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graphical abstract

Bjurbdle L/LL4 ordinary chondrite: the Raman spectra ofolivine (a) and orthopyroxene (b), the Mésshauer spectrumof the

bulk material (%) and classification of meteorite using Mdssbauer parameters
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abstract

Bjurbdle L/LL4 ordinary chondrite was studied using scanning electron microscopy with energy dispersive spectroscopy,
Raman spectroscopy, X-ray diffraction, magnetization measurements and Mdsshauer spectroscopy. The phase compaosition
and the relative iron fractions in the iron-bearing phases were determined. The unit cell parameters for olivine, orthopyroxene
and clinopyroxene are similar to those observed in the other ordinary chondrites. The higher contents of forsterite and enstatite
were detected by Raman spectroscopy. Magnetization measurements showed that the temperature ofthe ferrimagnetic-
paramagnetic phase transition in chromite is around 57 K and the saturation magnetic moment is ~7 emu/g. The values ofthe
>"Fe hyperfine parameters for all components in the Bjurbole Méssbauer spectrumwere determined and related to the
corresponding iron-bearing phases. The relativeiron fractions in Bjurbéle and the >’Fe hyperfine parameters of olivine,
orthopyroxene and troilite were compared with the data obtained for the selected L and LL ordinary chondrites. The Fe?*
occupancies ofthe M1 and M2 sites insilicate crystas were determined using both X-ray diffraction and Mdssbauer
spectroscopy. Then, the temperatures ofequilibriumcation distribution were determined, using two independent techniques,
for olivine as 666 K and 850 K, respectively, and for orthopyroxene as 958 K and 1136 K, respectively. Implications of X-ray

diffraction, magnetization measurements and Mdsshauer spectroscopy data for theclassification ofthe studied Bjurbole
material indicate its composition being close tothe LL group of ordinary chondrites.

1. Introduction

Meteorites represent a unique opportunity to sample remnants of
accretionary products of the early Solar System. They are classified according

divided into three main groups: iron, stony-iron, and stony meteorites. T he stony
meteorites are further classified as chondrites (that have not experienced
igneous processing) or achondrites (that have a complex origin involving
asteroidal or planetary differentiation). Stony meteorites are a subject of intense

to their mineralogical, petrological, chemical, and isotopic properties and are
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scientific investigations. Their diversity provides unprecedented possibilities
for insights into the earliest history and evolution of the Solar System.

The Bjurbdle meteorite fall occurred late in the evening on 12 March 1899
near Bjurbdle, 6 km south from Porvoo, Finland, with the estimated impact site
coordinates of 60 20.420N and 25 42.300E [1]. Bjurbéle is the largest known
meteorite recovered in Finland so far. A single mass fell into the ~1 m thick sea
ice, making ~4 m wide hole in the ice and breaking into fragments due to the
ground impact [1,2]. In total, over 328 kg of Bjurbdle meteorite fragments were
recovered. The main mass (over 80 kg) is currently on display at the Finnish
Museum of Natural History at the University of Helsinki. The recovered
fragments are unusually friable. Bjurbdle is classified as an L/LL4 ordinary
chondrite of shock level S1 and weathering index WO. This information can be
found in the Meteoritical Bulletin Database and in two Internet sites (see [3-5])
but it has never been published in Meteoritical Bulletin.

Bjurbéle is the most massive among the only 21 ordinary chondrites
classified as L/LL4, being also the most recent and so far withinonly 3 L/LL4
cases which were witnessed as a meteorite fall. This subgroup of ordinary
chondrites is of interest as one of the primitive bodies which contain chondrules,
the crystallization products of silicate melt droplets, whose formation and
metamorphism provide clues about the earlier history of the Solar System.
Therefore, earlier studies of the Bjurbdle L/LL4 meteorite were mostly related
to chondrules, trace elements and isotope composition analyses (see, e.g., [6—
11]). Studies of the chemical composition of the Bjurbdle L/LL4 meteorite
showed that olivine (Fe, Mg).SiO,, as a solid solution of fayalite Fe,SiO, (Fa)
and forsterite Mg,SiO,, contains Fa of 26 mol% [12] and 26.2 mol% [13]. Later,
a composition of orthopyroxene (Fe, Mg)SiOs, as a solid solution of ferrosilite
FeSiOs (Fs) and enstatite MgSiOs, was studied. The Fs and Fa values were
determined as 20.7 mol% and 26.2 mol%, respectively [14]. Additionally,
magnetic measurements were done for the Bjurbdle meteorite (see, e.g., [15—
18] and references therein). The deduced saturation magnetic moment Ms of the
Bjurbdle L/LL4 was 20.55 emu/g [18].

