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The Mocs chondrite was studied by optical microscopy, element mapping, as well as scanning elec-
tron microscope backscattered electron (SEM—-BSE) imaging, in order to gain a better understanding
of the thermal metamorphic as well as post-shock annealing evolution and the mineralogical signatures
in this meteorite. The studied thin section of Mdcs meteorite contains 26 chondrules with a variety of
chondrule textures, which are characterized by a blurry rim. The chondrules mostly consist of pyroxene
and olivine, whereas feldspars occur only in the recrystallized groundmass, chondrule mesostasis, and
mineral melt inside and beyond the shock veins. It was found that the matrix was completely recrystal-
lized. According to the scanning electron microscope and optical microscope observations mentioned
above, it can be concluded that the Mocs chondrite is a 6.5 petrographic type.
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Introduction

The Mocs is an Lo6-type ordinary chondrite, which was observed to fall in
Kolozs County (Hungary) in 1882 (Ferko et al. 2000); it broke into as many as
3000 pieces, thus being among the most dense showers in the world. Other dense
historical falls of L chondrites were geologically identified, also with numerous
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fragments, such as an extensive shower in the Ordovician (Greenwood et al. 2007).
The chemical composition of the Mocs-01 thin section was determined by Electron
Microprobe Analyses (EMPA; Kubovics et al. 1997, 2004) and was found to be
a heavily shocked meteorite containing well-developed shock veins. The mineral
assemblage of the Mocs meteorite consists of olivine, pyroxene, albitic feldspars,
and opaque minerals.

The first process to occur after chondritic parent body formation was that of
thermal metamorphism. The thermal metamorphic evolution of a chondritic parent
body has been described by van Schmus and Wood (1967) on the basis of textural
and chemical alteration. Slow thermal metamorphism was caused by solid state
diffusion, which rearranged the texture significantly. The most prominent effects
of diffusion are blurring of chondrule rims, the homogenization of mineral com-
positions, change of metallic iron to oxidized iron ratio by redox processes, and
gradual recrystallization. In parallel with thermal metamorphism, impacts caused
shock metamorphism, which produced shock-veins. This was followed by post-
shock thermal metamorphism, which transformed a relatively small part of the
parent body.

As earlier investigators asserted (e.g. Bérczi et al. 2004), L chondrites are
heavily shocked (Xie et al. 2000). Due to their heavily shocked character they are
thought to have originated from the putative disruption of an asteroid (Nesvorny
et al. 2009). The disruption time (470 Ma) is in good agreement with that of the
Ordovician L chondrite shower (467 Ma; Haack et al. 1996; Korochantseva et al.
2007). An onion-type L-asteroid has been suggested as the initial host, with outer
normal layering of L3, L4, L5 and L6 layers from top down (Bérczi 2000; Bérczi
et al. 2004; Fig. 1). At this time the parent body/bodies for the L group chondrites
has not been identified, but plausible suggestions include 433 Eros and 8 Flora, or
the Flora family as a whole (Haack et al. 1996; Nesvorny et al. 2002). The reflec-

tance spectrum of L chondrites has simi-

Evolution of L-type chondriic larities with that of 433 Eros, while several
planetary body pieces of these chondrites show evidence

of relationship with the Flora family as fol-
lows: (1) the Flora family is thought to have
formed about 1,000 to 500 million years
ago; (2) the Flora family lies in a region of
the asteroid belt that contributes strongly
to the meteorite flux to Earth; (3) the Flora
family consists of S-type asteroids, whose
composition is similar to that of chondrite
Fig. 1 meteorites; and (4) the Flora family parent
Thermal metamorphic evolution of L-type body was over 100 kilometers (62 mi) in di-

chondritic planetary body — onion-layer mod- i
el (after Bérczi 2000) ameter (Nesvorny et al. 2002).
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Samples and Experimental Procedure

The thin section was mounted in epoxy and its thickness was polished down with
A”QO? to approximately 35 pm. The mineral assemblages and textures were char-
acterized with a Nikon Eclipse LV100POL optical microscope (under x40 — x1000
magnification, in transmitted and polarized light, etc.) at E6tvos University, Depart-
ment of Petrology and Geochemistry, Budapest, Hungary.

