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A transmission and analytical electron microscopy study
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Abstract-Sixteen texturally different (porphyritic, barred, radial, cryptocrystalline) FeO-rich
chondrules from the unequilibrated ordinary chondrites Brownfield, Frontier Mountain (FRO) 90003
and FRO 90032 were characterized by optical and scanning electron microscopy and then thoroughly
studied by transmission and analytical electron microscopy. Nanotextural and nanochemical data
indicate similar thermal evolution for chondrules of the same textural groups; minor, yet meaningful
differences occur among the different groups. Olivine is the earliest phase formed and crystallizes
between 1500 and 1400 °C. Protoenstatite crystallizes at temperatures higher than 1350-1200 °C; it
later inverts to clinoenstatite in the 1250-1200 °C range. Enstatite is surrounded by pigeonitic or
(less frequently) augitic rims; the minimal crystallization temperature for the rims is 1000 °C; high
pigeonite later inverts to low pigeonite, between 935 and 845 °C. The outer pigeonitic or augitic
rims are constantly exsolved, producing sigmoidal augite or enstatite precipitates; sigmoidal
precipitates record exsolution temperatures between 1000 and 640 °C. Cooling rate (determined
using the speedometer based upon ortho-clinoenstatite intergrowth) was in the order of 50-3000 °C/h at
the clinoenstatite—orthoenstatite transition temperature (close to 1250-1200 °C), but decreased
to 5-10 °C/h or slower at the exsolution temperature (between 1000 and 650 °C), thus revealing
nonlinear cooling paths. Nanoscale observations indicate that the individual chondrules formed and
cooled separately from 1500 °C down to at least 650 °C. Accretion into chondritic parent body

occurred at temperatures lower than 650 °C.

INTRODUCTION

Ordinary chondrites (OC) are the most abundant meteorites.
They are divided into chemical groups (H, L and LL), the H
group being the most abundant and the least oxidized (e.g.,
Van Schmus and Wood, 1967; Dodd, 1981). The major
components of OCs are chondrules, matrix, metal alloys and
sulfides; refractory Ca- and Al-rich inclusions (CAIs) may be
present. Chondrules (0.1 to 1.0 mm in apparent diameter)
consist of Mg-Fe silicates (olivine), Mg-Fe-Ca chain-silicates
(pyroxenes), Si- and Al-rich glass, minor Na-K-Ca
framework-silicates, Fe-Ni alloys, transition elements,
sulfides, and oxides.

Because chondrules are among the most unfractioned
objects in the solar system and the putative building blocks of
planets, their origin is a matter of interest. It is generally
accepted that chondrules formed in the solar nebula from melted
droplets of still more primitive material, prior to or during
accretion of planetesimals (Grossman, 1988). As chondrules
show quite a range of sizes, textures, mineral abundances,
mineral compositions, bulk and isotopic compositions, they

potentially convey information about the chemical and physical
environment of the early solar nebula, notwithstanding the
difficult task of deciphering this information (Kerr, 2001).

Several experiments successfully constrained crystallization
and cooling histories of chondrules (Tsuchiyama et al., 1980;
Hewins, 1983, 1988; Lofgren, 1983, 1989, 1996, Lofgren and
Russell, 1986; Lofgren and Lanier, 1990; Connolly and Hewins,
1991; Hewins and Connolly, 1994; Kennedy et al., 1993;
Watanabe ef al., 1985; Kitamura et al., 1983; Weinbruch and
Miiller, 1995; Jones and Layne, 1997; Weinbruch et al., 2001).
Owing to their rapid formation, chondrules may contain
complex micro- to nanoscale textures. On the one hand,
complexity makes the interpretation of bulk properties difficult.
On the other hand, micro- and nanostructures may allow us to
qualitatively and quantitatively derive crystallization sequences
and cooling paths. These structures may be thoroughly detected
and analyzed using modem transmission electron microscopy
(TEM), coupled with analytical electron microscopy (AEM)
techniques (e.g., Ashworth, 1980, 1981; Topel-Schadt and
Miiller, 1985; Brearley and Jones, 1993; Folco and Mellini,
2000).
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In this work, we report a TEM-AEM "thermospeedometric”
study of primitive, unequilibrated H chondrites. In particular,
these are meteorites with petrographic type ranging from 3.4 to
3.6 (Van Schmus and Wood, 1967; Sears ef al., 1980). To avoid
later overprint, we selected meteorites as little as possible
affected by post-accretional thermal metamorphism (e.g.,
Brearley and Jones, 1993), or by collisional shock deformation
(Stoffler et al., 1991). Most of our attention was directed to
pyroxenes, as these minerals have compositional and textural
properties that are very sensitive to the time-temperature
evolution. All along this paper, we generically define
magnesium pyroxenes as enstatite, when the structural type (i.e.,
orthoenstatite or clinoenstatite) is not specified

SAMPLES AND ANALYTICAL PROCEDURES

Three different meteorites were selected amongst the most
unequilibrated and unshocked specimens of the meteorite
collection of the Siena Museo Nazionale dell'Antartide (Folco
and Rastelli, 2000). Frontier Mountain (FRO) 90003 (FR3,
henceforth) and FRO 90032 (FR32) are finds from Antarctica;
Brownfield (BFR) is a find from USA. Following Sears et al.
(1980), we classified FR32 as H3.4 and FR3 as H3.6 chondrites,
while BFR had been defined H3.6 by Nehru et al. (1997).
Following Stéffler ef al. (1991), the shock deformation state is
S1 for BFR, FR3 and FR32. The three chondrites show different
weathering degrees (Wlotzka, 1993), namely W3, W2 and W1
for BFR, FR3 and FR32, respectively. Within the three
meteorites, we selected several chondrules for further
characterization, and finally we succeeded in analyzing 16 by
TEM and AEM.

Samples and Petrographic Analysis of the Chondrites

Three 2.7, 0.8 and 0.7 cm? wide polished thin sections, glued
with thermolabile cement, were prepared from BFR, FR3 and
FR32, respectively.

The three chondrites show different petrographic
characteristics, particularly major components abundances.
Chondrules comprise 70-75% of the BFR volume; chondrules
larger than 400 4m are usually porphyritic; chondrules smaller
than 150 gm are non-porphyritic (radial or barred) to
cryptocrystalline. Matrix amounts to 15-20%; metal alloys and
sulfides to 10-12%, respectively. Olivine grains in the matrix
are normally zoned (Fogg_75), up to 750 um in apparent
diameter. Also pyroxenes and pieces of broken chondrules occur
in the matrix.

The FR3 chondrules have a mean diameter of 730 um,
amount to 80% of the volume and are mostly porphyritic. Matrix
amounts to 10—15%; metal and sulfides to 5-8%, respectively.
Olivines (Fogy_go) and pyroxenes (Engs_g3) occur within the
matrix.

FR32 chondrules comprise 60%, are mainly porphyritic, and
have mean diameter of 890 ym. Matrix comprises 20-25%,
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and metal and sulfides 5-10%. Normally zoned olivine grains
(Fogg_77), up to 200 um in apparent diameter, and pyroxenes,
ranging in composition from Eng7 to Ens; Woj, occur in the
matrix.

