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The bulk interior of Kemer L4 ordinary chondrite was characterized for the first time by means of optical micros-
copy, scanning electron microscopy with energy dispersive spectroscopy, Raman spectroscopy, X-ray diffraction,
magnetization measurements and Mossbauer spectroscopy with a high velocity resolution. The main and minor
iron-bearing phases were found as well as ferrihydrite as a result of weathering. The Fe?" partitioning among the
M1 and M2 sites in olivine, orthopyroxene and clinopyroxene was determined from the X-ray diffraction. The ra-
tios of Fe?™ occupancies for these crystals were estimated from both X-ray diffraction and Mossbauer spectros-
copy data and appeared to be in a good agreement. The distribution coefficients Kp and the temperatures of
equilibrium cation distribution T.q were also evaluated for olivine and orthopyroxene from two independent
techniques and were in a good consistence: Kp = 1.77, Teq = 441 K (X-ray diffraction) and Kp = 1.77, Teq =
439 K (Méssbauer spectroscopy) for olivine and Kp = 0.10, Teq = 806 K (X-ray diffraction) and Kp = 0.09,
Teq = 787 K (M6ssbauer spectroscopy) for orthopyroxene. The fusion crust of Kemer L4 was studied using X-
ray diffraction, magnetization measurements and Mossbauer spectroscopy. Magnesioferrite and probably
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maghemite were found in the fusion crust in addition to other phases observed in the bulk interior.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The majority of all meteorites reached the Earth are ordinary chon-
drites (~80%). Ordinary chondrites, as the main part of stony meteorites,
were classified as undifferentiated meteorites [1]. This group of meteor-
ites was formed together with the Solar System and brings information
about early stage of its formation as well as about further transforma-
tion of matter in space including information about its shock and ther-
mal history. Therefore, study of ordinary chondrites using various
physical techniques is of interest.

Ordinary chondrites consist of the following iron-bearing crystals:
olivine (Fe, Mg),Si0O,4, orthopyroxene (Fe, Mg)SiOs, clinopyroxene (Fe,
Mg, Ca)SiOs, troilite FeS, chromite FeCr,04, hercynite FeAl,04, ilmenite
FeTiOs, grains of Fe-Ni-Co alloy in the form of a-Fe(Ni, Co), ax-Fe(Ni,
Co), y-Fe(Ni, Co) and ~y-FeNi phases as well as some ferric compounds
resulting from terrestrial weathering. There are also iron-free crystals
in ordinary chondrites from albite NaAlSi3Og to anorthite CaAl,Si;Og.

* Corresponding author.
E-mail address: oshtrakh@gmail.com (M.L Oshtrakh).
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1386-1425/© 2020 Elsevier B.V. All rights reserved.

Details of ordinary chondrites composition and classification can be
found in [2,3].

The Kemer meteorite fell around noon on March 3, 2008 in the prov-
ince of Mugla, Turkey, near Kemer town (36°32’31” N, 29°25'05.6” E).
Three stones (fully fusion crusted) were recovered and subsequently
classified as an ordinary chondrite from group L and petrological type
4, with shock stage S4/5 and weathering grade WO (at that time). Aver-
age values of fayalite Fa (a molar fraction of Fe,SiO4 in olivine solid so-
lution of Fe,Si04-Mg,SiO4) and ferrosilite Fs (a molar fraction of
FeSiO5 in orthopyroxene solid solution of FeSiO3-MgSiO3) are 24 mol%
and 19 mol%, respectively (Meteoritical Bulletin, No 99, 2012). Hitherto,
Kemer meteorite has not been characterized by physical techniques,
while these techniques are very useful in the studies of ordinary chon-
drites, for example, X-ray diffraction (XRD), e.g. [4-6], Raman spectros-
copy, e.g [7,8], magnetization measurements, e.g. [9] and °’Fe
Maossbauer spectroscopy, e.g. [10,11]. Therefore, we present here results
obtained for one Kemer L4 fragment with the fusion crust by means of
optical microscopy, scanning electron microscopy (SEM) with energy
dispersive spectroscopy (EDS), Raman spectroscopy, XRD, magnetiza-
tion measurements and >’Fe Méssbauer spectroscopy.
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2. Materials and methods

A piece of Kemer L4 with the fusion crust was cut off (Fig. 1) and de-
livered from Kirklareli, Turkey to Ekaterinburg, Russian Federation for
samples preparation for further analysis in the laboratories involved in
this study. The polished section of this sample was prepared by the stan-
dard method for characterization using optical microscopy, SEM with
EDS and Raman spectroscopy. Then, a thin powder was prepared from
this surface for XRD, magnetization measurements and Mdssbauer
spectroscopy of the bulk interior of Kemer L4. About 200 mg of the sam-
ple powder was used for XRD, while only few mg of that were used for
magnetization measurements. The sample for Mdssbauer spectroscopy
was prepared with a thickness of ~6 mg Fe/cm?, by gluing the sample
powder on Al foil free from Fe with a diameter of 20 mm. A part of the
fusion crust thin layer was removed from the piece and powdered.
This powder was used for XRD, magnetization measurements and
Mossbauer spectroscopy, the samples for these techniques being pre-
pared as described above for the bulk interior powder.

