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Abstract

Major (EPMA) and trace (SIMS) element geochemistry in the silicate minerals (olivine, pyroxene and plagioclase) of
Kunashak equilibrated ordinary chondrite (L6) is described. No variations in the major element concentrations of the
silicate minerals have been found, which is characteristic of equilibrated chondrites of petrological type VI. Low-Ca
pyroxene and plagioclase from the radiated olivine-pyroxene chondrule of Kunashak Meteorite contain an abundance
of trace elements (Yb, Cr, Nb and Ti — pyroxene; Sr, Y, Ti and Zr — plagioclase), which is not characteristic of minerals
from the porphyritic olivine and olivine-pyroxene chondrules of the meteorite. The porphyritic olivine-pyroxene chon-
drule of the Kunashak Meteorite has high trace element concentrations in olivine, in particular, the highest Yb concen-
tration (0.12 ppm on the average) relative to porphyritic and radiated olivine-pyroxene chondrules (0.02 ppm). High
trace element concentrations indicate rapid crystallization of a radiated chondrule in a nebula and show no traces of trace
element homogenization upon thermal metamorphism. The trace element composition of silicate minerals from Kuna-
shak Meteorite has retained the individual melting pattern of the chondrules and remained unaffected by thermal met-
amorphism on the parent bodies of the chondrules. Similar results, obtained in the study of Bushkhov Meteorite (L6),
indicate that trace elements in olivine and low-Ca pyroxene are resistant to thermal metamorphism. The persistence of
the individual pattern of the chondrules enables us to use equilibrated ordinary chondrites for the study of processes at
early stages in the formation of the Solar System and to better understand chondrule and planet formation mechanisms.
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Introduction.

Kunashak stone meteorite rain fell on June 11th, 1949, at 8:14 a.m. local time, in the Kunashak
District, Chelyabinsk Region. The falling of the bolide was accompanied by bright light in the sky,
350 km from the falling site. The workers of the Chelyabinsk Teachers’ Training Institute, the Mining
and Geological Institute at the Uralian Branch of the USSR Academy of Sciences and representatives
of the Committee for Meteorites, USSR Academy of Sciences, together with local residents, collected
and described 13 fragments of the meteorite totaling about 200 kg in weight and calculated the falling
trajectory of the meteorite and the dispersion ellipse of the fragments [1].

It was shown in early descriptions that the meteorite is divided by a sharp boundary into black and
light-grey sectors, that it has neither melting crust nor regmaglypts and that it has abundant solidified jets
and drops of plessite and silicates [1]. In 1951, local residents found two 250 and 700 g fragments [2].
Another fragment weighing 2.5 kg was found in the summer of 2014 [3]. In 1960, the frontal portion
of the dispersion ellipse of Kunashak Rain was shown to contain meteorite dust particles [4]. The details
of the falling [5] and the meteorite’s orbit parameters [6] were determined later. The meteorite was
studied thoroughly by Russian and foreign researchers and was used for comparison of methods em-
ployed for analyzing the composition of small bodies in the Solar System [7].

Kunashak Meteorite is of a group of olivine-hypersthene low-iron equilibrated ordinary chon-
drites (L6). Equilibrated ordinary chondrites (EOC) are the most common group of meteorites known
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on earth, making up 90 % of the entire meteoritic matter. Chondrites consist of silicate spherules
(chondrules), less than 1 mm in size, composed of olivine, low-Ca pyroxene and mesostasis. The
chondrules, occurring as drops of melt solidified at zero gravity in a nebula, are the oldest objects
in the Solar system [8, 9]. Chondrules vary in structure and are divided into two groups: porphyritic
and nonporphyritic (radiated, barred, granular, cryptocrystalline, etc.). The diversity of the struc-
tural types of chondrules indicates variations in their conditions of formation in a nebula.

Experiments on the reproduction of chondrule structure have shown the heating temperature
of the precursor mineral, the number of crystallization and chondrule solidification rate. Precursor
minerals in porphyritic chondrules are typically heated below the liquidus temperature of the melt
(1,400-1,700 °C), an abundance of seeds is retained and solidification is slow (1-500 °C/h).
Barred chondrules are crystallized when heated slightly above the liquidus temperature, when a
small number of seeds remain unchanged and when cooling is rapid (500-3,000 °C/h). The chon-
drules of nonporphyritic (radiated and cryptocrystalline) structures require temperatures much
higher than the liquidus temperature, the destruction of all seeds and instant cooling
(1000-3000 °C/h) [10, 11].

The porphyritic chondrules of unequilibrated ordinary chondrites (UOC) sometimes contain iso-
lated refractory olivine grains that are considerably enriched in MgO and differ in the isotopic com-
position of oxygen from the olivine of a chondrule [12, 13] and the higher-Mg nuclei of olivine grains
overgrown with lower-Mg forsterite rims [14]. The presence of relict olivine grains in porphyritic
chondrules suggests that they were formed by the melting of precursor minerals. Refractory inclu-
sions (CAIl and AOA) [15], the fine-grained material of chondrite matrix, as well as the chondrules
and fragments of chondrules of previous generations, may behave as precursor material.
Other examples are fragments of planetesimals [16], H2O ice [17, 18], “relict” olivine [19] and clus-
ters of dust [20].

