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Reliable speciation of tungsten (W) in natural ferromanga-
nese oxides was realized by wavelength-dispersive XAFS using
a Laue-type analyzer. The quality of W L3-XANES spectrum
was greatly enhanced by this method compared to that measured
by conventional fluorescence mode, and it was found that W in
natural ferromanganese oxides was in octahedral symmetry.

Elemental distribution at solid/water interface is an im-
portant process in many fields of geochemistry. In marine
environments, distribution between seawater and ferromanga-
nese oxides (FMO), which is prevalent aggregates of iron
hydroxides and manganese oxides, has great impact on concen-
trations of trace elements in seawater.1,2 For example, molybde-
num (Mo) in marine environments is controlled by this process,
since ca. 70% of output is presumed to be incorporated into
FMO in the budget of Mo in the marine system.3 In addition,
large isotopic fractionation of Mo occurs during adsorption
on FMO, leading to the heavier isotope of Mo remaining in
seawater.3 Isotopic composition of Mo in seawater is also
affected by the reaction of Mo at solid/water interface.

In this manuscript, the main topic is the speciation of
tungsten (W) in natural FMO. Although W and Mo are
congeners, they show contrasting distribution behaviors under
different redox conditions.4 In the oxic seawater, enrichment
factor of W into FMO is two orders of magnitude greater than
that of Mo,5 the cause of which is still unknown. Some previous
studies suggested the importance of the molecular structure for
distribution of various elements at solid/water interface.6,7 For
Mo, local structure in natural FMO was already revealed by our
previous XAFS analysis.8 However, XAFS analysis of W has
not yet been achieved because of some analytical problems,
leading to lack of structural information of W in the natural
samples which may be critical for the enrichment mechanism.

In this study, we applied wavelength-dispersive XAFS and
obtained structural information of W in natural FMO for the first
time. This method previously enabled us to improve the quality
of XAFS spectra of some trace elements in environmental
samples.9,10 For trace elements, fluorescence XAFS is conven-
tionally conducted with an energy-dispersive detector, such as a
Ge solid-state detector (Ge-SSD). However, this detector has an
upper counting limit in the order of 105 (photons/s), which
originates from pulse-shaping time of the amplifier at 100 ns
order. Thus, intense scattering and fluorescence from predom-
inant elements such as Fe and Mn and/or interferences of K
lines of Ni, Cu, and Zn (1000mgkg¹12%) inhibit us from
obtaining high quality fluorescence XAFS spectra of W
(< 100mg kg¹1). To deal with this problem, we introduced bent
crystal Laue analyzer (BCLA) in front of the Ge-SSD, which

enabled selective extraction the L line of W and to obtain the
spectra with high S/B and S/N ratios.

As a natural sample, hydrogenetic ferromanganese nodule
(AD14) was obtained from the Pacific Ocean (14.1°N, 167°W,
1617m depth).11 The powdered sample was packed into a
polyethylene bag for XAFS analysis. Average major element
compositions were (Mn, Fe) = (29.5wt%, 16.7wt%), while
concentrations of coexisting elements which can interfere with
the L line of W were (Ni, Cu, Zn) = (3450mg kg¹1, 904
mg kg¹1, 1420mg kg¹1).11,12 In this sample, W content was
49.1mg kg¹1, measured by ICP-MS. In the measurement of W
L3-edge XAFS by fluorescence mode, the interferences of NiK¢
(8.265 keV), CuK¢ (8.402 keV), and ZnK¡ (8.632 keV) lines
cause serious problems for the detection of the WL¡ line
(8.398 keV). For the WL¢ line (9.846 keV), on the other hand,
the ZnK¢ line (9.572 keV) and scattering of incident X-ray
overlap. Thus, we compared fluorescence XANES spectra
measured using L¡ and L¢ lines with BCLA to find the best
analytical condition.

