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Abstract

Tellurium, an element of growing economic importance, is extremely enriched in marine ferromanganese oxides. We inves-
tigated the mechanism of this enrichment using a combination of spectroscopic analysis and adsorption/coprecipitation exper-
iments. X-ray Absorption Near-Edge Structure (XANES) analysis showed that in adsorption/coprecipitation systems, Te(IV)
was oxidized on d-MnO2 and not oxidized on ferrihydrite. Extended X-ray Absorption Fine Structure (EXAFS) analysis
showed that both Te(IV) and Te(VI) were adsorbed on the surface of d-MnO2 and ferrihydrite via formation of inner-sphere
complexes. In addition, Te(VI) can be structurally incorporated into the linkage of Fe octahedra through a coprecipitation
process because of its molecular geometry that is similar to the Fe octahedron. The largest distribution coefficient obtained
in the adsorption/coprecipitation experiments was for the Te(VI)/ferrihydrite coprecipitation system, and it was comparable
to those calculated from the distribution between natural ferromanganese oxides and seawater. Our XAFS and micro-focused
X-ray fluorescence (l-XRF) mapping of natural ferromanganese oxides showed that Te was structurally incorporated as
Te(VI) in Fe (oxyhydr)oxide phases. We conclude that the main process for the enrichment of Te in ferromanganese oxides
is structural incorporation of Te(VI) into Fe (oxyhydr)oxide phases through coprecipitation.

This mechanism can explain the unique degree of enrichment of Te compared with other oxyanions, which are mainly
enriched via adsorption on the surface of the solid structures. In particular, the great contrast in the distributions of Te and
Se is caused by their oxidized species: (i) the similar geometry of the Te(VI) molecule to Fe octahedron, and (ii) quite soluble
nature of Se(VI). Coexisting Mn oxide phases may promote structural incorporation of Te(VI) by oxidation of Te(IV), although
the surface oxidation itself may not work as the critical enrichment process as in the case of some cations. This enrichment mech-
anism also means that ferromanganese oxides mainly scavenge dominant Te(VI) species from seawater and do not affect its spe-
cies distribution in seawater, as described in a previous model. The variation in Te abundances and the correlation of Te
concentration with the growth rate of natural ferromanganese oxides are consistent with the coprecipitation mechanism.
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1. INTRODUCTION

Ferromanganese oxides are important materials in the
marine geochemistry of trace elements. They are aggregates
of amorphous Fe (oxyhydr)oxides and Mn oxides and are
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widely present in forms such as crusts, nodules, and precip-
itate particles. Their large surface area and strong affinity
for many elements make them efficient scavengers of trace
metals from seawater. Some types of ferromanganese oxi-
des are considered potential resources of valuable metals.
It is well known that hydrogenetic ferromanganese crusts
have traditionally been called cobalt (Co)-rich crusts. They
often cover the surface of seamounts in the form of ex-
tended sheets and strongly accumulate many metals of eco-
nomic interest, including Co, relative to the Earth’s crust
(e.g., Halbach et al., 1989; Hein et al., 2000).

From an economic viewpoint, ferromanganese crusts
could properly be called “tellurium (Te)-rich crusts” (Hein
et al., 2003). Tellurium is a metalloid located between Se
and Po in the p-block of the periodic table. It exhibits cer-
tain metallic and non-metallic properties supporting recent
development of a wide range of high-tech industries (e.g.,
Brown, 2000; Wachter, 2004; Deng et al., 2007; Ikeda
et al., 2009; Graf et al., 2009; Zhang et al., 2009; Hein
et al., 2010). Interestingly, Te is extremely enriched in
hydrogenetic ferromanganese oxides (e.g., Hein et al.,
2003, 2010; Lakin et al., 1963). While other elements includ-
ing Co are enriched by 100–250 times over their Earth’s
crustal values, the enrichment of Te is �55,000 times, the
largest among all reported elements in ferromanganese oxi-
des (Hein et al., 2000, 2003, 2010). Because Te is not mined
as a primary ore anywhere in the world, its high concentra-
tions in ferromanganese oxides could be a potential re-
source for meeting growing Te demands.

Ferromanganese oxides can also be key materials for
understanding the geochemical behavior of Te in the sur-
face environment, which is poorly known owing to the ex-
tremely low abundance and difficulty of analysis. Tellurium
shows a scavenging-type vertical profile in typical seawater,
with concentrations ranging from 0.4 to 1.9 pM (Lee and
Edmond, 1985). Tellurium(VI) species predominate over
Te(IV) species by factors of 2.0–3.5 in seawater, in which
the dominant species are likely TeOðOHÞ�3 and
TeOðOHÞ�5 (Lee and Edmond, 1985; Byrne, 2002). Some
researchers have suggested that the distribution of Te spe-
cies in seawater may be controlled by preferential uptake
of Te(IV) species by ferromanganese oxides (Hein et al.,
2003). Other researchers suggest that the anomalous Te
abundance in ferromanganese oxides may be related to
the input of interplanetary dust particles (Li et al., 2005).
Although several studies have reported such higher Te con-
centrations in ferromanganese oxides (�205 ppm) than in
any other geological samples (Koschinsky and Hein,
2003; Hein et al., 2003; Li et al., 2005; Baturin, 2007; Batu-
rin et al., 2007), unsolved mechanisms of the extreme Te
enrichment can raise controversial interpretation.

Here, we have to note first that the extremely large value
of Te enrichment factor, [TeFe–Mn crust]/[TeEarth’s crust], is
partly attributed to the quite low abundance of Te in
Earth’s crust. To understand the Te abundance in ferro-
manganese oxides without any over/underestimation, it is
necessary to reveal the enrichment mechanism of Te into
ferromanganese oxides “from seawater”. The value of
[TeFe–Mn crust]/[Teseawater] is not as unique as the value of
[TeFe–Mn crust]/[TeEarth’s crust], but it still falls among the
most enriched group (Hein et al., 2003, 2010). Especially,
the value of [TeFe–Mn crust]/[Teseawater] (�109) is obviously
much larger than those of other oxyanions (�107) (e.g.,
Takematsu et al., 1990). This emphasizes that an essential
problem to be solved is the reason why Te shows unique
enrichment into ferromanganese oxides from seawater com-
pared with other oxyanions.

Tellurium is a redox-active oxyanion; thus, surface oxi-
dation has been proposed as an explanation for the unique
enrichment of Te into ferromanganese oxides from seawa-
ter (Hein et al., 2003). Oxidation reaction can be a trigger
for efficient enrichment for some cationic elements such as
Co, Ce, and Tl (Murray and Dillard, 1979; Manceau
et al., 1997; Takahashi et al., 2007; Peacock and Moon,
2012). By analogy with these elements, oxidation can also
be a controlling factor for Te, where Te(IV) in seawater is
preferentially adsorbed onto Fe (oxyhydr)oxides and is sub-
sequently oxidized to Te(VI) (Hein et al., 2003).

