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� Raman spectroscopy detected higher
contents of forsterite and enstatite in
Bjurböle.

� The saturation magnetic moment for
Bjurböle is ~7 emu/g.

� Fe2+ occupancies of M1 and M2 sites
are determined by XRD and
Mössbauer spectroscopy.
g r a p h i c a l a b s t r a c t

Bjurböle L/LL4 ordinary chondrite: the Raman spectra of olivine (a) and orthopyroxene (b), the
Mössbauer spectrum of the bulk material (c) and classification of meteorite using Mössbauer parameters
(d).
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Bjurböle L/LL4 ordinary chondrite was studied using scanning electron microscopy with energy disper-
sive spectroscopy, Raman spectroscopy, X-ray diffraction, magnetization measurements and
Mössbauer spectroscopy. The phase composition and the relative iron fractions in the iron-bearing
phases were determined. The unit cell parameters for olivine, orthopyroxene and clinopyroxene are sim-
ilar 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 of
the ferrimagnetic-paramagnetic phase transition in chromite is around 57 K and the saturation magnetic
moment is ~7 emu/g. The values of the 57Fe hyperfine parameters for all components in the Bjurböle
Mössbauer spectrum were determined and related to the corresponding iron-bearing phases. The relative
iron fractions in Bjurböle and the 57Fe hyperfine parameters of olivine, orthopyroxene and troilite were
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Magnetization measurements
Mössbauer spectroscopy
compared with the data obtained for the selected L and LL ordinary chondrites. The Fe2+ occupancies of
the M1 and M2 sites in silicate crystals were determined using both X-ray diffraction and Mössbauer
spectroscopy. Then, the temperatures of equilibrium cation 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
Mössbauer spectroscopy data for the classification of the studied Bjurböle material indicate its composi-
tion being close to the LL group of ordinary chondrites.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Meteorites represent a unique opportunity to sample remnants
of accretionary products of the early Solar System. They are classi-
fied according to their mineralogical, petrological, chemical, and
isotopic properties and are divided into three main groups: iron,
stony-iron, and stony meteorites. The stony meteorites are further
classified as chondrites (that have not experienced igneous pro-
cessing) or achondrites (that have a complex origin involving aster-
oidal or planetary differentiation). Stony meteorites are a subject of
intense scientific investigations. Their diversity provides unprece-
dented possibilities for insights into the earliest history and evolu-
tion of the Solar System.

The Bjurböle meteorite fall occurred late in the evening on 12
March 1899 near Bjurböle, 6 km south from Porvoo, Finland, with
the estimated impact site coordinates of 60� 20.420 N and 25�
42.300 E [1]. Bjurböle 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 Bjurböle meteorite
fragments were recovered. The main mass (over 80 kg) is currently
on display at the Finnish Museum of Natural History at the Univer-
sity of Helsinki. The recovered fragments are unusually friable.
Bjurböle is classified as an L/LL4 ordinary chondrite of shock level
S1 and weathering index W0. 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.

Bjurböle is the most massive among the only 21 ordinary chon-
drites classified as L/LL4, being also the most recent and so far
within only 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 metamor-
phism provide clues about the earlier history of the Solar System.
Therefore, earlier studies of the Bjurböle L/LL4 meteorite were
mostly related to chondrules, trace elements and isotope composi-
tion analyses (see, e.g., [6–11]). Studies of the chemical composi-
tion of the Bjurböle L/LL4 meteorite showed that olivine (Fe,
Mg)2SiO4, as a solid solution of fayalite Fe2SiO4 (Fa) and forsterite
Mg2SiO4, contains Fa of 26 mol% [12] and 26.2 mol% [13]. Later, a
composition of orthopyroxene (Fe, Mg)SiO3, as a solid solution of
ferrosilite FeSiO3 (Fs) and enstatite MgSiO3, 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 Bjurböle meteorite (see, e.g., [15–18] and references
therein). The deduced saturation magnetic momentMS of the Bjur-
böle L/LL4 was 20.55 emu/g [18].