The polished Mdcs-01 thin section was coated with carbon in a JEOL JEE4B
vacuum evaporator for scanning electron microscopy (SEM), energy-dispersive
X-ray spectrometry (EDX) and back scattered imaging (BSE), at the Department
of Petrology and Geochemistry, E6tvos University (Budapest, Hungary). The min-
erals were determined with BSE and EDX detectors of an Amray 1830 IT/6 elec-
tron microscope with EDAX PV9800 EDS detector, a beam current of 1 nA and a
defocused spot size of 10-50 pum; collection time 100 s. The acceleration voltage
was 20 kV. The imaging was done by TESCAN Satellite TS1130 software running
on a Windows XP system. The detection limit of the EDS detector is 0.1 wt %;
hence major constituents of adjacent minerals could be measured, but trace ele-
ments could not be detected. Natural and synthetic mineral standards were used
for calibration. The oxide forms of elements were calculated by data processing
software.

The element mapping was carried out at the University of Szeged, Hungary (Fac-
ulty of Science and Informatics, Institute of Chemistry, Department of Applied and
Environmental Chemistry), by using a cold field emission Hitachi S4700 electron
microscope (10 kV acceleration voltage, x20 — x500,000 magnification, 1.5-1.2 nm
resolution) coupled to a Rontec QX2 energy dispersive X-ray fluorescence spec-
trometer.

Results

Petrographic description of the Mocs-01 thin section

The Mocs chondrite corresponds to the
L6-type, where shock metamorphosed and
recrystallized matrices and several well-dis-
tinguished chondrule remnants have been
observed (Figs 2-3, 5).

In general the entire Mdcs-01 sample has
a microgranular and recrystallized texture oes
(Fig. 2). On the basis of the level of recrys-
tallization of the groundmass, the Mocs Fig.2
meteorite was classified as L5-L6 — Miura Chondrules in the Mocs meteorite (dashed

line), where 26 chondrules were marked. Most
et al. 1995; Ferko et al. 2000). Chondrules  of them have an elongated shape
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Fig. 3

Photomicrographs of chondrule textures and evidence of shock metamorphism in the Modcs sample,
in transmitted light with crossed polars. A: large, radial chondrule. B: Barred chondrule in the neigh-
borhood of poikilitic chondrule fragments. C: recrystallized chondrule. D: recrystallized radial chon-
drule-fragment in the Mdcs meteorite. E: recrystallized porphyritic chondrule. F: elongated granular
chondrule in the Mdcs meteorite. G: composite chondrule in the Mécs meteorite. The composite chon-
drule was probably generated by accretion of smaller chondrules
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A: Texture of chondrules. The Mocs meteorite has chondrules with radial and granular textures. B: Ob-

served chondrule textures in the Mocs L6 chondrite
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are relatively rare; they can be recognized by the two following characteristics: (1)
spherical outline (Figs 2-3), and (2) orientation. Grain sizes of the groundmass and
the chondrules are similar (grain size varies between 30—100 microns due to recrys-
tallization), and the orientation of the grains is mostly random (undulatory extinction
of chondrules), except in the case of those grains of chondrules which show well-or-
dered orientations useful in recognizing and locating chondrules in the sample (Fig.
3B-E, G). It is important to note that the microgranular texture and recrystallization
of groundmass indicate signatures of partial melting, which makes the Mocs chon-
drite a transitional type between L6 and L7.

We observed two principal types of preserved chondrules: (1) elongated granular
olivine-chondrules (Fig. 3F) and (2) relatively large, radial chondrules (Fig. 3A). The
Mobces-01 sample is vesicular and fractured; both types of chondrule are filled with
opaque minerals. In the larger grains there is evidence of strong shock metamor-
phism, such as occurrence of olivines with mosaic texture and mechanically-twinned
pyroxene. For this paper we studied 26 chondrules and elongated chondrule frag-
ments in the Mocs-01 sample, of which 8§ are radial, 7 granular, 3 recrystallized
glassy, 3 barred, 3 poikilitic, 1 porphyritic and 1 composite (Figs 2-5). In Fig. 2 the
26 chondrules are indicated by marking their outlines with dashed lines.