Gooding and Keil (1981) texturally classified chondrules
as (1) porphyritic (P), followed by letters O and/or P depending
on the presence of olivine and/or pyroxene phenocrysts (PO,
PP, POP), and (2) nonporphyritic, including radial and barred
pyroxene (RP and BP), cryptocrystalline (C) and granular
olivine-pyroxene (GOP). We focused our attention on
chondrules containing at least 40-50 vol% pyroxene.
Individual chondrules were selected using optical and scanning
electron microscopy. In particular, we looked for porphyritic
POP, and nonporphyritic RP, BP and C chondrules. We
discarded BO and PO chondrules because of the expected
absence of pyroxene. We also discarded GOP chondrules
because of their small dimensions (<100 um in size), as well
as chondrules having more than 5-7% alloy and sulfide. Two
selected chondrules with PP structure were destroyed during
ion milling. A total of nine, five and two chondrules (Table 1)
were selected from Brownfield (and named BFR-##), FRO
90003 (FR3-##) and FRO 90032 (FR32-##), respectively.
Apparent chondrule diameters range from 140 up to 3800 um
(Fig. 1). The pictures show also the distribution of metals and
sulfides particles. These appear as bright features within the
chondrules; the bright contrast is due to the high average atomic
number of metals and sulfides.

Textures and Chemical Compositions of the Chondrules

All chondrules were texturally and chemically characterized
using a Philips X1.-30 scanning electron microscope (SEM),
operating at 20 kV and equipped with an EDAX-DX4 energy
dispersive spectrometer (EDS). Analyses were calibrated using
silicate minerals (olivines, pyroxenes and feldspars) as
reference standards. Counting rate was constantly kept close
to the optimal values 0f 2200-2300 counts per second over the
whole energy spectrum. Raw data were reduced using ZAF4
(Duncumb and Reed, 1968). The resulting values were
normalized imposing 100 wt% as the sum of anhydrous oxides.
Owing to the relatively simple chemical composition (only light
elements with K lines), and to energy resolution of the EDS
detector close to 135 eV, no major peak overlap occurred within
the spectra; therefore, integrated intensities were obtained by
simple best-fit deconvolution methods. Analytical precision,
checked by repeated analyses of secondary standards, was better
than 0.5% relative for major elements, and better than 20%
relative for minor elements (i.e., those with contents ranging
from the minimal detectable mass of 0.3 wt% up to 3—5 wt%).
Analytical accuracy has been repeatedly verified by comparison
of experimentally determined and expected data for
homogeneous standards; the difference is always lower than
1 wt% absolute, even for the most abundant elements (silicon)
or the most difficult elements (e.g., the light and mobile
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TABLE 1. Chemical compositions of individual chondrules, classified according to Gooding and Keil (1981) and Hewins (1997).*

Ca-Al rich

Type 1IB

Type [IAB

BP

POP

FR3-5 FR32-1 BFR-14 FR32-2 FR3-4 BFR-7

FR3-2 BFR-12 FR3-3

FR3-1

BFR-8 BFR-16 BFR-18 BFR-19 BFR-6 BFR-9

53.9 50.2 53.8 51.2 50.8 52.9 50.6 54.7 58.2 573 55.8 57.8 57.6 56.8 55.2

46.1

Si0,

15.6

3.6
0.3

2.7

29
0.2

3.5
0.1

43

2.6
0.1

3.9
0.3

3.2 2.9 33 3.0
0.2

0.2
0.1

3.2 4.4 4.1 4.0

0.2
03

Al,O3

0.0

0.2
0.1

0.1

0.2

0.1

0.5

0.3 0.3

03

Cr203
TiO,

0.2

0.1

0.1

0.1

0.1

0.1

0.2

0.1

0.1

0.2

0.2

0.1
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sodium); otherwise, the observed expected difference is
definitely lower than 1 wt%.
ZR233Z238. Mean chondrule compositions (Tables 1 and 2) were
- - q obtained by raster analyses of areas extending from 0.01 to
Moo o 0.25 mm2. Eleven different chemical components were
MSeos—~-sog . determined (Si0O5, Al;03, CryO3, TiO4, MgO, FeO, MnO, NiO,
o [ £  CaO,Nay0, K;0) and the chemical analyses were normalized
o oo E to 100 wt%. Repeated analyses f.rom the.: same regions.led to
gqrec~sSssg S  homogeneous values, reproducible within the previously
— | B discussed analytical precision. Following the chemical
N % % Tg clasgiﬁcation of chondrules proposed by McSween (1977) apd
qessS—-cSoog = modified by Scott and Taylor (1983), Jones (1994), Hewins
< | & (1997), 15 of our samples belong to the most abundant
o Moo E chondrule type in OC (type II, FeO-rich chondrules; Grossman
gSSsS—=scssSg Té et al., 1988; Brearley and Jones, 1998) and may be defined by
= [ 5 letters A and/or B in the presence of olivine and/or pyroxene,
© e 0o <t et .§ refspectively (Table 1). Only one of t.he 16 chondrules (BFR.-7)
Fies—~—Seg \g differs from the type II population, being a Ca-Al-rich
©~ ‘3§ chondrule, a rare constituent of OC (Grossman et al., 1988;
oo o 2 Brearley.and Jones, 1993). . N
qoecdooog § Imaging was mostly done using composition-dependent,
& | &  backscattered electrons (BSE). The overall SEM-EDS-BSE
Mo oaon = investig.a-tion was focused to define both mean chemical
Smos——=cog g compositions of chondrules, and textures and compositions of
“ | = minerals and glass within each chondrule.
Q
g ; 284833 2 g High-Resolution Transmission Electron Microscopic
= O Imaging and Analytical Electron Microscopic Nanoprobe
[
o
s8Ss5a33sg |8 After SEM-EDS-BSE analyses, TEM specimens were
® 8 prepared gluing appropriate single hole copper grids on each
. < e IJE- chpndrule. After meghamcal polishing, specimens were ion-
Socca~cSSo g thinned by argon milling (progressively decreasing from 5 to
= . 1.5 kV acceleration voltage) and coated with a 5 nm carbon
geosad—sse | & HRTEM and AEM investigations were performed at 200 kV
v § on a JEOL JEM 2010 electron microscope equipped with
et e oo 8 double-tilt holder, LaBg cathode, LH72 WA.‘-TE.M TV—.rate
Moacoad-~cog | &  camern, and LINK ISIS EDS x-ray microanalysis. Field limiting
N | g  apertures used for selected area electron diffraction (SAED)
Ot D £ were 5, 20, and 60 um in diameter. High-resolution images
NMocad~SSo &  were collected using a high contrast objective aperture of 20 um,
% _“; corresponding to a nominal point-to-point resolution of 0.19 nm.
o ° ' AEM invest'igati-ons were performed in TEM-EDS mode,
goocdddsg | & with live counting time of 30 s; the very fine beam diameter
n ‘% (1 to 10 nm) was defocused for glasses and feldspars to more
6 o g than 25.nm.in order to reduce alkalies loss. Recalculation and
grocad~SSg £  normalization of the AEM analyses were performed assuming
“ | &  thin-film approximation, using experimental calibrations from
Tl g silicate standards. AEM compositions were expressed based
% _g upon 4, 6 and 8 oxygen atoms per formula unit (a.p.f.u.) for
o % | € olivine, pyroxene and feldspar, respectively, and assuming
%‘) § 'S ferrous iron. Glass AEM compositions were recalculated on
ED Q ; oQ % Q.3 é g the basis of cation ratios, fixing the sum of (Ca + Al + Na + K)
I~ Z O Z M *
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FIG. 2. Mineral chemistry (AEM data) for chondrule pyroxenes (upper quadrilateral), olivines (central line) and glass (lower quadrilateral)
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TABLE 2. Average chemical compositions of chondrules belonging to different textural groups*.