Mössbauer spectroscopy was also applied to study the Bjurböle
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, Mössbauer spec-
troscopy was used for ordinary chondrites classification (including
Bjurböle L/LL4) but no Mössbauer parameters were presented [20].
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Recent Mössbauer investigation of the several LL ordinary chon-
drites, including Bjurböle L/LL4, was directed to the study of troilite
FeS, the spectral component of which was fitted using the full sta-
tic Hamiltonian [21]. The authors determined for the troilite com-
ponent in Bjurböle that: (i) the relative area A is 10.6% and (ii) the
magnetic hyperfine field Heff is 300 kOe. In addition, they also
revealed the presence of chromite FeCr2O4, pyrrhotite (nonstoi-
chiometric troilite Fe1�xS), kamacite (a-Fe(Ni, Co) phase), olivine,
orthopyroxene and ferric compound. However, they did not reveal
the spectral components related to the 57Fe in the M1 and M2 sites
in silicate crystals [21]. In contrast, the possibilities of Mössbauer
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
FeAl2O4, ferromagnetic a-Fe(Ni, Co), a2-Fe(Ni, Co) and c-Fe(Ni,
Co) and paramagnetic c-Fe(Ni, Co) phases and some other com-
pounds have already been demonstrated [22–27]. Therefore, in this
work we present the new results of our comprehensive study of
the Bjurböle L/LL4 meteorite using scanning electron microscopy
(SEM) with energy dispersive spectroscopy (EDS), Raman spec-
troscopy, X-ray diffraction (XRD), magnetization measurements
and Mössbauer spectroscopy.
2. Materials and methods

Several small pieces of the Bjurböle L/LL4 ordinary chondrite
were provided by the University of Helsinki (Helsinki, Finland)
for the sample preparation at the Ural Federal University (Ekater-
inburg, Russian Federation) and various investigations. Pieces of
Bjurböle L/LL4 are very friable (Fig. 1a) and cannot be used to pre-
pare 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 Bjurböle L/LL4 was powdered for XRD, magnetiza-
tion measurements and Mössbauer spectroscopy. About 200 mg
was used for XRD measurement while only few mg was needed
for magnetization measurements. For Mössbauer 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/cm2.

SEM characterization of the Bjurböle 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 Eötvös
Loránd University by a FEI Quanta 3D scanning electron micro-
scope, 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 Coimbra with a 50�
magnification objective (NA = 0.75). Laser excitation was
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Fig. 1. A piece of the Bjurböle L/LL4 ordinary chondrite (a) and polished section prepared from the crashed Bjurböle L/LL4 matter glued with epoxy (b).
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performed at 532 nm (~2 mW at the sample). The used spectral
resolution was 1.5 cm�1 and the spot size was ~1 lm.

Powder XRD analysis of Bjurböle L/LL4 was done at the Ural
Federal University using an XRD–7000 powder diffractometer (Shi-
madzu) 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 pro-
cessed 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 ver-
sion 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 struc-
tural 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 fit-
ting model: RP = 2.52; RWP = 3.44; REXP = 1.85; GOF (goodness of
fit) = 3.46, whose values demonstrate its good quality, which
allows an estimation of phase compositions up to the first decimal
digit.

Magnetization measurements of Bjurböle L/LL4 were performed
at the Hebrew University, using a commercial SQUID magnetome-
ter MPMS-5S (Quantum Design) in the temperature range between
5 and 300 K. The differential SQUID sensitivity was 10�7 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.
The sample was first cooled to 5 K at H = 0 Oe, then, the magnetic
field H = 50 Oe was switched on to trace the ZFC branch of the mag-
netizationM(T) curves. Next, the field-cooled (FC) M(T) branch was
measured via heating from 5 to 300 K. The isothermal magnetiza-
tion M(H) curves were measured at 5, 150 and 295 K with applied
magnetic fields up to 32 kOe.