However, no evidence of the chemical state of Te in mar-
ine ferromanganese oxides has been published, yet. Without
that information, it is difficult to know the chemical pro-
cesses, for example, whether Te(IV) is preferentially incor-
porated into ferromanganese oxides and whether the
oxidation reaction of Te(IV) can actually occur. Such fun-
damental information can be provided by a combination
of adsorption/coprecipitation experiments and X-ray
Absorption Fine Structure (XAFS) analysis to understand
the unique behavior of Te at the seawater/ferromanganese
oxide interface.

In this paper, we present new insights into mechanism of
the extreme enrichment of Te into ferromanganese oxides.
We investigated (i) the chemical state of Te in synthetic
Fe (oxyhydr)oxides, Mn oxides, and natural ferromanga-
nese oxides, and (ii) the macroscopic distribution of Te(IV)
and Te(VI) on Fe (oxyhydr)oxides and Mn oxides, respec-
tively. The findings on the chemical process at the seawater/
ferromanganese oxide interface will develop understanding
of the roles of marine ferromanganese oxides in the geo-
chemical cycle of trace elements.

2. MATERIALS AND METHODS

2.1. Samples

Hydrogenetic ferromanganese oxides were collected
from two sites in the Pacific Ocean: D535 in the South
Pacific Ocean (13.0�S, 159.2�W, 5222 m depth), and
AD14 around the Marshall Islands (14.1�S, 167.2�W,
1617 m depth) (Takahashi et al., 2000, 2007; Kashiwabara
et al., 2008, 2009, 2010, 2011, 2013). These samples were
air-dried, and a part of them were polished to make ca.
30-lm-thick sections on glass slides for two-dimensional
micro-focused X-ray fluorescence (l-XRF) mapping.
Another part of the samples was ground into powder using
an agate mortar. Elemental concentrations were determined
by ICP-MS (Agilent technologies, Agilent 7500). Among
major elements, Mn was 27.9 wt% and 29.5 wt% and Fe
was 16.4 wt% and 16.7 wt% for D535 and AD14, respec-
tively. Concentrations of oxyanions, including Te, are
summarized in Table 1. Chemical compositions of these



Table 1
Concentration of oxyanions in natural ferromanganese oxides
(mg k�1).

Sample Te Se As Sb Mo W

D535 31.7 10.1 157 26.6 284 39.0
AD14 45.4 11.3 194 29.3 459 24.5
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samples are typical of the hydrogenetic type among three
major types; hydrogenetic, diagenetic, and hydrothermal
types (Puteanus and Halbach, 1988; Takahashi et al.,
2000; Usui, 1995).

For XAFS measurements, solutions of 2000 mg kg�1

Te(IV) and Te(VI) were used as reference samples. Each
solution was prepared by dissolving Na2TeO3 and Na2H4-

TeO6 (Wako, Japan) in Milli-Q water. Tellurium adsorp-
tion samples were prepared by adding stock solution of
Te(IV) or Te(VI) to 100 mg synthetic ferrihydrite or d-
MnO2. Molar ratios of Te/Fe (or Te/Mn) were controlled
to ca. 0.017 in 250 mL NaCl solution system. The ionic
strength of the experimental solution was controlled to
0.70 M (NaCl), and the pH was adjusted to 8.0 with HCl
and NaOH solutions. Suspensions were filtered after 24 h
of equilibration in a shaking bath at 25 �C. The solid phases
were rinsed thoroughly with Milli-Q water to remove back-
ground solution, and packed into polyethylene bags. Tellu-
rium coprecipitation samples were also prepared by the
simultaneous addition of Te into the Fe(II) or Mn(II) solu-
tions in the synthetic procedures of ferrihydrite and d-
MnO2. Molar ratios of Te/Fe (or Te/Mn) in the systems
were controlled to ca. 0.017.

Ferrihydrite and d-MnO2 were synthesized following the
methods of Schwertmann and Cornell (2000) and Foster
et al. (2003), respectively. Ferrihydrite was synthesized by
adjusting a solution containing 36 mM Fe(NO3)3 � 9H2O
to pH 8.0 through dropwise addition of 4.0 M NaOH.
The solids were recovered by filtration using a membrane
filter of 0.2 lm pores, rinsed thoroughly with Milli-Q water,
freeze-dried, and then collected as solids. d-MnO2 was pre-
pared by rapid oxidation of a 30 mM MnCl2 solution with
an equal volume of a 20 mM KMnO4 solution at pH 10.
The resultant suspensions were recovered by filtration, rins-
ing, and air-drying. These solids were characterized by
XRD.

2.2. XAFS measurements and data analysis

Tellurium K-edge (31.811 keV) XAFS was measured at
BL01B1 in SPring-8 (Hyogo, Japan). The white beam from
the bending magnet was monochromatized using a Si(311)
double crystal monochromator. Two mirrors with Rh coat-
ing, placed upstream and downstream of the monochroma-
tor, were used for collimation and focusing of the X-ray
beam. Harmonic rejection was achieved by adjusting the
glancing angle of these two mirrors. The X-ray energy was
calibrated using the peak of Na2H4TeO6 at 31.811 keV.
The beam size was adjusted to ca. 1 mm (vertical,
V) � 1 mm (horizontal, H) by slits. The spectra of standard
solutions were measured in the transmission mode by ioniza-
tion chambers. Natural, adsorption, and coprecipitation
samples were measured in fluorescence mode using a
19-element Ge solid-state detector. All measurements were
conducted under ambient conditions.

Analysis of XAFS spectra was performed using
REX2000 ver. 2.5 (Rigaku Co.) and FEFF 8.5 (Zabinsky
et al., 1995). Quantitative analysis of XANES was
performed by linear combination fitting using Te(IV) and
Te(VI) solutions as end members in the range of
31.800–31.835 keV. The experimental EXAFS oscillations,
v(k), were extracted from the raw spectrum by a spline
smoothing method. The k3v(k) oscillations were Fourier-
transformed from k space to R space to obtain radial
structural functions (RDFs), and then back-transformed
to k space to analyze by a curve-fitting method. Theoretical
phase shifts and amplitude functions for simulation of the
spectra were extracted from model compounds such as Fe2-

TeO6 and Mn3TeO6. The quality of the fit was given by the
goodness of fit parameter, R factor, defined as

R ¼
X
fk3vobsðkÞ � k3vcalðkÞg

2
=
X
fvobsðkÞg

2 ð1Þ

where vobs(k) and vcal(k) are the experimental and calcu-
lated absorption coefficients at a given wavenumber k,
respectively.

2.3. l-XRF mapping

Micro-focused X-ray fluorescence (l-XRF) mapping of
natural ferromanganese oxides was performed at BL37XU
in SPring-8 (Hyogo, Japan). The beam from the undulator
was monochromatized at 35 keV using a Si(111) double
crystal monochromator. The incident X-ray was focused
by a K–B mirror system to the size of 1.1 lm
(V) � 1.2 lm (H). Samples were mounted on an XY sample
stage placed at 10� to the incident X-ray beam, and were
spatially rastered by step size of 5.0 lm (V) � 5.0 lm (H)
using stepping motors. The intensity of the incident X-ray
(I0) was measured using an ionization chamber filled with
air. Fluorescence X-rays from samples were monitored by
a Si(Li) solid-state detector placed at 90� to the incident
X-ray beam, and integrated for 0.2 s at each point. These
measurements were carried out under ambient conditions.

