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Abstract
The tungsten (W) species in marine ferromanganese oxides were investigated by wavelength dispersive XAFS method. We
found that the W species are in distorted Oh symmetry in natural ferromanganese oxides. The host phase of W is suggested to
be Mn oxides by l-XRF mapping. We also found that the W species forms inner-sphere complexes in hexavalent state and
distorted Oh symmetry on synthetic ferrihydrite, goethite, hematite, and d-MnO2. The molecular-scale information of W indicates that the negatively-charged WO42 ion mainly adsorbs on the negatively-charged Mn oxides phase in natural ferromanganese oxides due to the strong chemical interaction. In addition, preferential adsorption of lighter W isotopes is expected
based on the molecular symmetry of the adsorbed species, implying the potential signiﬁcance of the W isotope systems similar
to Mo.
Adsorption experiments of W on synthetic ferrihydrite and d-MnO2 were also conducted. At higher equilibrium concentration, W exhibits behaviors similar to Mo on d-MnO2 due to their formations of inner-sphere complexes. On the other hand,
W shows a much larger adsorption on ferrihydrite than Mo. This is due to the formation of the inner- and outer-sphere complexes for W and Mo on ferrihydrite, respectively. Considering the lower equilibrium concentration such as in oxic seawater,
however, the enrichment of W into natural ferromanganese oxides larger than Mo may be controlled by the diﬀerent stabilities
of their inner-sphere complexes on the Mn oxides. These two factors, (i) the stability of inner-sphere complexes on the Mn
oxides and (ii) the mode of attachment on ferrihydrite (inner- or outer-sphere complex), are the causes of the diﬀerent
behaviors of W and Mo on the surface of the Fe/Mn (oxyhydr)oxides.
Ó 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Tungsten (W) is below molybdenum (Mo) in the periodic table, and has a very similar chemical property to
Mo. Both elements are redox sensitive trace metals with

many stable isotopes, which lead to their variable chemistry
and isotopic ratios in geochemical and biological systems
(e.g., Kletzin and Adams, 1996; Anbar 2004). In contrast
to the extensive geochemical attention on Mo, geochemistry
of W at Earth’s surface environment is poorly understood
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because of the limited number of studies on it. Revealing
the diﬀerence and/or similarity in their geochemical behaviors can lead to the development of new insights in biogeochemistry ﬁeld.
In this study, we focus on the behavior of W in the modern oxic marine environment. Tungsten occurs in seawater
as tungstate ion (WO42). From its chemical form similar
to MoO42, W is sometimes expected to display a similar
behavior to Mo. Tungsten has a long residence time of
ca. 6000 years and exhibits a conservative vertical proﬁle
in the ocean like Mo (Sohrin et al., 1987). On the other
hand, the concentrations of these elements are very diﬀerent. The concentration of W in seawater is much smaller
than that of Mo (molar ratio of Mo/W = 1800) (e.g.,
Bruland, 1983; Sohrin et al., 1987, 1989, 1999), although
the crustal abundance of W is almost the same as that of
Mo (molar ratio of Mo/W in crust = 3; Wedepohl,
1969; Bowen, 1979; Taylor and McLennan 1985, 1995).
To understand the mechanisms controlling the geochemical
behaviors of W and Mo in the modern oxic marine environment, the scavenging process of these elements from seawater should be clariﬁed.
The adsorption to ferromanganese oxides is one of the
most important scavenging processes for trace elements.
The concentration of Mo in the marine environments is, indeed, controlled by this process: 45–70% of output is presumed to be incorporated into ferromanganese oxides in
the budget of Mo in the marine system (Bertine and
Turekian, 1973; Morford and Emerson, 1999; Siebert
et al., 2003). In addition, the Mo isotopic composition in
seawater is also aﬀected by the reaction at the seawater/ferromanganese oxide interface. A large isotopic fractionation
of Mo occurs during adsorption on ferromanganese oxides,
leading to the heavier isotope of Mo remaining in seawater
(Barling et al., 2001).
Similarly, this scavenging process at the solid/water
interface can considerably inﬂuence the concentration and
isotopic composition of W in seawater. While limited data
are available on the abundance of W in marine environment, the ferromanganese oxides show the highest concentration of W (100 mg kg1) among the various marine
sediments (e.g., Baturin, 1988; Kunzendorf and Glasby,
1992; Kletzin and Adams, 1996; Koutsospyros et al.,
2006). This represents an enrichment of W by ca. 6 orders
of magnitude over the background seawater level. In addition, this enrichment factor is 2 orders of magnitude greater
than that of Mo (Sohrin et al., 1987; Takematsu et al.,
1990). Tungsten is relatively more enriched into ferromanganese oxides and/or Mo is more soluble into seawater,
which may explain the large diﬀerence in their concentrations in seawater.
However, the cause of the diﬀerent behaviors of W and
Mo at the seawater/ferromanganese oxide interface is still
unknown, due to the lack of fundamental information on
the W species in ferromanganese oxides. Previously, we
revealed the molecular structures of Mo on amorphous ferrihydrite, d-MnO2, and natural ferromanganese oxides, and
their close association with molecular-scale mechanisms of
its enrichment and isotopic fractionation (Kashiwabara
et al., 2009, 2011). On the other hand, no study on W at
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the molecular scale has been conducted. Some previous
studies discussed only the host phase association of W in
natural ferromanganese oxides. Koschinsky and Hein
(2003) suggested that W is preferentially associated with
Fe (oxyhydr)oxides phase because of their coulombic interaction. However, sequential-leaching procedures employed
in this study may have many problems such as incomplete
selectivity for discrete phase, re-adsorption of dissolved
component, and poor reproducibility (Tipping et al.,
1985; Kersten and Fröstner, 1989). There are other studies
suggesting that W may be associated with Mn as manganese tungstate compounds (MnWO4) (Kunzendorf and
Glasby, 1992; Takematsu et al., 1990; Li, 1981). This is
based on the correlation analysis and/or assumption that
negatively-charged oxyanions “should be adsorbed” on
the positively-charged Fe (oxyhydr)oxides if they are removed by adsorption not by coprecipitation. However, very
low concentration of W in seawater (less than 60 pmol L1)
is questionable to be related to a coprecipitation process as
tungstate compounds. As is the case with Mo, the X-ray
absorption ﬁne structure (XAFS) study, a direct and nondestructive spectroscopic approach, is needed to shed light
on such a poor understanding of W in natural ferromanganese oxides.
The XAFS analysis of W in the natural ferromanganese
oxides is challenging due to several analytical problems
caused by the energy relationship of ﬂuorescence X-rays between the trace amount of W and other major and enriched
elements in natural ferromanganese oxides such as Ni, Cu,
and Zn. For the trace elements, ﬂuorescence XAFS is conventionally 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 the pulse shaping time
of the ampliﬁer at 100 ns order. Thus, intense scattering
and ﬂuorescence lines from the predominant elements, such
as Fe and Mn, and/or interferences of K lines of Ni, Cu,
and Zn (1000 mg kg1 – 2%) inhibit us from obtaining high
quality ﬂuorescence XAFS spectra of W (100 mg kg1).
To solve this problem, we applied the wavelength dispersive XAFS method, in which a bent crystal Laue analyzer
(BCLA) was introduced in front of the Ge-SSD. This method enabled the selective extraction of the L line of W and
achievement of the XAFS spectra with high S/B and S/N
ratios. We previously applied this method for some trace
elements in geochemical samples to improve the quality of
their XAFS spectra (Takahashi et al., 2006; Yamamoto
et al., 2008; Kashiwabara et al., 2010). In this study, geochemical discussion will be given, which is based on the
structural information of W in natural ferromanganese oxides obtained by this method.
The aim of this study is to understand the geochemical
behavior of W at the interface of seawater/ferromanganese
oxides based on the molecular-scale information. We investigated the fundamental information on the W species in
natural ferromanganese oxides such as (i) molecular
symmetry, (ii) host phase association, and (iii) the mode
of attachment (inner- or outer-sphere) of the surface
complexes. We also conducted adsorption experiments of
W using synthetic amorphous Fe (oxyhydr)oxide and Mn
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oxide to reveal the relationship between the molecular-scale
structures and macro-scale adsorption behaviors. The results were compared with those of Mo, and their diﬀerent
behaviors at the surface of ferromanganese oxides that
can aﬀect their concentrations and isotopic compositions
in modern oxic seawater were discussed.
2. EXPERIMENTAL
2.1. Samples and materials
Two hydrogenetic ferromanganese nodules were collected as natural ferromanganese oxides from the Paciﬁc
Ocean; AD14 around the Marshall Islands (14.1°N,
167.2°W, 1617 m depth) and D535 in the South Paciﬁc
Ocean (13.0°S, 159.2°W, 5222 m depth) (Takahashi et al.,
2000; Kashiwabara et al., 2008, 2009, 2010, 2011). The
average major element compositions (Mn and Fe) and the
concentration of coexisting elements that can interfere with
the L lines of W (Ni, Cu, and Zn) are summarized in Table 1. These samples were air-dried, and a part of them were
polished to make ca. 30 lm-thick sections on a slide glass
for two-dimensional micro-focused X-ray ﬂuorescence (lXRF) mapping. Other parts of the samples were powdered
using an agate mortar for the XAFS measurement. The
concentrations of W and Mo in these samples were determined using ICP-MS (Agilent Technologies, Agilent 7700).
The reference samples for the XAFS measurements included WO42 solution, WO3, (NH4)10W12O415H2O, and
W-adsorbed samples (ferrihydrite, goethite, hematite, and
d-MnO2). The WO42 solution was prepared by dissolving
Na2WO42H2O (Wako, Japan) into Milli-Q water and adjusted to 0.10 M. The pellets of WO3 and (NH4)10W12O415H2O (Wako, Japan) were made by diluting with BN to
10 wt% of W. W-adsorbed samples were prepared by adding 50 mL of WO42 solution to 100 mg of synthesized Fe
(oxyhydr)oxides (ferrihydrite, goethite, and hematite) or
Mn oxides (d-MnO2). In this procedure, the concentration
of WO42, pH, and ionic strength were controlled as
descriptions Section 2.4. After 24 h of equilibration in a
shaking bath at 25 °C, the suspensions were ﬁltered and
the solid phases were packed into a polyethylene bag.
A series of Fe (oxyhydr)oxides and d-MnO2 were synthesized according to the procedures of Schwertmann and
Cornell (2000) and Foster et al. (2003), respectively. Ferrihydrite was synthesized by adjusting the pH of a solution
containing 36 mM Fe(NO3)3 and 12 mM NaNO3 up to pH
8.0 through the dropwise addition of 4.0 M NaOH. The obtained suspension was aged overnight at 25 °C. To synthesize the goethite, the suspension was aged at 70 °C for 60 h.
After aging, the solids were recovered by ﬁltration with a
membrane ﬁlter of 0.2 lm pore size and rinsed thoroughly
with Milli-Q water to remove the background electrolyte.

