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Abstract

We studied the interior and the fusion crust of the recently recovered Ozerki L6 meteorite
using optical microscopy, scanning electron microscopy (SEM) with energy dispersive
spectroscopy, X-ray diffraction (XRD), magnetization measurements and Mdssbauer spectroscopy.
The phase composition of the interior and of the fusion crust were determined by means of SEM,
XRD and Maossbauer spectroscopy. The unit cell parameters for silicate crystals were evaluated
from the X-ray diffractograms and were found the same for the interior and the fusion crust.
Magnetization measurements revealed a decrease of the saturation magnetic moment in the fusion
crust due to a decrease of Fe-Ni-Co alloy content. Both XRD and Mdssbauer spectroscopy show the
presence of magnesioferrite in the fusion crust. The temperatures of cation equilibrium distribution
between the M1 and M2 sites in silicates calculated using the data obtained from XRD and
Maossbauer spectroscopy appeared to be in a good consistency: 553 K and 479 K for olivine and
1213 K and 1202 K for orthopyroxene.

“Author for correspondence: E-Mal: oshtrakh@gmail.com

Introduction

On June 21, 2018 at 01:16:20 UT, an exceptionally bright fireball was witnessed in the
Lipetsk Region, Russian Federation as well as in neighboring areas. An analysis of the fireball
trajectory, following Lyytinen and Gritsevich (2016) and references therein, was clearly indicative
of a number of meteorite fragments survived through atmospheric entry and landed on the ground.
A meteorite expedition from the Ural Federal University initiated a meteorite recovery campaign
that successfully recovered the first meteorite fragments within 2 days from the fall. The meteorite
was classified as ordinary chondrite L6 with a shock stage S4/5 and weathering grade W0 and
named Ozerki (Meteoritical Bulletin, 2018, no 107).

One of the Ozerki L6 meteorite fragments was chosen for the study using optical microscopy,
scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS), X-ray diffraction
(XRD), magnetization measurements and Mossbauer spectroscopy with a high velocity resolution.
Additionally, the fusion crust from this fragment was also studied by these techniques.
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Materials and methods

The studied Ozerki L6 meteorite fragment is shown in Fig. 1. A thin layer of the fusion crust
is present at the fragment’s surface. This fragment was cut, and polished thin section was prepared
using the standard method. The polished thin section was then characterized by optical microscopy
and SEM with EDS. Then powdered matter was removed from the polished thin section for further
study by means of XRD, magnetization measurements and Mossbauer spectroscopy. For Mossbauer
spectroscopy, a powdered material was glued onto Al foil free from Fe with a thickness of ~6 mg
Fe/cm?. Similarly, a powdered fusion crust was prepared for the study by these techniques.

An Axiovert 40 MAT microscope (Carl Zeiss) was used for optical microscopy
characterization of Ozerki L6 fragment. Scanning electron-ion microscope Auriga CrossBeam (Carl
Zeiss) was used for SEM analysis while EDS device X-max 80 (Oxford Instruments) was applied
for the analysis of chemical composition of Ozerki L6. XRD analyses were done on the interior and
fusion crust using the XRD—7000 powder diffractometer (Shimadzu) operated at 40 kV and 30 mA
with CuKq radiation using a monochromator, scanned over 20 from 12° to 86° with a step of 0.03°
per 10 s. The XRD patterns were fitted using PANalytical X Pert High Score Plus software with the
Rietveld full profile analysis and ICDD PDF2 database. Magnetization measurements were carried
out using commercial SQUID MPMS-5S magnetometer (Quantum Design) on a few mg of the
powdered samples, in the temperature range of 5 to 295 K. The differential SQUID sensitivity was
10”7 emu. The sample was cooled to 5 K and the field (90 Oe) was switched on to trace the zero-
field-cooled (ZFC) branch of the magnetization M(T) curve. The magnetometer was adjusted to be
in a real H=0 state prior to recording the ZFC curve. Under this field, the field-cooled (FC) branch
was measured via heating from 5 to 295 K.