POP-TIAB C (IIAB) C (IIB) RP (IIB) BP (IIB)
SiO, 51.0 (3.8) 514 (1.0) 56.5  (1.6) 577 (0.2) 56.8
ALO; 39 (0.5) 32 (0.2) 36 (0.7) 28 (0.1 3.7
Cr,0, 03 (0.1) 02 (0.1) 02 (0.1) 02 (0.1) 03
TiO, 02 (0.1) 02 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1
MgO 270 (1.2) 248 (1.3) 244 (23) 264 (4.5) 25.1
FeO 13.9 (3.1 16.6 (0.4) 1.8 (1.9) 102 (3.5) 10.8
MnO 02 (0.1 02 (0.1) 0.1 (0.1) 0.1 (0.1) 0.2
NiO 02 (0.0) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1
CaO 21 (0.4) 22 (0.1) 20 (0.4) 1.7 (0.1) 1.7
NayO 1.1 (0.2) 1.0 (0.3) 1.1 (02) 0.6 (0.3) 1.1
K0 0.1 (0.2) 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.1
FeO/MgO 0.5 0.7 0.5 0.4 0.4

*Compositions are given as wt% and normalized to a total of 100 wt%. Mean squared deviations in parentheses.
Abbreviations: POP = porphyritic—olivine pyroxene; C = cryptocrystalline; RP = radial pyroxene; BP = barred pyroxene.

to 100. In particular, compositional profiles were obtained for
zoned enstatites by line scan through the whole crystals; usually,
the zoning pattern had minimal Wo content in the core.

AEM allowed us to discriminate pigeonite from
clinoenstatite. Although the two phases have common P2/c
space group, they may be distinguished based upon the different
calcium contents, with pigeonite having more than 0.10 calcium
atoms per formula unit.

RESULTS
Chemical Compositions of Chondrules

Chondrule compositions are reported in Tables 1 and 2.
Fifteen of the 16 chondrules share a common compositional
range, typical of type II chondrules; only BFR-7 has much
higher Ca and Al contents and will be described as Ca-Al-rich
chondrule.

Type II chondrules show a negative correlation of SiO; vs.
(MgO + FeO) and CaO contents, with BFR-8 and FR3-3 as
extremes. These chemical patterns are closely related to the
chondrule classification. In particular, the lowest the SiO,
content the lowest the pyroxene content. With respect to type II
chondrules, the Ca-Al rich BFR-7 chondrule has a 4-5x higher
CaO and Al;O3 content (10.9 vs. 2.1 wt% for CaO, and 15.6
vs. 3.4 wt% for Al;03) and lower Cr,O3, FeO and MgO contents
(0.0 vs. 0.2 wt% for Cry0O3, 5.3 vs. 13.3 wt% for FeO and 11.5
vs. 25.5 wt% for MgO). No manganese or potassium was detected;
Ti and Na contents do not differ from type II chondrules.

Mineral Chemistry and Nano- to Microstructures in Type IT
and Calcium-Aluminum-Rich Chondrules

All chondrules contain abundant enstatite (mostly
clinoenstatite faulted by orthoenstatite lamellae) mantled by

discontinuous pigeonitic or augitic rims, a few micrometers in
thickness. These rims show exsolved textures in ~50% of the
studied chondrules. Euhedral augite is rare. In POP chondrules,
minor augite and pigeonite also occur as quench crystallites
within the glassy mesostasis.

Tables 3 and 4 report representative AEM compositions of
the minerals observed in FeO-rich and the Ca-Al-rich
chondrules, respectively.

Porphyritic—Olivine Pyroxene IIAB-These chondrules
show different textural features (Fig. 1). Coarse-grained crystals
occur in BFR-16, BFR-18 and BFR-19. Euhedral olivine and
enstatite crystals range from 150 to 400 um and from 50 to
200 um in size. Euhedral olivines may include kamacite blebs.
Olivine grains in BFR-16 show resorption textures. BFR-8
contains coarse-grained enstatites ~150 um in size, while the
abundant olivine is skeletal and smaller than 10 ym.

Olivine has homogeneous compositions in the Fog;_g3 range
(Fig. 2a); limited normal zoning occurs only in BFR-8 and
BFR-18 olivines, with Fogs cores and Fogj_g; rims. The MnO
content may be as high as 0.2 wt% in BFR-18 and BFR-19.

The enstatite AEM composition ranges from Eng, Woq
in BFR-16 to Eny9gWoj in BFR-8 (Fig. 2a). Discontinuous
pigeonitic rims, a few micrometers thick, typically mantle
enstatite. Pigeonites range from En74Woj in BFR-19 to
En7¢Wos in BFR-18. TEM indicates that enstatite consists
of finely intergrown orthoenstatite and clinoenstatite
polymorphs. As described by lijima and Buseck (1975),
intergrown clinoenstatite and orthoenstatite are distinguished
in TEM [010] lattice images because of the different a
periodicities (9 and 18 A, respectively). Anexample of zoned
structural disorder is shown in Fig. 3; proceeding towards
the pigeonitic rim, the orthoenstatite content increases from
5 to 15 vol%; the highest the orthoenstatite content, the
highest the apparent disorder. In the electron diffraction
pattern, this feature appears as faint streaking along a* in
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TABLE 4. AEM chemical compositions of Ca-Al rich chondrule minerals and crystallization temperatures.

Plagioclasest

Exsolved

Pigeonite = Exsolved rim*

Relic exsolved Enstatite core*

Relic
exsolved rim

Relic Relic
pigeonite

enstatite

Olivine*

structure*

(pre-exsolution)

rim*

texture*

(pre-exsolution)

rim*

core*

1295 1066 1268 1067 = 65 1400-1280

964 + 64

1192

1400 1182 1091
(Engg sWo33) (EngsgWog) (EnsggWossg) (Ensys_g65Wo417.45) (Engg1Wo;s) (EngjgWogs) (Engg7Wop7sg) (Engpe-g43Wo394-52) (Abgg_s4)

(Fog7—s3)

BFR-7
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*Minimal crystallization temperatures (°C).

fMinimal and maximal crystallization temperatures (°C) for feldspars and plagioclases, respectively.

the cores and by additional orthoenstatite spots in the rims
(insets of Fig. 3a,b).

