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Abstract

Local atomic structures of Re and radiogenic Os in molybdenite from the Onganja mine, Namibia, were examined using
X-ray absorption fine structure (XAFS). Rhenium Ljj;-edge X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) show that the oxidation state of Re, the interatomic distances between Re and the
neighboring atoms, and the coordination number of Re to S are very similar to those of Mo in molybdenite. The results con-
firm that Re is present as Re(IV) in the Mo site in molybdenite.

Measurement of Ljjj-edge XANES and EXAFS of a minor concentration (8.55 ppm) of radiogenic Os was accomplished in
fluorescence mode by removing the interfering X-rays from Re and other elements using a crystal analyzer system. The data
indicate that the oxidation state of radiogenic Os is Os(III) and Os(IV) and clearly different from Os(II) in natural sulfide
minerals, such as OsS, (erlichmanite). XANES data also suggest that radiogenic Os does not form a secondary Os phase, such
as OsS, or Os metal, in molybdenite.

EXAFS of radiogenic Os was successfully simulated assuming that Os is present in the Mo site in molybdenite. The data
are consistent with the XANES data; Os does not form Os phases in molybdenite. The EXAFS simulation showed that the
interatomic distance between Os and S is 2.27 A, which is 0.12 A smaller than the distances of Re-S and Mo-S (2.39 A) in
molybdenite. Similar valences and ionic sizes of Re and Mo in molybdenite support the fact that large amounts of Re can
be incorporated into the Mo site as has been observed in previous studies, whereas the different properties of Os compared
to Mo and Re suggested here support much lower abundance of common Os in molybdenite. This makes molybdenite an ideal
mineral for the Re-Os geochronometer as shown in many studies. However, the shorter distance between radiogenic Os and S
compared to those of Re-S and Mo-S in molybdenite suggests that the radiogenic Os has a smaller ionic size than Re(IV) and
Mo(IV). Furthermore, Os may be partly present as Os(III). Smaller and lower charge Os can diffuse faster than larger and
higher charge Re in molybdenite at a given set of conditions. Hence, our study provides an atomic-level explanation for
the high mobility of Os compared to Re, which has been suggested by earlier workers using laser ablation ICP-MS.
© 2007 Published by Elsevier Ltd.
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1. INTRODUCTION

Radiometric dating has been widely applied to various
terrestrial and extraterrestrial materials (Faure and Mensing,
2004). Such dating assumes the retention of both parent and
daughter isotopes in the samples since formation. The chem-
ical properties of the daughter commonly differ from those of
the parent, which may result in their separation. Thus, their
retention in the system may depend on the chemical environ-
ment of both elements, which determines their stabilities
in situations of various processes such as metamorphism,
alteration, and diffusion within the crystal. Therefore, the
chemical states of parent and daughter isotopes in the min-
eral or rock samples may be important for precise dating.

Since the first application of the *"Re~'%7Os system for
dating of molybdenite by Herr and Merz (1955), the dating
of molybdenite has been established as a robust geochronom-
eter resistant to regional deformation and metamorphism
(e.g., Stein et al., 1997, 2001, 2003; Raith and Stein, 2000;
Watanabe and Stein, 2000; Selby and Creaser, 2001a,b,
2004). In particular, the method has become an important tool
in dating the timing and duration of sulfide mineralization in
ore-forming systems (e.g., Suzuki et al., 1996; Stein et al., 1997,
1998). However, decoupling of '¥’0Os and Re possibly due to
high mobility of Os relative to Re has been observed within
molybdenite crystals by micrometer scale analysis using the la-
ser ablation ICP-MS technique (Stein et al., 2001, 2003; Kos-
ler et al., 2003; Selby and Creaser, 2004). Hence, it has been
indicted that successful dating requires careful selection of rep-
resentative samples from a specific geologic occurrence with a
sufficient volume of the sample for the analysis (Stein et al.,
2001, 2003; Selby and Creaser, 2004; Stein, 2006). In this
study, we examine the local structures of Re and radiogenic
%705 in molybdenite using their X-ray absorption fine struc-
ture (XAFS) to evaluate the atomic scale environment for
the two elements and the cause of the decoupling. Since the
abundance of common Os is negligible in molybdenite (Herr
and Merz, 1955; Hirt et al., 1963; Morgan et al., 1968; Stein
et al., 2001), the XAFS data of Os in molybdenite provides
the information on the decay product, '¥"Os.

