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Release of trace oxyanions from littoral sediments and suspended particles induced by

pH increase in the epilimnion of lakes
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Abstract

We measured the vertical distributions of dissolved vanadium (V), molybdenum (Mo), and tungsten (W) during
a stratification period in Lakes Biwa, Ikeda, and Unagi-ike, which are located in the temperate zone of Japan. The
concentrations of V and W in the epilimnia were 1.6-3.7 times (V) and 1.8-2.9 times (W) higher than those in the
hypolimnia. The concentrations of V and W in the epilimnia were 2.94 = 0.09 nmol L-* and 76.1 = 5.7 pmol L-*
in Lake Biwa, 10.5 = 0.3 nmol L~* and 19.2 = 1.3 pmol L~ in Lake Ikeda, and 18.4 = 0.35 nmol L~* and 26.3
+ 1.8 pmol L-* in Lake Unagi-ike. The vertical distributions of Mo were homogeneous in al the lakes and its
average concentration was 3.45 + 0.21 nmol L-* in Lake Biwa, 1.18 = 0.08 nmol L-* in Lake Ikeda, and 1.93 =
0.09 nmol L-* in Lake Unagi-ike. We suggest that the higher concentrations of V and W in the epilimnia during
the stratified period result from the release of these elements from the littoral sediments and suspended particlesin
response to the rise in pH, which is induced by high biological production. To test this mechanism, a laboratory
experiment using lake water and sediment was carried out. The pH of the lake water was controlled by bubbling
air with different CO, concentrations, and the experiment demonstrated that V and W were released from the

sediments in response to the increasing pH.

In aguatic environments, the distributions and biogeo-
chemical behaviors of vanadium (V), molybdenum (Mo),
and tungsten (W) are controlled by various factors. These
three elements exist as oxyanions (HVO;~, MoO;~, and
WO;2-) demonstrating the highest oxidation states (+V, + VI,
and +VI) in oxic and neutral (or dightly alkaline) water
(Brookins 1987). In oxic seawaters, lake waters, and river
waters, the distributions of Mo and W exhibit conservative
profiles or conservative behaviors (or both) along the flow
(Sohrin et a.1987; Johannesson et al. 2000). Vanadium also
exhibits conservative behavior in well-oxygenated lakes and
rivers (Nojiri et al. 1985; Johannesson et al. 2000); however,
its uptake by phytoplankton or its adsorption onto biogenic
particles can occur at the surfaces of the oceans and in some
estuaries (Collier 1984; Shiller and Boyle 1987; Middelburg
et al. 1988). In contrast, the behaviors of these three ele-
ments drastically change in deoxygenated (anoxic) water.
The oxidation state of V changes from +V to +IV
[VO(OH)*] with a decrease in the redox potential (Eh) (Sza-
lay and Szilagyi 1967; Breit and Wanty 1991; Wanty and
Goldhaber 1992). In contrast to V (+V), V (+1V) isreadily
moved from the water phase into the sediment phase (Breit
and Wanty 1991; Wanty and Goldhaber 1992; Viollier et al.
1997), because V (+1V) is adsorbed onto various oxides and
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forms complexes with organic matter (Szalay and Szilagyi
1967; Wehrli and Stumm 1989). The chemical form of Mo
is converted from MoQ;~ to thiomolybdate MoS;~ in anoxic
and sulfidic water (Erickson and Helz 2000). MoS;~ is easily
moved into the sediment phase by adsorption onto particles
such as pyrite (Helz et al. 1996). Furthermore, Mo adsorbed
on the surface of pyrite is reduced to +V or +I1V by poly-
sulfides in anoxic and sulfidic water (Vorlicek et a. 2004).
Studies on W in anoxic water are very limited compared to
those on V and Mo. However, it has been reported that W
is released from the sediment along with the reductive dis-
solution of iron oxides (Miyauchi et al. 1998).

An interesting behavior of V has been observed under
oxic conditions (Sugiyama 1989; Okamura 1994). On the
basis of monthly observations at Lake Biwa, Japan, Sugi-
yama (1989) has reported that the dissolved V' concentration
in the well-oxygenated epilimnion (dissolved oxygen = 5.4—
11.4 mg L-* = 170-356 umol L~%) during the stratification
period significantly increased from 1.8 nmol L-* in May to
5.0 nmol L~* in October, and decreased thereafter. However,
the concentration of V in the hypolimnion was constant
throughout the year. He also suggested the potential factors
that affect the increase in the V concentration in the epilim-
nion—inflow of river water; fallout from the atmosphere;
secretion from limnetic organisms; and release from sedi-
ments and suspended particles. However, the mechanism for
this increase in V concentration has not yet been identified.
Additionally, to our knowledge, no increase in the V con-
centration in epilimnionlike environments has been reported
during the summer in other lakes and seas.

