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Three meteorites — Bassikounou, Buzzard Coulee, and Zag — were studied with the use of the Mössbauer
spectroscopy to assess how different experimental conditions, e.g. different statistics, velocity resolution and differ-
ent ways of fitting the Mössbauer spectra could cause discrepancies regarding the percentages of spectral areas of
main mineral phases (olivine, pyroxene, metallic phase and troilite) present in ordinary chondrites. The answer to
this question is crucial for creation of a common database for a new method of classification of ordinary chondrites
based on Mössbauer spectroscopy. Our results show that none of the above factors could significantly affect the
percentage of spectral areas in the samples measured and the differences obtained with the use of those various
methods of assessment were on the level of one percentage point. The final conclusion from this comparative study
is that the results from different laboratories could be included to the same database.
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1. Introduction

Meteorites are fragments of the planetoids, which
gained the surface of the Earth after turbulent journey
through the terrestrial atmosphere. Also lunar and Mar-
tian meteorites, which were probably ejected from the
surface of Moon and Mars, are being found. Meteorites,
which were collected soon after witnessed fall are called
“falls”. Meteorites, which were found later are called
“finds”. About eighty percent of falls are ordinary chon-
drites. There are three types of the ordinary chondrites:
type H (high amount of iron), type L (low amount of
iron), type LL (low amount of iron, low amount of metal).

Standard classification of ordinary chondrites is based
on laborious mineralogical determination of the ratio of
the amount of fayalite (present in olivines) to the amount
of ferrosilite (present in orthopyroxenes). The Möss-
bauer spectra of the nonweathered ordinary chondrites
are composed of two sextets from kamacite (FeNi al-
loy with about 10% of Ni) and troilite (FeS) and two
doublets from olivines (Fe, Mg)2SiO4 and pyroxenes (Fe,
Mg)2SiO3. Kamacite and troilite can be created only in
cosmic conditions.

In early 2000 Verma and his group started works on the
application of the Mössbauer spectroscopy to the clas-
sification of ordinary chondrites [1–3]. This group de-
cided to use 2D plots of spectral area of olivine vs. spec-
tral area of pyroxene, spectral area of metallic phases
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vs. spectral area of silicate phases, and so on. These
plots were created in majority on the base of their own
results. They were able to classify the meteorite Itaw-
Bhopij as ordinary chondrite type L. Classification was
based on the determination of the position of unknown
meteorite in cited plots. This determination was not
fully objective. Regions typical for different types were
determined arbitrary. These studies were continued by
groups from Ekaterinburg and Canberra. The Ekaterin-
burg group [4] created its own base of results of Möss-
bauer data. The Canberra group [5] was using Verma’s
data base. Our preliminary results of the application of
the Mössbauer spectroscopy to classification of ordinary
chondrites were published in 2017 [6]. Our data base was
composed from our own results and outcomes taken from
the literature.

The goal of our present paper is testing the procedure
of including, to one data base, the Mössbauer results of
the percentages of spectral areas of four main mineral
phases present in ordinary chondrites, obtained in dif-
ferent laboratories. This work was initiated by doubts of
one of the Mössbauer specialist (unknown reviewer of our
manuscript submitted to one of the astronomical jour-
nals). She/He wrote: “The authors used for their analysis
Mössbauer parameters obtained by different researches
using Mössbauer spectrometers with different quality and
using different spectra fits. This is not correct because
the relative areas of spectral components depend on sev-
eral factors.” To disperse these doubts, the samples of 3
ordinary chondrites were measured in two different labo-
ratories in different experimental conditions and different
ways of fitting.
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2. Material and methods

The sample of three ordinary chondrites type H:
Bassikounou, Buzzard Coulee, Zag (Fig. 1) were inves-
tigated. All come from recent falls, so their specimens
are not strongly weathered. Detailed data on these me-
teorites are as follows.
Bassikounou — ordinary chondrite type H5. Fall in Oc-
tober 2006 in Mauritania. Many fresh specimens with a
total weight of about 29 kg were found.
Buzzard Coulee — ordinary chondrite type H4. Fall in
November 2008 in Canada. About 41 kg of specimens
were collected.
Zag— ordinary chondrite type H3-6. Fall in August 1998
in Western Sahara. Specimens are finding to this day. In
total over 175 kg were collected.