Maossbauer spectroscopy was also applied to study the Bjurbdle L/LL4
meteorite. The first study was dedicated to analyzing the iron content in the
crystallographically nonequivalent M1 and M2 sites in extracted orthopyroxene
and showed that the peak intensities ratio for the M1 and M2 sites is 0.46 [19].
Later, Mdssbauer spectroscopy was used for ordinary chondrites classification
(including Bjurbole L/LL4) but no Mdssbauer parameters were presented [20].
Recent M@dssbauer investigation of the several LL ordinary chondrites,
including Bjurbdle L/LL4, was directed to the study of troilite FeS, the spectral
component of which was fitted using the full static Hamiltonian [21]. The
authors determined for the troilite component in Bjurbéle that: (i) the relative
area Ais 10.6% and (ii) the magnetic hyperfine field Hes is 300 kOe. In addition,
they also revealed the presence of chromite FeCr,04 pyrrhotite
(nonstoichiometric troilite Fe;xS), kamacite (a-Fe(Ni, Co) phase), olivine,
orthopyroxene and ferric compound. However, they did not reveal the spectral
components related to the *’Fe in the M1 and M2 sites in silicate crystals [21].
In contrast, the possibilities of Mdssbauer spectroscopy to identify spectral
components associated with the M1 and M2 sites in olivine, orthopyroxene and
clinopyroxene as well as with the minor components such as chromite, hercynite
FeAl,O,, ferromagnetic a-Fe(Ni, Co), a,-Fe(Ni, Co) and c-Fe(Ni, Co) and
paramagnetic c-Fe(Ni, Co) phases and some other compounds have already

been demonstrated [22-27]. Therefore, in thiswork we present the new results
of our comprehensive study of the Bjurbéle L/LL4 meteorite using scanning
electron microscopy (SEM) with energy dispersive spectroscopy (EDS), Raman

spectroscopy, X-ray diffraction (XRD), magnetization measurements and
Madsshauer spectroscopy.

2. Materials and methods

Several small pieces of the Bjurbdle L/LL4 ordinary chondrite were
provided by the University of Helsinki (Helsinki, Finland) for the sample

preparation at the Ural Federal University (Ekaterinburg, Russian Federation)
and various investigations. Pieces of Bjurbole L/LL4 are very friable (Fig. 1a)
and cannot be used to prepare a polished section. Therefore, part of the material
was crushed and glued by epoxy and then polished by the standard method for
SEM with EDS analysis and Raman spectroscopy (Fig. 1b). The other piece of
Bjurbdle L/LL4 was powdered for XRD, magnetization measurements and
Madssbauer spectroscopy. About 200 mg was used for XRD measurement while
only ffw mg was needed for magnetization measurements. For Md&ssbhauer
spectroscopy, ~120 mg of the powder was glued on thin Al foil (free from Fe)
with a diameter of 2 cm. Considering the total Fe content of 20.6% [14], the
sample thickness is of ~8 mg Fe/cm?.

SEM characterization of the Bjurbdle L/LL4 polished section was done in
the two laboratories: (i) at the Ural Federal University by a RIGMA VP scanning
electron microscope (Carl Zeiss), using an accelerating potential of 20 kV and
a probe current of 461 pA, with an X-max (Oxford Instruments) EDS device
and (ii) at the Edtvos Lorand University by a FEI Quanta 3D scanning electron
microscope, using an accelerating potential of 20 kV and a probe current of 16
nA, with EDAX Apollo XP SDD EDS detector (acquisition time of the EDS
measurements was set to 20 s).

The Raman spectra were measured with an acquisition time of 10 s and 10
accumulations using a Horiba LabRam HR Evolution micro-Raman system at
the University of Coimbrawith a 50 magnification objective (NA = 0.75). Laser
excitation was
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Fig. 1. A piece of the Bjurbdle L/LL4 ordinary chondrite (a) and polished section prepared from the crashed Bjurbéle L/LL4 matter glued with epoxy (b).

performed at 532 nm (~2 mW at the sample). The used spectral resolution was
1.5 cm* and the spot size was ~1 Im.

Powder XRD analysis of Bjurbéle L/LL4 was done at the Ural Federal
University using an XRD-7000 powder diffractometer (Shimadzu) operating at
40 kV and 30 mA with CuKa radiation using a graphite monochromator.
Scanning was performed over 2H from 14 to 100, with a step of 0.03 per 10 s.
XRD pattern was processed using the Panalytical X’Pert High Score Plus
(version 2.2c) software. The X-ray data were fitted by the least squares
procedure using the Rietveld full profile refinements program. This Rietveld
implementation is based on the source code of the modified version of the
LHPM program [28]. 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 taken from the ICSD database. The
quality of the refinement was evaluated by indices characterizing the fitting
model: Rp = 2.52; Rwe = 3.44; Rexp = 1.85; GOF (goodness offit) = 3.46, whose
values demonstrate its good quality, which allows an estimation of phase
compositions up to the first decimal digit.

Magnetization measurements of Bjurbdle L/LL4 were performed at the
Hebrew University, using a commercial SQUID magnetometer MPMS-5S
(Quantum Design) in the temperature range between 5 and 300 K. The
diflerential SQUID sensitivity was 10" emu. The magnetometer was adjusted to
be in a real zero magnetic field (H = 0) state prior to recording the zero-field-
cooled (ZFC) curve. Thesample was first cooled to5 K at H =0 Oe, then, the
magnetic field H = 50 Oe was switched on to trace the ZFC branch of the
magnetization M(T) curves. Next, the field-cooled (FC) M(T) branch was
measured via heating from 5 to 300 K. The isothermal magnetization M(H)
curves were measured at 5, 150 and 295 K with applied magnetic fields up to
32 kOe.