In this paper, the vertical profiles of dissolved V in the
well-oxygenated layers of three Japanese lakes, including
Lake Biwa, will be presented to examine whether the phe-
nomenon is specific to Lake Biwa. In addition, the profiles
of dissolved Mo and W, which also exist as oxyanions in
oxic water, will be reported for comparison. We will also
show that the increase in the amount of dissolved V in the
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Fig. 1. Locations of the studied lakes: (A) Lakes Biwa, Ikeda, and Unagi-ike and (B-D) sam-

pling site for each lake.

well-oxygenated epilimnion occurs not only in Lake Biwa
but also in other lakes, and that the amount of dissolved W
also increases in the layers. Furthermore, from a laboratory
experiment, we will demonstrate that increasing pH is a key
factor for the increase in the V and W concentrations in the
epilimnion during the summer stratification period.

Samples and methods

Sudied lakes—Sampling was performed in three Japanese
lakes (Lakes Biwa, Ikeda, and Unagi-ike). Location details
and major characteristics of the lakes are shown in Fig. 1
and Table 1, respectively. All these lakes are located in the
temperate zone between 31.2°N and 35.5°N (Fig. 1). Lakes
Biwa and Unagi-ike are monomictic lakes, which are strat-
ified stably in the summer and whose waters completely cir-
culate in the winter. Lake Ikeda is deep (max. depth: 233 m)
and its water is circulated completely only in the coldest
winters. Okuzono et a. (1979) studied Lake Ikeda and found
that the water mass above a minimum depth of 100 m was
circulated in February. Lakes Biwa and lkeda are in a me-
sotrophic state, whereas Lake Unagi-ike is in a eutrophic
state.

Sampling—All observations were carried out in 1997:
Lakes Biwa (18 July), lkeda (22 October), and Unagi-ike
(23 October). The sampling sites are shown in Fig. 1. The
observation at Lake Biwa was carried out at le-1 (depth: 73
m), where the seasonal variations of dissolved V were pre-
viously observed by Sugiyama (1989) and Okamura (1994).
In each of the other lakes, the observation was carried out
at the deepest site (Ikeda: 233 m; Unagi-ike: 57 m) and at
other sites (Ikeda: 41 m; Unagi-ike: 30 m). For trace element
analysis, water samples were collected using a 2.5-liter Nis-
kin water sampler suspended by a polyethylene rope. Within
12 h after the samplings, the samples were filtered through
the 0.2-um Nuclepore filters (Whatman). The filtrates were
acidified with ultrapure HNO, (Kanto Kagaku) to pH <2
and stored in low-density polyethylene bottles (Nalgene) un-
der refrigeration. For the analysis of particulate metals, the
filters and trapped suspended particles were stored in 30-ml
polytrifluorochloroethylene (PTFE) vessels and covered with
screw caps.

All the apparatuses and vessels used for the sampling,
filtration, and storage were previously cleaned by soaking
them successively in 10% Scat detergent (Nacalai Tesgue)
and 4 mol L=t HCI, followed by rinsing them thoroughly
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Table 1. Magjor characteristics of the investigated |akes.

Altitude Lake area Lake volume Max. depth Drainage area
Lake Trophic state (m) (10° m?) (20° M) (m) (106 m?)
Biwa M esotrophic* 85.6% 674% 27.50% 104t 3174%
Ikeda M esotrophic* 66.0% 10.95% 1.47% 233t 12.34%
Unagi-ike Eutrophic* 122* 1.20* 0.04f 56.5* 21t

* Tanaka (2002).
T Data determined on basis of 1:25,000 scale topographic maps.
FLBRI and NIRA (1984).

with water purified by a Milli-Q (Millipore) system (here-
after called MQW). The filters were precleaned by soaking
in 1 mol L-* HCI/HNO; solution at 60°C for 5 h, followed
by a thorough rinsing with MQW.

The water temperature was measured on board using a
thermistor (NWT, Nichiyu Giken Kogyo), and the dissolved
oxygen (DO) and pH were measured on board using a water
quality multichannel sensor (U-10, Horiba).

