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Abstract

Iron meteorites record the evolutionary and cosmochemical processes of their parent bodies. Fe—Ni phases in iron mete-
orites show complex textures from various thermal histories of parent bodies as well as the phase relationships and crystal
chemistry of Fe—Ni metal. Synchrotron radiation-based X-ray absorption fine structure spectra and X-ray diffraction were
applied herein to the study of iron meteorite NWA 859 Fe, Ni, and Ge contents at the K-edge, since they are effective tech-
niques in identifying crystal structures in iron meteorites. The bond distances of Fe and Ni in tetrataenite and kamacite
were detected. Field-emission scanning electron microscopy and energy-dispersive spectroscopy were used to observe the
petrological and chemical characteristics of the main minerals, kamacite and tetrataenite, and the trace mineral schreibersite.
The tetrataenite phase and body-centered cubic kamacite formed a Widmanstitten pattern and cloudy zone. The extended
X-ray absorption fine structure (EXAFS) analyses of NWA 859 and a single-crystal diffraction of tetrataenite show that it
has a near-face-centered cubic (FCC) tetragonal structure with 12 nearest- nelghbormg Ni, Fe, and Ge atoms at distances of
INi(Ni, Fe) = 2-5170(13) A, TRe (Ni, Fe) = 2-534(3) A, and [Ge-(Ni, Fe) = 2-924(5) A, respectively. Moreover, the X-ray absorption
near-edge structure (XANES) spectra suggest that the Ge in tetrataenite exhibits a specific local structure with coordination
number 12, suggesting that a new local structure of Ge-(Ni, Fe) was first discovered in extraterrestrial material, forming a
stable tetragonal structure at approximately 688—-618 K. X-ray absorption fine structure (XAFS) is an efficient technique
that could provide us further information about local atomic structures and forming conditions in extraterrestrial materials
without damage.
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Introduction

Iron meteorites are the only natural samples that can be used
as an analog material for the Earth’s core. In them, the local
structure of atoms is essential for exploring the evolution-
ary and cosmochemical processes of their parent bodies.
To interpret the origin of iron meteorite samples and their
formation conditions, a series of chemical analyses were
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conducted, forming a basic chemical classification system
(Schaudy et al. 1972; Scott 1972; Wasson 1967, 1970; Was-
son and Kimbeblin 1967). These analyses, however, revealed
limited information and only covered a chemical scale. With
the benefit of instrumental and technological advances, the
X-ray absorption fine structure (XAFS) method provides an
opportunity to gain insight into the local structure of atoms
in iron meteorites. The XAFS method has been applied
widely to various elements in diverse materials, even at
very low concentrations (Takahashi et al. 2000). The bond-
ing distance between a target atom and its neighbors can
be obtained via extended X-ray absorption fine structure
(EXAFS) with high precision. As early as 1989, EXAFS has
been an effective technique in identifying kamacite—taenite
structures in iron meteorites (Cressey et al. 1989).

The size of the iron meteorite parent bodies can be esti-
mated using the cooling rate, which is recorded in the tex-
tures and composition of the kamacite and taenite phases
that resulted from the phase relations of Fe and Ni metal.
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(Yang et al. 2007). The well-known Widmanstitten pattern
of crystallographically oriented kamacite plates in taenite
provides detailed information regarding the cooling history
based on certain characteristics. Thus, the Fe—Ni phase dia-
gram and phase relationship are well understood.

Germanium can exhibit a crystallographic character that
provides information regarding the relationship between Fe
and Ni metal. Germanium concentrations in iron meteor-
ites were first quantified by Lovering et al. (1957), show-
ing important chemical behavior during fractionation (Wai
and Wasson 1979; Wasson 1970; Wasson and Kimbeblin
1967; Xue et al. 1997). However, the local structure of Ge in
iron meteorites is not widely researched. The iron meteorite
NWA 859 is chemically related to another iron meteorite,
Butler, both of which exhibit plessitic octahedrite structures
(Wasson 2011). Furthermore, they show the highest Ge con-
centration in all known iron meteorites, providing us with
the opportunity to observe the local structure of Ge. Wasson
(2011) determined that it was unclear if NWA 859 and But-
ler formed magmatically based on their unclear magmatic
trends. Therefore, Wasson proposed that they may be formed
as a result of impacts with non-magmatic formation histories
(Wasson 2011).