At the Ural Federal University (Ekaterinburg), characterization of
Kemer L4 was done by optical microscopy under the non-polarized
and polarized reflected light, using an Axiovert 40 MAT microscope
(Carl Zeiss), and by scanning electron-ion microscopy, using an Auriga
CrossBeam (Carl Zeiss) microscope with an accelerating potential of
20 kV and a probe current of 200 pA, coupled with an EDS device X-
max 80 (Oxford Instruments), for analysis of chemical composition.

At the University of Coimbra (Coimbra), the Raman spectra were col-
lected using a Horiba LabRam HR Evolution micro-Raman system, with
laser excitation at 532 nm, a laser power of ~5 mW, spectral resolution
1.5 cm™ !, spot size ~1 pm and a 50x magnification lens (NA = 0.75).
The Raman spectra were collected with an acquisition time of 5 to 10 s,
and 5 to 10 accumulations. The Raman map was obtained for a
94 x 118 um? area, with spectra being collected using a grid of 3 x 3 um?.

XRD analyses of the bulk interior and fusion crust powdered samples
were done at the Ural Federal University (Ekaterinburg) using an XRD-
7000 powder diffractometer (Shimadzu) operating at 40 kV and 30 mA
with CuK,, radiation using a monochromator. Scanning was performed
over 20 from 13° to 86°, with a step of 0.03° per 10 s. XRD patterns
were processed using the Panalytical X'Pert High Score Plus (version
2.2¢) software. The X-ray data were fitted by the least squares proce-
dure using the Rietveld full profile refinements program. This Rietveld
implementation is based on the source code of the modified version of
the LHPM program [12]. The least squares refinements were performed
with pseudo Voigt peak profiles. The phase composition was evaluated
using the ICDD PDF-2 database. Then, initial structural parameters,
atomic positions and temperature factors for the refinements were

Fig. 1. Photograph of Kemer L4 piece used in the study showing the interior and the fusion
crust.

taken from the ICSD database. The quality of the refinement was evalu-
ated by indices characterizing the fitting model: Rp = 2.4; Rywp = 3.2;
Rexp = 1.9; GOF (goodness of fit) = 2.8, whose values demonstrate its
good quality, which allows an estimation of phase compositions up to
the first decimal digit.

At the Hebrew University (Jerusalem), magnetization measure-
ments were carried out using a commercial SQUID magnetometer
MPMS-5S (Quantum Design) in the temperature range 5-295 K. The
differential SQUID sensitivity was 10~ emu. The samples were cooled
to 5 K and the fields were switched on to trace the zero-field-cooled
(ZFC) branches of the magnetization M(T) curves. The magnetometer
was adjusted to be in a real H = 0 state prior to recording the ZFC
curves. Under this field, the field-cooled (FC) M(T) branches were mea-
sured via heating from 5 to 295 K. The fields up to 50 kOe at 5 and 295 K
were applied for isothermal magnetization M(H) curves measurements.

57Fe Méssbauer spectra were measured at the Ural Federal Univer-
sity (Ekaterinburg) using an automated precision Mossbauer spectro-
metric system developed in-house based on the SM-2201
spectrometer, with a saw-tooth shape velocity reference signal formed
by a digital-analog converter using discretization of 2', resulting in a
velocity quantification in 4096 steps. The high discretization level of
the velocity scale provides much better adjustment to resonance, and
significantly increases the spectra quality and analytical possibilities of
Mossbauer spectroscopy but increases the measurement time. Details
and characteristics of this spectrometer and the system were described
in [13-16]. The 1.8 x 10° Bq °’Co(Rh) source (Ritverc GmbH, St. Peters-
burg) was used at room temperature. The Mdssbauer spectra of Kemer
L4 samples were measured in transmission geometry with moving ab-
sorber at 295 K and recorded in 4096 channels. Then, these spectra
were converted into 1024-channel spectra, by a consequent summation
of four neighboring channels, to increase the signal-to-noise ratio for
the minor spectral components. Statistics in the obtained spectra of
the bulk interior and the fusion crust was ~12.5 x 10° and ~7.4 x 10°
counts per channels, and the signal-to-noise ratio was 241 and 233, re-
spectively. Each spectrum was measured over a period of 2-3 weeks, to
reach appropriate signal-to-noise ratio for reliable fits.

Madssbauer spectra were computer-fitted with the least square pro-
cedure using UNIVEM-MS program with a Lorentzian line shape. The
line shape of the 1024-channel Méssbauer spectrum of the reference
absorber of a-Fe foil with a thickness of 7 um was pure Lorentzian,
with line widths (I, the full width at a half maximum) of ;g =
0.238 4 0.031 mm/s, I';5 = 0.232 4 0.031 mm/s and '3 4 = 0.224 £+
0.031 mmy/s for the 1°¢ and the 6, the 2" and the 5", and the 3™ and
the 4™ peaks in the measured sextet, respectively. The velocity resolu-
tion (velocity per one channel) in the 1024-channel Méssbauer spectra
was ~0.015 mmy/s per channel for the meteorite bulk interior
and ~0.019 mm/s per channel for its fusion crust. Spectral parameters
such as isomer shift, 6, quadrupole splitting/quadrupole shift for mag-
netically split components, AEg/e (26 = AEq), magnetic hyperfine
field, Heg, line width, T, relative subspectrum (component) area, A, and
normalized statistical quality of the fit, %, were determined.

