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Abstract A monthly survey of dissolved concentrations of
various trace elements was performed in Lake Biwa.
Particulate concentrations of the elements were also mea-
sured in early autumn and winter. Based on these results,
the geochemical behaviors of trace elements are discussed.
The redox-sensitive elements Mn and Fe showed character-
istic vertical distribution profiles. Profiles of Mn changed
drastically with the progression of the stagnation period.
The dynamics of Ba were affected by the redox cycle of
Mn. Dissolved V concentration showed a clear seasonal
variation. In contrast, dissolved concentrations of Sr, Mo,
Cu, Zn, and Ni were almost uniform, i.e., not dependent on
the season or the depth. The distribution ratios of
these elements between lake water and Mn nodules formed
in the lake were calculated to assess their geochemical
behaviors.

Key words Trace elements - Geochemical behavior - Lake
Biwa - Distribution ratio between water/manganese nodules

Introduction

The geochemical behavior of trace elements in natural
water may often reflect minute changes (which are difficult
to recognize from the behavior of the major components) in
the chemical, biological, and physical conditions of an
aquatic environment. For example, Mn and Fe change their
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chemical forms and concentrations according to the redox
condition of the water (e.g., Davison 1993; Stumm and
Morgan 1996). Distribution profiles of some bio-elements
such as P, N, Si, and Zn are sensitively affected by biological
activity (e.g., Riley and Chester 1983; Horne and Goldman
1994). Because of the geoscientific significance of such trace
elements, many workers have studied their geochemical
behaviors over long periods of time. In marine domains,
many kinds of trace elements have been measured in vari-
ous areas of the ocean, and the mean concentrations for
almost all elements have now been elucidated (e.g., Nozaki
1992; Donat and Bruland 1994). In limnetic areas also, trace
element concentrations have been determined in many
lakes throughout the world (e.g., Borg 1994; Nojiri 1992;
Falkner et al. 1997). However, compared to the works for
eutrophic or anthropogenically polluted lakes, there are few
reports for lakes at lower trophic levels or in a state little
affected by human activities; in such lakes, trace element
concentrations are extremely low and their analysis is very
difficult.

The chemical dynamics of trace elements in a lake are
greatly affected by the trophic state and pollution level of
the lake. Therefore, to meaningfully discuss the geoche-
mical behavior of limnetic trace elements, it is necessary
to reveal the behaviors of the elements in lakes at
various trophic and pollution levels and to study them
comparatively.

Lake Biwa, the largest lake in Japan, consists of two
basins, the southern and northern basins, which differ in
their limnological characteristics (Fujinaga and Hori 1982;
Horie 1984). The northern basin of the lake is the main
basin and is classified as a mesotrophic lake with thermal
stratification in summer. On the other hand, the southern
basin is a shallow eutrophic lake and is not thermally strati-
fied throughout the year. These characteristics are very op-
portune for studying the effects of the trophic state of a lake
on the geochemical behavior of trace elements.

In addition to the above characteristics, Lake Biwa has
other remarkable limnological features (Fujinaga and Hori
1982; Horie 1984): it is an ancient lake, being more than 5
million years old; there is a variety of biota in the lake,
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comprising more than 1000 species; abundant endemic
species number more than 50; and it is significant as a
water resource utilized by 14 million people. Thus, this
lake has been investigated for several decades by numerous
chemists, biologists, and physicists, and many limnological
reports have been devoted to the study of this lake.
Of course, the chemical aspects of the lake also have
been discussed frequently. However, there are few reports
on the geochemical behavior of trace elements (Haraguchi
et al. 1998; Mito et al. 2002, 2004; Takaku et al. 2003)
compared to the many studies of major elements and nutri-
ents (e.g., Fujinaga and Hori 1982; Horie 1984; Somiya
2000).

Previously, we developed simultaneous determination
methods for some major and trace elements in natural
water and suspended particulate matter using inductively
coupled plasma atomic emission spectrometry (Sugiyama et
al. 1986, 1992; Sugiyama 1996). These methods are not only
convenient for the chemical analysis of natural samples but
are also very useful for studies in geochemistry because
both absolute and relative concentrations among the major
and trace elements can be easily obtained. Using these
methods, we analyzed more than ten elements in dissolved
and particulate states in water from Lake Biwa. In this
paper, we report the geochemical behaviors of various trace
elements in Lake Biwa based on vertical distribution pro-
files in its northern basin. Additionally, the results in the
southern basin are discussed in comparison with those in
the northern basin.

Study area

The limnological features of Lake Biwa are summarized
as follows (Fujinaga and Hori 1982; Lake Biwa Research
Institute and National Institute for Research Advancement
1984; Horie 1984). It is located at 35°15” N and 136°05" E,
and is geometrically and limnologically divided into two
parts: the mesotrophic northern basin and the eutrophic
southern basin. The northern basin is the main basin and
has a surface area of 616km” and a capacity of 27.3km”. Its
average and maximum depths are 44m and 104 m, respec-
tively. The residence time of lake water is estimated to be
5.5 years. Thermal stratification typically occurs from May
to January, and convection of the lake water occurs regu-
larly from February to April. Dissolved oxygen (DO) con-
centration in the bottom water reaches a minimum in early
winter but is never totally depleted during the stagnation
period.

The southern basin of the lake has a surface area of
58km* and a capacity of 0.2km’, with average and maxi-
mum depths of 3.5m and 8m. The residence time of water is
calculated to be 0.04 years. The water in this basin is not
thermally stratified and is more or less saturated with atmo-
spheric oxygen throughout the year. Generally, for any
chemical component, the concentration in the southern
basin is slightly higher than that in the northern basin
(Fujinaga and Hori 1982; Tanaka 1992; Somiya 2000).