The integrated peak intensity of the XRF line of each
element per pixel was normalized by I0. Elemental maps
for the measurement area were constructed using the 256
gradation color scale with red denoting the highest intensi-
ties and blue the lowest.

2.4. Adsorption/coprecipitation experiments

Two series of batch experiments were conducted. The
first series was for establishing adsorption isotherms using
1 mg adsorbents (ferrihydrite or d-MnO2) and 10 mL Te
solution. The solution was adjusted to pH 8.0 with an ionic
strength of 0.70 M (NaCl). Initial Te concentrations were
adjusted to 1.0, 5.0, 10, and 20 mg L�1. The second series
was to provide a comparison between adsorption and
coprecipitation for ferrihydrite. While the adsorption is a
reaction on the surface of the solid, coprecipitation is
three-dimensional incorporation in the solid structure dur-
ing the formation of solid precipitates (i.e. ferrihydrite). To
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Fig. 1. Tellurium K-edge XANES spectra for natural ferroman-
ganese oxides and synthetic analogues. FMO: ferromanganese
oxide, ADS: adsorption, COP: coprecipitation, Fh: ferrihydrite,
Mn: d-MnO2. Dotted lines on each spectrum are simulation spectra
obtained by linear combination fitting.

Table 2
Contribution of end members determined by liner combination
fitting of XANES.

Sample Te(IV) (%) Te(VI) (%) Ra

(a) Natural (D535) 3 97 0.043
(b) Narutal (AD14) 0 100 0.028
(c) ADS Te(VI)/Fh 8 92 0.023
(d) COP Te(VI)/Fh 8 92 0.026
(e) ADS Te(IV)/Fh 100 0 0.037
(f) COP Te(IV)/Fh 96 4 0.036
(g) ADS Te(VI)/Mn 9 91 0.026
(h) COP Te(VI)/Mn 8 92 0.023
(i) ADS Te(IV)/Mn 14 86 0.017
(j) COP Te(IV)/Mn 2 98 0.014

aR factor (%) defined as Eq. (1). Fitting was performed in the range
of 31800–31835 eV. ADS: adsorption, COP: coprecipitation, Fh:
ferrihydrite, Mn: d-MnO2.
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distinguish these processes, the sequence of Te addition was
changed under identical conditions. First, 10 mL Fe(II)
solutions of 18.7 mM were prepared by dissolving
Fe(NO3)3 � 9H2O. For coprecipitation experiments, a stock
solution of Te(IV) or Te(VI) was added to obtain a molar
ratio Te/Fe of ca. 0.017, and then pH was adjusted to 8.0
to synthesize precipitation of ferrihydrite. For adsorption
experiments, the pH of the Fe(II) solution was first adjusted
to 8.0 to synthesize ferrihydrite, and then the Te solution
was added. The surface area of ferrihydrite precipitates
should be as nearly identical as possible to compare the
adsorption and coprecipitation systems. To evaluate this ef-
fect, Se(VI) was also added to each system in the same way
as Te addition. Addition of Se(VI) did not affect the incor-
poration of Te into ferrihydrite because its adsorption,
through outer-sphere complexation, is quite weak (Harada
and Takahashi, 2008).

The stock solution of 1000 mg L�1 Te was prepared by
dissolving Na2TeO3 and Na2H4TeO6 (Wako, Japan) in
Milli-Q water. Adequate amount of the stock solution
was added to each system obtain the desired Te concentra-
tions. The pH was maintained at desired values by adding
0.10 M NaOH or HCl. The stock solution of Se(VI) was
prepared by dissolving Na2SeO4 (Wako, Japan). The exper-
iments were conducted in 15 mL polystyrene vessels, which
were shaken at 135 rpm in a shaking water bath. After 24 h
of equilibration at 25 �C, samples were filtered by 0.2 lm
disposable syringes. The filtrates were diluted and concen-
trations of Te and Se were measured by ICP-MS. All pro-
cedures were repeated three times to estimate the
precision of the experiments.

3. RESULTS

3.1. Te K-edge XANES

Tellurium K-edge XANES spectra are shown in Fig. 1.
The spectra of reference materials show a chemical shift,
that is, the peak energy of Te(VI) solution (Fig. 1(k)) was
2.7 eV higher than that of Te(IV) solution (Fig. 1(l)). This
relationship can be utilized to estimate the dominant oxida-
tion state of Te species in the solid phases.

The peak energies for Te adsorbed on d-MnO2 (Fig. 1(g)
and (i)) were at the same position as that of the Te(VI) solu-
tion (Fig. 1(k)). This means that the oxidation state of Te
adsorbed on d-MnO2 was Te(VI) regardless of its oxidation
state in the solution. On the other hand, peak energies for
Te adsorbed on ferrihydrite had the same positions as in
the experimental solutions (Fig. 1(c) and (e)). These results
indicate that the oxidation reaction of Te(IV) to Te(VI) oc-
curred only on the surface of d-MnO2 and not on
ferrihydrite.

The same trend is also shown in the case of coprecipita-
tion samples. Although the peak energies for Te coprecipi-
tated with d-MnO2 (Fig. 1(h) and (j)) were in the same
positions as that for the Te(VI) solution (Fig. 1(k)), peak
energies for Te coprecipitated with ferrihydrite (Fig. 1(d)
and (f)) were the same as those for the experimental solu-
tions. This means that Te(IV) in solution was oxidized dur-
ing the precipitation of d-MnO2, but not during the
precipitation of ferrihydrite. In addition, the peak energies
for the natural ferromanganese oxide (Fig. 1(a) and (b))
were at the same position as the peak energy for the Te(VI)
solution (Fig. 1(k)), indicating that Te was present as its
oxidized form, Te(VI), in natural ferromanganese oxides.

To investigate possible effects of minor components of
Te species, we also performed linear combination fitting
(LCF) of these spectra using Te(IV) and Te(VI) solutions
as the end members. The fitting spectra are shown as red
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dotted lines in Fig. 1, and the proportions of Te(IV) and
Te(VI) are listed in Table 2. We obtained good fits, which
shows less than 10% of the Te(IV) fractions in natural and
synthetic samples of the Te(VI) system. In synthetic sam-
ples of Te(IV), �14% of Te(IV) was obtained for adsorp-
tion and 2% for coprecipitation on d-MnO2, whereas
almost 100% of Te(IV) was obtained for both adsorption
and coprecipitation on ferrihydrite. Although �14% of
Te(IV) adsorbed on d-MnO2 may be somewhat large, this
fraction did not affect the structural parameters obtained
by EXAFS. The fractions of Te(IV) estimated in our
Te(VI) adsorption/coprecipitation samples can be caused
by the slight difference in chemical state between adsorbed
and dissolved species. Thus, we conclude that these com-
ponents did not affect the analyses, including XANES
and EXAFS.