For the most reliable fits of the measured spectra, we used a new
model that takes into account the spectral components related to the
57Fe in the crystallographically non-equivalent M1 and M2 sites in oliv-
ine, orthopyroxene and clinopyroxene, and components related to me-
tallic iron a-, 0- and y-phases with variations in Ni concentration,
chromite, hercynite and ferric compounds. Moreover, for the Mdssbauer
spectrum of the bulk interior sample of Kemer L4, a simulation of the full
static Hamiltonian was applied for the troilite subspectrum fit. The latter
results in more reliable Mdssbauer parameters for the minor spectral
components and overcomes the problem with fitting the troilite FeS
component using the full static Hamiltonian in the complex Mdéssbauer
spectra of ordinary chondrites (see [17,18] and references therein). The
new fitting model was described and compared with the full static
Hamiltonian fit in [19] and applied recently for various ordinary chon-
drites spectra re-fitting in [20] without more detailed analysis of the
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Fig. 2. Selected optical microscopy images of Kemer L4 polished section done under the non-polarized and polarized light with indication of some phases.

presence of minor iron-bearing phases. Further, this model was success-
fully used for detailed studies of some ordinary chondrites in [21-23].
Criteria determining the best fit solution were the differential spectrum
(the difference between experimental and calculated spectral points),
x? and the physical meaning of the parameters.

The instrumental (systematic) error for each spectral point was
equivalent to £0.5 channel (in the velocity scale), 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 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%. The
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estimated relative error for A usually did not exceed 10%. Values of &
are given relative to a-Fe at 295 K.

3. Results and discussion
3.1. The bulk interior

Selected images of the Kemer L4 polished section obtained using op-
tical microscopy under non-polarized and polarized light are shown in
Fig. 2. These images demonstrate a typical ordinary chondrite texture
with metal grains (Fe-Ni-Co alloy), and troilite and chromite inclusions
within the silicate matrix consisting of olivine and orthopyroxene. There
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Fig. 3. Selected scanning electron microscopy images of Kemer L4 polished section taken at different magnifications. Indicated phases were determined using energy dispersive

spectroscopy.
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Table 1

Averaged ranges of metal content in selected minor iron-bearing phases in the bulk
interior of Kemer L4 ordinary chondrite obtained using energy dispersive
spectroscopy.

Minor phases Metal content, at%
a-Fe(Ni, Co)

Fe 92.1-95.7

Ni 39-74

Co 0.2-1.1
o-Fe(Ni, Co)

Fe 85.2

Ni 14.2

Co 0.6
y-Fe(Ni, Co)

Fe 45.7-58.7

Ni 41.1-54.0

Co 0.1-0.3
Paramagnetic y-Fe(Ni, Co)

Fe 69.3-70.2

Ni 29.4-30.5

Co 0.2-0.6
FeS

Fe 48-49

S 51-52
FeCr,04

Fe 10.0-12.5

Cr 17.7-21.9

Al 22-2.7

Ti 0.4-0.7

Mg 1.0-3.7

are various metal-troilite associations seen at the section plane, some of
them show the presence of fine-grained troilite inside the metal grain
and vice-versa.

Selected SEM images with different magnification of the Kemer L4
polished section are shown in Fig. 3. It is clearly seen that troilite grains
contain numerous fine-grained metal inclusions. The metal content (in
percentage of atoms; at.%) in selected phases is given in Table 1. The pres-
ence of Al as the third metal in chromite indicates the possible presence of
hercynite associated with chromite resulting from Cr substitution by Al
However, in one chromite grain only a large amount of Mg as the third
metal was observed. Similar presence of Mg in chromite was recently de-
tected in the stony part of Seymchan main group pallasite, which was
considered as indication of the presence of magnesiochromite Fe,
_xMg,Cr,04 in addition to chromite in that meteorite [24]. However, in
the case of Kemer L4, the presence of one chromite particle only with a
large Mg content indicates that the total amount of magnesiochromite
in the sample cannot be detected by XRD and Mdossbauer spectroscopy,
while hercynite content is enough for detection by these techniques.
The content of Fe and S in troilite is close to stoichiometry. EDS analysis
indicated the presence of a-Fe(Ni, Co) and y-Fe(Ni, Co) phases in the
metal grains. It was interesting to find metal grains with Ni content higher
than 50 at.%. Several Fe-Ni-Co grains consist of a complex mixture of o-Fe
(Ni, Co) and y-Fe(Ni, Co) phases (Fig. 4), clearly demonstrating a variation
of Ni content even within the same phase.