Most ordinary chondrites known on earth show traces of thermal metamorphism. As a result,
FeO and MgO concentrations in olivine and low-Ca pyroxene were homogenized on parent chon-
drite bodies, mesostasis was recrystallized into plagioclase and apatite and chromite were formed.
Ordinary chondrites seldom display traces of dissolution and high porosity [21], indicating the in-
volvement of solutions upon thermal metamorphism on the parent bodies of chondrites. Ordinary
chondrites are divided into petrological types, based on the presence of well-defined traces of ther-
mal metamorphism and FeO and MgO homogenization. Non-equilibrated ordinary chondrites with
no traces of metamorphism are understood as type I11. Equilibrated ordinary chondrites are assessed
as petrological types IV-VI, based on their thermal metamorphic grade. Equilibrated ordinary chon-
drites are common, but they are poorly understood, because it was believed that traces of chondrule
and planet formation were obliterated by thermal metamorphism [22].

Trace and rare-earth elements are widely used for assessment of the geochemical settings and
conditions of formation of genetically different minerals, e.g. zircon [23-25], garnet [26, 27], beryl
[28, 29], etc. In addition, the migration of trace elements in olivine and low-Ca pyroxene is poorly
affected by thermal and/or impact [30] metamorphism on the parent bodies of chondrites [31, 32].
Therefore, they can be used for the study of early stages in the formation of the Solar System [33]
and the study of minerals from equilibrated ordinary chondrites (EOC).

Earlier studies showed that trace elements in EOC minerals remain unequilibrated in
meteorites of petrological type V and partly type VI [34]. Trace element distribution in
chondrule minerals was not found to depend on the chemical group and petrological type of the
meteorite [35].

In our study, we assessed the effect of thermal metamorphism on the mobility of trace elements
in the silicate minerals of the porphyritic and radiated chondrules of equilibrated ordinary Kunashak
chondrite (L6).

878
This is an open access article under the CC BY 4.0 license



Analytical methods.

Journal of Mining Institute. 2024. Vol. 270. P. 877-892 Elﬁ'*@
© Kristina G. Sukhanova, Olga L. Galankina, 2024 E’%

The Kunashak chondrite sample analyzed (L6) was made available by the Mining Museum of

Saint Petersburg Mining University.

The major element chemical composition of minerals was determined using the EPMA method
at IGGD RAS on a Jeol JXA-8230 microprobe analyzer with five wave spectrometers. The meteorite
substance was placed in a standard epoxy resin mould sprayed W|th carbon after pollshlng Point

measurements of mineral compositions were carried
out at an accelerating voltage of 20 kV and
a current of 20 nA for olivine and pyroxene and at
10 nA for mesostasis. The focused beam was 3 um
in diameter. Natural minerals, pure oxides and met-
als were used as standards. ZAF algorithm was used
for correcting the matrix effect. Kal lines were
measured for all elements.

Trace and rare-earth element (REE) concentra-
tions in minerals were identified using the secondary
ion mass spectrometry (SIMS) method on a Cameca
IMS-4f ion microprobe at the Valiev IPT, RAS, Ya-
roslavl Branch using, the technique described
in [36, 37]. The preparation was sprayed with gold
prior to measurements. Survey on a Cameca
IMS-4f ion microprobe was done under the following
conditions: a primary ion beam was 160, beam di-
ameter was ~ 20 pm; ion current was 5-7 nA; and
the accele-rating voltage of the primary beam was
15 keV. The measurement error was no more than
10 % for impurities with concentrations over 1 ppm
and 20 % for concentrations of less than 1 ppm. The
trace element composition of rock-forming minerals
was analyzed as close as possible to the analytical
points of major elements using the EPMA method.
REE distribution spectra in minerals were CI chon-
drite-normalized [38].

Results.

The Kunashak Meteorite sample contains porphy-
ritic-, barred-, radiated- and granular-structured chon-
drules varying in size from 1 to 0.5 mm. Chondrule-
matrix boundaries are always well-defined, and no
metallic rims are present. The matrix consists of
coarse olivine and low-Ca pyroxene (clinoenstatite)
grains. High-Ca pyroxene (augite-diopside), plagio-
clase of oligoclase composition, apatite, chromite,
kamacite-taenite and troilite. The matrix has melting
pockets and fractures filled with ore minerals. The
matrix and chondrules of the meteorite are highly
porous. No minerals produced by earth weathering
have been found.

When studying the trace element composition
of chondrule minerals, we analyzed porphyritic oli-
vine 8PO-1 and olivine-pyroxenitic 8POP-3 chon-
drules, as well as radiated olivine-pyroxenitic chon-
drule 8ROP-2 (Fig.1). Chondrules 8PO-1 and

100pm JEOL
20.0kV COMPO NOR WD 11.0mm

Fig.1. BSE images of chondrules of the Kunashak Meteorite:
a —8PO0O-1; b — 8ROP-2; ¢ — 8POP-3;
Ol - olivine, Px — low-Ca pyroxene, Pl — plagioclase
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8ROP-2 are about 1 mm in size and show well-defined chondrule-matrix boundaries. Chondrule
8POP-3 is smaller (0.5 mm) and shows indistinct boundaries. The chondrules have no metallic rims,
but 8ROP-2 has an olivine rim along the perimeter.

Chondrule 8PO-1 consists of small (100 um on the average) isometric olivine grains, scarce
small (less than 50 um) xenomorphic low-Ca pyroxene and plagioclase grains (Fig.1, ). Coarse (300-
500 pm) olivine, pyroxene and plagioclase grains are present in the matrix, near the chondrule. Ore
mineral streaks are scarce.