An automated precision Mdossbauer spectrometric system was used for °’Fe Mdossbauer
spectra measurement. This system was built on the base of the SM-2201 spectrometer operating
with a saw-tooth shape velocity reference signal. This signal is formed by the digital-analog
converter using discretization of 2!? (the velocity quantification using 4096 steps). The high level of
velocity scale discretization provides much better adjusting to resonance and significantly increases
the spectra quality and possibilities to reveal small overlapping spectral components with respect to
conventional Mdssbauer setups with a considerably lower level of the velocity reference signal
discretization. Descriptions of this spectrometer and the system were presented elsewhere (Oshtrakh
et al., 2009; Semionkin et al., 2010; Oshtrakh and Semionkin, 2013, 2016). The ~1.0x10° Bq
>7Co(Rh) source (Ritverc GmbH, St. Petersburg, Russian Federation) was used at room temperature.
The 295 K Mossbauer spectra were measured in transmission geometry with moving absorber,
which excludes parabolic distortion of the spectral base line, and recorded in 4096 channels. For
their analysis, the spectra of Ozerki L6 interior and the fusion crust were converted into 1024
channels by a consequent summation of four neighboring channels to increase the signal-to-noise
ratio for the minor spectral components. The statistical rates in the spectra were ~9.8x10° and
~10.4x10% counts per channels and signal-to-noise ratios were 217 and 233 for the powdered
internal bulk material and the fusion crust spectra, respectively. Each spectrum was measured for 16
days to reach the signal-to-noise ratio appropriate for reliable fits of the smallest spectral
components. Mossbauer spectra were computer fitted with the least squares procedure using
UNIVEM-MS program with a Lorentzian line shape. The line shapes of the Mdssbauer spectrum of
the reference absorber of a-Fe foil (the thickness of ~7 um) were pure Lorentzian. The line widths
(', the full width at a half maximum) in the 1024-channel spectrum of a-Fe foil were ' =
0.22840.030 mm/s, 25 = 0.227+0.030 mm/s and I's4 = 0.216+0.030 mm/s for the 1% and the 6,
the 2" and the 5™, the 3™ and the 4™ peaks in sextet, respectively. Velocity resolution (velocity per
one channel) in the 1024-channel Mossbauer spectra was ~0.015 mm/s per channel for the
powdered material and ~0.019 mm/s per channel for the fusion crust due to the different velocity
ranges used for these spectra measurements. The spectral parameters such as: isomer shift, J,
quadrupole splitting, AEq, quadrupole shift for magnetically split components, € (2e=AEg),
magnetic hyperfine field, Herr, line width, I', relative subspectrum (component) area, A, and
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normalized statistical quality of the fit, %2, were determined. Criteria for the best fit were the
differential spectrum (the difference between experimental and calculated spectral points), x> values
and physical meaning of parameters. An instrumental (systematic) error for each spectrum point
was equivalent to £0.5 channel (the velocity scale) while that for the hyperfine parameters was
equivalent to 1 channel (in mm/s or kOe). If an error calculated with the fitting procedure (fitting
error) for these parameters exceeded the instrumental (systematic) error the larger error was used
instead. The instrumental relative error for A was estimated to be <10 % (the values of A are given
in tables as calculated in the fit with two decimal digits to keep the total relative area equal to 100
%). Values of 0 are given relative to a-Fe at 295 K.

Results and discussion
The interior

Selected optical microphotographs of the Ozerki L6 polished thin section obtained in non-
polarized and polarized light are shown in Fig. 2. Some phases such as Fe-Ni-Co alloy grains,
troilite and chromite inclusions were found in silicate matrix consisting of olivine and pyroxenes. It
was interesting to observe a part of troilite inclusions with a high grade of porosity. Selected SEM
images of Ozerki L6 polished thin section are shown in Fig. 3 (additional images can be found in
Fig. S1 in Supporting Information). These images showed the presence of Fe-Ni-Co grains with
different a-, o2~ and y-phases which differ in the Ni content. Some grains contained 30-33 at.% of
Ni that corresponds to the presence of the paramagnetic y-Fe(Ni, Co) phase. Chromite grains were
found with Al as the third largest metal content in addition to Cr and Fe. This means that chromite
may contain some part of hercynite (FeAl204) or mixed Al and Cr spinel. Troilite inclusions were
observed as homogeneous particles and as particles with high level of porosity, probably, a mixture
of troilite with silicate matrix. The content of metals in different minor iron-bearing phases is shown
in Table 1.

Analysis of the XRD pattern of the bulk material from Ozerki L6 ordinary chondrite (see Fig.
S2 in Supporting Information) showed the presence of olivine (50.6 wt.%), orthopyroxene (23.0
wt.%), anorthite (14.4 wt.%), troilite (4.5 wt.%), Ca-rich clinopyroxene (3.3 wt.%), the a-Fe(Ni,
Co) phase (1.8 wt.%), chromite (1.5 wt.%), the y-Fe(Ni, Co) phase (0.4 wt.%), hercynite (0.3 wt.%)
and chlorapatite Cas(PO4)3Cl (0.2 wt.%). The unit cell parameters were evaluated using the Rietveld
full profile analysis for olivine, orthopyroxene and Ca-rich clinopyroxene found in Ozerki L6
(Table 2).

The M(T) ZFC and FC and M(H) measurements of the bulk material from Ozerki L6 ordinary
chondrite are shown in Fig. 4. Two peaks around 18 and 58 K are observed in the ZFC branch. The
higher peak is attributed to the ferrimagnetic chromite (Gattacceca et al., 2011) and the peak at 18 K
is probably due to hercynite FeAl,O4 because its Curie temperature (Tc) is around 15 K (Gattacceca
et al., 2011, Klemme and van Miltenburg, 2003, Sack and Ghiorso, 1991). Both transitions are also
observed in the FC branch. Note, that the two branches do not merge at 295 K, indicating other
magnetic phase(s) which order well above room temperature.

The isothermal magnetization M(H) curves of Ozerki L6 measured at 5 and 295 K up to
45000 Oe are also depicted in Fig. 4. In both cases, M(H) first increases linearly up to 3000—4000
Oe and then tends to saturate. The M(H) plots clearly reveal an admixture of at least two
components and can be fitted as: M(H) = Ms + y,H, where Ms corresponds to the intrinsic magnetic
saturation moment and y,H is the linear paramagnetic part. At 5 and 295 K the Ms values are 51.1
and 46.7 emu/g, respectively, and related to Fe-Ni-Co alloy (see Gattacceca et al., 2014). The slight
loss in the saturation moments (8.6%), indicates that this alloy in Ozerki L6 orders at elevated
temperatures. That is consistent with the shown M(T) plots.

