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Abstract—On July 15, 2021, a huge fireball was visible over Poland. After the possible strewn
field was calculated, the first and so far only sample, with a mass of 350 g, was discovered
18 days after the fireball event. The Antonin meteorite was found August 3, 2021, on the
edge of a forest close to a dirt road near Helenow, a small suburb of the city of Mikstat.
The rock is an ordinary chondrite breccia and consists of equilibrated and recrystallized
lithologies. The boundaries between different fragments are difficult to detect, and the
lithologies are of petrologic type 5 and type 4. The rock is moderately shocked (S4) and
contains local impact melt areas and thin shock veins. The low-Ca pyroxene and olivine are
equilibrated (Fsyo and Fa,s, respectively), typical of L chondrites. The L chondrite
classification is also supported by O isotope data and the results of bulk chemical analysis.
The Ti isotope characteristics confirm that Antonin is related to the noncarbonaceous (NC)
meteorites. One of the studied thin sections shows an unusual metal-chondrule assemblage,
perhaps indicating that the metal in the chondrite is heterogeneously distributed, which is,

however, not clearly visible in the element abundances.

INTRODUCTION

The Meteoritical Bulletin Database (The Meteoritical
Bulletin, 2022) includes 35 recorded entries for meteorites
from Poland, including 8 entries for doubtful or
pseudometeorites and 1 meteorite crater (Morasko).
Among these meteorites, 12 (and 2 doubtful) rocks
are listed as observed falls. The last meteorite fall,
“Antonin,” fell in 2021 and is the object of detailed
studies in this work. Antonin has been classified as an L5
chondrite with a shock degree of S3 (The Meteoritical
Bulletin, 2022), although the sample was described as
“moderately shocked,” which would be consistent with
the shock stage of S4 in the classification scheme of
Stoffler et al. (1991, 2018). First results about Antonin
are presented by Shrbeny et al. (2022) and Krzesinska
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et al. (2022) showing, for example, homogeneous and
chemically equilibrated olivine (Fays4) and pyroxene
(Fsa0.9) with rare plagioclase and the presence of shock
melt pockets.

Considering the fall of Antonin, a huge, impressive
fireball was observed at 05:00:11 in the morning over
Poland on July 15, 2021. After a possible strewn field
was calculated, the search for meteorite samples began
in late July. So far, only one sample —totaling 350 g—
was discovered 18 days after the fireball event. The
Antonin meteorite was found August 3, 2021, on the
edge of a forest close to a dirt road near Helenow, a
small suburb of Mikstat, south of Ostrowo.

In this study, we report in-depth findings on the
mineralogy and chemistry of Antonin accompanied by
isotopic analyses of O and Ti.
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Samples and Analytical Procedures

A thin slice of 2.6 X 1.5 cm was used for this study
(Fig. 1). Two thin sections of Antonin (PL22011 and
PL22012) with a total area of ~160 mm® were studied
by optical and electron microscopy. An Axiophot
polarizing microscope (Fa. ZEISS) at the Institut fiir
Planetologie (University of Miinster) was used for
optical microscopy in transmitted and reflected light.

A JEOL 6610-LV scanning electron microscope
(SEM) at the University of Miinster was used to study
the meteorites’ fine-grained textures and to identify the
different mineral phases. The INCA analytical program
provided by Oxford Instruments was used for the
energy-dispersive spectrometry (EDS).

Quantitative mineral analyses were obtained using
the JEOL JXA 8530F clectron probe micro-analyzer
(EPMA) at the Institut fiir Mineralogie (University of
Miinster), which was operated at 15 kV and a probe
current of 15 nA. Natural and synthetic standards were
used for wavelength-dispersive spectrometry (WDS). As
standards for mineral analyses, we used jadeite (Na),
kyanite (Al), sanidine (K), chromium oxide (Cr), San
Carlos olivine (Mg), hypersthene (Si), diopside (Ca),
rhodonite (Mn), rutile (Ti), fayalite (Fe), apatite (P),
celestine (S), Co-metal (Co), and nickel oxide (Ni).

Bulk Chemical Analyses

A bulk sample of 0.55 g from Antonin was crushed
and homogenized, and about 170 mg from this powder
was used for analyses at the University of Brest
(Plouzané, France). The chemical compositions of the
Renchen (Bischoff, Barrat, et al., 2019) and Antonin bulk
samples were obtained using inductively coupled plasma
atomic emission spectrometry (ICP-AES; for Al, Fe, Mn,
Mg, Na, Cr, Co, and Ni) and inductively coupled plasma
sector field mass spectrometry (ICP-SFMS). At the
chondritic level, the concentration reproducibility is
generally much better than 5%. Further details are
presented in Barrat et al. (2012, 2015, 2016).