Representative Raman spectra of the Kemer L4 polished section are
shown in Fig. 5 (top panels), conforming to olivine and orthopyroxene.
A Raman mapping of a 94 x 118 um? area of the sample (corresponding
to around 1200 different Raman spectra) is shown in the figure (bottom,
right image) and highlights these two types of materials in green and
red colors, respectively. This map allows to establish an easy correlation
between the olivine and orthopyroxene rich regions of the sample with
the optical microscope image also presented in the figure (bottom, left
picture). In the spectrum of olivine, the observed strong doublet ascrib-
able to the Si—O symmetric and anti-symmetric stretching vibrations,
has peak positions at 823.3 and 855.4 cm ™!, while minor bands are ob-
served at 606, 586, 543, 434, 419, 337, 333 and 303 cm~ . All these
bands fit well the spectra of forsterite [25-27] indicating the
forsterite/fayalite ratio of (70 + 3):(30 + 3) for Kemer L4. This ratio is

comparable with the Fa values range of 23-25 mol% given in
Meteoretical Bulletin, 99, 2012. The observed Raman spectrum of
orthopyroxene shows the bands due to the Si—O stretching modes at
1009 and 1026 cm ™!, those due to the Si—O bending modes at 661
and 681 cm ™!, and that ascribable to the M—O stretching vibrations
at 338 cm™ . According to [28], these numbers correspond to a compo-
sition of the orthopyroxene with an enstatite/ferrosilite ratio of approx-
imately from 87:13 to 80:20, i.e., Fs is between 13 and 20 mol%, which is
consistent with the value of Fs = 19 mol% for Kemer L4 given in Mete-
oritical Bulletin, 99, 2012.

The XRD pattern for the bulk interior of Kemer L4, with indication of
selected reflections, is shown in Fig. 6. The Rietveld analysis showed the
presence of the following phases in this sample: 53.2 wt% olivine (ICDD
01-080-1630), 22.6 wt% orthopyroxene (ICDD 01-083-0666), 7.3 wt%
anorthite (ICDD 01-079-1149), 6.7 wt% Ca-rich clinopyroxene (ICDD
01-083-0088), 4.4 wt% a-Fe(Ni, Co) phase (ICDD 00-037-0474),
3.8 wt% troilite (ICDD 01-080-1030), 0.7 wt% y-Fe(Ni, Co) phase
(ICDD 01-089-4185), 0.6 wt% chromite (ICDD 00-034-0140), 0.2 wt%
hercynite (ICDD 00-034-0192) and 0.5 wt% ferric compound in the
form of ferrihydrite 5Fe,05x9H,0 (ICDD 00-046-1315). The unit cell
parameters in silicate crystals in the bulk interior of Kemer L4 were de-
termined by the Rietveld full profile analysis: a = 10.268(4) A, b =
6.009(4) A, c = 4.772(3) A for olivine, a = 18.280(6) A, b = 8.862
(5) A, c = 5.199(5) A for orthopyroxene and a = 9.76(5) A, b = 8.89
(4) A, c = 5.28(3) A, B = 106.25° for Ca-rich clinopyroxene.

Fig. 7 shows the ZFC and FC plots of the bulk interior of Kemer L4 mea-
sured at 1 kOe and temperature varied from 5 to 295 K. The two branches
show a moderate increase at low temperatures, indicating the presence of
a tiny amount of a paramagnetic extra phase. In addition, two anomalies
are observed: (i) a pronounced peak at T =~ 62 K and a small bulge at
T ~ 52 K in the ZFC branch (see inset in Fig. 7, ZFC-FC plot), and a break
in the FC one in the same temperature region; (ii) both ZFC and FC plots
increase sharply till a bump around 200 K and further up to 260 K, and
then start to decrease for higher temperatures. They do not merge at 295 K.

The origin of the peaks at around T =~ 62 Kand T = 52 K is related to
the ferrimagnetic chromite. It was demonstrated earlier that the
ferrimagnetic-paramagnetic phase transition in chromate is in the tem-
perature range 40-80 K [29]. However, in contrast to our previous stud-
ies of Northwest Africa 6286 LL6, Northwest Africa 7857 LL6 and Ozerki
L6 ordinary chondrites, which demonstrated only one peak at around
60 K associated with chromite [21,23], there are two peaks observed
for the bulk interior of Kemer L4. On the other hand, this looks like
ZFC-FC plots for Annama H5 ordinary chondrite in the temperature
range ~40-80 K [30]. It is possible that the observation of two peaks as-
sociated with two magnetic phase transitions is related to small varia-
tions in the accessory metals like Mg and Ti (see Table 1) in chromite
inclusions (see also [29]).

A sharp increase of the magnetization up to T ~260 K is clearly seen
in Fig. 7. This means that the magnetic transition temperature for the
bulk interior of Kemer L4 is well above 300 K, as indicated clearly by
the isothermal magnetization M(H) curves described hereafter.

