. CaO vs Al2O3 diagram of all types of glasses encountered in BO chondrules. Glass inclusions have a chondritic CaO/Al2O3 ratio. Note the Ca-depletion in
the glassy mesostasis of Ac-BO-214/3 and -214/4.

Fig. 8. Na2O vs CaO diagram of all types of glasses in BO chondrules. Note the lack of Na2O in the glass inclusions and the glassy mesostasis of Ess-BO-1.
chondrule bulk analyses to consist mainly of two components:
a refractory and olivine-rich one and a non-refractory and
SiO2- and FeO-rich one (Grossman and Wasson, 1982, 1983a,
1983b). For Al-rich BO chondrules, a precursor consisting of
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Table 3
Ion microprobe analyses (in ppm) of glassy mesostasis in Essebi and Acfer 214 barred olivine chondrules

Element Ess-BO-1 Error Ac-BO-214/3 Error Ac-BO-214/3 Error Bish Ch-A Error Bish Ch-A Error Bish Ch-A Error

(M1) (M2) (Gl) (M1) (M2)
Li 12.9 0.2 1.4 0.06 0.8 0.07 0.84 0.07 0.16 0.009 0.4 0.03
Be 2.19 0.09 0.25 0.02 0.34 0.03 0.43 0.05 0.3 0.23 0.02
B 0.08 0.01 0.28 0.04 0.6 0.09 0.17 0.04 0.4 0.1
Sc 42.4 0.6 18.7 0.4 20 0.7
Ti 4690 30 1315 5 1420 9 6910 94 4290 23 4430 42
V 33.4 0.7 46 0.7 34.3 0.9 57 1 37.2 0.3 106 0.9
Cr 1900 20 2570 7 1750 9 1970 8 3230 3 3820 6
Mn 153 2 500 3 324 4
Fe 2630 30 15,400 100 16,000 190
Co 6.4 0.4 6.4 0.4 12.5 1
Rb 0.24 0.03 16.6 0.8 21 2 0.37 0.06 0.3 0.09
Sr 70 1 36.6 0.6 50 1 162 6 92 1 96 3
Y 13.2 0.4 8 0.3 10 0.5 26.2 0.5 15 0.1 15.2 0.2
Zr 48 3 33.8 0.9 41 2 79 1 39.5 0.3 42 0.6
Nb 3.6 0.3 2.9 0.2 2.9 0.4 4.6 0.3 3.12 0.09 3.6 0.2
Ba 16.8 0.8 8.5 0.5 12 0.9 58 1 28 0.3 30 0.5
La 2.3 0.2 2.3 0.2 2.8 0.3 5.3 0.3 2.54 0.07 2.6 0.1
Ce 5.5 0.3 6.4 0.3 6.2 0.5 13.3 0.6 6.8 0.1 7.5 0.2
Pr 0.83 0.07 0.93 0.09 0.9 0.1 1.9 0.2 1.12 0.05 1.4 0.1
Nd 4.2 0.2 3.8 0.2 5.3 0.3 10 0.5 5.5 0.1 6.3 0.2
Sm 1.4 0.1 1.1 0.1 1.2 0.2 3.3 0.4 1.74 0.09 1.9 0.2
Eu 0.43 0.04 0.32 0.02 0.5 0.05 1.1 0.2 0.75 0.04 0.9 0.09
Gd 2.2 0.2 1.4 0.1 0.9 0.3 5.9 0.7 2.5 0.2 3.9 0.4
Tb 0.36 0.05 0.28 0.03 0.18 0.05 0.7 0.2 0.4 0.04 0.46 0.07
Dy 2.5 0.1 1.5 0.09 1.6 0.2 6.4 0.4 2.9 0.09 3.9 0.2
Ho 0.48 0.05 0.3 0.02 0.33 0.05 1.2 0.2 0.6 0.04 0.82 0.08
Er 2 0.1 0.93 0.06 1.2 0.1 3.5 0.3 1.74 0.07 2.6 0.2
Tm 0.26 0.03 0.15 0.01 0.18 0.04 0.6 0.1 0.25 0.03 4.2 0.06
Yb 1.68 0.09 0.87 0.08 0.8 0.2 2.8 0.3 1.87 0.08 2.4 0.2
Lu 0.32 0.04 0.16 0.02 0.2 0.04 0.4 0.1 0.3 0.03 0.4 0.08
highly refractory and alkalic materials has also been proposed
(Bischoff and Keil, 1984). For these chondrules, impact melting
and distillation of equilibrated OC material has been proposed
in addition (Krot and Rubin, 1993).

An alternative model, the primary solid condensation model
(Kurat, 1988), creates BO chondrules by condensation of fluffy
olivine plates from the solar nebula. The large or small stacks
of olivine platelets, badly crystallized and highly anisotropic in
shape are identified as probably being primitive crystals that can
be expected to grow, without the help of a liquid, directly from
the vapor phase. The pore space of these vapor-grown crystals
will subsequently be partly filled when compounds of volatile
elements condense. Finally, a high-temperature annealing event
recrystallized the olivine into solid plates and partial melt filled
the interstitial space, was chilled and converted to glass.