Maéssbauer spectrum of the bulk material of Ozerki L6 ordinary chondrite is shown in Fig. 5.
This spectrum is similar to other L ordinary chondrites (see Maksimova and Oshtrakh, 2019 and
references therein). To fit this spectrum well, we used an approach to simulate the full static
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Hamiltonian to fit troilite component in the complex Md&ssbauer spectra of ordinary chondrites that
was described in detail by Maksimova et al. (2014, 2016, 2017) and Oshtrakh et al. (2016). We also
accounted for spectral components related to the >’Fe in the M1 and M2 sites in silicate crystals and
different phases for Fe-Ni-Co alloy as well as a component associated with hercynite for the fitting
model. The result of the best fit is shown in Fig. 5. The obtained Mdssbauer parameters for spectral
components are given in Table 3. The assigning of spectral hyperfine parameters to the indicated
compounds (phases) was done in the same way as it was recently done in the studies of other
ordinary chondrites (see Maksimova et al., 2018b; Oshtrakh et al., 2019; and references therein). It
should be noted that we were unable to calculate correctly the spectral components which could be
assigned to the M1 and M2 sites in clinopyroxene. This is a result of a very low content of
clinopyroxene (XRD showed the presence of ~3 wt.% of clinopyroxene). In case of a low content of
clinopyroxene, its low-intensity spectral components overlapping with high-intensity spectral
components of orthopyroxene cannot be revealed well without significant increase in correlation of
their parameters. The same was found in the case of the Mdssbauer spectrum of Chelyabinsk LL5
fragment No 1 with the presence of 3.9 wt.% of clinopyroxene. In the other Chelyabinsk fragments
that had larger clinopyroxene content, these components were revealed in the Mossbauer spectra
(Oshtrakh et al., 2019).

If we assume the same Mdssbauer effect probability (the f~factor) for all phases in Ozerki L6
we can roughly estimate the iron fraction in all iron-bearing minerals (by using relative areas of
spectral components) and compare with some recently studied ordinary chondrites Northwest
Africa 6286 LL6, Chelyabinsk LL5 (fragments No 1 and No 2) and Tsarev L5 (Maksimova et al.,
2018a, 2018b; Oshtrakh et al., 2019). For example, the metal content in Ozerki L6 is slightly larger
than that for the three LL chondrites. Following the assumption about the same f-factor for all
phases, we can roughly estimate the Fe?* fractions (occupancies) in the M1 and M2 sites (XreM! and
XreM?) in silicate crystals in Ozerki L6 meteorite. The ratios of XpM!/XpM? are equal to
corresponding ratios of the subspectra relative areas AM!/AM2. On the other hand, the Rietveld full
profile analysis can obtain directly the XpM' and XpM? from the Ozerki L6 XRD pattern.
Therefore, it is possible to compare XpM!/XpM? for olivine and orthopyroxene using two
independent techniques (see Table 4). A good consistency of XrM!/XreM? values obtained using the
data from XRD and AM!/AM? values from Mdssbauer spectroscopy is clearly seen in Table 4.

The distribution of Fe?" and Mg?* cations between the M1 and M2 sites in orthopyroxene and,
probably, in olivine is related to the minerals’ thermal history. Using the distribution coefficient Kp
= (XrMIXXMM2)/(XreM2x XM it is possible to determine the temperature of equilibrium cation
distribution Teq. The Fe?* and Mg?" occupancies were determined from XRD (see Table 4, XpM! +
XmM! = 1). Therefore, the values of Kp for olivine and orthopyroxene that were calculated from
these data are 1.58 and 0.24, respectively. To determine Teq, we used equations for olivine: —~AG =
RxTeqxInKp, where the Gibbs energy AG = 20935 J for olivine, R = 8.31 J/K mol (Malysheva,
1975), and for orthopyroxene: InKp = 0.391 — 2205/T¢q (Wang et al., 2005). Calculated values of
Teq are 553 K and 1213 K for olivine and orthopyroxene, respectively. Using relative areas of
corresponding spectral components in the Mdssbauer spectrum of Ozerki L6 we can calculate Kp
and Teq for olivine and orthopyroxene also using the values of fayalite (Fa) and ferrosilite (Fs) for
this meteorite by means of approach described in detail by Oshtrakh et al. (2008, 2019). The values
of Fa and Fs are 0.26 and 0.21 (Meteoritical Bulletin, 2018, no 107). The values of Kp and Teq
calculated from Mdssbauer data are: 1.69 and 479 K for olivine and 0.24 and 1202 K for
orthopyroxene. The results obtained using two independent techniques are in a good consistency.
Moreover, the values of Teq calculated by two techniques for orthopyroxene in Ozerki L6 agree
with the Teq range of 1085-1207 K calculated by Slater-Reynolds and McSween (2005) for
orthopyroxene in L6 ordinary chondrites.