T I I |

—35°30'

~ 35°20'

—35°10'

10 km

S| -

135°50' 136°20'

136°00' 136°10'
| ]

Fig. 1. Sampling locations on Lake Biwa

Sampling and analytical method
Sampling

Water samples were collected at 1-month intervals from
March 1986 to March 1987 using a polypropylene bellows
pump equipped with Tygon tubing (inside diameter: §mm,
Norton, Akron, OH, USA). The locations of the sampling
stations, Ie-1, Nb-5, and Na-3, are shown in Fig. 1. Station
Ie-1 is located in the northern basin at a depth of 73m and
stations Nb-5 (depth: 3.5m) and Na-3 (depth: 2.0m) are in
the southern basin. Ten samples were collected at various
depths at station Ie-1. Surface water alone was collected at
stations Nb-5 and Na-3. Immediately after collection, lake
water (3.2-3.51) was filtered through a 0.4-um Nuclepore
filter (diameter: 142mm, Corning, New York, NY, USA) on
board the sampling vessel. The filtrate was acidified to pH 1
by adding hydrochloric acid that had been specially purified
by isothermal distillation (Nakayama and Okazaki 1987)
and was used to determine the dissolved state of major and
trace elements. Suspended particulate matter, which was
collected on the Nuclepore filter, was subjected to analysis
for particulate elements. The water sample for pH, DO, and
chlorophyll-a measurements was collected with a Van Dorn
sampler. Sediment samples were collected with an Ekman—
Berge sampler at stations Ie-1 and Nb-5 in February and
March, 1995.



Analytical method

The results for water temperature, pH, DO, and chloro-
phyll-a were cited from the report of Otsu Hydrobiological
Station (1988). Water temperature and pH were measured
on board the sampling vessel. DO content was determined
by the standard Winkler method. Chlorophyll-a was mea-
sured by acetone extraction and fluorophotometric deter-
mination.

The dissolved concentrations of major and trace ele-
ments were determined as follows. Na and K were deter-
mined with a Hitachi (Tokyo, Japan) model 180-80 Zeeman
atomic absorption spectrometer. Mg, Ca, Sr, Ba, and Si
were simultaneously and directly determined with a Japan
Jarrel Ash (Uji, Japan) model ICAP-96-953 inductively
coupled plasma atomic emission spectrometer (ICPAES)
(Sugiyama et al. 1992). V, Mo, Cu, Zn, Ni, and Fe were
concentrated 250-fold through a solvent extraction method
and determined using ICPAES. The preconcentration pro-
cedure used was essentially the same as previously reported
(Sugiyama et al. 1986). A 1000-ml portion of filtered lake
water was placed in a 1000-ml Teflon separatory funnel and
10ml of 2% (w/v) ammonium tetramethylenedithiocar-
bamate solution was added. The pH was adjusted to 4.3 +
0.1 with aqueous ammonia, and 10ml of 1 mol/l buffer solu-
tion (acetic acid/aqueous ammonia) was added. After the
addition of 4ml of 2-ethylhexyl acetate containing 5% (w/v)
dibenzylammonium dibenzyldithiocarbamate, the mixture
was shaken for 1h. The organic phase was separated after
standing for 10min. V, Mo, Cu, Zn, Ni, and Fe in the phase
were measured directly using ICPAES. Mn was also deter-
mined in a similar manner, but the pH value of the lake
water sample was adjusted to 6.9 = 0.1. Aqueous ammonia
was prepared by isothermal distillation (Nakayama and
Okazaki 1987). Reagent and buffer solutions were purified
by solvent extraction with dithiocarbamate solution or
hydrochloric acid before use.

Particulate concentrations of Mg, Ca, Sr, Ba, V, Mo,
Cu, Zn, Ni, Fe, Mn, and Al were measured for the samples
collected in October 1986 and February 1987 by a similar
method to that previously reported (Sugiyama 1996).
The Nuclepore filter, on which suspended particulate
matter was collected by filtering 3.2-3.51 of lake water, was
placed in a 30-ml Teflon screw vial and was mixed with
0.5ml of 25% aqueous ammonia to hydrolyze the filter.
After standing for 12h, the mixture was dried at 120°C. The
residue was mixed with 1.0ml of 70% perchloric acid. After
lidding loosely, the mixture was heated to 150°C for 2h.
After addition of 1.0ml of 65% nitric acid, the mixture was
heated to 170°C for 6h. The lid was taken off and then the
mixture was dried completely. Hydrofluoric acid (40%,
0.5ml) was added to the vial. The mixture was stirred
for 10min and heated to dryness. The residue was dissolved
in 5ml of 0.lmol/l hydrochloric acid, and then the
concentrations of the above elements were determined
simultaneously using ICPAES. All the samples were
manipulated in a clean box with a 0.1-um air filter.
All reagents used were of ultrapure grade (Cica-Merck,
Tokyo, Japan). Sediment samples were dried at 80°C
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and analyzed similarly to the measurement of the particu-
late concentration.

Digestion of dissolved organic matter under
UV irradiation

To examine the effect of dissolved organic complexes of
trace elements on the present preconcentration method, the
lake water sample collected in October 1986 was irradiated
by UV light to decompose the complexes, using a similar
procedure to that reported by Batley and Farrar (1978), and
was then analyzed. A 250-ml portion of filtered lake water
was transferred to a 300-ml quartz erlenmyer flask and was
mixed with 10ml of S5mol/l nitric acid and 0.3ml of 30%
hydrogen peroxide. The mixture was irradiated for 6h
under a 400-WHg lamp to decompose the dissolved
organic matter. Thereafter, trace elements in this sample
were determined by the above procedure.

Results and discussion

Distribution profiles of water temperature, DO, pH,
and chlorophyll-a

Figure 2 shows the time—depth profiles of water tempera-
ture, DO, pH, and chlorophyll-a at station Ie-1. Lake water
in the northern basin was thermally stratified between May
1986 and January 1987. During most of this period, the
thermocline was formed at a depth of 15-25m. The
thermocline moved deeper with time after November and
disappeared in late January.