For our study, fluorescence XAFS spectra of Re and Os
were employed because they have low detection limits and
high selectivity of any trace elements in a variety of samples
(e.g., Takahashi et al., 2000, 2004). XAFS consists of two en-
ergy regions, X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS). We used both sets of data to evaluate the oxida-
tion state and local atomic structure of Re and radiogenic
Os. Retrieving the data from trace Os was an analytical chal-
lenge because its spectrum was obscured by the intense fluo-
rescence X-ray emitted from Re and other scattering X-rays.
This was overcome by employing a crystal analyzer in Laue
geometry to extract Os L, emission (Takahashi et al., 2006).

2. SAMPLES AND METHODS
2.1. Samples and materials

Natural molybdenite (MoS,; polytype: 2H) was
obtained from the Onganja mine in the Damara Facies,

70 km northeast of Windhoek, in central Namibia. The
molybdenite was collected from a post-metamorphic
quartz-biotite vein in the schist of the Late Proterozoic
Kuiseb Formation. The concentrations of Re and Os in
the sample measured by inductively coupled plasma-mass
spectrometer (ICP-MS) were 16104+ 10 and 8.55+
0.04 ppm, respectively, following the procedures reported
in Suzuki et al. (1992). The sample was chosen for this
study due to its high concentrations of Re and Os; the
greater the concentrations, the more clearly is the XAFS
spectrum. The isotopic composition of Os in the Onganja
molybdenite shows that 99.2% of Os was '®’Os (Schieder
et al., 1981), implying that more than 99% of '*70s is a de-
cay product of '¥'Re.

Reference materials used for Os Lyj-edge XAFS were
Os metal, Os''S,, Os™Cl;, and OsV™O, as reported by
Sakakibara et al. (2005). Osmium metal and OsCl; were
purchased from Rare Metallic Co. Ltd., whereas OsOy is
from Kanto Chemical Co. Ltd. Osmium disulfide (OsS,,
erlichmanite) was synthesized by following the procedure
reported in Hayashi et al. (2000). Reference materials for
Re were Re metal, Re!YS,, Re!VO,, and Re¥'0; obtained
from Rare Metallic Co. Ltd. and ReO,” solution from
Kanto Chemical Co. Ltd. All purchased chemicals were
at reagent grades used without further purification for the
XAFS measurements.

2.2. XAFS measurements

Rhenium Ljj-edge XAFS was measured at BL-12C
(bending magnet) of the Photon Factory (PF) at High En-
ergy Accelerator Research Organization (KEK), Tsukuba,
Japan (Nomura and Koyama, 1996). In the beamline,
X-rays from a synchrotron operated at 2.5 GeV (current:
450-300 mA) were monochromatized with a Si(111) dou-
ble-crystal monochromator, and focused to an area of 1
(horizontal) x 0.5 (vertical) mm? with a bent cylindrical
mirror, which also reduces the higher order. XAFS spectra
were obtained in transmission mode for reference materials,
and in fluorescence mode for Re in molybdenite. The fluo-
rescence yield was measured using a 19-element Ge semi-
conductor detector (SSD). The total counts were
maintained at less than 200 kcps by adjusting the distance
between the SSD and the sample. Counts for high intensi-
ties of fluorescence and scattering X-rays are corrected for
dead counting time (Nomura, 1998).