The 57Fe Mössbauer spectrum of Bjurböle L/LL4 was measured
at the Ural Federal University using an automated precision devel-
oped in-house Mössbauer spectrometric system based on the SM-
2201 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 212. This spectrometer (due to the increase in
the number of experimental spectrum points) provides much bet-
ter adjustment to resonance and significantly increases the spectra
quality as well as the analytical possibilities of Mössbauer
3

spectroscopy to reveal major and minor spectral components in
the complex spectra. However, this significantly increases the mea-
surement 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 � 109 Bq 57Co(Rh)
source (Ritverc GmbH, St. Petersburg) was at room temperature.
The Mössbauer spectrum of Bjurböle L/LL4 was measured in trans-
mission geometry with moving absorber at 295 K and recorded in
4096 channels. Then, this spectrum was converted into 1024-
channel spectrum, by a consequent summation of four neighboring
channels, to increase the signal-to-noise ratio for the minor spec-
tral components. Statistics in the obtained spectrum was ~10.5 �
106 counts per channels and the signal-to-noise ratio was 436.
The Mössbauer 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 Mössbauer spectrum of Bjurböle L/LL4 was fitted using
UNIVEM-MS program with the least square procedure using a Lor-
entzian line shape. The line shape of the 1024-channel Mössbauer
spectrum of the reference absorber of a-Fe foil with a thickness of
7 lm 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 chan-
nel) in the 1024-channel Mössbauer spectrum was ~0.014 mm/s
per channel. Mössbauer parameters such as isomer shift, d, quadru-
pole splitting, DEQ, quadrupole shift for magnetically split compo-
nents, e (2e = DEQ), magnetic hyperfine field, Heff, line width, C,
relative subspectrum (component) area, A, and normalized statisti-
cal quality of the fit, v2, were determined.

The Mössbauer spectrum of Bjurböle L/LL4 was fitted using the
recently developed model which accounting for the spectral com-
ponents related to the 57Fe in the crystallographically non-
equivalent M1 and M2 sites in olivine, orthopyroxene and clinopy-
roxene, and components related to a- and c-phases in metallic Fe-
Ni-Co alloy with variations in Ni concentration, chromite and her-
cynite. Moreover, a simulation of the full static Hamiltonian was
applied for the troilite spectral component fit. The latter results
in deducing more reliable Mössbauer parameters for the minor
spectral components and overcomes the problem with fitting the
troilite FeS component using the full static Hamiltonian in the
complex Mössbauer spectra of ordinary chondrites (see [24,31]



Fig. 2. Selected scanning electron microscopy images and energy dispersive spectra of the Bjurböle 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.
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and references therein). This fitting model was reported in [32] and
applied for various ordinary chondrite spectra (see, e.g., [33–36]).
Criteria of the best fit were the differential spectrum (the differ-
ence between experimental and calculated spectral points), v2

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 lar-
ger 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
4

equal to 100%. The estimated relative error for A usually did not
exceed 10%. Values of d are given relative to a-Fe at 295 K.

3. Results and discussion

3.1. Characterization by scanning electron microscopy

The selected SEM images and EDS chemical analysis of the Bjur-
böle L/LL4 polished section are shown in Fig. 2. Ranges and aver-
aged 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 Bjurböle 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 2.1 6.5 4.1
Co 1.4 3.7 2.0

c-Fe(Ni, Co)
Fe 46.2 65.1 57.8
Ni 34.0 53.1 41.3
Co 0.5 1.3 0.9

c-Fe(Ni, Co) para

Fe 65.0 68.6 66.3
Ni 30.2 33.9 32.7
Co 0.8 1.2 1.0

FeS
Fe 47.2 51.5 50.1
S 48.5 52.8 50.0

FeCr2O4

O 43.9 63.9 54.3
Cr 19.5 30.1 24.7
Fe 11.3 17.7 14.3
Al 2.7 4.2 3.5
Mg 1.3 2.4 1.8
Ti 0.5 1.1 0.8

FeTiO3

O 55.5 62.3 58.2
Ti 18.0 22.6 20.9
Fe 16.7 18.9 18.0
Mg 2.3 2.4 2.4

a par is the paramagnetic c-Fe(Ni, Co) phase.
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phases only as well as of both phases within one grain. The concen-
tration ranges (Table 1) for the metal grains indicate the presence
of the paramagnetic c-Fe(Ni, Co) phase in addition to the ferromag-
netic a-Fe(Ni, Co) and c-Fe(Ni, Co) phases, but there were no grains
with the ferromagnetic a2-Fe(Ni, Co) phase. The metal grains are
found in associations with troilite and chromite inclusions. Chro-
mite inclusions contain about 3.5 at% of Al. That indicates the pos-
sible 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].
3.2. Raman spectroscopy