Oxygen Isotope Analyses

The oxygen isotope compositions are an important
tool in the classification of meteorites (e.g., Clayton et al.,
1976). The compositions of three chips (2.078, 2.171, and
1.998 mg) from Antonin were analyzed by means of laser
fluorination in combination with a gas source mass
spectrometer. Details of the analytical procedures are
given by Pack et al. (2016) and Peters et al. (2020; also,
compare Herwartz et al., 2014; Pack & Herwartz, 2014,
Pack et al., 2017). The individual chips were analyzed in
one session. The §'’O and §'%0 values are reported on the
Vienna Standard Mean Ocean Water (VSMOW) scale,
and the A’'70 is defined here as:

A. Bischoff et al.
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Fig. 1. Sample of Antonin used in this study. Two thin
sections were prepared, one from the upper part with the
metal-rich area (PTS-2; PL22012) and one from the lower part
(PTS-1; PL22011), which mainly contains recrystallized type 5
lithologies as marked. The chemical and isotopic studies were
done on the material in the central part of the sample. (Color
figure can be viewed at wileyonlinelibrary.com.)
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To anchor 870 on the VSMOW scale, we used a
A0 value for San Carlos olivine of —0.052%. (average
value of Pack etal., 2016; Sharp et al., 2016; and
Wostbrock et al.,, 2020). Estimated measurement
uncertainties are +0.1%0 for 80 and +0.01%. for
A0, based on replicate analyses of the San Carlos
olivine standard (1 SD).

Ti Purification and Isotopic Measurements

After homogenization in an agate mortar, 51 mg of
fine-grained Antonin bulk sample powder was digested
in a 15mL Savillex Teflon vial with a mixture of
concentrated HF-HNO3 (3:1, 4 mL) on a hotplate at
190°C for 4 days followed by aqua regia (3:1 HCI-
HNO;, 4 mL) at 140 °C for 2 days. As in our previous
Ti isotope studies (e.g., Ebert et al., 2018; Gerber et al.,
2017; Render et al., 2019), purification of Ti broadly
followed the method of Zhang et al. (2011), which
employs a two-stage ion-exchange chromatography with
precleaned TODGA (50-100 mesh) and AG1-X8 (200-
400 mesh, chloride form) resins. The chemistry yield
was >98% as determined on small aliquots (0.5%)
using a quadrupole inductively coupled plasma mass
spectrometer (ICP-MS).
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Titanium isotope measurements were performed
using the Thermo Scientific Neptune Plus multicollector
ICP-MS at the Institut fiir Planetologie in Miinster in
medium resolution mode, based on the methods of
Zhang et al. (2011), Gerber et al. (2017), and Burkhardt
et al. (2019). Analyte solutions containing ~300 ng g~'
Ti were introduced through a Cetac Aridus II
desolvating system, resulting in an ~3.6 x 107' A ion
beam on **Ti. Measurements consisted of a 30 s
baseline (deflected beam) followed by 40 isotope ratio
measurements of 4.2 s each. Instrumental mass bias was
corrected using the exponential law and internal
normalization to *Ti/*'Ti = 0.749766 (Niederer et al.,
1981). Titanium isotope anomalies are reported as parts
per 10,000 deviation (e-notation) from the terrestrial
OL-Ti (Millet & Dauphas, 2014) bracketing standard.
Analytical uncertainties are reported as Student’s
t-distribution 95% confidence intervals based on
repeated analyses (n = 5).

RESULTS

Details on the Calculated Strewn Field and
Characterization of the Search Area

The meteoroid entered the atmosphere early in the
morning coming from the west-northwest moving to the

Antonin
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east-southeast. The suggested strewn field has a length
of about 7 km with a width of approximately 2 km in
the northwest and 1 km in the southeast (Fig. 2). The
calculated strewn field is (by far) mainly located in the
area of Mikstat. Since the first stone was also found in
the Mikstat area, it is very surprising that the rock was
officially named “Antonin.”

Two of the authors (K. K. and A. B.) spent many
days in the calculated strewn field. The western part is
dominated by pine forests growing on partly sandy
ground (Fig. 3a). The central area of the strewn field is
characterized by a mixture of meadows, pine forests,
and farmland (Fig. 3). At the very end of the strewn
field in the east, there is a very lush forest resembling a
thicket, which was hard to enter.