Osmium Lijj-edge XAFS of Os in molybdenite was mea-
sured in the fluorescence mode using a crystal analyzer at
an undulator beamline, BL37XU, at SPring-8, Japan
(Terada et al., 2004). The beamline consists of Si(111) dou-
ble-crystal monochromator and Rh-coated mirror for sup-
pression of higher harmonics. The beam size and the
monochromatic photon flux at the sample position were
0.2 (horizontal) x 0.8 (vertical) mm? and 4.4 x 10'? pho-
tons/s, respectively. The sample was placed at 45° to the
incident X-ray beam. The extraction of Os L, fluorescence
used a commercially available fluorescence analyzer
(BCLA: Bent Crystal Laue Analyzer) made by Oxford
Danfysik (Zhong et al., 1999). The analyzer, DCA 0950,
used here was specially designed to determine the intensity
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of fluorescence X-rays ranging from 8.5 to 10.5 keV, which
covers Os L, fluorescence X-rays. The analyzer consists of a
log spiral Si(111) crystal and slits made of Mo metal. A 19-
element Ge semiconductor detector (Ortec IGLET-X-
11160) was used for detection. The detector was well
shielded by a Pb sheet to collect X-rays only from the crys-
tal analyzer. XAFS spectra of Os in reference materials
were measured in transmission mode.

2.3. XAFS analysis

EXAFS data were analyzed using REX2000 ver.2.3
(Rigaku Co.) with parameters generated by the computer
program FEFF7.02 (an automated program for ab initio
multiple scattering calculations of XAFS; Zavinsky et al.,
1995; Ankudinov and Rehr, 1997). Initial structural data
for the FEFF calculations were provided by ATOMS
(Ravel, 2001) using crystallographic data listed in Table 1.
For the simulation of Re in molybdenite, initial structure
for the FEFF calculation assumed that Re replaces Mo in
the molybdenite structure reported in Bronsema et al.
(1986). The same procedure was also applied to Os in
molybdenite, since -decay without emission of y-rays, such
as the decay of '®Re to '¥7Os (energy of p-ray: 2.6 keV;
Parrington et al., 1996), is not accompanied by a large aver-
age recoil that can rupture the bonds of solid matrices (e.g.,
Maddock et al., 1992). Therefore, Os most likely remains in
the same site as Re in molybdenite after the decay. The
validity of this assumption for the EXAFS simulation is
further discussed in Section 4. For the analysis of ReS,
and OsS, spectra, the initial structure data to run FEFF
were obtained from their crystallographic data in Murray
et al. (1994) and Stingl et al. (1992), respectively.

After background subtraction from the observed spec-
tra and normalization, the smooth Re or Os Ly-edge
absorption of the free atom was removed using a cubic
spline curve. The energy unit was transformed from keV
to A~' to produce the EXAFS function y(k), where k
(A’]) is the photoelectron wave vector given by

\/2m(E — Eo/h*) (E: the energy of the incident X-ray; Ey:

the threshold energy). The E, value was determined from
the maximum value in the first derivative of y(k) in the
absorption edge region. The k>-weighted y(k) function
was Fourier transformed from k (1/A) space into R (A)
space to give a radial structural function (RSF). The the-
oretical EXAFS function was fitted to the back trans-
formed k’-weighted y(k) functions using parameters
generated by FEFF 7.02. During the simulation, it was
found that multiple scattering is not important in all sys-
tems examined in this study. The EXAFS analysis gives
the coordination number (CN), the interatomic distance
between absorber and scatterer atoms (R), the Debye—
Waller term (¢°), and the energy offset (AE,). The s?
(dumping factor) was fixed at unity in our simulation.
The maximum number of parameters for EXAFS fittings
was restricted below Ny, defined as Ny = 2264742
(Stern, 1993), where Ak and Ar are k region (I/A) of Fou-
rier transformation and R region (A) of back Fourier
transformation, respectively.

3. RESULTS
3.1. Characterization of the Onganja molybdenite

The age of the Onganja molybdenite is calculated to be
505 + 6 Ma, assuming that all Os is a decay product of
187Re. The uncertainty in the age includes that of the decay
constant, A= (1.666+0.017)x 107" years™"  (Smoliar
et al., 1996). This is in accordance with the Re-Os age of
510 +£40 Ma for molybdenite in the Onganja Mine re-
ported by Schieder et al. (1981) (recalculated using
7. =1.666 x 10~ years™!), and also with the K—Ar age of
480 4+ 25 Ma for a biotite in the molybdenite-bearing vein
(Clifford, 1967). Similar Re-Os and K-Ar ages suggest that
the Re-Os and K—Ar isotope systems were not disturbed by
later hydrothermal or magmatic activity.