In the Raman experiments, a series of points located in different
regions of the meteorite sample was randomly defined and spec-
troscopically evaluated. Three different types of minerals were
identified, which belong to the orthopyroxene, clinopyroxene and
olivine families. Representative Raman spectra of Bjurböle L/LL4
are shown in Fig. 4, together with reference spectra [39] of the
identified minerals. Fig. 4a shows the spectrum of the identified
orthopyroxene in comparison with that of 100% enstatite. In the
spectrum of Bjurböle L/LL4, the frequencies of the bands due to
the Si–O stretching (1012 and 1032 cm�1), Si–O bending (662
and 682 cm�1) and (Mg, Fe)–O stretching (341 cm�1) modes corre-
spond to those of an orthopyroxene with a high content of ensta-
tite [40]. In turn, the Raman spectrum of Bjurböle L/LL4 in Fig. 4b
demonstrates the presence of olivine and clinopyroxene (diopside,
5

MgCaSi2O6) in the meteorite. The major bands at 823 and
855 cm�1, 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�1 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�1 are assigned to
diopside: the first two bands to SiO4 tetrahedral tilting vibrations,
the third to the Si–O–Si symmetric stretching mode involving the
bridging oxygen atoms between the SiO4 tetrahedral chains, and
the last two bands to the O–Si–O symmetric and anti-symmetric
vibrations within the SiO4 tetrahedrals [43].

3.3. X-ray diffraction

XRD pattern of the Bjurböle 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 cor-
responding ICDD card numbers are shown in Table 2). This phase
composition is similar to that obtained for other ordinary chon-
drites, 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 clinopy-
roxene has the diopside structure which is in agreement with the
Raman spectrum in Fig. 4b. The presence of hercynite in Bjurböle
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 parame-
ters 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 depen-
dence of the magnetization M(H) measured at 5, 150 and 295 K
for Bjurböle 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 (down to 5 K) indi-
cates 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 ordi-
nary 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 + vpH, where the
saturation moment (corrected) MS = 7.0(1) emu/g, is the intrinsic
magnetic phases contribution, and vpH (vp = 6.9 � 10�6 emu/g
Oe) is the linear PM contribution (Fig. 6c). At 150 and 295 K
(Fig. 6b), the PM contribution is low, and saturation is achieved
at low applied fields. MS at both temperatures is practically the
same as at 5 K, indicating that the magnetic transition of the dom-
inant phase(s) is well above room temperature. Moreover, the
coercive fields HC do not change much from 5 K (Fig. 6d) to



Fig. 3. Scanning electron microscopy images of selected metal grains with a complex phase composition and concentration variations of Fe, Ni and Co along the lines A–A0 , B–
B0 and C–C0 in these grains obtained using energy dispersive spectroscopy.
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295 K (HC = �200(10) Oe and HC = �165(10) Oe, respectively), con-
firming 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 Bjurböle L/LL4 in [18] but agrees well with the MS values (at
5 K) of 5.42 and 8.8 emu/g observed for NWA 6286 LL6 and
NWA 7857 LL6 ordinary chondrites, respectively [34].

3.5. Mössbauer spectroscopy

The Mössbauer spectrum of Bjurböle L/LL4 matter is shown in
Fig. 7. This spectrum was fitted well using a superposition of: (i)
6

three magnetic sextets, (ii) seven quadrupole doublets and (iii)
two paramagnetic singlets. All Mössbauer parameters deduced
are collected in Table 4. Optimal fit of the Mössbauer spectrum
using this model is confirmed by the absence of any significant
misfits at the differential spectrum and the lowest value of
v2 = 1.355 in comparison with differential spectra and v2 values
obtained for other fitting models. Using these 57Fe 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 largestDEQ val-
ues were related to the M1 and M2 sites in olivine, orthopyroxene



Fig. 4. Representative Raman spectra of the Bjurböle L/LL4 ordinary chondrite and reference spectra from [38] of the identified minerals.