Based on the present work and on recent observations (Kurat
et al., 2004; Varela et al., 2002, 2003), we discuss a third model
that allows the formation of BO chondrules directly from the
solar nebula by primary liquid condensation without the need
for a re-heating event.

In the following paragraphs we will briefly present the ba-
sis of this new model to inform the reader about the mecha-
nisms involved. Subsequently, and based on the petrographic
and chemical data of each chondrule, we will focus our discus-
sion on their genesis. In doing so, we will confront two models:
the melting of solid precursors and the primary liquid conden-
sation models.

4.1. The primary liquid condensation model

The primary liquid condensation model is based on the abil-
ity of dust-enriched solar nebular gas to directly condense into
a liquid (e.g., Herndon and Suess, 1977; Ebel and Grossman,
2000). Thus, what distinguishes this model from all previous
ones is that it does not need a secondary heat source. One
heating event is required by all models for the evaporation of
presolar dust (e.g., Suess, 1949; Wood, 1962; Blander and Katz,
1967). The melting of solid precursors and the primary solid
condensation models need a second heating event for—at least
partial—melting of the chondrule precursors. In the 1960s liq-
uids were not recognized to be stable under nebular conditions.
That belief made a secondary heating event for the production
of liquid droplets necessary. However, Yoneda and Grossman
(1995), Ebel and Grossman (2000), and Alexander (2004) have
shown that liquids can indeed condense from a solar nebula gas
provided the gas/dust ratio is sufficiently low (e.g., Herndon
and Suess, 1977). The liquid condensate is expected to have a
refractory Ca–Mg–Al-silicate (CMAS) composition (Ebel and
Grossman, 2000; Alexander, 2004).

Because liquids can nucleate from a vapor much more eas-
ily than crystals, the primary liquid condensation model pro-
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Fig. 9. CI-normalized trace element abundances of the glassy mesostasis of Ess-BO-1 and Ac-BO-214/3 and of the pyroxene in Acfer 214/4. Elements in the trace
element abundance plots are arranged in order of increasing volatility, except for the REE, which are arranged in order of increasing atomic number. CI abundances
used here and in the following graph are from Lodders and Fegley (2003).
poses that the first condensate to appear in the solar nebula
is a liquid. Liquids generated in this way will have a chemi-
cal composition that is governed by gas–liquid equilibria. Our
studies of different types of glasses in meteorites (CC, OC,
EC and achondrites; e.g., Varela et al., 2002, 2003; Varela and
Kurat, 2004) showed that liquids (the glass precursors) must
have been omnipresent in the solar nebula. They apparently
played an important role by facilitating condensation of the
major minerals from the solar nebula gas (Kurat et al., 1997;
Varela et al., 2005a). This liquid is predicted to be rich in re-
fractory elements and olivine. Thus, once a stable CMAS liquid
nucleus is formed and grows into a droplet, an olivine crystal
can nucleate in the liquid (see Fig. 8 of Varela et al., 2005a).

Two possibilities can be envisaged:

(1) If the quantity of liquid is low the crystal nucleus will con-
tinue growth only where it is covered by the liquid that
forms a thin interface between the growing crystal and the
vapor. The result will be a grain of irregular shape. The
growing crystal will take from the liquid only those ele-
ments that will fit into the crystal structure (e.g., Si, Mg,
and O), all other elements (usually called incompatible el-
ements) are thereby left in the liquid. The main function
of this liquid is to accommodate condensing species, feed
the growing crystal with the necessary elements and help
to accommodate ions at the proper lattice position of the
growing crystal. The incompatible elements such as Ca,
Al, and REE, that do not enter the structure of the olivine,
will be concentrated in the liquid. Their concentration will
be determined by a condensation–evaporation equilibrium
between the liquid and the vapor. The crystal will con-
tinue to grow epitaxially from the vapor, supported by a
thin liquid layer—similar to the vapor–liquid–solid growth
process (see, e.g., Givargizov, 1987; Kurat et al., 1997;
Varela et al., 2002) or liquid-phase epitaxy. This liquid
layer will be preserved by the temperature profile estab-
lished as an equilibrium between the heat of condensation
(liberated at the solid–liquid interface), heat of crystalliza-
tion and simultaneous heating by impinging gas species
that keep the surface relatively hot compared to the inside
of the object which is cooled by black-body radiation.
The final product could be a single olivine crystal, or if
aggregation of growing crystals took place, an olivine ag-
gregate. With a proper liquid/crystal ratio even a droplet
chondrule with porphyritic olivine texture could form (see
Varela et al., 2005a).