The relative areas of components in the Mossbauer spectra of ordinary chondrites can be used
for meteorites classification as has already been shown by Paliwal et al. (2000), Verma et al. (2002,
2003), Verma and Tripathy (2004), Oshtrakh et al. (2008), Galazka-Friedman et al. (2017) and
Elewa and Cadogan (2017). We used this approach also and found that the plot of the total relative
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area of components related to Fe-Ni-Co alloy plus those assigned to Fe** compounds versus the
total relative area of components associated with the M1 and M2 sites in olivine can be considered
as the most useful for classification (Oshtrakh et al., 2008, 2019; Maksimova et al., 2017, 2018b;
Maksimova and Oshtrakh, 2019). This way is possible for non-weathered meteorites and in
situations with small weathering grade when iron in silicate crystals is not oxidized. In the plot
shown in Fig. 6 for ordinary chondrites from H, L and LL groups studied in the above mentioned
our papers, Ozerki L6 falls in the L ordinary chondrites region.

The fusion crust

The fusion crust can be seen in Fig. 1 at the surface of Ozerki L6 fragment. Microphotographs
of this fusion crust obtained in non-polarized and polarized light are shown in Fig. 7
(microphotographs of the glass-like surface with higher magnification are shown in Fig. S3 in
Supporting Information). These microphotographs showed the glass-like crust surface and the
second and the third crust layers (see Rubin, 1997) with inclusions of the Fe-Ni-Co grains and
chromite particles. SEM images of the Ozerki L6 fusion crust (Fig. 8) also demonstrate the glass-
like surface, the second (intermediate) and the third (inner) crust layers with inclusions of the
troilite-Fe-Ni-Co grain associations and chromite. The third layer contains many troilite — Fe-Ni-Co
veins (Fig. 8 and Fig. S4 in Supporting Information) resulting from rapidly solidified FeS and Fe-
Ni-Co alloy intergrowth (Rubin, 1997). The glass-like surface shows the formation of fractal-like
dendritic crystals (Fig. S5 in Supporting Information) which indicate rapid solidification of the
molten matter in the crust. EDS analysis showed that: (i) dendritic crystals consist of silicates like
pyroxene with a higher Fe content (~5-10 at.%) and a smaller Mg content (~10-6 at.%), (ii)
chromite contains ~3 at.% of Al as the third metal after Cr and Fe that indicates the possible
presence of hercynite in chromite crystals, (iii) troilite consists of ~55-52 at.% of S and ~45-48
at.% of Fe, (iv) metal grains consist of the a-Fe(Ni, Co) phase with Ni and Co contents of ~3 at.%
and ~2 at.%, respectively, and the on-Fe(Ni, Co) phase with Ni and Co contents of ~14 at.% and
~2-2.5 at.%, respectively.

XRD pattern of the Ozerki L6 fusion crust is shown in Fig. 9. This pattern was fitted using the
Rietveld full profile analysis which determined the following composition of the crust: olivine (58.8
wt.%), orthopyroxene (14.8 wt.%), magnesioferrite MgFe>O4 (13.1 wt.%), anorthite (7.6 wt.%),
troilite (2.0 wt.%), Ca-rich clinopyroxene (1.6 wt.%), the a-Fe(Ni, Co) phase (1.0 wt.%), chromite
(0.5 wt.%), hercynite (0.4 wt.%) and the y-Fe(Ni, Co) phase (0.2 wt.%). The unit cell parameters for
silicate crystals in the fusion crust were the same as those for silicate crystals in the bulk material
shown in Table 2. A large amount of magnesioferrite was observed in the fusion crust of Ozerki L6
similar to that found by XRD in the fusion crust from Saratov L4 and two fragments of Chelyabinsk
LL5 ordinary chondrites (Yudin et al., 1968; Maksimova et al., 2014; Oshtrakh et al., 2019). In
contrast, the majority of previous studies observed magnetite Fe3O4 and wiistite FeO in the fusion
crust (Rubin, 1997). However, according to PDF 01-089-6188, two main magnesioferrite peaks [2 2
0] and [3 1 1] are clearly seen in Fig. 11 at 20 ~30° and ~35.5°, respectively.

The results of magnetization measurements of the fusion crust (Fig. 10) seem to be very
similar to that of Ozerki L6’s interior shown in Fig. 5. Generally speaking, fusion crust material
also contains a mixture of a few magnetic and paramagnetic phases, but with different relative
fractions, namely that paramagnetic phase(s) are more dominant. That is readily expressed in (i) the
up-rise of the ZFC curve below 12 K and (i1) in the lower Ms values, 26 and 22 emu/g at 5 and 295
K, respectively. That indicates that the magnetic Fe-Ni-Co alloy fraction (with Tc is well above
room temperature) is about 50% lower than those obtained for the internal material (Fig. 4), a
consequence which confirms the XRD data. We may attribute the broad peaks around 21 and 48-50
K observed in the ZFC branch (Fig. 10, inset) to the same magnetic hercynite and chromite phases
as considered above for the interior.