Fig. 5. X-ray diffraction pattern of the Bjurböle L/LL4 ordinary chondrite with selected phases: olivine (Ol), orthopyroxene (OPy), anorthite (An), Ca-rich clinopyroxene (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 Bjurböle L/LL4 ordinary chondrite obtained by X-ray
diffraction.

Phase Content, wt% ICDD card for reference

Olivine 47.5 01-080-1630
Orthopyroxene 26.2 01-083-0666
Anorthite 13.9 01-079-1149
Ca-rich clinopyroxene 6.9 01-083-0088
Troilite 2.4 01-080-1030
Chromite 1.8 00-034-0140
c-Fe(Ni, Co) 0.7 01-089-4185
a-Fe(Ni, Co) 0.5 00-037-0474
Hercynite 0.1 00-034-0192
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and clinopyroxene, respectively. The two magnetic sextets with
the largest Heff 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
7

agrees with a small MS value. However, the small content of ferro-
magnetic phases did not permit us to reveal more magnetic sex-
tets, 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 dif-
ferent 57Fe microenvironments in the a- and c-phases. The small
value of Heff (~287 kOe) corresponds to the c-FeNi and/or ordered
c-Fe(Ni, Co) phases (see [45]). That also agrees well with the pres-
ence 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 Bjurböle in comparison with other
similar meteorites [14]. The d 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 paramag-
netic c-Fe(Ni, Co) phase in which the Ni content is in the range



Table 3
The unit cell parameters for silicate crystals in the Bjurböle L/LL4 ordinary chondrite obtained by X-ray diffraction.

Silicate crystal Unit cell parameters

a, Å b, Å c, Å b, �

Olivine 10.2744(5) 6.0125(4) 4.7736(4) –
Orthopyroxene 18.2819(9) 8.8691(7) 5.1960(7) –
Ca-rich clinopyroxene 9.763(9) 8.898(9) 5.259(8) 106.2

Fig. 6. Zero-field-cooled (ZFC) and field-cooled (FC) curves (a) and isothermal magnetization curves (b–d) of the Bjurböle L/LL4 matter. Exp is experimental points, PM is the
paramagnetic contribution, MS is the saturation magnetic moment, H is the magnetic field, HC is the coercive field, T is temperature.
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~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 Mössbauer spectrum is confirmed also by EDS
analysis (see Table 1 and Fig. 3). If we suggest the same Mössbauer
effect probabilities (f-factors) for all iron-bearing phases, the rela-
tive 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 Bjurböle 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.

Mössbauer hyperfine parameters can reflect small variations in
the 57Fe local microenvironments for similar structures. For
8

example, these variations in silicate crystals (olivine, orthopyrox-
ene and clinopyroxene) from different meteorites may be related
to different iron and magnesium contents and different Fe2+ and
Mg2+ distributions among the M1 and M2 sites in the same sili-
cates in different ordinary chondrites. For this reason, we compare
Mössbauer hyperfine parameters for the M1 and M2 sites in both
olivine and orthopyroxene crystals from the Bjurböle L/LL4, Ozerki
L6, NWA 6286 LL6 and Kemer L4 ordinary chondrites (Fig. 9). The
DEQ values of 57Fe in the M1 and M2 sites in olivine are respec-
tively the same (within the error) for both Bjurböle L/LL4 and
Kemer L4 and slightly different (beyond the error) for NWA 6286
LL6 and Ozerki L6. In contrast, the DEQ value of 57Fe in the M1 sites
in orthopyroxene in Bjurböle L/LL4 is slightly larger (beyond the
error) than that obtained for the other meteorites, while DEQ of
57Fe in the M2 sites are the same for these ordinary chondrites.
Therefore, it can be expected that small variations in these DEQ



Fig. 7. Mössbauer spectrum of the Bjurböle L/LL4 ordinary chondrite. Indicated
components are the result of the best fit. The differential spectrum is shown at the
bottom.
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values can be related to some differences in both the iron content
and the Fe2+ distribution among the M1 and M2 sites in the silicate
crystals in these meteorites.