The vertical profile of DO in the stagnation period
showed a depression near the thermocline and at the
bottom. The minimum concentration of 141 umol/l (37% of
saturation) was observed at a depth of 70m in October.
Bottom water at the end of the stagnation period (January)
had DO levels of 194umol/l (51% of saturation).

The pH value in the epilimnion started to increase in
March, reached a maximum of 8.8 at the surface of the lake
in September, and had decreased by the following January.
In the bottom water, pH in the stagnation period (6.7-7.0)
was a little lower than that in the circulation period (7.0-
7.2), and showed a minimum of 6.7 in October and January.

Chlorophyll-a concentration in the epilimnion was high
in May, September and December. Its maximum concentra-
tion of 9.3 ug/l was observed at a depth of Sm in May.

Dissolved organic species of trace elements

Some trace metals have been reported to form dissolved
organic species such as complexes with water-soluble
organic ligands or methylated metals in natural waters (e.g.,
Matsunaga and Igarashi 1982; Irgolic 1991; Borg 1994;
Sohrin et al. 1997). If these species are very stable in lake
water, they may be difficult to extract into an organic phase
for determination by the present method. To examine this
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Fig. 2. Time—depth profiles of

water temperature, dissolved 0
oxygen (DO), pH, and chloro-
phyll-a at station Ie-1 from
March 1986 to March 1987
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Table 1. Comparison between analytical results (nmol/l) by the present method with and without UV irradiation
Sample Mn Fe Cu Zn Ni Mo \%
Station Depth With Without With Without With Without With Without With Without With Without With Without
Ie-1 Im 56 54 384 351 8.5 8.1 2.3 2.3 2.7 2.5 2.6 32 4.8 5.0

10m 54 5.2 354 344 8.3 8.2 22 1.0 3.0 2.8 3.4 3.0 4.6 4.9

40m 13 1.2 4.5 4.3 7.0 6.8 2.5 2.6 2.0 2.5 1.8 2.5 1.7 1.5
Na-3 Om 43 4.5 447 40.0 9.0 8.1 1.2 1.3 2.8 2.5 2.9 4.8 6.5 6.6

Samples were collected in October 1986

effect, we tried to decompose dissolved organic matter by
UV irradiation. Batley and Farrar (1978) reported that dis-
solved organic carbon in river water decreased from 8.2mg/
1 to 0.2mg/l by irradiation for 4h using a 550-W Hg lamp
after addition of nitric acid and hydrogen peroxide. We also
decomposed dissolved organic matter in lake water samples
by UV irradiation as described above and then analyzed
trace elements in the samples. Table 1 compares the analyti-
cal results with and without UV irradiation. The pairs of
values agree well for all elements except Mo. The result for
Mo in the irradiated sample was lower than that in the
unirradiated sample. This was caused by an unextractable
species, for example peroxomolybdate, being formed by
this oxidizing procedure (Campbell et al. 1989).

To evaluate the accuracy of the present analytical
method, Mn and Fe concentrations in lake water were also
directly determined by graphite furnace atomic absorption
spectrometry (GFAAS). These values were also in good
correspondence with those obtained by the present method

Table 2. Comparison between analytical results (nmol/l) by the
present method (ICPAES) and direct determination with graphite
furnace atomic absorption spectrometry (GFAAS)

Sample Mn Fe

Station Depth ICPAES GFAAS ICPAES GFAAS

Te-1 1m 11.8 11.8 67.0 68.1
10m 8.4 8.6 68.3 64.5
S0m 1.3 1.5 9.1 72

Na-3 Om 6.9 7.1 513 66.3

Samples were collected in June 1986
ICPAES, inductively coupled plasma atomic emission spectrometry

(Table 2). The above two results from UV irradiation and
GFAAS determination suggest that organic species
unextractable by the present method were scarce in water
from Lake Biwa.
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Table 3. Dissolved concentrations of major and trace elements in water from Lake Biwa

Element This study

Haraguchi et al.” Mito et al.®

Northern basin Southern basin

Northern basin Northern basin Southern basin

Range Mean Range Mean Range Range Range
Na (mmol/l) 270-303 286 269-338 305
Ca (umol/l) 259-279 273 239-287 274 269-272 205-311 232-321
Mg (umol/l) 80.2-90.1 85.3 76.1-89.3 84.8 84-86 61.3-103 70.7-101
K (umol/l) 34.8-47.8 44.4 43.0-50.6 47.5
Si (umol/l) 2.5-36.7 18.7 2.8-58.4 27.3 0.6-201 2.6-41.4
Sr (nmol/l) 453-493 478 461-542 502 470-480 354-636 409-644
Ba (nmol/l) 48.2-64.2 57.7 57.7-87.6 71.2
Mn (nmol/l) 0.7-710 25.1 44-1171 129 7.5-13 0.4-1240 3.0-154
Fe (nmol/l) 4.1-68.2 24.5 18.6-218 80.5 72 <0.1-3220 5.1-284
Cu (nmol/l) 6.3-14.6 7.9 4.9-14.5 9.6
Zn (nmol/l) 0.9-35.9 4.2 0.9-40.1 6.1 11-31 <0.1-68 <0.1-40
Ni (nmol/l) 1.4-38.3 3.6 2.2-8.7 3.6 4.8-16 1.6-28.9 1.5-15.8
Mo (nmol/l) 1.7-4.6 2.9 2.6-5.5 3.7
V  (nmol/l) 1.2-5.1 2.3 1.3-11.6 4.0 3.9 0.8-16.0 0.9-8.6
*Haraguchi et al. (1998)
"Mito et al. (2004)
Table 4. Particulate concentrations of major and trace elements in water from Lake Biwa
Element This study Mito et al.”