Of the 26 chondrules, 11 were studied by their images and are shown in more
detail. These 11 chondrules (porphyritic chondrule fragments are not counted) are
distinguished by their distinctive mineralogy and texture: 2 pieces of recrystallized
glassy chondrules (1 mm diameter), 1 granular olivine chondrule, 1 composite chon-
drule and several porphyritic chondrule fragments (Figs 3 and 4), 3 cases of pyroxene
radial chondrules (1-3 mm diameter; Figs 2—5) and 4 cases of olivine porphyritic
chondrules (2 mm diameter; Figs 2-5).

The chondrules are described in detail in the order of the estimated assumed cool-
ing rate under which they formed: glassy, radial, barred, porphyritic, poikilitic, and
granular (Fig. 4A; Bérczi 2000).

1. Glassy or cryptocrystalline chondrules (similar to afanitic texture in igneous
metamorphic rocks). The glassy chondrules in the Mdcs-01 thin section have
undergone extensive post-shock thermal metamorphism, which induced devit-
rification of the glass. The devitrified glassy chondrules occur close to shock
veins processed by post-shock annealing. The normal thermal metamorphism
induced the recrystallization of glassy chondrules far from the shock vein, pro-
ducing formation crystal nuclei or the complete recrystallization of glassy chon-
drules to phyllosilicate-microcrystalline feldspar assemblages. It is important to
note here that poor preservation of glassy chondrules is common in meteorites
of the higher petrologic classes (L5—-L6; van Schmus and Wood 1967).

2. Chondrules with radial textures. This chondrule texture type evolved at a lower
cooling rate than the glassy chondrules and frequently exhibits dendritic py-
roxene crystals along the radial crystallites. Similar to the texture of magmatic
rocks, the chondrules show increasing grain size change as a function of in-
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Radial chondrules in Mdcs meteorite — BSE image. The radial chondrule in (A) consists of rimmed
opaque minerals such as kamacite (kam), taenite (tae) and troilite (tro). Chondrules are built up from
olivine (ol) and pyroxene (px), as well as feldspar (B, C). The largest chondrule is sheared by a shock vein
(A), where the vein shows cataclastic texture
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creasing cooling time of the melt droplet. The constituting, needle-like minerals
are 10 microns thick and 80—100 microns long. The radial texture in the chon-
drules can be divided into two groups:

(a) needle-like crystals growing from a single center (simple radial texture).

(b) needle-like crystals growing from multiple centers in groups (also known

as the parquete texture).

In the Mocs-01 thin section only the (a) type texture was observed. However,
there are radial chondrules where the radial texture extends to the margin and a
radially-textured rim continues growing into the rim at the chondrule surface.
This structure of the rim suggests rejuvenation of the crystallization process,
beginning at the core and extending to the rim, and a later new crystallization
period, which resulted in growth of the extended texture. The crystals which
formed in the rim during the later cycle are smaller and thinner.

3. Barred chondrules (long, floating olivine crystals in afanitic mesostasis). In the
Mobes-01 thin section these chondrules are made up of olivine and mesostasis,
together with lesser pyroxene in the cryptocrystalline rim. The presence of a
rim depends on the grade of thermal metamorphic (and aqueous) overprint on
the texture.

4. Porphyritic chondrules. These chondrules are generally comprised of olivine
or pyroxene or both, and typically have well-crystallized rims. In the cores of
these chondrules olivine phenocrysts are observed. These are enclosed by a
well-crystallized rim of pyroxene and minor opaque minerals. The presence of
opaque minerals in this texture arises from the rotation of the chondrule during
the time of crystallization: the grains at the boundary of the chondrules are
moved more effectively due to centrifugal force.

The size of the chondrule-forming minerals has been used as a parameter of
classification for the thermal metamorphism observed in the chondrules, form-
ing two categories: microporphyritic (10-30 microns) and macroporphyritic
(50—80 microns). The microporphyritic type is a secondary texture made up
of fine olivine and pyroxene grains that formed due to the recrystallization or
mechanical deformation processes of pre-existing granular or macroporphyrit-
ic chondrules (van Drongelen et al. 2010). The texture arises from a high post-
shock cooling rate in the chondrules close to the shock vein.

The macroporphyritic type evolved via a lower cooling rate than that of the
microporphyritic type, according to the interpretation of terrestrial magmatic
textures. The pre-existing groundmass of chondrules might have been cryp-
tocrystalline or devitrified, as indicated by the needle-shaped pyroxene inclu-
sions within the phenocrysts (Fig. 3F-QG).