Analytical methods of dissolved elements—The concentra-
tion of dissolved V was determined by a catalytic method
using the oxidation of Bindschedler’'s green leuco base (Su-
giyama and Hori 1992). The concentration of dissolved Mo
was determined by a catalytic method using the oxidation of
ascorbic acid (Harita et al. 2003). In both these methods, an
air-segmented continuous-flow analysis system (Auto-
Analyzer |1, Bran Luebbe) was used to ascertain a sensitive
and accurate analysis of the dissolved V and Mo. The de-
tection limits for V and Mo were 21 pmol L-* and 17 pmol
L-%, and accuracies at the level of 10 nmol L-* were 0.6%
(n = 10) and 0.2% (n = 10), respectively.

The concentration of dissolved W was determined by iso-
tope dilution inductively coupled plasma—mass spectrometry
(ICP-MYS). Isotopically enriched WO, powder was ob-
tained from the Oak Ridge National Laboratory. A stock
solution of the enriched isotope was prepared by the com-
plete dissolution of an accurately weighed quantity of the
powder in 0.5 mol L-* NH, solution. A working spike so-
lution was prepared by diluting the stock solution using
MQW. The concentration of the spike solution was verified
by reversed spike isotope dilution ICP-MS. After adding the
required amounts of the spike solution to the lake water sam-
ples, they were alowed to stand for 1 d. In the samples, the
ratio W : W was determined by ICP-MS (VG Plasma
Quad Il, VG Elemental) using an ultrasonic nebulizer (U-
5000AT+, CETAC). The concentrations of dissolved W in
the lake water samples were calculated using this ratio. The
detection limit was found to be 0.8 pmol L.

Analytical method for total particulate metals—Total par-
ticulate concentrations of iron (Fe), manganese (Mn), and
auminum (Al) were measured using Sugiyama's method
(1996). All the reagents used for the digestion of the sus-
pended particles were of ultrapure grades and were pur-
chased from Kanto Kagaku. All the samples were manipu-
lated in a clean box having a 0.1-um air filter. First, the
polycarbonate filter, trapping the suspended particles, was
hydrolyzed in a PTFE vessel with 0.5 ml of 28% NH, so-

lution by allowing it to stand for 12 h. The solution was then
heated at about 120°C on a hot plate until completely dry.
Subsequently, 0.3 ml of 60% HCIO,, 1 ml of 60% HNO,,
and 1 ml of 48% HF were added to the dried cake. The
vessel cap was loosely placed and the mixture was heated
at 120°C for 2 h, followed by heating at 140°C for 2 h and
at 170°C for 8 h. Thereafter, the mixture was heated until
completely dry by removing the cap. After cooling, 0.5 ml
of 60% HCIO, and 1 ml of 60% HNO, were added, and the
mixture was heated at 170°C until completely dry. The res-
idue was completely dissolved in 4 ml of 0.1 mol L=t HNO,
in an ultrasonic bath. The concentrations of Fe, Mn, and Al
in the solution were determined by |ICP—atomic emission
spectrometry (AES) (ICAP-96-953, Nippon Jarrell-Ash).

Estimation of the concentrations of authigenic particulate
Fe and Mn—Various trace elements, including V, can be
removed from water by the authigenic hydrous Fe and Mn
oxides, which are freshly formed in oxic natural waters by
the oxidation of Fe?* and Mn2* transported from anoxic wa-
ters (Viollier et al. 1997). To examine the extent of V re-
moval in oxygenated hypolimnion (‘‘oxygenated” will be
defined later), the concentrations of the authigenic hydrous
Fe and Mn oxides in all the studied sites were estimated
using the method of Sholkovitz and Copland (1982) with a
slight modification. According to their method, the concen-
trations of the authigenic hydrous Fe (or Mn) oxides can be
obtained by subtracting the concentration of detrital partic-
ulate Fe (or Mn) from the concentration of the total partic-
ulate Fe (or Mn). This calculation assumes that the detrital
components are unreactive and primarily comprise aumi-
nosilicates (i.e., clay minerals), which are derived from the
river inputs and resuspension of bottom sediments. The cal-
culation formula is as follows. [Authigenic hydrous Fe (or
Mn) oxides] (nmol L) = [total particulate Fe (or Mn)] —
R X [total particulate Al], where the coefficient R represents
the ratio of Fe (or Mn): Al in the detrital component. In this
study, the R values for Fe and Mn were 0.0351 and 0.00835
mol mol -, respectively. These correspond to the average
upper crustal abundance ratios in Japan, as determined from
the detrital components of the 64 Japanese rivers (Sugiyama
2004).