The specimens of bulk meteorites were crushed and
ground in alcohol into fine powder in an agate mortar. Fi-
nally, the specimens were loaded into plastic holders. The
diameter of the active area of the specimen was 14 mm.

The Mössbauer measurements were carried out in
Magnetic Materials Laboratory belonging to Depart-
ment of Physics of Faculty of Mechanical Engineering
in University of Technology and Humanities in Radom.
Room temperature transmission spectra were collected
using 57Co/Rh source of gamma radiation (with activity
0.7 GBq) and spectrometer POLON, with vertical ge-
ometry of the radiation beam. A constant acceleration
mode of the source motion was employed in order to mod-
ify the radiation energy. A proportional counter was used
to detect radiation transmitted through the absorber and
automatic system counted them in correlation with the
source velocity with resolution 1024 channels. The num-
ber of counts was from 6.5 million to 9 million per channel
(in a folded spectrum).

The Mössbauer spectra were analyzed by means of
program NORMOS, based on least squares fitting of
Lorentzian lines. For the component attributed to
troilite, full Hamiltonian procedure was employed. Crite-
ria of the best fit included both value of χ2 and physical
meaning of fitted parameters. Moreover, the shape of
differential spectrum yielded important hints concerning
the number and the kind of subspectra and the values of
their hyperfine parameters. The Zeeman sextets, related
to magnetic phases, were fitted assuming the line area
ratio A1,6:A2,5:A3,4 = 3:2:1 (where A1,6 denotes spectral
area of line 1 or 6 in a sextet, etc.) and an equal line width
within a sextet. The analysis allowed us to determine
both hyperfine parameters of individual components and
relative contribution of each of them, which enables to
evaluate proportions between iron-bearing phases.

In order to exclude any artefacts originated from the
method of fitting the spectra, a comparative fitting was
carried out by means of PolMöss software, which uti-
lizes parallel gradient and evolutionary optimization al-
gorithms implemented in Solver extension for MS Excel.
In general, PolMöss package offers the Voigt profile form
of subspectra as a result of Lorentzian base-line convolu-
tion with Gaussian distributions of hyperfine parameters.

Fig. 1. Meteorites: Bassikounou (a), Buzzard Coulee
(b), and Zag (c). The scale cube 1 cm (collection: Me-
teorites Collection Jan Woreczko & Wadi; photo: Jan
Woreczko).

Nevertheless in our case of very narrow lines correspond-
ing to bulk, crystalline minerals, just simple Lorentzian
profile was sufficient. PolMöss program was effectively
utilized for the Mössbauer spectra analysis of dusts from
high-ways, fly ashes from power plants and heat plants
as well as for thin magnetic Fe–Ga films [7].

The Mössbauer measurements were carried out also in
the Mössbauer Laboratory located in Faculty of Physics
in Warsaw University of Technology. The Mössbauer
measurements 57Fe/Rh were done at room temperature
with a conventional spectrometer which belongs to „Elek-
tronika jądrowa” of Wacław Musiałwith a horizontal ge-
ometry of the radiation beam and the source 57Co/Rh
(activity 3.7 GBq). The gamma rays were detected by a
proportional counter (refurbished Ar-izo-pentan, operat-
ing voltage 1540 V). The controller-drive was the source
of the triangular waveform.
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The Mössbauer measurements were carried out at
room temperature in 512 channels. The spectrum was
folded (to 256 channels) with the Recoil program based
on a calibration spectrum. The velocity scales were cal-
ibrated with an iron foil absorber α-Fe with a thickness
of 0.05 mm. The number of counts in the channel was
about 3 million.

The fitting procedure was performed using the “Full
Static Hamiltonian” analysis in the Recoil programme
and then, using the option “Powder Crystal Site” the ra-
tio of intensity of lines in a sextet was fixed as 3:2:1.