The two M(H) curves measured at 5 and 295 K first increase up to
4-5 kOe, tends to saturate up to 50 kOe at 5 K but almost saturated (at
5 kOe) at 295 K. No hysteresis is observed in both plots. Due to the pres-
ence of a paramagnetic fraction, which dominates at low temperatures,
the experimental M(H) plot at 5 K clearly reveals this admixture of mag-
netic and paramagnetic components and can be fitted as: M(H)exp =
Ms + (xpH), where the saturation moment Ms is the intrinsic magnetic
phase contribution, and x,H is the linear paramagnetic contribution.
This procedure yields Ms = 33.9 and 31.1 emu/g for T= 5 and 295 K, re-
spectively. The observed small decrease (around 10%) upon increase of
temperature confirms our statement that the magnetic transition of sam-
ple takes place at a temperature much higher than room temperature.
This picture is also consistent with the Mossbauer data presented below.

The Mossbauer spectrum of the bulk interior of Kemer L4 is shown in
Fig. 8. The best fit of this spectrum demonstrated the presence of three
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Fig. 4. Selected scanning electron microscopy images of metal grains with a complex phase composition observed in Kemer L4 polished section and taken at different magnifications with
variations of Fe, Ni and Co content at the line A-A and point chemical analysis carried out using energy dispersive spectroscopy.

pairs of quadrupole doublets related to the M1 and M2 sites in olivine,
orthopyroxene and clinopyroxene, respectively, three magnetic sextets
assigned to the a-Fe(Ni, Co) and ~y-Fe(Ni, Co) phases, one magnetic sextet
related to troilite, one paramagnetic singlet associated with chromite, and
two quadrupole doublets assigned to hercynite and a ferric compound.
Méssbauer parameters are presented in Table 2. The >’Fe hyperfine pa-
rameters obtained for the spectral components in Kemer L4 are in agree-
ment with data for ordinary chondrites previously measured with
Mossbauer spectroscopy with a high velocity resolution (see
[20-23,30]). Room temperature Mossbauer parameters for the ferric
compound are similar to paramagnetic FeFOOH polymorphs such as ferri-
hydrite 5Fe,03x9H,0, akaganéite 3-FeOOH, etc. (see, e.g. [31]). Taken into
account the result of XRD, we can assign this component to ferrihydrite
resulting from Kemer L4 weathering in terrestrial conditions.

3.2. The fusion crust

Scanning electron microscopy images at different magnifications of
the Kemer L4 fusion crust are shown in Fig. 9. A formation of silicate
crystals in the form of fractals from the surface melt is clearly seen.
The XRD pattern of the powdered fusion crust from Kemer L4 is pre-
sented in Fig. 10. Using the Rietveld analysis, the main and minor phases
were determined. The fusion crust contains 59.8 wt% olivine (ICDD 01-
080-1630), 13.2 wt% orthopyroxene (ICDD 01-083-0666), 12.3 wt%

magnesioferrite MgFe,04 (ICDD 01-088-1938), 4.9 wt% Ca-rich
clinopyroxene (ICDD 01-083-0088), 4.6 wt% anorthite (ICDD 01-079-
1149), 2.8 wt% a-Fe(Ni, Co) phase (ICDD 00-037-0474), 1.3 wt troilite
(ICDD 01-080-1030), 0.4 wt% chromite (ICDD 00-034-0140), 0.2 wt%
hercynite (ICDD 00-034-0192) and 0.4 wt% ferrihydrite (ICDD 00-046-
1315). XRD observation of magnesioferrite in the fusion crust of ordi-
nary chondrites, instead of magnetite Fes0,4 or wiistite FeO as shown
in [2], was earlier demonstrated for Saratov L4 [32], Chelyabinsk LL5
[22] and Ozerki L6 [23]. Using the Rietveld full profile analysis, the
unit cell parameters in silicate crystals in the fusion crust of Kemer L4
were determined: a = 10.262(2) A, b = 6.006(1) A, c = 4.772(1) A
for olivine, a = 18.291(4) A, b = 8.872(4) A, c = 5.191(3) A for
orthopyroxene, and a = 9.72(2) A, b = 8.90(1) A, c = 527(1) A, =
106.2° for Ca-rich clinopyroxene. It is interesting to point out that the
unit cell parameters a and b for orthopyroxene crystals in the fusion
crust appear to be slightly higher beyond the error from those in the
bulk interior of Kemer L4, while the other unit cell parameters for sili-
cate crystals are the same. This fact may indicate some redistribution
of the Fe?™ and Mg?* cations among the M1 and M2 sites in
orthopyroxene crystals resulting from different thermal effects on dif-
ferent silicate crystals during the fusion crust formation when meteorite
fell in the atmosphere.