Olivine in porphyritic chondrule 8PO-1 was recognized as forsterite (Fo 75). It is present as a
coarse grain in the centre of the chondrule and small grains throughout the chondrule. Idiomorphic
olivine grains do not contact each other within the chondrule. No well-defined fractures and pores in
the grains were found. The composition of major elements in olivine is homogeneous. There are no
differences between olivine in the centre and olivine on the margin of the chondrule, as well as olivine
in the meteorite matrix, near the chondrule (Table 1).

Table 1
Major (wt.%) and trace (ppm) element composition of silicate minerals from 8PO-1 chondrule of the Kunashak Meteorite
Element glivine - P;{roxene . Plagioclase .
Centre Rim Matrix Centre Rim Matrix Centre Rim Matrix
SiO2 38.73 38.63 38.89 55.39 55.91 55.07 65.53 65.21 65.61
Al203 0.01 0.01 b.d.l. 0.29 0.15 0.31 21.07 21.20 21.19
MgO 38.74 38.70 39.31 28.12 28.22 28.04 0.06 0.17 0.04
TiO2 0.04 0.01 0.03 0.33 0.21 0.41 0.01 0.02 0.02
CaO 0.02 0.03 0.02 0.82 0.76 1.04 2.19 2.40 2.24
FeO 22.72 22.89 22.37 14.08 13.90 13.77 0.66 0.64 0.32
MnO 0.44 0.43 0.42 0.48 0.46 0.45 - - -
Cr203 b.d.l 0.08 0.01 0.16 0.09 0.26 - - -
NiO b.d.l 0.03 0.02 0.01 b.d.l b.d.l - - -
Na20 - - - 0.04 b.d.l b.d.l 10.36 9.95 10.02
K20 - - - b.d.l. b.d.l. b.d.l. 0.75 0.99 0.93
Total 100.69 100.80 101.07 99.72 99.71 99.34 100.63 100.59 100.35
Zr 1.29 2.39 0.75 61.2 4.29 1.91 2.32 1.15 7.00
Hf 0.05 0.05 0.06 1.61 0.12 0.08 0.13 0.04 0.16
Ca 4,531 4,665 4,715 7,266 6,018 6,373 - - -
Y 0.06 0.12 0.07 0.48 0.41 0.32 0.11 0.15 1.11
Al 395 172 61.6 283 536 585 - - -
Ti 241 136 99.2 186 986 1,306 226 250 1,101
Nb 2.27 0.46 0.17 0.69 0.45 0.11 0.42 0.17 0.68
La 0.05 0.14 0.08 1.93 0.12 0.04 0.09 0.08 0.77
Ce 0.11 0.12 0.09 8.00 0.25 0.19 0.12 0.14 1.16
Pr 0.01 0.04 0.02 0.40 0.02 0.02 0.02 0.02 0.23
Nd 0.07 0.11 0.06 2.16 0.05 0.08 0.13 0.04 0.64
Sm 0.02 0.02 b.d.l 0.31 0.12 b.d.l b.d.l b.d.l 0.12
Eu 0.01 b.d.l. 0.01 0.06 0.03 0.01 0.27 0.38 0.23
Gd 0.02 0.05 0.03 1.31 0.10 b.d.l. 0.01 0.02 0.26
Dy b.d.l 0.03 0.02 0.05 0.05 0.05 b.d.l 0.02 0.19
Er 0.02 0.03 b.d.l 0.06 0.07 0.07 b.d.l 0.14 0.14
Yb 0.03 0.02 0.03 0.08 0.10 0.11 0.04 0.04 0.16
Lu b.d.l. 0.01 0.01 0.03 0.01 0.02 0.01 0.01 0.03
Sr 0.18 0.40 0.16 1.06 0.55 0.25 51.2 717 355
Ba 0.18 0.51 0.23 5.09 0.51 0.38 26.5 36.9 7.05
880
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End of Table 1

Element O'Iivine ' Pyroxene . ' Plagioclase

Centre Rim Matrix Centre Rim Matrix Centre
\Y% 18.2 185 18.8 33.7 41.0 50.4 28.4 135 53.7

Ni 40.0 94.6 35.0 193 298 104 - - -
Cr 520 503 436 1,180 809 991 792 35.2 1,176
Rb 1.39 1.59 1.76 2.46 1.44 0.84 7.21 9.22 291
REE 0.36 0.57 0.35 144 0.93 0.60 0.69 0.88 3.92
LREE 0.29 0.44 0.26 129 0.60 0.35 0.63 0.65 3.15
HREE 0.07 0.13 0.09 153 0.33 0.26 0.06 0.22 0.77

Note. Empty cell — no element detected; b.d.l. — element content is below the detection limit.

The composition of trace elements in the olivine of chondrule 8PO-1 is also homogeneous. Nb con-
centration decreases from the centre of the chondrule (2.26 ppm) to the margin (0.46 ppm) and matrix
(0.17 ppm) of the meteorite. Trace element concentrations are below chondrite values. The trace ele-
ment distribution spectrum is subhorizontal (Fig.2, ).

Refractory trace element concentrations in the olivine of chondrule 8 PO-1 exceeds unequili-
brated chondrite concentrations in olivine [39], except for Al, and fully coincides with respect to
volatile elements (Sr, Ba and Ni).