3. Results and discussion

The Mössbauer spectra obtained in Radom are pre-
sented in Figs. 2–4. Qualitatively all the spectra have
similar character but they vary in respect of quantitative
parameters (Table I). Three Zeeman sextets and three
doublets were used to fit every spectrum. A doublet
with central shift δ = (1.14–1.15) mm/s and quadrupole
splitting ∆ = (2.95–2.96) mm/s, attributed to olivine,
dominates in all the spectra. The second doublet related
to pyroxene is also noticeable: its parameters equal: δ
= (1.14–1.15) mm/s and ∆ = 2.10 mm/s. The third
doublet is clearly wider and much smaller, its hyperfine
parameter values suggest that this component is related
to Fe3+ ions.

A sextet with hyperfine magnetic field about 30.8 T
and specific asymmetry is present in all the spectra in
an amount approximately 17%. It is related to troilite.
There are two sextets of similar parameters in all the
spectra: both with isomer shift and quadrupole shift near
zero and hyperfine magnetic field about B = 34.1 T and
B = 33.0 T for the first sextet and the second one, re-
spectively. We attribute them to different positions of
iron atoms in iron metallic phase in the form of Fe(Ni)
or Fe(Ni, Co) alloys.

Fig. 2. Mössbauer spectrum of the Bassikounou mete-
orite obtained in Radom.

TABLE I

Hyperfine interactions parameters obtained from the best fit to the experimental Mössbauer spectra of meteorites Bassik-
ounou, Buzzard Coulee, Zag (spectra collected in Radom, program Normos). IS — isomer shift, B — internal magnetic
field, e2qQ/2 — quadrupole interaction parameter, Θ — angle between direction of magnetic field and the main axis of
the electric field gradient, w — HWHM (half width at half maximum). Experimental uncertainties for fitted parameters
are as follows: for IS — 0.01 mm/s, for QS — 0.02 mm/s, for B — 0.2 T, for w — 0.03 mm/s.

Meteorite Mineral phase IS [mm/s] B [T] e2qQ/2 [mm/s] Θ [◦] w [mm/s]

Bassikounou

olivine 1.14 – 2.96 – 0.15

pyroxene 1.15 – 2.10 – 0.15

troilite 0.75 30.8 1.03 61.3 0.14

metallic phase 1 0.02 34.1 −0.04 – 0.14

metallic phase 2 0.00 33.1 0.02 – 0.17

Fe3+ 0.40 – 0.71 – 0.23

Buzzard Coulee

olivine 1.15 – 2.95 – 0.15

pyroxene 1.14 – 2.10 – 0.15

troilite 0.75 30.8 1.03 61.1 0.14

metallic phase 1 0.01 34.0 −0.02 – 0.14

metallic phase 2 0.01 32.9 −0.01 – 0.15

Fe3+ 0.41 – 0.76 – 0.26

Zag

olivine 1.15 – 2.95 – 0.15

pyroxene 1.15 – 2.10 – 0.15

troilite 0.75 30.8 1.01 61.4 0.14

metallic phase 1 0.02 34.2 −0.03 – 0.15

metallic phase 2 0.01 33.1 0.00 – 0.17

Fe3+ 0.39 – 0.73 – 0.25
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Fig. 3. Mössbauer spectrum of the Buzzard Coulee
meteorite obtained in Radom.

Fig. 4. Mössbauer spectrum of the Zag meteorite ob-
tained in Radom.

Fig. 5. Mössbauer spectrum of the Bassikounou mete-
orite obtained in Warsaw.

Mössbauer spectra of three ordinary chondrites type
H obtained in Warsaw are shown in Fig. 5 (meteorite
Bassikounou), in Fig. 6 (meteorite Buzzard Coulee) and
in Fig. 7 (meteorite Zag). They are composed of 2 dou-
blets (associated with olivine and pyroxene ) and 3 sex-
tets (associated with two metallic phases and troilite).
In each spectrum ferric doublet is also present. Identi-
fication of mineral phases was based on hyperfine inter-
actions parameters obtained by fitting theoretical curves

Fig. 6. Mössbauer spectrum of the Buzzard Coulee
meteorite obtained in Warsaw.