3.2. Te K-edge EXAFS

Fig. 2A shows k3-weighted v(k) spectra of Te K-edge
EXAFS and Fig. 2B shows their radial structural functions
(RSFs; phase shift not corrected) for the Te(VI) system.
The features of k-space spectra indicated by dotted lines
(i)–(iii) suggest that there are more than two components.
The k3v(k) spectra for ferrihydrite (Fig. 2A(a) and (b))
show small shoulders at (i) and (ii), whereas those for d-
MnO2 (Fig. 2A(c) and (d)) show broader negative peaks
around (iii). The RSFs (Fig. 2B) show these features in a
different way: All the spectra have one prominent peak
(i) (ii)(iii)

(b)

(c)

(d)

(e) Te-O

(f) Te-Fe1 + Te-Fe2

(g) Te-Mn1 + Te-Mn2

(a)

Natural

          Natural
         (AD14)

(D535)

3 5 7 9 11 13
k Å-1

A

k3 χ
(k

)

Fig. 2. Tellurium K-edge EXAFS spectra for Te(VI)-adsorption/copreci
(phase shift not corrected). Natural: natural ferromanganese oxide, ADS
Adsorption on (a) ferrihydrite and (c) d-MnO2, and coprecipitation with (
filtered k3v(k) of (e) Te–O, (f) Te–Fe1 + Te–Fe2 shells in spectrum (b), and
spectrum are simulation spectra obtained by curve-fitting analysis.
around R + DR = 1.5 Å ascribed to Te–O bonds and fur-
ther distant peaks originating from Te–Fe/Mn. The peak
height and width of the Te–O shells are essentially identical
among Fig. 2B(a)–(d). Thus, the distant shells appear to
cause the difference in k3v(k) spectra of ferrihydrite and d-
MnO2 which can be indicators of the host phase of Te.

Fig. 2A(e)–(g) also show the inversely Fourier-filtered
contributions of Te–O, Te–Fe, and Te–Mn shells to the
k3v(k) spectra from Fig. 2B(b) and (c). The features of
the k3v(k) spectra at lines (i)–(iii) in Fig. 2A clearly overlap
the peaks in the Te–Fe and Te–Mn waves. For ferrihydrite,
the shoulders appearing at (i) and (ii) in the spectrum of
coprecipitation (Fig. 2A(b)) are larger than those in the
spectrum of adsorption (Fig. 2A(a)). This difference corre-
sponds to the difference between the peaks of the second
shell in the RSFs for coprecipitation (Fig. 2B(b)) and for
adsorption (Fig. 2B(a)), with the peak for coprecipitation
being larger. Thus, the contributions of the Te–Fe shells
are larger for coprecipitated Te species than for adsorbed
Te species.

In contrast, significant differences are not observed be-
tween the k3v(k) spectra of adsorption and coprecipitation
samples for d-MnO2 (Fig. 2A(c) and (d)). While the broader
oscillations around (iii) correspond to the Te–Mn waves in
the inversely Fourier-filtered spectra (Fig. 2A(g)), the mag-
nitudes of their contributions seem to be almost the same
(Fig. 2A(c) and (d)). This feature is also shown in their
RSFs with Te–Mn shells having similar heights and widths
(Fig. 2B(c) and (d)).
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We obtained structural parameters for the experimental
Te species by curve-fitting (Table 3), and simulation spectra
obtained using these parameters are shown as red dotted
lines on each spectrum in Fig. 2. All samples for the Te(VI)
system show six O atoms at the same distance from the Te
atom (RTe–O = 1.92 Å) (Table 3). The further distant shells
in the RSFs were simulated by two Te–Fe or Te–Mn shells.
The obtained interatomic distances are 3.06–3.08 Å (RTe–

Fe1) and 3.47–3.50 Å (RTe–Fe2) for Te(VI)/ferrihydrite sys-
tems, and 3.00 Å (RTe–Mn1) and 3.42–3.47 Å (RTe–Mn2) for
Te(VI)/d-MnO2 systems. Considering the Te(VI) molecule
as an octahedron, the shorter distance in each system
(RTe–Fe1 and RTe–Mn1) likely corresponds to the edge-shar-
ing linkage, and the longer distance (RTe–Fe2 and RTe–Mn2)
corresponds to the double corner-sharing linkage (e.g.,
Manceau and Drits, 1993; Waychunas et al., 1993; Kas-
hiwabara et al., 2011). The slightly shorter distances for
Te–Mn than for Te–Fe may reflect the smaller ionic radius
of Mn4+ than Fe3+. The estimates of coordination number
(CN) show that edge-sharing linkages clearly predominate
in the Te(VI)/ferrihydrite system (Table 3), and Te(VI)
coprecipitated with ferrihydrite has larger CNTe–Fe1 and
CNTe–Fe2 than Te(VI) adsorbed on ferrihydrite. The CNs
of Te–Mn shells, on the other hand, are almost the same
for adsorption and coprecipitation samples, implying an
absence of coprecipitated species as well as similar ratios
of edge-sharing and double corner-sharing linkages for d-
MnO2. Here, contributions of Te–Te shells, which may be
observed with surface precipitation, were not found in
our experimental systems.

We also succeeded in obtaining EXAFS spectra of Te
species in natural ferromanganese oxide samples (AD14
Table 3
Structural parameters of Te species obtained for adsorption/coprecipitat

Sample Shell CN

Te(VI) adsorbed on ferrihydrite Te–O 6.0
Te–Fe1 0.9
Te–Fe2 0.5

Te(VI) coprecipitated with ferrihydrite Te–O 6.3
Te–Fe1 2.2
Te–Fe2 1.0

Te(VI) adsorbed on d-MnO2 Te–O 6.1
Te–Mn1 0.9
Te–Mn2 1.4

Te(VI) coprecipitated with d-MnO2 Te–O 6.4
Te–Mn1 1.2
Te–Mn2 1.0

Te(IV) adsorbed on ferrihydrite Te–O 4.3
Te–Fe 1.4

Te(IV) coprecipitated with ferrihydrite Te–O 4.4
Te–Fe 1.6

Te(IV) adsorbed on d-MnO2 Te–O 6.6
Te–Mn1 1.3
Te–Mn2 0.7

Te(IV) coprecipitated with d-MnO2 Te–O 6.9
Te–Mn1 1.0
Te–Mn2 1.5

Parameters were optimized by minimizing the R factor (%) defined as Eq.
for coordination numbers.
and D535) through repeated collection of the spectra
(Fig. 2A). Although their spectral qualities were still poor
because of the low concentration of Te, the same shoulders
along lines (i) and (ii) described for ferrihydrite were pres-
ent. Thus, we conclude that the host phase of Te(VI) species
in natural ferromanganese oxides is ferrihydrite. Because
these shoulders showed a better match to those for Te(VI)
coprecipitated with ferrihydrite (Fig. 2A(b)), it seems that
the dominant species in our natural ferromanganese oxide
samples is Te(VI) coprecipitated with ferrihydrite.