The Mdssbauer spectrum of the fusion crust from Ozerki L6 meteorite is shown in Fig. 11.
This spectrum demonstrates similar shape as that of the spectra of the fusion crust from
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Chelyabinsk LL5 fragments (Oshtrakh et al., 2019). This spectrum was fitted well using 7 magnetic
sextets, 6 quadrupole doublets and 1 paramagnetic singlet. Parameters of these components are
shown in Table 5. Based on the hyperfine parameters, these components were related to
corresponding compounds (phases). Two magnetic sextets with Hesr of ~337 and ~312 kOe are
related to the a-Fe(Ni, Co) phase and troilite, respectively. Other 5 magnetic sextets were
associated with magnesioferrite which has a spinel structure with Fe** and Mg?" cations in both
tetrahedral (A) and octahedral [B] sites within the formula: (Mgi-<Fex)a[Mg,Fe2—,]8O4. There are 8
metal ions in the (A) sites and 16 metal ions in the [B] sites. Therefore, there is a distribution of
different numbers of Fe’" and Mg?" cations in the neighboring coordination spheres of >’Fe in both
(A) and [B] sites. This leads to different hyperfine fields on the *’Fe nuclei resulting from these
distributions. Two magnetic sextets with & values of about 0.27 mm/s were assigned to the (A) sites
while three magnetic sextets with larger 6 values were related to the [B] sites. For example, earlier,
De Grave et al. (1979) showed that the Mdssbauer spectrum of magnesioferrite can be fitted using 1
magnetic sextet for the (A) sites and 3 magnetic sextets for the [B] sites.

Two pairs of quadrupole doublets were assigned to the M1 and M2 sites in olivine and
orthopyroxene, respectively, similar to that in the spectrum of bulk material. Two residual
quadrupole doublets demonstrate hyperfine parameters corresponding to ferrous and ferric
compounds, however, these compounds were not identified yet. These compounds may be a result
of structural modification of silicate crystals with partial oxidation during combustion at the
atmosphere. Singlet component has parameters corresponding to chromite. The relative part of Fe-
Ni-Co alloy in the fusion crust was found by Mossbauer spectroscopy half than that in the interior.
This is in agreement with XRD data and difference for the saturation magnetic moment for the
fusion crust and interior of Ozerki L6 meteorite.

Following the above mentioned comparison of the M1 and M2 sites occupancies by Fe? and
their ratios for olivine and orthopyroxene calculated from XRD and Mossbauer spectra data, we
carried out this comparison for silicate crystals in the fusion crust of Ozerki L6 meteorite. These
results are given in Table 6. The ratios XpM!/XpM? and AMI/AM? are in a good consistency for
olivine and orthopyroxene, respectively, but these values are slightly lower than those calculated for
the bulk material (see Table 4). It is well known that annealing of silicate crystals followed by
quenching leads to redistribution of Fe** and Mg?* cations between the M1 and M2 sites (see, for
example, Zema et al., 1999; Heinemann et al., 1999; Morozov et al., 2005). Therefore, we can
calculate a temperature Trc similarly to Teq for olivine and orthopyroxene underwent high
temperature effect during the fusion crust formation using approach applied above for silicates in
the interior. The calculated Trceq values are as follows: 1113 K (XRD) and 927 K (Mdssbauer
spectroscopy) for olivine and 978 K (XRD) and 962 K (Mdssbauer spectroscopy) for
orthopyroxene. These values are very close and if calculated temperature can be considered as a
temperature of silicate crystals annealing during the final layer of the fusion crust formation, both
olivine and orthopyroxene were undergone by heating around 1000 K with fast cooling.

Conclusions

We have studied the sample of the Ozerki L6 meteorite by means of optical microscopy,
scanning electron microscopy with energy dispersive spectroscopy, X-ray diffraction,
magnetization measurements and Mdssbauer spectroscopy. The main iron-bearing phases such as
olivine, orthopyroxene, troilite, Ca-rich clinopyroxene, a-Fe(Ni, Co) and y-Fe(Ni, Co) phases,
chromite and hercynite were observed using EDS and XRD in the bulk material. Magnetization
measurements demonstrated the magnetic phase transitions of chromite and probably hercynite at
58 and 18 K, respectively. The saturation magnetic moment at 5 K is ~51 emu/g and related to the
Fe-Ni-Co alloy mainly, which orders magnetically well-above room temperature. Components
assigned to the M1 and M2 sites in olivine and orthopyroxene, troilite, the ferromagnetic o-Fe(Ni,
Co) and paramagnetic y-Fe(Ni, Co) phases, chromite and hercynite were revealed from the
Mbéssbauer spectrum of Ozerki L6. Determination of the Fe** occupancies of the M1 and M2 sites
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in both olivine and orthopyroxene by two independent techniques, XRD and Maossbauer
spectroscopy, showed a good agreement. The temperatures of cation equilibrium distribution in
silicate phases, calculated basing on the data from these two techniques, were 553 K (XRD) and
479 K (Mossbauer spectroscopy) for olivine and 1213 K (XRD) and 1202 K (Mdssbauer
spectroscopy) for orthopyroxene. Systematics of ordinary chondrites using the relative areas of
Mossbauer spectral components demonstrated that Ozerki L6 corresponds to the L ordinary
chondrites region.