The > Fe Mdssbauer spectrum of Bjurbole L/LL4 was measured at the Ural
Federal University using an automated precision developed in-house Mdssbauer
spectrometric system based on the SM2201 spectrometer. This spectrometer
operates with a saw-tooth shape velocity reference signal with quantification in
4096 steps. This velocity signal is formed by a digital-analog converter using
discretization of 2%, This spectrometer (due to the increase in the number of
experimental spectrum points) provides much better adjustment to resonance
and significantly increases the spectra quality as well as the analytical
possibilities of Mdssbauer spectroscopy to reveal major and minor spectral
components in the complex spectra. However, this significantly increases the
measurement time. The details and characteristics of this spectrometer and the
system as well as its advances were described elsewhere (see [29,30] and
references therein). The 1.8 10° Bq *Co(Rh) source (Ritverc GmbH, St

Petersburg) was at room temperature. The Mdssbauer spectrum of Bjurbdle
L/LL4 was measured in transmission geometry with moving absorber at 295 K
and recorded in 4096 channels. Then, this spectrum was converted into
1024channel spectrum, by a consequent summation of four neighboring
channels, to increase the signal-to-noise ratio for the minor spectral components.
Statistics in the obtained spectrum was ~10.5 10° counts per channels and the
signal-to-noise ratio was 436. The Mdssbauer spectrum was measured over a
period of 11 days, in order to reach the appropriate signal-to-noise ratio and
obtain a reliable fit.

The Mossbauer spectrum of Bjurbéle L/LL4 was fitted using UNIVEM-MS
program with the least square procedure using a Lorentzian line shape. The line
shape of the 1024-channel Mdssbauer spectrum of the reference absorber of a-
Fe foil with a thickness of 7 | m was pure Lorentzian with line widths (C, the full
width at a half maximum) of C1,6 =0.218 + 0.029 mm/s, C2;5 =0.216 + 0.02 9
mm/s and C3 .4 = 0.209 +0.029 mm/s for the 1st and the 6th, the 2nd and the 5th,

and the 3rd and the 4th peaks in the measured sextet, respectively. The velocity
resolution (velocity per one channel) in the 1024-channel Mdssbauer spectrum
was ~0.014 mm/s per channel. Md&ssbauer parameters such as isomer shift, d,
quadrupole splitting, DEq, quadrupole shift for magnetically split components,

e (2e = DEg), magnetic hyperfine field, Hes, line width, C, relative subspectrum

(component) area, A, and normalized statistical quality of the fit, v?, were
determined.



The Mossbauer spectrum of Bjurbdle L/LL4 was fitted using the recently
developed model which accounting for the spectral components related to the
"Fe in the crystallographically nonequivalent M1 and M2 sites in olivine,
orthopyroxene and clinopyroxene, and components related to a- and c-phases
in metallic FeNi-Co alloy with variations in Ni concentration, chromite and
hercynite. Moreover, a simulation of the full static Hamiltonian was applied for
the troilite spectral component fit. The latter results in deducing more reliable
Madsshauer parameters for the minor spectral components and overcomes the
problem with fitting the troilite FeS component using the full static Hamiltonian
in the complex Mdssbauer spectra of ordinary chondrites (see [24,31] and
references therein). This fitting model was reported in [32] and applied for

30 ym
A

were the diflerential spectrum (the diflerence
calculated spectral points), v?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) and that to 1 channel for the hyperfine
parameters (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 as calculated in the
fit with two decimal digits to keep the total relative area equal to 100%. The
estimated relative error for A usually did not exceed 10%. Values of d are given

relative to a-Feat 295 K.
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Fig. 2. Selected scanning electron microscopy images and energy dispersive spectra of the Bjurbdle L/LL4 polished section. Symbol “* and letters “a”, “b” and “c” indicate the point of corresponding

energy dispersive spectrum. The phases and their concentrations were determined by EDS.
various ordinary chondrite spectra (see, e.g., [33-36]). Criteria of the best fit



3. Results and discussion
3.1. Characterization by scanning electron microscopy

The selected SEM images and EDS chemical analysis of the Bjurbéle L/LL4
polished section are shown in Fig. 2. Ranges and averaged values of metals,
sulfur and oxygen concentrations in the minor iron-bearing phases are given in
Table 1. SEM images show the metal grains which consist of a-Fe(Ni, Co) or
c-Fe(Ni, Co)

Table 1

Ranges and averaged concentrations of metals, sulfur and oxygen in selected minor iron-bearing
phases in Bjurbdle L/LL4 ordinary chondrite obtained using EDS.

Phase Concentration, at%
Min Max Average

a-Fe(Ni, Co)

Fe 91.6 96.3 93.9

Ni 21 6.5 41

Co 14 3.7 2.0
c-Fe(Ni, Co)

Fe 46.2 65.1 57.8

Ni 34.0 53.1 413

Co 0.5 13 0.9
c-Fe(Ni, Co) par®

Fe 65.0 68.6 66.3

Ni 30.2 339 327

Co 0.8 12 1.0
FeS

Fe 472 515 50.1

S 48.5 52.8 50.0
FeCr,04

] 439 63.9 54.3

Cr 19.5 30.1 24.7

Fe 11.3 17.7 14.3

Al 2.7 4.2 35

Mg 13 24 1.8

Ti 0.5 11 0.8
FeTiO®

0] 55.5 62.3 58.2

Ti 18.0 22.6 20.9

Fe 16.7 18.9 18.0

Mg 2.3 24 24

a par is the paramagnetic c-Fe(Ni, Co) phase.

phases only as well as of both phases within one grain. The concentration ranges
(Table 1) for the metal grains indicate the presence of the paramagnetic c-Fe(Ni,

Co) phase in addition to the ferromagnetic a-Fe(Ni, Co) and c-Fe(Ni, Co)
phases, but there were no grains with the ferromagnetic a,-Fe(Ni, Co) phase.
The metal grains are found in associations with troilite and chromite inclusions.