In two of the four POP chondrules (BFR-8 and BFR-18),
the outermost part of the pigeonitic rim is exsolved. The
exsolution texture, rather than lamellar association or spinodal
decomposition, consists of augitic sigmoidal precipitates
exsolved within a clinoenstatite matrix (Fig. 4). In particular,
the exsolved rim shows (1) straight, parallel (100) orthoenstatite
lamellae cutting through the host clinoenstatite structure; (2) iso-
aligned augite sigmoids, lying roughly at 45° from the 18 A
lamellae. Average AEM analyses from wide areas, gathered
using defocused beams, indicate pre-exsolution compositions
of En74Wo1, and Eny,Wo1g, for BFR-8 and BFR-18,
respectively. Focused nanobeams identify the sigmoids as
EngyWo3g and EngsWoss augites within EngyWo, and Ens; Woq
(BFR-8 and BFR-18, respectively) clinoenstatite hosts. The
average, pseudoperiodic spacing of the exsolution texture (1)
(e.g., Brizi and Mellini, 1992) is 36-37 nm, measured as the
average distance along [001] between adjacent augite sigmoids.
The mean width of sigmoids (0) measured along the same
direction is ~13 nm.

The chondrules BFR-16 and BFR-18 also contain 100 um
large, porphyritic pyroxenes with augitic compositions
En;oWo3g and Eng; Woss, respectively.

POP chondrules also contain 1 to 5 um acicular and/or
skeletal crystals, occurring within the glass (Fig. 5). Most of
these pyroxenes are augites (Ens3Wo,7); for chondrule BFR-8,
we observed Eny; Wog pigeonite needles.

Glass is chemically heterogeneous, either from chondrule
to chondrule or within the same chondrule, with silicon between
63 and 88 of the total cations, and aluminum between 26 and
4%. The BFR-8 chondrules (Fig. 2a) have the highest alkalies
content; conversely, BFR-16 and BFR-18 chondrules are
alkalies-depleted. The BFR-19 glass shows wide compositional
variations, depending on textural setting; namely, the glass is
Na-depleted when located between Ca-rich pyroxenes, and Na-
and K-enriched when located between low-Ca pyroxenes and/or
olivines. The BFR-19 glass also contains Cr-rich spinel, troilite,
pentlandite and feldspar; feldspar and/or plagioclase are also
common within the BFR-8 and BFR-16 glasses.

Cryptocrystalline IIAB—The C ITAB chondrules are richest
in FeO (Table 2). They also are the largest, with an average
apparent diameter of ~1600 um (Fig. 1).

The chondrules FR3-1, FR3-2 and BFR-6 have different
textures. Both FR3 chondrules show anhedral olivines and
enstatite, 5 to 20 um in size; BFR-6 has euhedral olivine grains,
10 um in size. BFR-9 is coarse-grained with acicular olivine
crystals, 1-5 ym in width and 20-100 4m in length; the enstatite,
1 to 10 um in size, grows around olivine crystals and shows
mottled contrast in bright field images (Fig. 6), similar to the
contrast shown by antiphase domains (Morimoto and Tokonam,
1969; Heuer and Nord, 1976; Carpenter, 1979).

The BFR-6 and BFR-9 olivines are slightly zoned, with Fogs
cores and Fogy_gg rims (Fig. 2b); FR3-1 and FR3-2 olivines
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FI1G. 3. Orthoenstatite—clinoenstatite association in enstatite from POP chondrules: (a) (100) orthoenstatite—clinoenstatite lamellar association
present at the core; (b), (100) orthoenstatite—clinoenstatite lamellar association at the periphery. [100] stacking disorder increases toward the
outer part of the crystal as also shown in the electron diffraction pattern.

are homogeneous, with Fo74 and Fog, compositions,
respectively. The MnO content of olivine (mean value 0f 0.1 wt%)
is lower than in the previous POP IIAB group; only olivines in
the FR3-1 chondrule reach 0.2 wt% MnO. No mineral
inclusions occur within the olivine grains.

Pyroxene chemistry is simpler than for the POP IIAB group
(Fig. 2b). Pyroxene crystals consist of zoned enstatites EnggWo,
to En7gWo1, mantled by pigeonitic rims up to EngzWoq; in
FR3-1. Orthoenstatite/clinoenstatite disorder is qualitatively
similar to POP IIAB group; however, the orthoenstatite content
increases from 14 to 21% towards the crystal rim.

Apart from BFR-9, all the C ITAB chondrules have exsolved
pigeonitic external rims. Also in this case the exsolution texture
consists of augite sigmoids exsolved from pigeonite. Average
pre-exsolution AEM compositions of the rim (Fig. 2b) indicate
similar pigeonitic compositions in FR3-1 and FR3-2 (Eng3Wo13
and Eng7Wo5s), whereas BFR-6 is richer in Mg (En7,Woqs).
The sigmoids have similar compositions in FR3-1 and FR3-2,
Eny1 Woy4 and EngsWoys, respectively, but become richer in
Mg and poorer in Ca in BFR-6 (Ens;Wo37). The sigmoids lay
at45° from the orthoenstatite lamellae that cut the clinoenstatite
matrix. The o value is 7.5 nm and A is 18 nm. More complex
pattern characterizes BFR-6. BFR-6 shows well-evident [100]
twinned structure (vertical bands in Fig. 7). Augite sigmoids
alternate each to the other in twin-related orientation. As a
consequence, textures indicate that the exsolved sigmoids are
subsequent to the [100] twinned structure, originated during

the high-pigeonite to low-pigeonite transition (expected to occur
between 935 and 845 °C; Schropfer, 1985).

The C IIAB glasses recall the POP IIAB group (Fig. 2b).
Compositions are heterogeneous (both from chondrule to
chondrule in the same chondrite and within the given
chondrule); two groups may be discriminated by the different
K contents. The first group (BFR-6 and BFR-9) is K-enriched;
FR3-2 has low K content and FR3-1 no alkalies. The two groups
display variable Ca + Al contents. The chemical differences
vary according to textural setting. Na-depletion occurs within
micrometric glass pockets located between olivine and low-Ca
pyroxene grains; in these sites, we also found bytownitic-
andesitic plagioclase (Absg), which explains the local Ca- and
Al-enrichments, together with chromite, troilite and kamacite.
Otherwise, Na-enrichment occurs for glass present as
submicrometric thin films located between olivine and pyroxene
grains.

Kamacite occurs within the BFR-9 and FR3-1 glasses, with
2 and 5% of Ni, respectively.

Cryptocrystalline IIB—C IIB chondrules are SiO;-richer
(56.5 wt% for C IIB, 56.9 wt% for BP IIB and 57.7 wt% for
RP IIB), and FeO-, NiO-, TiO,- and K,O-depleted with respect
to C IIAB chondrules (Table 2).

CIIB chondrules may be texturally heterogeneous (Fig. 1).
FR3-3 and FR32-1 are fine-grained with anhedral enstatite
grains (again clinoenstatite + orthoenstatite), 5 to 20 gm in size
and (FR32-1 only) submicrometer skeletal olivine crystals with
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FIG. 4. TEM images of exsolution textures in pigeonitic rims in POP chondrules: (a) a few straight and sharp 18 A lamellae cut across the 9 A matrix,
at high angles from iso-aligned augite sigmoids; (b) enlarged view of orthoenstatite—clinoenstatite—augite sigmoids relationships, same area

as the box drawn in (a).