Then, the solids were freeze dried and collected in polystyrene vessels. Hematite was obtained by heating ferrihydrite
at 500–600 °C for 24 h. d-MnO2 was prepared by the rapid
oxidation of a 30 mM MnCl2 solution with an equal volume of a 20 mM KMnO4 solution at pH 10. The resulting
suspensions were recovered by ﬁltration, washing, and airdrying. These synthesized solids were characterized by
XRD. The Brunauer–Emmett–Teller surface areas of these
minerals and natural ferromanganese oxides were
120 m2 g1 (d-MnO2), 330 m2 g1 (ferrihydrite), 20 m2 g1
(goethite), 20 m2 g1 (hematite), 210 m2 g1 (AD14), and
150 m2 g1 (D535), respectively.
2.2. XAFS measurements and data analysis
The W L3-edge (10.198 keV) XANES measurements of
natural ferromanganese oxides were performed using wavelength dispersive XAFS method at BL37XU in SPring-8
(Hyogo, Japan). The X-rays from the undulator were
monochromatized by an Si(1 1 1) double-crystal monochromator. Two horizontal mirrors were used for harmonic
rejection. The beam size was adjusted to 300 (H)  200
(V) lm2 at the sample by adjusting the slit size. The spectra
were collected by the detection of W La line in the ﬂuorescence mode using a 19-element Ge-SSD. A bent crystal
Laue analyzer (BCLA, DCA-0950, Oxford Danfysik) was
placed in front of the detector to reduce the interferences
of the Ni Kb (8.265 keV), Cu Ka (8.042 keV), and Zn Ka
(8.632 keV) lines on the W La line (8.398 keV). More details on the experimental setup around the sample can be
found in our previous studies (Takahashi et al., 2006;
Yamamoto et al., 2008).
The conventional XAFS measurements of the W L3-edge
were performed at BL01B1 in SPring-8 (Hyogo, Japan). The
white beam from a bending magnet was monochromatized
by an Si(1 1 1) double-crystal monochromator. Two mirrors
with Rh coatings, placed up and downstream of the monochromator, were used to collimate and focus the X-ray
beam. Harmonic rejection was achieved by adjusting the
glancing angle of these mirrors. All the spectra, except for
reference materials, were measured in ﬂuorescence mode
with a 19-element Ge solid-state detector, whereas those
for the reference materials were in transmission mode. The
measurements were conducted under ambient condition.
The X-ray energy was calibrated with the white line peak
of Na2WO42H2O at 10.198 keV. The energy range for the
XAFS scans was 10.105–10.945 keV.
EXAFS analysis was performed using REX2000, ver.
2.5 (Rigaku Co.). The v(k) functions were extracted from
the raw spectrum by a spline smoothing method. E0 was
set at the edge inﬂection point for all the samples. The
k3v(k) oscillations were used in k space rather than k2v(k)
or k1v(k) to magnify the diﬀerences among the spectra at

Table 1
Elemental compositions of natural ferromanganese oxides in this study (AD14 and D535).
Sample

Mn (wt %)

Fe (wt %)

Ni (mg/kg)

Cu (mg/kg)

Zn (mg/kg)

W (mg/kg)

Mo (mg/kg)