The Find Location

The first sample was found in the southwestern part
of the calculated strewn field having the coordinates of
51°30'48.473"N, 17°54'17.078"E (see Fig. 4). On August
3, 2021, one of the authors (K. K.) and three other
persons visited the strewn field again after several days of
searching for a sample without any success. The car was
parked on a small road close to a forest. Around 2 pm,
after a walk of several meters, a “stone” was noticed that
looked like a basalt and was quite dark in appearance.
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Fig. 2. The strewn field as calculated by Pavel Spurny, Lukas Shrbeny, and Jifi Borovicka (Ondfejov, CZ) is mainly located in
the area of Mikstat. The red dot marks the position of the first sample that was found in Helenow, a suburb of Mikstat. The
neighboring village is Antonin with about 500 residents. Source of base map: Google Earth. Original figure taken from: https://
www.asu.cas.cz/meteor/bolid/2021_07_15/. (Color figure can be viewed at wileyonlinelibrary.com.)
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Fig. 3. Typical images of the landscape of the Antonin strewn field (a—d) south of the city of Mikstat close to the suburb of
Helenow in the southwest and Przedboréw in the east of the suggested strewn field. (Color figure can be viewed at

wileyonlinelibrary.com.)

The retrieved stone was dirty due to attached soil,
traces of grass, and some coniferous resin. Based on
the appearance of the rock having one broken (gray)
side and the dark fusion crust elsewhere, it was
immediately clear: “It is a meteorite! ... an amazing
experience to be the first touching this extraterrestrial
traveler.” Due to the presence of resin at the surface, it
is very likely that the meteorite hit a tree before
landing on the dirt road.

Mineralogy

The two thin sections prepared from two different
areas of a small slice (Fig. 1) show that the rock is a
breccia and consists of equilibrated and recrystallized
lithologies (Fig. 5). The boundaries of the fragments are
difficult to detect, and both areas are related to rocks of
petrologic type 5 and type 4 (or 4/5). Both lithologies
show a recrystallized texture but still have clearly

visible chondrules (Figs. 5 and 6). When comparing the
mineralogy of the two thin sections, it is obvious that
the metal abundance is heterogeneously distributed in
Antonin. Thin section PL22012 contains a large metal-
rich area (see below), resembling a metal band, shown
in the upper part of Fig. 1.

Different types of chondrules are well preserved
(Fig. 6). Barred olivine (BO), radial pyroxene (RP),
and cryptocrystalline (C) chondrules are especially
easily recognized, whereas porphyritic chondrules are
less easy to detect, since they easily merge with the
matrix due to metamorphic recrystallization. Some
Al-rich chondrules are rich in Na,O (Fig. 6e,f) (e.g.,
Bischoff & Keil, 1983a, 1983b, 1984; Ebert & Bischoff,
2016a).

Olivine is by far the most abundant phase and
homogeneous in composition throughout the two
polished sections. The mean composition of 201
analyzed olivines is Fa,4 g1 5 with a compositional range
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Fig. 4. a) The find site of the first discovered sample on a
small dirt track at the border between farmland and forest. b)
The sample at the impact site and (¢) in hand—an amazing
experience to be the first to touch this extraterrestrial stranger.
(Color figure can be viewed at wileyonlinelibrary.com.)

between 22.5 and 26.7 mole% Fa (Table 1). The low-Ca
pyroxenes and Ca-pyroxenes have compositions of
F$20.6206W012+06 and Fs;6.:1.1Wo043.5:34, respectively
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(Table 2). The 96 analyzed low-Ca pyroxenes vary
between 19.1 and 22.5 mole% Fs.

Large plagioclase grains (>20 pm) are rare, and
plagioclase-rich areas are typically intergrown with mafic
silicates. Typical plagioclase has An and Or components
of 10.2 + 2.3 and 4.5 £ 1.9 mole%, respectively (n = 6;
Table 1), and the compositions vary between 7.5 and
13.9 mole% An. However, we also analyzed a single
plagioclase with a higher An content (An,s). Both
phosphates, namely merrillite and Cl-apatite, were found
in the thin sections. The major element compositions of
the two phosphates are also listed in Table 1. The apatite
is rich in Cl (4.9 wt%) and is different from apatites in
the recently analyzed Renchen L ordinary chondrite
breccia, which have 3.4 wt% F (Bischoff, Barrat, et al.,
2019). Such differences are completely unexpected for
chondrites belonging to the same group as demonstrated
by Ward et al. (2017).

Small grains of metals and sulfide occur throughout
the entire thin sections. Their mean compositions are
given in Table 2. However, large metallic phases
are heterogeneously distributed. A metal-rich area
(band) will be described below. In general, the metal
grains of kamacite and taenite are heterogencous in
composition. Kamacite is by far most abundant. The Ni
and Co concentrations of kamacite slightly vary (5.9-
7.2 and 0.5-1.1 wt%, respectively). Also, the taenite
composition is variable, with Ni content varying from
27 to 47 wt% and Co concentrations between 0.13 and
0.57 wt%.