Tellurium K-edge EXAFS spectra were also analyzed
for the experimental system using the Te(IV) solution
(Fig. 3 and Table 3). Their k3v(k) spectra in Fig. 3A are
composed of Te–O and Te–Fe/Mn shells, as shown in
Fig. 3B. The spectra for d-MnO2 (Fig. 3A, B(c) and (d))
were similar to those for the Te(VI) system (Fig. 2A, B(c)
and (d)) because Te(IV) was oxidized on d-MnO2. In con-
trast, the spectra for ferrihydrite (Fig. 3A, B(a) and (b))
were entirely different from those of the Te(VI) system
(Fig. 2A, B(a) and (b)) because of the different oxidation
state of Te. On the other hand, the spectra of adsorption
and coprecipitation samples for Te(IV) were essentially
the same for both ferrihydrite (Fig. 3A, B(a) and (b)) and
d-MnO2 (Fig. 3A, B(c) and (d)).

Quantitative analysis (Table 3) shows that Te(IV)
species on ferrihydrite have four O atoms at �1.87 Å.
The distances of Te–Fe shells are 3.47–3.50 Å, likely corre-
sponding to the double corner-sharing linkage (e.g.,
Manceau and Drits, 1993; Waychunas et al., 1993;
Kashiwabara et al., 2011). The CNs of these shells are close
to 2, and other contributions of Te–Fe shells were not ob-
served. This implies that most of the Te(IV) species was
ion systems for ferrihydrite/d-MnO2.

R (Å) DE0 (eV) r2 R factor

1.92 7.5 0.004 0.780
3.06 0.004
3.47 0.004
1.92 6.4 0.004 0.788
3.08 0.004
3.50 0.004
1.92 6.6 0.004 0.755
3.00 0.004
3.42 0.004
1.92 6.6 0.004 1.702
3.00 0.005
3.47 0.005
1.87 9.4 0.004 1.108
3.50 0.009
1.87 8.0 0.004 0.609
3.47 0.009
1.92 7.0 0.005 2.105
2.99 0.005
3.49 0.005
1.92 6.0 0.006 1.927
2.99 0.005
3.44 0.005

(1). Standard errors in EXAFS are ±0.02 Å for distances and ±20%



(a)

(b)

(c)

(d) 

(a) ADS Te(IV) / Fh

(b) COP Te(IV) / Fh

(c) ADS Te(IV) / Mn

(d) COP Te(IV) / Mn

FT
 m

ag
ni

tu
de

B

R + ΔR / Å
3 5 7 9 11 13

k Å-1

A

k3 χ
(k

)

0 1 2 3 4 5

Fig. 3. Tellurium K-edge EXAFS spectra for Te(IV)-adsorption/coprecipitation samples: (A) k3-weighted v(k) spectra, and (B) their RSFs
(phase shift not corrected). ADS: adsorption, COP: coprecipitation, Fh: ferrihydrite, Mn: d-MnO2. Dotted lines on each spectrum are
simulation spectra obtained by curve-fitting analysis.

156 T. Kashiwabara et al. / Geochimica et Cosmochimica Acta 131 (2014) 150–163
in the double corner-sharing complex. In contrast, the
structural parameters of Te(IV) species on d-MnO2 were
similar to those of Te(VI)/d-MnO2 systems, where both
edge-sharing and double corner-sharing complexes were
apparently present. No systematic differences were found
between coprecipitation and adsorption samples for Te(IV)
systems, even though 14% of Te(IV) is possible in Te(IV)
adsorption on d-MnO2 by XANES estimation. Te(IV) does
not seem to be incorporated into ferrihydrite and d-MnO2

as a coprecipitated species.

3.3. l-XRF mapping for natural ferromanganese oxide

Elemental maps in natural ferromanganese oxide by
l-XRF mapping are shown in Fig. 4. Typical columnar
structure was focused on (Fig. 4(a)). Manganese is uniformly
distributed in the columns and relatively sparse between col-
umns (Fig. 4(c)). On the other hand, Fe is comparably enriched
between columns (Fig. 4(b)) and uniformly distribution in
the columns. Different trends are also observed in the maps
of Mn and Fe around the base of the columnar structure
on the lower right corner. Intensity of the Mn Ka line in that
area seems to be slightly lower than that in the columnar
structure, while the intensity of the Fe Kb line in that area
is slightly higher than the columnar structure.

The Ka maps of Te, Sb, and Mo (Fig. 4(d)–(f)) were ob-
tained by using high-energy X-ray (35 keV). Although their
higher energy results in a deeper escape depth relative to
those of Fe (Kb: 7.058 keV) and Mn (Ka: 5.895 keV), it
does not hamper mutual comparisons of Te (Ka:
27.382 keV), Sb (Ka: 26.279 keV), and Mo (Ka:
17.446 keV). Molybdenum (Fig. 4(f)), which is retained in
Mn oxide phases, showed a distribution pattern similar to
Mn (Fig. 4(c)) (Kashiwabara et al. 2011). On the other
hand, Te (Fig. 4(d)) and Sb (Fig. 4(e)) both showed a sim-
ilar contrasting distribution patterns to Mo. Antimony,
which is considered to be retained in Fe (oxyhydr)oxide
phases, showed a pattern similar to Fe (Fig. 4(d)) (Kas-
hiwabara et al. 2008; Mitsunobu et al. 2010). These maps
indicate that Te is mainly retained in Fe (oxyhydr)oxide
phases, which is consistent with the EXAFS analysis de-
scribed in Section 3.2.

3.4. Adsorption/coprecipitation experiments for Te to

ferrihydrite and d-MnO2

Fig. 5 shows adsorption isotherms for Te on ferrihydrite
and d-MnO2 at pH 8.0 and I = 0.70 M (NaCl). All adsorp-
tion isotherms seem to be of Langmuir or Freundlich type,
and surface precipitation does not seem to occur in these
systems. Ferrihydrite (Fig. 5(a) and (b)) showed larger
adsorption than d-MnO2 (Fig. 5(c) and (d)) for both Te(VI)
and Te(IV). For both solids, Te(IV) (Fig. 5(a) and (c))
showed larger adsorption than Te(VI) (Fig. 5(b) and (d)).
Thus, Te(IV) adsorption on ferrihydrite (Fig. 5(a)) tend
to be the largest among these adsorption systems under
our experimental conditions and Te(VI) on d-MnO2

(Fig. 5(d)) tend to be the lowest.
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Fig. 6 shows logarithm of the distribution coefficients,
Kd = Csolid/Csolution, obtained in adsorption and
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coprecipitation experiments for ferrihydrite under identical
conditions (molar ratio of Te/Fe of Mn = 0.017). These Kd
values correspond to the lower equilibrium solution con-
centrations in isotherms (�0.0036 lmol L�1 in Fig. 5). Sele-
nium(VI), which was added for evaluation of the effect of
surface area, showed a similar distribution in all of the
experiments, indicating that the effective surface area of fer-
rihydrite precipitates was almost the same. On the other
hand, Kd values for Te species in coprecipitation experi-
ments (Fig. 6(d) and (f)) are significantly larger than those
in adsorption experiments (Fig. 6(c) and (e)). Especially,
Te(VI) shows the largest distribution in ferrihydrite
through coprecipitation process (Fig. 6(f)). The Kd value
for coprecipitation of Te(VI) with ferrihydrite (Fig. 6(f))
is comparable to those (Fig. 6(a) and (b)) calculated from
Te concentrations in natural ferromanganese oxides (Ta-
ble 1) and seawater (=0.4 pM; Lee and Edmond, 1985).