AD14
D535

29.5
27.9

16.7
16.4

3450
2820

904
1020

1420
465

49.1
50.0

469
289
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the higher k-region. The Fourier transformation of the
k3v(k) oscillation from k space to r space was performed
in the range of 3.0–10.25 Å1 to obtain radial structural
functions (RSFs) for W. The theoretical phase shift and
amplitude functions for W–O, W–Mn, W–Fe, and W–W
shells employed in the curve-ﬁtting procedures were extracted using FEFF 7.0 (Zabinsky et al., 1995). The crystal
structures of MnWO4, FeWO4, and Na2(Sb8W36O132)
(H2O)8 were used as the initial structural data for the FEFF
calculation. The quality of the ﬁt was evaluated by an R
factor, deﬁned as
X
X
R¼
fvobs ðEÞ  vcal ðEÞg2 =
fvobs ðEÞg2
where, vobs(E) and vcal(E) are the experimental and calculated absorption coeﬃcients at a given energy (E),
respectively.
2.3. l-XRF mapping
The l-XRF mapping of natural ferromanganese oxides
was performed at beamline 10.3.2 in the Advanced Light
Source (ALS), Lawrence Berkeley National Lab (Berkeley,
CA, USA). The optical system of this beamline is well described in Manceau et al. (2002) and Marcus et al. (2004).
Brieﬂy, the beamline provides X-rays ranging from 2.4 to
17 keV, with the adjustable beam size from 2 (H)  2
(V) lm2 up to 15 (H)  6 (V) lm2. The microbeam was focused by a K–B mirror system. In our measurements, we
adjusted the beam size to 5 (H)  5 (V) lm2, and maps were
collected with a pixel size of 3 (H)  3 (V) lm2. The samples
were placed on an XY stage placed at 45° to the incident Xray beam. The 7-element Ge-SSD was used to detect the
ﬂuorescence X-rays. As described above, the detection of
the L lines of W can be aﬀected seriously by a large amount
of coexisting elements such as Ni, Cu, and Zn. Here, we focused on the W Lb line because the eﬀect of the interference
of the Zn Kb lines is relatively smaller than those of Ni Kb,
Cu Ka, and Zn Ka lines on the W La line. To obtain the W
maps, the diﬀerence mapping was performed as follows.
First, the W maps were obtained by recording the W Lb
lines at the pre- and post-edge energies around the W L2
absorption edge. Then, the eﬀect of the interference on
the Zn Kb line was removed by subtracting the pre-edge
map from the post-edge map to obtain the W Lb map.
The integrated intensity of the XRF line of each element
was displayed to obtain the elemental mapping in black
(lowest intensity)–white (highest intensity) mode.
2.4. Adsorption experiments
Two series of adsorption experiments were performed
using 20 mg adsorbents (ferrihydrite or d-MnO2) and
10 mL WO42 solution under the following conditions. In
the ﬁrst series, the adsorption envelopes were obtained at
pH 5.0, 6.0, 7.0, 8.0, and 9.0 at initial WO42 concentration
of ca. 300 lM (corresponding to the molar ratio of W/Fe
(or Mn)  103 = 16.0). The ionic strength was adjusted to
0.70 M (NaNO3) at each pH. In the second series, adsorption isotherms were obtained at pH 8.0 with an ionic
strength of 0.70 M (NaNO3). The initial concentrations of
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WO42 were adjusted to 0.150, 0.300, 0.600, 1.50, 3.00,
6.00, 15.0, 30.0, and 100 lM (corresponding to the molar
ratios of W/Fe (or Mn)  103 = 0.00800, 0.0160, 0.0320,
0.0800, 0.160, 0.320, 0.800, 1.60, and 5.33).
These experiments were conducted in 15 mL polystyrene
vessels. The stock solution of 0.10 M WO42 was prepared
by dissolving Na2WO42H2O (Wako, Japan) in Milli-Q
water. An adequate amount (depending on the experimental condition) of the stock solution was added to the adsorbent suspensions, each adjusted at the desired WO42
concentration and ionic strength (NaNO3). The pH was
maintained at the desired values by adding lL quantities
of 0.10 M NaOH or HNO3. These vessels were shaken at
135 rpm in a shaking water bath. After 24 h of equilibration
at 25 °C, the samples were ﬁltered by 0.2 lm disposable
syringes. The ﬁltrates were diluted adequately, and the concentrations of W were measured by ICP-MS to evaluate the
amount of adsorbed W. All the procedures were repeated
three times to estimate precisions of the experiments.
3. RESULTS AND DISCUSSION
3.1. Speciation of W in natural ferromanganese oxides
Although there are several studies on the eﬀective
application of wavelength dispersive XAFS method
(Rakovan et al., 2001; Takahashi et al., 2006; Yamamoto
et al., 2008), this is the ﬁrst application to trace amount of
W in marine ferromanganese oxides. First, we compared
the spectral quality of the W L3-edge XANES by wavelength dispersive XAFS method with that by conventional
method to evaluate the eﬀects of BCLA, the details of
which were described in Kashiwabara et al. (2010). The
spectra of (a) and (b) in Fig. 1A and B are those of natural ferromanganese oxides in (a) conventional and (b)
wavelength dispersive XAFS modes, both of them were recorded by single scan with an acquisition time of ca.
40 min scan1. In conventional mode, quality of the spectra (a) in Fig. 1A and B was poor mainly due to the intense interference of Ni, Cu, and Zn. In contrast, the
eﬃcient removal of the background by the introduction
of BCLA led us to show precise shape in the spectra (b)
in Fig. 1A and B. As a result, signiﬁcant improvements
were achieved by 13-fold in the S/B ratio and by 4.8-fold
in the S/N ratio (Kashiwabara et al., 2010). We concluded
that application of BCLA is suitable for the W L3-edge
XAFS measurement of natural ferromanganese oxides
containing approximately 50 mg kg1 of W with 1000–
3500 mg kg1 of Ni, Cu, and Zn.
The white line in the W L3-edge XANES consists of two
peaks assigned to the electron transitions from 2p to vacant
5d orbitals. Therefore, the splitting of the white line in the
W L3-edge XANES corresponds to the ligand ﬁeld splitting
of the 5d orbitals, reﬂecting molecular symmetry. In case of
the Mo L3-edge XANES, two white lines are clearly observed, in which their splitting is useful to investigate symmetry of Mo(VI) species (Bare et al., 1993; Kashiwabara
et al., 2011). The characteristics of the W L3-edge XANES
is also well described by Yamazoe et al. (2008), in which a
relationship between the splitting of the white line and the
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A

B

Fig. 1. Tungsten L3-edge XANES spectra of natural ferromanganese oxides after background subtraction. (A) Normalized spectra and (B)
their second derivatives. (a–c): AD14 measured by detection of (a) La line without BCLA (single scan), (b) La line with BCLA (single scan),
and (c) La line with BCLA (sum of 7 spectra). (d–g): W adsorbed on (d) ferrihydrite, (e) goethite, (f) hematite, and (g) d-MnO2. (h–k):
reference compounds of (h) WO42 solution, (i) WO3, (j) (NH4)10W12O415H2O, (k) Cr2WO6.

