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Abstract
Mössbauer spectra of nonweathered ordinary chondrites consist of four main mineral 
phases: olivines, pyroxenes, metallic phase and troilite. These minerals represent more 
than 95% of the whole mass of an ordinary chondrite. Distribution of these mineral phases 
in micro-scale is not homogeneous. Nevertheless, preparation of representative sample 
of ordinary chondrite for Mössbauer measurements is possible. To do that a part of 1 g 
nonweathered material, selected from inside of meteorite without any specific intention is 
needed. The Warsaw group has been working on investigation of meteorites for 25 years 
and has analysed about 150 Mössbauer spectra of various meteorites. Among them we 
found 15 spectra, which could be suspected of being non-representative. These spectra 
were obtained from Baszkówka, Amber, Bjurböle, Krasnoi-Ugol and Chelyabinsk mete-
orites. The analysis of how the samples of meteorites were selected for investigation, has 
shown that the non-representativeness of samples may be due to: intentional choice of 
sample, preparation of sample from a too small part of material or the use of non-credi-
ble source of meteoritic samples. For confirmation of these assumptions, we used a new 
method of classification of ordinary chondrites – the 4M method. It turned out that this 
method is a very useful tool for investigation of non-representative samples of equilibrated 
ordinary chondrites.
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1  Introduction

Ordinary chondrites are a class of stony meteorites. They are the most numerous group of 
meteorites falling on Earth. They are divided into types: type H (high iron), L (low iron), and 
LL (low iron, low metal). In 1969 Herr and Skerra [1] suggested that the Mӧssbauer spectros-
copy can be a very useful technique for the classification of stony meteorites. The Warsaw 
group has been using the Mӧssbauer spectroscopy to classify ordinary chondrites since 2014 
[2–8].

A method called 4M was developed, based on a mathematical analysis of the percent-
ages of Mössbauer spectral areas of four mineral phases present in ordinary chondrites 
[7]. This method uses the Mahalanobis distance and the levels of similarity to the indi-
vidual types of ordinary chondrites. Present version of 4M method was elaborated for 
nonweathered ordinary chondrites (Fe3+ ≤ 7%).

When percentages of Mӧssbauer spectral areas associated with four main mineral 
phases (olivine, pyroxene, metallic phase, troilite) of the investigated ordinary chondrite 
are very distant from mean values obtained for 3 clusters (type H, type L, type LL) pre-
sent in our database, we can suspect that investigated samples are not-representative. To 
confirm our doubts we have to find causes of discrepancies of the results.

The distribution of the four main mineral phases (olivine, pyroxene, Fe,Ni - metal-
lic phase, and troilite) in ordinary chondrites is not homogeneous. Nevertheless, it is 
not impossible to prepare a representative sample of these meteorites for Mӧssbauer 
measurements. These fragments should be selected from the inside part of the mete-
orite because the outer part of the meteorite, together with the melting crust, is char-
acterized by a slightly different mineral composition. A 1 g fragment of nonweathered 
ordinary chondrite, selected without any specific intention, allows us, after powder-
ing and mixing the material, to prepare a representative sample. We prepare samples 
weighing less than 100 mg for measurements. In the samples which do not fulfil the 
criterion of thin absorbent, the proportions between percentages of Mӧssbauer spec-
tral areas are conserved. This is of important significance for the proper functioning 
of the 4M method.

The Warsaw Group has been involved in the Mӧssbauer meteorite research for over 
25 years. During this period, we have analysed approximately 150 Mӧssbauer spectra of 
various meteorites. These were Mӧssbauer spectra obtained in our laboratory or in labora-
tories cooperating with us (Racah Institute of Physics in Jerusalem and Kazimierz Pułaski 
University of Technology and Humanities in Radom) and spectra published in the litera-
ture. Among this material, we observed 15 spectra that could be spectra of non-representa-
tive samples.

2 � Material and methods

Fifteen Mössbauer spectra of samples of ordinary chondrites, which  assumed to be 
non‑representative, were analysed.

Twelve Mӧssbauer spectra data (Baszkówka B1, Baszkówka B2, Baszkówka B3, 
Baszkówka B4 [4], Mbale W, Mbale E, Mbale K [2], Chelyabinsk No 1, Chelyabinsk 
No 2, Chelyabinsk No 3, Chelyabinsk No 4, Chelyabinsk No 5 [9]) were taken from 
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the literature. Three samples (Amber, Bjurböle (A), and Krasnoi-Ugol) were recently 
investigated in the Warsaw laboratory. We also recently analysed, once again, Bjurböle 
(B) sample.