XAFS measurements were conducted at BL37XU in
SPring-8 (Hyogo, Japan). The X-rays from undulator were
monochromatized by a Si(111) double-crystal monochromator.
Two horizontal mirrors were used for harmonic rejection. Beam
size was adjusted to 200(V)¯m © 300(H)¯m at the sample by
slits. All the spectra were collected in the fluorescence mode
using a 19-element Ge solid-state detector, in front of which
BCLA (DCA-0950, Oxford Danfysik) was placed. These
measurements were conducted under ambient conditions. More
experimental details can be found in previous related studies.9,10

Tungsten L3-edge XANES spectra are shown in Figure 1
(before background subtraction) and Figure 2 (A: normalized
after background subtraction, B: their second derivatives).
In conventional measurement by detection of the L¡ line
(Figures 1(a), 2A(a), and 2B(a)), the raw spectrum (Figure 1(a))
showed high background noise levels mainly due to the intense
interference of Ni, Cu, and Zn, which leads to poor quality of the
spectra (a) in Figures 2A and 2B. In contrast, efficient removal
of the background was found by introduction of BCLA
(Figure 1(c)), leading to a clearer shape in the spectra (c) in
Figures 2A and 2B. To evaluate the spectral quality, S/B and
S/N ratios were defined as the ratio of the signal intensity at
10.200 keV (S) to the background intensity before absorption
edge (B) and as the ratio of S to standard deviation 3· of
absorption data from 10.100 to 10.150 keV (N), respectively. As
a result, 13-fold improvement in the S/B ratio and 4.8-fold
improvement in the S/N ratio were achieved by the application
of BCLA; those without BCLAwere 0.11 and 6.6 (Figure 1(a)),
whereas those with BCLA were 1.5 and 32 (Figure 1(c)),
respectively. In addition, we also examined the detection of the
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L¢ line with BCLA (Figures 1(b), 2A(b), and 2B(b)). Indeed,
S/B and S/N ratios in Figure 1(b) were improved from
conventional mode (Figure 1(a)) but worse than the detection
of the L¡ with BCLA (Figure 1(c)). A curved spectrum in pre-
and post-edge regions for the spectrum (b) in Figure 1 can be
caused by the contaminant of the scattering of incident X-ray
close to the L¢ line, which may be a problem for the XAFS
measurement. Therefore, we concluded that the L¡ detection
with BCLA is the best method for the W L3-edge XAFS
measurement of natural FMO containing 49.1mg kg¹1 of W
with 10003500mg kg¹1 of Ni, Cu, and Zn.

The prominent peak in W L3-edge XANES is caused by the
2p¼ 5d transition. The splitting in their second derivatives
depends on the degree of the symmetry ofW, which corresponds
to ligand field splitting of d orbitals.13 Each reference compound
in Figure 2B shows a different energy gap between two peaks
corresponding to the symmetry of W: Na2WO4¢2H2O ((e), Td
symmetry), WO3 ((f), distorted Oh symmetry), (NH4)10W12O41¢
5H2O ((g), distorted Oh symmetry), and Cr2WO6 ((h), D2

symmetry). On the other hand, the spectrum of natural sample
with BCLA (Figure 2B(d)), summation of 7 scans, clearly
showed the degree of splitting equal to Figures 2B(f) and 2B(g).
Thus, we concluded that W in the natural FMO is in distorted
octahedral symmetry. Although, it is known that the dominant
species of W in seawater is tetrahedral WO4

2¹,14 this is the first
structural data of W in FMO, directly revealed by wavelength-
dispersive XAFS method.

EXAFS analysis is needed to discuss the difference of
distribution mechanisms of W and Mo, which is related to their
solubilities into seawater or enrichment into natural FMO. On
the other hand, the finding in this study can be important for
isotope geochemistry. In the case of Mo, large isotopic
fractionation occurs during adsorption on manganese oxides
which originates from the structural difference between dis-
solved and adsorbed species.8 In contrast, Mo shows little or no
fractionation during adsorption on iron hydroxides due to the

similarity of local structure between adsorbed and dissolved
species.8 These isotopic behaviors of Mo can be used to study
paleocean redox conditions.8 For W, isotopic fractionation is
also expected based on the molecular symmetry revealed in this
study, although isotopic study of W in FMO has not been
reported yet. Future isotopic data are needed to show the
relationship between the structure and isotopic fractionation.
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Figure 1. Tungsten L3-edge XANES spectra of natural
ferromanganese oxides before background subtraction measured
by detection of (a) L¡ line without BCLA, (b) L¢ line with
BCLA, and (c) L¡ line with BCLA.
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Figure 2. Tungsten L3-edge XANES spectra after background
subtraction. (A) Normalized spectra and (B) their second
deviations. (a)(d): AD14 measured by detection of (a) L¡ line
without BCLA, (b) L¢ line with BCLA, (c) L¡ line with BCLA,
and (d) L¡ line with BCLA (sum of 7 spectra). (e) Na2WO4¢
2H2O, (f) WO3, (g) (NH4)10W12O41, and (h) Cr2WO6.
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