In this study, a series of techniques, including X-ray
diffraction (XRD), scanning electron microscope (SEM),
energy-dispersive X-ray spectroscopy (EDS), and XAFS
spectroscopy, were applied to Fe, Ni, and Ge in the iron
meteorite NWA 859 to understand its crystallographic,
chemical, and textural properties. The evolution history of
iron meteorites was recorded in crystal structure and chemi-
cal characteristics. Thus, the events happened in their par-
ent bodies could be inferred from such evidences. Physical
cutting of the sample may cause crystallographic distortion
of the sample surface. Therefore, chemical etching treat-
ment methods were used for removal of surface layers with
potential surface damage and separation of kamacite and
tetrataenite phases. The discovered characteristics of the
local structure of Fe, Ni, and Ge were then evaluated in
combination with the thermal history and the phase relation
of Fe—Ni system.

Samples and experimental methods

The sample used in this study is one piece of the iron mete-
orite NWA 859, which is an ungrouped iron meteorite. It
was found in Taza, Morocco, and belongs to the plessitic
octahedrite texture group. The sample used herein was cut
into 2 mm-thick pieces, and chemical etching was employed
to reveal the Widmanstitten pattern.

A field-emission SEM (FE-SEM, JEOL JSM-7001F)
equipped with EDS (Oxford Aztec system) was used
to observe the microstructure to analyze its chemical
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composition without a conductive coating. Co was used for
optimization for the beam current and standard samples for
Fe, Ni, Co, and Ge were Fe,0O5 and pure metals of Ni, Co,
and Ge, respectively. The accelerating voltage and beam cur-
rent were 15 kV and 1.7 nA, respectively.

Nital etching was conducted for phase separation and to
avoid artificial stress. A 3% concentration Nital solution was
prepared using high-grade reagents of anhydrous ethanol and
nitric acid. The sliced sample size was 1 mm thick, 1 mm
wide, and 7 mm long. One piece of the sample was kept in
the Nital solution for 24 h, and the other was kept at ambient
temperature for 48 h. The completely separated phases were
detected using the latter and were analyzed directly. After
etching, the sample was observed via SEM and EDS.

Powder diffraction patterns were measured using an
X-ray diffractometer (Rigaku, RINT-Ultima3). Cu Kal
(4=1.5408 /0%) was employed, and a slightly etched flat
sample surface was set at the sample holder directly. Ni
(Chameleon Guaranteed Reagent, Japan) and Fe (Wako
Pure Chemical Industries. LTD., Japan) reagents were also
measured under 40 kV and 40 mA at steps of 0.5°/min from
40° to 120° 26. X-ray diffractograms were compared with a
database in the PDXL 2.0 software. Lattice parameters were
calculated based on the detected d-spacing and plane indices
via the least-squares method.

Single crystals of tetrataenite and schreibersite were care-
fully selected from the etched sample surface to avoid stress.
The determination of the lattice constants and the confirma-
tion of the single crystalline state for tetrataenite and schreib-
ersite were performed using the single-crystal diffraction
method. Crystallographic data were collected on a Rigaku
SuperNova single source at offset/far, HyPix3000 diffrac-
tometer. Then, the Mo X-ray generator (1=0.71069 A) was
employed and 52 reflections for tetrataenite [a=2.535(1) A,
c=3.583(1) A, space group P4/mmm] were obtained in the
20 range up to 53°, while 2405 reflections were taken for
schreibersite [a=9.01737(18) A, c=4.46044(15) A, space
group 4] in the 260 range up to 55°. These lattice constants
can be compared with published data (Clarke and Scott
1980; Skala and Cisarova 2005).