3.2. Rhenium Ljj-edge XAFS of Onganja molybdenite

Rhenium Ljj;-edge XANES spectra of reference materi-
als and Re in the molybdenite are shown in Fig. 1. The
molybdenite sample shows a peak of XANES close to those
of Re!V'S, and Re metal. Its shoulder at about 10.534 keV is
similar to that of ReS,, but dissimilar to that of Re metal.
In addition, the intensity of the “white line’” (= main peak
in the XANES spectrum) of Re in molybdenite is similar to
that of ReS,. These results suggest that the local atomic
environment of Re in molybdenite is similar to that of
ReS, and that the oxidation state of Re in molybdenite is
Re(IV), as suggested in previous studies (Fleischer, 1959;
Newberry, 1979; Stein et al., 2001). The results confirm that
Mo(IV) in molybdenite can be readily substituted for by
Re(IV).

The EXAFS data suggest that local structures of Re in
molybdenite and ReS, are similar to that of Mo in molyb-
denite (Figs. 2 and 3). The k*-weighted Re Lyj-edge EX-
AFS spectra y(k) and the radial structural function (RSF)
obtained by Fourier transforms from k*-weighted (k) were
simulated by the parameters generated by FEFF 7.02. The
structure for the FEFF calculation was created based on
the molybdenite structure, assuming that Re is in the Mo
site. In the EXAFS simulation of Re in molybdenite, the
coordination numbers (CN) of S and Mo were fixed at 6
based on the crystallographic information. In the &° y(k)
pattern, the EXAFS oscillation for Re in the molybdenite
sample is similar to Re in ReS, at k below 6 Afl, since a
similar Re-S shell is mainly responsible for the oscillation
in the k region (Fig. 2a). However, the oscillation patterns
for Re in molybdenite and ReS, become different in the lar-
ger k region, suggesting that the second neighboring atoms
for the two are different. The parameters obtained by the
simulation are tabulated in Table 1. In the molybdenite
sample, the distance between Re and S is 2.389 A (Table
1), which is similar to the distance, 2.401 A, between Mo
and S in molybdenite (polytype 2H), based on crystallo-
graphic studies (Table 1). The interatomic distance of the
second shell, Reflylo, in the molybdenite sample was calcu-
lated to be 3.157 A, which is also very close to the Mo—-Mo
distance (3.154 A) in molybdenite in the literature (Hassel,
1925; Kalikhman, 1983; Schoenfeld et al., 1983; Bronsema



Table 1

EXAFS analyses results obtained by the simulation using parameters generated by FEFF 7.02

Sample Edge Analyzed shells ~ Shell CN R (A) AE, (eV) o (x 10%) Niree Literature values
Compounds Shell CN R (A)
ReS, Re Ly 2 shells Re-S 59403 2388+ 0.003 6.0+0.5 6.1+0.04 12 ReS, Re-S 6 2.312-2.504°
Re-Re 3.0 277740007  — 7.1+ 0.01 Re-Re 3 2.790-2.896¢
Molybdenite ~ Re Ly; 2 shells Re-S 6.0 238940002  68+04 0.44+0.04 13 MoS, Mo-S 6 2.401 4 0.026°
Re-Mo  6.0° 315740018 — 5340.01 Mo-Mo 6 3.154 4+ 0.010°
0sS, OsLyp 3 shells 0s-S 57401  2353+0.001 8.6+0.3 0.63+0.04 18 0sS, 0s-S 6 2.352 4 0.001"
0s-S 6.0 3.556+0.007  — 2.8+ 0.04 0s-S 6 3.565 4+ 0.001"
0s-Os 12.0° 3.9744+0.001  — 2.5+0.12 0s-Os 12 3.974"
Molybdenite ~ Os Ly; 1 shell® 0s-S 6.0 227140022  —29+35 040453 6
Molybdenite ~ Os Ly; 2 shells® 0s-S 6.0 2272 +0.021 ~51402 023483 8
0Os-Mo 6.0 3.18 +0.41 — 1.2+0.01

Corresponding literature values were also listed. CN, coordination number; R, interatomic distance; AE,, threshold E, shift; 6, Debye-Waller term; Nj., maximum number of parameters.

Least squares precisions are given to each value.