(2) If the early condensing liquid does not produce a crystal
nucleus (homogeneously or heterogeneously) it will con-
tinue to grow and will form a sizable (e.g., 200 to 2000 µm)
droplet. Eventually a trapped dust grain in the liquid droplet
will serve as a crystal nucleus, promoting heterogeneous
nucleation. Homogeneous nucleation of an olivine crys-
tal at this stage will need a high degree of undercooling.
Growth of that crystal will take place almost simultane-
ously with nucleation and a plate dendrite (or several, de-
pending on the number of crystal nuclei) will form. As the
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Fig. 10. CI-normalized trace element abundances of the glass inclusion and glassy mesostasis of the Bishunpur Ch-A chondrule.
primary liquid condensation model applies for both the for-
mation of a single crystal and of dendritic plates, the mech-
anism by which the olivine plates grow is the same as in the
previous case. That is, the plates will incorporate only those
elements that will fit into the crystal structure while the in-
compatible elements are concentrated in the liquid. Thus,
the residual liquid (the mesostasis glass precursor) will
be rich in refractory incompatible elements (e.g., Ca, Al,
and REE) and will try to stay in condensation–evaporation
equilibrium with the vapor.

4.2. Possible mechanism of formation of barred olivine
chondrules

In this section we will discuss the possible origin of BO
chondrules based, mainly, on the petrographic features of these
objects and add a brief comment about their chemical compo-
sition, which will be discussed in more detail later on.

4.2.1. Standard formation model for classic type BO
chondrules

Here we discuss the possible mechanisms involved in the
formation of the classic barred olivine chondrules like those
present in Essebi (C2), Dar al Gani (C3), and Acfer 214 (CH3)
chondrites.

One possible way to form classic type BO chondrules is
given by the melting of solid precursor model. In this model,
the melting temperature must be high and overheating is needed
in order to eliminate all crystal nuclei (e.g., Lofgren and Rus-
sel, 1985; Radomsky and Hewins, 1987). Dynamic melting and
crystallization experiments show that BO chondrules formed
after heating to, or somewhat above, their equilibrium liquidus
temperature (e.g., Hewins, 1988). The range in this temperature
(assuming no seeding) is 1400–1750 ◦C, with 1500–1550 ◦C
for most cases (Radomsky and Hewins, 1990; Lofgren and
Lanier, 1990). The dynamic crystallization studies of BO chon-
drules by Lofgren and Lanier (1990) show that: “To obtain the
BO texture, (1) the preexisting crystalline material, which is
presumably an olivine-rich dust, must reach temperatures high
enough to cause complete melting: however, (2) the melting
must not be so complete as to eliminate all embryos. Melts
from which plate dendrites crystallized must have only subcriti-
cal embryos. With only subcritical embryos present, a sufficient
degree of supercooling can develop before nucleation to stabi-
lized the range of crystals forms characteristic of BO textures.”
Reaching the above melting conditions is, however, difficult.
None of the dynamic crystallization experiments was able to
produce a true analogue of the classic single-plate dendrite BO
chondrule (Lofgren and Lanier, 1990; Tsuchiyama et al., 1980,
2004).

Another aspect to be considered is the effect of the grain
size of the precursor material. Short-duration melting experi-
ments coupled with linear cooling rates (Connolly et al., 1998)
show that BO textures can be formed at temperatures around
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Table 4
Estimated bulk composition of chondrules Ess-BO-1, Acfer 214/3 and Acfer
214/4

Ess-BO-1

Glass Glass Perc. 33 Olivine Oliv. Perc. 37 Ch. Bulk

SiO2 53.7 17.7 42.2 28.3 46.0
TiO2 1.05 0.34 0.08 0.05 0.40
Al2O3 22.3 7.4 0.17 0.11 7.5
Cr2O3 0.35 0.12 0.29 0.19 0.31
FeO 0.23 0.08 0.80 0.54 0.61
MnO 0.04 0.01 0.04 0.03 0.04
MgO 3.92 1.29 55.9 37.5 38.7
CaO 18.3 6.0 0.30 0.20 6.2
Na2O 0.16 0.05
K2O

Total 99.96 32.99 99.78 66.85 99.82

Acfer 214/3

Glass Glass Perc. 33.5 Olivine Oliv. Perc. 63.5 Ch. Bulk

SiO2 55.1 20.1 41.9 26.7 46.8
TiO2 0.60 0.22 0.05 0.03 0.25
Al2O3 19.3 7.03 0.22 0.14 7.2
Cr2O3 0.35 0.13 0.14 0.09 0.2
FeO 1.27 0.46 0.88 0.56 1.0
MnO 0.05 0.02 0.14 0.09 0.1
MgO 4.55 1.66 56.3 35.8 37.5
CaO 7.6 2.79 0.22 0.14 2.93
Na2O 10.3 3.76 3.76
K2O 0.85 0.31 0.31

Total 99.96 36.49 99.84 63.50 99.99

Acfer 214/4

Glass Glass Perc. 30.0 Olivine Oliv. Perc. 70.0 Ch. Bulk

SiO2 52.6 15.8 42.9 30.0 45.8
TiO2 0.40 0.12 0.00 0.02 0.14
Al2O3 21.3 6.40 0.2 0.11 6.5
Cr2O3 0.45 0.14 0.40 0.27 0.4
FeO 1.72 0.52 1.60 1.11 1.6
MnO 0.03 0.01 0.10 0.06 0.1
MgO 2.82 0.85 54.6 38.2 39.1
CaO 8.8 2.65 0.2 0.17 2.82
Na2O 10.7 3.21 0.00 0.01 3.22
K2O 1.11 0.33 0.33

Total 99.95 30.03 100.00 69.95 99.98

2100 ◦C, that is 400 ◦C above the liquidus, provided the precur-
sor material is coarse-grained. However, obtaining such a pre-
cursor material is very difficult, as condensation of solids does
not produce large and well-ordered crystals. Grains formed in
condensation experiments are very small, varying from 20 to
60 nm in diameter, and can form fluffy and open aggregates
consisting of hundreds to thousands of individual grains (e.g.,
Rietmeijer et al., 2002; Nuth et al., 2002). If the precursor ma-
terial is fine-grained (similar to nebular condensates), simple
rapid heating will produce very fine-grained chondrules, like
dark-zoned chondrules (Hewins and Fox, 2004)—and they will
have identical chemical composition.