In the Warsaw laboratory, Mӧssbauer spectra were measured at room temperature. The 
meteorite samples were ground into powder in an agate mortar in the presence of isopropyl 
alcohol (to stop the oxidation process). For Mӧssbauer measurements, special holders with 
samples of meteorites in powdered form were used. A 57Co- in rhodium source was used. 
Data was collected in 512 channels and then folded to 256 channels (a few million counts/
channel). The fitting procedure was performed using the Recoil [10] program with “Full Static 
Hamiltonian” analysis. Based on literature [11] and our previous work [12], we can assume 
approximately equal f-factors for the different iron-containing minerals present in meteorite.

3 � Results

In Fig. 1 Mӧssbauer spectra of meteorites Bjurböle (A) and Bjurböle (B) are presented. 
For two samples of the Bjurböle meteorite the percentages of the spectral area of ​​oli-
vine, pyroxene, troilite, and mineral phase are shown.

In Fig. 2 Mӧssbauer spectra of meteorites Amber and Krasnoi-Ugol are presented. Spectra 
were obtained in Warsaw Mössbauer Lab, but samples were delivered in powdered form.

In Table 1 Mӧssbauer parameters obtained from the best fit to the experimental spectra of 
the following meteorites: Bjurböle (A), Bjurböle (B), Amber and Krasnoi-Ugol, are presented.

4 � Discussion

For all samples, the Mahalanobis distances and the level of similarity to three types of 
ordinary chondrites were calculated. For calculations the script described in 2021 (http://​
4m-​basev1.​worec​zko.​pl/​4mmli​st.​php) was used. Because sample of the meteorite Bjurböle 
(A) raised our doubts, we decided to examine other samples from this collection. We also 
analysed samples Amber and Krasnoi-Ugol from the AB collection. These meteorites had 

Fig. 1   Mӧssbauer spectra of two samples of the Bjurböle meteorite
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a higher degree of weathering (Amber 9% Fe3+; Bjurböle (A) 8% Fe3+). For samples with 
the level of ferric iron higher than 7%, we cannot use the 4M method to classify meteorites, 
but in this work we use this method only to identify samples that raise doubts as to their 
representativeness. The results of these samples are carefully analysed later in this work.

The results of these calculations are presented in Table 2. We analysed total spectral 
area of olivine (ol = ol 1 + ol 2), total spectral area of pyroxene (pyr = pyr 1 + pyr 2), total 
spectral area of all metallic phases (met = met 1 + met 2 + met 3).

The comparison of the classification results obtained by the 4M method, showed that for 
only two samples: Bjurböle (B) and Mbale E, this classification is consistent with the traditional 
classification based on the determination of the Fa/Fs ratio by means of an electron probe.

As we originally assumed, the remaining samples may be unrepresentative. In this work, 
we will try to find the reasons for this non-representativeness.

4.1 � Baszkówka meteorite

Our group has been studying meteorites using Mössbauer spectroscopy since 1996 [13]. 
The analysis of Mössbauer spectra of the Baszkówka meteorite led us to become interested 
in the problem of non-representative samples. At the beginning of the research of the Basz-
kówka meteorite, we were mainly interested in the Mössbauer parameters of the troilite 
[13, 14] The people responsible for supplying the samples of the Baszkówka meteorite for 
research, provided us with such fragments in which the content of troilite was significantly 
increased. It was intentional but done in good faith. Unfortunately, we were not directly 
informed about it. In the years 2012–2017, we conducted studies of the Baszkówka mete-
orite compared with other ordinary chondrites [2, 4, 15]. The results of these studies were 
unequivocal: percentages of spectral areas in Baszkówka were different than in other ordi-
nary chondrites. The paper published in 2017 [4] shows that the cause was a significant 
excess of troilite in all the samples of the Baszkówka that we examined. The people who 
gave us these samples confirmed this conclusion.

4.2 � Mbale meteorite

Three different samples of the Mbale meteorite were analysed, each of them was measured 
in a different laboratory: Mbale W - in Warsaw, Mbale E - in Ekaterinburg, and Mbale K 

Fig. 2   Mӧssbauer spectra of samples of the meteorites Amber and Krasnoi-Ugol
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Table 1   Mӧssbauer parameters samples of meteorites: Amber, Krasnoi-Ugol, Bjurböle (A) and Bjurböle 
(B)

IS - isomer shift; B - internal magnetic field; QS - quadrupole interaction parameter, Θ - angle between 
direction of the magnetic field and the main axis of the electric field gradient; w - HWHM (half width at 
half maximum); A - % of spectral area. Experimental uncertainties for cited parameters are the following: 
for IS - 0.01 mm s −1; for QS - 0.02 mm s −1; for B - 0.2 T; for w - 0.01 mm s −1; for A (% of spectral area): 
for doublet - 0.5% and for sextets - 1.0%.