The Metal-Rich Area

As shown in Figs. 1 and 5, a huge metal-rich band is
observed in Antonin covering an area of roughly
3 x 10 mm. Well-defined chondrules are completely
enclosed in the metal (Fig. 7). In the optical microscope,
this area looks very chondritic, resembling a type 4
lithology. This may be because metals surrounding the
chondrules protected the chondrules from recrystallization
during the period of thermal metamorphism. The
dominant metal phase kamacite has a mean composition
of 6.6 wt% Ni and 0.96 wt% Co. Only a few taenites were
identified, which all occur at the border with the host
silicates. The Ni concentration in kamacite from the
metal-rich area is similar to that of kamacite in the bulk
chondrite. However, the mean Co concentration is
higher than in kamacite of the host meteorite. Notably,
it is very homogeneous (0.86-1.1 wt%) compared to the
metal grains outside this band in the bulk meteorite
(0.57-1.1 wt%).

Shock Metamorphism and Weathering
Based on examinations of the two polished sections,
Antonin is brecciated on a large scale (Figs. 1, 5, and 8)
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Fig. 5. a) The metal-rich area preserves a visible type 4 chondritic texture (backscattered electron image). b—e) Overview images
of the two different lithologies in Antonin. The degree of recrystallization decreases from type 5 (b + ¢) to type 4/5 (d + e).
Based on the abundant metal (opaque phase in [e]), individual chondrules are easily observed as in type 4 ordinary chondrites.
Images (b)—(e) in plane polarized light. (Color figure can be viewed at wileyonlinelibrary.com.)
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100 pm

Fig. 6. Different types of chondrules in Antonin: (a) a barred olivine (BO) chondrule having a broad olivine rim; (b) radial
pyroxene (RP) chondrule; (c) large cryptocrystalline (C) chondrule; (d) porphyritic olivine—pyroxene (POP) chondrule; (e) Na,Al-
rich chondrule with olivine laths (ol), low-Ca pyroxene (px), and merrillite (mer) grains embedded a fine-grained, Na,Al-rich
mesostasis, BSE image; (f) Na,Cr,Al-rich chondrule with abundant small chromite grains (light particles) and lath-like olivine
(medium gray) enclosed in an Na-Al-rich groundmass, backscattered electron image. (Color figure can be viewed at
wileyonlinelibrary.com.)
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Table 1. Chemical composition of main phases in the Antonin breccia. All data in wt%; n.d. = not detected;
n.a. = not analyzed; n = number of analyses; Px = pyroxene; Plag = plagioclase. * contains about 4.9 wt% Cl and
0.67 wt% F. ** not analyzed for Zn, V, etc., and not checked for Fe3*.

Olivine Px Ca-Px Plag An,s Plag Apatite Merrillite Chromite
n =201 n =96 n=13 n==6 n=1 n=3 n=11 n==6
SiO, 38.0 554 53.9 67.6 63.1 0.07 0.15 0.08
TiO, <0.03 0.15 0.40 0.09 0.07 n.d. n.d. 1.70
ALO3 <0.02 0.18 0.97 20.5 23.8 n.a. n.a. 5.8
Cr,05 0.05 0.11 0.78 0.10 0.05 <0.02 <0.02 55.8
FeO 22.0 13.8 4.7 0.74 0.50 0.67 0.97 30.5
MnO 0.47 0.50 0.23 <0.03 0.05 n.d. <0.02 0.78
MgO 39.2 29.4 17.0 0.18 0.06 <0.03 3.6 222
CaO <0.03 0.62 21.0 2.08 5.0 53.2 46.2 <0.04
Na,O <0.02 0.05 0.71 9.7 7.7 0.45 2.62 <0.01
K,O <0.01 <0.01 <0.03 0.77 0.93 n.d. <0.04 <0.01
P,Os5 n.d. n.d. n.d. n.d. n.d. 40.9 45.5 n.d.
Total 99.83 100.22 99.72 101.79 100.71 100.91* 99.12 96.94**
Fa 24.0 £ 0.5
Fs 20.6 + 0.6 7.6 £ 1.1
Wo 1.2 £ 0.6 435+ 34
An 102 £ 2.3 25.1
Or 45+ 19 5.6

Table 2. Chemical composition of metals and sulfide (troilite) in the Antonin breccia. The mean compositions are
given for phases in the vein area (band; Fig. 5a) as well as for those from the host rock. All data in wt%;

n.d. = not detected.