Fe, Ni, and Ge K-edge XAFS measurements were per-
formed using beamline BL-9C in fluorescence mode,
equipped with a Si (111) double-crystal monochromator
at the Photon Factory, KEK, Tsukuba, Japan. The storage
ring operation voltage was 2.5 GeV, and the electric cur-
rent was 450 mA. X-ray energy calibration was performed
by setting the copper metal pre-edge absorption peak to
8978.8 eV. A mirror was used to eliminate the higher
harmonics. Then, an XAFS analysis was performed using
XAFS93 and MBF93 programs (Maeda 1987; Wang et al.
2013; Yoshiasa et al. 1999). The EXAFS function y(k)
was extracted from measured spectrum using the standard
procedure (Maeda 1987). For the quantitative analysis,
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we used the Fourier filtering technique and a non-linear
least-squares structure parameter fitting method with an
analytical EXAFS formula by comparing the observed
X(k)exp, and calculated (k). To obtain information
regarding the structural parameters, we conducted param-
eter fitting using the analytical EXAFS formulae. Dou-
ble-shell fitting was performed for the first and second
nearest-neighbor distances for the body-centered cubic
(BCC) iron foil. Reliability of the fit parameters, R, was
determined as follows:

/

k]

R=%X k?x(ks)exp - ksl(ks)calc

ks V4 (ks)exp

where R is the reliability between the experimental and
calculated EXAFS functions, and was found to be less
than 0.0084.

Results
Petrological and mineral chemistry characteristics
Original texture and mineral chemistry characteristics

The cross-section of the sample under an optical microscope
shows an obvious Widmanstitten pattern. As expected, the
backscattered SEM images also show a clear intergrowth
structure of kamacite and tetrataenite (Fig. 1). Mineral
kamacite, tetrataenite, and schreibersite were also observed
(Figs. 1, 2). Tetrataenite mainly occurs at the boundary of
the kamacite band. Their intergrowth shows structures from
millimeter to submicrometer scales. The cloudy tetrataen-
ite inside the kamacite bands formed plessite, as shown in
Fig. 1d. Kamacite is lath-shaped, with 90° and 60° inter-
section angles appearing. Schreibersite shows a long-strip
shape and less than 10 pm in width. The EDS mapping of

Fig. 1 a Photograph of NWA 859. Note that the Widmanstitten pat-
tern could be seen by naked eyes, revealing intergrowth texture
of kamacite and tetrataenite. b, ¢, d Backscattered electron (BSE)
image of NWA 859, wherein b shows the corresponding texture at
the position of rectangle area in (a), and c reveals the tiny pattern of

the inside gradient in the kamacite band. Note that a pure tetrataen-
ite wall exists on the phase boundary as marked between the dashed
lines. d BSE image of submicron-sized kamacite and tetrataenite
layer under high magnification. Kam Kamacite, tTae tetrataenite
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Fig.2 a Backscattered electron
(BSE) image of schreibersite,
which exists inside kamac-

ite band in a rod like shape,

as shown within the dashed
line. b Elemental mapping for
phosphorus distribution in the
schreibersite grain in (a)

the phosphorus distribution was able to identify schreibersite
from the kamacite surroundings (Fig. 2).

The well-studied bulk composition of NWA 859 shows
that the Ni content is approximately 173 mg/g and has an
extremely high Ge concentration, up to 2123 ppm as detected
via Inductively coupled plasma mass spectrometry (ICP-
MS) (D’Orazio and Folco 2003). The EDS analysis results
show that the Ge content ranges from 0.21 to 0.92 wt.% in
tetrataenite from both cloudy zone and tetrataenite lamella,
and from 0.18 to 0.47 wt.% in kamacite lamella. Thus, the
Ge content is highly concentrated in tetrataenite. Note that
at a comparable concentration level, Ge is soluble in kamac-
ite. The lowest Ni content detected in kamacite lamella is
5.07 wt.%, while the highest Ni content detected in tetratae-
nite is 45.37 wt.% from tetrataenite lamella. The remaining
data detected from intergrowth region are spread throughout
this composition range because of its intergrowth texture and
the beam diameter of the EDS. The composition of schreib-
ersite is summarized in Table 1. Moreover, tetrataenite has
a typical chemical gradient crossing the Widmanstétten pat-
tern and is enriched at the phase boundary.