In summary, forming classic type BO chondrules by melting
of solid precursors requires taking into consideration several as-
pects: (1) complete melting plus overheating that will eliminate
all nuclei, (2) cooling of the system: homogeneous nucleation
Table 4 (continued) Estimated bulk composition of chondrules Bishunpur-A,
Bishunpur-C and CIPW norms of all studied objects

Bishunpur-A

Glass Glass
Perc. 40

Olivine Oliv. Perc.
60

Core Bulk Ch. Bulk
Oliv:88 + GI:12

SiO2 44.5 17.8 41.9 25.2 43.0 42.2
TiO2 1.08 0.43 0.02 0.01 0.4 0.15
Al2O3 28.2 11.3 0.06 0.04 11.3 3.44
Cr2O3 0.26 0.10 0.22 0.13 0.2 0.22
FeO 0.47 0.19 0.85 0.51 0.7 0.81
MnO 0.01 0.00 0.02 0.01 0.0 0.02
MgO 4.27 1.71 56.6 34.0 35.7 50.3
CaO 20.8 8.32 0.23 0.14 8.5 2.69
Na2O
K2O

Total 99.59 39.84 99.93 59.96 99.79 99.89

Bishunpur-C

Glass Glass
Perc. 22

Olivine Oliv. Perc.
78

Ch. Bulk Core Bulk
Oliv:57.4 + GI:42.6

SiO2 53.3 11.7 41.5 32.4 44.1 46.5
TiO2 0.94 0.21 0.03 0.02 0.23 0.42
Al2O3 20.5 4.51 0.14 0.11 4.6 8.8
Cr2O3 0.35 0.08 0.21 0.17 0.24 0.27
FeO 0.63 0.14 1.58 1.23 1.37 1.17
MnO 0.02 0.00 0.04 0.03 0.04 0.03
MgO 4.92 1.08 56.2 43.8 44.9 34.3
CaO 18.7 4.11 0.33 0.26 4.37 8.2
Na2O 0.05 0.01 0.01 0.00
K2O

Total 99.41 21.87 100.00 78.00 99.87 99.69

CIPW norm Ess-BO-1 Acfer 214/3 Acfer 214/4 Bishunpur-A Bishunpur-C

Plagioclase 19.9 16.3 10.5 9.41 12.4
Orthoclase 1.95
Nepheline 10.0 10.4
Diopside 9.2 9.1 7.1
Hypersthene 19.8 6.4
Olivine 51.7 64.0 67.7 89.1 73.7
Larnite 1.23
Rutile 0.31
Ilmenite 1.33 0.47 0.27 0.23 0.44
Sphene 7.1

100.0 100.0 100.0 100.0 100.0

will take place only after some undercooling, (3) the first nu-
cleus has to crystallize instantaneously to form one crystal for
the whole droplet, giving rise to the BO chondrule. Formation
of a multiple-plate dendrite, like that of Acfer 214/4, by melting
of solid precursors seems to be easier as evidenced by the suc-
cess in replicating such textures (e.g., Tsuchiyama et al., 2004),
because several nuclei can remain.

Another possible way to form the classic type BO chon-
drules is described by the primary liquid condensation model.
In this model, all aspects concerning the precursor material
(e.g., the grain size or the initial precursor melange) as well
as all the parameters involve in the melting process (e.g., peak
temperatures, heating times, kinetics of melting) need not to
be considered. The initial material is already in the liquid
state and it has a refractory composition. The condensate liq-
uid will be Ca–Mg–Al–silicate-rich (Ebel and Grossman, 2000;
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Alexander, 2004). Once the droplet of CMAS liquid is formed,
nucleation and growth can occur simultaneously at a sufficient
degree of undercooling, giving rise to a plate dendrite.

Both models appear to allow the formation of the classic
type BO chondrules (e.g., Ess-BO-1, Acfer 214/3) and possi-
bly also the discontinuous BO chondrule of Bishunpur C. The
main difference is the simplicity provided by the primary liquid
condensation process, which produces a liquid droplet conden-
sate from the nebular gas that produces the chondrule in just
one step.

4.2.2. Formation of barred olivine chondrules with a thick
mantle

The formation of a chondrule like Bishunpur Ch-A appar-
ently takes more steps. First, its shape is not that of a droplet
and, second, its bulk composition is extremely olivine-rich,
a composition which is not likely to be that of a liquid. On the
other hand, the BO core retains the signature of a liquid and a
crystallization history similar to that of Ess-BO-1 but with two
olivine nuclei. In addition, glass inclusions in the mantle olivine
document the presence of a liquid during its formation.