Laboratory experiment of vanadium removal by hydrous
iron and manganese oxides—A laboratory experiment was
carried out to examine the extent of V removal from oxic
lake water by the authigenic hydrous Fe and Mn oxides.
Hydrous Fe oxide was synthesized by the dropwise addition
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Fig. 2. Schematic diagram of the experimental setup for ex-
amination of the geochemical behaviors of oxyanions.

of 25% ammoniato an acidified 0.04 mol L-* ferric chloride
solution until the pH of the solution reached a value of 9.0.
Hydrous Mn oxide was synthesized by mixing potassium
permanganate and manganese chloride solutions (Murray
1975). Both hydrous oxides were repeatedly washed with
MQW.

A water sample was collected from Lake Biwa and was
filtered through the 0.2-um Nuclepore filters. Different vol-
umes of hydrous Fe (or Mn) oxide suspensions were added
to 30-ml aliquots of the filtered lake water and appropriate
volumes of MQW were added to the aliquots so that the
fina volume equaled 31 ml. The aliquots were shaken for
12 h under room temperature (about 20°C). They were then
filtered through the 0.2-um Nuclepore filters. The concen-
tration of dissolved V in the filtrates were determined by the
above-mentioned method.

Laboratory experiment for the analysis of the effect of pH
on V, Mo, and W concentrations—A laboratory experiment
was carried out to investigate the effect of pH variation on
the dissolved concentrations of V, Mo, and W. A schematic
diagram of the experimental setup is shown in Fig. 2. The
setup comprised two main parts: atank and a gas controller.
In the tank, 700-cm® volume of sediment was placed, and
20-liter volume of lake water was gently poured on it. The
sediment sample was collected from the bottom surface (0
to 5 cm) of alittoral area in Lake Biwa. The lake water was
sampled at a depth of 40 m at the le-1 site of Lake Biwa.
The tank was kept in the dark at a constant temperature
(25°C). The pH of the water was controlled by bubbling
CO,—free air or natural air mixed with CO, gas. The CO,—
free air was prepared by passing natural air through 3 mol
L-* KOH solution. The experiment was carried out for 11
d. The pH of the lake water was continuously monitored
using a pH electrode. Fourteen samples were collected dur-
ing the experimental period and these were filtered through
the 0.2-um Nuclepore filters. The concentrations of dis-
solved V, Mo, and W in the filtrates were determined using
the methods described above.

Results and discussion

Comparison of vertical profiles among the lakes—In this
paper, we define an *‘ oxygenated”’ layer as a water layer in
which the dissolved oxygen concentration is higher than 3.0
mg L~ (94 wmol L-1). We will restrict our discussion to
oxygenated layers, because the increase in the dissolved V
concentration in the previous work (Sugiyama 1989) was
recorded only in the oxic epilimnion. Moreover, the geo-
chemical processes of V, Mo, and W in a deoxygenated
(weakly oxic or anoxic) layer differ from those in an oxy-
genated layer, as mentioned above.

The vertical profiles of water temperature; DO; pH; and
dissolved V, Mo, and W in the oxygenated layers at all the
studied sites are shown in Fig. 3. On the basis of the water
temperature profile, the oxygenated layer was further divided
into three sublayers: oxygenated epilimnion, thermocline,
and oxygenated hypolimnion. The depth-weighted average
concentrations of V, Mo, and W in the oxygenated epilim-
nion and hypolimnion aong with their ratios (epilimnion/
hypolimnion) are listed in Table 2.

The distributions of V, Mo, and W in al the lakes can be
classified into two types on the basis of their vertical profiles.
The first type, which we will refer to as the epilimnion-high
concentration type (EH-type), is characterized by a higher
concentration of the elements in the oxygenated epilimnion
when compared to that in the oxygenated hypolimnion. The
distributions of V and W in al the lakes were classified as
EH-type (Fig. 3). The concentrations of V and W in the
epilimnia were 1.6 to 3.7 and 1.8 to 2.9 times higher, re-
spectively, than those in the hypolimnia (Table 2). The sec-
ond type is the homogenous type, characterized by the con-
stant vertical profile. The Mo distributions in all the lakes
were classified under this type. The Mo concentration ratio
of the epilimnion/hypolimnion was approximately 1.1 for all
the sites (Table 2).

The EH-type profiles of V observed in all the lakes in this
study can be interpreted in two ways: One way is that the
EH-type profiles were derived from the supplies of V to the
epilimnia. The other way is that the EH-type profiles were
derived from the removals of V from the oxygenated hy-
polimnia. The former appears to be more valid, because the
removal of V from the oxygenated hypolimnia is unlikely.