The study of the Ozerki L6 fusion crust by the same techniques demonstrated the following.
The fusion crust consists of three layers of glass-like, molten and partially molten silicate phases
with grains of chromite, Fe-Ni-Co alloy and veins of FeS — Fe-Ni-Co alloy intergrows resulting
from rapidly solidified melt. XRD did not reveal any differences in the unit cell parameters for
silicate crystals in the fusion crust in comparison with the bulk material. However, XRD revealed
chromite and hercynite, a twofold decrease of Fe-Ni-Co alloy and appearance of magnesioferrite as
a result of metallic alloy and silicates combustion. Magnetization measurements showed the
magnetic phase transitions for chromite around 48 K and at ~21 K probably for hercynite while the
saturation magnetic moment at 5 K was found 26 emu/g which is twice smaller than that in the bulk
material. The Mossbauer spectrum confirmed a decrease of Fe-Ni-Co alloy content and appearance
of magnesioferrite in addition to components related to the M1 and M2 sites in silicate crystals,
troilite, chromite and yet unknown ferrous and ferric compounds. Based on the XRD and
Mossbauer data the temperature of the fusion crust final layer formation at the Ozerki L6 surface
was estimated about 1000 K.
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Table 1. Averaged ranges of metals in selected minor iron-bearing phases in the polished thin
section of Ozerki L6 ordinary chondrite obtained using energy dispersive spectroscopy.

Minor phases

wt.%

a-Fe(Ni, Co)
Fe

Ni

Co

a2-Fe(Ni, Co)
Fe

Ni

Co

v-Fe(Ni, Co)
Fe

Ni

Co
v-Fe(Ni, Co) par®
Fe

Ni

Co
FeCr204
Fe

Cr

Al

Ti

Mg

Mn

92.2-95.3
2.8-6.0
1.6-2.9

74.6-86.2
12.0-23.8
1.8-2.5

49.5-63.7
69.4-71.4
27.2-28.2
34.9-49.4
0.5-2.4

66.0-69.4
29.0-33.1
1.4-1.9

9.3-9.8
15.6-17.4
2.9-3.0
0.8-1.0
1.3-1.6
0.8-0.9

Par” means the paramagnetic state of the y-phase.

Table 2. The unit cell parameters for silicate crystals in the bulk interior of Ozerki L6 ordinary

chondrite obtained from X-ray diffraction.

Silicate crystals

a, A

Unit cell parameters

b, A ¢, A B, °

Olivine
Orthopyroxene
Ca-rich clinopyroxene

10.271(3) 6.012(3) 4.772(2) -
18.276(4) 8.867(3) 5.207(3) -

9.75(5)

8.90(4) 5.28(4) 106.1
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Table 3. Mossbauer parameters obtained for the Ozerki L6 bulk interior.

I', mm/s 6, mm/s AEq2e, mm/s Hest, kOe A, % Component®
0.296+0.030  0.018+0.015  —-0.060£0.015  341.5+£0.5 5.10  a-Fe(Ni, Co)
0.296+0.030  0.014+0.015  -0.039+£0.015  331.0£0.5 6.26  a-Fe(Ni, Co)
0.275+0.030  0.774+0.015  NDP 314.4+£0.5 15.83 Troilite
0.234+0.030  1.186+0.015  3.005+0.015 — 29.35 Olivine M1
0.234£0.030  1.096+0.015  2.948+0.015 — 19.83  Olivine M2
0.234+0.030  1.12940.015  2.331+0.015 — 4.53  Orthopyroxene M1
0.234£0.030  1.14840.015  2.120+0.015 — 14.42  Orthopyroxene M2
0.234+0.030  0.900+0.018  1.347+0.037 — 0.66  Hercynite
0.689+£0.060  0.598+0.022 — — 2.35  Chromite

0.296° 0.102+0.015 — — 1.68  Paramagnetic y-Fe(Ni, Co)

dComponents correspond to the spectral components

‘Fixed parameter.

shown in Fig. 5. °ND is non-determined.

Table 4. The ratios of Fe?* occupancies in the M1 and M2 sites in olivine and orthopyroxene
microcrystals in the bulk interior of Ozerki L6 ordinary chondrite calculated using X-ray diffraction
and Mossbauer spectroscopy data.

Method of estimation

Silicate crystals XRD Mossbauer spectroscopy
XFeM] XF eM2 XF eM]/><FeM2 AAFeMl/AAFeM2
Olivine 0.27 0.19 1.42 1.48
Orthopyroxene 0.11 0.34 0.32 0.31
Table 5. Mossbauer parameters obtained for the Ozerki L6 fusion crust.
I', mm/s 8, mm/s AEq2e, mm/s Herr, kOe A, % Component?
0.329+0.030  0.277+0.015  —0.026+£0.015  484.0+0.5 8.22  MgFe:04 (Al)
0.317£0.043  0.271+£0.015  —-0.0784+0.015  469.4+1.0 3.56 MgFe.04 (A2)
0.747+0.055  0.721+£0.016  —0.188+£0.023  467.0£0.9 9.78  MgFe:04 (B1)
0.318+0.067  0.538+0.020  0.373+0.036 447.7£1.6  1.51  MgFe204 (B2)
0.776+0.078  0.781+£0.021  0.089+0.045 413.4+1.6 4.62  MgFe:O4 (B3)
0.348+0.030  0.041+0.015  0.003+0.015 337.240.5 6.08  a-Fe(Ni,Co)
0.269+0.030  0.773+0.015  NDP 312.240.5 4.62  Troilite
0.262+0.030  1.183+0.015  2.966+0.015 — 23.69 Olivine M1
0.262+0.030  1.104+0.015  2.887+0.015 — 19.35 Olivine M2
0.262+0.030  1.327+0.016  2.689+0.035 — 1.57  Orthopyroxene M1
0.262+0.030  1.150+0.015  2.091+0.015 — 7.36  Orthopyroxene M2
0.495+0.071  0.92740.038  1.665+0.067 — 3.05  Ferrous compound
0.656+0.058  0.325+0.023  1.269+0.051 — 5.23  Ferric compound
0.778+0.401  0.748%+0.065 — — 1.37  Chromite