Texture and chemical characteristics after nital etching

A piece of sample was etched with nital solution for
24 h. The surface was observed by SEM, showing a cer-
tain extent of separation of tetrataenite and kamacite. As
shown in Fig. 3a, kamacite dissolved and formed cracks
along the boundary in the intergrowth. The backscattered
electron (BSE) image (Fig. 3b, ¢) of the sample surface
reveals a loose fabric texture that consists of pure tetratae-
nite. The EDS results for such fabric areas show that the

Ni content is quite homogeneous with approximately 1 at%
variation reaching 50.7 at%, which is the highest Ni content
detected in the sample (Fig. 3c). The original tetrataenite
and kamacite boundaries show segregation, and the coarse
tetrataenite lamella elongates in several different direc-
tions. The Ni content in the tetrataenite lamella ranges from
43.60 to 49.44 at%. After 48 h of etching, another sample
showed aggregation by magnetism with an exfoliated fine
powder (Fig. 3d—e) that was several microns in size with
a silver—gray metallic luster, as revealed under an optical
microscope.

Phase identification and lattice parameter from XRD results

The X-ray powder diffraction at the Fe—Ni metal area results
revealed a mixture of a-kamacite (BCC phase) and y-like
tetrataenite (FCC-like tetrataenite phase) without an inter-
mediate composition. Figure 4 shows the diffraction pat-
tern and plane indices of kamacite and tetrataenite. The
signatures at 44.62°, 64.84°, 82.23°, and 98.68° 26 indicate
a-kamacite, while the signatures at 43.69°, 50.83°, 74.8°,
and 90.72° 20 indicate y-tetrataenite. Combined with a
calculation based on the least-squares method, we deter-
mined that the BCC kamacite has a lattice parameter of
a=2.871(2) A, and the FCC-like tetrataenite has a lattice
parameter of a=3.590(2) A. The results of the Ni metal
reagent show a lattice parameter of a=3.526(1) A and Fe
metal reagent of a=2.864(1) A. The bonding distances were
calculated using their coordination numbers, as summarized
in Table 2.

The X-ray single-crystal diffraction experiments indi-
cated that tetrataenite has a tetragonal structure with

Table‘1 C'orn.position of No Atom (%) Mass (%)
schreibersite in NWA 859
P Fe Co Ni Ga Ge Total P Fe Co Ni Ga Ge Total
1 2498 3247 022 42.19 0.08 0.06 100 15.64 36.64 0.26 50.05 0.11 0.09 102.79
2495 3259 0.23 42.07 0.11 0.05 100 15.61 36.76 0.28 49.89 0.16 0.08 102.77
3 2538 32.18 0.23 42.00 0.15 0.06 100 15.89 36.32 0.27 49.83 0.22 0.08 102.61
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Fig. 3 a Backscattered electron (BSE) image of a piece of NWA 859
after etching for 24 h, b, ¢ 48 h. Note the fiber like tetrataenite resid-
ual on the main body. d Optical microscope image of the main body.

Fig.4 Powder diffraction pat-
tern of kamacite and tetratae-
nite in NWA 859 sample. K
Kamacite, T Tetrataenite, Fe;0,
Magnetite. The plain indices
for kamacite and tetrataenite for
each peak were marked at the
characteristic peaks

K110

a=2.535(1) A, (1/2a=3.585(1) A), and c=3.583(1) A,
revealing only minor differences from the FCC lattice
parameter, as shown in Fig. 5. The values of the lattice
parameters for tetrataenite are consistent with the pub-
lished values of @=2.533(2) A and ¢ =3.582(2) A (Clarke
and Scott 1980). Note that the relationship between the
composition and lattice constant is already known for the
Fe—Ni solid solution system (Swartzendruber et al. 1991).

e Optical microscope image of powders exfoliated from etched main
body, wherein the powder mainly contains schreibersite and tetratae-
nite

Powder diffraction pattern of NWA 859

observed
calculated

Cu Ko 2-Theta (degree)

Thus, the lattice parameters of 2.871(2) A for kamacite
and 3.590(2) A for tetrataenite indicate Ni contents of
approximately 5.00 at.% and 50.00 at.%, respectively.
These results are in good agreement with those of the
chemical analyses. The error values of the calculated lat-
tice parameters in parentheses were acquired from the full
width at half maximum in different phases according to the
error value from the PDXL regression.
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Table 2 Bonding distances and structural parameters determined by extended X-ray absorption fine structure (EXAFS) and X-ray diffraction
(XRD) methods