If Bishunpur Ch-A is a crystallized melt droplet formed ac-
cording to the melting of solid precursor model, mantle olivines
are expected to have formed first, after which the core formed
from the residual melt during rapid cooling. Because the com-
position of all olivines in the chondrule (mantle and core) re-
mains uniform and because no pyroxene is present, the com-
position of all glasses (e.g., primary glass inclusions and the
glassy mesostasis of the core) should be also very uniform.
However, this is not what is observed. The glasses in the core
and in the olivine mantle have different compositions: glass
inclusions in olivine have CMAS composition, but the mesosta-
sis glass of the core is alkali-rich. One way to overcome this
discrepancy is to suppose that the initial mixtures of solid pre-
cursors include some alkali components that give rise to alkali-
rich glasses. The glass inclusions in the olivine mantle, initially
similar to the mesostasis in their compositions, lost their alka-
lis in an evaporation process. This process could have affected
more intensively those glasses located near the border of the ob-
ject, while the mesostasis remained alkali-rich. However, this
process is unable to explain the difference in the CaO content
between the glass inclusions and in the mesostasis.

In addition, the non-spherical shape of Bishunpur Ch-A and
its very high olivine content argue against formation from a
liquid droplet with the composition of the bulk chondrule. In
contrast to the whole chondrule, the core is perfectly round,
which cannot be expected if it formed from the residual liquid
that produced also the mantle olivines. In addition, the core has
a BO texture, indicating an origin from an all-liquid droplet.

This situation forces us to suggest another, simple, formation
history for this chondrule: the BO core formed from an under-
cooled liquid droplet primary condensate by simultaneous crys-
tallization of two nuclei. Once the core had been formed, both
crystals forming the BO shell continued to grow epitaxially
from the vapor, supported by a thin liquid layer (Varela et al.,
2005a). Preferential growth will follow certain (imperfection)
directions, will be governed by the availability of liquid, and
will lead to a non-spherical shape of the chondrule. The most
important function of the thin liquid layer is to help the crystal
grow by accommodating condensing species and feeding the
growing crystal with the necessary elements. Because the role
of this liquid is to serve as support for the growth of whatever
phase is oversaturated in the vapor, the trace element contents
in the liquid (the glass precursor) will always be high and inde-
pendent of the crystal it is associated with (Varela et al., 2005a).
Therefore, we can expect the chilled liquid (= glasses) to have
uniform trace element contents throughout a given chondrule,
and this is what we observe in our chondrules as well as in ag-
gregates we previously described (Varela et al., 2005a).

Compositional variations among glasses in Bishunpur Ch-A
apparently are the result of a secondary process. The glass in-
clusions in olivine have chemical compositions that agree with
those predicted for liquids of high-temperature solar liquid con-
densates (e.g., Alexander, 2004; Ebel and Grossman, 2000),
i.e., they are rich in Ca and Al and free of alkali elements. In
contrast, mesostasis glass of that chondrule is rich in alkalis and
poor in Ca. This situation is very common in chondrules and ag-
gregates of primitive chondrites and has been interpreted by us
(Kurat and Kracher, 1980; Varela et al., 2002, 2005a) to be the
result of a vapor–glass exchange reaction in which Ca in the
glass was replaced by Na from the vapor. This process likely
also occurred in chondrule Bishunpur Ch-A.

In contrast, the isolated primary glass inclusion in the olivine
mantle retained the memory of the original refractory compo-
sition of the liquid that helped to grow the olivine. The chemi-
cal composition of these glasses, rich in incompatible elements
(e.g., Al, Ca) and with unfractionated and high REE contents,
but depleted in volatile and moderately volatile elements, signal
vapor fractionation and a common origin for both (mesostasis
and glass inclusions) glasses.

The olivine shells in the BO chondrules Bishunpur-C and
Acfer 214/4 show several surface features (e.g., indentations
and lobate surfaces) indicating that their shapes are not that of
a liquid droplet. In the case of Bishunpur-C the high percentage
of the olivine component (78%) in the total chondrule argues
against its formation from a liquid droplet. In addition, its thick
olivine rim as well as its surface features suggests that olivine
continued to grow after the BO chondrule core had formed.
A similar process could have given rise to the irregular man-
tle olivine observed in Acfer 214/4. Thus, while some objects
(e.g., Ess-Bo-1) seem to be the result of the direct condensation
of a liquid droplet, others seem to have grown a BO core first,
while the shell (olivine rim) continued to grow epitaxially from
the vapor, supported by a thin liquid layer.

In summary, the melting of solid precursors model can eas-
ily produce a multiplate dendrite chondrule, but is unable to
produce objects like the Bishunpur C chondrule. The primary
liquid condensation model can explain the formation of all stud-
ied objects.

