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Abstract
4M method is a new application of Mössbauer spectroscopy to quantitative classification 
of ordinary chondrites. 4M derives from four words: meteorites, Mössbauer spectroscopy, 
multidimensional discriminant analysis, Mahalanobis distance. This method was published 
by us in 2019. In this paper we present application of 4M method to classification of four 
meteorites. Link to script with calculation needed for classification of ordinary chondrites 
was given.

Keywords  Mössbauer spectroscopy · 4M method · Classification of ordinary chondrites · 
Multidimensional discriminant analysis · Mahalanobis distance · Villalbeto de la Pena 
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1 � 4M method – What it is?

4M method is a new application of Mössbauer spectroscopy for classification of ordinary 
chondrites, the most frequent meteorites found on the Earth. They represent about 75% of 
all meteoritic falls. As ordinary chondrites were formed 4.56 billion years ago, studying of 
them may enlarge our knowledge about the origin of Solar System. The 4M method was 
published by our group in 2019 in a journal concentrated on investigation of meteorites 
with the use of various methods – Meteoritics and Planetary Science [1]. 4M derives from 
four words: meteorites, Mössbauer spectroscopy, multidimensional discriminant analysis, 
Mahalanobis distance. First method of classification of ordinary chondrites was proposed 
in the half of the XX century. This method was based on the finding of 3 types of ordinary 
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chondrites containing different amounts of iron – type H (high amount of iron), type L (low 
amount of iron) and LL (low amount of iron and metal). The universally used method of 
classification of ordinary chondrites is based on determination of the ratio of amount of 
ferrosilite (Fs) in orthopyroxenes versus amount of fayalite (Fa) in olivines. This method 
was introduced by Fredriksson and Keil in 1964 [2]. The measurements are performed 
with the use of electron microprobe. They are very time consuming but they do separate 
these 3 types of meteorites, which is shown in Fig. 1.

The separation of ordinary chondrites of type H, L and LL shown in Fig.  1 is very 
well seen. On this plot we put also points corresponding to the meteorite Goronyo. Their 
positions were determined based on data from MetBull (Meteoritical Bulletin Database), 
according to which it is located on the border between H and L, while based on the data 
from Warsaw group its location is within type L. This difference in the results of traditional 
classification of ordinary chondrites inspired us to search for alternative method of classifi‑
cation of these meteorites.

In the 4M method we propose, a classification of ordinary chondrites is based on simul‑
taneous use of 4 parameters obtained from Mössbauer measurements.

Mössbauer spectrum of nonweathered ordinary chondrite consists of four subspectra 
due to olivine, pyroxene, metallic phase and troilite. These minerals represent more than 
95% of the whole mass of typical ordinary chondrite. In the beginning of XXI century the 
Mössbauer group of Verma discovered a kind of systematics of the spectra of ordinary 
chondrites and decided to use Mössbauer spectroscopy for classification of these meteor‑
ites. Verma’s method is based on a construction of 2D plots associated with the percent‑
ages of spectral areas of the investigated meteorites. This direction of investigation was 
continued by other groups. A description of these methods, which are only qualitative, was 
presented by our group [4].

Fig. 1   Amount of ferrosilite (Fs) in orthopyroxenes versus amount of fayalite (Fa) in olivines obtained for 
4712 ordinary chondrites – the values are taken from Koblitz 2012 [3]
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Our 4M method is a quantitative one based on multidimensional discriminant analysis, 
which was implemented to statistics in years 30 of the XX century [5, 6]. Up to now it has 
been used in many sciences, such as economy, sociology, biology and medicine. The aim 
of this method is to match the investigated object to a subset of objects creating the basis 
of specific values of interest. In our case the basis is formed of 3 clusters H, L and LL. The 
clusters are composed of vectors with 4 components: ol, pyr, met and tr. Those compo‑
nents represent percentages of Mössbauer spectral areas associated with olivine, pyroxene, 
metallic phase and troilite. Using this method one has to choose adequate way to assess the 
distance of the investigated object to objects forming comparative base. In our model, due 
to the correlations between percentages of Mössbauer spectral areas, the Euclidean dis‑
tance is not a correct metrics for determination of distance between the point representing 
our non-yet classified meteorite and clusters. We proposed therefore, a metrics appropriate 
for such issues – the Mahalanobis distance [7], which determines the distance between two 
points in n-dimensional space and differentiates impact of respective variables and takes 
account the correlations between them.