Fig. 11 presents the magnetic behavior of the fusion crust of Kemer
L4. Qualitatively speaking, the two bulk and fusion crust materials
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images is the same.

show similar magnetic behavior (see Fig. 7). From Fig. 11 it is clear that
the transition at 41 K (appearing as two peaks in Fig. 7) is due to the
ferrimagnetic-paramagnetic phase transition in chromite [29]. The ZFC
and FC curves do not merge at 295 K, indicating a higher temperature
magnetic phase transition. The M(H) plots are also very similar. The
curve at 5 K is composed of two major components and the M(H) data
are treated as above. Ms values deduced are: 21.5 and 16.2 emu/g, for
5 and 300 K, respectively. In addition, in contrast to Fig. 7, a small coer-
cive field 110(10) and 75(10) Oe is observed at 5 and 300 K, respec-
tively. That means that the magnetic phase fraction content in the
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Fig. 6. X-ray diffraction pattern of the bulk interior of Kemer L4. Indicated reflexes show
selected phases such as olivine (0I), orthopyroxene (OPy), anorthite (An), Ca-rich
clinopyroxene (CPy), a-Fe(Ni, Co) phase (), troilite (Tr), y-Fe(Ni, Co) phase (v),
chromite (Ch), hercynite (Hc) and ferrihydrite (Fh).

fusion crust is much lower (and may be different) than that of the
bulk interior in Kemer L4. Both internal and fusion crust materials
may consist of the ferromagnetic Fe-Ni-Co alloy, but with tiny different
contents resulting from meteorite combustion. This is in agreement
with the results from XRD that demonstrated a decrease of Fe-Ni-Co
alloy content in the fusion crust (2.8 wt%) in comparison with that in
the bulk interior of the meteorite (5.6 wt%).

The Mossbauer spectrum of the fusion crust of Kemer L4 is shown in
Fig. 12, with the result of the best fit and obtained components.
Méossbauer parameters of these components are collected in Table 3.
Using the 3”Fe hyperfine parameters, these components were related
to the following phases and compounds: (i) two pairs of quadrupole
doublets, with the largest values of AEqg and §, correspond to ferrous
compounds, were assigned to the >’Fe in the M1 and M2 sites in both ol-
ivine and orthopyroxene (we were unable to reveal spectral compo-
nents related to the M1 and M2 sites in Ca-rich clinopyroxene due to
the smaller content of this phase and the presence of other overlapping
components); (ii) the fifth quadrupole doublet, with smaller AEg and &
values, that also corresponded to a ferrous compound, was associated
with hercynite, while the remaining quadrupole doublet with >’Fe hy-
perfine parameters characteristic of ferric compounds was related to
ferrihydrite, as in the case of the bulk interior; (iii) one paramagnetic
singlet was assigned to chromite; (iv) two magnetic sextets, with Heg
similar to Fe-Ni-Co alloy, were related to the a-Fe(Ni, Co) phase with
at least two variations in Ni content; the total relative area of Fe-Ni-Co
alloy spectral component was ~16%, while that in the bulk interior
was ~22%, this decrease in the metal content in the fusion crust agreeing
with the XRD and magnetization data considered above; (v) a magnetic
sextet with the smallest value of Her was associated with troilite; (vi) a
magnetic sextet, with the largest value of H.f, was considered as indi-
cating the formation of maghemite y-Fe,03 (see [31]); and (vii) the
other four magnetic sextets were related to magnesioferrite with
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Table 2

Maossbauer parameters of the bulk interior of Kemer L4.
I, mm/s 0, mmy/s AEq/2g, mm/s Hegr, kOe A% Component
0.296 + 0.030 0.013 + 0.015 —0.037 + 0.015 3414 + 05 9.66 a-Fe(Ni, Co)
0.296 + 0.030 0.017 + 0.015 —0.013 £ 0.015 332.1 £ 0.5 10.90 a-Fe(Ni, Co)
0.354 £ 0.042 —0.169 + 0.015 0.203 + 0.031 310.0 +£ 09 1.72 y-Fe(Ni, Co)
0.327 + 0.030 0.763 + 0.015 Not determined 3134 £+ 0.5 15.01 Troilite
0.251 4 0.030 1.186 + 0.015 2.961 + 0.015 - 2442 Olivine M1
0.251 £ 0.030 1.098 + 0.015 2.892 + 0.015 - 15.77 Olivine M2
0.251 £ 0.030 1.152 + 0.018 2.346 + 0.015 - 1.37 Orthopyroxene M1
0.251 4 0.030 1.151 + 0.015 2.089 + 0.015 - 10.60 Orthopyroxene M2
0.251 £ 0.030 0.982 + 0.016 2.215 + 0.034 - 1.30 Clinopyroxene M1
0.251 £ 0.030 1.004 + 0.052 2.121 £ 0.118 - 0.43 Clinopyroxene M2
0.251 £+ 0.030 0.855 + 0.039 1.645 + 0.106 - 0.65 Hercynite
0.442 + 0.030 0.406 + 0.015 0.696 + 0.019 - 7.63 Fe*™
0.444 + 0.079 1.361 + 0.027 - - 0.54 Chromite

different local °’Fe microenvironments in the tetrahedral (A) and octa-
hedral [B] sites in inverse spinel (Mg;_sFey)a[MgyFe,_,]s04 with inver-
sion parameter x; the values of & are smaller for the (A) sites than for the
[B] sites, therefore two sextets with 6 around 0.3 mm/s were assigned to
the 5’Fe in the tetrahedral positions while two sextets with & around
0.8 mm/s were related to the >’Fe in the octahedral positions. These as-
signments of spectral components are in agreement with previously
studied fusion crust in Chelyabinsk LL5 and Ozerki L6 ordinary chon-
drites [22,23]. Some small variations in the >’Fe hyperfine parameters
for magnesioferrite in the fusion crust of these ordinary chondrites
may be related to different Mg content and inversion parameter x.