The remova of dissolved V from the water phase is
known to be facilitated by the formation of authigenic hy-
drous Fe and Mn oxides (Takematsu et al. 1985; Viollier et
al. 1997) or by the reduction of vanadate (HVOz-) to van-
adyl [VO(OH)*] ions (Breit and Wanty 1991; Wanty and
Goldhaber 1992). However, the concentrations of the authi-
genic hydrous Fe and Mn oxides in the oxygenated hypolim-
nion at all the sites were not sufficient to largely remove the
dissolved V. The Fe and Mn oxide concentrations were es-
timated to be at the level of <180 and <80 nmol L%, re-
spectively, at all the sites. Figure 4 shows the effect of hy-
drous Fe and Mn concentrations on the removal of dissolved
V (+V, vanadate). The Fe (180 nmol L) and Mn (80 nmol
L) oxides were observed to scavenge only 4.5% and 1.1%
of the initial concentration (2.5 nmol L-*) of dissolved V,
respectively. From these results, it is expected that the large
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removal of vanadate from the oxygenated hypolimnia did
not occur at all the sites. In addition, it is also expected that
the reduction of vanadate ion to vanady! ion hardly occurred
in the oxygenated hypolimnia, because a thermodynamic
calculation and a speciation analysis indicate that the con-
centration of the vanadyl ion is insignificant in water con-
taining >3.0 mg L~ (94 umol L) of dissolved oxygen.

Assuming that the redox reaction O,(g) + 4H* + 4e =
2H,0 attains equilibrium, the concentration ratio of vanadate
ion to vanadyl ion was estimated as 1.5 X 10 at pH 7.0
and DO of 3.0 mg L-* (94 uwmol L-*) by the solution equi-
librium computer program MINEQL + (version 4.0, Envi-
ronmental Research Software). In addition, although Oka-
mura (1994) conducted a high-sensitive speciation analysis
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Table 2. Depth-weighted average concentrations of dissolved V, Mo, and W in the oxygenated epilimnion (E) and hypolimnion (H),

and the ratios of these average concentrations between the two layers.

\% Mo w
Av. conc. (nmol L) EH Av. conc. (nmol L) EH Av. conc. (pmol L1 EH

Site E H ratio E H ratio E H ratio

le-1 28 17 16 3.6 33 11 74.8 37.7 20
(0-15 m) (25-73 m) (0.15 m) (25-73 m) (0-15 m) (25-73 m)

11 10.1 4.0 25 1.2 1.1 1.1 18.9 105 1.8
(0—20 m) (25-50 m) (0—20 m) (25-50 m) (0—20 m) (25-50 m)

12 10.7 41 2.6 12 11 11 18.9 7.9 24
(0—20 m) (25-41 m) (020 m) (25-41 m) (020 m) (25-41 m)

Ul 18.1 4.9 37 20 19 11 26.3 9.0 29
(0-10 m) (17-30 m) (0-10 m) (17-30 m) (0-10 m) (17-30 m)

u2 18.7 6.0 3.1 2.0 1.8 1.1 255 13.2 1.9
(0-12.5 m) (17-20 m) (0-12.5 m) (17-20 m) (0-12.5 m) (17-20 m)

of V (+IV and +V) in the water of Lake Biwa, the vanadyl Five T Faomawae T Foredpiaion T Foiia

ion was not detected (<0.05 nmol L-%) even in the lake

water containing 1.0-3.0 mg L-* (31-94 wmol L-%) of DO - AM +F +F. 1)

(Okamura et al. 2001). From the above discussion, we can At outlow difusien

conclude that the EH-type profiles of dissolved V at al the )

sites were formed by the supply of V to the epilimniaand ~ Where Fre = flux from the river, Fyopauae = flux from the

not by its removal from the oxygenated hypolimnia.

The similarity between the vertical profiles of dissolved
V and W (EH-type) indicates that W was also probably sup-
plied to the epilimnia. On the other hand, the homogenous
vertical profiles of Mo indicate that the dissolved Mo was
conservative in the oxygenated epilimnia of al the lakes.