Sample Coordi- Distance (EXAFS)  Debye—Waller factor (EXAFS) R-factor (EXAFS) Distance (XRD)
nation
number
Ge-(Ni,Fe) in NWAB509 tetratae- 12 2.524 (5) 0.0185 (5) 0.0084 -
nite
Ge-Ge in pure diamond-type 4 2.471 (4) 0.0062 (3) 0.0061 2.450 (1)
Ni-(Ni,Fe) in NWAS8S59 tetrataenite 12 2.5170 (13) 0.00960 (10) 0.0021 -
Ni-Ni in pure FCC metal 12 2.4880 (9) 0.00737 (7) 0.0018 2.494 (1)
Fe-(Ni,Fe) in NWAS859 tetrataenite 12 2.534(3) 0.0093 (3) 0.0042 -
(Ni,Fe)-(Ni,Fe) in NWA 859 12 - - - 2.535(1)
tetrataenite (Fes)Nis,)
(Fe,Ni)—(Fe,Ni) in NWA 859 846 - - - 2.486 (2)
kamacite (Fe, ¢sNij s) 2.870 (2)
Fe—Fe in pure BCC metal 8+6 2.4967 (16) 2.886 (3) 0.00659 (12) 0.0118 (4) 0.0008 2.480 (1) 2.864 (1)
Fe-Fe in FCC austenite (Fe’C)a 12 - - - 2.52-2.53

Fe-Fe in face-centered cubic (FCC) austenite (Fe, C) obtained from Nascimento et al. (2009)

Fig.5 Lattice structure of
L1, tetrataenite. Lattice
constant a=2.535(1) Aand
¢=3.583(1) A. The yellow
spheres and gray spheres repre-
sent Fe and Ni atoms, respec- |
tively. The unit cells in broken 1
and solid lines represent the |
taenite cell and the tetrataenite |
cell, respectively. The structure |
was modified based on figures |
drawn by VESTA (Momma and |
|
|
|
|
|
|
|

/?“"6‘;;‘:—‘—;:—79\0

\ - =
____o—._————-—

Tzumi 2011)
c
"o O "¢
———————————— o’_i_/
XAFS study spectrum for HCP e-Fe at 42 GPa and 300 K were measured
in transmission mode using a diamond anvil cell (Yoshiasa
XANES results et al. 2009). As well, the first peak shape of Fe in NWA 859

The XANES spectra patterns were obtained for Fe, Ni, and
Ge in the tetrataenite of NWA 859 as well as standard Fe
foil, Ni foil, and Ge metal, as shown in Fig. 6. The patterns
of the Fe K-edge show that Fe in NWA 859 tetrataenite has a
higher pre-edge height, located at approximately two-thirds
of the first peak height, compared with both Fe foil and high-
pressure hexagonal closest packed (HCP) e-Fe under 42 GPa
with a pre-edge at approximately one-third of the first peak
height (Fig. 6a). This is a distinguishable feature, suggest-
ing that it is not a BCC structure. The Fe K-edge XANES

@ Springer

tetrataenite is quite broad compared with the BCC Fe foil.
The shape of the Fe XANES spectrum for the tetrataenite in
NWA 859 is more similar to that for e-Fe, wherein Fe has a
coordination number of 12.

The XANES patterns of Ni K-edge show that Fe in the
NWA 8509 tetrataenite has a similar pre-edge and peak rela-
tionship compared to the Ni foil (Fig. 6b). Attenuation of the
XAFS signal for NWA 859 tetrataenite occurs as a result of
an increase in positional displacement due to the coordina-
tion of Fe with a different element. A comparison between
the first derivative spectra of Ni XANES spectra (Fig. 7a) for
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Fig.6 Fe K-edge X-ray absorption near-edge structure (XANES) spectra of a Fe foil in Fe high-pressure phase (Yoshiasa et al. 2009), and tetra-
taenite (tTae) and b Ni foil and tetrataenite in NWA 859. ¢ Ge K-edge XANES spectra of Ge metal and Ge in tetrataenite in NWA 859
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Fig.7 a First derivative spectra of a Ni foil and tetrataenite and b Ge metal and Ge in tetrataenite of NWA 859

Ni foil and tetrataenite in NWA 859 confirms that there is no
chemical shift for Ni metal in tetrataenite. Furthermore, the
Ge spectra were compared with Ge metal, revealing different
peak top positions and shapes, as shown in Fig. 6¢. The first
peak of Ge in NWA 859 is much broader than that of the Ge
metal, which suggests that Ge has formed a local structure
compared with the common diamond-type Ge. Moreover, a
comparison between the first derivative spectra for Ge metal
and tetrataenite in NWA 859 confirms that the Ge in tetratae-
nite has almost no chemical shift from the Ge metal.