“Components correspond to the spectral components shown in Fig. 11. °ND is non-determined.
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Table 6. The ratios of Fe?" occupancies in the M1 and M2 sites in olivine and orthopyroxene
microcrystals in the fusion crust of Ozerki L6 ordinary chondrite calculated using X-ray diffraction
and Mdssbauer spectroscopy data.

Method of estimation

Silicate crystals XRD Mossbauer spectroscopy
)(FG:Ml )(FeM2 XFeMl/ )(FeM2 AFeMl/ AFeM2
Olivine 0.25 0.21 1.19 1.22

Orthopyroxene 0.08 0.36 0.22 0.21




Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

’///////////// IIH]Illl\\\\\\\\\\\\\\\\‘
5 6 i S

Fig. 1.



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

LR

Troilite

N

- Chromite
£

<« Fe-Ni-Co

/
20 ym

Fig. 2.



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

az2-Fe(Ni, Co)  a-Fe(Ni, Co) o y-Fe(Ni, Co)
. , ¥ a-Fe(Ni, Co) ~32 at.% Ni

T.. * y-Fe(Ni, Co)

F eszOq_ 9
FeAl: 04

100um Electron Image 1 ! 200um ! Electron Image 1

Fig. 3.



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

1o 60 T=5K 2xp~ o © ©® ®
(@ A
e 501 ® 4 A A A A
1.52 % N A
: = K I A M _=51.1 emu/g
=d () S S
3 % FC ™ D4L 0
€148} (st 2 | a
(4} S | m
. 3o A
Z 1441 T=s8K i =1
m == | Z 20 f
= ZFC ! i 7Y
€ 140 |m|||||||||||IIII|"|||||||||||u|||||||| g m
40¢ | I
= T=18 K||__L'|'-"=|'TF||||m|||||||||1|nm\||||||||||||||||||||||||||||||||||||||||| 2 10 A vV v Y
1.36 e ohww VY v -
. ‘|_||_|LIIIIIIM— H=90 Oe P\\\ Paramagnetic
ﬂL—L! 1 1 1 1 1 1 10 W 1 s 1 L 1 N 1
0 50 100 150 200 250 300 0 10000 20000 30000 40000
TEMPERATURE, K FIELD, Oe
60 =K o @ ® o
o0 [
g g @ B N EERN
E a0t a‘. Tevoe it M_=46.7 emu/g
=
3 @
u | @
S 20} -
s | =
10+@
'S No hysteresi
2\ 0 nysteresis
0r®
" 1 L 1 L 1 L 1
0 10000 20000 30000 40000

FIELD, Oe

Fig. 4.



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

o-Fe(Ni, Co),
o-Fe(Ni, Co).

Troilite ‘ ‘
Olivine M1
Olivine M2
Orthopyroxene M1
Orthopyroxene M2
Hercynite
Paramagnetic y-Fe(Ni, Co) __

Chromite __

6.0 4.0 -20 0.0 2.0 4.0 6.0
VELOCITY, mm/s

Fig. 5.



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

TOTAL RELATIVE AREA OF METAL +

22

p—
-

IRON OXIDE, %
S

Zvonkov Hé6

i Vengerovo HS

L ordinary
chondrites

8
P

Tsarev LS (2)

T / Tsarev LS (1)
Richardton H5! A

/ I%_j;‘,Farmlngton LS Saratov L4

H‘H - oL x %A/ Kunashak L5

—@—0zerki L6 | \ -
! 1Tazerzait L5
Ochansk H4 | — K Mi{-"“\ Mbale L5/6 L
L
] ! Ch No 2 LL5 Ch No 2a LL5
H ordinary ,ch No 1aLL5 —». =
chondrites | ~ .% %F:
1
. ChNo3LLS T\ 6286 LL6” I —
1
 LL ordinary  NwaA 7857 LL6™ _ gm
i chondrites ChNo1LL5~—"
1 1 1 1 1
38 43 48 53 58

TOTAL RELATIVE AREA OF OLIVINE, %

Fig. 6.



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

Glass-llke surface : 100pm
Chromite » Chromite

//

Fe-Ni-Co ——M

Fig. 7.



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

/.

.’ FeS+
_-+® Fe-Ni-Co  FeCr204+
g FeAl,O4

100um ' Electron Image 1

Fig. 8.