* Errors in the fitted parameters were estimated to be generally +0.02 A for R, +20% for N, and 20% for 6> (O’Day et al., 1994).

* Fixed in the simulation.
For Os in the molybdenite sample, two simulations were performed; one considers only the first shell and the other the first and second shells in RSF.
In ReS,, the distances between Re and neighboring six S atoms are different (Murray et al., 1994).
In ReS,, the distances between Re and neighboring three Re atoms are different (Murray et al., 1994).

b
c

d

¢ Average and lo of four reported values (Hassel, 1925; Kalikhman, 1983; Schoenfeld et al., 1983; Bronsema et al., 1986).
 Average and 1o of 2 reported values (Knop and Reid, 1967; Stingl et al., 1992). Two reported values were idential for the Os-Os.
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Fig. 1. Rhenium Ljj;-edge XANES for Re in molybdenite and Re
reference materials such as Re metal, Re'vS,, Re!VO,, Re¥'0;,
Re"",S,, and Re¥""0,~ in aqueous solution.
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et al., 1986). These results clearly show that Re resides in
the Mo site of molybdenite.

Rhenium in ReS, was also examined by EXAFS
(Fig. 3). The CN of Re-S was optimized by the simulation,
while CN for the second shell, Re-Re, was fixed at 3 as dis-
cussed in Murray et al. (1994). The interatomic distance
and the CN of the first shell, Re-S, were calculated to be
2.388 A and 5.9, respectively (Table 1). Although the crys-
tallographic data of ReS, suggest different distances be-
tween Re and six S, our EXAFS and XANES data
showed that the local atomic environment of Re in molyb-
denite is very similar to that of ReS,, which allows a signif-
icant substitution of Mo by Re in molybdenite, as
previously noted by many workers (e.g., Fleischer, 1959;
Terada et al., 1971; Stein et al., 2001).

It has been suggested that Re may form its own phase,
ReS, in molybdenite (Newberry, 1979). However, this pos-
sibility is discounted because the position of the second
peak in RSF is different between Re in molybdenite and
ReS,. In addition, the amplitude of the ky(k) function at
k around 7 A~" and the oscillation period of EXAFS are
clearly different between Re in molybdenite and ReS,,
which can be explained by contributions of Re-Mo in

Fig. 2. EXAFS results for Re in molybdenite including (a) k*-weighted Re Lyj-edge EXAFS spectra y(k) with the simulated spectrum,
including the contribution of the first shell (Re-S) and second shell (Re-Mo) and (b) Radial structure functions obtained by Fourier
transforms from k>-weighted y(k) for Re with the simulation curve; an arrow shows the contribution of the Re—Mo shell at around 7 A, which

is different from that of the Re-Re shell in Fig. 3.
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a

Ky

Intensity

R + AR (A)

Fig. 3. EXAFS results for Re in ReS, including (a) k*-weighted (k) with the simulated spectrum with the contribution of Re-S and Re-Re
shells considered in the simulation and (b) RSF for Re with the simulation curve; an arrow at around 7 A shows the contribution of Re-Re

shell.

molybdenite and Re-Re in ReS, (arrows in Figs. 2a and
3a). The simulation of the EXAFS, assuming Re as the sec-
ond neighboring atom in molybdenite, yielded a Re-Re
interactomic distance of 3.06 A. This distance is impossibly
longer than the interatomic distance of Re-Re in ReS,,
2.77A (Table 1). These results confirm that Re does not
form its own phase, ReS,, in molybdenite.

3.3. Fluorescence XAFS at Os Lyj-edge using a crystal
analyzer

It was impossible to record Os Lyj-edge XAFS for radio-
genic Os in the molybdenite by normal fluorescence mode
with SSD, since intense fluorescence X-rays from Re and
other elements conceal a small Os L, peak (Fig. 4). In addi-
tion, large scattering X-rays around 11 keV and fluorescence
X-rays below 7.2 keV (mainly from Fe) saturates SSD
counting, which makes the detection of a small Os L, peak
impossible. The use of a crystal analyzer placed between the
sample and the detector allowed us to extract the Os L,
peak. Since some interferences on Os L, fluorescence from
Re was still found in the XRF spectrum even with the use

of the analyzer, the quality of XAFS spectra of Os was fur-
ther improved by the use of a Ge semiconductor detector
coupled with the crystal analyzer system.

