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Abstract
A comparison of the 57Fe hyperfine parameters obtained for the iron-bearing phases in
some undifferentiated and differentiated meteorites using Mössbauer spectroscopy dem-
onstrate some similarities and small differences for the same phases in different meteor-
ites. These differences were related to small variations in the iron local
microenvironments in these phases that may be a result of some variations in the chemical
compositions and thermal metamorphism. The latter variations can be associated with
these phases’ formation and thermal evolution in space.

Keywords 57Fe hyperfine parameters . Mössbauer spectroscopy . Undifferentiated and
differentiated meteorites . iron-bearing phases

1 Introduction

Meteorites are significant space messengers which carry an important information about
formation and evolution of the Solar System. All meteorites chemically divided into three
groups (stony, stony-iron and iron meteorites) can be considered as undifferentiated and
differentiated within the modern classification [1]. Undifferentiated meteorites are the most
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primitive meteorites which were formed with the Solar System while differentiated meteorites
are the result of thermal metamorphism of the matter in asteroids and protoplanets (parent
bodies) with further differentiation. All meteorites contain various iron-bearing phases such as
olivine (Fe, Mg)2SiO4, orthopyroxene (Fe, Mg)SiO3, Ca-poor and Ca-rich clinopyroxene (Fe,
Ca, Mg)SiO3, Fe-Ni-Co alloy, troilite FeS, chromite FeCr2O4, hercynite FeAl2O4, ilmenite
FeTiO3 and some other phases [2, 3]. Therefore, meteorites are the subject of the studies by
Mössbauer spectroscopy about 60 years (see for review [4, 5] and references therein). Taking
into account various extreme factors affecting meteorites or matter in their parent bodies
(thermal metamorphism, shock and reheating, very slow cooling, etc.) in space, it is interesting
to compare the 57Fe hyperfine parameters for the same phases in different meteorites which
were measured using Mössbauer spectroscopy with a high velocity resolution, i.e., with a
higher discretization of the velocity reference signal (212) that increases precision, sensitivity
and accuracy of Mössbauer spectroscopy.

2 Experimental

Undifferentiated meteorites represent various ordinary chondrites: Ochansk H4, Richardton
H5, Vengerovo H5, Аnnama H5, Zvonkov H6, Saratov L4, Kemer L4, Farmington L5, Mbale
L5/6, Mount Tazerzait L5, Tsarev L5–1 (fragment No 1), Tsarev L5–2 (fragment No 2),
Kunashak L6, Ozerki L6, Bursa L6, Bjurböle L/LL4, five fragments of Chelyabinsk LL5 with
different lithologies numbered No 1, No 1a, No 2, No 2a and No 3, Northwest Africa (NWA)
6286 LL6 and NWA 7857 LL6. Differentiated meteorites represent Seymchan main group
pallasite (PMG), which is a stony-iron meteorite, and Sariçiçek howardite, which is a stony
achondrite originated from asteroid (4) Vesta [6]. Preparation and characterization of these
meteorites by optical and scanning electron microscopy (SEM) with energy dispersive spec-
troscopy (EDS), X-ray diffraction (XRD), Mössbauer spectroscopy and some other techniques
were described in detail elsewhere [7–17].

The room temperature Mössbauer spectra of meteorite samples were measured using an
automated precision Mössbauer spectrometric system, built on the base of the SM-2201
spectrometer, with a saw-tooth shape velocity reference signal formed by the digital-analog
converter using discretization of 212 (quantification of the velocity reference signal using 4096
steps). Details and characteristics of this spectrometer and the system as well as this method’s
features were described in [18, 19]. The (1.8–1.0) × 109 Bq 57Со in rhodium matrix sources
(Ritverc GmbH, St. Petersburg) were used at room temperature. The Mössbauer spectra were
measured in transmission geometry with moving absorber and recorded in 4096 channels.
Then these spectra were converted into 1024-channel spectra by consequent summation of
four neighboring channels to increase the signal-to-noise ratio for the minor spectral
components.