Chromite inclusions contain about 3.5 at% of Al. That indicates the possible
presence of hercynite in chromite grains caused by Cr substitution by Al. Two
ilmenite inclusions are also observed in the section. Some metal grains
demonstrate a complex mixture of different phases (a-Fe(Ni, Co), c-Fe(Ni, Co)

and c-FeNi(Co) phases) with the concentration variations even within one phase

as shown in Fig. 3. Similar metal grains were observed in the Northwest Africa
(NWA) 6286 LL6 and NWA 7857 LL6 [34], Ozerki L6 [36] and Kemer L4 [37]
ordinary chondrites. A formation of these metal grains in ordinary chondrites
may occur according to the model described in [38].

MgCaSi,Og) in the meteorite. The major bands at 823 and 855 cm?, assigned to
olivine, are ascribable to the Si—-O symmetric and anti-symmetric stretching
vibrations of this mineral, while minor bands at 919 and 961 cm® are also
noticeable. All these bands appear at characteristic frequencies of olivine with
a high content of forsterite [41,42]. On the other hand, the bands observed at
323, 393, 668, 1012 and 1051 cm* are assigned to diopside: the first two bands
to SiO, tetrahedral tilting vibrations, the third to the Si—O-Si symmetric
stretching mode involving the bridging oxygen atoms between the SiO,
tetrahedral chains, and the last two bands to the O-Si—O symmetric and anti-
symmetric vibrations within the SiO, tetrahedrals [43]. 3.3. X-ray diffraction

XRD pattern of the Bjurbéle L/LL4 meteorite is shown in Fig. 5. The phase
composition of this material was determined by the Rietveld full profile analysis
with ICDD cards (the results and corresponding ICDD card numbers are shown
in Table 2). This phase composition is similar to that obtained for other ordinary
chondrites, but the olivine and troilite contents were smaller, whereas the
orthopyroxene and Ca-rich clinopyroxene contents were larger than those in the
earlier studied NWA 6286 LL6 and NWA 7857 LL6 [34] and Ozerki L6 [36]
meteorites. The observed Ca-rich clinopyroxene has the diopside structure
which is in agreement with the Raman spectrum in Fig. 4b. The presence of
hercynite in Bjurbole L/LL4 is shown by the XRD that confirms the results of
chromite chemical analysis obtained by EDS, indicating the presence of Al in
chromite inclusions (see Table 1) which can substitute Cr. The unit cell
parameters for olivine, orthopyroxene and Ca-rich clinopyroxene are
summarized in Table 3. These unit cell parameters are comparable with those
obtained for the mentioned LL and L ordinary chondrites in [34,36].

3.4. Magnetization measurements

The temperature dependence of both ZFC and FC magnetization M(T)
curves measured at 50 Oe and the isothermal field dependence of the
magnetization M(H) measured at 5, 150 and 295 K for Bjurbdle L/LL4 are
displayed in Fig. 6. Both ZFC and FC plots indicate a multi-phase magnetic
material. A pronounced peak at 57(1) K is obtained in ZFC plot and small steps
in both branches are observed around 207(2) K (see insets in Fig. 6a). The sharp
increase of both branches at low temperature (downto 5 K) indicates clearly the
presence of a paramagnetic (PM) component. The peak at 57(1) K is related to
the ferrimagnetic-paramagnetic phase transition of chromite [44] and fits well
with the peaks at 59 and 58 K, obtained for NWA 6286 LL6 and NWA 7857
LL6 ordinary chondrites, respectively [34]. This fact may indicate similar
compositions of chromite in these three meteorites. That is also in agreement
with the EDS results shown here in Table 1 and in Table 1 in [34]. The step
origin around 207(2) K is not known yet, but it also appears in the ZFC branch
of the fusion crust of Kemer L4 [37].

The isothermal M(H) curves confirm this picture. At 5 K, the magnetization
first increases linearly up to 5000 Oe and then tends to saturate. This plot clearly
reveals the admixture of magnetic and PM components and can be fitted as:
M(H) = Ms + vgH, where the saturation moment (corrected) Ms=7.0(1) emu/g,
is the intrinsic magnetic phases contribution, and v,H (v, = 6.9 10°emu/g Oe)
is the linear PM contribution (Fig. 6¢). At 150 and 295 K (Fig. 6b), the PM
contribution is low, and saturation is achieved at low applied fields. Msat both
temperatures is practically the same as at 5 K, indicating that the magnetic



transition of the dominant phase(s) is well above room temperature. Moreover,
the coercive fields Hc do not change much from 5K (Fig. 6d) to
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Fig. 3. Scanning electron microscopy images of selected metal grains with a complex phase composition and concentration var iations of Fe, Ni and Co along the lines A-Ao, B—

Boand C-Coin these grains obtained using energy dispersive spectroscopy .