Northern basin

Southern basin

Northern basin Southern basin

Range Mean Range Mean Range Range
Al (umol/l) 0.322-1.22 0.797 5.33-12.1 8.57 0.13-7.9 0.38-63
Fe (umol/l) 0.097-0.406 0.260 1.31-2.97 2.04 0.029-2.4 0.33-19
Ca (umol/l) 0.113-0.233 0.150 0.360-1.10 0.707 0.037-2.2 0.45-7.9
Mg (umol/l) 0.058-0.168 0.124 0.541-1.36 0.964
Mn (nmol/l) 30.8-560 110 54.6-411 230 27-1000 34-2000
Ba (nmol/l) 0.64-3.52 2.03 5.61-16.1 11.4
Zn (nmol/l) 0.32-2.04 1.11 7.80-13.1 10.4
V  (nmol/l) 0.23-1.10 0.68 2.83-6.82 5.05
Cu (nmol/l) 0.40-1.28 0.58 1.74-3.48 2.59
Sr (nmol/l) 0.25-0.63 0.43 1.40-4.15 2.72
Ni (nmol/l) 0.07-0.29 0.18 0.18-1.74 0.96

*Mito et al. (2002)

Mean concentrations of major and trace elements

Table 3 lists the minimum, maximum, and mean concen-
trations of dissolved elements obtained in the present
study together with corresponding values found in Lake
Biwa by other researchers. The results for particulate
elements are listed in Table 4. As shown in the tables, the
present results were in the same range as the concentrations
previously reported for the lake. The concentration in the
southern basin for most of the elements analyzed was
slightly higher than that in the northern basin because of
differences in the trophic state and pollution level between
the two basins.

Distribution profiles of dissolved and particulate elements
in the northern basin

The vertical distribution profiles of dissolved elements at
station Ie-1 are shown in Figs. 3-6. Although the dissolved

concentrations were analyzed monthly, only representative
results are shown in the figures. Particulate concentrations
were measured only in October 1986 and February 1987.
Their profiles are shown in Figs. 7 and 8.

Estimation of terrigeneous and authigenic fractions in
particulate matter

Aquatic suspended particulate matter contains an unreac-
tive terrigeneous fraction. This fraction mostly consists of
aluminosilicates and is supplied through river inflow and
resuspension of bottom sediment. In oceanic areas, this
fraction is usually estimated by referring to particulate Al
(P-Al) concentration and by using the mean crustal abun-
dance ratio (MCAR) of an element in relation to Al
(Brewer et al. 1980). However, we cannot immediately
use the MCAR, because the MCAR may be different from
the element/Al ratio in limnetic terrigeneous matter that
reflects the specific geology of the drainage area. Therefore,
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Fig. 3. Vertical distribution of dissolved trace elements, water tem-
perature (WT), dissolved oxygen (DO), and pH at the early stage of
the stagnation period (June 11, 1986)

Sholkovitz and Copland (1982) and Mito et al. (2002) as-
sumed that biological and geochemical activity was very low
in winter months when the lake was completely overturned,
and estimated the element/Al ratio for limnetic terrige-
neous matter from the ratio in the suspended particulate
matter from that period. We also obtained the element/Al
ratios in the terrigeneous matter of Lake Biwa in the same
manner as the above reports.

In Fig. 9, particulate element concentration is plotted
as a function of P-Al concentration at station Ie-1 in Febru-
ary 1987 when Lake Biwa was in the winter circulation
period. These plots exhibited a good linear relationship
through the origin of the coordinates for all elements
analyzed. The slopes of the linear regression lines in the
figure are listed in Table 5, together with the mean element/
Al ratios for suspended particulate matter in 64 Japanese
rivers (Sugiyama 2004) and the MCAR (Taylor and
McLennan 1985). Although some of the present results for
the element/Al ratios were different from the MCAR, the
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Fig. 4. Vertical distribution of dissolved trace elements, water tem-
perature (WT), dissolved oxygen (DO), and pH at the middle stage of
the stagnation period (October 15, 1986)

results of all elements except for Mn agreed well with
the values for suspended particulate matter from Japanese
rivers.

The value for Mn in the limnetic suspended particulate
matter was much higher than that in the river suspended
particulate matter because P-Mn concentration is affected
by geochemically formed oxide particles even in the winter
circulation period. Sugiyama and Hori (1996) analyzed sus-
pended particulate matter pretreated by reductive extrac-
tion of the Mn oxide fraction and obtained a terrigeneous
Mn/Al ratio of 3.3 x 10°mol/mol in Lake Biwa. Therefore,
in the present work, this value was used as the terrigeneous
Mn/Al ratio.

Mito et al. (2002) measured particulate element/Al ratios
in the northern and southern basins of Lake Biwa during
the circulation period and reported 3.0 x 10" mol/mol for
Fe/Al, 8.3 x 10?mol/mol for Ca/Al, and 5.6 x 10 mol/mol
for Mn/Al The element/Al ratios obtained in this study also
agree well with those of Mito et al.
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Fig. 5. Vertical distribution of dissolved trace elements, water tem-
perature (WT), dissolved oxygen (DO), and pH at the late stage of the
stagnation period (December 12, 1986)
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Fig. 6. Vertical distribution of dissolved trace elements, water tem-
perature (WT), dissolved oxygen (DO), and pH during the circulation
period (February 20, 1987)

Table 5. Element/Al ratio in the terrigeneous fraction of suspended particulate matter