A comparison of Mössbauer hyperfine parameters for troilite in
the same ordinary chondrites is shown in Fig. 10. The Heff values for
troilite in Bjurböle L/LL4, Ozerki L6, Kemer L4 and NWA 6286 LL6
ordinary chondrites are very close. However, the two former mete-
orites demonstrate slightly larger Heff value especially in compar-
ison with NWA 6286 LL6. It is known that decrease in Heff is
related to increase in the Fe vacancies in troilite (see [50]). This
probably can be associated with additional spectral components
of nonstoichiometric Fe1–xS troilite found in the NWA 6286 LL6
Mössbauer spectrum [34] while this component is absent in the
spectrum of Bjurböle L/LL4. It is possible that some additional ther-
mal effects can lead to increase in the Fe vacancies in troilite.
3.6. The Fe2+ occupancies in the M1 and M2 sites of silicate crystals

The Fe2+ and Mg2+ 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
Mössbauer parameters of the Bjurböle L/LL4 matter.

C, mm/s d, mm/s DEQ/2e, mm/s

0.403 ± 0.029 0.015 ± 0.014 0.006 ± 0.014
0.403 ± 0.029 0.067 ± 0.014 0.550 ± 0.026
0.253 ± 0.029 0.761 ± 0.014 Not determined
0.234 ± 0.029 1.156 ± 0.014 2.963 ± 0.014
0.234 ± 0.029 1.063 ± 0.014 2.913 ± 0.014
0.234 ± 0.029 1.212 ± 0.014 2.473 ± 0.014
0.234 ± 0.029 1.118 ± 0.014 2.060 ± 0.014
0.234 ± 0.029 0.984 ± 0.014 2.461 ± 0.014
0.234 ± 0.029 1.125 ± 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 –

a Components are the same as shown in Fig. 7. bParamagnetic c-Fe(Ni, Co) phase.
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to determine the Fe2+ and Mg2+ occupancies of the M1 andM2 sites
in olivine, orthopyroxene and clinopyroxene (XFe

M1, XFe
M2, XMg

M1 and
XMg
M2, respectively). Detailed determination of XFe

M1 and XFe
M2 directly

from the XRD data is shown in [51] and references therein. The val-
ues of XMg

M1 and XMg
M2 can be calculated as 1 – XFe

M1 and 1 – XFe
M2, respec-

tively. On the other hand, Mössbauer spectroscopy cannot
determine these occupancies. However, if we consider equal f-
factors for all phases, we can estimate the relative Fe2+ fractions
in the corresponding M1 and M2 sites, using the relative areas
associated with the M1 and M2 sites (AM1 and AM2, respectively).
Therefore, the ratios of Fe2+ occupancies of the M1 and M2 sites
can be obtained from both XRD and Mössbauer data (XFe

M1/XFe
M2

and AM1/AM2, respectively).
The values for Bjurböle L/LL4 are: (a) XFe

M1 = 0.29, XFe
M2 = 0.24, XFe

M1/
XFe
M2 = 1.21 (XRD) and AM1/AM2 = 1.24 (Mössbauer spectroscopy) for

olivine, (b) XFe
M1 = 0.09, XFe

M2 = 0.40, XFe
M1/XFe

M2 = 0.23 (XRD) and AM1/
AM2 = 0.28 (Mössbauer spectroscopy) for orthopyroxene and (c) XFe-
M1 = 0.28, XFe

M2 = 0.09, XCa
M2 = 0.82, XFe

M1/XFe
M2 = 3.11 (XRD) and AM1/

AM2 = 3.13 (Mössbauer spectroscopy) for clinopyroxene (XCa
M2 is

Ca2+ occupancy of the M2 sites in Ca-rich clinopyroxene). Thus,
ratios of Fe2+ occupancies of the M1 and M2 sites determined from
XRD and Mössbauer spectroscopy are in a good agreement.

