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Abstract

Muroto deep ocean water has been pumped up from a point within a 3 km distance from
the coast and at depths of 320 m or 344 m in the sea, in Muroto, Kochi, Japan. In this study,
in order to clarify the characteristics of selenium in the Muroto deep ocean water, total sele-
nium and selenium speciation were investigated. Both inorganic and organic selenium were
detected, and two distinct features of the selenium were discovered. Compared to ocean sur-
face and river waters, (1) Muroto deep ocean water contained a high level of total selenium,
and (2) less toxic selenium species, namely selenite and organic selenide were dominant. The
total selenium content of Muroto deep ocean water was in the same range of the North
Pacific Ocean. The majority of selenite and selenate occurred in the dissolved fraction; how-
ever, around 60 % of the organic selenide was found in the particulate fraction (particles di-
ameter > 0.22 um). Selenium contained in the organic and inorganic particulates accounted
for 55 and 45 % of the total particulates selenium, respectively. Moreover, free and com-
bined seleno-amino acids accounted for more than 70 % of the dissolved organic selenide.
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1. Introduction

Deep ocean water, which is defined as the
seawater below a depth of ca. 200 m, possesses
the typical features of rich nutrients, low tem-
perature and cleanliness. Attention has been
given to deep ocean water for its potential as a
new resource for the generation of electricity,
aquaculture, cold water agriculture, air condi-
tioning, industrial cooling, and desalination in
1998).

Muroto deep ocean water has been pumped up

recent years (Craven and Sullivan,

from a point within a 3 km distance from the
coast and at depth of 320 m and 344 m in the

sea. There often occurs upwelling events of
water mass onto the continental shelf at a
depths of 500 ~ 1000 m. About 900 t of deep
ocean water has been pumped up every day, and
has been used for drinking water production,
food processing, and skin lotion production, etc.
However, the actual possible effect of the deep
ocean water in the above applications has not
been demonstrated yet. One of the reasons can
be attributed to the lack of knowledge of the
basic characteristics of the deep ocean water in-
cluding trace elements involved. Therefore, we
focused on the amount and speciation of sele-

nium in the deep ocean water in this study.
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Selenium is the key element of glutathione-
peroxidase, an enzyme preventing peroxidation
of membranes in organisms. It is reported that
selenium can improve the immunity of the or-
ganisms and also has an anti-cancer effect.
Insufficient uptake of selenium can cause
Keshan disease, a kind of heart disease in hu-
mans; and muscular dystrophy in live stock
(Kang, 1989). On the other hand, selenium is a
toxic element; an excess uptake of selenium can
cause disorder of nail or hair for humans (Yang
et al., 1983).

Dissolved selenium in seawater has three oxi-
dation states, selenate, selenite and selenide.
Sugimura et al. (1976) showed both selenite and
selenate to be present in oxic seawater, with
higher concentrations in deep waters than at the
surface. Measures and Burton (1980) and
(1980)

oceanographically consistent vertical profiles of

Measures et al presented the first
selenate and selenite in the Atlantic and Pacific
Oceans. They concluded that selenium displays
Cutter (1982) found

that selenite and selenate concentrations de-

nutrient-type behavior.

crease in the suboxic zone and are at the detec-
tion limits in anoxic water in Saanich Inlet. The
major selenium species in the reducing waters
was operationally identified as dissolved or-
ganic selenide, and most of them were found to
be associated with dissolved amino acids
(Cutter, 1982). Thus, dissolved selenide may
exist in the form of seleno-amino acids in certain
environments. In addition to regeneration, the
particulate uptake of selenium has also been
studied. Wrench and Measures (1982) presented
data indicating the preferential uptake of
selenite over selenate during seasonal plankton
blooms in a Nova Scotian fjord.

Nakaguchi et al. (2001) indicated that selenite

reveals nutrient-type behavior; while selenate

concentration has no relation to the biological
activity in the surface water, but it is largely de-
pendent on water mass-movement (in the
Eastern Indian Sea). It was also pointed out,
that organic selenide was distributed not only in
the surface water, but also substantially present
in deep water.