Mössbauer spectra were computer fitted using UNIVEM-MS program by the least squares
procedure with a Lorentzian line shape. The troilite magnetic sextet in the Mössbauer spectra
of meteorites was fitted using simulation of the full static Hamiltonian described in detail in
[20]. Moreover, these spectra were decomposed taken into account components related to 57Fe
in the M1 and M2 sites in silicate crystals (olivine, orthopyroxene and clinopyroxene) as well
as to the minor phases of chromite, hercynite, ilmenite and paramagnetic γ-Fe(Ni, Co) phase,
etc. (see [21]). The spectral parameters such as isomer shift, δ, quadrupole splitting (taken to be
equal to 2ε, where ε is the quadrupole shift for magnetically split spectra), ΔEQ, magnetic
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hyperfine field, Heff, line width, Γ, relative subspectrum (component) area, A, and statistical
quality of the fit, χ2, were determined. We were unable to determine 2ε for troilite in the case
of simulation of the full static Hamiltonian. The thin reference absorbers of α-Fe foil with a
thickness of 7 μm and sodium nitroprusside with a thickness of 5 mg Fe/cm2 were used for the
large and small velocity scale calibration, respectively, and for the control of the velocity
driving system (the line shapes of the spectra were pure Lorentzian). An instrumental
(systematic) error for each spectrum point was ±0.5 channel (the velocity scale), the instru-
mental (systematic) error for the hyperfine parameters was ±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. Criteria of the best fit were
differential spectrum, the value of χ2, and physical meaning of parameters. Values of δ are
given relative to α-Fe at 295 K.

3 Results and discussion

Examples of the measured room temperature Mössbauer spectra of selected undifferentiated
and differentiated meteorites with their best fits are shown in Fig. 1. The main and minor
spectral components were assigned to the following iron-bearing phases on the basis of the
57Fe hyperfine parameters: the ferromagnetic α2-Fe(Ni, Co), α-Fe(Ni, Co) and γ-Fe(Ni, Co)
phases, the paramagnetic γ-Fe(Ni, Co) phase, troilite and pyrrhotite Fe1–xS (we can consider
this as near stoichiometric or nonstoichiometric troilite if 0 < x ≤ 0.05 [22]), olivine (M1 and
M2 sites), orthopyroxene (M1 and M2 sites), Ca-poor and Ca-rich clinopyroxene (M1 and M2
sites), chromite, hercynite, magnesiochromite Mg1–xFexCr2O4, ilmenite, some unknown fer-
rous and ferric compounds and ferrihydrite 5Fe2O3 × 9H2O in the case of terrestrial
weathering. These phases were confirmed by SEM with EDS and XRD. It should be noticed
that Seymchan PMG contains no orthopyroxene while Sariçiçek howardite contains no
olivine.

A comparison of the 57Fe hyperfine parameters obtained for spectral components associated
with the M1 and M2 sites in olivine, orthopyroxene and clinopyroxene are shown on the plots
of ΔEQ vs. δ in Fig. 2. These plots demonstrate some scattering of parameters for each site in
each silicate phase. It is possible to observe some regions of parameters where silicate phases
in different meteorites are similar within the errors as well as differences between some regions
beyond the errors. These variations may reflect small differences in the 57Fe local microenvi-
ronments in the M1 and M2 sites in olivine, orthopyroxene and clinopyroxene. At least two
reasons of these differences can be considered such as (i) variations of the total Fe2+ and Mg2+

contents in these silicate phases and (ii) differences of the Fe2+ and Mg2+ cations distribution
among the M1 and M2 sites in each silicate phase.

It is well known that the unit cell parameters (a, b and c) of olivine crystals depend on the
total Fe2+ relative content XFe. This was demonstrated in [23] using the ICDD database
PDF2. Basing on these linear relations and the unit cell parameters obtained from XRD, we
determined XFe for olivine in the studied meteorites (an example of this relation for a and
XFe for olivine is demonstrated in Fig. 3). An increase of the XFe values for olivine (or
fayalite Fa, a molar fraction of Fe2SiO4 in olivine) in ordinary chondrites from group H to
group LL is well known [24]. Olivine in Sariçiçek howardite contains the lowest XFe value.
Thus, one of the reasons of the iron local microenvironment variations is related to small
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differences of the unit cell parameters in olivine and other silicate crystals with variations of
the XFe values.