XRD data showed some differences in the unit cell parameters for
orthopyroxene in the bulk interior and in the fusion crust of Kemer L4,
while those for olivine are the same. Therefore, it is interesting to com-
pare these results with the >’Fe hyperfine parameters for olivine and
orthopyroxene in the bulk interior and in the fusion crust of Kemer L4.
A comparison of Mdssbauer hyperfine parameters for the >’Fe in the
M1 and M2 sites in olivine and orthopyroxene in the bulk interior and
in the fusion crust of Kemer L4 is shown in Fig. 13. There are no differ-
ences between both M1 and M2 sites in olivine in the bulk interior
and in the fusion crust. In contrast, there are clear differences in both
AEq and & values for the >“Fe in the M1 sites in orthopyroxene in the
bulk interior and in the fusion crust, indicating some variations in the
local °’Fe microenvironment of the M1 sites in these samples.

3.3. Fe®™* partitioning among the M1 and M2 sites in silicate crystals
The Fe?* occupancies of the M1 and M2 sites (XM and X¥2) in oliv-

ine, orthopyroxene and clinopyroxene in the bulk interior of Kemer L4
were estimated directly from the XRD data using the approach
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Fig. 10. X-ray diffraction pattern of the fusion crust of Kemer L4. Indicated reflexes show
selected phases such as olivine (Ol), orthopyroxene (OPy), Ca-rich clinopyroxene (CPy),
a-Fe(Ni, Co) phase (@), troilite (Tr), chromite (Ch), hercynite (Hc), ferrihydrite (Fh) and
magnesioferrite (Mf).

described in [22] and references therein. Following this approach, we
calculated the XM! and XM? values for silicate crystals, which were
found to be 0.28 and 0.18 for olivine, 0.06 and 0.40 for orthopyroxene,
and 0.18 and 0.06 for Ca-rich clinopyroxene.

It is also possible to estimate the ratios of the Fe?* occupancies of the
M1 and M2 sites in silicate crystals by analysis of the Mdssbauer param-
eters, suggesting the same f-factor for all phases, as the ratios of AM! and

Electron Image 1

10pm g

Fig. 9. Scanning electron microscopy image of the fusion crust fragment in Kemer L4 and enlarged image with silicate crystals in the form of fractals resulting from solidification of the

surface melt.
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AM? for the corresponding spectral components. We can then compare
the XM1/xM2 and AM1/AM? ratios for silicate crystals obtained by means
of two independent techniques. The obtained XM!/XM? and AM!/AM? ra
tios were the following: 1.56 (XRD) and 1.55 (Md&ssbauer spectroscopy)
for olivine, 0.15 (XRD) and 0.13 (Mdssbauer spectroscopy) for
orthopyroxene and 3.00 (XRD) and 3.02 (Mdssbauer spectroscopy) for
Ca-rich clinopyroxene. Furthermore, we can also evaluate the distribu-
tion coefficient Kp = (XM! x (1 — XM?)) / (XM2 x (1 — XM")) and the
temperature of equilibrium cation distribution T, for Fe** and Mg**
cations among the M1 and M2 sites in olivine: —AG® = R x Teq x InKp,
where the Gibbs energy AG® = 20,935 ] for olivine, and R = 8.31]/
K mol, following [33], and in orthopyroxene: InKp = 0.391 - 2205 /
Teq, following [34] (from XRD data). To calculate these values using
Mossbauer data, Fa and Fs values have to be used (for details see
[22,35]). Using the data obtained by the two different techniques, calcu-
lations yielded Kp = 1.77, Teq = 441 K (XRD), and Kp = 1.77, Teq =
439 K (Mbssbauer spectroscopy) for olivine, and Kp = 0.10, Teq =
806 K (XRD) and Kp = 0.09, Teq = 787 K (Méssbauer spectroscopy)
for orthopyroxene. All these results, which were obtained using data
from two independent techniques, are in a good agreement.
Following the approach applied recently for the fusion crust in
Ozerki L6 ordinary chondrite [23] and Saricicek howardite [36], one
could estimate the closure temperatures of Fe?™ and Mg?™ cations ex-
change among the M1 and M2 sites in olivine and orthopyroxene in
the fusion crust of Kemer L4, with solidification and fast cooling rates
(Tgc). The values of XM! and X¥? determined from the XRD data are, re-
spectively, 0.28 and 0.19 for olivine, and 0.07 and 0.37 for
orthopyroxene. The XM!/XM2 and AM'/AM? ratios are 1.47 and 1.53,

respectively, for olivine, and 0.19 and 0.14, respectively, for
orthopyroxene. Finally, using the data from the two techniques we ob-
tained Kp = 1.66, Trc = 498 K (XRD) and Kp = 1.75, Tec = 451 K
(Mossbauer spectroscopy) for olivine, and Kp = 0.13, Tgc = 901 K
(XRD) and Kp = 0.09, Tec = 803 K (Mdossbauer spectroscopy) for
orthopyroxene. These temperatures are very similar to those obtained
for the meteorite bulk interior silicate phases.