Sources of vanadium to the epilimnion—Pathways for in-
flux of dissolved V into the epilimnion include riverine and
groundwater inflows, precipitation, and release from the sol-
id phase including sediment and suspended particles. Simi-
larly, the pathways for the outflux of dissolved V include
water outflow and diffusion across the thermocline from the
epilimnion. The relation of these fluxes in the epilimnetic
water column can be represented by the following mass bal-
ance equation of V:

—— - before adsorption
—®@— after adsorption

10 100 1000 10000 10 100 1000 10000
Hydrous Fe oxide (nmol L")  Hydrous Mn oxide (nmol L™)

Fig. 4. Remova of dissolved vanadium by (A) hydrous iron
oxide and (B) hydrous manganese oxide. The broken line shows
the initial concentration (2.5 nmol L) of dissolved vanadium and
the filled circles show the concentrations of vanadium remaining in
the water. The pH values of the samples after shaking were 7.1—
7.2.

groundwater, Fqyimion = flux from the precipitation, Fg,, =
release flux from the solid phase, AM/At = rate of change
in the amount of dissolved V in the epilimnetic water col-
umn, Fgq. = leaving flux via the outflow, and F g0 =
turbulent diffusive flux from the epilimnion to the hypolim-
nion. In the following paragraphs, we will focus our discus-
sion on Lake Biwa to evaluate the contribution of each of
these potential sources to the increase in dissolved V in the
epilimnion.

The average dissolved V concentrations in the epilimnetic
water column (depth: 0—15 m) of Lake Biwa were 5.0 nmol
L~ on 15 October 1986 (Sugiyama 1989), 3.6 nmol L-* on
6 September 1994 (Okamura 1994), and 2.8 nmol L=* on 18
July 1997 (this study). The mean rate of change (AM/At) in
the amount of dissolved V was estimated as 209 = 48 nmol
m~2 d-%, assuming that the V concentration in the epilimnion
starts increasing from 1.7 nmol Lt (Sugiyama 1989) on 10
April of any year (Otsu Hydrobiological Station 1988; Ueda
et al. 1998). The rates of water inflow from the river, pre-
cipitation, and groundwater have been reported as 5.56 X
108, 3.32 X 10°, and 0.66 X 10° m?® d-* (Iwasa 1991), re-
spectively. The dissolved V concentrations in the river water
and precipitation around Lake Biwa have aso been reported
as 11 = 4 nmol L-* (Okamura 1994; Mito et al. 2004) and
54 * 3.1 nmol L-* (Okamura 1994; Mito et a. 2004; S.
Tsukuda pers. comm.), respectively. On the basis of these
rates and concentrations, we estimated the V fluxes from the
river and precipitation (F . and F,piaion) 8 93 = 32 nmol
m-2d-*and 27 = 15 nmol m—2 d-* (Table 3), respectively.
The V flux from the groundwater will be discussed later.
The leaving flux of V viathe outflow (Fq,,) Was estimated
as 39 = 8 nmol m=2 d-* (Table 3), assuming that the sum
of the water inputs from the river, precipitation, and ground-
water was always equal to the amount of the water outflow.

We are able to estimate the vertica diffusive fluxes (Fiuson)
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Table 3. Dissolved V fluxes in the epilimnetic water column in
Lake Biwa during the stratification period.

Dissolved V flux term Flux (nmol m-2d-?)

AM/At 210+50
S, influx 260-+70
Friver 9332
Fpreci pitation 27 i 15
groundwater + Fsol id 140i 61
3, outflux 51+11
Foutflow 39 i 8
F gittusion 12+7
across the thermocline using the Fick’s Law: Fggugon = —K,

X AC/Az, where K, (m? d-*) = turbulent diffusion coeffi-
cient and AC/Az (moI m~4) = concentration gradient of dis-
solved V. The turbulent diffusion coefficient (K,) was cal-
culated as K, = 0.25 eN~2 (Osborn 1980), where ¢ (m? s73)
is the rate of turbulent energy dissipation and N (s79) is the
Brunt-Vaisda frequency. The rate of turbulent energy dis-
sipation in the upper thermocline (13-17 m) of Lake Biwa
has been reported to be in the range from 1 X 108 to 7 X
10-® m? s~3 (Roberts et al. 1998). In the calculation, the rate
of turbulent energy dissipation was set to the lowest value
of 1 X 108 m? s2. The values of K, and the vertical gradient
of V (AC/Az2) across the thermocline (15-25 m), which were
determined from the monthly vertical profiles of water tem-
perature (Ueda et al. 1998) and dissolved V (M. Sugiyama
unpubl.) from May to October, ranged from 0.04 to 0.54 m?
d-* and from 40 to 310 nmol m-#, respectively. The average
diffusive flux of dissolved V was calculated as 12 = 7 nmol
m-2 d-* (Table 3).