Variations in the Fe2+ and Mg2+ cations distribution among the M1 and M2 sites in silicate
crystals can also affect the iron local microenvironment. Therefore, small variations of ΔEQ

and δ values in Fig. 2 reflect tiny differences in the iron local microenvironments in olivine,
orthopyroxene and clinopyroxene in the studied undifferentiated and differentiated meteorites
resulting from various factors including the total iron content and Fe2+ and Mg2+ partitioning
among the M1 and M2 sites in silicate crystals. These variations are related to differences of
the silicate phases formation and their thermal history in space.

A comparison of the 57Fe hyperfine parameters deduced for troilite component in the
Mössbauer spectra of studied undifferentiated and differentiated meteorites is shown in the
plot of Heff vs. δ (Fig. 4). This plot demonstrates some scattering of the Heff values for different
meteorites. Earlier it was shown that appearance of the iron vacancies in pyrrhotites leads to a

Fig. 1 Mössbauer spectra of undifferentiated meteorites: ordinary chondrites Bursa L6 (a) and Kemer L4 (b), and
differentiated meteorites: stony part of Seymchan main group pallasite (c) and Sariçiçek howardite (d). Indicated
components are the results of the best fits. The differential spectra are shown on the bottom. T = 295 K
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decrease of the Heff values [25]. This also may be a result of small variations in the iron local
microenvironment in troilite from different meteorites because the unit cell parameters for
pyrrhotites (a = b and c) are linearly related to the nonstoichiometry parameter x as shown in
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Fig. 2 The 57Fe hyperfine parameters for the M1 and M2 sites in olivine (a and b), orthopyroxene (c and d) and
clinopyroxene (e and f) in undifferentiated ( , , ) and differentiated ( and ) meteorites. – H

ordinary chondrites, – L ordinary chondrites, – LL ordinary chondrites, – main group pallasite, –
howardite
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Fig. 5 using the data from [25]. The range for the nonstoichiometry parameter was taken 0 ≤ x
≤ 0.0150, i.e. for stoichiometric and near stoichiometric troilite. Therefore, small iron defi-
ciency causes small variations in the iron local microenvironment that may be reflected by the
57Fe hyperfine parameters. It should be noticed that increasing of iron deficiency in troilite may
be related to the thermal effects. Therefore, the smallest values of Heff in Fig. 4 can be
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associated with relatively higher iron vacancies in troilite inclusions resulting from the effect of
higher thermal metamorphism.

A comparison of the 57Fe hyperfine parameters for both ferromagnetic α-Fe(Ni, Co) and γ-
Fe(Ni, Co) phases in the metal grains in ordinary chondrites and howardite is shown in the plots
of Heff vs. δ in Fig. 6. These data also demonstrate some distribution of the 57Fe hyperfine
parameters for the α-Fe(Ni, Co) and γ-Fe(Ni, Co) phases. Moreover, it was possible to reveal
more than one magnetic sextet assigned to the α-Fe(Ni, Co) phase in the Mössbauer spectra of
some ordinary chondrites while two magnetic sextets associated with the γ-Fe(Ni, Co) phase
were detected in the Mössbauer spectrum of Annama H5 only. Several magnetic sextets related
to one phase were explained as a result of variations of the number of Ni atoms in the iron local
microenvironments in the metal grains as shown by SEMwith EDS. Earlier results for the b.c.c.
α-Fe(Ni) and f.c.c. γ-Fe(Ni) alloys with variations in Ni content demonstrated that the average
values of Heff vary in both alloys with Ni content (see [26, 27]). In the case of Seymchan PMG,
it was possible to separate metal alloy and stony part of meteorite. Therefore, the Mössbauer
spectrum of separated Fe-Ni-Co alloy was measured much better than that in the bulk mixture
of various phases in other meteorites. It was possible to decompose this spectrum using two
sextets for α2-Fe(Ni, Co), four sextets for α-Fe(Ni, Co) and two sextets for γ-Fe(Ni, Co)
phases. The values of Heff for the corresponding phases were in the same ranges as for other
meteorites.