295 K (Hc = 200(10) Oe and Hc = 165(10) Oe, respectively), confirming this
explanation. It should be noticed that the constant Ms value of ~7.0 emu/g
deduced here in the temperature range 5—295 K is substantially smaller than Ms
=20.55 emu/g determined for Bjurbdle L/LL4 in [18] but agrees well with the
Msvalues (at 5 K) of 5.42 and 8.8 emu/g observed for NWA 6286 LL6 and

NWA 7857 LL6 ordinary chondrites, respectively [34].

The Mdssbauer spectrum of Bjurbéle L/LL4 matter is shown in Fig. 7. This
spectrum was fitted well using a superposition of: (i) three magnetic sextets, (ii)
seven quadrupole doublets and (iii) two paramagnetic singlets. All Mdssbauer
parameters deduced are collected in Table 4. Optimal fit of the Md&sshauer
spectrum using this model is confirmed by the absence of any significant misfits
at the diflerential spectrum and the lowest value of v?= 1.355 in comparison
with diflerential spectra and v?values obtained for other fitting models. Using
these *'Fe hyperfine parameters, all components exhibited in Fig. 7 were
assigned to the corresponding iron-bearing phases, in accordance with our
previous studies [22-27,33-37].



The three pairs of quadrupole doublets with the largest DEq values were
related to the M1 and M2 sites in olivine, orthopyroxene
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Fig. 4. Representative Raman spectra of the Bjurbéle L/LL4 ordinary chondrite and reference spectra from [38] of the identified minerals.
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Fig. 5. X-ray diffraction pattern of the Bjurbdle L/LL4 ordinary chondrite with selected phases: olivine (Ol), orthopy roxene (OPy), anorthite (An), Ca-rich clinopy roxene (CPy), troilite (Tr), c-Fe(Ni, Co)
phase (c), a-Fe(Ni, Co) phase (a), chromite (Ch) and hercynite (Hc).

Table 2
Phase composition of the Bjurbéle L/LL4 ordinary chondrite obtained by X -ray diffraction.
Phase Content, wt% ICDD card for reference
Olivine 475 01-080-1630
Orthopy roxene 26.2 01-083-0666
Anorthite 13.9 01-079-1149
Ca-rich clinopy roxene 6.9 01-083-0088
Troilite 24 01-080-1030
Chromite 18 00-034-0140
c-Fe(Ni, Co) 0.7 01-089-4185
a-Fe(Ni, Co) 0.5 00-037-0474
Hercy nite 0.1 00-034-0192




and clinopyroxene, respectively. Thetwo magnetic sextets with the largest Hess
values were assigned to the a-Fe(Ni, Co) and c-Fe (Ni, Co) phases, respectively.
The total relative area of these sextets is ~4.5% only. That corresponds to LL
ordinary chondrites and agrees with a small Ms value. However, the small
content of ferromagnetic phases did not permit us to reveal more magnetic
sextets, which may stem from Ni content variations within each phase, as shown
by EDS (see Fig. 3). Therefore, the values of C for these sextets are slightly

broad due to averaging of slightly diferent >’Fe microenvironments in the a-
and c-phases. The small value of Hes (~287 kOe) corresponds to the c-FeNi

and/or ordered c-Fe(Ni, Co) phases (see [45]). That also agrees well with the
presence of these phases in the metal grains shown by EDS (Table 1 and Fig.
3). The larger total relative area of the c-phase than that for the a-phase
correlates with the XRD data (see Table 2) and agrees well with earlier
conclusion about a higher content of the c-phase, which is enriched with Ni, in
Bjurbdle in comparison with other similar meteorites [14]. Thed value for the
paramagnetic c-Fe(Ni, Co) phase is similar to some d values for the so called

‘‘antitaenite” in [45] (this latter term is doubtful, because this is the

Table 3

paramagnetic c-Fe(Ni, Co) phase in which the Ni content is in the range ~29-
~33 at%, which is present in the terrestrial alloys, see, e.g., [46-49], and is in
contrast to the authors’ claim in [45] that this is a new mineral found in
meteorites only). The presence of this component in the Mdssbauer spectrum is
confirmed also by EDS analysis (see Table 1 and Fig. 3). If we suggest the same
Madsshauer effect probabilities (Ffactors) for all iron-bearing phases, the relative
areas of all components are proportional to the relative iron fractions in these
phases. Therefore, it is possible to compare the relative areas of spectral
components between Bjurbdle L/LL4 and some LL and L ordinary chondrites
with petrologic types 4 and 6 (Fig. 8). The observed main differences in the
relative iron fractions in identical phases in these meteorites correspond to the
known differences between ordinary chondrites from the LL and L groups.
Masshauer hyperfine parameters can reflect small variations in the 5’Fe local
microenvironments for similar structures. For example, these variations in
silicate crystals (olivine, orthopyroxene and clinopyroxene) from diflerent
meteorites may be related to diflerent iron and magnesium contents and
different Fe?*and Mg?* distributions among the M1 and M2 sites in the same
silicates in different ordinary chondrites. For this reason, we compare
Mossbauer hyperfine parameters for the M1 and M2 sites in both olivine and

The unit cell parameters for silicate crystals in the Bjurbéle L/LL4 ordinary chondrite obtained by X-ray diffraction.