molecular symmetry similar to that of Mo is also observed
for W(VI).
Fig. 1A(h)–(k) shows the W L3-edge XANES spectra of
reference W(VI) compounds. Although their white lines are
not split as is the case for Mo due to wide natural width of
the core level (Krause and Oliver, 1979), the following three
types are found in the shape of spectra depending on their
molecular structure: (i) WO42 solution, having Td WO4
units, shows one sharp peak, (ii) WO3, and (NH4)10W12O415H2O, having distorted Oh structure, show a broad peak,
and (iii) Cr2WO6, having nearly octahedral (D2) symmetry,
shows two peaks in the L3-edge XANES spectrum.
Fig. 1B shows the second derivative spectra of the W
L3-edge XANES. By taking second derivative, the split of
the two peaks can be clearly observed, and the energy gap
can be determined (Evans et al., 1991; Bare et al., 1993;
Hu et al., 1995). The WO42 solution produced a large peak
with a shoulder peak at a lower energy, in which the splitting value is 1.6 eV, whereas the splitting values of WO3,
(NH4)10W12O415H2O, and Cr2WO6 were 3.4, 3.5, and
5.5 eV, respectively. The observed splitting values are similar to the previously-reported values for W (Yamazoe et al.,
2008), conﬁrming that the diﬀerences are due to the diﬀerent splitting of the W 5d states by the ligand ﬁeld.
Fig. 1 also shows (A) W L3-edge XANES spectra of a
series of synthetic Fe/Mn (oxyhydr)oxides, and (B) their
second derivatives. All the spectra (Fig. 1(d)–(g)) show
the absorption edge at the similar position to the reference
compounds, conﬁrming that the W species adsorbed on the
series of synthetic Fe/Mn (oxyhydr)oxides are hexavalent,
like the dissolved species. They show broader white lines
than the Td WO42 solution, indicating that the energy gaps

of the two peaks consisting of the white lines are larger. The
splitting values of W on ferrihydrite, goethite, hematite, and
d-MnO2 are 3.7, 3.4, 3.4, and 4.0 eV, respectively, evidently
larger than those of the dissolved Td WO42 species in solution. The spectrum of the natural sample with BCLA
(Fig. 1B(c): summation of 7 scans), also showed a degree
of splitting similar to Fig. 1B(i) and (j). Thus, we conclude
that the W(VI) species on a series of Fe/Mn (oxyhydr)oxides and in natural ferromanganese oxides are all
in distorted Oh symmetry.
The EXAFS region of the L3-edge XAFS spectra also
provides information on the local structure of the W species. Fig. 2A shows the k3-weighted v(k) spectra, and 2B
their RSFs (phase shift not corrected). While WO42
solution shows one major oscillation function ascribed to
four oxygen neighbors (Fig. 2A(a)), the oscillation of
WO3 and (NH4)10W12O415H2O are composed of some
diﬀerent frequencies (Fig. 2A(b) and (c)), indicating complexity of coordination environment around W. This trend
is seen in their RSFs (Fig. 2B): only a prominent peak due
to the W–O bond is observed in the Td WO42 solution
while somewhat broadened peaks caused by two or more
W-O bonds with diﬀerent interatomic distances are
observed in the RSFs of the distorted Oh W in WO3 and
(NH4)10W12O415H2O with additional shells of W–W at
larger distances.
For the adsorbed W species, all the EXAFS spectra are
apparently composed of some diﬀerent frequencies. The ﬁrst
shells in the RSFs of ferrihydrite, goethite, and hematite
(Fig. 2B(d)–(f)) have similar shapes, while d-MnO2
(Fig. 2B(g)) exhibits a slightly broader peak. Additional
shells due to W–Me (Me = Fe, Mn and/or W) are shown
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Fig. 2. Tungsten L3-edge EXAFS spectra. (A) k3-weighted v(k) spectra, and (B) RSF of A (phase shift not corrected). (a) WO42 solution, (b)
WO3, (c) (NH4)10W12O415H2O, (d) ferrihydrite, (e) goethite, (f) hematite, and (g) d-MnO2.

in all the RSFs of the adsorbed W species. The position,
height, and width of the additional shells are diﬀerent from
one another, implying the various contributions of the solid
surfaces depending on the minerals. It seems that W forms inner-sphere complexes on all of the Fe/Mn (oxyhydr)oxides.
The structural parameters of the adsorbed W species
obtained from our best ﬁts in the curve-ﬁtting analysis are
shown in Table 2. The ﬁrst shell for all the W species on

the Fe/Mn (oxyhydr)oxides could simply be divided with
two W–O shells. The coordination number (CN) and the
bond length (RW–O) of the W–O shells are similar among
the W species on a series of Fe (oxyhydr)oxides, while
somewhat larger distortion seems to be observed in the W
species on d-MnO2 based on the diﬀerence between
RW–O1 and RW–O2. The Debye–Waller factor (r2) for the
W–O2 shell in all the W species is large as reported for

Table 2
Structural parameters for the W–O shells of W species on a series of Fe/Mn (oxyhydr)oxides.
Shell

CN

R (A)

DE0 (eV)

r2 (Å2)

R factor (%)