4. Conclusion

A fragment of Kemer L4 ordinary chondrite was studied for the first
time using optical microscopy, scanning electron microscopy with energy
dispersive spectroscopy, Raman spectroscopy, X-ray diffraction, magneti-
zation measurements, and Mossbauer spectroscopy with a high velocity
resolution. The main and minor iron-bearing crystals in the bulk interior
of Kemer 4, such as olivine, orthopyroxene, Ca-rich clinopyroxene, troi-
lite, a-Fe(Ni, Co) and y-Fe(Ni, Co) phases, chromite, hercynite, and also
ferrihydrite (which is the result of meteorite terrestrial weathering),
were identified using these techniques. XRD and Mdssbauer spectroscopy
data were used for the estimation of the Fe?" occupancies in the M1 and
M2 sites in olivine, orthopyroxene and Ca-rich clinopyroxene. The ob-
tained results demonstrate a good consistency between the two indepen-
dent techniques. The distribution coefficients and the temperatures of
cation equilibrium distribution for olivine and orthopyroxene in Kemer
L4 were also evaluated using these two techniques, which are also in a
good agreement. The values of Toq were around 440 K for olivine and
around 800 K for orthopyroxene. This indicates a very slow cooling rate
of Kemer L4, without reheating and fast cooling. This is in agreement
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Fig. 12. Mossbauer spectrum of the fusion crust of Kemer L4. Indicated components are the result of the best fit. The differential spectrum is shown at the bottom.
Table 3
Mossbauer parameters of the fusion crust of Kemer L4.
I, mm/s 6, mm/s AEq/2¢, mm/s Hegr, kOe A% Component
0.340 £ 0.038 0.287 + 0.019 —0.015 £ 0.019 4846 £+ 0.5 11.07 v-Fe;05 (?)
0.340 + 0.038 0.305 + 0.019 —0.076 £ 0.019 469.2 + 0.5 3.25 MgFe,04 (A1)
0.340 + 0.038 0.318 + 0.019 —0.127 £+ 0.019 4495 £+ 0.5 3.84 MgFe,04 (A2)
0.340 £ 0.038 0.822 + 0.019 0.056 £ 0.019 465.7 £ 0.5 3.53 MgFe,0,4 [B1]
0.340 + 0.038 0.865 + 0.019 —0.084 + 0.019 440.2 + 0.6 2.88 MgFe,04 [B2]
0.340 + 0.038 0.029 + 0.019 —0.071 £+ 0.019 3432 £ 0.5 5.64 a-Fe(Ni,Co)
0.340 £ 0.038 0.025 + 0.019 —0.011 £ 0.019 3346 £ 0.5 10.52 a-Fe(Ni,Co)
0.340 + 0.038 0.778 + 0.019 —0.229 4+ 0.019 3113 £ 0.5 2.90 Troilite
0.276 + 0.038 1.171 + 0.019 2976 + 0.019 - 22.74 Olivine M1
0.276 + 0.038 1.118 £+ 0.019 2.860 £ 0.019 - 14.86 Olivine M2
0.276 + 0.038 1.104 &+ 0.019 2.161 £ 0.019 - 0.87 Orthopyroxene M1
0.276 + 0.038 1.159 + 0.019 2.066 + 0.019 - 6.26 Orthopyroxene M2
0.276 + 0.038 0.909 + 0.019 1.761 &+ 0.019 - 1.28 Hercynite
0.530 £ 0.038 0.405 + 0.019 0.774 £ 0.019 - 6.35 Fe’*
0.667 + 0.060 1.253 4+ 0.026 - - 1.32 Chromite
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Fig. 13. Comparison of Mossbauer hyperfine parameters for the >’Fe in the M1 and M2 sites in olivine and orthopyroxene in the bulk interior and in the fusion crust of Kemer L4.
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with the observed troilite-metal fine-grained texture and fine
intergrowings of a-Fe(Ni, Co) and «y-Fe(Ni, Co) phases, which cannot be
observed after reheating and fast cooling.

The fusion crust from Kemer L4 was also studied using X-ray diffrac-
tion, magnetization measurements and Mossbauer spectroscopy with a
high velocity resolution. In addition to the crystals observed in the bulk
interior, we found magnesioferrite and, probably, maghemite in the me-
teorite fusion crust. The unit cell parameters for orthopyroxene were
found slightly different in the fusion crust, compared to the bulk inte-
rior. The Fe?* occupancies in the M1 and M2 sites in olivine and
orthopyroxene in the fusion crust were estimated from the XRD and
Mossbauer data and demonstrated a good agreement. The closure tem-
peratures for olivine and orthopyroxene in the fusion crust were similar
with Teq for these crystals in the bulk interior.
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