3.4. Osmium Ljj-edge XAFS of Onganja molybdenite

Osmium Ljj;-edge XANES for Os in molybdenite were
successfully measured by the fluorescence mode using the
crystal analyzer system (Fig. 5). The main peak of Os in
molybdenite is close to those for Os metal and OsS,,
whereas a shoulder of about 10.877 keV is present both
for OsS, and Os in molybdenite. However, the intensity
of the main peak for Os in molybdenite is clearly larger
than those of Os metal and OsS, (Fig. 5). It is known from
the studies of platinum group elements that the intensity of
the main peak of the electron transition from 2p to 5d is
proportional to the hole of the 5d electron orbitals, or the
oxidation state (Lytle et al., 1979; Sinfelt et al., 1981; Man-
sour et al., 1984; Santiago et al., 2003; Rhee et al., 2003).
This is confirmed by a linear positive correlation between
the main peak intensity and the oxidation state of Os for
the reference materials in this study (Fig. 6). The intensity
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Fig. 4. X-ray fluorescence spectra of Onganja molybdenite irradi-
ated at 11 keV with (solid line) and without (dashed line) crystal
analyzer system.

was obtained as the area of the Lorentzian function, which
was used to simulate XANES spectrum with the combina-
tion of arc-tangent function. In the simulation, the relative
position of Lorentzian and arc-tangent functions were fixed
as constant (Takahashi et al., 2005). The simulation for
050y, is shown as an example in Fig. 5. The linear relation
and the area of Lorentzian function in the XANES spec-
trum suggest that the average oxidation state of Os in
molybdenite is 3.6 0.1, i.e., a mixture of Os(III) and
Os(IV). This result is unexpected, since Os is divalent in
natural sulfides and arsenides, such as erlichmanite (OsHSz),
anduoite (Os"As,), and ruarsite (Ru,0s)"AsS. The pres-
ence of Os at a higher oxidation state is possibly due to
the oxidation state of the parent, Re(IV), in molybdenite.
The B-decay of Re(IV), which is accompanied by the emis-
sion of an electron, may result in the formation of Os(V).
The observed oxidation state of Os suggests that Os recap-
tures electrons to form Os(IV), as suggested by Stein et al.
(2003). In addition, electrons may freely move within elec-
trically conductive molybdenite (Macintyre, 1992), which
allows further reduction of Os(IV) to Os(I11). However, fur-
ther study is necessary to evaluate the mechanism control-
ling the oxidation state of radiogenic Os, or more
generally the oxidation state of radiogenic isotopes in solid
media.

EXAFS results of radiogenic Os in molybdenite and
OsS, are shown in Figs. 7 and 8, respectively. As shown
in the previous section, Re is in the Mo site in molybdenite.
It is expected that radiogenic Os remains in the Mo site
shortly after decay of '|’Re, because p-decay of '*'Re
would have little radiation effect in the matrices. Thus,
the initial structure of Os in the molybdenite to run FEFF
calculation was obtained assuming that the Os is at the Mo
site in molybdenite. The CNs of the first shell (Os-S) and
the second shell (Os—Mo) were fixed at six during the sim-
ulation. The simulation was successfully completed yielding
the parameters listed in Table 1. The calculated interatomic
distance for Os-S is 2.271 A; a similar value of 2.272 A is

Absorption

Molybdenite

L 1

10.90

L 1 "

10.86

L 1 1
10.88
Energy (keV)

10.84

Fig. 5. Osmium Ljj-edge XANES for Os in molybdenite and
reference materials including Os metal, 0s''S,, 0s'''Cl;, 0sV0,,
and OsV"'Q,. The simulation of the “white line” is shown for OsOy4
where the results in bold combine the Lorentzian and arctangent
functions (both in broken curves). The measured values, shown as
open circles, are similar to the simulated results, confirming the
validity of the latter.

obtained in the simulation that considers only the first shell.
The distancee: is much shorter than those for Mo-S and Re—
S (ca. 2.39 A) in molybdenite, whereas the distance of the

[\

Relative area
— W
S S B S S R
1

5 6 7 8
Oxidation state

(98]
~

Fig. 6. Relationship between the oxidation state of Os and the area
of Lorentzian function simulating the “white line”” in Os Lyjj-edge
XANES. The simulation was conducted coupling the Lorentzian
and arctangent functions as shown in Fig. 5. Circles are data of the
reference materials used for the calibration, while the triangle
shows the value for Os in molybdenite. The uncertainties of the
estimated values are within the symbol size.