W–O

4.5

1.78

9.2

0.002

0.05

Ferrihydrite

W–O1
W–O2
W–Fe1
W–Fe2

3.5
2.5
0.5
1.0

1.79
2.12
3.13
3.62

7.1

0.005
0.017
0.006
0.004

0.29

Goethite

W–O1
W–O2
W–Fe1
W–Fe2

3.7
2.3
0.5a
1.1

1.78
2.15
2.95
3.65

7.5

0.005
0.014
0.008
0.006

0.29

Hematite

W–O1
W–O2
W–Fe1
W–Fe2

3.4
2.6
1.3
1.0

1.79
2.13
3.04
3.66

5.7

0.004
0.020
0.008
0.008

2.51

d-MnO2

W–O1
W–O2
W–Mn1
W–Mn2

3.6
2.4
1.0a
2.0a

1.77
2.18
3.01
3.52

3.5

0.009
0.011
0.002
0.006

0.62

Sample
WO42

solution

Parameters were optimized by minimizing the R factor (%) deﬁned as sum{|k3vexp  k3vﬁt|}/sum{|k3vexp|}. Total CN was ﬁxed to 6 in Oh
species.
a
Constrained in the ﬁtting procedures. Standard errors in EXAFS are ± 0.05 Å for distances and ±20% for coordination numbers.
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many distorted Oh species for W and Mo (e.g., Miyanaga
et al., 1988, 1989; Pauporte et al., 2003; Varga and Wilkinson, 2009; Yan et al., 2008). For further distant shells, the
W species on a series of Fe (oxyhydr)oxides show the W–
Fe shell at 3.62–3.66 Å. These distances can be originated
from the Oh bidentate binuclear (double corner-sharing)
complexes. They also exhibit another W–Fe shell with a
shorter distance (2.95–3.13 Å). Although some variations
exist among their distances, this shell would correspond
to the Oh bidentate mononuclear (edge-sharing) complex.
Similarly, the W species on the d-MnO2 also shows two
W–Mn shells at 3.01 Å (edge-sharing) and 3.52 Å (double
corner-sharing). The slightly shorter distance of the
W–Mn shells than W–Fe shells may reﬂect the Mn4+–O
distance shorter than that for Fe3+–O. In addition, the
distances of the W–Mn shells seem to be similar to those
for the distorted Oh species of Mo (Kashiwabara et al.,
2011), which may imply structural similarity between the
Mo and W species on d-MnO2. The contributions of the
multiple scattering paths, such as W–O–O–W, suggested
by some other studies (Valigi et al., 2002; Pauporte et al.,
2003) seem to be insigniﬁcant in our EXAFS spectra.
The EXAFS spectra of the natural ferromanganese oxides cannot be obtained due to insuﬃcient data quality.
Nevertheless, direct information on the structure of W in
natural ferromanganese oxides was obtained for the ﬁrst
time by wavelength dispersive XAFS method, i.e., W is
present as distorted Oh W(VI) species. We have also revealed that W forms distorted Oh inner-sphere complexes
on a series of synthetic Fe/Mn (oxyhydr)oxides. A previous
structural study on W at the solid/water interface in geochemistry ﬁeld was conducted only by indirect method,
i.e., surface complex modeling at the water/ferrihydrite
interface, in which W(VI) formed inner-sphere complexes
with Td symmetry (Gustafsson, 2003). No reports for the
structure of adsorbed W species on other minerals such as
d-MnO2, goethite, and hematite have been published. Our
study also provides the experimental evidence for the structure of W on a series of Fe/Mn (oxyhydr)oxides which are
ubiquitous adsorbents in the surface environment.
The distorted Oh symmetry of the adsorbed W species is
worthy of note since the dissolved W species in the solution
is predominantly Td WO42. The symmetry change of W
from Td to distorted Oh can be caused by (i) the innersphere complexation on the solid surface (Cruywagen
et al., 1995; Weeks et al., 2007; Oyerinde et al., 2008 Kashiwabara et al., 2011; Helz et al., 1996) or (ii) polymerization of W species (Wesolowski et al., 1984; Wasylenki
et al., 2011). Although it is diﬃcult to conclude complete
species based on such complex EXAFS spectra of W, we
consider that, at least, there is a contribution of innersphere complexation, factor (i), in EXAFS spectra. The
most signiﬁcant diﬀerence between these two factors is
whether the interaction is between the adsorbed species
and solid surfaces (W–O–Me; Me@Fe or Mn), or between
the adsorbed species itself (W–O–W). Therefore, if only the
polymerization occurs at the surface, all the EXAFS spectra
can be similarly independent of the minerals (Carrier et al.,
2009). However, the EXAFS spectra of the W adsorbed on
a series of Fe/Mn (oxyhydr)oxides are clearly diﬀerent from

the polytungstate species, (NH4)10W12O415H2O, and also
diﬀerent depending on each mineral. These diﬀerences are
consistent with the heterogeneity of the solid surfaces, that
is, the adsorbed W species can be diﬀerent due to the direct
interaction with the solid surfaces. Certainly, our best ﬁts
for the adsorbed W species was obtained by assuming the
contributions of W–Fe or W–Mn shells. For the case of
Mo, inner-sphere complexation likely drives the symmetry
change in the adsorption reaction (Kashiwabara et al.,
2011). Therefore, the same mechanism as the case for Mo
can also occur in the adsorption of W. Of course, this does
not completely exclude the possibility of polymerization in
addition to the inner-sphere complexation.
The structural change without redox reaction at the solid/water interface is important because it has a signiﬁcant
role on isotopic fractionation during adsorption. Heavier
isotopes preferentially partition into a stronger bonding
environment (e.g., higher oxidation states, highly covalent
bonds, or lower coordination number) (Bigeleisen and
Mayer, 1947; Schauble, 2004). In the case of Mo, an increase in the coordination number from 4 to 6 induces preferential adsorption of lighter isotopes on Mn oxides,
because distorted Oh Mo species on the Mn oxides has a
weaker bonding environment in Mo–O than dissolved Td
MoO42 (Barling and Anbar, 2004; Kashiwabara et al.,
2009, 2011). In contrast, Mo shows smaller fractionation
during adsorption on amorphous Fe (oxyhydr)oxides due
to the similarity of the local structure between adsorbed
and dissolved species (Malinovsky et al., 2007; Goldberg
et al., 2009; Kashiwabara et al., 2009, 2011). Recently, the
isotopic ratio of Mo has attracted intensive attention as a
promising paleoceanic redox proxy (e.g., Siebert et al.,
2003, 2006; Anbar, 2004; Barling and Anbar, 2004; Arnold
et al., 2004; Poulson et al., 2006; Malinovsky et al., 2007;
Pearce et al., 2008; Voegelin et al., 2009; Duan et al.,
2010). This application is based on the molecular-scale
mechanisms, especially, symmetry change of the Mo species
in equilibrium isotopic fractionation between seawater and
ferromanganese oxides.
Based on the analogy with Mo, we can predict the isotopic fractionation of W during adsorption on both Mn oxides and Fe (oxydr)oxides from the structural viewpoint.
The observed increase in coordination number from 4 in
the dissolved species to 6 in the adsorbed species implies
the preferential adsorption of lighter W isotopes on both
Mn oxides and Fe (oxyhydr)oxides. Therefore, signiﬁcant
isotopic fractionation of W may be observed between
seawater and natural ferromanganese oxides, which may
control the isotopic ratio of W in seawater, as is the case
for Mo. On the other hand, adsorptive isotopic fractionation of W has not been studied yet. The potential signiﬁcance of the W isotope system as a paleoceanic proxy is
suggested by our molecular-scale investigation of W in natural ferromanganese oxides.
3.2. Determination of host phase of W in natural
ferromanganese oxides by l-XRF mapping
Fig. 3 shows (a) an optical image of the analyzed area,
(b) a diﬀerence map of W Lb and maps of (c) Mn Ka
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and (d) Fe Kb. Typical columnar structure of the natural
ferromanganese oxides are focused on (Fig. 3(a)). Manganese is present uniformly in this structure (Fig. 3(c)), while
it is relatively sparse in the interspace of the structures. On
the other hand, Fe is comparably enriched in this interspace
(Fig. 3(d)) with its uniform distribution on the columnar
structure. Tungsten is also distributed uniformly on this
columnar structure (Fig. 3(b)).
To make the relationship between W and Mn (or Fe)
clearer, we show the scatterplots for these maps in Fig. 4.
These plots are the graphs of the counts for one element
plotted against those for another, where each pixel in
Fig. 3 becomes one point in Fig. 4. A positive correlation
between W and Mn can be seen in Fig. 4(a). Especially, a
large part of the points are concentrated with positive correlation in the circled area in Fig. 4(a). This group is traced
to the white area in Fig. 4(c), that is, columnar structure. In
addition, this group also corresponds to the points in the
circled area in Fig. 4(b), where a large part of points do
not show positive correlation between Fe and W. It is found
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that W is more positively correlated with Mn than Fe in the
natural ferromanganese oxides. We also obtained the XRF
map of arsenic (As) separately (Fig. 3(e)) to support the positive correlation between W and Mn. It is well known that
As is strictly associated with Fe (oxyhydr)oxides in natural
ferromanganese oxides (e.g., Marcus et al., 2004). Certainly, a clear correlation is found between As and Fe in
our maps (Fig. 3(d) and (e)), implying that W is more
preferentially associated with Mn oxides.
As for incorporation processes of oxyanionic elements
into ferromanganese oxides, their adsorption on the oxide
surfaces and/or coprecipitation as iron or manganese compounds are reported (Li, 1981; Takematsu et al., 1985,
1990; Koschinsky and Halbach, 1995; Koschinsky and
Hein, 2003). Some previous studies using sequential extraction have suggested that W is preferentially enriched into
the Fe (oxyhydr)oxide phases in the natural ferromanganese oxides (e.g., Koschinsky and Hein, 2003). These reports are also supported by assumption of electrostatic
interaction between negatively-charged oxyanions and