Kamacite Kamacite Taenite Taenite Troilite Troilite
Bulk Vein area Bulk Vein area Bulk Vein area
n=15 n=18 n=13 n=>5 n=10 n=717
Fe 934+ 1.0 929 + 1.1 64.6 &+ 5.8 63.1 + 8.5 63.1 =04 62.8 + 0.3
Co 0.83 £ 0.15 0.96 £ 0.07 0.24 £+ 0.06 0.31 £ 0.14 <0.05 <0.05
Ni 6.5 +0.22 6.6 + 0.23 34.6 &+ 5.7 36.1 = 7.9 <0.03 <0.04
S n.d. n.d. n.d. n.d. 36.7 £ 0.2 36.4 + 0.2
Total 100.73 100.46 99.44 99.51 99.88 99.29

and well lithified. Thus, the brecciation is difficult to see
in thin section, because the so-far identified different
lithic clasts show very similar degrees of recrystallization
(petrologic types 4-5). Olivine grains show characteristic
shock features in the form of weak mosaicism (Fig. 8),
typical for a degree of shock metamorphism of S4
(Bischoff & Stoffler, 1992; Langenhorst et al., 2017,
Stoffler et al., 1991, 2018). Besides the mosaicism,
olivines also have well-developed planar fractures.
Occasionally, small melt areas and veins were detected
containing abundant small metal- and sulfide-rich
spherules (Fig. 8d). High-pressure phases (such as
ringwoodite) were not detected in the melt veins or at
their borders. Such phases are often observed in L5 and
L6 chondrites with a degree of shock metamorphism of
S4 and also occur in a small number of LL chondrites
(e.g., Bischoff, 2002; Bischoff, Schleiting, & Patzek,
2019; Hu & Sharp, 2022). Some feldspar glass or

maskelynite is restricted to the shock veins, but most
feldspar certainly is crystalline. The shock stage (S4—
moderately shocked) is the most abundant shock degree
among the L chondrites (Bischoff, Schleiting, & Patzek,
2019).

The residence time of 18 days on the ground and the
cutting of the sample with water resulted in initial signs of
terrestrial weathering. The local presence of a brownish
color results from the first breakdown of metals. Thus, a
few rusty spots are especially recognizable with the naked
eye on the surface of the samples and close to the metal-
rich area (compare Figs. 1 and 4).

Chemical Characteristics
Bulk Chemistry

From a thin slice, 0.55 g was homogenized and
170 mg of the powder was provided for chemical
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Fig. 7. Well-defined chondrules are visible within the metal-
rich area. Microscopic images (a) in plane polarized light,
crossed nicols; (b) in reflected light. (Color figure can be
viewed at wileyonlinelibrary.com.)

characterization. The results are summarized in Table 3
and indicate that for most elements, the chemical
composition of Antonin is close to the compositions
of recently analyzed meteorite falls of Renchen,
Braunschweig, and other L chondrites (Bartoschewitz
et al., 2017; Bischoff, Barrat, et al., 2019; Lodders &
Fegley, 1998). Thus, in general, the Antonin chondrite
is indistinguishable from L chondrites. Considering
some chalcophile elements (e.g., Cu, Zn, Ga), Mn, and
the REE, a slight depletion (~10%) can be attested
compared to those in average bulk L chondrites
(Lodders & Fegley, 1998).

Oxygen Isotopes

The oxygen isotope compositions of the three
analyzed fragments of Antonin are 870 = 3.42%o,
3.58%0, 3.50%0; and 8'°0 = 4.65%c, 4.75%0, 4.70%o,
respectively. The mean A’'’O of 1.02%o, relative to a
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reference line with a slope of 0.528, is similar to the
compositions of other L chondrites, but is different
from most other types of meteoritic materials (Fig. 9).
The oxygen isotope data set, therefore, supports the
classification of Antonin as an L chondrite.

Titanium Isotopes

The Ti isotopic composition of the Antonin whole-
rock sample is €°Ti = —0.60 &+ 0.15 (n = 5; Fig. 10).
Within uncertainty, this composition is consistent with
previous data of L chondrites (Trinquier et al., 2009;
Zhang et al., 2012).