Ordinary chondrite Mineral phase Indication 
in Fig. 1 and 
Fig. 2

IS
(mm s−1)

B
(T)

QS
(mm s−1)

Θ
(°)

w
(mm s−1)

A
(%)

Bjurböle (A) olivine (site M1) ol 1 1.14 – 3.10 – 0.14 18.6
type L/LL4 olivine (site M2) ol 2 1.14 – 2.85 – 0.15 27.0

pyroxene (site M1) pyr 1 1.15 – 2.58 – 0.15 7.7
pyroxene (site M2) pyr 2 1.13 – 2.08 – 0.18 20.1
troilite tr 0.75 30.6 1.02 60.7 0.15 9.7
metallic phase 1 met 1 0.01 33.5 0.00 – 0.23 6.5
metallic phase 2 met 2 0.01 29.0 0.45 – 0.17 1.8
Fe3+ Fe3+ 0.44 – 0.59 – 0.24 8.7

Bjurböle (B) olivine (site M1) ol 1 1.15 – 3.14 – 0.13 16.2
type L/LL4 olivine (site M2) ol 2 1.15 – 2.86 – 0.17 37.5

pyroxene (site M1) pyr 1 1.16 – 2.46 – 0.17 9.4
pyroxene (site M2) pyr 2 1.15 – 2.05 – 0.16 18.5
troilite tr 0.74 30.7 1.14 61.6 0.18 12.0
metallic phase met 1 0.02 32.3 0.23 – 0.13 1.7
Fe3+ Fe3+ 0.45 – 0.48 – 0.30 4.7

Amber olivine (site M1) ol 1 1.16 – 3.23 – 0.15 10.4
type L6 olivine (site M2) ol 2 1.14 – 2.97 – 0.14 17.1

pyroxene (site M1) pyr 1 1.15 – 2.66 – 0.14 11.7
pyroxene (site M2) pyr 2 1.15 – 2.10 – 0.23 22.1
troilite tr 0.66 29.9 0.56 90.0 0.27 6.7
metallic phase 1 met 1 0.05 34.5 −0.16 – 0.19 8.1
metallic phase 2 met 2 0.08 34.2 0.22 – 0.15 5.4
metallic phase 3 met 3 0.43 28.8 1.75 – 0.49 2.1
Fe3+ Fe3+ 0.37 – 0.80 – 0.28 9.5
magnetite 1 Magnetite 1 0.24 48.4 0.00 0.30 4.0
magnetite 2 Magnetite 2 0.76 46.6 0.00 0.29 3.0

Krasnoi-Ugol olivine (site M1) ol 1 1.16* – 3.15 – 0.18 7.0
type L6 olivine (site M2) ol 2 1.16* – 2.96 – 0.15 23.4

pyroxene (site M1) pyr 1 1.17 – 2.63 – 0.14 8.8
pyroxene (site M2) pyr 2 1.14 – 2.10 – 0.16 13.6
troilite tr 0.75 30.8 0.89 61.0 0.16 11.5
metallic phase 1 met 1 −0.02 34.3 0.02 – 0.14 6.3
metallic phase 2 met 2 0.02 33.2 −0.02 – 0.20 20.0
metallic phase 3 met 3 0.11 20.2 0.02 – 0.12 3.0
Fe3+ Fe3+ 0.52 – 0.61 – 0.31 6.4
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- in Kanpur. There were differences in the concentration of iron in the main mineral phases 
(olivine, pyroxene, troilite and metallic phases). The largest differences were obtained for 
olivine and metallic phases.

The discrepancies in the results of percentages of spectral areas that the 3 Mӧssbauer 
groups received for the Mbale meteorite, are most easily explained by the fact that the lab-
oratories in Warsaw and Kanpur received very non-representative samples for measure-
ments. It is very unlikely that this meteorite would have such a highly inhomogeneous dis-
tribution of the four main mineral phases. Perhaps both samples were taken from meteorite 
fragment that were too small (much smaller than 1 g).

4.3 � Meteorites from the “AB” collection (Bjurböle (a), Amber, Krasnoi‑Ugol) 
and Bjurböle (B)

From the meteorite collection, which we decided to call “AB”, we got 3 powdered mete-
orite samples: Bjurböle (A), Amber, Krasnoi-Ugol. For one of these meteorites – Bjurböle 
(A), measurements on another sample – Bjurböle (B) – were performed. The second sam-
ple – Bjurböle (B) – was delivered to the laboratory in an unprepared form and powdered 
and measured in our laboratory.