Silicate crystal

Unit cell parameters

a, A b, A ¢, A b,
Olivine 10.2744(5) 6.0125(4) 4.7736(4) —
Orthopy roxene 18.2819(9) 8.8691(7) 5.1960(7) -
Ca-rich clinopy roxene 9.763(9) 8.898(9) 5.259(8) 106.2
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orthopyroxene crystals from the Bjurbéle L/LL4, Ozerki L6, NWA 6286 LL6
and Kemer L4 ordinary chondrites (Fig. 9). The DEqvalues of ¥Fe in the M1
and M2 sites in olivine are respectively the same (within the error) for both
Bjurbdle L/LL4 and Kemer L4 and slightly diferent (beyond the error) for
NWA 6286 LL6 and Ozerki L6. In contrast, the DEq value of *’Fe in the M1
sites in orthopyroxene in Bjurbdle L/LL4 is slightly larger (beyond the error)

than that obtained for the other meteorites, while DEq of 57
Fein the M2 sites are the same for these ordinary chondrites. Therefore, it can

be expected that small variations in these DEq

a-Fe(Ni, Co)
v-Fe(Ni, Co)
Troilite

Olivine M1

Olivine M2
Orthopyroxene M1
Orthopyroxene M2
Clinopyroxene M1
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Fig. 7. Mossbauer spectrum of the Bjurbdle L/LL4 ordinary chondrite. Indicated components are
the result of the best fit. The differential spectrum is shown at the bottom.

values can be related to some differences in both the iron content and the Fe?*
distribution among the M1 and M2 sites in the silicate crystals in these
meteorites.

A comparison of Mdsshauer hyperfine parameters for troilite in the same
ordinary chondrites is shown in Fig. 10. The He values for troilite in Bjurbdle
L/LL4, Ozerki L6, Kemer L4 and NWA 6286 LL6 ordinary chondrites are very
close. However, the two former meteorites demonstrate slightly larger Hes; value
especially in comparison with NWA 6286 LL6. It is known that decrease in Hess
isrelated to increase in the Fe vacancies in troilite (see [50]). This probably can
be associated with additional spectral components of nonstoichiometric Fe; ,S
troilite found in the NWA 6286 LL6 Mdssbauer spectrum [34] while this

component is absent in the spectrum of Bjurbdle L/LL4. It is possible that some
additional thermal effects can lead to increase inthe Fevacancies in troilite.

3.6. The Fe?* occupancies in the M1 and M2 sites of silicate crystals

The Fe*" and Mg?* cations distribution among the M1 and M2 sites in silicate
crystals is related to their thermal history, shock and reheating in the parent
bodies, etc. Therefore, it is important

Table 4

Mosshauer parameters of the Bjurbole L/LL4 matter.

to determine the Fe?* and Mg?®* occupancies of the M1 and M2 sites in olivine,
orthopyroxene and clinopyroxene (XMe , XM , XMy, and XMy,
respectively). Detailed determination of X™'x and X" directly from the XRD
data is shown in [51] and references therein. The values of XMy, and XM can
be calculated as 1 — X and 1 — X™% , respectively. On the other hand,
Madssbauer spectroscopy cannot determine these occupancies. However, if we
consider equal flactors for all phases, we can estimate the relative Fe?* fractions
in the corresponding M1 and M2 sites, using the relative areas associated with
the M1 and M2 sites (A™" and AV?, respectively). Therefore, the ratios of Fe?*
occupancies of the M1 and M2 sites can be obtained from both XRD and
Mdssbauer data (XM're /XM and AMYAM? respectively).

The values for Bjurbéle L/LL4 are: (8) XM = 0.29, XM = 0.24, XM/
XM, = 1.21 (XRD) and AM/AM? =1.24 (Mdssbauer spectroscopy) for olivine,
(b) XM = 0.09, XM, = 0.40, XM, /XM, = 0.23 (XRD) and AM/ AM? =0.28

(Mdssbauer spectroscopy) for orthopyroxene and (€) X-r
M1 M2 M2 ML M2 M1

=0.28, Xre = 0.09, Xca= 0.82, Xre /Xre = 3.11 (XRD) and A / A™ = 3.13
(Mossbauer spectroscopy) for clinopyroxene (XM, is Ca®* occupancy of the
M2 sites in Ca-rich clinopyroxene). Thus, ratios of Fe?* occupancies of the M1
and M2 sites determined from XRD and Mdssbauer spectroscopy are in agood
agreement.