DISCUSSION
Mineralogical Properties and Classification of Antonin

Based on the presented results, Antonin is a breccia,
but the brecciation is difficult to recognize (Figs. 1 and 8).
Most individual fragments show recrystallized textures
(types 4 and 5; Fig. 5) as indicated by recrystallized
“relict” chondrules. These observations clearly point to
a moderate metamorphic grade of the most abundant
fragments within the Antonin chondrite. The medium-
sized plagioclase grains (mostly <20 um) and the
homogeneous compositions of olivine (Fayso105) and
low-Ca pyroxene (Fsyg6+0.6) also support this. Based on
these mean compositions of olivine and low-Ca
pyroxene, the rock clearly has to be classified as an
L-group ordinary chondrite. The data are very similar
to those reported by Shrbeny et al. (2022), Krzesinska
et al. (2022), and in The Meteorite Bulletin (2022).
Antonin also contains areas with well-defined, only
slightly recrystallized chondrules (Figs. 6 and 7). Since
olivine and low-Ca pyroxene are also equilibrated, the
petrologic type in these parts has to be defined as type 4
or type 4/5. Despite the high degree of chemical
homogenization of olivine and pyroxene reported by
Krzesinska et al. (2022), these authors also report that
Antonin contains many chondrules and glassy
mesostases that are retained in the sample. This would
speak for some local type 3 components and would be
consistent with the breccia classification made in this
contribution. This may also would explain some
differences in plagioclase compositions between the data
reported here and within the Meteorite Bulletin
Database (2022).

Thus, in summary, a classification of Antonin as an
L4-5 breccia is most appropriate. However, as
mentioned before, the brecciation is difficult to recognize,
and Antonin does not belong to the meteorites with
complex brecciation textures. The parent body was
certainly less brecciated than asteroid 2008 TC; (which is
the parent meteoroid of the Almahata Sitta stones) or the
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Fig. 8. Shock features in Antonin. a, b) The brecciated texture is visible and indicated in the hand specimen. ¢) A large olivine
with distinct mosaicism (S4). d) Local area with a small melt pocket and vein containing small metal- and sulfide-rich spherules.
e) Olivine with a low degree of mosaicism and planar fractures. f) Same object as in (e): Planar fractures with three different
orientations are visible. (Color figure can be viewed at wileyonlinelibrary.com.)
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Table 3. Trace and major element abundances of
Antonin (bold values). (*) data in wt%, other data in
ppm. Data for Braunschweig and Renchen are from
Bartoschewitz et al. (2017) and Bischoff, Barrat, et al.
(2019), respectively. The mean concentrations for the L

chondrites are from Lodders and Fegley (1998).

Renchen  Braunschweig Antonin  Mean L
Element L5-6 L6 L4-5 chondrites
Al 1.01* 1.159* 1.01* 1.16*
Fe 21.5% 21.6% 22.0* 21.8%
Mg 16.65* 15.0% 14.4* 14.9%
Na 0.54* 0.712* 0.65* 0.69*
Ni 0.91%* 1.23%* 1.56* 1.24%*
P 844 1310 905 1030
K 907 1021 873 920
Ca 1.33% 1.41%* 1.21* 1.33
Sc 9.13 10.01 8.52 8.1
Ti 634 644 610 670
\% 70.3 70.09 62.1 75
Cr 4372 3804 3048 3690
Mn 0.30* 0.267* 2478 2590
Co 518 601 582 580
Cu 84.6 90
Zn 299 43.96 4.4 57
Ga 4.11 5.05 4.81 5.4
Rb 2.73 3.06 2.59 2.8
Sr 10.68 11.34 10.5 11
Y 2.14 2.32 1.98 1.8
Zr 5.69 6.48 5.02 6.4
Nb 0.494 0.46 0.43 0.4
Cs 0.088 0.048 0.030
Ba 4.17 3.78 3.53 4.1
La 0.317 0.328 0.277 0.318
Ce 0.816 0.873 0.711 0.970
Pr 0.162 0.128 0.107 0.140
Nd 0.757 0.649 0.538 0.700
Sm 0.195 0.218 0.176 0.303
Eu 0.0797 0.0827 0.079 0.080
Gd 0.262 0.30 0.243 0.317
Tb 0.0498 0.0549 0.045 0.059
Dy 0.337 0.378 0.306 0.372
Ho 0.0754 0.0835 0.069 0.089
Er 0.225 0.250 0.302 0.252
Tm 0.031 0.038
Yb 0.230 0.256 0.206 0.226
Lu 0.0354 0.0392 0.0313 0.034
Hf 0.173 0.197 0.152 0.170
Ta 0.0253 0.0227 0.0216 0.021
Pb 0.0658 0.0336 0.0316 0.040
Th 0.0650 0.0452 0.034 0.042
U 0.0291 0.0128 0.0102 0.015