Local atomic structures of Re and radiogenic Os in molybdenite 5187

5 -----Sample
Fit

Os-S
I~ Os-Mo
b Sl Sample
Fit 0s-S

Intensity

R+ AR (A)

Fig. 7. EXAFS results for Os in molybdenite including (a) k*-weighted y(k) with the simulated spectrum, including contribution of Os—S and
Os—Mo shells considered in the simulation. (b) RSF for Os with the simulation curve.

second shell (Os—-Mo, 3.18 A) is similar to those of Re-Mo
and Mo-Mo (3.16 A).

The distance of Os—S in molybdenite is shorter than the
distance of Os''-S, 2.35 A, in erlichmanite (OsS,), which is
explained by the smaller sizes of Os(I1I) and Os(IV) in molyb-
denite than Os(II). Within molybdenite, the distance of Os—S
is shorter than the distances of Re—S and Mo-S. The shorter
distance of Os—S suggests that the presence of Os produces a
distortion in the local structure of molybdenite.

4. DISCUSSION

Other Os phases, such as metallic Os and Os'Is,, may
possibly form as a consequence of the redistribution of
Os in molybdenite. However, the EXAFS spectra indicate
that Os in molybdenite is not in the metallic form, since
the first peak in the RSF is located at about 1.8 A (phase
shift uncorrected), which is much shorter than that of Os
metal, 2.2 A (Sakakibara et al., 2005). The possible forma-
tion of OsS; in molybdenite is also discounted, since (i) the
simulation assuming the structure of OsS, (six S atoms were
assigned to the first and second shells each; Table 1) did not
converge, and (ii) a small peak of OsS, at k=6.5 (A)
(Fig. 7) was not found in & y(k) spectrum for Os in molyb-
denite (Fig. 6). These results are also supported by the
XANES spectra of OsS, and Os metal, which are dissimilar
to that of Os in molybdenite, particularly in terms of the

magnitude of the “white line”” and the position of the shoul-
der at about 10.87-10.88 keV (Fig. 5).

One may think that the assumption of the initial struc-
ture for the EXAFS analysis that Os is at the Re site may
not be appropriate when Os has already migrated within
the sample. However, no secondary minerals hosting Os,
such as Os metal or OsS,, were identified in the molybdenite
of our study. Thus, we conclude that Os is present at the
cation site of molybdenite even after Os has migrated in
the sample. In the simulation of EXAFS above, we fixed
the CN value at 6, but this value can be also determined
by the simulation of the EXAFS spectra. As a result of
the optimization, it was revealed that the CN value for
Os in molybdenite is 6.5 (and Os-S distance is 2.255 A) in
both cases where one-shell and two-shells are considered
for the simulation. This confirms that Os is surrounded
by six S atoms, as is Mo in MoS,. Thus, the assumption
that Os is at the cation site of molybdenite may be valid.

When MoS, is compared to ReS, and OsS,, the inter-
atomic distance and the oxidation state of Re in ReS, are
identical to Mo in molybdenite, but they are different from
Os in OsS, (Table 1). In addition, S forms dianion S,%>~ in
cubic OsS, and $*~ in hexagonal molybdenite and triclinic
ReS,. Hence, the chemical environment of Re in molybde-
nite is almost identical to that of Re in ReS,, whereas the
chemical state of Os in molybdenite is not similar to that
of Os in OsS,. The atomic-level environments of Re and
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Fig. 8. EXAFS results for Os in OsS, including (a) k*-weighted y(k) with the simulated spectrum, including the contribution of two Os—S
shells and Os—Os shell considered in the simulation. (b) RSF for Os with the simulation curve.