The results of the analysis of the Mössbauer spectrum of sample Bjurböle (A) from the 
AB collection and sample Bjurböle (B) from our collection are shown in Fig. 2. A com-
parison of the percentages of spectral areas obtained for the sample Bjurböle (A) and Bjur-
böle (B) shows very large differences that cannot be explained by the sample preparation 

Table 2   Spectral areas of (olivine (ol), pyroxene (pyr), metallic phase (met) and troilite (tr)) of the tested 
samples with the determined level of similarity and Mahalanobis distance

Ordinary Chondrite type Mineral phase Mahalanobis distance The level of similar-
ity %

ol pyr met tr H L LL H L LL

Baszkówka B1 L5 33 16 23 25 4.4 5.7 14.5 15.2 1.8 0.0
Baszkówka B2 L5 35 21 14 28 4.9 5.3 9.6 11.0 2.6 0.0
Baszkówka B3 L5 28 24 13 33 7.4 7.6 10.6 1.6 0.2 0.0
Baszkówka B4 L5 26 18 29 26 5.7 9.0 18.7 6.2 0.0 0.0
Mbale W L5/6 39 19 23 15 1.5 4.6 14.3 62.4 5.5 0.0
Mbale E L5/6 52 23 6 15 3.6 1.5 3.2 24.5 52.8 14.9
Mbale K L5/6 53 23 0 18 4.4 4.2 3.8 14.9 7.8 8.2
Amber L6 28 34 16 7 7.9 11.0 11.2 1.0 0.0 0.0
Bjurböle (A) L/LL4 46 28 8 10 4.8 5.2 5.0 11.4 2.9 2.2
Bjurböle (B) L/LL4 54 28 2 12 4.5 3.2 2.2 13.9 17.6 31.6
Krasnoi-Ugol L6 30 22 29 12 2.5 7.2 17.8 42.0 6.2 0.0
Chelyabinsk No 1 LL5 60 22 4 13 5.2 1.7 2.4 9.0 46.9 27.7
Chelyabinsk No 2 LL5 56 15 7 19 5.1 3.7 4.7 9.9 11.7 3.4
Chelyabinsk No 3 LL5 51 15 9 22 4.5 3.4 5.9 14.5 14.9 0.7
Chelyabinsk No 4 LL5 58 14 6 19 5.6 4.7 4.2 6.6 6.0 4.8
Chelyabinsk No 5 LL5 56 17 8 15 5.0 3.2 4.8 10.3 18.6 2.8
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method. The Bjurböle (B) sample has (according to the 4M Method classification) the 
highest level of similarity to the LL type. Sample (A) has very low levels of similarity to 
any of the H, L, and LL types. This may indicate that sample Bjurböle (A) has been con-
taminated with a different material. We found the meteorite samples from the “AB” col-
lection to be unreliable. This is also the explanation for the results obtained on the basis of 
measurements of the Amber and Krasnoi-Ugol meteorite samples.

It can be concluded, with a certain degree of probability, that the untreated sample is 
“typical” for the Bjurböle meteorite and represents the entire meteorite well. Comparison 
of Mössbauer results Bjurböle (A) and Bjurböle (B) are given in Fig. 1c and Fig. 1d.

4.4 � Chelyabinsk meteorite

Sometimes intentionally non-representative, specific meteorite fragments are exam-
ined. An example are Mӧssbauer spectra of Chelyabinsk meteorite published by the 
Ekaterinburg group in 2017 [9]. In this case, specific fragments of the meteorite 
were intentionally selected for research. Samples No 1, No 2 and No 5 are fragments 
with light lithology, No 3 is fragment with mixed light and dark lithology and No 4 
is fragment with black lithology. The different lithology of the analysed fragments is 
reflected in the results of the 4M method. Each of these measurements are correct, but 
the selection of a specific meteorite fragment makes it impossible to conclude the type 
of the entire meteorite.

In Table 3 the results of Mössbauer measurements of one Chelyabinsk sample published 
by the Ekaterinburg group in 2014 [16] (Chelyabinsk E) and the results of Mössbauer 
measurements of two Chelyabinsk samples published by the Warsaw group in 2014 [3] 
(Chelyabinsk W1) and in 2019 [7] (Chelyabinsk W2) are shown.