parent body of Kaidun, which both include a great
number of clasts or stones of different meteorite classes
and types (e.g., Bischoff etal., 2010; Bischoff,
Bannemann, et al., 2022; Goodrich et al., 2014;
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Fig. 9. Triple oxygen isotope compositions (A’'7O versus §''%0)
of three individual chips (~2 mg each) of Antonin, compared to
the compositions of ordinary chondrites (H, L, LL) and other
stony meteorite groups from the noncarbonaceous clan
(EC = enstatite chondrites; HED = howardites, eucrites,
diogenites; Aub = aubrites, Ang = angrites, Bra = brachinites;
SNC = shergottites, nakhlites, chassignites) and the bulk
silicate Earth (BSE). Meteorite reference compositions were
compiled from the Meteoritical Bulletin Database and are
shown with Kernel density estimation contours, with the
outermost contours for a given meteorite group encompassing
70% of the corresponding data populations. The composition
of the bulk silicate Earth (BSE) was taken from Peters et al.
(2021). (Color figure can be viewed at wileyonlinelibrary.com.)

Horstmann et al., 2010; Horstmann & Bischoff, 2014;
Zolensky et al., 1996, 2010; Zolensky & Ivanov, 2003). It
was also less brecciated than the parent bodies of other
complex breccias among the ordinary chondrites, which
also contain different rock types (e.g., Bischoff et al.,
1993, 2006, 2018; Bischoff, Dyl, et al., 2013; Bischoff,
Horstmann, et al., 2013; Metzler et al., 2010, 2011; Rubin
et al., 2005, 2017).

Considering the onion shell model for the setting of
the parent body, no unequilibrated clasts that may
originate from the near surface areas (type 3) of the
Antonin parent body were mixed into this breccia
during impact-induced lithification (Bischoff et al.,
1983; Kieffer, 1975). However, the large metal-rich
areas visible (Fig. 5) may represent a specific lithology
that will be discussed in detail below.

Besides the fragments of type 4 to type 5, the
occurrence of small impact melt areas and thin impact
melt veins and pockets are clearly visible (Fig. 8). Based
on the weak mosaicism in olivine within the entire rock,
the chondrite is moderately shocked (S4). Thus, Antonin
is an L4-5, S4 ordinary chondrite breccia.

Chemical Properties of Antonin

The L chondrite classification is confirmed by the
bulk chemical data (Table 3) as well as the results of the
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Fig. 10. The ¢>°Ti values (a,b) in noncarbonaceous (NC) and
carbonaceous chondrites (CC) as well as correlated with A’'7O
data (a). Antonin clearly belongs to the noncarbonaceous
meteorites. The error for Antonin is within the size of the
symbol. Data from Clayton etal. (1991), Clayton and
Mayeda (1996, 1999), Newton et al. (2000), Greenwood and
Franchi (2004), Leya et al. (2008), Trinquier et al. (2009),
Greenwood et al. (2010), Schrader et al. (2011), Zhang et al.
(2011, 2012), Gerber et al. (2017), Bischoff et al. (2017, 2021),
and Bischoff, Barrat, et al. (2019). (Color figure can be viewed
at wileyonlinelibrary.com.)

analyses of the O and Ti isotopes (Figs. 9 and 10).
Considering the REE, the Antonin chondrite displays a
slight negative Tm anomaly that is typical to other OC
and typical of inner solar system materials (e.g., Barrat
et al., 2016). As stated in the Results section, some
chalcophile elements (e.g., Cu, Zn, Ga) and other
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elements (e.g., REE) are slightly depleted (~10%)
compared to those in average bulk L chondrites
(Lodders & Fegley, 1998). This effect can be related to
the inhomogeneous distribution of various components
in the bulk sample. It is certainly not related to the
occurrence of the metal-chondrule aggregate as shown
in Fig. 5a (see also below), since the analyzed aliquot of
the sample is not depleted in the siderophile elements
Fe, Co, and Ni. Since we already detected the
completely (for chondrites) untypical metal-chondrule
assemblage, other chemical features (depletions of
chalcophile elements, REE, etc.) may also show a
heterogenous distribution in the Antonin breccia. We
have no explanation for this observation. Effects of
terrestrial alteration as found in meteorite finds (e.g.,
Stelzner et al., 1999) can be ruled out.

The Metal-Rich Area and the Heterogeneous Distribution
of Metal in Antonin

From the various images taken of the rock, peculiar
areas are visible consisting of large, eye-catching metal—
silicate assemblages. This is also the case in one of our
thin sections and is shown in Figs. 5 and 7. This metal
has an extremely homogeneous composition, especially
considering the Co and Ni concentrations, whereby it
can be basically characterized as kamacite enclosing
perfectly round-shaped chondrules (Fig. 7). Well-defined
chondrules also occur at the edges of the kamacite
areas. This chondrule-kamacite assemblage can arise by
different processes in its early evolution. Since the well-
defined chondrules are completely enclosed in metal, the
chondrule formation must clearly precede the formation
of the assemblage. The following possibilities exist:

a. Metal-chondrule aggregation by metal condensation
onto chondrules in the nebula;

b. Metal-chondrule aggregate formation by chondrule
incorporation due to nebular collisions of chondrules
with large molten metal droplets;

c. Formation of the metal-chondrule assemblage by
impact-induced local metal mobilization and
incorporation of chondrules on the meteorite parent
body.