EXAFS results

Lattice parameter and local structure information were
obtained through EXAFS fitting, and the results are listed
in Table 2, wherein the Debye—Waller factor represents
the mean square of the relative displacement between the
absorbing and backscattering atoms. Figure 8 shows the

Fourier transform of Fe, Ni, and Ge K-edge EXAFS spectra
for tetrataenite in NWA 859.

Discussion

Local structure of Fe, Ni, and Ge in NWA 859
meteorite

The EXAFS analyses of NWA 859 and single-crystal dif-
fraction of tetrataenite reveal that tetrataenite has a near-
FCC tetragonal structure with 12 nearest-neighboring Ni,
Fe, and Ge atoms atcdistances INi-(Ni, Fe)=2.5179(13) A,
TR (Ni, Fe) = 2-934(3) A and rg, (ni, pe) = 2-524(5) A, which
are quite similar. Ge becomes a substitution atom, replac-
ing Ni or Fe in the tetrataenite with a coordination number
of 12. Thus, we suggest that the NWA 859 meteorite was
formed under higher pressure, which is different than typical

@ Springer
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b Ni

a Fe

Fe NWA 859 tTae

Fe foil 300K]

Fourier Transform (arb.units)
Fourier Transform (arb.units)

C Ge

Ge NWA 859 tTae
NiNWA 859 tTae

Fourier Transform (arb.units)

Ni foil

Distance(A)

Distance(A)

Distance(A)

Fig.8 a Fourier transform of extended X-ray absorption fine structure (EXAFS) for a Fe K-edge in Fe foil and tetrataenite in NWA 859, b Ni
K-edge in Ni foil and tetrataenite in NWA 859, and ¢ Ge K-edge in Ge metal and tetrataenite in NWA 859

iron meteorites. The formation pressure at the center of typi-
cal metallic objects with radii of approximately 50-200 km
was calculated to range from 0.2 to 3.1 kbar (Schwarcz
et al. 1975). Moreover, the iron meteorite Butler, which
is believed to be chemically related to NWA 859, has an
extremely high Ge concentration (2000-2300 pg/g). At the
same time, magmatic trends (such as negative Ir—Au and
Ir—As trends) in both Butler and NWA 859 could not be rec-
ognized (Wasson 2011). In addition, Ga and Ge are volatile
siderophile elements that behave similarly in iron meteorites.
Particularly, Ge is concentrated in NWA 859 (approximately
1 order of magnitude higher than other iron meteorites) and
Ga is only slightly rich in the same order of magnitude as
seen in other iron meteorites. The non-magmatic chemical
characteristics suggest that it was not originate from the
core of its parent body. At the same time, we inferred that
the high Ge content of NWA 859 was caused by the Ge
rich resource region in the parent body, in which Ge entered

Line Data’2

the tetrataenite structure with a 12 coordination under high
pressure. The high-pressure Ge structure and non-magmatic
chemical characteristic of NWA 859 suggest that it formed
by some shock compression event happened on the parent
body.

Texture formation mechanism interpreted
with the Fe-Ni phase diagram

The size of the mineral grains and texture are indicators
of the thermal history in the meteorite parent bodies. Iron
meteorites form a Widmanstitten pattern during a long cool-
ing process with oriented kamacite and tetrataenite lamellae
(Fig. 1). As the texture of the etched sample surface shows
tiny fabric tetrataenite (Fig. 3c), the original sample is likely
a mixture of two different phases. The chemical gradient of
tetrataenite found in the EDS analysis formed by tetrataenite
and kamacite mixing in different proportions (Fig. 9). Thus,

b

Fig.9 a Backscattered electron (BSE) image of unetched NWA 859. b Energy-dispersive spectra (EDS) line analysis of the line marked in (a).