4.3. Chemical compositions of barred olivine chondrules

From a chemical point of view, Ess-BO-1 and Bishunpur A
are pristine. Their mesostasis glasses have a nearly chondritic
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Ca/Al ratio and are free of any alkali elements (Na, K, and Rb).
On the other hand, the mesostasis glass in the Acfer 214/3 chon-
drule has high contents of alkali elements. However, trace ele-
ment abundances in Ess-BO-1 and Acfer 214/3 chondrules have
a similar pattern (Fig. 9). This pattern, ubiquitous in glasses
in chondrites and achondrites (Kurat et al., 1997; Varela et al.,
2002, 2003, 2005b), indicates formation by condensation. The
high abundances of all refractory elements is due to buffering
by the vapor that, at the time of formation of a single perfect or
barred olivine crystal, is oversaturated in all refractory elements
(e.g., Varela et al., 2005a).

However, Acfer 214/3 has low contents of Ti, Y, Sc, and
Ca (∼3 × CI), HREE fractionated with respect to LREE, and a
high Rb content. Petrographic evidence shows that in the Acfer
214/3 chondrule pyroxene grew at the expense of olivine. Be-
cause trace element contents in glasses show fractionation due
to the crystallization of pyroxene, its growth must have taken
place at high speed shortly before the liquid was chilled to glass.
The glass could not have its trace element content buffered
by the vapor because of the slow diffusion rate of the highly
charged ions in the liquid. This is similar to what has been ob-
served in some glasses in the angrite D’Orbigny (Varela et al.,
2003).

4.3.1. Alkali abundances
If BO chondrules formed by the melting of solid precursors

process, the chemical composition of chondrules can be consid-
ered to be either a property inherited from their precursors (if
chondrules formed as closed systems; e.g., Grossman, 1988),
or the result of changes by chemical reactions with the vapor
or by fractional evaporation of moderately volatile elements (if
chondrules formed as open systems; e.g., Matsuda et al., 1990;
Alexander, 1996; Sears et al., 1996). Alkali loss during remelt-
ing seems difficult to avoid. The study of alkali abundances in
Allende BO chondrules (Matsuda et al., 1990) showed a pos-
itive correlation between bulk alkali and olivine Fa contents
in these chondrules. To explain these results the authors con-
cluded that, because the olivine Fa content is an indicator of
the oxidation state of the system MgO–Fe–SiO2–O (Nitsan,
1974), BO chondrules with low olivine Fa contents formed
from reduced melts. Because the volatilization rate of Na in-
creases with decreasing oxygen partial pressure (Tsuchiyama
et al., 1981) and because due to flash heating and rapid cool-
ing the interaction of the condensate with the nebular gas
seems to be incomplete Matsuda et al. (1990) concluded: “the
volatilization of alkalis was controlled mainly in the condi-
tions produced by melts themselves and thus more intensive
volatilization of alkalis may have occurred from the more re-
duce BO melts, which in turn produced lower olivine Fa.” The
experiments by Tsuchiyama et al. (2004) to reproduce BO tex-
tures suggest that chondrules formed as open systems. They
indicate that evaporation of Na and Si can explain the vari-
ations of alkali and olivine abundances in chondrules. How-
ever, evaporation should produce also isotopic mass fraction-
ation. Experiments show that, indeed, the evaporative loss of K
will increase δ41K in the evaporation residue, consistent with
Rayleigh fractionation (Yu et al., 1998). However, no fractiona-
tion of K and Si isotopes is observed in natural chondrules. Fur-
thermore, oxygen isotope studies of Allende chondrules point
toward a gas/melt interaction process (Clayton et al., 1983;
Jones et al., 2004) and explain the lack of isotopic mass frac-
tionation (Humayun and Clayton, 1995). In addition, a K iso-
tope study of glass mesostasis and glass inclusions in Bishunpur
chondrules (Alexander et al., 2000) clearly showed that no K
isotope Rayleigh mass fractionation had taken place. Moreover,
K isotope fractionation is absent in the glass inclusions as well
as in the mesostasis. Thus, if BO chondrules formed by melting
of solid precursors, there is a discrepancy between the experi-
mental results on chondrule formation and the results obtained
from natural objects. Because glass inclusions and mesostasis
can behave as either closed or open systems, respectively, if K
loss occurred during melting, the lack of isotopic mass frac-
tionation can be explained if K exchange with an isotopically
normal reservoir took place, either during or after formation of
chondrules (Alexander et al., 2000).

Another way to explain the alkali variations in BO chon-
drules is by applying the primary liquid condensation model.
According to this model alkali variation in glasses of mesosta-
sis and glass inclusions can be produce by an exchange reaction
between glasses in the chondrule and the cooling nebula (Kurat
et al., 2004; Varela et al., 2005a). Once the BO chondrule is
formed, temperatures in the nebula will drop, allowing con-
densation of alkali elements (e.g., Na, K, Rb). The Na2O vs
CaO anti-correlation shown by these glasses (Fig. 8) (similar
to that observed for Na-rich glasses in CR and CV3 chon-
drites; Varela et al., 2002, 2005a) seems to be the result of a
glass–vapor exchange reaction that replaced Ca by the volatile
elements Na and K. This process, which likely occurred under
subsolidus conditions, involves the exchange of fairly mobile
network modifier cations (Varela et al., 2005a). In addition, the
fact that the anti-correlation is exhibited by glasses that have
acted as open systems (e.g., compare the Bishunpur Ch-A and
Ch-C and Acfer 214/3 and 214/4 mesostasis and glass inclu-
sions, Fig. 8) suggests that this exchange is a secondary process
that had mainly occurred after formation of the glass inclusions.
Since according to this model variations in the alkali content
of glasses are acquired during cooling, no evidence of isotopic
mass fractionations in chondrules is expected—exactly what is
observed in natural objects (Alexander et al., 2000).

