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Howardites, eucrites and diogenites (HED) is a group
of stony meteorites (achondrites). Asteroid (4) Vesta is
considered as parent body of HED meteorites [ Mittlefehldt,
2015; Burbine et al., 2018]. Howardites are achondrites
which consist of orthopyroxene (Fe, Mg)SiO,, Ca-rich
and Ca-poor clinopyroxenes (Fe, Mg, Ca)SiO, as well as
small amount of troilite FeS, chromite FeCr,O, and other
minerals [Mittlefehldt, 2015]. The HED parent body was
early differentiated with possibly very rapid solidifica-
tion and cooling [McSween Jr. et al., 2013]. Therefore,
the study of this type of meteorites by means of various
physical techniques is of interest. A bright bolide was
seen in Turkey (Bingol province) on September 2, 2015,
at 20:10:30 UTC. A lot of meteorite fragments were
found at the village Sarigigek. Further, this meteorite was
named Saricicek and classified as achondrite howardite
(Meteoritical Bulletin, 105, 2016). The first studies of
this howardite were performed in [Unsalan et al., 2019;
Maksimova et al., 2020]. In the present work the results
of iron-bearing minerals in Sari¢igek howardite and its
fusion crust investigation using optical microscopy, scan-
ning electron microscopy (SEM) with energy dispersive
spectroscopy (EDS), X-ray diffraction (XRD), magneti-
zation measurements and Mossbauer spectroscopy with
a high velocity resolution are presented and compared
with data for similar minerals in some other meteorites.

Optical microscopy analysis of the bulk interior of
Sarigicek showed the presence of the silicate matrix with
metal grains located either separately or in association
with troilite inclusions. Troilite and chromite were also
found as separate inclusions in the matrix. It should be
noted that one xenolith clast with a large amount of metal
grains was observed. A spherical chondrule xenolith with
small metal grains was also found in the matrix. Scanning
electron microscopy demonstrated the presence of metal
grains as well as troilite, chromite and ilmenite FeTiO,
inclusions. EDS showed the presence of a-Fe(Ni, Co),
a,-Fe(Ni, Co) and y-Fe(Ni, Co) phases. EDS analysis
of chromite inclusions showed the presence of Al in the
range ~3—5 at.% that may indicate the possible presence of
hercynite FeAl O,. The fusion crust of Sarigigek represents

a glass-like re-melted silicate matrix with cavities in the
glass [Unsalan et al., 2019]. SEM with EDS analyses of
the Sarigigek fusion crust showed several chromite grains
as well as the presence of ~3.5—4.5 at.% of Al, suggesting
the presence of hercynite in FeCr,0,.

XRD analysis of the bulk interior of Saricicek frag-
ment showed the following minerals: anorthite CaAl,Si,O,
(22.9 wt.%), orthopyroxene (37.6 wt.%), Ca-rich clino-
pyroxene (12.3 wt.%) and Ca-poor clinopyroxene (23.9
wt.%), ilmenite (1.0 wt.%), troilite (0.6 wt.%), chromite
(1.1 wt.%), hercynite (0.4 wt.%) and a-Fe(Ni, Co) phase
(0.2 wt.%). Rietveld full profile analysis of XRD pattern
of the Sarigicek bulk interior allowed calculating the unit
cell parameters for orthopyroxene and clinopyroxene.
XRD pattern of the Sarigigek fusion crust demonstrated
a glass-like shape with weak orthopyroxene reflexes.

Magnetization measurements of the Sarigicek how-
ardite bulk interior and its fusion crust (M(T) and M(H)
curves) indicated that both materials consisted of two
fractions: paramagnetic and magnetic. However, the
quantity of these fractions in the bulk interior and fusion
crust is slightly differing. The M(T) zero-field-cooling
(ZFC) and field-cooling (FC) plots for the bulk interior
in the range 5 and 300 K under 250 Oe exhibit a para-
magnetic behavior. The ZFC branch of the fusion crust
shows a well-defined peak at 41 K that may be related
to the ferrimagnetic-paramagnetic phase transition in
chromite [Gattacceca et al., 2011]. At 5 K the saturation
moment M, is 12.7 emu/g for the bulk interior, while that
for the fusion crust is 3.9 emu/g.

Mossbauer spectrum of the Sarigicek bulk interior
measured at room temperature is shown in Fig. la. The
result of the best spectrum fit showed the presence of
two magnetic sextets, nine quadrupole doublets and one
paramagnetic singlet. Magnetic sextets were related to
a-Fe(Ni, Co) phase and troilite. Three pairs of quadrupole
doublets with the largest values of quadrupole splitting
were associated to the *’Fe in the M1 and M2 sites in
orthopyroxene, Ca-poor and Ca-rich clinopyroxenes.
Two quadrupole doublets were related to Fe?" and Fe**
in ilmenite because of the inter-valence charge-transition
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Fig. 1. The Mdssbauer spectra of the Saricigek bulk interior (a) and the fusion crust (b) measured at 295 K.
Indicated components are the results of the best fit. The differential spectra are shown below

mechanism Fe?* Ti** — Fe*" Ti*" is possible in ilmenite
(see [Burns, 1981]). The hyperfine parameters of the
remaining doublet appeared to be close to those of her-
cynite [Osborne et al., 1981]. One singlet was related to
chromite (see, e.g. [Maksimova et al., 2018; Oshtrakh et
al., 2019] and references therein).

Mossbauer spectrum of the Sarigigek fusion crust
measured at room temperature is shown in Fig. 1b.
The hyperfine parameters of two quadrupole doublets
corresponded to the 3’Fe in the M1 and M2 sites in or-
thopyroxene. However, these parameters differ slightly
from those for the bulk interior. These differences can
be a result of thermal effect on orthopyroxene during
the fusion crust formation. Remaining seven quadrupole
doublets demonstrate hyperfine parameters correspond-
ing to ferrous and ferric compounds. However, it is not
possible to identify chemical compounds related to these
components.

The Fe*" occupancies of the M1 and M2 sites in or-
thopyroxene and clinopyroxene of Saricigek bulk interior
were evaluated similar to those in [Maksimova et al., 2018;
Oshtrakh et al., 2019]. The distribution coefficient (K )
and the temperature of Fe?* and Mg?* cation equilibrium
distribution (T,) in orthopyroxene were estimated using
XRD and Méssbauer data: K =0.12 and Teq=886 K (XRD)
and K =0.12 and T =878 K (Mdssbauer spectroscopy).
These results obtained using two independent techniques
appeared to be in agreement. In addition, the closure
temperature for the Fe*" redistribution between the M1
and M2 sites in orthopyroxene with the fusion crust rapid
cooling was evaluated as 1177 K.
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