The low-Ca pyroxene of chondrule 8PO-1 seldom occurs in the chondrule. It does not form its
own grains and usually grows on olivine grains. Pyroxene is present as small (50 um) xenomorphic
aggregates and has much in common with plagioclase. Low-Ca pyroxene is present as clinoenstatite
(En 76, Wo 1-2). It shows no significant variations in major element composition. However, low-Ca
pyroxene in the matrix contains more TiO2, CaO and Cr,Os than pyroxene in the centre and on the
margin of the chondrule (Table 1).

Trace element concentrations in low-Ca pyroxene from chondrule 8PO-1 decreases from
the centre to the margin of the chondrule and the matrix of the meteorite. Pyroxene in the centre
of the chondrule is richer in all refractory elements (Zr, Hf, Nb, LREE), as well as in Sr and Ba,
than pyroxene on the margin and in the matrix of the meteorite. Pyroxene on the chondrule margin
shows intermediate concentrations of the above elements in comparison with the centre of the
chondrule centre and the matrix of the meteorite, while pyroxene in the matrix is impoverished
in them.

The trace element composition of low-Ca pyroxene is consistent with chondrite values, so that
trace element composition in unequilibrated ordinary chondrites is exceeded. The rare earth element
distribution spectrum is poorly differentiated, but it shows the prevalence of LREE over HREE,
especially in pyroxene from the centre of the chondrule (Fig.2, b).

Plagioclase in chondrule 8PO-1 is scarce. It commonly occurs as small xenomorphic aggregates
filling interstices between olivine and pyroxene. Plagioclase in the chondrule is present as oligoclase
(An 10-11, Or 5-4). Major element composition remains unchanged (Table 1).

Trace element concentrations in plagioclase are highly heterogeneous. Plagioclase in the matrix
is richer in trace elements and REE than plagioclase in the chondrule. Plagioclase on the chondrule
margin is poor in Zr, Hf and Nb. Plagioclase in the centre of the chondrule occupies an intermediate
position.

The trace element distribution spectrum shows trace element concentrations consistent with
chondrite values (Fig.2, ¢). Plagioclase in the matrix mainly coincides with the spectrum of plagio-
clase for Vigarano Meteorite, although it is slightly impoverished in HREE. The spidergram for pla-
gioclase in the chondrule is similar to the diagram of plagioclase for Renazzo Meteorite.

Radiated chondrule 8ROP-2 consists of fine elongated skeletal olivine and low-Ca pyroxene
crystals extending from a common centre. The ~1 mm chondrule is oval in shape and has a
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Data on the composition of UOC,

Vigarano and Renazzo minerals are given according [38, 40]

well-defined boundary with matrix and an oli-
vine along the perimeter. On the wide side, it is
bounded by a fracture and a melting pocket with
abundant ore streaks (see Fig.1, b).

Olivine in chondrule 8ROP-2 forms thin (up
to 100 um in width) elongated beams extending
from one chondrule margin to the other from a
common centre. The olivine grains are homogene-
ous, have no fractures and are often overgrown
with ore minerals. Olivine in the chondrule is pre-
sent as forsterite (Fo 75). The major element com-
position is homogeneous (Table 2).

The trace element composition of olivine in
chondrule 8ROP-2 varies with the position of the
analytical point. Olivine in the centre of the
chondrule is poorer in HREE than olivine on the
chondrule margin and in the meteorite matrix.
Olivine in the meteorite matrix has minimum Al
concentration (54.5 ppm).

The trace element distribution spectrum for
olivine in chondrule 8ROP-2 is poorly differenti-
ated. HREE does not prevail over LREE (Fig.3, a).
Trace element concentrations in the olivine of the
chondrule are below chondrite values, but exceed
refractory element concentrations in the porphy-
ritic chondrules of unequilibrated ordinary chon-
drites.

Low-Ca pyroxene in chondrule 8ROP-2 is
present as clinoenstatite (En 76, Wo 1). Its major
element concentrations are constant, although
pyroxene in the matrix is poor in impurity ele-
ments (Al2O3, TiOz, CaO, Cr203) (Table 2). Low-
Ca pyroxene seldom occurs in chondrules. It
commonly overgrows skeletal olivine crystals.
It often occurs as fine (up to 50 um) xenomorphic
aggregates.

Low-Ca pyroxene in the centre of chondrule
8ROP-2 contains higher trace element concentra-
tions than pyroxene on the chondrule margin and
in the matrix of the meteorite. Pyroxene on the
chondrule margin and in the matrix of the meteo-
rite has similar trace element concentrations, but
pyroxene on the chondrule margin has minimum
moderately volatile Sr and Ba concentrations.

The trace element distribution spectrum for
low-Ca pyroxene in chondrule 8ROP-2 displays

chondrite values, slightly exceeding trace element concentrations in pyroxene from the chondrules of
unequilibrated ordinary chondrites (Fig.3, c). Low-Ca pyroxene in chondrule 8ROP-2 contains more Ti
than UOC. The rare-earth distribution spectrum shows that HREE clearly dominates over LREE in the

low-Ca pyroxene of chondrule ROP-2.

Plagioclase in chondrule 8ROP-2 is present as oligoclase (An 10-12, Or 4). Albite grains
(An 9, Or 5) occur in the matrix (Table 2). In the chondrule, plagioclase fills small (~10 pm)
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interstices between olivine and pyroxene and, therefore, cannot be studied. Major element com-
position in plagioclase is permanent, although minor variations in impurity element (Mg, Fe)
concentrations take place.