Fig. 3. XRF maps of natural ferromanganese oxides. Measurement area is within the square of the photograph: (a). (b–d): The maps of (b) W
Lb, (c) Mn Ka, and (d) Fe Kb. (e): The map of As Ka (obtained separately by incident X-ray at 12.8 keV). Brighter color means higher
concentration in each map.
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Fig. 4. Scatterplots for W Lb, Mn Ka, and Fe Kb for the area shown in Fig. 4. (a) W Lb vs Mn Ka, and (b) W Lb vs Fe Kb. (c) The Mn map,
masked to include only the points in the scatterplots in (a) and (b) within the circles.

positively-charged surfaces on the Fe (oxyhydr)oxides in
seawater. However, these are not consistent with our results
by spectroscopic analysis. We suggest that these indirect
approaches including dissolution procedures can lead to
the underestimation of other factors in the adsorption reaction because in this framework the negatively-charged
oxyanions in seawater bind to the Fe (oxyhydr)oxide phase.
The change in the total Gibbs free energy DGads during
the adsorption of ions on solids is a combination of coulombic interaction (DGcoul) and a speciﬁc chemical interaction (DGchem): DGads = DGcoul + DGchem (Li, 1981; James
and Healy, 1972; Koschinsky and Hein, 2003). The chemical factor is more important for the case of Mo, where the
host phase of Mo in the natural ferromanganese oxides is
the negatively-charged Mn oxide phases in spite of the presence of the positively-charged Fe (oxyhydr)oxide phases
(Kashiwabara et al., 2009, 2011). For the case of W, this
factor is also important in the adsorption reaction because
W seems to form inner-sphere complexes on a series of Fe/
Mn (oxyhydr)oxides. This chemical interaction should be
investigated by direct spectroscopic method, not by the
indirect methods including dissolution processes.
Manganese oxide is reasonable as the host phase of W
considering the stability of the inner-sphere complexes.
The formation of the inner-sphere complexes of oxyanions
occurs via ligand exchange at oxide surfaces (Dzombak and

Morel, 1990). Based on the linear free energy relationship
(LFER) with the ﬁrst hydrolysis constant of cation in oxides, the inner-sphere complex of oxyanions on d-MnO2
can be more stable than that on Fe (oxhyhydr)oxides because Mn4+ shows a larger ﬁrst hydrolysis constant than
Fe3+ (Dzombak and Morel, 1990; Kashiwabara et al.,
2011). Several previous studies have implied the correlation
between W and Mn in the bulk analysis (Li, 1981;
Takematsu et al., 1990; Kunzendorf and Glasby, 1992).
They presumed that the correlation between W and Mn is
explained by the formation of manganese tungstate compounds. However, the extremely low concentration of W
in seawater (less than 60 pmol L1) is unreasonable for
the precipitation of the W compounds. We consider that
W is mainly adsorbed on the Mn oxide phases in the
natural ferromanganese oxides, as we found for Mo. We
suggest that the adsorption process on negatively-charged
Mn oxides through the inner-sphere complexation is also
important for some oxyanions as their incorporation
mechanisms into the natural ferromanganese oxides.
3.3. Adsorption behaviors of W on ferrihydrite and d-MnO2
The adsorption envelopes for W on ferrihydrite and
d-MnO2 are shown in Fig. 5. Adsorption of W on both
adsorbents strongly depends on pH. At pH 5, adsorption
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on ferrihydrite showed large distribution coeﬃcient, log Kd
(Kd = Csolid/Caqueous), of 6.40 (Fig. 5(a)), in which more
than 99.9% of W was adsorbed. The value of log Kd for
d-MnO2 (Fig. 5(b)) is also largest (around 5) at pH 5 (more
than 83.9% of W was adsorbed). In contrast, adsorption
amount of W are smallest at pH 9 for both adsorbents.
In all the pH range, log Kd for ferrihydrite was much larger
than that for d-MnO2.
Fig. 6 shows the adsorption isotherms of W on ferrihydrite (Fig. 6A and B(a)) and d-MnO2 (Fig. 6A and B(b)) at
pH 8 and I = 0.70 M. Both isotherms are described well by
the Freundlich or Langmuir equation although there is a
signiﬁcant diﬀerence in adsorbed amount of W at higher
equilibrium concentration between ferrihydrite and dMnO2. The adsorption on d-MnO2 seems to be saturated,
whereas that on ferrihydrite does not reach maximum
adsorption under our experimental conditions. The adsorption on ferrihydrite is much larger than that on d-MnO2 at
higher equilibrium concentration. In contrast, the diﬀerence
of W adsorption on both adsorbents decreases at lower
equilibrium concentration (Fig. 6B). At the lowest equilibrium concentration of W in our system (around
0.5 nmol L1), concentration of W adsorbed on ferrihydrite
(0.0748 mmol kg1) is almost the same as that on d-MnO2
(0.0746 mmol kg1).
Here, we have to discuss an apparent contradiction between laboratory experiments and observation on natural
samples: if W adsorbs more strongly on ferrihydrite in the
laboratory, why does W distribute to d-MnO2 in the lXRF mapping for natural ferromanganese oxides? To answer this question, it should be noted that the laboratory
experiment was conducted “at much higher dissolved concentration of W compared with the natural system”. When
discussing the natural system, we should consider the W
behavior at lower concentration as in natural seawater,
which cannot be achieved in the laboratory experiments because of high salinity solutions for ICP-MS measurements.
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At such a lower concentration, W should be adsorbed more
strongly on d-MnO2 even in the laboratory experiments.
The reason for the expectation of larger W adsorption
on d-MnO2 than ferrihydrite in natural system is described
below. First, the Kd of W for d-MnO2 becomes closer or
even identical to that for ferrihydrite at lower equilibrium
concentration (Fig. 6B). This trend implies that isotherm
of d-MnO2 can show larger adsorption than ferrihydrite
at even lower concentration as in seawater. Our previous
experiment found the same trend for Mo, that is, isotherms
of Mo for d-MnO2 and ferrihydrite crossed over at lower
dissolved Mo concentration at seawater level (Kashiwabara
et al., 2011).
Second, aﬃnity of inner-sphere complexes of W on Mn
oxides is larger than that on Fe (oxyhydr)oxides based on
the Liner Free Energy Relationship (LFER) (Dzombak
and Morel, 1990). The LFER suggests that inner-sphere
complex of oxyanions is more stable on the oxides with larger
hydrolysis constant because this reaction occurs via ligand
exchange reaction at the oxide surfaces. This is true for Mo
species adsorbed on Fe/Mn (oxyhydr)oxides (Kashiwabara
et al., 2011). In this context, W species on Mn oxides can also
be more stable than that on Fe oxides, because Mn4+ is expected to have a larger hydrolysis constant than Fe3+.
Finally, observation of W with Mn oxide phase in natural ferromanganese oxides (described in Section 3.2.) itself
is strong evidence for larger adsorption of W on d-MnO2
in the natural system. In conclusion, W shows larger
adsorption on ferrihydrite at higher equilibrium concentration, whereas it is expected that W has a larger aﬃnity for
d-MnO2 at lower concentration at seawater level because of
the larger stability of its inner-sphere complex on d-MnO2.
3.4. Comparison of adsorption behaviors of W and Mo
One of the points we are most interested in is the diﬀerence between W and Mo at the solid/water interface. Here,