4.3.2. Silica abundance
In addition to Na enrichments, mesostasis glasses of those

chondrules that have behaved as open systems (e.g., Bishun-
pur Ch-A, Table 2) are also enriched in Si compared to glass
inclusions in olivine, similar to what has been observed in chon-
drules from the Kaba CV3 chondrite (Varela et al., 2005a). It is
thus possible that the increase of Si in the liquid of BO chon-
drules in Ac-BO-214/3, Ac-BO-214/4, and DAG 055 caused a
reaction with the olivine to form pyroxenes. The subsolidus ex-
change of Ca for Na, however, changed the glass composition
from originally silica-oversaturated to highly silica-deficient.
The new composition is highly nepheline-normative and obvi-
ously out of equilibrium with the pyroxene. Because the pyrox-
ene should have reacted back to olivine but we cannot detect
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Table 5
Estimation of the chemical composition of the initial liquid drop to form BO chondrules

Ess-BO-1 Acfer 214/3 Acfer 214/4 Bishunpur-A Bishunpur-C Initial drop BO liquid Mole fraction

SiO2 46.8 47.7 47.2 43.7 47.5 46.6 40.4
Al2O3 7.6 7.5 6.7 11.5 9.0 8.5 4.3
MgO 39.4 38.2 40.2 36.3 35.1 37.8 48.7
CaO 6.3 6.5 5.9 8.6 8.3 7.1 6.6
Total 100.1 99.9 100.0 100.1 99.9 100.0
any sign of such a reaction, the Ca–Na exchange must have
taken place between the vapor and the glassy and not the liquid
mesostasis.

4.3.3. Fe abundance
Olivines in all studied chondrules have low contents of FeO.

Only in some objects, the FeO content is higher in the mantle
olivine. This is clearly observed in Bishunpur-C, where an in-
crease of 5.8 wt% in the FeO content can be observed between
the mean of 4 analyses of the olivine shell and an analysis very
closed to the chondrule surface (Table 2).

Our bulk chemical compositions for the CM2, LL3.1, CH3,
and C3-UNGR BO chondrules are thus less enriched in FeO
than those observed in the BO chondrules of ordinary chon-
drites H3, L3, and LL3 (with FeO contents varying from 13.6 to
16.1 wt%; Weisberg, 1987). The only object from our collection
that shows FeO contents similar to those observed by Weisberg
(1987) is DAG 055 BO-1 (Table 2). In this object several olivine
laths show an increase in Fe content from the core toward the
surface of the olivine. In addition, we can observe the existence
of areas with Fe-poor olivines and others with Fe-rich ones.
The latter occur mainly close to fractures that crosscut the ob-
ject (Fig. 6) suggesting late metasomatic addition of Fe to the
BO chondrule.

In summary, variations in the chemical compositions of
chondrules (e.g., alkali and Si contents, Fe/Mg ratio) can be
produce when these objects behave as open systems and thus
can exchange elements with the cooling vapor. However, those
chondrules (e.g., Ess-BO-1 and Bishunpur Ch-C) that behaved
as relatively closed systems avoided exchange reactions and as
a consequence the composition of the glass inclusions in olivine
and the glassy mesostasis remained similar to each other and
apparently reflect the pristine chemical composition of the liq-
uid.

4.4. The chemical composition of liquid droplets that formed
BO chondrules

In an attempt to find the chemical composition of the initial
liquid droplet that could have given rise to BO chondrules we
have determined the bulk chemical compositions of the stud-
ied BO chondrules. Essebi-BO-1 is a pristine object and its
bulk chemical composition (SiO2: 46.8 wt%, MgO: 39.4 wt%,
Al2O3: 7.6 wt%, CaO: 6.3 wt%, Fig. 7) can be taken to repre-
sent that of the primary condensate liquid. Indeed, its composi-
tion agrees with that of the liquid predicted by Ebel and Gross-
man (2000) and Alexander (2004). In the case of Ac-BO-214/3
and Ac-BO-214/4, because the mesostasis is enriched in alkalis,
which in the primary liquid condensation model are acquired in
a secondary process, we have added the Na2O content to that
of CaO. If this is done, the chemical compositions of Ac-BO-
214/3 (SiO2: 46.8 wt%, MgO: 37.5 wt%, Al2O3: 7.2 wt%, CaO:
6.5 wt%) and Ac-BO-214/4 (SiO2: 47.05 wt%, MgO: 40 wt%,
Al2O3: 6.7 wt%, CaO: 5.89 wt%) are very similar to that of
Ess-BO-1 (Table 5) and also match the composition expected
for a primary condensate liquid. For Bishunpur Ch-A, if we cor-
rect for the metasomatic alterations suffered by the glass of the
core by adjusting its composition to that of the primary glass
inclusions (Si–Al–Ca-rich) of the mantle, we obtain an original
chemical composition of the core of: SiO2: 43.7 wt%, Al2O3:
11.5 wt%, MgO: 36.3 wt%, and CaO: 8.6 wt%, comparable to
that of Ess-BO-1 (Fig. 7), but slightly more refractory. In the
case of Bishunpur-C, the thick olivine rim suggests that olivine
continued to grow after the BO chondrule core had formed, as is
indicated also by the high abundance of the olivine component
(78%) in the total chondrule. Counting the BO core only gives
constituent percentages of olivine 57.4% and glass 42.6%. The
BO core composition of Bishunpur-C (MgO: 35.1 wt%, Al2O3:
9 wt%, SiO2: 47.5 wt%, CaO: 8.3 wt%) is also in agreement
with that of a primary condensate liquid.