Fog4 homogeneous composition. FR3-5 has a coarse-grained
texture, characterized by aggregates of enstatite crystals 20 to
30 um in size and by both acicular and euhedral olivine crystals
100 and 300 um in length and in mean dimension, respectively.
Both olivines have compositions Fogs; the euhedral crystals
are rimmed by enstatite (Eng7 Wop). In the more basic BFR-12
chondrule, olivine is more abundant in the form of 30 um
euhedral crystals. These olivines lay diagonally with respect

to pyroxene elongation, and are directly zoned (Fog;_74; Fig. 2c).
Olivine inclusions (Fog) within the enstatite nuclei suggest
earlier nucleation of olivine, followed by impact-favored
nucleation of pyroxenes. Suggestion for the impact origin of
pyroxenes is the side concavity in the pseudo-spherical shape
of the BFR-12 chondrule (Fig. 1).

Enstatite is zoned from EnggWo, to En;gWo, and mantled
by thin pigeonite rims ranging from En;4Wog to EnysWog
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augitic pyroxene

FIG. 5. Skeletal augitic pyroxene needles within the glass of POP chondrules.

(Fig. 2c). The enstatites are characterized by [100] stacking
disorder, with orthoenstatite content increasing from 9 to 19%
proceeding towards the rim. Unlike IIAB chondrules, no
exsolution occurs in pigeonite of C IIB chondrules.

Augite is present both in FR3-3 and FR3-5 as euhedral grains
within the glass (Fig. 2c), 1-2 um in size with compositions
EnsyWoyg and EnsgWos37, respectively.

The C IIB glass composition, unlike that in C IIAB
chondrules, is homogeneous within the individual chondrules

but varies from chondrule to chondrule (Fig. 2c). All the
chondrules have very low K contents (the maximum value is
~10 atom% in FR3-5 chondrule), and different Na/(Na + Ca +
Al) ratios. FR3-3 is the Na-richest glass, BFR-12 is (Ca + Al)-
rich. Cr-rich spinel occurs within the C IIB glass.

The BFR-12 glass also hosts a Cr-rich spinel.

Radial Pyroxene IIB-RP chondrules (BFR-14 and FR32-2)
are the smallest ones, with mean size of 280 um (Fig. 1). They
have the highest SiO; content and the lowest FeO, Cr;03,
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FIG. 6. TEM image of olivine, low-Ca pyroxene and kamacite within C-IIAB chondrules.

Al;03, and NayO content (Table 2), and have the lowest FeO/
MgO ratio.

The two chondrules contain rare euhedral olivine grains, 2
to 10 umin size. Two different igneous olivines are present in
BFR-14: the first one, Fogg, is included within enstatite cores,
the second one, Fogg, occurs within the glass (Fig. 2d). FR32-2
olivines are slightly zoned, from Fogs cores to Fog; rims.

The enstatite grains, 50—100 xm in size, EnyWo3 and
Eng4Wo1 for BFR-14 and FR32-2, respectively, are remarkably
zoned and surrounded by pigeonitic rims (En;gWo in BFR-14
and En;gWog in FR32-2; Fig. 2d).

Enstatite cores form 90% of the total crystal volume; [100]
stacking disorder is maximal, with 31 and 42% orthoenstatite

in their inner and outer zones, respectively. As in IIAB
pyroxenes, the RP enstatites also have exsolved pigeonite or
augite (FR32-2) external rims. In BFR-14, the pre-exsolution
AEM rim composition is Eng7Wo;7; the exsolution texture
consists of Eny73Wos clinoenstatite hosting exsolved Eng3Wos,
sigmoids (Fig. 2d). Conversely, in FR32-2, the pre-exsolution
rim composition is EngsWo3;, and the exsolution texture
comnsists of enstatite (Engs3) sigmoids in Ens3Woy4 augite host.
Actually, HRTEM images (Fig. 8) show sharp contact between
the enstatite core and the exsolved pigeonitic rim; within the
rim, a 4.5 A matrix hosts exsolved sigmoids with a periodicity
of 9 A. The distances are 21 and 35 nm in BFR-14 and FR32-2,
respectively, while o is ~12 nm for both samples.
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FIG. 7. TEM image of the exsolved external rim showing a complex twinned texture. (100) Microsynthetic twins formed through high-
pigeonite to low-pigeonite phase transition, producing the vertical bands. Augite sigmoids (0 and o1) occur in twin related orientation across

the twin plane.

Glass is different in the two chondrules (Fig. 2d). BFR-14
glass occurs in two different textural settings; it is Al-enriched
and alkalies-depleted when present as micrometric pockets
between pyroxene crystals; it is alkalies-enriched when present
as intergranular submicrometric thin films. FR32-2 glass occurs
around pyroxene crystals as micrometric elongated pockets; it
is homogeneous and extremely Al-enriched. Kamacite (3.3 wt%
Ni) occurs within the BFR-14 glass.

Barred Pyroxene IIB-The FR3-4 chondrule is coarse
grained, 970 um in size (Fig. 1) and chemically resembles C
IIB chondrules, although slightly FeO-depleted (Table 2). There
is no evidence for olivine. Enstatite grains are elongated, with
skeletal, dendritic habit; crystals are mutually separated by
intermixed glassy layers 0.5 to 10 #m in thickness. Kamacite
and Cr-rich spinel are included within enstatite. Enstatite is
always mantled by pigeonite rims; their compositions are
EngsWo; and Eny77Woy, respectively (Fig. 2e). Orthoenstatite
lamellae are homogeneously distributed within clinoenstatite
and sum up to 7% of the total volume.

Towards the most external part, the pigeonitic rim is
exsolved. The pre-exsolution mean composition is EnggWo;7;
the post-exsolution matrix has composition of En;3Wo,; and
hosts sigmoidal domains of Ens; Woy4; composition (Fig. 2e).
Mean width of the sigmoids (0) is ~70 nm, while the distance
between adjacent sigmoids (4) is 102 nm.

Augite crystals occur within the glass. They are ~2 umin size,
euhedral, and with constant Ens; Wo44 compositions (Fig. 2e).

The glass has Si and Al contents between 62—82 and 10—
18 atom%. Compositions are variable, with Na increasing and
Al and Ca decreasing towards pyroxene crystal boundaries
(Fig. 2e). Kamacite (4% Ni) and troilite occur within the two
glasses, together with Na-rich feldspar (Abgg AngOrg).

Calcium-Aluminum-Rich Chondrule-The BFR-7
chondrule, 230 um in apparent diameter, is round and has fine-
grained texture (Fig. 1); grain size ranges from 25 to <1 ym.

Together with rare grains of olivine (10-15 vol%) and Mg-
rich pyroxene (10 vol%), BFR-7 contains primarily Ca-Mg rich
pyroxenes (50 vol%), and secondarily Ca-rich plagioclases
(10 vol%), Si-Al-rich glass (15 vol%) and submicrometric
grains of a Ca-Mg-rich silicate. Presumably, this Ca-Mg-rich
silicate is a wollastonite-like pyroxenoid but no crystallographic
evidence was obtained because of its very small size; the
chemical composition expressed as atom% is Si =24.4 (1), Al =
0.3(0.6),Cr=0.3(0.4), Ti=1.9(0.5),Mg=6.3(1.5),Fe=2.7
(2.2), Ca = 21.0 (0.5) and O = 43. 5 (0.6) (mean squared
deviation in parentheses).