Mahalanobis distance is dimensionless quantity. Introducing the level of similarity 
Scluster we wanted to present the problem in 1D dimension space. If we assume that the 
set of variables is not far from Gaussian distribution, then the level of similarity of inves‑
tigated meteorite to one of the three clusters can be defined using the probability function 
P(y ≤ dM; saver.). In this function variable y is smaller or equal to dM, which is described by 
the formula:

Thus:

where: dM – Mahalanobis distance of the investigated meteorite to the centroid of the spe‑
cific cluster and saver. is average variance of the multidimensional cluster.

2 � 4M method – How it works?

2.1 � Structure of the database for classification of equilibrated ordinary chondrites 
with the use of 4M method

The script prepared by our team for calculation of Mahalanobis distance and level of simi‑
larity available at (http://​4m-​basev1.​worec​zko.​pl/​4mmli​st.​php) was created on the base of 
59 Mössbauer spectra of equilibrated ordinary chondrites. 41 of them were obtained in 
Warsaw laboratory and 18 spectra were taken from literature review. The correctness of the 
procedure of inclusion to one database the results from different laboratories was confirm 
in two publications [8, 4]. Our database is the same as the one published as supplementary 
data of our paper describing theoretical basis of 4M method [1]. It consists of 3 clusters: 
type H (22 meteorites), type L (20 meteorites) and type LL (17 meteorites). Each of the 
meteorites is represented by a vector with 4 components: ol (the percentage of spectral area 
of olivine), pyr (the percentage of spectral area of pyroxene), met (the percentage of spec‑
tral area of metallic phases), tr (the percentage of spectral area of troilite).
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Mössbauer studies of the meteorite Pułtusk performed at room temperature and at 80 K 
[9] and Mössbauer studies of the meteorite Chainpur performed at 289 K, 120 K, 50 K, 
13 K [10] showed that proportions between percentages of spectral areas associated with 
olivine, pyroxene, metallic phases and troilite are similar. On the other hand it should be 
stressed that in the 4M method this property of the Mössbauer spectra does not play any 
role.

In next sections the classification with the use of 4M method of three ordinary chon‑
drites measured and elaborated by our group and the meteorite Villalbeto de la Pena, meas‑
ured and elaborated in Barcelona [11] will be presented.

2.2 � Mössbauer spectra of 3 meteorites: Buzzard Coulee, Mreïra, Mahbas Arraid 
chosen for classification

Three samples of meteorites chosen for classification were prepared in standard way: they 
were crushed and ground into fine powder in an agate mortar under isopropyl alcohol. 
Then samples were loaded into special absorber holders (diameter 1.4 cm). Measurements 
were performed at room temperature with a conventional Mössbauer spectrometer. The 
activity of the source 57Co/Rh was about 3.7 GBq.

Determination of the percentages of spectral area associated with 4 main mineral phases 
present in ordinary chondrites (olivine, pyroxene, Fe-Ni alloy and troilite) was the aim of 
this study. It is known for the long time that in olivines and pyroxenes iron occupies 2 
positions: M1 and M2. To get better quality of fits, the spectra of olivines as well as the 
spectra pyroxenes were fitted with the use of 2 doublets related to M1 and M2 positions. 
Fe-Ni alloys are present in ordinary chondrites usually as kamacite, taenite and tetrataenite. 
Following the nomenclature proposed by Verma they will be named metallic phase (met 1, 
met 2 and met 3). Iron sulphide in ordinary chondrites type H and L is present in form of 
troilite. In ordinary chondrites type LL beside of real troilite also iron deficient troilite may 
be present. In such cases the corresponding subspectra were marked as tr1 and tr2.