Fig. 7. Mössbauer spectrum of the Zag meteorite ob-
tained in Warsaw.

to the experimental points (see Table II). The param-
eters obtained in Warsaw and in Radom are very sim-
ilar. The only significant difference are broadened line
widths present in Warsaw spectra. Urban situation of
WUT campus (intensive traffic) is the reason of these
broadening.

All hyperfine interactions parameters for olivine, py-
roxene, troilite and kamacite are in the range of litera-
ture data [3]. The values of QS for troilite are different,
because in the literature troilite spectra were analyzed as-
suming that theta angle (angle between direction of mag-
netic field and the main axis of the electric field gradient)
is equal to zero. It is not true. Assuming that theta angle
is not equal to zero, we have got different, correct values
of QS. Doublet of ferric iron with IS ≈ 0.4 mm/s is as-
sociated with nanoparticles of iron oxides which are the
results of the beginning of weathering process.

Table III contains values of spectral areas of four min-
eral phases (and Fe3+) present in the meteorites Bassik-
ounou, Buzzard Coulee, Zag (spectra collected in Radom
and Warsaw). In column I results obtained in Radom
(spectra fitted with the use of program Normos and as-
sumption that theta angle is different than zero), are
presented. In column II also results obtained in Radom
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TABLE II

Hyperfine interactions parameters obtained from the best fit to the experimental Mössbauer spectra of meteorites Bassik-
ounou, Buzzard Coulee, Zag (spectra collected in Warsaw, program Recoil). IS — isomer shift, B — internal magnetic
field, e2qQ/2 — quadrupole interaction parameter, Θ — angle between direction of magnetic field and the main axis of
the electric field gradient, w — HWHM (half width at half maximum). Experimental uncertainties for fitted parameters
are the following: for IS — 0.01 mm/s, for QS — 0.02 mm/s, for B — 0.2 T, for w — 0.03 mm/s.

Meteorite Mineral phase IS [mm/s] B [T] e2qQ/2 [mm/s] Θ [◦] w [mm/s]

Bassikounou

olivine 1.14 – 2.95 – 0.18
pyroxene 1.15 – 2.10 – 0.17
troilite 0.75 30.9 1.01 61.1 0.14
metallic phase 1 0.03 33.8 −0.04 – 0.15
metallic phase 2 −0.01 33.0 0.10 – 0.20
Fe3+ 0.38 – 0.85 – 0.17

Buzzard Coulee

olivine 1.15 – 2.95 – 0.18
pyroxene 1.15 – 2.09 – 0.18
troilite 0.75 30.8 1.01 61.1 0.15
metallic phase 1 0.03 34.0 −0.05 – 0.17
metallic phase 2 0.01 33.0 0.03 – 0.17
Fe3+ 0.36 – 0.87 – 0.15

Zag

olivine 1.14 – 2.95 – 0.18
pyroxene 1.15 – 2.09 – 0.18
troilite 0.75 30.9 1.01 61.5 0.15
metallic phase 1 0.03 34.1 −0.06 – 0.17
metallic phase 2 0.01 33.1 0.02 – 0.17
Fe3+ 0.36 – 0.79 – 0.21

TABLE III

Values of spectral areas of four mineral phases (and Fe3+) present in the meteorites Bassikounou, Buzzard Coulee, Zag.