Table 2
Major (wt.%) and trace (ppm) element composition
of silicate minerals from 8ROP-2 chondrule of the Kunashak Meteorite
Olivine Pyroxene Plagioclase
Element
Centre Rim Matrix Centre Rim Matrix Centre Matrix Matrix
SiO2 38.75 38.30 38.22 55.22 55.07 55.91 65.63 65.70 65.18
Al20s 0.01 0.02 b.d.l. 0.40 0.37 0.15 21.13 21.21 21.01
MgO 38.81 39.27 39.21 28.28 28.07 28.53 0.13 0.09 0.10
TiO2 0.02 0.01 0.00 0.46 0.39 0.20 0.03 0.02 0.03
CaO 0.02 0.02 0.02 0.84 0.87 0.63 2.66 2.32 2.07
FeO 22.85 22.22 22.77 13.70 14.65 14.05 0.72 0.40 0.52
MnO 0.48 0.50 0.46 0.45 0.48 0.48 - - -
Cr203 0.02 0.02 0.01 0.22 0.24 0.09 - - -
NiO b.d.l. 0.01 b.d.l 0.02 0.09 0.02 - - -
Na20 - - - 0.02 b.d.l. 0.01 9.47 10.28 10.20
K20 - - - b.d.l. 0.02 b.d.l 0.71 0.88 0.99
Total 100.96 | 100.37 | 100.68 99.61 100.23 | 100.07 | 100.49 | 100.89 | 100.09
Zr 0.67 0.81 0.57 19.6 3.13 1.16 44.1 4.43 6.96
Hf b.d.l. 0.06 b.d.l 0.49 0.10 0.04 0.95 0.24 0.16
Ca 5,658 5,122 5,208 27,607 6,545 6,374 - - -
Y 0.03 0.09 0.08 221 0.50 0.29 0.30 0.34 1.10
Al 236 1,055 54.6 8,825 1,395 613 - - -
Ti 88.6 113 55.1 1,240 2,555 1,245 422 624 1,094
Nb 0.37 0.36 0.06 1.47 0.32 0.13 0.59 0.77 0.68
La 0.03 0.02 0.05 0.14 0.06 0.02 1.63 0.13 0.77
Ce 0.07 0.09 0.08 0.44 0.10 0.20 1.60 0.25 1.15
Pr 0.01 0,01 0.02 0.05 0.01 0.01 0.38 0.04 0.23
Nd 0.06 0.05 0.06 0.32 0.05 0.05 1.23 0.11 0.64
Sm b.d.l. 0.05 b.d.l. 0.10 0.03 0.03 0.13 b.d.l. 0.12
Eu 0.00 0.01 0.01 0.04 0.02 0.01 0.63 0.05 0.22
Gd 0.03 0.09 0.06 0.15 0.06 0.05 0.19 0.05 0.26
Dy 0.01 0.04 0.04 0.32 0.05 0.04 0.03 0.05 0.19
Er b.d.l. 0.03 0.04 0.33 0.03 0.04 0.06 0.09 0.14
Yb 0.01 0.04 0.09 0.34 0.22 0.13 0.07 0.07 0.16
Lu 0.01 0.01 0.01 0.04 0.02 0.01 0.02 0.04 0.03
Sr 0.44 1.14 0.19 10.8 0.17 1.32 109 6.76 35.3
Ba 0.42 0.66 0.29 4.11 0.13 0.22 27.3 2.47 7.00
\Y 23.2 20.5 18.2 117 82.9 49.7 18.5 385 53.3
Ni 45.3 49.9 44.0 110 370 286 - - -
Cr 889 520 472 1,672 1,582 884 168 587 1,168
Rb 2.06 2.58 1.46 3.18 1.01 0.59 13.1 8.81 2.89
REE 0.24 0.45 0.45 2.27 0.65 0.60 5.98 0.88 3.90
LREE 0.17 0.24 0.22 1.09 0.27 0.33 5.61 0.58 3.13
HREE 0.07 0.21 0.24 1.19 0.39 0.27 0.37 0.30 0.77
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Fig.3. Spider diagrams for trace elements normalized to CI chondrite.
Chondrule 8ROP-2: olivine (a); low-Ca pyroxene (c) and mesostasis (e);
chondrule 8POP-3: olivine (b); low-Ca pyroxene (d) and mesostasis (f).
Data on the composition of UOC, Vigarano and Renazzo minerals are given according [38, 40]

Trace element concentrations in plagioclase from chondrule 8ROP-2 are heterogeneous. In the
centre of the chondrule, plagioclase is richer in trace elements than plagioclase in the matrix, except
for HREE. In the matrix, plagioclase grains contain various trace element concentrations, although
the trace element distribution spectra resemble each other (Fig.3, e). Trace element concentrations in
the plagioclase of chondrule 8ROP-2 and in the matrix are above chondrite values.
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The trace element distribution spectra in chondrule 8ROP-2 are more similar to plagioclase in
Renazzo coaly chondrite [38, 40], but refractory and rare-earth element concentrations are higher.
The distribution spectra are poorly differentiated, a well-defined europium anomaly is present and
LREE prevails over HREE in plagioclase from the centre of the chondrule.