The olivine, 25 um in size, is euhedral, normally zoned
(Fog7_g3; Fig. 2f), and contains glass inclusions.

Two different generations of enstatite grains are present;
coarse-grained, relic-like crystals, 20 ym in size, with rounded
grain boundaries, and 10 um sized acicular crystals.

The relic-like pyroxene is zoned as the enstatite grains in
type II chondrules. The enstatite (EnggWo3) is surrounded by
pigeonitic rim (EnggWog), as well as by an exsolved external
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FIG. 8. (a) Sharp contact between the low-Ca core (top left), consisting of disordered orthoenstatite—clinoenstatite association, and the Ca-
enriched, sigmoidally exsolved, pigeonitic rim in RP-IIB chondrules; (b) and (c) are enlarged views of the exsolution textures.

rim with mean composition Ens;Wosg (Fig. 2f). The exsolution
texture now consists of clinoenstatite sigmoids (Eng7;Wos)
within augite host (EnsgWoy43), thus recalling FR32-2. The
exsolved sigmoids are 13 nm wide (o), with pseudoperiodic
spacing (1) of 19 nm. HRTEM images show that proceeding
towards the pigeonitic rim the amount of orthoenstatite
intergrown with clinoenstatite increases from 9 to 40%.

About 50% of the chondrule consists of zoned acicular
pyroxenes with enstatitic cores (EngyWo;) surrounded by
pigeonitic rim (EngyWog) (Fig. 2f). Enstatite consists of
intergrown orthoenstatite-clinoenstatite; orthoenstatite content
increases from 12 to 21 vol% proceeding towards the pigeonitic
rim. Also in this case, pigeonite is exsolved with augitic
precipitates (Eng; Wosg) in a clinoenstatite host (Eng,Wos), but
exsolution produces here [001] lamellar-like domains (¢ = 10 nmy;
A =21 nm) rather than sigmoids.

Glass hosts euhedral diopside grains (EnggWoy4) smaller
than 2 um in size. Plagioclases are present in the glass as two
different generations: (1) acicular, directly zoned labradorite
(Anyg_s4) grains, 25 ym long and 1-2 um wide, sometimes in

sharp contact with Ca-rich pyroxene rims, and (2) very fine-
grained 20-100 nm sized xenomorphic grains of anorthite. Rare
submicrometric grains of putative Mg-rich wollastonite are
present within the glass.

The glass is present in two different textural settings; when
present as nanometer-sized inclusions within pyroxenes and/or
olivines, it shows enrichments of Na;O and K;0 (up to 9
and 1 wt%, respectively); when the glass occupies interstitial
spaces between anorthite grains, alkalies are absent.

Thermometric Constraints by Analytical Electron
Microscopic Data

The accretion of chondrules (Wasson, 1993; Hewins, 1996)
has been matter of debate, with altemative proposals that suggest
either hot accretion (e.g., Hutchison et al., 1980) or cold
accretion (e.g., Haack et al., 1992; Brearley and Jones, 1993).
Therefore, any quantitative constraint able to limit
crystallization from the melt, subsolidus evolution, or time-
temperature-transformation (TTT) paths for as many of mineral
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phases or mineral transformations as possible, may contribute
to prove or disprove the different models.

Ca-Fe-Mg partitioning between coexisting pyroxenes is
temperature dependent, and constitutes the basis for several
two-pyroxene geothermometers (e.g., Lindsley, 1983).
However, the present textural analysis of chondrules from
unequilibrated (or type 3) OC reveals that (1) phase
relationships within pyroxenes may be complex; (2) electron
microprobe data may not be sufficiently resolved; (3) pyroxenes
are not necessarily in mutual equilibrium. Therefore, we used
AEM compositions as input to the two-pyroxene thermometer.
Estimates refer to crystallization temperatures only when
textural equilibrium was reasonably approached, as for the
exsolved textures in low-Ca pyroxene rims. Otherwise, our
estimates provide the minimal crystallization temperature. All
the estimates were obtained through the QUILF computer
program, version 6.42 (Andersen et al., 1993). Estimates of
the exsolution temperatures were obtained by imposing
equilibrated augite and pigeonite compositions. These
temperatures may result 100 °C lower than estimates based upon
the pigeonite = augite + orthopyroxene calibrated by Sack and
Ghiorso (1994).

The crystallization temperature of olivine was estimated
applying the geothermometer proposed by Leeman and
Scheidegger (1977). Namely, we assumed that the measured
mean chemical compositions of chondrules represent the
groundmass chemical composition in equilibrium with the first
crystallizing olivine grain (i.e., the olivine cores).

Assuming igneous origin, maximal crystallization
temperatures of plagioclase were estimated from their
compositions, using the binary phase diagrams first proposed
by Bowen (1913). On the other hand, minimal crystallization
temperatures of alkali-feldspars were estimated using the ternary
phase diagram by Seck (1971). However, we have no data to
exclude a later metamorphic origin of feldspars present within
the glass mesostasis.

Porphyritic-Olivine Pyroxene IIAB-In the different
chondrules, the calculated crystallization temperatures for
olivine are between 1506 and 1423 °C (Table 3).

Enstatite records minimal crystallization temperatures
comprised between 1216 and 1295 °C. Coherently, the
pigeonitic rimrecords lower values, ranging between 1239 and
1023 °C. The exsolved pigeonitic rims have compositions
corresponding to minimal crystallization temperatures of 1031
and 1017 °C, respectively; exsolution occurs at 758 = 65 °C
and 640 = 91 °C in BFR-8 and BFR-18; respectively.

In the case of high-Ca pyroxenes, a minimal crystallization
temperature was estimated as 1066 and 1000 °C for BFR-18
and BFR-16, respectively. Skeletal pyroxenes crystallized
above 1173 and 1068 °C.

Feldspars are present within the glass, in all chondrules except
BFR-18. In the case of alkali-feldspars, minimal crystallization
temperatures would be 750 °C. In the case of BFR-16 plagioclase,
the maximal temperature would be close to 1280 °C.
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Cryptocrystalline ITIAB-Olivine crystallizes at
temperatures between 1474 and 1454 °C.

The enstatite crystallization occurred at minimal
temperatures between 1319 and 1258 °C, and the surrounding
pigeonite rim between 1050 and 967 °C.

The mean AEM analyses of the exsolved external rim give
minimal crystallization temperatures between 1025 and 983 °C.
Exsolution occurred between 914 + 88 °C and 856 = 99 °C.
The latter temperature matches our previous textural
observations, when we suggested that the exsolved domains
are subsequent to the (100) twin structure, expected to occur
between 935 and 845 °C (Schropfer, 1985).

FR3-1 and FR3-2 glasses embed feldspars yielding minimal
crystallization temperatures of 750-800 °C and 600-650 °C
for FR3-1 and FR3-2, respectively.

Cryptocrystalline IIB-Olivine crystallizes between 1459
and 1402 °C.

Minimal crystallization temperatures for enstatite cores are
in between 1344 and 1242 °C, and pigeonitic rims in between
1179 and 1029 °C.

Augites within glass indicate minimal crystallization
temperatures of 1072 and 1187 °C for FR3-3 and FR3-5,
respectively.