Os explain the much larger initial abundance of Re than Os
in molybdenite. Although the high Re/Os ratio at the time
of the mineral formation was already suggested in previous
studies (e.g., Morgan et al., 1968; Stein et al., 2001), the fact
was supported here by the EXAFS analyses at the atomic
level. As a result, molybdenite has been utilized as a suitable
mineral for the Re-Os dating.

It has been suggested that radiogenic Os may be mobile
in molybdenite, which causes the decoupling of Re-'*’Os
(Stein et al., 2001, 2003; Kosler et al., 2003; Selby and Crea-
ser, 2004). Our data show that radiogenic Os is smaller than
Re and that the oxidation state of Os, trivalent or tetrava-
lent, is equal to or smaller than that of Re(IV) in molybde-
nite. These results suggest that the decoupling is caused by
the faster diffusion of radiogenic Os relative to Re in molyb-
denite, since a smaller cation with lesser charge diffuses fas-
ter than a larger one with greater charge (e.g., Cherniak,
1997; Van Orman et al., 2001; Cherniak, 2003). In addition,
accumulation of radiogenic Os in defects in molybdenite
also suggested in these studies (Stein et al., 2001, 2003;

Selby and Creaser, 2004) is compatible with this diffusion
model for the Re—'¥’0Os decoupling, since ions in crystals
tend to diffuse toward defects present in the crystal (e.g.,
Watson and Baxter, 2007).

As shown in the parabolic relationship between ionic ra-
dii and partition coefficients of trace elements in minerals
(Onuma et al., 1968), the partition coefficients of larger
and smaller ions than the size of a cation at a given site
are smaller than for the ion in the site. This relationship
shows that crystal structure provides a certain size for each
site and smaller or larger ions are not well accommodated
into the site. Hence, Os does not physically fit as well as
Re in the Mo site of molybdenite and the presence of Os
likely creates a minor distortion in the local crystal struc-
ture of MoS,. Structural integrity plays an important role
in diffusivity of elements in the crystal with diffusivities of
elements being faster around distorted crystals (e.g.,
Watson and Baxter, 2007). Consequently, Re—'37Os ratios
may be locally modified in an individual crystal (Stein
et al., 2003; Kosler et al., 2003; Selby and Creaser, 2004).
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It is well established that the '*’Re~'%70s geochronometer
in molybdenite yields reliable ages when using the whole-
molybdenite approach instead of a micro-sampling tech-
nique, such as a laser ablation technique (Markey et al.,
1998; Stein et al., 2001, 2003; Selby and Creaser, 2004; Stein,
2006). Fast diffusion of '¥’0s may cause the decoupling of
Re-'%0Os in a small area in molybdenite, but the Os may
likely remain within the crystal. Our results confirm that that
Re-Os ages determined using micro-analytical techniques
may not be reliable; dating of whole crystals or aggregates
of representative fine grains of molybdenite is recommended.

5. SUMMARY

XAFS spectra were successfully measured for Re and
radiogenic '¥’0Os in molybdenite using a crystal analyzer.
The XANES and EXAFS results of Re and Os in molybde-
nite show that (i) Re and radiogenic '®’Os reside in the Mo
site in molybdenite, (ii) the interatomic distance of Re to
neighboring S and the oxidation state of Re in molybdenite
are similar to those for Mo in molybdenite and Re in ReS,,
(iii) the interatomic distance of radiogenic 8705 to S is
smaller by 0.12 A than those of Re-S and Mo-S in molyb-
denite, and (iv) the oxidation state of radiogenic '¥’Os is
Os(IIT) and Os(IV), similar to Re(IV) and Mo(IV) in
molybdenite. These results suggest that the oxidation state
of '¥70s is related to the parent Re(IV), which induces the
shorter interatomic distance of Os'-S or Os™'-S in molyb-
denite compared to that of Os'S in erlichmanite. Due to
the small size and lower charge, radiogenic '¥’Os diffuses
faster than Re in molybdenite. Our results provide struc-
tural chemical evidence for interpreting the geochemical
observations reported in other studies; these include (i)
the abundance of Os in molybdenite is much less than that
of Re, and (ii) Os has a higher mobility than Re, promoting
the decoupling of Re and '*’0s in molybdenite.
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