Furthermore, these results can be used for estimation of (i) the distribution
coefficient Kp and (i) the temperature of cation equilibrium distribution Teq for
both olivine and orthopyroxene. The Kp is calculated from the XRD data as
follows: Kp = (X" (1 — XM )) (X" (1 — XM ). To calculate Kp rom
Madssbauer parameters, we have to use the Fa and Fs values as described in
[35,51,52]. To determine T.q, We used the equations: (1) DG =R Teq InKpfor
olivine, where the Gibbs energy DG = 20935 J for olivine, R = 8.31 J/K mol
(taken from [53]), and (2) InKp = 0.391-2205/T ¢ for orthopyroxene (taken from
[54]). The resulting values of Kp and Teq for olivine and orthopyroxene
calculated using XRD and Mdossbauer spectroscopy data for Bjurbéle L/LL4 in
comparison with those obtained for Kemer L4, NWA 6286 LL6 and Ozerki L6
ordinary chondrites are collected in Table 5. It is interesting to note that Teq
(obtained using the both techniques) for olivine in Bjurbdle L/LL4 is slightly
higher than that in Kemer L4 and Ozerki L6, but slightly lower than T.qfor
olivine in NWA 6286 LL6. On the other hand, T.q (obtained using the both
techniques) for orthopyroxene in Bjurbdle L/LL4 is higher than that for Kemer
L4, comparable with that for NWA 6286 LL6 and lower than T.q for
orthopyroxene in Ozerki L6. This may be a result of the Bjurbéle specificity as
an equilibrated meteorite (ordinary chondrites from petrologic types 4-6),
which morphology is close to unequilibrated ordinary chondrites, but in contrast
to the latter, with the matter, which was probably undergone to slightly more
recrystallization (see [14]). The Tqvalues for orthopyroxene agree with the
earlier

C, mmi/s d, mm/s DEo/2e, mm/s Herr, kOe A% Component’
0,403 £ 0.029 0015+ 0.014 0.006 £ 0.014 3BT4L05 2.76 a-Fe(Ni. Co)
0.403 % 0.029 0.067 £ 0.014 0.550 + 0.026 287.04 09 172 c-Fe(Ni, Co)
0.253 + 0.029 0.761 + 0.014 Not determined 3147+ 05 9.35 Troilite
0.234 + 0.029 1.156 £ 0.014 2,963 + 0.014 - 30.53 Olivine M1
0.234 + 0.029 1.063 £ 0.014 2913+ 0.014 - 24.53 Olivine M2



0.234 £ 0.029 1.212+0.014 2473 +0.014
0.234 £ 0.029 1118+ 0.014 2.060 + 0.014
0.234 £ 0.029 0.984 + 0.014 2.461+0.014
0.234 £ 0.029 1125+ 0.014 1.909 + 0.019
0.234 £ 0.029 0.625 + 0.023 1,521+ 0.047
0.313 £ 0.029 0.124 + 0.014 -

0.496 + 0.029 0.690 + 0.014 -

- 4.58 Orthopy roxene M1

- 16.09 Orthopy roxene M2

- 3.44 Clinopy roxene M1

- 1.10 Clinopy roxene M2

- 0.61 Hercy nite

- 2.70 c-Fe(Ni, Co) paramag.”
- 2.59 Chromite

Components are the same as shown in Fig. 7.
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Fig. 8. Comparison of the relative areas of Mosshauer spectral components (the relative iron fractions) for various phases in Bjurbéle L/LL4, NWA 6286 LL6, Kemer L4 and Ozerki L6 ordinary

chondrites (data for the latter three meteorites were taken from [34,36,37]): a-phase is a-Fe(Ni, Co) phase, c-phase is femomagnetic + paramagnetic c-Fe (Ni, Co) phases, Fe*" is ferric compound, Tr &
troilite, Ol is olivine M1 + M2 sites, OPy is orthopy roxene M1 + M2 sites, CPy is clinopy roxene M1 + M2 sites, Ch is chromite, Hc is hercynite.
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(}, s) ordinary chondrites (data for the latter three meteorites were taken from [34,36,37]).

assumption, that this silicate in the Bjurbole meteorite was undergone a higher
temperature metamorphism in comparison with some H and L ordinary
chondrites [19]. The T.q values for Bjurbéle L/LL4 are also in agreement with
the average equilibration temperatures for ordinary chondrites with petrologic
type 4-6 in the range 859-1050 K and the peak metamorphic temperature range

873-1223 K (see [55]).
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3.7. Approaches for the Bjurbéle ordinary chondrite classification

There are several approaches to classify ordinary chondrites within H, L and
LL groups. Some of them are based on the plots of. (i) the ratio of iron in
metallic state (Fe) to the total iron in meteorite (Fe%/Fe) versus fayalite content
[56] and (ii) ferrosilite versus fayalite (see, e.g., [57,58]). Using the microprobe
analysis data for Bjurbdle L/LL4 ordinary chondrite published in [14] (Fa =



26.2 mol%, Fs = 20.7 mol% and Fe%Fe = 0.33), we can see the locations of
Bjurbéle in these two plots as shown in Fig. 11. In the former plot, Bjurbdle
falls into the L ordinary chondrite region while in the latter plot Bjurbole
appeared slightly out of both L and LL regions. If we evaluate Faand Fs values
using the Fe?* occupancies of the M1 and M2 sites in olivine and orthopyroxene
in Bjurbdle rom the XRD data as (XM + XM )/2 for each silicate, we obtain
Fa*®P = 26.5 mol% and Fs*®° = 24.5 mol%. The value of Fe/Fe = ~0.072 in
relative units can be roughly deduced from the relative areas of the Mdssbauer
spectrum components (see Table4).