Porphyritic olivine-pyroxene chondrule 8POP-3 (see Fig.1, c), 0.5 mm in size, contains coarse
olivine and plagioclase grains and has an obliterated boundary with the matrix. Occurring near the
chondrule is a plagioclase-olivine aggregate showing the integrated xenomorphic manifestation of
plagioclase, which contains fine (up to 50 um by elongation) elongated olivine grains.

In chondrule 8POP-3, olivine is present as forsterite (Fo 75). Its major element composition is
stable (Table 3). Olivine makes up the bulk of chondrule POP-3, occurring as coarse (200-300 um)
idiomorphic grains. It looks homogeneous and slightly fractured on BSE-images.

The trace element composition of olivine is heterogeneous. In the centre of the chondrule, olivine
is richer in refractory elements than olivine on the margin and in the matrix of the meteorite. Olivine
on the chondrule margin contains the lowest trace element concentrations. Olivine in the matrix oc-
cupies an intermediate position.

Trace element concentrations are consistent with chondrite values. They exceed refractory and
rare-earth element concentrations in porphyritic chondrule olivine from unequilibrated ordinary chon-
drite (Fig.3, b). The trace element distribution in the olivine of chondrule 8POP-3 is poorly differen-
tiated. LREE prevails over HREE in olivine from the matrix.

Low-Ca pyroxene in chondrule 8POP-3 is less common than olivine, making up no more
than 10 % of the chondrule. Pyroxene is present as fine (up to 200 um) xenomorphic grains occa-
sionally growing on fine olivine grains. In back-scattered electrons, it looks homogeneous and
has no fractures. Low-Ca pyroxene is present as clinoenstatite (En 76-77, Wo 1-2). Its major
element composition is homogeneous, but impurity element (Ti, Cr) concentrations vary slightly
(Table 3).

Table 3

Major (wt.%) and trace (ppm) element composition of silicate minerals from 8POP-3 chondrule of the Kunashak Meteorite

Olivine Pyroxene Plagioclase
Element
Centre Rim Matrix Rim Rim Matrix Matrix Centre Rim
SiO2 38.32 38.05 38.73 56.38 56.32 56.17 55.49 63.63 65.44
Al20s3 b.d.l. 0.02 b.d.l. 0.16 0.12 0.16 0.17 20.25 20.96
MgO 38.75 38.60 38.64 28.56 28.68 28.44 28.27 0.99 0.18
TiO2 b.d.l. b.d.l. 0.04 0.20 0.13 0.19 0.20 b.d.l. 0.04
CaOo 0.05 0.05 0.05 0.86 0.86 0.75 1.05 3.66 243
FeO 22.87 22.37 22.44 13.83 13.52 13.97 13.87 1.57 0.43
MnO 0.49 0.50 0.42 0.46 0.48 0.49 0.42 - -
Cr203 b.d.l. 0.02 0.03 0.12 0.11 0.14 0.15 - -
NiO 0.01 b.d.l. b.d.l. b.d.l. b.d.l. 0.01 b.d.l. - -
Na20 - - - 0.03 b.d.l. 0.04 0.02 9.60 10.10
K20 - - - 0.00 0.01 0.01 0.01 0.87 0.78
Total 100.49 99.60 100.35 100.58 100.23 100.35 99.65 100.57 100.36
Zr 6.55 0.32 3.35 0.78 32.7 9.89 3.22 3.06 2.48
Hf 0.18 0.04 0.09 0.05 0.32 0.23 0.10 0.12 0.08
Ca 11,012 4,690 5,527 5,877 6,012 - 6,332 - -
Y 1.20 0.21 0.12 0.30 0.35 1.06 0.57 0.31 0.23
Al 314 71.4 565 591 489 - 670 - -
Ti 175 46.2 147 1,214 730 1,426 1,177 276 327
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End of Table 3
Olivine Pyroxene Plagioclase
Element

Centre Rim Matrix Rim Rim Matrix Matrix Centre Rim
Nb 0.56 0.18 0.68 0.15 0.76 0.61 0.29 0.56 0.21
La 0.25 0.04 0.28 0.04 1.46 0.10 0.18 0.15 0.11
Ce 0.66 0.11 0.36 0.06 2.79 0.23 0.25 0.23 0.12
Pr 0.08 0.01 0.09 0.01 0.26 0.04 0.03 0.04 0.02
Nd 0.46 0.08 0.27 0.06 1.18 0.14 0.13 0.14 0.07
Sm 0.14 b.d.l 0.03 b.d.l. 0.09 0.07 0.07 0.08 0.03
Eu 0.01 b.d.l 0.02 0.01 0.04 0.06 0.02 0.47 0.56
Gd 0.31 0.02 0.06 0.02 0.21 0.11 0.11 0.03 0.01
Dy 0.21 0.02 0.04 0.04 0.05 0.24 0.08 0.07 0.06
Er 0.25 0.03 0.03 0.06 0.09 0.19 0.08 0.10 0.04
Yb 0.17 0.08 0.02 0.08 0.09 0.15 0.19 0.05 0.04
Lu 0.01 0.01 0.01 0.02 0.03 0.03 0.01 0.01 0.01
Sr 1.20 0.15 1.23 0.19 0.92 8.84 3.13 63.0 73.7
Ba 0.82 0.16 1.05 0.07 4.17 3.87 0.62 40.7 46.6
\Y 324 14.2 68.8 45.8 33.0 81.0 60.4 226 24.6