Spectra collected in

Radom,
program
Normos

Radom,
program
PolMöss

Warsaw,
program
Recoil

Warsaw,
program
Recoil

Difference
I–III

Difference
II–IV

I II III IV V VI

Meteorite Mineral phase
A with

Θ 6= 0 [%]
A with

Θ = 0 [%]
A with

Θ 6= 0 [%]
A with

Θ = 0 [%]

Bassikounou

olivine 39.8 39.8 41.3 41.3 −1.5 −1.6
pyroxene 22.0 22.2 22.0 22.2 0 0
troilite 16.6 16.7 16.3 16.7 0.3 0
metallic phases 17.9 17.9 18.1 17.7 −0.2 0.2
Fe3+ 3.6 3.4 2.3 2.1 1.3 1.3

Buzzard Coulee

olivine 35.0 35.1 36.3 36.3 −1.3 −1.2
pyroxene 19.1 19.2 19.0 19.1 0.1 0.1
troilite 17.8 17.6 17.0 17.2 0.8 0.4
metallic phases 24.3 24.6 25.4 25.3 −1.1 −0.7
Fe3+ 3.8 3.5 2.3 2.1 1.5 1.4

Zag

olivine 35.7 35.8 36.4 37.0 −0.7 −1.2
pyroxene 20.0 20.1 20.0 20.3 0 −0.2
troilite 16.8 17.0 16.7 17.3 0.1 −0.3
metallic phases 19.8 19.5 20.5 19.5 −0.7 0
Fe3+ 7.9 7.6 6.3 5.9 1.6 1.7

are shown, but spectra were fitted with the use of pro-
gram PolMöss with the assumption that theta angle is
equal to zero. In column III and IV results obtained in
Warsaw (spectra fitted with the use of program Recoil)
are presented: in column III results obtained with the

assumption that theta angle is different than zero and
in column IV results obtained with the assumption that
theta angle is equal zero. Analysis of the obtained re-
sults shows that two different methods of the fitting of
the subspectrum of troilite (one with the assumption,
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that Θ 6= 0, and the second, that Θ = 0) do not have
any influence on the values of the percentages of spectral
areas. Observed discrepancies are on the level of the dif-
ferences which occur when we fit the spectra once again
using different initial parameters.

In columns V and VI differences of the results obtained
in Radom and in Warsaw are shown (fitting with the as-
sumption that that Θ 6= 0 (column V) and Θ = 0 (col-
umn VI), respectively). Values of these differences com-
prise in the range typical for differences present at new
fitting (−1.6, +1.7). We did not notice any systemat-
ics, which could support the hypothesis that instrumen-
tal factor or mode of fitting can influence the percentage
of spectral areas.

Figure 8 shows the results of our present study (in blue)
presented against a background of relationship between
percentage of spectra area from olivines (ol) vs. percent-
age of spectral area from metallic phase (met) obtained
for ordinary chondrites type LL, L and H. This plot was
created with the use of our database published in 2017 [6].

Fig. 8. The relationship between percentage of spectra
area of olivines (ol) vs. percentage of spectral area of
metallic phase.

At that time our database was composed of 13 Möss-
bauer spectra of ordinary chondrites type LL (10 our
own data, 3 spectra taken from the literature), 15 Möss-
bauer spectra of ordinary chondrites type L (6 our own
data, 10 spectra taken from the literature), and 16
Mössbauer spectra of ordinary chondrites type H (6
our own data, 10 spectra taken from the literature).
The Mössbauer spectra taken from the literature were
obtained in following laboratories: Indian Institute of
Technology, Kanpur [2], Slovak University of Technol-
ogy, Bratislava [8], Ural State Technical University, Eka-
terinburg (Russia) [4], University of Parma (Italy) [9],
Mössbauer Effect Data Center, University of North Car-
olina at Asheville (USA) [10], University of Uppsala
(Sweden) [11].

Big dispersion of the points representing different me-
teorites do not witness a big uncertainty of the results ob-
tained in different laboratories. This dispersion is caused
by inhomogeneity of the material which is present in all
ordinary chondrites.

The results obtained in present work (and marked by
blue points in Fig. 8) are additional argument for the
rightness of the above statement.

4. Conclusions

Comparing the results of Mössbauer spectroscopy in-
vestigation performed in two laboratories and at vari-
ous conditions, we did not notice any systematics, which
could support the hypothesis that instrumental factors or
mode of fitting can influence the percentage of spectral
areas. Differences in the percentages of spectral areas
of the individual mineral phases were at the level of one
percentage point. Therefore, there is no reason not to
include results from different laboratories to the same
database.
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