The values of the fluxes from the groundwater and solid
phase cannot be determined separately, because the dis-
solved V concentration has not been measured in the ground-
water of Lake Biwa. Therefore, the sum of the fluxes from
the groundwater and solid phase (Fyouawaer + Fsoia) Was cal-
culated by substituting the above values of F ., Fpecipitaion
AM/AL, Fuiion @Nd Fyguson iN the mass balance equation (Eq.
1); the sum was determined as 140 = 61 nmol m=2 d*
(Table 3). If the flux from the solid phase is negligible, then
the groundwater must contain dissolved V at a high concen-
tration (140 = 60 nmol L-%). However, such a high V con-
centration has not been measured even in the bottom water
of Lake Biwa's littoral zone (Y. Harita, unpubl.). In addition,
if the dissolved V concentration in the groundwater is as-
sumed to be the same as that in the river water, then F ., qwaer
and F,, are determined as 11 = 4 and 129 = 61 nmol m—2
d1, respectively, indicating that F.,, is the largest among
the four influxes. From these values, it appears that the solid
phase, such as sediment and suspended particles, is the sig-
nificant source of V to the epilimnion.

The epilimnetic concentration of dissolved V decreasesin
Lake Biwa from October to January (Sugiyama 1989; Oka-
mura 1994). This decrease may be reasonably explained by
assuming that the solid phase acts as the sink as well as the
source for V.

A) From spring to summer
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Fig. 5. (A and B) Mechanism of vanadium increase and de-
crease in the epilimnion, and (C) seasonal variation in the profiles
of pH and dissolved vanadium from spring to winter.

Hypothetical mechanism for the geochemical behaviors of
V—The pH profiles in all the sites studied were similar to
those (EH-type) of dissolved V (Fig. 3). In addition, on the
basis of the monthly observations reported by Sugiyama
(1989) and Okamura (1994), it has been shown that the dis-
solved V concentration in the epilimnion of Lake Biwa ap-
pears to vary in response to the pH variation, which increas-
es from April to October and decreases from October to
January. On the basis of these observations, the transporta-
tion of V between the solid phase and water appears to be
influenced by the pH variation.

Here, we propose the following hypothetical mechanism
(Fig. 5) to account for the seasonal variation in the dissolved
V concentration. Vanadium is adsorbed onto minerals con-
tained in the littoral sediment and suspended particles at neu-
tral pH during the winter circulation period. The epilimnion
pH increases owing to biological metabolism from spring to
summer (Stumm and Morgan 1994). Along with the rise in
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pH, V is desorbed from the mineral surfaces to the epilim-
netic water, resulting in an increase in the dissolved V con-
centration (Fig. 5A,C). During the middle stage of the strat-
ification period, the pH and dissolved V in the epilimnion
reach their maxima. In autumn, the epilimnetic pH starts to
decrease in response to the decline in the biological activity
(Fig. 5B). With the decrease in pH, the dissolved V in the
lake water is adsorbed onto the surface of littoral sediment
minerals and suspended particles, and the dissolved V con-
centration decreases (Fig. 5B,C). Fuller and Davis (1989)
have also suggested a similar mechanism to account for di-
urnal variations in the dissolved arsenate concentration in
stream water.

The factors controlling the transportation of V between
the solid phase and lake water might include a redox reac-
tion. It is possible that even in the littoral zone, a temporary
lowering of the redox potential at the surface of the sediment
will occur owing to a high microbia activity (Murase 2002).
The lowering of the redox potential may lead to the reductive
dissolution of the Fe and Mn oxide phases in the sediment
and therelease of V that was adsorbed onto the oxide phases.
However, the dissolved Fe(ll) and Mn(ll) that diffuse in
well-oxygenated water will be immediately reoxidized
(Stumm and Morgan 1994), and the freshly formed Fe and
Mn oxides will again scavenge the dissolved V (Fig. 4).
Therefore, it is likely that the redox reaction occurring in
the littoral sediment is not the primary factor for the increase
of V in the epilimnion.

Testing the hypothetical mechanism—A laboratory exper-
iment was carried out to examine the hypothetical mecha-
nism using the setup shown in Fig. 2. This experiment was
designed to simulate the natural pH variations that are ob-
served in the littoral environment and the epilimnion. In nat-
ural environments, the pH of lake water is controlled mainly
by the CO,(aq) uptake by phytoplanktons for photosynthesis
and the CO,(aq) release due to respiration (Stumm and Mor-
gan 1994). The setup is designed to control the pH by reg-
ulating the CO,(ag) concentration.