Element Element/Al ratio (mol/mol)
This study” Japanese rivers" MCAR®

Fe 3.29 x 107 (0.981) 3.51x 10 41x 10"
Ca 1.24 x 10™ (0.952) 1.14 x 107 42 x 107
Mg 1.38 x 10" (0.972) 1.32x 10" 42x10"
Mn 1.16 x 107" (0.917) 8.35x 107 82x 107
Ba 2.37 x 107 (0.972) 1.55 x 107 58x 107
Zn 1.27 x 107 (0.790) 1.46 x 10° 39x10*
A% 8.89 x 107 (0.856) 6.8 x10™ 1.4 %107
Sr 4.36 x 107 (0.981) 6.4 x10™ 9.5x 107

MCAR, mean crustal abundance ratio
*Elemen/Al ratio is the slope of the linear regression line in Fig. 9 and the value in parenthesis is
the correlation coefficient of the line
"Sugiyama (2004)

“Taylor and Mc

Lennan (1985)



124

Al (wmol/ Fe (mmol/l) Ca (nmol/l)
05 0 05 1 1.5 -150 0 150 300 450 -100 0 100 200 300
0 T °
20 - - -
B
£40 = -
oy
a
60 - -
80
Mg (nmol/I) Mn (nmol/l) Ba (nmol/l)
-50 0 50 100 150 -200 0 200 400 600 -1.5 0 1.5 3 45
0 r— T T ; e J
20 - H -
E
40 - - 3
&
3
a
60 |- = = \)
80

Zn (nmol/l) V (nmol/} Sr (nmol/l)
10 1 2 3 05 0 05 1 1503 0 03 0.6 09

Depth (m)
o
S
T
T
T

60 - - -

80

Fig. 7. Vertical distribution of particulate elements at the middle stage
of the stagnation period (October 15, 1986). Authigenic particulate
concentration (O), total particulate concentration (@)

The authigenic fraction of a particulate element (P-El,y),
which was formed biologically or geochemically in the lake,
was estimated from the following equation using the
terrigeneous element/Al ratio (EI/Al):

P-El s = PEl; — (El/Al) x P-Al;

where P-El; and P-Al; are the total particulate concentra-
tions of the element and Al, respectively. Vertical profiles
of authigenic particulate concentrations in October 1986
are shown in Fig. 7, together with those of total particulate
concentrations.

Geochemical behavior of trace elements

As shown in Fig. 2, Lake Biwa was in a circulation period
from March 1986 to April 1986 and from February 1987 to
March 1987, and in a stagnation period from May 1986 to

Al (pmol/l) Fe (nmol/l) Ca (nmol/l)
0 05 1 15 0 250 500 0 100 200 300

0 —+4 B 4 T T

20 F - -

Depth (m)
L3
<
T
T
T

[=a)
=3
T
T

*®
=}

Mg (nmol/l) Mn (nmol/l) Ba (nmol/l)
0 100 200 0 200 400 600 0 2 4
0 —@ T T A

Depth (m)
-~
=3
T
T

[=a)
=
T
T
T

30

Zn (nmol/l) V (nmol/l) Sr (nmol/l)
0 1 2 3 0 05 1 15 0 0.5 1
0 T T T \ U

Depth (m)
= =
T
T T
T T

D
=4
T

T

80

Fig. 8. Vertical distribution of particulate elements in the circulation
period (February 20, 1987)

January 1987. In the circulation period, all trace elements
showed almost uniform vertical distribution profiles for
both dissolved and particulate forms at station Ie-1 (Figs. 6
and 8). These results indicate that the lake water was well
mixed by vertical convection in winter and that the
geochemical conditions were identical over the whole water
column of the lake. In contrast, vertical profiles in the stag-
nation period changed with time; therefore, the stagnation
period was divided into three subperiods, early (May to
July), middle (August to October), and late (November to
January) stages. Representative profiles of dissolved ele-
ments in each of the three stages are shown in Figs. 3-5,
respectively.

Nine of the trace elements analyzed in the present work
were classified into four groups based on their chemical
properties and the similarity of their vertical profiles: (1)
Mn and Fe; (2) Ba and Sr; (3) V and Mo; and (4) Cu, Zn,
and Ni. The geochemical dynamics of these groups are dis-
cussed in the following sections.
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Mn and Fe

Both Mn and Fe are redox-sensitive elements that are easily
reduced or oxidized by changes of the biogeochemical con-
ditions of the lake. Their oxidized forms (Mn* and Fe*) are
insoluble in natural water with neutral pH, but their re-
duced forms (Mn®* and Fe™) are soluble in such water.
Therefore, the vertical profiles of dissolved Mn (D-Mn) and
D-Fe drastically changed with the progress of thermal
stratification of the lake as shown in Figs. 3-6. In the circu-
lation period, their vertical distributions were almost uni-
form. The profiles for February 1987 are shown in Fig. 6 as
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representative examples of the period. In March 1986,
the average concentrations were 11.6nmol/l (D-Mn)
and 14.7nmol/l (D-Fe). However, the uniform profiles dis-
appeared during the stagnation period. Figure 3 shows the
results in June 1986, the early stage of the period. The
average concentration of D-Mn in the epilimnion (depth:
0-10m) was 9.9nmol/l, nearly the same as the average value
in the circulation period. In contrast, the average concentra-
tion in the hypolimnion (depth: 30-70m) decreased to
1.7nmol/l, much lower than that in the circulation period.
On the other hand, the average concentrations of Fe were
60.7nmol/l (epilimnion) and 9.7nmol/l (hypolimnion) in
June 1986. Compared to the average value in the circulation
period, the concentration in the epilimnion increased and
that in the hypolimnion decreased.

D-Fe concentrations in river waters that flow into Lake
Biwa are generally higher than those in Lake Biwa itself
(Ttasaka 1974; Mito et al. 2004). In the stagnation period,
these river waters flow into the epilimnion only. Therefore,
D-Fe concentration increases only in the epilimnion. In
addition, dissolved organic matter increases in the epilim-
nion during the stagnation period as a result of high biologi-
cal activity in summer (Hori et al. 1998). Such dissolved
organic matter accelerates the formation of soluble and
stable organic Fe complexes and colloids in the layer
(Matsunaga and Igarashi 1982; Cameron and Liss 1984).
Thus, D-Fe concentration increases in the epilimnion.