Furthermore, these results can be used for estimation of (i) the
distribution coefficient KD and (ii) the temperature of cation equi-
librium distribution Teq for both olivine and orthopyroxene. The KD

is calculated from the XRD data as follows: KD = (XFe
M1 � (1 – XFe

M2))/
(XFe

M2 � (1 – XFe
M1)). To calculate KD from Mössbauer parameters, we

have to use the Fa and Fs values as described in [35,51,52]. To
determine Teq, we used the equations: (1) �DG� = R � Teq � lnKD

for olivine, where the Gibbs energy DG� = 20935 J for olivine,
R = 8.31 J/K mol (taken from [53]), and (2) lnKD = 0.391–2205/Teq
for orthopyroxene (taken from [54]). The resulting values of KD

and Teq for olivine and orthopyroxene calculated using XRD and
Mössbauer spectroscopy data for Bjurböle 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 Bjurböle
L/LL4 is slightly higher than that in Kemer L4 and Ozerki L6, but
slightly lower than Teq for olivine in NWA 6286 LL6. On the other
hand, Teq (obtained using the both techniques) for orthopyroxene
in Bjurböle L/LL4 is higher than that for Kemer L4, comparable with
that for NWA 6286 LL6 and lower than Teq for orthopyroxene in
Ozerki L6. This may be a result of the Bjurböle specificity as an
equilibrated meteorite (ordinary chondrites from petrologic types
4–6), which morphology is close to unequilibrated ordinary chon-
drites, but in contrast to the latter, with the matter, which was
probably undergone to slightly more recrystallization (see [14]).
The Teq values for orthopyroxene agree with the earlier
Heff, kOe A, % Componenta

337.4 ± 0.5 2.76 a-Fe(Ni, Co)
287.0 ± 0.9 1.72 c-Fe(Ni, Co)
314.7 ± 0.5 9.35 Troilite
– 30.53 Olivine M1
– 24.53 Olivine M2
– 4.58 Orthopyroxene M1
– 16.09 Orthopyroxene M2
– 3.44 Clinopyroxene M1
– 1.10 Clinopyroxene M2
– 0.61 Hercynite
– 2.70 c-Fe(Ni, Co) paramag.b

– 2.59 Chromite



Fig. 9. Comparison of Mössbauer hyperfine parameters for the M1 and M2 sites in olivine and orthopyroxene crystals in Bjurböle L/LL4 (j, N), Kemer L4 (h, 4), NWA 6286
LL6 (r, d) and Ozerki L6 (}, s) ordinary chondrites (data for the latter three meteorites were taken from [34,36,37]).

Fig. 8. Comparison of the relative areas of Mössbauer spectral components (the relative iron fractions) for various phases in Bjurböle 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 ferromagnetic + paramagnetic c-Fe
(Ni, Co) phases, Fe3+ is ferric compound, Tr is troilite, Ol is olivine M1 + M2 sites, OPy is orthopyroxene M1 + M2 sites, CPy is clinopyroxene M1 + M2 sites, Ch is chromite, Hc
is hercynite.
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assumption, that this silicate in the Bjurböle meteorite was under-
gone a higher temperature metamorphism in comparison with
some H and L ordinary chondrites [19]. The Teq values for Bjurböle
L/LL4 are also in agreement with the average equilibration temper-
atures 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]).

3.7. Approaches for the Bjurböle 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 (Fe0) to the total iron in
10
meteorite (Fe0/Fe) versus fayalite content [56] and (ii) ferrosilite
versus fayalite (see, e.g., [57,58]). Using the microprobe analysis
data for Bjurböle L/LL4 ordinary chondrite published in [14]
(Fa = 26.2 mol%, Fs = 20.7 mol% and Fe0/Fe = 0.33), we can see
the locations of Bjurböle in these two plots as shown in Fig. 11.
In the former plot, Bjurböle falls into the L ordinary chondrite
region while in the latter plot Bjurböle appeared slightly out of
both L and LL regions. If we evaluate Fa and Fs values using the
Fe2+ occupancies of the M1 and M2 sites in olivine and orthopyrox-
ene in Bjurböle from the XRD data as (XFe

M1 + XFe
M2)/2 for each silicate,

we obtain FaXRD = 26.5 mol% and FsXRD = 24.5 mol%. The value of
Fe0/Fe = ~0.072 in relative units can be roughly deduced from the
relative areas of theMössbauer spectrum components (see Table 4).