-] aye
g Troilite Bjurbiile L/LL4
~315 |
= 315
- [
=
—
= ‘
=
E 314 Ozerki L6
Kemer L4
=
=
S NWA 6286
WA
Qa3 LL6
= N
=
7.
Q
-
=
312 - - -
0.730 0.748 0.766 0.784

ISOMER SHIFT, mm/s

Fig. 10. Comparison of M&ssbauer hy perfine parameters for troilite in Bjurbole L/ LL4 (j), Kemer
L4 (h), NWA 6286 LL6 (r) and Ozerki L6 (N) ordinary chondrites (data for the latter three
meteorites were taken from [34,36,37]).

Using these values in the plots of Fe’/Fe vs. Fa and Fsvs. Fa, we can see that
Bjurbéle falls into the LL regions for ordinary chondrites in both plots (Fig.
11).

Physical techniques such as magnetization measurements and Mdssbauer
spectroscopy can be also applied for ordinary chondrites classification.
Magnetic susceptibility, saturation magnetic moment and some other magnetic
parameters may be used for the classification as shown in [17,18]. The mean
Ms values for the L, L/LL and LL ordinary chondrites were found as 17.93
17.51and 4.11 emu/g, respectively, whereas Msfor Bjurbdle was 20.55 emu/g
[18] that corresponds to the L and L/LL ordinary chondrites. The Ms=~7 emulg
determined here for Bjurbdleis closeto the LL group. Mdssbauer spectroscopy
was suggested for the classification of ordinary chondrites in [20] and then the
relative areas of the Mdssbauer spectra components were used for classification
indiflerent ways (see, e.g., [52,59-66]). Our approach for ordinary chondrites
systematics is based on the plot of (i) the total relative area of spectral

components for metal phases plus ferric compound(s) in case of the low
weathering grade versus (ii) the total relative area of olivine (M1 and M2
components). The last application of this plot was done for Ozerki L6
classification [36]. This plot was slightly corrected in this work and used for the
Bjurbdle meteorite

Table 5

classification (see Fig. 12). This meteorite falls into the LL ordinary chondrites
region that correlates with our magnetization and XRD data (the latter is shown
in Fig. 11, right panel). It should be noticed that this approach is diferent from
those shown in Fig. 11. If we consider the equal ffactors for all phases in
meteorite, the values in the axes in Fig. 12 in fact equal to the relative Fe
fractions in corresponding phases in the studied sample volume of ordinary
chondrites. These Fe fractions may not be the same as values of Fa and Fe’/Fe
determined by microprobe analysis.

4. Conclusion

The Bjurbole L/LL4 meteorite, as a ‘‘special” representative of the group
with a petrologic type 4, was studied by scanning electron microscopy, energy
dispersive spectroscopy, Raman spectroscopy, X-ray diffraction, magnetization
measurements and Mdssbauer spectroscopy. The phase composition of the bulk
matter and the unit cell parameters for silicate crystals are determined and
compared with the data obtained for the other ordinary chondrites. The Raman
spectra indicate the large contents of forsterite and enstatite in silicate matrix.
Magnetization measurements show the ferrimagnetic-paramagnetic phase
transition in chromite at 57(1) K and a smaller constant (in the temperature
range from 5 up to 295 K) saturation magnetic moment Ms= ~7 emu/g which
is comparable with those for some LL ordinary chondrites. The ’Fe Mdsshauer
spectrum of Bjurbdle is composed with three magnetic sextets, seven
quadrupole doublets and two paramagnetic singlets which are assigned to the
corresponding iron-bearing phases. The relative iron fractions in these phases
and Md@ssbauer hyperfine parameters for the M1 and M2 sites in olivine and
orthopyroxene as well as for troilite are compared with the similar data obtained
for the other L and LL ordinary chondrites and demonstrate some differences.
Using the XRD and Mdssbauer data, the ratios of Fe?* occupancies of the M1
and M2 sites in silicate crystals are determined. The values obtained by the two
independent techniques agree to each other. The temperatures of equilibrium
cation distribution for olivine and orthopyroxene are calculated using XRD and
Madssbauer results and compared with some other L and LL ordinary chondrites.
It is found that T4 for orthopyroxene in Bjurbdle L/LL4 is higher than that for
Kemer L4 but comparable with Teq for NWA 6286 LL6 and Ozerki L6. Some
approaches for the Bjurbdle classification using the results of XRD,
magnetization measurements and Mdssbauer spectroscopy obtained in this
work demonstrate that the studied matter is close to the LL ordinary chondrite
group.

The values of the distribution coefficient and the temperature of equilibrium cation distribution for olivine and orthopy roxe ne in the selected ordinary chondrites calculated using XRD and Mosshaver

spectroscopy .

Ordinary chondrite XRD Mossbauer  spectroscopy
Ko Teq, K Fa/Fs, mol% Ko Teq K

Olivine
Bjurbdle L/LL4 1.46 666 26.2 1.34 850
Kemer L4* 1.77 441 24 1.77 439
NWA 6286 LL6" 1.34 862 29.9 1.28 1006
Ozerki L6° 1.58 553 26 1.69 479
Orthopy roxene
Bjurbole L/LL4 0.148 958 20.7 0.21 1136
Kemer L4* 0.10 806 19 0.09 787
NWA 6286 LL6" 0.17 1010 239 0.18 1052
Ozerki L6° 0.24 1213 21 0.24 1202

Data were taken from: *[37], °[34] and [36].
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