D-Mn concentration in river water is also higher than
that in lake water (Kawashima et al. 1988; Mito et al. 2004).
However, most of the D-Mn ions in river water are quickly
removed around the river estuaries through oxidation by
microorganisms and adsorption onto the oxide formed
(Kawashima et al. 1988). Therefore, although river waters
flow only into the epilimnion in the stagnation period, the
D-Mn concentration in pelagic lake water does not increase
in the layer.

On the other hand, in the hypolimnion at the early stage
of the stagnation period, abundant dissolved oxygen re-
maining in the layer oxidizes dissolved Mn”* and Fe* ions to
insoluble species (hydrous Mn and Fe oxides). Dissolved
inorganic and organic colloids and organic complexes of
Fe™ ions gradually aggregate and form suspended particles
of Fe (Cameron and Liss 1984). Thus, at the early stage of
the stagnation period, dissolved concentrations of Mn and
Fe in the hypolimnion decrease (Fig. 3).

At the middle stage of the stagnation period, both D-Mn
and authigenic P-Mn concentrations increased greatly near
the bottom (Figs. 4 and 7). When DO concentration de-
creases in the hypolimnion, Mn™ ions are released into the
bottom water by reductive dissolution of Mn oxides in the
sediment (Kawashima et al. 1988; Davison 1993). Such Mn**
ions are reoxidized by the dissolved oxygen remaining in
the water and form Mn oxide particles (Davison 1993;
Miyajima 1994). As a result of these processes, the vertical
profiles of D-Mn and P-Mn as shown in Figs. 4 and 7 are
formed. In contrast to Mn, neither D-Fe nor authigenic P-
Fe levels increased in the bottom water at this stage. The
standard redox potential of Fe(OH),/Fe* is 87mV (versus
normal hydrogen electrode (NHE), [Fe*"] = 1.0umol/l, pH =
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7) and that of MnO,/Mn*" is 580mV (versus NHE, [Mn*'] =
1.0pumol/l, pH = 7) (Sugiyama 2000). Therefore, as Fe oxide
is more difficult to reduce than Mn oxide (Hem 1977;
Davison 1993), Fe* ions are not released from the sediment
at the middle stage when DO remains at a low level in the
hypolimnion.

At the late stage of the stagnation period, D-Mn concen-
tration increased in not only the bottom water but also in
the whole water column of the hypolimnion, as shown in
Fig. 5. This vertical profile suggests that Mn®" ions, which
were released from the sediments, diffused to the upper
layer. The highest value of Mn concentration was observed
to be 740nmol/l at a depth of 70m in January 1987. How-
ever, even at this time, DO was at a level of 194 umol/l (51%
of saturation) in the bottom water. Therefore, D-Fe concen-
tration did not increase in the water.

When the circulation period commenced in February
1987, vertical distribution profiles of D-Mn and D-Fe
became almost uniform again. D-Mn concentration in the
bottom water decreased to a very low level. This is because
the lake water was vigorously convected in winter. There-
fore, DO was sufficiently supplied to the bottom water by
the vertical convection of the lake water and dissolved Mn**
ions were oxidized to insoluble Mn oxides.

Ba and Sr

These two elements are alkaline earth elements and their
chemical properties are very similar. However, their
geochemical behaviors in a lake are very different
(Sugiyama et al. 1992; Sugiyama and Hori 1994). The verti-
cal distribution profile of D-Sr is almost uniform in a me-
sotrophic lake, but D-Ba concentration decreases with
depth in the stagnation period. In a eutrophic lake with a
seasonally anoxic hypolimnion, both D-Ba and P-Ba con-
centrations show a maximum value at a depth near the
oxycline. Such specific behaviors of Ba are controlled by the
redox cycle of Mn and selective adsorption of D-Ba onto
Mn oxides.

In the present work, D-Sr showed a uniform vertical
profile in all seasons and its concentration was almost con-
stant throughout the year. On the other hand, D-Ba de-
creased with depth in the stagnation period (Figs. 4 and 5).
D-Ba concentrations in the surface (0-10m) and bottom
(70m) waters in December 1986 were 58.8nmol/l and
54.7nmol/l, respectively (Fig. 5). D-Ba concentration in the
bottom water decreased further to 52.6nmol/l in January
1987. This is because dissolved Ba™ ions were adsorbed
onto Mn oxides which were produced by the reoxidation of
Mn** ions released from the sediments as discussed in the
above section (Sugiyama et al. 1992). The validity of this
process is demonstrated well in the results in October 1986.
As shown in Figs. 4 and 7, D-Ba decreased greatly in the
bottom water and authigenic P-Ba increased in the same
water. In contrast, both D-Mn and authigenic P-Mn
increased in the bottom water. Decrease of D-Ba in the
bottom water corresponded closely to the increase of
authigenic P-Ba and P-Mn.

From the concentrations of authigenic P-Ba and
P-Mn and D-Ba in the bottom water in October 1986, the
distribution ratio (enrichment factor) of Ba between lake
water and authigenic Mn oxide was calculated. In the calcu-
lation, it was assumed that the authigenic P-Mn was
suspended Mn oxides in the bottom water and that all
authigenic P-Ba was included in the oxides. The distribution
ratio, D, was thus calculated according to the following
equation:

D(ml/g-Mn) = {[authigenic P-Ba(mol/ 1)] /
[authigenic P-Mn(g-Mn/ 1)]} / [D—Ba(mol/ ml)]

Concentrations of authigenic P-Ba, P-Mn, and D-Ba were
8.8 x 10" mol/l, 3.05 x 10~ g-Mn/l, and 4.82 x 10" mol/ml,
respectively. Based on these values, D was estimated to be
6.0 x 10°ml/g-Mn. This value agreed well with the D values
of Ba from the Lake Biwa water to the Mn fraction in
Mn nodules formed in the lake, 1.13 x 10°ml/g-Mn, and
experimentally synthesized Mn oxide, 3.24 x 10°ml/g-Mn
(Sugiyama et al. 1992). These results suggest that the
geochemical behavior of Ba is regulated by the process
mentioned above.

