
In 1794, Ernst Chladni put forward the extraterrestrial 
origin of what we today call meteorites. Since then, 
gaining insights into the initial stages of the solar sys-
tem has stimulated great interest in the study of mete-
orites. Although iron meteorites have been recognized 
around the world, the Mexican territory has been fa-
vored in such a way that Fletcher (1890) states:

Mexico is remarkable beyond any other part of the 
earth’s surface for the number and magnitude of the 
masses of meteoric iron found within its borders: it has 
been generally assumed that widespread showers were 
necessary to the explanation of their occurrence.

Notwithstanding the large number of iron mete-
orites that have fallen in Mexican territory (Sonnen-
schmidt, 1804; von Humboldt, 1810; Bartlett, 1854; 
del Castillo, 1889; Tarayre, 1867; Bárcena, 1876; 
Ward, 1902; Angermann, 1903), very few studies, 
other than morphological, have been performed by 
Mexican scientists. Moreover, there are more and larg-
er collections and studies of Mexican meteorites in 
other countries than in México. This paper represents
the first systematic study of Mexican iron meteorites,
nine in total, using Mössbauer spectroscopy (MS).
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Most of the studied samples are fragments of 
known meteorites that belong to the collection of the 
Instituto de Geología of the Universidad Nacional 
Autónoma de México (IG-UNAM), and no destruc-
tive analysis can be performed on them. All of the 
specimens were finds, and the oldest one (Morito)
is from the XVII century. Unfortunately, for most of 
these specimens we do not know the conditions to 
which they were exposed prior to their being gathered 
by the IG-UNAM. Figure 1 shows a photograph of 
one of the samples.

According to the IG-UNAM and Meteoritical 
Bulletin, all the samples are iron octahedrites. In the 
following list, we indicate their names, weights, the 
Mexico state and the year when they found:
1. Bacubirito, 17.0 g, Sinaloa (1863).
2. Cacaria, 44.0 g, Durango (1867).
3. Casas Grandes, 157.3 g, Chihuahua (1867).
4. Charcas (Catorce), 39.6 g, San Luis Potosí (1804).
5. Charcas, 11.6 g, San Luis Potosí (1804).
6. Chupaderos, 18.4 g, Chihuahua (1852).
7. Morito, 64.8 g, Chihuahua (1600).
8. Santiago Papasquiaro, 546.0 g, Durango (1958).
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The Mössbauer spectra (MS) were recorded using the 
radiation scattered by the bulk sample to avoid dam-
age on the meteorites. This technique is most sensitive
to the surface than to the bulk; using gas or scintilla-
tion detectors the probing depth is between 20 and 
100 µm. A proportional Kr-CO2 (152 cmHg) detec-
tor was placed at 90° with respect to the direction of 
the collimated incident radiation (Fig. 2); the exposed 
area of the meteorite is about 5.0 cm2. Aluminum 
foil was used to eliminate the 6.47 keV X-rays due 
to the internal conversion process, and14.4 keV was 
selected with a single channel analyzer. In order to get 
a meaningful signal to noise ratio, the accumulation 

times were quite long (about one-week continuous 
accumulation). The spectra were recorded with a con-
stant acceleration spectrometer, using a 50 mCi (1.87 
GBq) 57Co Mössbauer source in Rh matrix, and the 
data were fitted using Recoil 1.05 software (Lagarec,
2002). All the isomer shifts (IS) are quoted with re-
spect to metallic iron. To take into account possible 
electric field gradient and magnetic field distribu-
tions, the line widths were not restricted, so the re-
ported magnetic field intensities (H) and quadrupole
splitting (∆Q) refer to average values of these distri-
butions. After recording the MS, the meteorites were 
divided into two groups.

Fig. 1. A fragment of the Xiquipilco no. 2 meteorite

9. Xiquipilco no. 2, 110.4 g, Estado de México 
(1949).
Casas Grandes, Charcas, Chupaderos, Morito and 

Cacaria are classified as IIIAB irons. Bacubirito and
Santiago Papasquiaro are ungrouped iron meteorites. 
Xiquipilco no 2 is classified as an iron, meaning that
it is an iron meteorite but not fully clasified as per the
definition in the Meteoritical Bulletin.