Ni 56.1 55.7 127 53.6 1,813 - 260 - -
Cr 665 407 5,290 922 717 2,328 1,786 185 117
Rb 2.21 1.67 1.59 1.20 2.59 2.79 0.15 7.92 8.21
REE 2.56 0.40 122 0.40 6.30 1.35 1.17 1.36 1.06
LREE 1.60 0.24 1.05 0.18 5.83 0.64 0.69 111 0.90
HREE 0.96 0.16 0.16 0.22 0.47 0.72 0.47 0.25 0.16

Trace element concentrations are fairly heterogeneous in low-Ca pyroxene from chondrule 8POP-3.
Grains with very high and very low LREE concentrations, relative to those in the pyroxene of the matrix,
occur in the pyroxene of the chondrule margin. Pyroxene in the matrix is richer in Y, Sr and Ba than
pyroxene in the chondrule. It occupies an intermediate position with respect to REE concentration.

The trace element distribution spectrum in low-Ca pyroxene from chondrule 8POP-3 is highly
differentiated and is consistent with chondrite values (Fig.3, d). Trace element concentrations in low-
Ca pyroxene from chondrule 8POP-3 are higher than those in the pyroxene of porphyritic chondrules
in unequilibrated ordinary chondrites.

Plagioclase in chondrule 8POP-3 is present as oligoclase (An 10-16, Or 4) with high variable
impurity element (CaO, MgO, FeO) composition (Table 3). Plagioclase in chondrule 8POP-3 occurs
in interstices between olivine and pyroxene. It is not abundant in the chondrule, forming aggregates
no more than 50 pm in size.

Trace element concentrations in the plagioclase of chondrule 8POP-3 are homogeneous. Trace
element concentrations in plagioclase are consistent with chondrite values, coinciding with plagio-
clase in Renazzo coaly chondrite (Fig.3, f). The distribution spectra are poorly differentiated. They
display a well-defined europium anomaly and show no prevalence of LREE over HREE.

Discussion.

The silicate minerals of porphyritic (8PO-1, 8POP-3) and radiated (8ROP-2) chondrules do not
differ in major element concentrations but differ in the trace element composition of these minerals.

The trace element distribution spectrum for olvine in chondrules is poorly differentiated, but some
grains of porphyritic chondrule 8POP-3 are enriched in incompatible LREE, Sr and Ba (Fig.4, a). Olivine
in this chondrule is more abundant than olivine in other chondrules, presumably indicating a relation-
ship between grain size and trace element concentration. No considerable differences in the trace
element composition of mineral grains occurring inside the chondrule or in the meteorite matrix were
found (Fig.4, b).
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Fig.4. Spider diagrams for trace elements normalized to CI chondrite in olivine,
low-Ca pyroxene and plagioclase from the Kunashak Meteorite:
relative to different chondrules (a, c, e) and the location of grains inside/outside the chondrule (b, d, f).
Data on the composition of UOC, Vigarano and Renazzo minerals are given according to [38, 40]

Differences between olivine in the chondrules in diagrams showing Rb-Yb (Fig.5, @) and Zr-Ti
relationships (Fig.5, b) are better defined than those in trace element distribution spectra. For instance,
Rb-Yb relationship shows that olivine in chondrule 8ROP-2 is enriched in moderately volatile and
incompatible Rb, while olivine in porphyritic olivine-pyroxene chondrule 8POP-3 is enriched in
refractory YDb. Olivine in chondrule 8PO-1 is poor in these elements.
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The diagram for refractory Zr-Ti relationship, conversely, shows that olivine in porphyritic oli-
vine chondrule 8PO-1 is enriched in these elements, while olivine in the radiated chondrule is impov-
erished in them, and olivine in porphyritic chondrule 8POP-3 may show different values.

The diagram for Cr-Nb relationship (Fig.5, ¢) shows a difference between olivine in the centre
of the chondrules enriched in these elements and olivine on the chondrule margin and in the matrix
of the meteorite, which is usually impoverished in them.

The relationship of refractory Hf and Nb (Fig.5, d) also indicates elevated concentrations of the
above elements in olivine in the centre of the chondrule and minimum concentrations in olivine on
the chondrule margin and in the matrix of the meteorite.

Trace element distribution spectra in low-Ca pyroxene are more differentiated than spectra for
olivine, indicating elevated trace element concentrations in pyroxene from porphyritic chondrules
(8PO-1, 8POP-3) (see Fig.4, c). No considerable differences between low-Ca pyroxene in the centre
and on the margin of the chondrule, as well as the meteorite matrix, were revealed, but pyroxene
grains in the centre of the chondrule tend to be enriched in trace elements (see Fig.4, d).

Low-Ca pyroxene in radiated chondrule 8ROP-2 is clearly different, as shown by diagrams for Zr/Cr,
Hf/Yb and Nb/Ti relationships (Fig.6, a, ¢, €). For instance, pyroxene in the radiated chondrule has higher
Cr, Yb, Nb and Ti concentrations than pyroxenes in porphyritic chondrules, which display no differences.