Dissolved Sr** ions are also adsorbed onto Mn oxides,
but the affinity of Sr** for these oxides is much weaker than
that of Ba (Murray 1975; Sugiyama et al. 1992). Therefore,
because only a very small portion of D-Sr is adsorbed,
its vertical profile is not affected by adsorption onto Mn
oxides.

Both authigenic P-Ba and P-Sr concentrations were high
in the epilimnion of October 1986, as shown in Fig. 7.
Authigenic P-Mg, and P-Ca also showed similar profiles to
P-Ba and P-Sr. However, the authigenic P-Mn concentra-
tion was very low and was almost constant between depths
of 0 and 40m. Therefore, these increases of authigenic P-
Ba, P-Sr, P-Mg, and P-Ca concentrations are not the result
of adsorption onto Mn oxides. Sagi et al. (1997) reported
that total P-Ca concentration correlated well with total P-P
concentration in the northern basin of Lake Biwa. Mito et
al. (2002) also pointed out a good correlation between total
P-Ca and P-P concentrations and a similarity in seasonal
changes of authigenic P-Ca and P-P concentrations in the
basin. These previous works and our present results suggest
that the increase of authigenic particulate concentrations
of alkaline earth elements in the epilimnion is caused by
biological uptake.

Mo and V

Results for V in the present survey were reported previ-
ously (Sugiyama 1989). D-V in the surface layer changed
seasonally at all stations in the northern and southern
basins: it started to increase in May, reached a maximum in
late summer, and decreased in autumn. In contrast, in the
deep layer, D-V concentration was almost constant
throughout the year. Such a seasonal variation of D-V can
be revealed more clearly by drawing the time—depth profile
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Fig. 10. Time-depth profile of dissolved vanadium (D-V) at station
Ie-1 from March 1986 to March 1987

of D-V at station Ie-1, as shown in Fig. 10. We can easily
recognize that D-V concentration changed seasonally only
in the epilimnion and that the marked changes in D-V
concentration as shown in Figs. 3-5 were observed at the
thermocline. This time—depth profile is very similar to those
of water temperature and pH, suggesting that the
geochemical behavior of D-V is affected by the formation
of the thermocline and the change of pH in the epilimnion.
Harita et al. (2005) reported that D-V concentration
changes seasonally in the oxygenated surface layer in
response to the pH variation in the epilimnion. They con-
cluded that D-V increases as a result of the release from
littoral sediments and suspended particulate matter in re-
sponse to the pH rise induced by high biological production
during spring and summer, and that D-V decreases through
adsorption onto the sediments and suspended matter in
response to the pH drop caused by the decline of biological
activity during autumn and winter. The present results
shown in Figs. 2 and 10 agree well with this process
proposed by Harita et al.

Most of the authigenic P-V concentrations were negative
in October 1986 (Fig. 7). In addition, the total P-V concen-
trations in this month showed a good linear relationship
with those of P-Al, as shown in Fig. 9, similar to the results
in February 1987. The correlation coefficient between total
P-V and P-Al concentrations was 0.983 for all data sets in
October 1986 and February 1987. These results suggest that
suspended particulate matter at station Ie-1 in Lake Biwa
do not contain significant biological and geochemical frac-
tions for V. Therefore, it is inferred that the increase of
D-V in the epilimnion of station Ie-1 was mainly supplied
by release from the sediments.

As with V, Mo dissolves as an oxyanion in natural waters
with neutral pH. However, in contrast to D-V, D-Mo con-
centration remains seasonally unchanged, as shown in Fig.
11. This figure shows the seasonal distributions of D-Mo in
the surface and bottom waters at stations Ie-1, Nb-5,
and Na-3. The vertical profile of D-Mo at station Ie-1 was
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Fig. 11. Seasonal distribution of dissolved Mo at stations Ie-1, Nb-5,
and Na-3 from March 1986 to March 1987

almost uniform for all seasons (Figs. 3-6). It is well known
that Mo promotes the growth of various kinds of algae
(Henry and Tundisi 1982; Horne and Goldman 1994) and is
classified as a so-called bio-element. However, the D-Mo
distribution in the ocean is also not affected by biological
activity and is vertically constant (Morris 1975). This may be
because Mo is present in natural water at very high levels
compared to the biological demand from living organisms in
lakes and in the ocean. Therefore, even if some portion of
D-Mo in lake water is assimilated by limnetic microorgan-
isms, the D-Mo concentration is not affected because of the
small quantity removed in such processes. In addition,
because D-Mo has little tendency to adsorb onto limnetic
sediments and suspended particulate matter at neutral pH
levels (Harita et al. 2005), the sediments and particulate
matter only release tiny amounts of D-Mo into lake water
in response to the pH rise in the epilimnion. Therefore, the
D-Mo concentration does not change like that of D-V does.
These views are supported by the following results for Mo
concentrations in suspended particulate matter and sedi-
ments. Total P-Mo concentration was measured in October
1986 and February 1987, but its concentration in all samples
was lower than the detection limit (0.15nmol/l), i.e., 1/20 of
D-Mo concentration. These results contrast with those for
V. Total P-V concentration ranged from 0.2 to 6.8nmol/l,
from 1/17 to 3 times the D-V concentration. Also, in the
sediments, Mo concentration was much lower than that of
V. The Mo concentration was less than 0.16 umol/g at all
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Table 6. Distribution ratio between lake water and manganese nodules in Lake Biwa