The spectra were fitted using the Recoil program [12]. All experimental Mössbauer 
spectra were fitted with Lorentzian lines. The ratio of intensity of lines in sextet was fixed 
as 3:2:1.

To obtain correct Mössbauer parameters for troilite, the fitting procedure “Full Static 
Hamiltonian” was applied. As the troilite has an axial symmetry only the theta angle (the 
angle between direction of the magnetic field and the main axis of the gradient of electric 
field) was fitted.

Percentage of spectral area of ferric doublet, (the result of weathering) was also deter‑
mined. The actual version of the 4M method is constructed for ordinary chondrites with 
low level of weathering (in which the percentage of spectral area related to Fe3+ is smaller 
than 7%).

All Mössbauer parameters obtained for meteorites Buzzard Coulee, Mreïra, and Mahbas 
Arraid are presented in Table 1, and their Mössbauer spectra are shown in Fig. 2.

2.3 � Calculation of Mahalanobis distance and level of similarity for the chosen 
meteorites

In Table  2 percentages of spectral areas associated with two sites of olivines 
(ol = ol1 + ol2), two sites of pyroxenes (pyr = pyr1+ pyr2)), all metallic phases 
(met = met1+ met2+ met3)) and troilite (for Mahbas Arraid tr = tr1 + tr2) are shown.
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Fig. 2   Mössbauer spectra of meteorites Buzzard Coulee, Mreïra, Mahbas Arraid obtained at room temperature
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The obtained percentages of spectral areas for 3 different types of ordinary chondrites H, 
L and LL (Table 2) were entered in adequate positions mentioned in the script. The results 
of calculation of Mahalanobis distances and levels of similarity are given in Table 3..

Based on 4M method the highest level of similarity for the Buzzard Coulee meteorite 
was type H, for the Mreïra meteorite – type L, and for Mahbas Arraid – type LL. These 
results are in agreement with the mineralogical classification based on determination of Fa/
Fs ratio.

2.4 � Classification of the Villalbeto de la Pena meteorite with the use of 4M method

The fall of the meteorite Villalbeto de la Pena was observed on January 4th 2004 in Spain. 
In 2007 a paper showing the results of bulk chemistry, porosity, magnetic properties and 
results of Mössbauer spectroscopy and Raman spectroscopy of this meteorite was pub‑
lished [11] The mineralogical classification (based on measurements with use of electron 
microprobe) has shown that this meteorite is an ordinary chondrite type L. The authors of 
cited paper wanted to confirm mineralogical classification by Mössbauer spectroscopy with 
the use of several plots proposed by Verma group. The results were equivocal. Figure 3 

Table 1   Mӧssbauer parameter obtained for meteorites: Buzzard Coulee, Mreïra and Mahbas Arraid

Ordinary chondrite Mineral phase Indication 
in Fig. 2

IS
(mm s−1)

B
(T)

QS
(mm s−1)

Θ
(°)

w
(mm s−1)

A
(%)

Buzzard olivine (site M1) ol 1 1.15 – 3.06 – 0.15 21.6
Coulee olivine (site M2) ol 2 1.14 – 2.79 – 0.14 12.8
type H pyroxene (site M1) pyr 1 1.14 – 2.27 – 0.15 8.4

pyroxene (site M2) pyr 2 1.15 – 1.98 – 0.14 9.9
troilite tr 0.75 30.8 1.05 61.0 0.14 16.6
metallic phase 1 met 1 0.06 33.6 0.00 – 0.18 19.9
metallic phase 2 met 2 −0.08 33.7 −0.07 – 0.12 5.3
metallic phase 3 met 3 −0.07 27.6 1.04 – 0.19 2.4
Fe3+ Fe3+ 0.40 – 0.75 – 0.22 3.2