EXPERIMENTAL

RESULTS

First Group

This group shows complex spectra of iron oxides mixed
with a paramagnetic phase and comprises the Cacaria, 
Charcas (Catorce), and Xiquipilco no. 2 meteorites. 
Their Mössbauer spectra are quite complex and will
be analyzed individually.

Cacaria meteorite

Figure 3a shows the experimental spectrum (dots) to-
gether with the least squares fit (continuous line). This
spectrum consists of two sextets and a quadrupole dou-

blet whose Mössbauer parameters (MP) are shown in 
table 1. For the sake of clarity and only in this case, we 
show the corresponding subspectra in figure 3b. The
magnitudes of the hyperfine fields of the sextets cor-
respond to those of magnetite Fe3+[Fe2+Fe3+]O4: the 

Fig. 2. Sketch of the experimental setting to record the Mössbauer 
spectra

Table 1. Mössbauer parameters of the Cacaria meteorite

IS (mm/s) ∆Q (mm/s) H (T) Γ (mm/s)
Sextet I 0.277(3) 0.012(3) 49.55(2) 0.32(5)
Sextet II 0.683(2) 0.017(2) 46.14(2) 0.36(3)
Doublet 0.258(7) 0.680(1) 0.32(6)



7Scattering Mössbauer studies of weathered and unweathered Mexican iron meteorites

49.55 T to Fe3+ in the A and B sites and the 46.14 
T to (Fe2+ + Fe3+) in the B sites of the AB2O4 spi-
nel structure. The area relation between these sextets
is 0.63. It is worth noting that the Cacaria meteorite 
spectrum is similar to the ones observed by Wdowiak 
and Agresti (1984) and Madsen et al. (1986) in the 
Orgueil CO carbonaceous chondrite. The first authors
ascribe the doublet to superparamagnetic nanocrystal-
lites of magnetite, but the last of these authors do not 
agree with this interpretation and suggest that it may 
be due to an amorphous iron (III) compound. It is 
important to note that an explanation for the pres-
ence of a superparamagnetic phase is not an easy task. 
It could be that, notwithstanding the very long cool-
ing time elapsed since the creation of a meteorite to 
its arrival on Earth, once it penetrates the atmosphere 
its temperature rises in such a way as to favor the for-
mation of nano-crystals on its surface. Nevertheless, 
comprehensive explanation for this doublet could 
be that, due to the atmospheric conditions to which 
the meteorite has been exposed (that we do not yet 
know), it is more likely the formation of paramagnetic 
γ−FeOOH at is surface (Buchwald, 1977).

The obtained Mössbauer parameters (Table 1)
are in agreement with reported ones (Greenwood & 
Gibb, 1971; Johnson, 1969; Persoons, et al., 1986).

Charcas (Catorce) meteorite

One of the several fragments of an iron meteorite 
found near the town of Charcas, in the state of San 
Luis Potosí, was towed to another town call Catorce, 
for unknown reasons (Buchwald et al., 2005). Again, 
two magnetic sextets and a quadrupole doublet are 
present in the MS of this meteorite (Fig. 4). Their MP
are shown in table 2. One of the sextets is associated 
with the α−FeNi (33.66 T) cubic phase (Oshtrakh et 

Fig. 3. Mössbauer spectrum of the Cacaria meteorite: a) Experimental spectrum (dots) of the Cacaria meteorite together with the least squares fit
(continuous line); b) Subspectra of the fit analysis

a) b)

al., 2009; Böttger et al., 1994), and the other one may 
correspond to be spinel structure γ−Fe2O3. However, 
two important things are to be noted. First, the line 
widths values are high and, secondly, the magnetic 
field value of the γ−Fe2O3 phase is lower than the one 
reported in the literature (Greenwood & Gibb, 1971; 
Betteridge et al., 1995). The doublet parameters are
equal to the ones reported by Madsen et al. (1986) 
and has been assigned to a paramagnetic phase of Fe3+. 
These effects are most likely due to the weathering and
mechanical processes that the Charcas meteorite frag-
ment was subjected to. The area relation between the
two sextets is 0.50.