The 4M method applied for Chelyabinsk E, Chelyabinsk W1 and Chelyabinsk W2 con-
firmed the result obtained on the basis of the traditional classification. The results of the 
percentage of spectra of the Chelyabinsk group of Ekaterinburg, published in 2017, are 
very different from the results published in 2014.

The results published by the Ekaterinburg group in 2017 [9] are very interesting 
from the point of view of the study of various lithologies present in Chelyabinsk, 
but they cannot, however, constitute a comparative basis for the classification of 
ordinary chondrites, which the Ekaterinburg group did in its works published in 
2017 and 2019 [9, 17].

Table 3   Spectral areas of (olivine (ol), pyroxene (pyr), metallic phase (met) and troilite (tr)) of the sam-
ples of Chelyabinsk meteorite (Chelyabinsk E, Chelyabinsk W1 and Chelyabinsk W2) with the determined 
Mahalanobis distance and level of similarity

Ordinary Chondrite type Mineral phase Mahalanobis 
distance

The level of similar-
ity %

ol pyr met tr H L LL H L LL

Chelyabinsk E LL5 57.5 28.0 1.7 12.7 4.4 2.7 2.3 15.1 25.0 29.8
Chelyabinsk W1 LL5 61.0 24.0 1.0 11.0 6.0 3.2 0.5 5.2 17.1 81.6
Chelyabinsk W2 LL5 58.9 29.2 2.2 8.5 5.8 3.3 1.8 5.8 17.2 42.5
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4.5 � 2D plots for representative and non‑representative samples

To analyse the reasons for the non-representativeness we decided to present following plots: 
spectral areas of metallic phase and troilite versus spectral area of olivine and pyroxene [(met + 
tr) vs (ol + pyr)], spectral areas of olivine and pyroxene and troilite versus spectral area of metallic 
phase [(ol + pyr + tr) vs met] and spectral areas of olivine and pyroxene and troilite versus spectral 
area of metallic phases [(ol + pyr + met) vs tr]. These plots present unrepresentative samples 
compared to the representative samples from the database published in 2019 [7].

In Fig. 3, Three Chelyabinsk meteorite samples are outside of the region occupied by 
LL meteorites. The Baszkówka, Mbale W and Krasnoi-Ugol meteorite samples are outside 
of the region occupied by L-type meteorites. Such positions in the diagram suggest that 
there is an excess of the metallic phase or troilite in these samples.

In Fig. 4, Chelyabinsk meteorite samples and the Bjurböle (A) meteorite samples are 
outside of the region occupied by LL meteorites. The two Baszkówka, Mbale W and 
Mbale K, Krasnoi-Ugol and Amber meteorite samples are outside of the region occupied 
by L-type meteorites. Such positions in the diagram suggest that there is an excess of the 
metallic phase in these samples.

In Fig.  5, the Baszkówka meteorite samples are outside of the region occupied by 
L-type meteorites. It can be seen that these samples are outside the region occupied by 
any type of ordinary chondrites. This raises reasonable doubts to their representative-
ness. Such positions on the graph suggest that there is an excess of the troilite phase in 
these samples.

Fig. 3   Plot of the spectral areas of (metallic phases + troilite) vs spectral area of (olivine + pyroxene) for 
ordinary chondrites type H, L, LL and analysed samples
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5 � Conclusions

Based on the obtained results, we can assume that samples: Chelyabinsk No 1, Chely-
abinsk No 2, Chelyabinsk No 3, Chelyabinsk No 4, Chelyabinsk No 5, Baszkówka 
B1, Baszkówka B2, Baszkówka B3, Baszkówka B4, Mbale W, Mbale K, Krasnoi-
Ugol, Bjurböle (A) and Amber are not representatives for the whole meteorites. These 
samples cannot be a reference value in ordinary chondrite type classifications. In this 
paper, several methods of identifying such samples, using the Mӧssbauer spectros-
copy and data analysis, were proposed. Our study shows how useful a tool, the 4M 
method can be, for distinguishing between representative and non-representative sam-
ples of ordinary chondrites.

To obtain a representative sample of ordinary chondrites for the Mössbauer research 
we need to:

–	 cooperate with a reliable source of samples
–	 ask for 1 g fragments from inside the meteorite and chosen without any specific intention
–	 the obtained fragment of the meteorite should be accepted by a specialist that excludes 

the presence of the fused crust
–	 the sample should be powdered under conditions preventing its oxidation and contami-

nation
–	 literature data should be analysed in terms of the objectivity of the selection of samples, 

which we include in the database.

Fig. 4   Plot of the spectral areas of (olivine + pyroxene + troilite) vs spectral area of metallic phases for 
ordinary chondrites type H, L, LL and analysed samples
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