The diagrams showing Nb-Hf, HREE-Rb and Zr-Yb relationships (Fig.6, b, d, f) indicate the enrich-
ment of low-Ca pyroxene in the central zones of the chondrule relative to low-Ca pyroxene on the chon-
drule margin and in the meteorite matrix. The diagram for Nb and Hf shows that these elements are di-
rectly correlated in pyroxene from the chondrule margin and the meteorite matrix, which is not traced in
pyroxene from the centre of the chondrule. HREE-Rb relationship indicates that its value tends to increase
upon transition from pyroxene in the meteorite matrix to pyroxene on the chondrule margin. Low-Ca
pyroxene in the centre of the chondrule has the highest HREE and Rb concentrations.
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Fig.6. The Cr/Zr (a), Hf/Nb (b), Yb/Hf (c), Rb/HREE (d), Ti/Nb (), Yb/Zr (f)
ratios in low-Ca pyroxene from Kunashak Meteorite

Plagioclase displays the greatest differentiation of trace element distribution spectra in comparison
with olivine and low-Ca pyroxene in Kunashak Meteorite (see Fig.4, e). Plagioclase from the chon-
drules analyzed is similar in trace element distribution spectra to plagioclase from Renazzo coaly
chondrite. A similar spectrum was obtained for plagioclase from the most heavily metamorphosed
ordinary chondrites. This evidence is supported by petrological type VI of Kunashak Meteorite.

Plagioclase in radiated chondrule 8ROP-2 is remarkable for its spectrum, which is most similar
to plagioclase from Vigarano coaly chondrite and differs in elevated refractory and REE concentra-
tions from other plagioclases in Kunashak Meteorite.

No significant differences between trace element distribution spectra in plagioclase from the
centre, margin or matrix of the meteorite have been found, although plagioclase from the chondrule
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margin tends to be impoverished in trace elements, as compared with plagioclase from the central
zone of the chondrule and the matrix of the meteorite (see Fig.4, f).

Differences between plagioclase in chondrules 8PO-1, 8POP-3 and 8ROP-2 are shown on dia-
grams for Sr-Ba, Ti-Y and Zr-Y relationships (Fig.7, a, c, e). The correlation of moderately volatile
compatible Sr and Ba indicates that plagioclase from porphyritic chondrules is enriched in Ba and is
poor in Sr, while plagioclase from the radiated chondrule displays a reverse distribution with high Sr
and low Ba concentrations.

The graph of the Y and Ti ratio shows a direct correlation, in which the plagioclase of the porphyritic
olivine chondrule is depleted in these elements, the plagioclase of the radial chondrule is enriched in them,
and the plagioclase of the porphyritic olivine-pyroxene chondrule occupies an intermediate position.
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Fig.7. The Ba/Sr (a), Y/Nb (b), Y/Ti (c), Sr/Zr (d), Y/Zr (e), VITi (f) ratios
in plagioclase from Kunashak Meteorite
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The Zr and Y ratio reflects the enrichment of the plagioclase of the porphyritic olivine-pyroxene
chondrule in Y, high concentrations of Zr in the plagioclase of the radial chondrule and a low content
of both elements in the plagioclase of the porphyritic olivine chondrule. The ratio of Nb/Y, Zr/Sr and
Ti/V allows us to identify the characteristic features of the trace element composition of the plagio-
clase of the center, the rim of the chondrule and the matrix of the meteorite (Fig.7, b, d, €). The
chondrules typically display low Sr and Ba concentrations. Plagioclase from the centre of the chon-
drules occupies an intermediate position with respect to Nb concentration.

The diagram for Zr and Sr shows a gradual decline in moderately volatile Sr concentration and a rise
in Zr concentration from the margin to the centre of the chondrule and then to the meteorite matrix.

Also, plagioclase from the meteorite matrix has high refractory Ti and moderately volatile V
concentrations, although plagioclase from the chondrules is typically poor in Ti and V.

Conclusion.

Porphyritic olivine-pyroxene chondrule 8POP-3 contains elevated trace element concentrations
in olivine and especially the highest Yb concentrations (~0.12 ppm) in comparison with chondrules
8PO-1 and 8ROP-2 (0.02 ppm).

Radiated chondrule 8ROP-2 contains low-Ca pyroxene and plagioclase with high trace element
concentrations. Low-Ca pyroxee typically has elevated Yb, Cr, Nb and Ti concentrations. Pyroxene
from porphyritic chondrules contains minimum concentrations of the above elements. Plagioclase
from the radiated chondrule is rich in Sr, Y, Ti, and Zr. Elevated trace element concentrations in low-
Ca pyroxene and plagioclase from the radiated chondrule are indicative of rapid chondrule crystalli-
zation (over 1,000 °C/h). The incompatible LREE and Ba distribution coefficient in olivine and low-
Ca pyroxene was found to increase 100-fold when cooling rate increases, but it becomes only twice
as high for compatible Yb and Lu [41].

Thus, the trace element composition of silicate minerals from Kunashak Meteorite has retained the
individual distinctive features of chondrule melting, and was not affected by thermal metamorphism on
parent chondrite bodies. Similar results were obtained by studying Bushkhov Meteorite (L6) [34]. We are
sure that trace elements in olivine and low-Ca pyroxene are resistant to thermal metamorphism.

The persistence of the distinctive features of chondrules enables us to use equilibrated ordinary
chondrites for study of processes that took place at early stages in the formation of the Solar System
and for a better understanding of chondrule and planet formation mechanisms.

The authors are grateful to S.G.Simakin and E.V.Potapov (Valiev IPT, RAS, Yaroslavl Branch)
for analytical work.
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