Considering these possibilities, we cannot offer an
unambiguous explanation for the formation of this kind
of metal-chondrule assemblage. Also, we cannot
completely rule out one of the above-listed possible
processes of formation. However, since the chondrules
are intact, well preserved, and not strongly
recrystallized, we can rule out that they were
incorporated into the metal during the brecciation event
or at the impact process that triggered the mosaicism of
olivine (S4).
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The Most Recent and Most Important Polish Meteorites

Before Antonin, the most recent confirmed meteorite
falls in Poland were registered in 2011 (Soltmany, L6
ordinary chondrite), 1995 (Baszkowka, L5 ordinary
chondrite), and 1935 (Lowicz, mesosiderite). These data
from the Meteoritical Bulletin clearly demonstrate that
recovering a meteorite fall in Poland is rare, likely
because of its lush vegetation in most regions and its
abundance of sparsely populated areas. The meteorite
Pultusk (HYS), an 1868 fall with a total mass of about
250 kg that produced a huge strewn field, is one of the
most studied meteorites from Poland (e.g., Chen &
Wasserburg, 1980; Ganapathy & Anders, 1973;
Krzesinska et al., 2015; Lang & Kowalski, 1971; Stoffler
et al., 1991). Another well-known, well-studied fall is the
polymict eucrite Bialystok (e.g., Delaney et al., 1983;
Metzler & Stoffler, 1987). Among the finds, prominent
and well-studied Polish samples include those of the
Morasko meteorite, a 290 kg iron meteorite—with the
largest mass among the Polish samples—and the
ungrouped  enstatite meteorite  Zaklodizie (e.g.,
Buchwald, 1975; Kracher et al., 1980; Krzesiriska et al.,
2019; Patzer et al., 2002; Przylibski et al., 2005; Slavik &
Spencer, 1928; Stepniewski et al., 2000).

The Antonin Meteorite and the Fall Statistics in Central
Europe

Since 2013, 10 meteorite falls have been recovered
in an area less than 500 km in radius. All are ordinary
chondrites except Flensburg, which is a small
spectacular C1 chondrite (Bischoff et al., 2021).
Considering the other meteorite falls of Braunschweig
(L6; Bartoschewitz et al., 2017), 7Zd’4r nad Sizavou (L3;
Kalasova et al., 2020; Spurny, 2016; Spurny et al., 2016;
Spurny et al., 2020), Ejby (H5/6; Spurny et al., 2017
Haack et al., 2019), Stubenberg (LL6; Bischoff et al.,
2017; Ebert & Bischoff, 2016b; Spurny et al., 2016),
Hradec Kralové (LL5; 2016; The Meteoritical Bulletin),
Broek in Waterland (L6, 2017; The Meteoritical
Bulletin), Renchen (L5-6; Bischoff, Barrat, et al., 2019),
and Kindberg (L6, 2020; The Meteoritical Bulletin),
Antonin is the ninth recovered ordinary chondrite fall
since 2013. In the same time, at least three other
chondritic finds were recognized alone in Germany
(Blaubeuren, Cloppenburg, and Machtenstein; Bischoff,
Storz, et al., 2022). Considering these data, it is obvious
that the number of meteorite falls in Central Europe is
remarkable and certainly related to the successful work
of the European Fireball Network and the great
initiatives of the International Meteor Organization
(IMO) and the American Meteor Society (AMS). The
success of these organizations directly relates to the
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excellent recorded fireball events and the calculations of
possible meteorite strewn fields.

CONCLUSIONS

In the early morning of July 15, 2021, the meteorite
of Antonin fell about 20 km south of Ostrowo
(Poland). So far, only one fragment of 350 g was
discovered August 3, 2021, already 18 days after the
fireball event based on the exact calculations of the
possible strewn field.

Based on mean compositions of equilibrated olivine
and low-Ca pyroxene grains as well as on the O isotope
characteristics, Ti isotopes, and bulk chemistry, the rock
is classified as an L-group ordinary chondrite. The weak
mosaicism of olivine indicates a shock degree of S4.
Based on the brecciated features, an exact classification
of L4-5 (S4) is appropriate.

The inspection of the hand specimen and,
especially, of the studied subsample indicates that the
metal in Antonin is heterogeneously distributed.
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