Considering the uniformity in the bulk chemical composi-
tions of all studied BO chondrules, we propose the chemical
composition of the liquid droplet from which BO chondrules
evolved: SiO2: 46.6 wt%, MgO: 37.8 wt%, Al2O3: 8.5 wt%,
CaO: 7.1 wt% (Table 5). Based on Alexander’s (2004) results,
and considering a temperature of 1700 ◦C and a pressure of
10−3 atm, the primary condensate liquid from which BO chon-
drules could have formed will form in regions of the solar
nebula with a CI dust enrichment of ∼700× over the solar com-
position.

5. Conclusions

Our petrological and geochemical studies of BO chondrules
from LL3.1, CM2, CH3, and C3-UNGR chondrites revealed
that they likely represent primary liquid condensates of the so-
lar nebula. Their bulk major and trace element composition
is compatible with that theoretically predicted for early solar
nebula liquid condensates. An origin by direct liquid condensa-
tion from the solar nebula considerably simplifies the genesis
of these omnipresent chondrules. In this process, refractory,
olivine-rich chondrules of fairly uniform chemical composi-
tion are produced in just one step. Compositional variation is
achieved by continued processing in the cooling nebular gas.
The following processes are identified to have played a major
role in the formation of BO chondrules:
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• Condensation of a MgO–SiO2–CaO–Al2O3-rich liquid
from the nebular gas, forming chondrule-sized droplets
(e.g., 200 to 2000 µm).

• Strong undercooling of the liquid by black-body radiation.
• Homogeneous or heterogeneous nucleation of typically just

one olivine crystal.
• Very fast crystallization of that olivine into a multi-plate

dendrite.
• Epitaxial growth of olivine at the surface of the mostly

crystalline droplet by the vapor–liquid–solid process.
• Fast continued cooling and quenching of the remaining liq-

uid to glass.

After these steps, the primitive BO chondrule is created.
It will consist of a BO core of platy olivine and SiO2–CaO–
Al2O3-rich glass and will be mantled by a crust made of
olivine that has the same crystallographic orientation as the
olivine plates of the core. Compositionally, the BO cores of
such chondrules—like chondrule Ess-BO-1—are very similar
to each other, as can be expected for early liquid condensates
from the solar nebular gas. Some compositional variation is
present among such chondrules because of variations in the ac-
quisition of epitaxially grown olivine. The typical proportions
of constituting glass (the carrier of the refractory lithophile el-
ements) and olivine of 37 and 63 vol%, respectively, can be
considerably altered in this way.

Continuing communication of such primitive chondrules
with the cooling nebula will lead to various elemental ex-
changes between the chondrule and the nebular gas. That way
the chondrule

• will acquire Fe2+ (and Cr3+, Mn2+, etc.) for Mg2+,
• will acquire Na+ and K+ (and other alkalis) for Ca2+,
• will acquire Be and B, and
• will exchange 16O for 17O and 18O to isotopically adjust to

the abundances in the new nebula region.

Because all of these processes usually do not achieve equi-
librium between the solid chondrule and the gas (do not run to
completion), many compositional variations can be produced.
In that way, each chondrule will acquire its own chemical and
isotopic composition. Parent body alterations could create ad-
ditional mineralogical, chemical and isotopic variety.

This primary liquid condensation model of BO chondrule
formation fits into the general formation model of common
porphyritically textured chondrules and aggregates by vapor–
liquid–solid condensation and aggregation of olivine formed di-
rectly from the solar nebula gas as recently proposed by Varela
et al. (2005a). These objects constitute the products of the main
condensation event, whereas BO chondrules represent the very
early condensation of the major elements in the solar nebula
that was capable of producing chondrule-sized liquid droplets.

If BO chondrules can form by the primary liquid condensa-
tion model, no second heating event is needed, and this elimi-
nates one of the intriguing problems of chondrules formed by
remelting of solids and partial evaporation, namely the lack of
isotopic mass fractionation.
Whether or not there were cases where only solids or only
a liquid condensed, the primary liquid condensation model can
explain most observations and gives an answer to some of the
questions regarding the origin of BO chondrules still left open
by the melting of solid precursor model.
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