Fig. 10. Comparison of Mössbauer hyperfine parameters for troilite in Bjurböle 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]).
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Using these values in the plots of Fe0/Fe vs. Fa and Fs vs. Fa, we can
see that Bjurböle falls into the LL regions for ordinary chondrites in
both plots (Fig. 11).

Physical techniques such as magnetization measurements and
Mössbauer spectroscopy can be also applied for ordinary chon-
drites 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,
17.51 and 4.11 emu/g, respectively, whereas MS for Bjurböle
was 20.55 emu/g [18] that corresponds to the L and L/LL ordi-
nary chondrites. The MS = ~7 emu/g determined here for Bjur-
böle is close to the LL group. Mössbauer spectroscopy was
suggested for the classification of ordinary chondrites in [20]
and then the relative areas of the Mössbauer spectra compo-
nents were used for classification in different 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 com-
ponents 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 cor-
rected in this work and used for the Bjurböle meteorite
Table 5
The values of the distribution coefficient and the temperature of equilibrium cation distribu
XRD and Mössbauer spectroscopy.

Ordinary chondrite XRD

KD Teq, K

Olivine
Bjurböle L/LL4 1.46 666
Kemer L4a 1.77 441
NWA 6286 LL6b 1.34 862
Ozerki L6c 1.58 553

Orthopyroxene
Bjurböle L/LL4 0.148 958
Kemer L4a 0.10 806
NWA 6286 LL6b 0.17 1010
Ozerki L6c 0.24 1213

Data were taken from: a[37], b[34] and c[36].

11
classification (see Fig. 12). This meteorite falls into the LL ordi-
nary 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 different from those
shown in Fig. 11. If we consider the equal f-factors 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 sam-
ple volume of ordinary chondrites. These Fe fractions may not be
the same as values of Fa and Fe0/Fe determined by microprobe
analysis.
4. Conclusion

The Bjurböle L/LL4 meteorite, as a ‘‘special” representative of
the group with a petrologic type 4, was studied by scanning elec-
tron microscopy, energy dispersive spectroscopy, Raman spec-
troscopy, X-ray diffraction, magnetization measurements and
Mössbauer spectroscopy. The phase composition of the bulk mat-
ter and the unit cell parameters for silicate crystals are determined
and compared with the data obtained for the other ordinary chon-
drites. 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 57Fe
Mössbauer spectrum of Bjurböle 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 Mössbauer 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 Mössbauer data, the ratios of Fe2+

occupancies of the M1 and M2 sites in silicate crystals are deter-
mined. The values obtained by the two independent techniques
agree to each other. The temperatures of equilibrium cation distri-
bution for olivine and orthopyroxene are calculated using XRD and
Mössbauer results and compared with some other L and LL ordi-
nary chondrites. It is found that Teq for orthopyroxene in Bjurböle
L/LL4 is higher than that for Kemer L4 but comparable with Teq
for NWA 6286 LL6 and Ozerki L6. Some approaches for the Bjurböle
classification using the results of XRD, magnetization measure-
ments and Mössbauer spectroscopy obtained in this work demon-
strate that the studied matter is close to the LL ordinary chondrite
group.
tion for olivine and orthopyroxene in the selected ordinary chondrites calculated using

Mössbauer spectroscopy

Fa/Fs, mol% KD Teq, K

26.2 1.34 850
24 1.77 439
29.9 1.28 1006
26 1.69 479

20.7 0.21 1136
19 0.09 787
23.9 0.18 1052
21 0.24 1202



Fig. 11. Classification of ordinary chondrites using the plots of: (left panel) Fe0/Fe vs. fayalite (adopted from [56]) and (right panel) ferrosilite vs. fayalite (adopted from [59]).
Symbol q indicates the positions of the Bjurböle meteorite in these plots based on the data obtained using the microprobe analysis in [14], while symbol w indicates the
positions of the Bjurböle meteorite evaluated from the XRD and Mössbauer data in this work.

Fig. 12. Approach for ordinary chondrites classification using the relative areas of the Mössbauer spectra components with indication of the Bjurböle meteorite position. Ch
LL5 means the Chelyabinsk LL5 ordinary chondrite with different fragments numbered No 1, No 1a, No 2, No 2a and No 3.
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