The oval marks show that the gradient stopped changing

@ Springer
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Fig. 10 Fe-Ni phase diagram modified from Cacciamani et al. 2006.
Tc Currie temperature. The red line represents the homogeneous host
phase. The blue dotted line shows when the crystallization of kamac-
ite began. The red dotted lines represent kamacite and taenite phase
separation with decreasing temperature and the red filled circles
marking the end of the dotted red lines represent the end of the crys-
tallization process

we inferred that the composition of tetrataenite grains is
actually homogeneous. The chemical gradient was acquired
as a mixture of extremely tiny kamacite and tetrataenite,
which produced a wide chemical range, as shown in Fig. 9.

Because the composition and grain size growing with
temperature variation followed the Fe—Ni phase diagram,
the cooling path could be inferred from the detected mineral
composition in NWA 859. Starting with a bulk composition
of 17.3 wt.% Ni (D’Orazio and Folco 2003), as tempera-
ture decreases, kamacite nucleates at approximately 883 K
when martensite (BCC) forms. Thus, the red vertical line
represents the homogeneous host FCC phase, the dotted blue
horizontal line represents when the phase separation started,
and the red dotted lines along the eutectic lines represent the
crystallization process of the kamacite and taenite phases
(Fig. 10). The diffusion rate difference in the two alloys
limited the growth of kamacite in taenite (Dauphas 2007),
thereby causing a chemical gradient to form a characteristic
M-shaped profile in taenite, as shown in Fig. 9. The cooling
crystallization process follows the route marked in the phase
diagram (Fig. 10), which was suggested by thermodynamic
calculations and confirmed via experimental investigations
(Cacciamani et al. 2006). As the etched cloudy zone shows
a composition of approximately Fe50-Ni50, which fits with

tetrataenite, when the temperature decreased below 623 K,
the cloudy tetrataenite was believed to be formed by mag-
netically induced spinodal decomposition of the metasta-
ble tetrataenite during slow cooling (Albertsen et al. 1983).
Reuter et al. (1989) suggested that tetrataenite is thermody-
namically stable at 298.15 K. Since tetrataenite only appears
inside taenite phases, but is not observed in kamacite (stable
BCC) and taenite boundary, this indicates that the tetrataen-
ite is merely metastable under true thermodynamic equilib-
rium at room temperature (Howald 2003).

A highly oriented Fe—Ni structure in a diffusion-
controlled process occurred as tetrataenite in the cloudy
zone. Cloudy tetrataenite has a lattice parameter of
a=b=2.535(1), c=3.583(1), as detected by single-
crystal diffraction. Converting to the face-centered struc-
ture, the unit cell has a parameter of a=2.535(1) A
[v/2a=3.585(1) A] and c=3.583(1) A, wherein the c-axis
is just reduced a little compared with the cubic FCC struc-
ture. The CuAu L1, structure is a tetragonal distortion of the
FCC structure, which becomes shorter in the c-axis direction
with structural stabilization (Bayliss 1990). Therefore, only
tetrataenite developing under a long-time slow cooling his-
tory could form the L1, structure. As the metal phase has
a higher thermal conductivity than silicate crusts, the slow
cooling history of the metallic core usually represents large
parent bodies with silicate mantle that give global heat dis-
sipation slowly.

Conclusions

The local structures of Fe, Ni, and Ge in the lattice of tetra-
taenite were acquired using the XAFS method with high
precision. EXAFS is an effective method for studying the
local structure of iron meteorites as it provides consistent
results of the lattice parameter with XRD.

A new local structure of Ge-(Ni, Fe) was discovered in
extraterrestrial material. Thus, it has been proven that Ge
can serve as a substitution atom of Ni or Fe in tetrataen-
ite, forming a stable tetragonal structure at approximately
688-618 K. The iron meteorite NWA 859 possibly formed
through a shock event on the surface of parent body rather
than being a remnant of an asteroid’s inner core. The for-
mation condition and thermal history of NWA 859 were
inferred from the texture and composition characteristics
combined with an evaluation of the phase diagram.
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