Element Concentration Distribution ratio
(ml/g)
Lake water (mol/l) Mn nodule® (mol/g)

Na 2.84 x10™ 3.7 x10™ 1.3 x 10°
Ca 275 %10 1.1x 107 4.0 x 10
Mg 8.59 x 107 42 x10™ 4.9 % 10°
K 410 x 107 34 %107 8.3 x10°
Si 219 %107 9.7 x 107 4.4 % 10°
Sr 4.85 %107 1.2x10°° 2.5 % 10°
Ba 5.62 %107 1.0x 107 1.8 x 10°
Mn 81 x107 3.0x 107 3.7 x 10°
Fe 1.86 x 107 5.6x10™ 3.0 x 107
Cu 7.5 %107 9.4 %107 1.3 x 10°
Zn 42 x107 29%10° 6.9 x 10°
Ni 3.0 x107 58x10° 1.9 x 10°
Mo 30 x10” -

\Y% 1.9 x107 -

*Takamatsu et al. (1985)

stations and V concentrations at stations Ie-1 and Nb-5
were 2.3 and 2.1 umol/g, respectively.

Cu, Zn, and Ni

D-Cu concentration was almost constant throughout the
year. Although total P-Cu was analyzed, reliable data were
not obtained because of the very low concentrations. It was
reported that Cu is adsorbed more easily onto Mn oxides
than Ba is (Murray et al. 1975). The average concentration
of D-Cu was one-eighth that of D-Ba (Table 3). Therefore,
if D-Ba in the bottom water decreases through adsorption
onto Mn oxides, as mentioned above, D-Cu in the water
should also decrease at the same time. However, the D-Cu
concentration scarcely changed even at the late stage of the
stagnation period (Fig. 6). This difference is inferred to be
caused by most D-Cu in Lake Biwa water forming stable
complexes (which are not easily adsorbed onto Mn oxides)
with dissolved organic compounds in lake water. More than
50% of D-Cu in lake water was reported to be dissolved as
organic complexes (Matsunaga and Igarashi 1982).

Vertical profiles of D-Zn and D-Ni were almost uniform
in all seasons. However, markedly high concentrations of
these metals were occasionally measured in the surface
water during the stagnation period (Fig. 3). Some kinds of
trace metals are enriched at very high concentrations in a
thin layer at the surface (the surface microlayer) of a lake
and the ocean through atmospheric input of the metals
(Elzerman and Armstrong 1979; Hardy et al. 1985). The
high values of Ni and Zn in the present work may have been
related to such a surface microlayer. The vertical profile of
P-Ni levels was not obtained because of its low concentra-
tion. Authigenic P-Zn concentration in October 1986 was
highest at the surface of the lake and decreased with depth
as shown in Fig. 7. This high concentration in the epilimnion
corresponded to a low concentration of D-Zn in the layer
(1-5m, Fig. 4) and may have been caused by biological
uptake, as seen for alkaline earth elements.

Distribution ratio of trace elements with respect to
limnetic Mn nodules

Mn nodules are found on the sediment surface of the
northern basin of Lake Biwa, as is also the case for other
lakes and pelagic oceans. Many kinds of elements are
accumulated in these nodules (Takamatsu et al. 1985).
Based on the concentrations of major and trace elements in
both lake water and manganese nodules, we calculated
the apparent distribution ratios of the elements between
these two phases. The values are tabulated in Table 6.
Average dissolved concentrations at station Ie-1 in the
circulation period of February and March 1987 were used
as the concentrations in lake water for the calculation.
As shown in the table, the order of their distribution ratios
was:

Mn>Fe>Ni>Zn>Si>Ba>Cu>K>Mg>Sr>Na>Ca.

Ni had the highest value of all elements studied except
for Mn, Fe, and Si, which were host elements of the nodule,
and was concentrated most preferentially in the nodule.
Murray (1975) reported that the selectivity order of the
elements for their adsorption onto synthesized hydrous Mn
oxide was:

Cu>Zn>Ni>Ba>Sr>Ca>Mg.

On the other hand, the selectivity order in an adsorption
experiment onto synthesized hydrous Fe oxide (Kinniburgh
et al. 1976) was:

Cu>Zn>Ni>Sr>Mg and Ba>Ca>Sr>Mg.

This difference between the selectivities in accumulation
into natural limnetic nodules and in the adsorption experi-
ment may have been caused by the difference in dissolved
concentrations among the elements in Lake Biwa water, the
coexistence of other elements and dissolved organic matter,
and partial oxidation of the element after adsorption. The
distribution ratio of an element onto Mn or Fe oxides de-



creases with an increase of equilibrium concentration in the
aqueous phase (Duval and Kurbatov 1952; Glay and Malati
1979). Therefore, elements that dissolve at a low concentra-
tion in Lake Biwa water may have high distribution ratios.
Because the adsorption reaction is competitive (Kinniburgh
et al. 1976), the distribution ratio is affected by the chemical
species and the concentration of coexisting elements. Dis-
solved organic matter may form dissolvable and stable com-
plexes and colloids with some metals such as Cu and Fe
(Matsunaga and Igarashi 1982; Cameron and Liss 1984),
decreasing the distribution ratios of the metals. Some met-
als, such as Ni, are partially oxidized at the oxide—solution
interface after their adsorption onto Mn oxide and are pref-
erentially accumulated in the oxide (Takamatsu et al. 1993).
Thus, Ni had a higher distribution ratio than Cu and was
concentrated most preferentially in the nodules of the
elements studied.

The distribution ratio is a very significant index in the
study of the scavenging mechanism of dissolved elements
from lake water to Mn nodules. When we have acquired the
ratios for many other elements in addition to those studied
in the present work, we will be able to discuss the mecha-
nism in more detail.
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