The experimental period (11 d) was divided into three
subperiods (Fig. 6). In period | (0-1.8 d), the pH was main-
tained at approximately 7.0 by bubbling a mixture of natural
air (25 L min%) and CO, gas (6 ml min-%) (Fig. 6A). In
period Il (1.8-7.2 d), the pH was raised to approximately
8.7 by bubbling CO,—free air (2.5 L min-*) that was made
by passing air through 3 mol L=* KOH solution (Fig. 2). In
period 111 (7.2-11 d), the pH value was decreased to 7.0 as
in period I.

The results (Fig. 6A, B) show that the dissolved V con-
centration changed with the pH variation. In period I, the
concentration of the dissolved V was constant (6.4 = 0.2
nmol L-%). In period Il, its concentration increased in re-
sponse to the increase in pH. Further, the result indicates that
V was released from the sediment owing to the rise in pH.
In period 111, the pH value decreased to 7.0 and the concen-
tration of dissolved V decreased, suggesting that V was
transported to the sediment. From the above results, it is
possible to conclude that the mechanism mentioned above
is reasonable.

Tungsten was also released from the sediment in response
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Fig. 6. (A) Changes in pH, and (B-D) concentrations of dis-
solved V, W, and Mo in the lake water during the laboratory ex-
periment.

to the rise in pH (Fig. 6C). This result indicates that the
vertical profiles of dissolved W, which were EH-type and
similar to those for V, can be explained by the same mech-
anism (Fig. 5A). It also implies that the seasonal variation
of dissolved W in natural 1akes may display a pattern similar
to that observed for dissolved V. The observations of the
seasonal variation in the vertical profile of W pose an inter-
esting challenge for future studies.

The concentration of the dissolved Mo was nearly con-
stant (3.1 = 0.2 nmol L) throughout the experiment (Fig.
6D). This indicates that the concentration of the dissolved
Mo is not affected by the pH variation, and is consistent
with the homogeneous Mo profiles found in all the lakes

(Fig. 3).

Importance of hydrous Fe oxide in oxyanion cycling—
Among various solid phases composing the littoral sediment
and suspended particles, the hydrous Fe oxide phase seems
to play an essential role in catching and releasing oxyanions
corresponding to pH variations. Hydrous Fe oxide is one of
the major components in lake sediment (Nakashima 1982).
As shown in Fig. 7, hydrous Fe oxide adsorbs vanadate and
tungstate under a lower pH, but releases them to the water
phase when the pH increases. Similar processes are expected
to occur in natural lakes. In the case of molybdate, hydrous
Fe oxide does not adsorb molybdate even under the neutral
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Fig. 7. Adsorption ratios of vanadium, molybdenum, and tung-
sten onto hydrous iron oxide as a function of pH. This figure was
constructed using the data of Ishibashi et a. (1958, 1960) and Ku-
wamoto (1960). Total concentrations of adsorbate and adsorbent
were 20 pumol L-* and 0.45 mmol L-* in V, 0.52 umol L-* and
0.18 mmol L-*in Mo, and 50 umol L-* and 1.8 mmol L-*in W.

pH and does not have an influence on the variations in the
molybdate concentrations (Fig. 7). Such differences among
the geochemical behaviors of V, W, and Mo are in agreement
with the work of Pokrovsky and Schott (2002). They per-
formed a fractionation analysis for aquatic environments and
found that large portions of Mo were present in the form of
truly dissolved inorganic species, whereas large portions of
V and W remained strongly adsorbed onto the colloidal iron
oxide.

Phosphorus (P) and arsenic (As) are also speculated to be
mobilized from solid phase, such as the lake and creek sed-
iments, in response to an increasing pH (Andersen 1975;
Fuller and Davis 1989). Andersen (1975) and Fuller and Da-
vis (1989) suggested that the hydrous Fe oxide phase plays
an important role in controlling the release of P and As.
Similar to vanadate and tungstate, large amounts of phos-
phate and arsenate are contained in the hydrous Fe oxide
phase in aquatic environments (Filippelli and Delaney 1996;
Pokrovsky and Schott 2002; Koschinsky and Hein 2003).
The adsorption properties of phosphate and arsenate on hy-
drous Fe oxide are very similar to those of vanadate, because
the chemical structures are anal ogous among vanadate, phos-
phate, and arsenate (Rietra et al. 1999). Phosphorus and As
have +V oxidation states under oxic conditions (Brookins
1987) and exist, like V, as oxyanions (PO~ and AsO;~). The
above information appears to suggest that during the strati-
fication period P and As are also released from the hydrous
Fe oxide phase of littoral sediment and suspended particles
under high pH.
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