5. Granular chondrules. The granular chondrules have a granoblastic polygonal/
decussate structure, mostly without mesostasis. Based on the size of the chon-
drules (based on the observation of 7 granular chondrules), we named them
as microgranular (grain size of 10-30 microns) or macrogranular chondrules
(grain size of 70—100 microns). The microgranular type formed due to the
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recrystallization of olivine (olivines showing pink-green interference color,
straight extinction); the macrogranular type was formed mostly from pyroxenes
(minerals showing oblique extinction and yellow interference color).

6. Poikilitic chondrules. In this chondrule type small rounded olivine grains are
embedded within larger, polygonal or lath-shaped pyroxenes. The relict ground-
mass can be seen through the annealed pyroxene grains.

Elemental mapping

Element mapping was utilized for study of the chemical-mineralogical composi-
tion of chondrules close to shock veins.

The Map 1 area contains chromite grains (Fig. 6, Map 1/A), which have been
altered to iron oxide via secondary processes. Based on the composite map (Fig. 6,
Map 1/B), the shock melt pocket area within the shock vein indicates a composition
very close to that of proximal feldspar grains. The melt pocket is enriched in Na com-
pared to its surroundings (Fig. 6, Map 1/C); areas enriched in K are associated with
enrichment of P and Ca (Fig. 6, Map 1/D). In contrast to the shock veins, chondrules
are composed of more mafic pyroxenes and olivines.

Map 2 shows chromite grains (with high Cr concentration) and troilite (enriched in
Fe and S), suggesting that oxidation affected those iron oxide-containing phases with
relatively high Fe concentration (Fig. 6, Map 2/A). The dark area in the SE of Map 2
is enriched in Na and Al, which suggests that feldspar was the likely parent mineral
of the melt (Fig. 6, Map 2/B). On the Mg—Si—Ca—Fe elemental map (Fig. 6, Map 2/D)
the chondrules are easily distinguished by the presence of olivine (Mg—Si), pyrox-
ene (Ca—Si), and the opaque (Fe) phases. The chondrule fragments contain olivine,
whereas the pyroxenes are concentrated in the groundmass and as crystallites in the
adjacent melt phase.

Discussion

The Mocs chondrite is an L6-type shocked meteorite. In our Mdcs-01 sample
the thermal metamorphosis and recrystallization effects were studied in the matrix
and several chondrules and chondrule remnants. The entire Mdcs-01 sample has a
generally microgranular and recrystallized texture (Fig. 2). Due to the level of re-
crystallization the chondrules are relatively rare; they were observed on the basis of
their two characteristic features. One was their spherical outline and the second was
the orientation of the chondrule-forming minerals.

The higher temperature effects resulting in such textures were described in detail
by van Schmus and Wood (1967), Dodd (1969), and Huss et al. (2006). In this pro-
cess, after obscuring the chondrules, the textural integration of matrix, chondrules,
chondrule fragments, and inclusions advances with increasing metamorphic grade.
The opaque, fine-grained matrix found in primitive Type 3, ordinary chondrites has
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Fig. 6

Map 1: element maps of the upper part of the shock vein (Map 1 in Fig. 1) including chondrule fragments.
A: Si(blue)-Cr(green)—Fe(red), B: composite element map of major elements (Na: red, Mg: green, Al:
dark blue, Si: light blue, Ca: fuchsia, P: yellow, K: orange, Mn: magenta, Fe: pink and Cr: purple), C:
Na(red)—K(blue), D: Ca(blue)—P(yellow), scale: 200 pm. Map 2: composite element maps of area close to
the shock vein (Map 2 area) including mineral and chondrule fragments. A: Cr(blue)-Fe(red)—S(green),
B: Na(red)-Al(yellow)—Ca(green)—K(blue), C: secondary electron image, D: Mg(yellow)-Si(light
blue)—Ca(dark blue)—Fe(red), scale: 200 pm
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been almost completely recrystallized by Type 4, but is still recognizable as ma-
trix. By Type 5, matrix is no longer recognizable and textural integration between
chondrules and matrix has begun. In Type 6, small chondrules have lost their iden-
tity and only large chondrules are readily recognizable as ghost chondrules. Ther-
mal metamorphism induces not only textural alteration, but the appearance of new
phases (van Schmus and Wood 1967). For instance, plagioclase appears only in Al-
rich chondrules in the case of petrologic Type 3 (Russell et al. 2000). In Type 5 only
microcrystalline plagioclase occurs, whereas petrologic Type 6 contains only coarse
plagioclase (van Schmus and Wood 1967).