4. DISCUSSION

4.1. Chemical processes for Te enrichment into

ferromanganese oxides

Previous study suggested that surface oxidation of
Te(IV) on Fe (oxyhydr)oxides is the most important pro-
cess for Te enrichment into ferromanganese oxides (Hein
et al., 2003). Our XANES analysis showed that Te is pres-
ent exclusively as Te(VI) in natural ferromanganese oxides
in spite of the presence of both Te(IV) and Te(VI) in mod-
ern oxic seawater (e.g., Lee and Edmond, 1985; Byrne,
2002). However, in our synthesized adsorption systems, oxi-
dation of Te(IV) did not occur on ferrihydrite, although it
did occur on d-MnO2. This result indicates that other pro-
cesses with Te(VI) as a final Te species are important in-
stead of Te(IV) adsorption on ferrihydrite. Two pathways
are possible: (i) oxidation of Te(IV) to Te(VI) via d-
MnO2, and (ii) coprecipitation of Te(VI) into the structure
of ferrihydrite or d-MnO2 without redox transformation.

EXAFS spectra of natural ferromanganese oxides
showed that the host phase of Te is ferrihydrite, and the
similar distributions of Te and Fe in l-XRF mapping sup-
ports this finding. In addition, the EXAFS spectra of natu-
ral samples showed similar features to Te(VI)
coprecipitated with ferrihydrite, which reflects the stronger
contribution of Te–Fe shells in coprecipitated species than
in adsorbed species. Although the spectral quality of EX-
AFS were still not good enough, we consider that the main
Te species in natural ferromanganese oxides is Te(VI)
coprecipitated with ferrihydrite, which is incorporated from
seawater without redox transformation.

The differences between adsorbed and coprecipitated
species suggested by molecular characterization are as fol-
lows. Adsorption samples were prepared by adding Te
ion to the aqueous phase after precipitation of ferrihydrite.
Thus, Te should form surface complexes on the surface of
solid structures. We found that, in adsorption systems, both
Te(IV) and Te(VI) formed inner-sphere complexes on fer-
rihydrite. It seemed that Te(IV) and Te(VI) preferred dou-
ble corner-sharing and edge-sharing linkages on
ferrihydrite, respectively. This preference may be due to
differences in their molecular geometry (CNTe–O = 4, RTe–

O = �1.87 Å for Te(IV); CNTe–O = 6, RTe–O = 1.92 Å for
Te(VI)).

In the coprecipitation experiments, on the other hand,
Te ion was already present in solution during the formation
of ferrihydrite precipitates. In this system, Te can be struc-
turally incorporated in the linkages of Fe octahedra. Cer-
tainly, Te(VI) seems to be isomorphously substituted to
the octahedral Fe(III) site in ferrihydrite (CNFeIII–O = 6,
FeIII–O = 1.94–2.05 Å; Waychunas et al., 1993; Manceau
and Drits, 1993). The stronger contribution of Te–Fe shells
in coprecipitation samples compared with adsorption
samples in the EXAFS spectra are evidence of this struc-
tural incorporation. The interatomic distances of Te–Fe
shells (RTe–Fe1 = 3.08 Å and RTe–Fe2 = 3.50 Å) are also sim-
ilar to those of Fe–Fe in ferrihydrite (Manceau and Drits,
1993), indicating a similar attachment geometry without
change of the basic ferrihydrite structure. One may point
out that the CNs of TeVI–Fe are relatively smaller than
those of Fe–Fe shells in pure ferrihydrite. This difference
may reflect (i) the increased disorder in Fe–Fe linkages in
the ferrihydrite structure due to Te(VI) incorporation
and/or (ii) the average nature of EXAFS showing the
mixing of adsorbed species in the Te(VI) coprecipitated
with ferrihydrite (Hansel et al., 2003; Mitsunobu et al.,
2010).

In contrast, the differences in structure between the
Te(IV) molecule and the Fe(III) octahedron
(RTe–O = �1.87 Å and/or CNTe–O = 4) may not allow its
structural incorporation into ferrihydrite. We found no
spectroscopic signature of structural incorporation of
Te(IV) into ferrihydrite in our coprecipitation experiments.
The similarity of spectra in adsorption and coprecipitation
samples indicates that the uptake of Te(IV) occurs on solid
surfaces. Thus, adsorption is the main process for enrich-
ment of Te(IV) in ferrihydrite. The same consideration
may be true for Te/d-MnO2 systems, which also did not
show significant differences between adsorption and copre-
cipitation samples for either Te(IV) or Te(VI). Slight differ-
ences in the geometry of the Mn4+ octahedron
(RMn–O = 1.90 Å, CNMn–O = 6; Foster et al., 2003) from
the Fe3+ octahedron and/or an affinity for Te ions can ac-
count for the smaller amount of structural incorporation of
Te into d-MnO2.

These molecular-scale insights are consistent with mac-
roscopic distributions. The largest distribution was ob-
tained for coprecipitation of Te(VI) with ferrihydrite in
comparison among adsorption and coprecipitation experi-
ments for each Te species. Moreover, this distribution coef-
ficient is comparable to that between seawater and natural
ferromanganese oxides (Fig. 6). This indicates that copre-
cipitation of Te(VI) with ferrihydrite can occur in the natu-
ral environment, supporting the EXAFS evidence for
natural samples. The experimental results also show that
Te enrichment is possible without assuming the input of
interplanetary dust particles, as suggested by some
researchers (Li et al., 2005). Therefore, we consider that
structural incorporation of Te(VI) in ferrihydrite through
coprecipitation can be the most important process for Te
enrichment into natural ferromanganese oxides.