Minimal crystallization temperature of 650 °C is obtained
for the feldspars in the FR3-5 glass.

Radial Pyroxene IIB-Olivine crystallizes between 1414
and 1400 °C.

The enstatite cores indicate minimal crystallization
temperature of 1366 and 1202 °C for BFR-14 and FR32-2,
respectively; temperatures are 1009 and 1133 °C for the
pigeonitic rims. Minimal temperatures of 1074 and 1191 °C
were calculated for the outermost exsolved rims, with exsolution
temperatures of 1018 * 81 °C and 970 = 32 °C.

Augite in FR32-2 records minimal crystallization
temperature of 1006 °C.

Barred Pyroxene IIB-As there is no evidence of olivine,
the earliest thermal estimate refers to enstatite, with minimal
crystallization temperature of 1262 °C. The surrounding
pigeonite rim indicates a temperature of 1050 °C. The outermost
pigeonite rim, crystallized at 1069 °C, exsolved at 890 *+ 127 °C.

Ca-rich pyroxene in the glass gives a minimal temperature
of 957 °C.

Calcium-Aluminum-Rich Chondrule-The olivine grain
indicates crystallization temperatures of 1400 °C (Table 4). The
enstatite core records minimal crystallization temperature of
1182 °C and the pigeonitic rim of 1091 °C. Proceeding towards
the outermost, exsolved rim the mean composition indicates a
temperature of 1192 °C. Finally the exsolution temperature is
834 + 64 °C.

The other zoned low-Ca pyroxenes record minimal
crystallization temperature of 1295 °C, with pigeonitic rim
pointing to 1066 °C. The mean chemical composition of the
exsolved pigeonitic rim gives minimal temperature of 1268 °C,
and exsolution temperature of 1067 = 65 °C.
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The plagioclase with labradoritic compositions (An;g_s4)
gives maximal crystallization temperatures between 1400 and
1280 °C. Pure anorthite indicates maximal temperature of
crystallization close to 1550 °C.

Speedometric Constraints

Many experiments were designed to constrain cooling rates
of chondrules. For instance, values ranging from S °C/h to
some thousands degrees Celsius per hour were obtained based
upon crystal shapes and Fe/Mg zoning in olivine (Hewins, 1983,
1988; Jones and Lofgren, 1993; Lofgren, 1996; Weinbruch et
al., 2001).

Further constraints may be inferred from enstatite
microstructures, as proto-enstatite inverts to twinned
clinoenstatite upon quenching, to orthoenstatite upon slow
cooling, to disordered orthoenstatite/clinoenstatite intergrowth
upon intermediate cooling rate (Buseck ef al., 1980). In
particular, Brearley and Jones (1993) calibrated the
orthoenstatite/clinoenstatite speedometer for fixed compositions
(Enjgp and EngsWo;). As our pyroxenes may have slightly
different compositions (Eng4_7¢), the use of the Brearley and
Jones speedometer here is partially uncalibrated. The cooling
rates so estimated are reported in Table 5 and refer to the proto-
enstatite inversion temperature of 1250-1200 °C. In particular:

e InPOP chondrules, the presence of 5% orthoenstatite
lamellae at the crystal cores indicates fast cooling rates,
in the order of thousands degrees per hour (5000 °C/h).
Moving towards the pigeonitic rim, the estimated
cooling rate decreases to ~1000 °C/h.

e  The BP chondrule FR3-4 indicates a very fast cooling

rate (3500 °C/h).

¢  Both the C IIAB and C IIB enstatite cores indicate

cooling rates of about 1000-3000 °C/h.
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e  Slower cooling rates are recorded by RP chondrules.
In fact, cooling rates are about 100 and 50 °C/h at
crystal core and periphery, respectively.

e  The Ca-Al-rich chondrule (BFR-7) indicates cooling
rates of 3000 to 60 °C/h and 2500 to 700 °C/h, for
relic and second-generation enstatite, respectively.

DISCUSSION
Crystallization Sequence

The previous data lead us to formulate the following
crystallization sequence for type II chondrules. This
crystallization sequence is completely general, and outlines the
most important textural evidence.

Olivine—Olivine is the earliest phase nucleating from the
melt. Olivines exhibit different habits (e.g., euhedral or
skeletal), possibly related to both different cooling rates, as
well as to the presence of previous solid nuclei capable of
favoring olivine nucleation.

Proto-Enstatite—Proto-enstatite crystallizes after olivine.
During subsolidus evolution, proto-enstatite transforms into
twinned, disordered clinoenstatite by displacive phase
transition.

Pigeonitic-Pigeonitic discontinuous rims (or, less
frequently, augitic rims) surround the enstatite cores. By subsolidus
evolution, high-pigeonite inverts to twinned low-pigeonite.

Augite—Augite crystallizes as euhedral grains hosted within
the glassy matrix, or as skeletal crystals, most probably just

fter the pigeonitic rim growth.

Pigeonitic and Augitic Rims-Pigeonitic and augitic rims
exsolve forming augitic and enstatitic sigmoids, respectively.

As we never observed "U-shaped" or "Z-shaped"
terminations (present in the La Villa H4 enstatite and explained

TABLE 5. Orthoenstatite/clinoenstatite in enstatite cores and A and o values for exsolved textures in pigeonitic rims.

Enstatite core

Exsolved pigeonitic rim

Orthoenstatite Estimated cooling A (nm)* o (nm)*

(vol%) in inner rates (°C/h) in the

and outer core 1250-1200 °C range
POP 5-15 5000-1100 36-37 13
CIIAB 14-21 1100-700 18 7-8
CIIB 9-19 3000-800 - -
RP 3142 200-60 21-35 12
BP 77 3500 102 70
Ca-Al richf 9-40 3000-60 19 13
Ca-Al richf 12-21 2500-700 21 10

*1 is the average, pseudoperiodic spacing of the exsolution texture measured as the average distance along [001] between
adjacent augite sigmoids. o is the mean width of sigmoids measured along the same direction that is ~13 nm.

TRelic enstatite.
I"New" enstatite.

Abbreviations: POP = porphyritic-olivine pyroxene; C = cryptocrystalline; BP = barred pyroxene; RP = radial pyroxene.
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in terms of accretional annealing; Folco and Mellini, 2000),
we confirm the primitive nature of the present meteorites.

The Analytical Electron Microscopic Chondrule
Geothermometry

Different groups of type II chondrules share common main
mineral features that correspond to common main thermal
events (Table 6). Therefore, in agreement with textural
observations (see "Crystallization Sequence"), we conclude
that:

Olivine formed between 1500 and 1400 °C.
Proto-enstatite crystallized at temperatures of 1350
1200 °C. The proto-enstatite compositions are
consistent with proto-enstatite — clinoenstatite
inversion at temperatures of 1200-1250 °C (Huebner
and Turnock, 1980).

¢  Pigeonitic rims formed at 7> 1000 °C. By subsolidus
evolution, high-pigeonite inverted to low-pigeonite
between 935 and 845 °C.

e  Augites crystallized between 1150 and 1000 °C.

e  Pigeonitic and augitic rims, by subsolidus evolution,
exsolved between 1000 and 640 °C.

e  Based upon glass composition, we infer that the overall
solidification temperature was close to 990 °C, which
is the appropriate minimum melt in the quartz—albite—
orthoclase system (Hamilton and Mackenzie, 1965).