Mreïra olivine (site M1) ol 1 1.15 – 3.06 – 0.15 28.4
type L olivine (site M2) ol 2 1.14 – 2.80 – 0.15 23.8

pyroxene (site M1) pyr 1 1.15 – 2.23 – 0.17 10.1
pyroxene (site M2) pyr 2 1.14 – 2.03 – 0.16 11.8
troilite tr 0.75 30.9 1.02 61.2 0.16 16.7
metallic phase 1 met 1 0.00 33.9 −0.06 – 0.17 5.3
metallic phase 2 met 2 −0.12 32.3 0.16 – 0.14 1.6
Fe3+ Fe3+ 0.50 – 0.56 – 0.19 2.4

Mahbas olivine (site M1) ol 1 1.15 – 3.05 – 0.14 34.5
Arraid olivine (site M2) ol 2 1.14 – 2.81 – 0.14 29.1
type LL pyroxene (site M1) pyr 1 1.20 – 2.39 – 0.18 6.1

pyroxene (site M2) pyr 2 1.15 – 2.05 – 0.18 17.7
troilite 1 tr 1 0.74 30.9 0.92 62.6 0.17 6.9
troilite 2 tr 2 0.80 30.7 1.02 59.5 0.14 3.6
metallic phase met 0.06 28.9 0.31 – 0.16* 2.1
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Table 2   The percentages of Mössbauer spectral areas [%] associated with olivines (ol), pyroxenes (pyr), 
metallic phases (met) and troilite (tr) obtained in three ordinary chondrites: Buzzard Coulee, Mreïra, Mah‑
bas Arraid

Meteorite ol pyr met tr

Buzzard Coulee 34.4 18.3 27.6 16.6
Mreïra 52.2 21.9 6.9 16.7
Mahbas Arraid 63.6 23.8 2.1 10.5

Table 3   Values of Mahalanobis 
distance and level of similarity 
obtained for three ordinary 
chondrites chosen for 
classification with the use of 4M 
method

Meteorite Mahalanobis 
distance

Level of similarity

Buzzard Coulee to type H 1.87 54.2%
to type L 6.37 0.8%
to type LL 17.45 0.0%

Mreïra to type H 3.17 30.0%
to type L 0.62 79.3%
to type LL 3.10 6.9%

Mahbas Arraid to type H 6.23 4.2%
to type L 2.31 33.1%
to type LL 1.76 42.4%

Fig. 3   2D plots type ol vs. met, pyr vs. met, tr vs. met, pyr vs. ol presenting location of the meteorite Vil‑
lalbeto de la Pena on the background of meteorites from our database
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shows location of the meteorite Villalbeto de la Pena on 2D plots prepared by us with the 
use of our own database. In all 4 plots meteorite Villalbeto de la Pena is located on the bor‑
der between LL type and L type meteorites.

Using the percentages of Mössbauer spectral areas published in that paper (ol = 60.0, 
pyr = 24.6, met = 4.3, tr = 11.1) we decided to classify this meteorite by 4M method. Our 
results (level of similarity to type H = 8.3%, to type L = 44.0%, to type LL =19.9%) con‑
firm the result of traditional classification – the Villalbeto de la Pena meteorite is an ordi‑
nary chondrite type L. This example shows that 4M method is much more effective in clas‑
sification of nonweathered ordinary chondrites than methods based on 2D plots.

3 � Conclusions

Our results show that the classification of ordinary chondrites by 4M method is in agree‑
ment with the results obtained with the use of mineralogical method. The experimental 
part of 4M method is much less time consuming compared to classic one. The mathemati‑
cal analysis of the results with the use of the presented script is also very simple. This 
method should be of interest for the Mössbauer society. Although both method – 4M 
and classic method – analyze completely different parameters of ordinary chondrites, the 
results of classification are the same. Analysis of the meteorite Villalbeto de la Pena shows 
that the strength of 4M method is based on simultaneous use of 4 parameters related to 4 
basic mineral phases present in equilibrated ordinary chondrites. We would like to stress 
once again – the 4M method is a quantitative method.
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