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

14700 0l

E 12700 | ol

3 10700 | ol  OPy

&

R opPy | |Mf

Z 8700 \M ol ol

7 ol Y 1 Mf  Mf

Z 6700 | M ol

- Iif o1

Z 4700 | An l\, Tr

= H, )
2700 \ ‘ \, l l\

700 ' 7N —X
12 22 CPy 32 Ch 42 CPy 52 62 72 82

20, °

Fig. 9.



6.6

o
~

MOMENT, emul/g
[}
N

6.0

Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

Fig. 10.

(d = 6.12} m ZFC
¢ =1 KkOe B sk Exp. o © ®
® 2600 T=21K i, I o
: FC E : l-l. e 30 - ® [ )
[ L
a - 6.06 ® lll'-"".- -..- g 25 L ® A A A A A A
(A & = Ty £ A M _=26 emu/g
% = L - o, (] S
% S 603 u T=48 K L 20
C s o =
@ i =z [
?@F 6.00 (1] o 15
(((((((((((((/((( 0 10 20 30 40 50 60 70 | O 4o
m ZFC it . TEMPERATURE, K s v Y
I (@
] “__MLllllL—L'rerF—W_m "““““ff((««(«(((%((( . 5 v Y
e u||||||||||||m||||||||||||||||||||||||||||r||||| (\(W(W‘“@((f((f(«(((r v v Paramagnetic
uuu||||||||||||mm|||||umm||||||||||||1qumuumu||||||u|m|r. 0 o b
1 1 " 1 " 1 n 1 — 1 1 1 1
50 100 150 200 250 300 0 10000 20000 30000 40000
TEMPERATURE, K FIELD, Oe
35} o © o
30+ T=5.K o ®
D51 L
E _ T E B
20 @ " E =R
- .‘ T=295 K M =22 emu/g
=z 15 _H
i° g
E 10} e
= '@
°1a
02 H=500e c
0 10000 20000 30000 40000
FIELD, Oe



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)

MgFe,0y4 (A1)
MgFe,0, (A2)
MgFe,0y4 (B1)
MgFe,0, (B2)
MgFe,0, (B3)
a-Fe(Ni, Co)
Troiiite ‘ .
Olivine M1
Olivine M2
Orthopyroxene M1
Orthopyroxene M2

Ferrous compound
Ferric compound

Chromite T

EFFECT, %
P A g N
cocococosoa s

80 -6.0 -40 -20 00 20 40 6.0 8.0
VELOCITY, mm/s

Fig. 11.



Meteorit. & Planet. Sci., 2020, 55, 231-244 (DOI: 10.1111/maps.13423-3241)
FIGURE LEGENDS

Fig. 1. Photograph of the studied fragment of Ozerki L6 ordinary chondrite. The fusion crust can be
seen on the top of this fragment.

Fig. 2. Selected microphotographs of the polished thin section of Ozerki L6 ordinary chondrite
obtained in nonpolarized (left) and polarized (right) light.

Fig. 3. Selected scanning electron microscopy images of the polished thin section of Ozerki L6
ordinary chondrite. Indicated phases were determined using energy dispersive spectroscopy (see
also Fig. S1 in Supporting Information).

Fig. 4. Zero-field cooled (ZFC) and field cooled (FC) magnetization curves and isothermal
magnetization curves of the bulk interior of Ozerki L6 fragment. Exp. is experimental points, Ms is
saturation magnetic moment, T is temperature.

Fig. 5. Mossbauer spectrum of the bulk interior of Ozerki L6 fragment. Indicated components are
the results of the best fit. The differential spectrum is shown below. T=295 K.

Fig. 6. Systematics of H, L and LL ordinary chondrites using Mdssbauer parameters with position
for Ozerki L6 fragment. Abbreviations “Ch” and “NWA” mean “Chelyabinsk” and “Northwest
Africa”, respectively. Vertical and horizontal error bars are roughly estimated averaged relative
errors. Adopted from Oshtrakh et al. (2019).

Fig. 7. Selected microphotographs of fusion crust at the polished thin section of Ozerki L6 ordinary
chondrite obtained in nonpolarized (left) and polarized (right) light (the higher magnification
images of the glass-like surface are shown in Fig. S3 in Supporting Information).

Fig. 8. Scanning electron microscopy image of the fusion crust at the polished thin section of
Ozerki L6 ordinary chondrite. Indicated phases were determined using energy dispersive
spectroscopy. Areas A and B are shown in Fig. S4 and the glass-like surface is shown in Fig. S5
with high magnifications in Supporting Information.

Fig. 9. X-ray diffraction pattern of the fusion crust from Ozerki L6 ordinary chondrite. Ol is olivine,
An 1is anorthite, OPy is orthopyroxene, CPy is clinopyroxene, Tr is troilite, Ch is chromite, Hc is
hercynite, Mf'is magnesioferrite, a is a-Fe(Ni, Co) phase, v is y-Fe(Ni, Co) phase.

Fig. 10. Zero-field cooled (ZFC) and field cooled (FC) magnetization curves and isothermal
magnetization curves of the fusion crust of Ozerki L6 fragment. Exp. is experimental points, Ms is
saturation magnetic moment, T is temperature.

Fig. 11. Mossbauer spectrum of the fusion crust of Ozerki L6 fragment. Indicated components are
the results of the best fit. The differential spectrum is shown below. T=295 K.