T. Kashiwabara et al. / Geochimica et Cosmochimica Acta 131 (2014) 150–163 159
A large number of cations are known to be structurally
incorporated into Fe(III) (oxyhydr)oxides (e.g., NiII, CuII,
ZnII, CdII, CrIII, VIII, GaIII, CoIII, TiIV, GeIV, PV, AsV,
and SbV; e.g., Giovanoli and Cornell, 1992; Martin et al.,
1997; Manceau et al., 2000; Martinez and McBride, 2001;
Carvalho-E-Silva et al., 2003; Wells et al., 2006; and refer-
ences cited therein). Although factors affecting the extent of
incorporation are not conclusive (e.g., Manceau et al., 2000;
Klas et al., 2011; Liu et al., 2012), they include the valence
of the ion, the similarity of ionic radii, and the geometry of
molecules (e.g., Fuller et al., 1993; Waychunas et al., 1993;
Manceau et al., 2000; Mitsunobu et al., 2010). In the case of
Te(VI), the structure of the Te(VI) octahedron closely
matches that of the Fe octahedron in ferrihydrite. Thus,
we consider that structural incorporation of Te(VI) into fer-
rihydrite is possible. The large difference in charge between
Te6+ and Fe3+ might inhibit the extent of Te(VI) substitu-
tion into ferrihydrite; however, this factor can be compen-
sated to an extent by adsorption of other anions or water
molecules, considering that the absolute concentration of
Te in natural ferromanganese oxides is very low (molar ra-
tio of Te/Fe = �2.0 � 10�4).

4.2. Molecular-scale insights into the unique behaviors of Te

compared with other oxyanions at the seawater/

ferromanganese oxide interface

One of our interests is the reason why Te shows a unique
enrichment in ferromanganese oxides compared with other
oxyanions. Although additional EXAFS data of natural
samples with higher quality are still desirable, we can pro-
vide molecular explanations at present for the unique
behavior of Te at the seawater/ferromanganese oxide inter-
face considering the varieties of chemical reactions for
oxyanions.

Enrichment of Te in natural ferromanganese oxides
seems to result from the structural incorporation of Te(VI)
into Fe (oxyhydr)oxide phases. This type of reaction is well
known as a process for accumulating cationic elements in
natural ferromanganese oxides (Cronan, 1980). It is typical
that Co(III) is substituted isomorphously into the Mn site
in hydrogenetic phyllomanganates (Manceau et al., 1987,
1997). Lithium (Li+), Ni2+, Cu2+, and Zn2+ are also known
to be incorporated in the crystal structures of diagenetically
formed Mn oxides, such as todorokite (Jiang et al., 2007).
These cations show high average concentrations in ferro-
manganese oxides, in spite of their small degrees of adsorp-
tion, because three-dimensional incorporation in solid
structures is a more effective uptake process than surface
adsorption (e.g., Crawford et al., 1993a,b; Fuller et al.,
1993; Karthikeyan et al., 1997; Mitsunobu et al., 2010).
This mechanism can be explained by the similarity of their
ionic radii to that of Mn4+ and/or other sites, such as inter-
layer sites in phyllomanganates.

In contrast, structural incorporation of oxyanions is
generally difficult because of their large molecular sizes
(Takematsu et al., 1985, 1990). They are mainly adsorbed
on ferromanganese oxides. The enrichment factors of oxya-
nions relative to seawater are �107, which is relatively lower
than those of the cations described above (Takematsu et al.,
1990; Hein et al., 2003). In this case, the concentrations of
oxyanions in ferromanganese oxides are inversely related to
the first or second dissociation constants of their acids, pKa
(Li, 1981, 1991). On the other hand, structural incorpora-
tion is possible for Te because of the geometric similarity
of the Te(VI) molecule and the Fe octahedron. The Kd in
coprecipitation experiment for the Te(VI)/ferrihydrite
system (�109) is significantly larger than those in adsorp-
tion experiments (�107), which are themselves large due
to the large pKa of H6TeO6 (pKa1 = 7.70; McPhail,
1995). Thus, we found persuasive evidence that the unique
Te enrichment in ferromanganese oxides can take place
through structural incorporation into Fe (oxyhydr)oxides,
unlike other oxyanions that are mainly enriched via
adsorption.

Interestingly, Se is one of the least enriched oxyanions in
ferromanganese oxides although it is regarded as a geo-
chemical twin of Te (Takematsu et al., 1990; Hein et al.,
2003). In seawater, the redox speciations of Te and Se are
very similar, and the ratios of Te(VI)/Te(IV) and Se(VI)/
Se(IV) in seawater are also quite similar (Measures et al.,
1980; Lee and Edmond, 1985; Cutter and Cutter, 2001).
On the other hand, the uptake of Se is controlled by
adsorption as is the case for other oxyanions. Harada and
Takahashi (2008) reported that the contrasting adsorptions
of Te and Se in the soil–water system are caused by the
highly soluble nature of Se(VI). This is due to the formation
of an outer-sphere complex of Se(VI) on ferrihydrite
whereas Te(IV), Te(VI), and Se(IV) form inner-sphere com-
plexes (Harada and Takahashi, 2008; this study). There-
fore, the great contrast in the distributions of Te and Se
at the seawater/ferromanganese oxide interface is caused
by their oxidized species: (i) the similarity in geometry of
the Te(VI) molecule to the Fe octahedron, and (ii) quite sol-
uble nature of Se(VI).

Previously, surface oxidation has been considered as a
very efficient scavenging mechanism, and enrichments of
Co, Ce, and Tl are attributed to this process (Murray and
Dillard, 1979; Bidoglio et al., 1993; Takahashi et al.,
2000; Peacock and Moon, 2012). Since the oxidized forms
of Co(III), Ce(IV), and Tl(III) are sparingly soluble, they
are removed from the equilibrium reaction system after oxi-
dation, leading to their progressive enrichment. This mech-
anism has also been proposed for the extreme enrichment
of Te in natural ferromanganese oxides (Hein et al.,
2003). However, oxidized Te(VI) and Se(VI) are still solu-
ble, meaning that the oxidation does not necessarily pro-
mote their enrichment through a change of solubility as
the case of cations above. Rather, it may facilitate their
fractionation on ferromanganese oxides through structural
incorporation of Te(VI) and the distribution of Se(VI) to
the aqueous phase.

The potential roles of Mn oxides on uniqueness of Te
are also implied in some other cases. Previous laboratory
experiments reported that some oxyanions, such as V(III)
and Cr(III), are structurally incorporated into Fe (oxy-
hydr)oxides because of their similarity in molecular geome-
try to the Fe octahedron (e.g., Schwertmann and Pfab,
1996; Sileo et al., 2004; Kaur et al., 2009). However, their
structural incorporation in ferromanganese oxides is
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unlikely, in part because their oxidation on coexisting Mn
oxides could preclude incorporation through the change
of their geometry from Oh (for V(III) and Cr(III)) to Td

(for V(V) and Cr(VI)). This is the effect contrasting to the
case of Te oxidation where geometric change to Oh occurs
instead. In addition, Mn oxides themselves are dominant
phases attracting Mo and W to their surfaces by adsorp-
tion. Larger enrichment of W than of Mo originates from
the different stabilities of their surface complexes on Mn
oxides (Kashiwabara et al., 2011, 2013). In the case of Te,
redox transformation occurs on Mn oxides, causing a
change in the Kd for Te adsorption on Mn oxides. The
Kd of Te(VI) on d-MnO2 is the smallest among the adsorp-
tion systems we examined (Fig. 5). Thus, the oxidation of
Te(IV) to Te(VI) on Mn oxides may provide “extra” Te
fraction to coexisting Fe (oxyhydr)oxides. A similar process
has been suggested for As: As is finally adsorbed on ferrihy-
drite after its oxidation on the surface of coexisting Mn
oxides (Ying et al., 2012).