Fig. 5. Adsorption envelopes for W on ferrihydrite and d-MnO2 (I = 0.70 M, NaNO3). Kd values for Mo are cited from Kashiwabara et al.
(2011).
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Fig. 6. Adsorption isotherms for W on ferrihydrite and d-MnO2 at pH 8 (I = 0.70 M). (A) All range of isotherm, and (B) its expansion for the
equilibrium W concentration of 0–35 nmol L1.

our previous adsorption envelopes for Mo on both solids
are also included in Fig. 5 (Kashiwabara et al., 2011).
The four adsorption envelopes in Fig. 5 are all obtained under identical experimental conditions (pH 5–9, I = 0.70 M,
molar ratio of adsorbate/adsorbent = 0.0167, 25 °C) at relatively high equilibrium concentration. For adsorption on
d-MnO2, distribution coeﬃcients of both elements are similar in the range of pH 5–9. On the other hand, a signiﬁcant
diﬀerence is shown in the adsorption on ferrihydrite: distribution coeﬃcient of W on ferrihydrite is much larger than
that of Mo. Especially, under the condition of pH 8 and
I = 0.70 M, distribution coeﬃcient of W on ferrihydrite is
2 orders of magnitude higher than Mo. Gustafsson (2003)
reported the comparison of adsorption envelopes between
WO42 and MoO42, which is only one data set ever reported for adsorption envelopes of WO42 on synthetic ferrihydrite. This study also pointed out the same trend, that
is, WO42 adsorbs on ferrihydrite much more strongly than
MoO42 at higher pH, which cannot be interpreted properly by surface complex modeling.
This large diﬀerence in distribution coeﬃcient between
W and Mo for ferrihydrite can be explained by their surface
complex structures obtained by our spectroscopic method.
As described in Section 3.1, WO42 forms inner-sphere
complexes on ferrihydrite. In contrast, MoO42 forms an
outer-sphere complex on ferrihydrite (Kashiwabara et al.,
2011). The mode of attachment (inner- or outer-sphere) is
a critically important factor in the adsorption reaction to
discuss the distribution of trace elements between solid
and aqueous phases (Mitsunobu et al., 2006; Harada and
Takahashi, 2008; Kashiwabara et al., 2011). Therefore,
we can consider that the diﬀerence of W and Mo in the
adsorption on ferrihydrite reﬂects their diﬀerent mode of
attachment on the surface of ferrihydrite.

On the other hand, both WO42 and MoO42 form inner-sphere complexes on d-MnO2. The similar adsorption
envelopes for W and Mo on d-MnO2 at relatively high equilibrium concentration can also be explained by the same
mode of attachment on d-MnO2.
In the natural system, the Mo/W fractionation is clearly
observed in the distribution between seawater and
ferromanganese oxides: W is 2 orders of magnitude more
enriched into ferromanganese oxides than Mo relative to
their concentrations in seawater (Sohrin et al., 1987;
Takematsu et al., 1990; Hein et al., 2003). This diﬀerence,
on the other hand, should be explained by their Kd for dMnO2 at the lower equilibrium concentration in adsorption
isotherm because both W and Mo mainly adsorbed on Mn
oxide phase as described before. In our previous adsorption
experiment for Mo, Kd for synthetic d-MnO2 was almost
the same as Kdapparent (=Cferromanganese oxides/Cseawater) for
natural ferromanganese oxides (Kashiwabara et al., 2011).
On the other hand, we could not reconstruct the magnitude
of Kdapparent of W in the present study: the Kd for synthetic
d-MnO2 at lower equilibrium concentration (1.2  105 mL g1) was all lower than Kdapparent for natural ferromanganese oxides (5.5  106 mL g1) (Sohrin et al., 1987;
Takematsu et al., 1990; Kunzendorf and Glasby, 1992).
Although we also tried to normalize Kd by the speciﬁc surface area, the discussion was essentially the same (natural
ferromanganese oxides: 2.6  104 mL m2; d-MnO2:
1.0  103 mL m2; ferrihydrite: 6.6  102 mL m2).
Thus, this may be due to the diﬀerences in our experimental
conditions from natural system, such as W concentration
still higher in our experiment than that in seawater, ratio
of solid/solution, and temperature.
Nevertheless, Kd of W for d-MnO2 at a lower
equilibrium concentration in our experimental system
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(1.2  105 mL g1) is already one order of magnitude
higher than Kdapparent of Mo (3.6  104 mL g1) in a natural system (Sohrin et al., 1987; Takematsu et al., 1990; this
study). The closer conditions to a natural system can
achieve Kd of W for synthetic d-MnO2 more similar to that
for natural ferromanganese oxides, which allows us to
understand larger diﬀerence between W and Mo quantitatively. From molecular-scale insights, this diﬀerence in their
Kd for d-MnO2 at lower equilibrium concentration should
reﬂect the diﬀerent stabilities of their inner-sphere complexes on Mn oxides.
Based on the discussion above, the Mo/W fractionation
at the interface of seawater/ferromanganese oxides is originated from (i) diﬀerent stability of their inner-sphere complexes on Mn oxides, and (ii) the diﬀerent mode of
attachment (inner- or outer-sphere) on ferrihydrite. Especially, the dominant factor for the larger enrichment of W
than Mo into natural ferromanganese oxides relative to seawater should be the factor (i) because the host phase is Mn
oxides for both elements.
3.5. Implication for large diﬀerence of W and Mo
concentrations in oxic seawater
We should be careful to relate W adsorption on ferromanganese oxides to its concentration “in seawater” because we still could not reconstruct Kdapparent between
seawater and natural ferromanganese oxide yet. It is possible that factor (i), mode of attachment on ferrihydrite, may
still be important considering the great diﬀerence in the
concentration of W and Mo in seawater. Ferrihydrite which
is not represented by marine ferromanganese crusts and
nodules is more abundant and prevalent than Mn oxides
in marine environment (e.g., Martin and Meybeck, 1979;
Canﬁeld, 1997; Poulton and Raiswell, 2002; Thamdrup,
2000; Poulton and Canﬁeld, 2005). Thus, the removal of
dissolved W and Mo via adsorption on ferrihydrite can also
be a signiﬁcant sink in modern oxic marine environment. In
this process, W can be removed to a larger degree than Mo
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due to the larger aﬃnity of W to ferrihydrite, since W and
Mo form inner- and outer-sphere surface complexes on ferrihydrite, respectively.
In any case, the important ﬁnding in the present study is
that, at least, two factors at molecular scale can control the
diﬀerent behaviors of W and Mo at the interface of seawater/ferromanganese oxides. Both of them can be related to
the much lower W concentration compared with Mo in
modern oxic seawater.
4. CONCLUSION
Reliable speciation of W in natural ferromanganese oxides was realized by wavelength dispersive XAFS using a
Laue-type analyzer. The quality of W L3-edge XANES
spectrum was greatly enhanced by this method compared
with that measured by conventional ﬂuorescence mode,
and it was found that W species in natural ferromanganese
oxides was in distorted Oh symmetry. The host phase of W
in natural ferromanganese oxides seems to be Mn oxides by
two-dimensional l-XRF mapping. We also investigated the
structure of W adsorbed on a series of synthetic Fe/Mn
(oxyhydr)oxides (ferrihydrite, goethite, hematite, and
d-MnO2). It was revealed that W adsorbed on these oxides
are all inner-sphere complexes in hexavalent and distorted
Oh symmetry.
The molecular-scale information of W in ferromanganese oxides provides basic insights about distribution and
possible isotopic fractionation of W at the seawater/ferromanganese oxide interface. Negatively-charged WO42
ion mainly adsorbs on negatively-charged Mn oxides phase
in natural ferromanganese oxides via chemical interaction
as is the case for Mo. In addition, adsorptive isotopic fractionation of W on Fe/Mn (oxyhydr)oxides, which has not
yet been reported, is expected from the molecular symmetry. The increase in coordination number from 4 in dissolved species to 6 in adsorbed species implies the
preferential adsorption of lighter W isotopes on both Fe
(oxyhydr)oxides and Mn oxides.