Table 2. Mössbauer parameters of the Charcas meteorite

IS (mm/s) ∆Q (mm/s) H (T) Γ (mm/s)
Sextet I 0.474(9) 0.174(9) 47.24(5) 0.40*
Sextet II 0.006(5) 0.006(4) 33.66(3) 0.40(8)
Doublet 0.376(2) 0.735(4) 0.43(4)

Fig. 4. Mössbauer spectrum of the Charcas (Catorce) meteorite
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Xiquipilco no. 2

The MS of this meteorite (Fig. 5) shows a magnetic
sextet and a quadrupole doublet whose parameters 
are listed in table 3. However, even at first sight the
line-widths of the sextet are too large, so in the fitting
process we left free this parameter to obtain an aver-
age hyperfine field that corresponds approximately to
γ−Fe2O3 (49.24 T). The line-width (0.6 mm/s) of the
sextet reveals a magnetic field distribution due to an
amorphization probably caused by rapid cooling. The
presence of the quadrupole doublet, whose line width 
is less than for the sextet, could be associated with a 
superparamagnetic effect due nanocrystallites formed
in the cooling process. 

Second group

The Mössbauer spectra of the six meteorites comprised
in the second group (Bacubirito, Casas Grandes, Chu-
paderos, Morito, Charcas and Santiago Papasquiaro), 
shown in figure 6, are nearly equal, notwithstanding
that Buchwald mentions that the composition and 
morphology of first one and the last one are anomalous
(Buchwald 1968a, b). Their line widths have reason-
able values expected for iron meteorites subjected to 
fast cooling rates. All the spectra were fitted assuming
a magnetic hyperfine field and an electric field gradi-
ent giving rise to an asymmetric magnetic sextet. The
only noticeable differences among them are: a) minor
variations of the relative areas of the different absorp-

Fig. 5. Mössbauer spectrum of the Xiquipilco no. 2 meteorite
Table 3. Mössbauer parameters of the Xiquipilco no. 2 meteorite

IS (mm/s) ∆Q (mm/s) H (T) Γ (mm/s)
Sextet 0.249(6) 0.015(5) 49.24(5) 0.60*
Doublet 0.333(1) 0.637(2) 0.40*

Table 4. Mössbauer parameters of Group II meteorites

Meteorite IS (mm/s) ∆Q (mm/s) H (T) Γ (mm/s)
Bacubirito -0.022(5) 0.006(2) 33.89(8) 0.34(4)
Casas 
Grandes 0.018(6) 0.015(6) 33.88(4) 0.31(8)

Charcas 0.016(1) 0.002(1) 33.97(7) 0.42(2)
Chupaderos 0.019(9) 0.003(2) 33.88(6) 0.36(2)
Morito -0.029(5) 0.004(5) 33.64(6) 0.36(8)
Santiago 
Papasquiaro -0.024(3) 0.000(5) 34.07(6) 0.38(2)

tion peaks and b) even smaller variations in the iso-
mer shift and quadrupole splitting values. The average
hyperfine field value for all the samples of this group
is 33.99 ± 0.03 T. These parameters, listed in table 4,
are associated with a mixture of kamacite and taenite 
(Böttger et al., 1994; Scorzelli, 1997; Scorzelli et al., 
1994; Bonazzi et al., 1994).

CONCLUSIONS

There is general agreement that most of the me-
teorites that impact the Earth are fragments of the 
asteroid belt that were created in the initial stages of 
formation of the solar system. Their study supplies
information about their composition and the initial 
conditions that prevailed in the solar nebulae around 
4,600 million years ago.

From the nine studied meteorites, the specimens 
from group one, besides of the expected magnetic 
sextets, show a quadrupole doublet. The origin of the
quadrupole doublet is hypothesized to have been due 
to the severe heating of the meteorite when it pen-
etrates the Earth atmosphere followed by a very fast 
cooling that allows the formation of nanocrystals. 
Another possibility would be the formation of a crust 
of γ−FeOOH, due to atmospheric conditions. Un-

fortunately, no cleaning nor polishing process could 
be performed in the studied samples to discriminate 
between both possibilities. The complex spectra of the
group one meteorites suggest that they were subjected 
to different heating and cooling rates as well as differ-
ent environmental conditions.

Do to the fact that the MP of all the meteorites of 
the second group (Bacubirito, Casas Grandes, Chu-
paderos, Morito, Charcas and Santiago Papasquiaro) 
are essentially equal, we suggest that all of them may 
be classified as IIIAB. In the Meteoritical Bulletin
Database only Bacubirito and Santiago Papasquiaro 
are clasified as Iron ungrouped; their confirmation as
IIIAB must be done by standard chemical methods. 
All the rest are clasified as IIIAB.
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