A comparison of the 57Fe hyperfine parameters for hercynite in the studied meteorites is
presented in the plot of ΔEQ vs. δ in Fig. 7. Some small variations in the 57Fe hyperfine
parameters can also be seen.

SEM with EDS demonstrated that hercynite can be considered in chromite inclusions due
to the presence of Al as the third metal besides Cr and Fe in the latter with a content in the
range ~2–3.5 wt%. In fact, hercynite can be considered as FeAl2O4 and/or mixed spinel
Fe(Al1–xCrx)2O4 microcrystals with small x values (XRD revealed the presence of hercynite).
Earlier studies of synthetic FeAl2O4 and that with partial substitutions of Fe by Mg, Mn and
some other metals and Al partial substitution by Cr showed variations in the 57Fe hyperfine
parameters, e.g.,ΔEQ values varied in the range 1.17–1.57 mm/s [28] (see also, e.g., [29–31]).
Taking into consideration the presence of tiny contents of accessory metals such as Mg, Mn
and Ti determined by SEM with EDS besides Cr, Fe and Al in chromite inclusions in the
studied meteorites except Seymchan PMG, we can suggest some variations in the iron local
microenvironments in hercynite and/or mixed spinel Fe(Al1–xCrx)2O4 microcrystals in
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chromite that may be reflected by the 57Fe hyperfine parameters. As for Seymchan PMG,
chemical analysis by SEMwith EDS showed the presence of Mg as the third metal in chromite
inclusions instead of Al. Therefore, the presence of magnesiochromite (Fe1–xMgx)Cr2O4 in
chromite was supposed instead of hercynite in Seymchan PMG and confirmed by XRD and
Mössbauer spectroscopy.
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4 Conclusion

Comparison of the 57Fe hyperfine parameters for olivine, orthopyroxene, clinopyroxene,
troilite, α-Fe(Ni, Co), γ-Fe(Ni, Co) and hercynite crystals in the studied undifferentiated
and differentiated meteorites demonstrates some similarities and some differences for the
same phases in different meteorites. The observed differences were associated with the
corresponding variations in the iron local microenvironments in these phases. These
variations can be related in part to the small concentration differences, the presence of
accessory atoms and thermal effects. Small variations in the 57Fe hyperfine parameters and
iron local microenvironments in the M1 and M2 sites in silicate phases can be a result of (i)
different Fe content and (ii) different distributions of Fe2+ and Mg2+ cations among the M1
and M2 sites in the same silicate crystals in different meteorites. These variations are
associated with different formation processes and thermal history of silicate phases in space
in the studied meteorites. Small variations in the 57Fe hyperfine parameters and iron local
microenvironments in troilite inclusions can be a result of small iron deficiency formed due
to thermal metamorphism in space. Small variations in the 57Fe hyperfine parameters and
iron local microenvironments in the α-Fe(Ni, Co) and γ-Fe(Ni, Co) phases in the metal
grains may be a result of corresponding Ni and Co concentration variations related to the
Fe-Ni-Co alloy formation and further thermal evolution in space. Small variations in the
57Fe hyperfine parameters and iron local microenvironments in hercynite and/or Fe(Al1–

xCrx)2O4 microcrystals in chromite inclusions in different meteorites can be a result of the
small concentration variations of accessory metals (Mg, Mn, Ti, etc.) that may be associ-
ated with chromite formation and evolution in space. Thus, the 57Fe hyperfine parameters
with data obtained by other complementary techniques appeared to be useful for the
analysis of the iron local microenvironment in the iron-bearing phases and its variations
in different meteorites.
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