For many other oxyanions, positively-charged Fe (oxy-
hydr)oxides are the most important phases, where variable
chemistry can also occur to emphasize the uniqueness of Te.
Some researchers have reported that As(V) and Sb(V) can
be incorporated as coprecipitated species in synthetic Fe
(oxyhydr)oxides (e.g., Fuller et al., 1993; Violante et al.,
2007; Mitsunobu et al., 2010; Tokoro et al., 2010). How-
ever, As(V) is excluded from linkages of the Fe octahedra
after long aging time because of its Td geometry (Fuller
et al., 1993; Waychunas et al., 1993). Thus, the slow growth
rate of ferromanganese oxides would prefer adsorption
rather than incorporation for As(V), and further, for some
other oxyanions with similar molecular geometries in natu-
ral systems. As for Sb(V), although the Sb(V) molecule has
a similar geometry to that of the Fe octahedron, its distri-
bution factor is not as large as that of Te. Considering
the similar attachment geometries between adsorbed and
coprecipitated species, the low pKa of HSbO(OH)4

(pKa1 = 2.72; Smith and Martell, 1976) may be related to
its smaller degree of enrichment in ferromanganese oxides.

Although further investigations are still necessary for
systematic understanding of variable chemistry at the sea-
water/ferromanganese oxide interface, we argue that struc-
tural incorporation of Te(VI) into Fe (oxyhydr)oxides can
explain the unique behavior of Te among oxyanions, which
may also be emphasized by other factors including the co-
existence of Mn oxides, the slow growth rate of ferroman-
ganese oxides, and the large pKa of H6TeO6.

4.3. Difference from previous model and its relationship with

Te in seawater

The mechanism of extreme Te enrichment into ferroman-
ganese oxides proposed in this study offers insights into the
relationship between ferromanganese oxides and the abun-
dance of Te species in seawater. The previous model for
Te enrichment is based on an attempt to explain the discrep-
ancy between the greater thermodynamic stability of Te(IV)
over Te(VI) species (McPhail, 1995) and natural observa-
tions of the lack of Te(IV) species in seawater (Lee and
Edmond, 1985). In that model, marine ferromanganese
oxides cause the lack of Te(IV) species in seawater (Hein
et al., 2003). That is, the preferential removal of Te(IV) by
ferromanganese oxides can make Te(VI) predominant if
the redox reaction between Te(IV) and Te(VI) species is very
slow in seawater (McPhail, 1995).

However, our coprecipitation model suggests that ferro-
manganese oxides do not affect the relative abundances of
Te species in seawater. In our model, the main pathway is
structural incorporation of Te(VI) into Fe (oxyhydr)oxide
phases without redox transformation. In addition, we argue
that the reaction between aqueous Te(IV) and Te(VI) spe-
cies should reach equilibrium considering the geological
timescale for the slow growth rate of hydrogenetic ferro-
manganese crust (�6 mm/Ma). Although some compila-
tions of thermodynamic data (e.g., Mishra et al., 1990;
McPhail, 1995) are often cited in support of the idea that
equilibrium between Te(IV) and Te(VI) is not achieved in
natural seawater, we should note that they are based on
laboratory experiments in much shorter timescales. Ther-
modynamic stability of Te(VI) species has not yet been
properly evaluated because of a lack of experimental data
sets (McPhail, 1995). Actually, other experimental and the-
oretical studies have reported that Te(VI) can be predomi-
nant in oxic solutions such as seawater (Brookins, 1988;
Nolan et al., 1991; Harada and Takahashi, 2008).

The validity of our model is supported by observations
of Te concentration in natural ferromanganese oxides. If
the incorporation of Te is dominated by adsorption, then
Te concentration in ferromanganese oxides is mainly
dependent on its concentration in seawater. However, mean
Te concentrations significantly vary from 0.06 to 205 ppm
relative to the small variations in seawater from various re-
gions of the global ocean (0.4 – 1.9 pM; Lee and Edmond,
1985; Hein et al., 2003). In addition, Te concentrations in
natural ferromanganese oxides are well correlated with
their growth rates (Hein et al., 2003). These facts imply that
incorporation of Te is a dynamic process related to Fe and
Mn chemistry, including coprecipitation rather than
adsorption–desorption equilibrium between seawater and
solid surfaces. We conclude that Te enrichment model via
coprecipitation is chemically consistent with the trend in
Te concentrations observed in a number of natural ferro-
manganese oxides.

5. CONCLUSION

We investigated the chemical factors for the extreme
enrichment of Te into marine ferromanganese oxides using
a combination of XAFS analysis and adsorption/coprecip-
itation experiments. Our findings are as follows:

(i) The oxidation state of Te species in natural ferroman-
ganese oxides is hexavalent in spite of the coexistence of
Te(IV) and Te(VI) in seawater. The host phase of Te in nat-
ural ferromanganese oxides is ferrihydrite, and it is mainly
a coprecipitated species.

(ii) Tellurium(IV) is oxidized on d-MnO2 during adsorp-
tion and coprecipitation reactions, whereas it is not oxi-
dized on ferrihydrite.

(iii) Tellurium(IV) and Te(VI) are adsorbed on the
surface of both ferrihydrite and d-MnO2 via formation of
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inner-sphere complexes. Further, only Te(VI) species can be
structurally incorporated into ferrihydrite through
coprecipitation.

(iv) Although adsorption of Te(IV) species on ferrihy-
drite has a larger distribution coefficient than other adsorp-
tion systems, coprecipitation of Te(VI) species into
ferrihydrite has the largest one of all the experimental sys-
tems. The Kd for Te(VI) coprecipitation can explain the
natural distribution between seawater and ferromanganese
oxides.

While other oxyanions are mainly incorporated via
adsorption on the surface of solid structures, Te(VI) can
be structurally incorporated into Fe (oxyhydr)oxide phases
due to the similarity of its molecular geometry to that of the
Fe(III) octahedron. This process explains the unique
enrichment of Te compared with other oxyanions, and it
is also responsible for the great difference between Te and
Se, which is highly soluble in its oxidized Se(VI) form.
Coexisting Mn oxide phases may also promote structural
incorporation of Te(VI) by oxidation of Te(IV), although
surface oxidation itself may not work as the critical enrich-
ment process for Te, as is the case for some cations such as
Co, Ce, and Tl. This mechanism also means that ferroman-
ganese oxides mainly scavenge Te(VI) species from seawa-
ter without redox transformation and do not affect the
species distribution of Te in seawater, as previously pro-
posed by Hein et al. (2003). The variation in abundance
of Te and the correlation of Te concentration with the
growth rate of natural ferromanganese oxides are consis-
tent with an enrichment mechanism dominated by
coprecipitation.
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