Cooling Rates

Coarse-grained POP chondrules have faster orthoenstatite/
clinoenstatite cooling rates than finer grained radial RP
chondrules. This feature may be explained based upon the
experimental data by Lofgren (1996). These experiments show
that final textures depend either on cooling rate from the melt
state, or on the occurrence of unmelted inclusions. These
inclusions induce crystal growth and allow the development of
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porphyritic textures even under high cooling rate. By contrast,
radial chondrules result from crystallization of completely
melted chondrules, in absence of nucleation seeds. Similar
cooling rates (100 °C/h) were found in a RP chondrule from
the H4 La Villa chondrite (Folco and Mellini, 2000).

One more insight on cooling rate may be inferred from
exsolution microstructures (Weinbruch et al., 2001; Miiller et
al., 1995; Weinbruch and Miiller, 1995; Watanabe et al., 1985;
Kitamura et al., 1983; Carpenter, 1978). In particular,
"lamellar" exsolution models have been proposed by Weinbruch
and Miiller (1995). These authors describe, in GOP Allende
chondrules, the presence of pigeonite/diopside exsolution
lamellae, produced under cooling rates of 25-7 °C/h, from 1350
to 1200 °C. For synthetic analogues of chondrules, Weinbruch
et al. (2001) report [001] coherent exsolution pigeonite/augite
lamellae produced under cooling rates of 50—10 °C/h, from 1455
to 1000 °C; higher cooling rates (450-50 °C/h) yield only
modulated structures with a wavelength on the order of 17-19 nm
for the [001] orientation. In natural chondrules, however, we
found sigmoidal precipitates rather than lamellar associations.
At present, we do not yet know the exact meaning of sigmoids
with respect to lamellae. Therefore we envisage to further study
structure and origin of sigmoids.

As far as we know, this is the first time that sigmoidal
arrangements are systematically observed in chondrites.
Previously, sigmoids were found in the H4 Raguli chondrite
(Folco, 1997). Similar but coarser structures may be found in
the Moore County eucrite (Fig. 3 in Takeda ez al., 1981). Similar
structures have also been noted in synthetic pigeonite by Feuer
et al. (1989) and named "S-shaped precipitates”. According to
Feuer et al. (1989), S-shaped precipitates formed under cooling
rate of 8 °C/h, from 1350 °C to room temperature. As our
exsolution texture show o thickness (Table 5) and compositions
similar to those described by Feuer et al. (1989), we infer similar
cooling rates. In particular, however, our sigmoids may be
thicker than those observed by Feuer et al. (1989). Therefore,
assuming a reasonable (yet undemonstrated) relationship

TABLE 6. Summary of crystallization temperatures for the different chondrule types.

Range of Range of

(°C) for olivine T (°C) for

enstatite core

T (°C) for
pigeonite rim

Range of minimal Range of minimal
crystallization 7 minimal crystallization crystallization crystallization T (°C)

Range of
exsolution T (°C)
for exsolved rim  for exsolved structure
(pre-exsolution)

Range of minimal
crystallization T (°C)
for high-Ca pyroxene

POP-IIAB  1423-1506 1216-1295 1023-1239
C-11AB 1445-1474 1258-1319 967-1050
C-1IB 1402-1459 1242-1344 1029-1179
BP-1IB - 1262 1050
RP-IIB 1400-1414 1202-1366 1009-1133
Ca-Al rich 1400 1182-1295 1066
Ranges 1400-1500 1200-1350 1000-1250

1017-1031 640 = 91 — 758 = 65 1066-1160
983-1025 856 £ 99-914 + 88 -
- - 1072-1187
1069 890 + 127 957
1074-1191 970 £ 32-1018 x 81 1006
1192-1268 964-1067 -
1000-1250 650-1050 950-1200

Abbreviations: POP = porphyritic—olivine pyroxene; C = cryptocrystalline; BP = barred pyroxene; RP = radial pyroxene.
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between ¢ and cooling rate, we suggest that the chondrules
studied in the present work cooled at different rates <8 °C/h in
the 1000—640 °C exsolution temperature range.

The different features (olivine zoning, orthoenstatite/
clinoenstatite disorder, precipitates) reflect the nonlinear,
decreasing cooling rate of chondrites. At higher temperature
(olivine crystallization or proto-enstatite inversion), chondrule
cooling rates typically are in the order of thousands to hundreds
degrees Celsius per hour. Atsubsolidus temperature (pigeonite
exsolution), cooling rates are 2—3 orders of magnitudes lower
(several degrees Celsius per hour or slower). Still slower
cooling rates occur at lower temperatures. For instance, based
upon Fe-Mg ordering in enstatite from H-, L- and LL-ordinary
chondrites, Folco et al. (1997) found cooling rates ranging from
a few degrees Celsius per thousand years to 100 °C/ka in the
340480 °C interval.

One more conclusion regards the environment where
chondrules cooled. The different orthoenstatite/clinoenstatite
and exsolution cooling rates, recorded by texturally distinct
chondrules from the same meteorite, indicate thermal histories
established prior to accretion into the parent body, within
physico-chemically different environments. In particular, as
the lowest recorded exsolution temperature is 640 + 91 °C
(BFR-18; Table 3), the accretion of chondrules into the parent
body would have occurred at still lower temperature.

CONCLUSIONS

The TEM-AEM study of type II (FeO-rich) chondrules,
different in textures, from H3.4-H3.6 chondrites (Brownfield,
FRO 90003; FRO 90032) better defines the crystallization
history and subsolidus evolution of primitive H chondrites.
Furthermore, the nanotextural and nanochemical data help to
constrain their formation environment. In particular, we
conclude that:

e  The crystallization sequence (olivine; proto-enstatite;
pigeonitic rim; augite) is similar in all the analyzed
chondrules. However, (1) the bulk composition, (2)
the presence/absence of grains capable of acting as
nucleation seeds, and (3) the different cooling rates,
all these features contribute to originate the different
chondrule macrotextures.

¢ On cooling, proto-enstatite inverts to clinoenstatite and
orthoenstatite between 1250 and 1000 °C. Estimated cooling
rates are on the order of 50-3000 °C/h.

e  Pigeonite transforms from high- to low-pigeonite,
close to 935-845 °C.

e  The pigeonitic rims exsolve producing sigmoidal
precipitates, indicating variable cooling rates of <8 °C/h
in the 1000-640 °C range.

¢  Sigmoidal precipitates are common in primitive
ordinary chondrites. Possibly, future calibration of
the growth of sigmoids may help in further constraining
cooling rates.
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e  The chondrule cooling path is definitely nonlinear;
faster in the range of the proto-enstatite inversion, it
decreases at the pyroxene exsolution.

e  Our observations are in keeping with a scenario where
chondrules formed within separate environments, by
multiple flash heating. The temperature of chondrule
accretion into the parent planetesimal was lower than
650 °C.

e TEM and AEM techniques are very powerful
investigation methods, capable of revealing
important thermal markers in meteorites. A possible
follow-up of this study is the systematic
investigation of nanostructural and nanochemical
evolution with the increasing petrographic type (e.g.,
in H4 to H5 OC).
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