Table A1
The source data of adsorption envelopes of W on ferrihydrite and d-MnO2.
Ionic strength
(NaNO3)
Ferrihydrite
0.70 M

pH

Initial W conc./lM

Adsorbed W conc.
(Csolid)/mmol kg1

Equilibrium W solution conc.
(Caqueous)/lmol L1

Log [Kd (L kg1)]
(=Csolid/Caqueous)

5
6
7
8
9

300

156
156
155
153
135

0.0615
0.0703
1.26
4.62
40.9

6.40
6.35
5.09
4.52
3.52

5
6
7
8
9

300

161
112
69.5
64.7
51.8

61.8
159
244
254
279

3.41
2.85
2.45
2.41
2.27

d-MnO2
0.70 M

The amount of adsorbents (ferrihydrite or d-MnO2): 20 mg.
The volume of WO42 solution: 10 mL.
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Table A2
The source data of adsorption isotherms of W on ferrihydrite and d-MnO2.
Ionic strength (NaNO3)

pH

Initial W conc./lM

Adsorbed W conc./mmol kg1

Equilibrium W solution conc./nmol L1

Ferrihydrite
0.70 M

8

100
30.0
15.0
6.00
3.00
1.50
0.300
0.150

49.5
14.9
7.47
2.99
1.49
0.748
0.150
0.0748

1060
187
59.5
17.5
10.6
3.42
0.845
0.486

100
30.0
15.0
6.00
3.00
1.50
0.600
0.300
0.150

17.2
10.9
6.79
2.92
1.48
0.746
0.299
0.149
0.0746

65600
8110
1410
157
33.3
7.44
2.56
1.74
0.760

d-MnO2
0.70 M
8

The amount of adsorbents (ferrihydrite or d-MnO2): 20 mg.
The volume of WO42 solution: 10 mL.

Adsorption experiments using synthetic d-MnO2 and
ferrihydrite were also conducted in the laboratory, and
compared with previous reports for Mo. The adsorption
behaviors on d-MnO2 were similar among W and Mo under
identical conditions at higher equilibrium concentration
due to their formation of inner-sphere complexes. On the
other hand, both elements show diﬀerent adsorption
behaviors on ferrihydrite. This can be explained by their
diﬀerent mode of attachment on ferrihydrite: inner-sphere
complexation for W and outer-sphere complexation for
Mo. Considering the adsorption at lower equilibrium concentration such as in oxic seawater, however, the larger
enrichment of W into ferromanganese oxides than that of
Mo is controlled by the stability of their inner-sphere complexes on Mn oxides. These two factors, that is, (i) the stability of inner-sphere complexes on Mn oxides and (ii) the
mode of attachment (inner- or outer-sphere complexation)
on ferrihydrite are the causes of the diﬀerent behaviors of
W and Mo on the surface of Fe (oxyhydr)oxides and Mn
oxides, both of which can cause the great diﬀerence in their
concentrations in modern oxic seawater.
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Voegelin A. R., Nägler T. F., Samankassou E. and Villa I. M.
(2009) Molybdenum isotopic composition of modern and
Carboniferous carbonates. Chem. Geol. 265, 488–498.
Valigi M., Gazzoli D., Pettiti I., Mattei G., Colonna S., De Rossi
W. and Ferraris G. (2002) WOx/ZrO2 catalysts Part 1.
Preparation, bulk and surface characterization. Appl. Catalysts
A: General 231, 159–172.
Yamamoto Y., Takahashi Y., Kanai Y., Watanabe Y., Uruga T.,
Tanida H., Terada Y. and Shimizu H. (2008) High-sensitive
measurement of uranium L-III-edge X-ray absorption nearedge structure (XANES) for the determination of the oxidation
states of uranium in crustal materials. Appl. Geochem. 23, 2452–
2461.
Yamazoe S., Hitomi Y., Shishido T. and Tanaka T. (2008) XAFS
study of tungsten L1- and L3-edge: structural analysis of WO3
species loaded on TiO2 as a catalyst for photo-oxidation of
NH3. J. Phys. Chem. C. 112, 6869–6879.
Yan L., Lopez X., Carbo J. J., Sniatynsky R., Duncan D. C. and
Poblet J. M. (2008) On the origin of alternating bond
distortions and the emergence of Chirality in polyoxometalate
anions. J. Am. Chem. Soc. 130, 8223–8233.
Wedepohl K. W. (1969) Handbook of Geochemistry. Springer,
Berlin.
Weeks C. L., Anbar A. D., Wasylenki L. E. and Spiro T. G. (2007)
Density functional theory analysis of molybdenum isotope
fractionation. J. Phys. Chem. A 49, 12434–12438.
Wesolowski D., Drummond S. E., Mesemer R. E. and Ohmoto H.
(1984) Hydrolysis equilibria of tungsten (VI) in aqueous sodium
chloride solutions to 300C. Inorg. Chem. 23, 1120–1132.
Wasylenki L. E., Week C. L., Bargar J. R., Spiro T. G., Hein J. R.
and Anbar A. D. (2011) The molecular mechanism of Mo
isotope fractionation during adsorption to birnessite. Geochim.
Cosmochim. Acta 75, 5019–5031.
Zabinsky S. I., Rehr J. J., Ankudinov A., Albers R. C. and Eller M.
J. (1995) Multiple-scattering calculations of X-ray-absorption
spectra. Phys. Rev. B 52, 2995–3009.
Associate editor: Dimitri A. Sverjensky