The Moécs meteorite is classified as L6. Plagioclase occurs as tiny grains, and in low
abundance in our Mocs-01 thin section sample, where it is concentrated as mineral
melt in shock veins and melt pockets (Gyollai et al. in press), or in chondrule mesos-
tases. This phenomenon suggests a lower thermal metamorphic stage (L5.5), which
has been overwritten near the veins by post-shock thermal annealing. The grain size
of other minerals, such as phosphate, apatite, and chromite increases with progressive
thermal metamorphism. In the case of the Mdcs-01 thin section, in the shock veins
tiny 5-10 micrometer sized chromite grains are embedded in feldspar glass (Gyollai et
al. in press), which was formed during post-shock thermal evolution. However, large
200 micrometer-sized chromites were formed later by the effect of increasing thermal
metamorphism (Rubin 2003), which is observed near the veins in the Mocs sample.
According to Rubin et al. (2001) the grain size of troilite increases with the degree of
thermal metamorphism (in cases of Types 5—6 troilite can grow up to about 80—120
microns). Hence the large (100-200 microns) size of the troilite grains suggests that
a higher thermal metamorphic grade (Type 6) was reached by the Mdcs meteorite.
According to our Raman measurements (Gyollai et al. in press) and the BSE element
mapping data the pyroxenes in the Mdcs meteorite are pure orthoenstatites. Low-cal-
cium clinopyroxene is transformed to orthopyroxene at ca. ~630 °C (Boyd and En-
gland 1965) and thus is largely absent in Types 5 and 6 (van Schmus and Wood 1967).

The appearance of low-Ca clinopyroxene is probably caused by the shock, since
it can be formed by shock heating and quenching in chondrites of any petrologic
type [stage >S3 (Stoffler et al. 1991)]. The melt textures within the shock veins and
localized melt pockets in the sample indicate partial melting, and suggest that a high
degree of shock and thermal metamorphism affected the Mdcs chondrite. The clino-
pyroxene glass occurs in veins and in melt pockets near veins in the Mocs meteorite
(Gyollai et al. in press), and formed by post-shock annealing. Olivine is equilibrated
by Type 4, but pyroxene equilibration is not completed until Type 5 (van Schmus and
Wood 1967; Dodd 1969). In the most metamorphosed members of Type 6 (classified
by some workers as Type 7), the CaO content of low-Ca pyroxene may be somewhat
higher (> 1 wt %) than in members that have experienced lower peak temperatures
(Dodd et al. 1975; Mittlefehldt and Lindstrom 2001). According to our BSE and ele-
ment mapping data, all pyroxenes and olivines are equilibrated, which suggests pe-
trologic Type 6 for the thermal metamorphism grade of the Mdcs chondrite. Since the
pyroxenes are pure orthoenstatites, and numerous chondrules occur in our sample,
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it can be concluded that the thermal evolution grade of the Mdcs chondrite did not
reach the petrologic Type 7. Therefore, it is emplaced between petrographic Types 6
and 7, providing a transitional Type of 6.5.

Conclusion

The Moécs L6 chondrite has been affected by two types of thermal transformations.
One was the regular metamorphism of ordinary chondrites reaching the L6 grade;
the second was the impact generated post-shock heating. The shock heating effects
can be observed in the pyroxenes and feldspars of the chondrite texture of the Mdcs-
01 thin section sample. The shock veins and melt inclusions crosscut the matrix and
close to the veins several pyroxene melt glasses are observed, which indicate a peak
temperature of the shock heating up of 1100 °C. This is far higher than the regular L6
heating temperature of 750—850 °C. Feldspar melt pockets with chromite inclusions
also occur in the vicinity of the shock veins, suggesting that a high rate of shock and
thermal metamorphism affected the Mocs chondrite. On the basis of the accumulated
heat effects, we propose to classify Mocs meteorite as Mocs L6.5 chondrite.
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