The objectives of this study are to elucidate
selenium concentration, chemical species and
seasonal variation in Muroto deep ocean water,
and determine selenium species in fluxing par-
ticulate material to clarify the basic characteris-

tics of Muroto deep ocean water.

2. Study Sites and Methods

Samples and sampling sites are shown in Fig.
1 and Table 1. Surface and deep ocean waters
were obtained from the sluice gates of Kochi
Prefectural Deep Seawater Laboratory, Muroto,
Kochi, which pumped up the waters from a
depth of 0.5 m and 344 m, respectively. The
ocean waters were collected once a month from
February to December, 2001. River waters were
taken at a depth of 0.5 m from Niyodo, Kagami
and Monobe rivers in Kochi prefecture on 8"
and 9" of Jun, 2001. All water samples were col-
The pH
(Horiba F-21) and electric conductivity (EC)
(TOA, CM-14P) were measured immediately

lected in 2 - 5 liter plastic bottles.

after bringing the samples to the laboratory
(Table 2).

selenate, selenite and organic selenide analysis

The samples for the determination of

were passed through 0.45 um membrane filters,
and then stored in plastic bottles in a refrigera-
tor (4°C).

week after sampling.

Analyses were completed within 1
The deep ocean waters
that were collected from 5" to 16" every day in
August, 2002 were passed through 0.45 m and

0.22 ym membrane filters. Unfiltered samples,
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Prefectural Deep
Seawater Laboratory

Fig.1 Location of water samples of deep ocean water, surface seawater and river
waters in Kochi Prefecture, Japan

Table 1 Water samples and sampling sites

Ocean Waters Sampling Sites Depth (m)
Surface Muroto, Kochi 0.5
Deep Muroto, Kochi 320, 344

River Waters Sampling Sites Distance from Coast (km)
Niyodo River Ino, Kochi 10
Kagami River Asakura, Kochi 10
Monobe River Monobe, Kochi 3

Table 2 pH and electric conductivity of the ocean waters determined in 2001

Ocean Waters River Waters
Deep Surface Niyodo Kagami Monobe
pH 7.656+0.092 | 8.10%0.055 7.13 7.66 8.82
EC (mSm™) 6630180 6480*+111 8.73 8.50 13.7
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0.45 um filtrates and 0.22 um filtrates were sub-
jected to the analysis of total selenium contents
and its speciation.

The determination methods for selenate,
selenite and organic selenide have been reported
previously (Yamada et al., 1990). The technique
includes fluorescence formation, high perform-
ance liquid chromatography and fluorescence
detection. Selenite was determined after react-
ing with 2, 3-diaminonaphthalene. Selenate +
selenite were determined by boiling the samples
in 0.1 % potassium bromide and 1.5M hydro-
chloric acid for 20 min at 100 °C, followed by the
The first

step to determine the total dissolved selenium

procedure for selenite determination.

was potassium persulfate decomposition, and
then followed by the procedure of selenate +
selenite determination. The difference between
the total dissolved selenium and selenate -+
selenite was allocated as dissolved organic
selenide.

Selenium in particle was evaluated using the
procedures reported by Yamada et al (1987).
The deep ocean waters, including unfiltered wa-
ters, and 0.45 um and 0.22 um filtrates were con-
centrated 5 times on a water bath at 50 °C. One
ml of the concentrated samples was decomposed
with a mixture of 0.5 ml hydrofluoric, nitric and
perchloric acids in Teflon vessels. To the resul-
tant solution, 2 ml of 6 M hydrochloric acid was
added, and the whole solution was heated in a
water bath at 100 °C for 15 min. Then, the solu-
tion was subjected to the same procedure as
selenate + selenite determination. Selenium in
total particles was determined from the differ-
ences in the total selenium contents between the
unfiltered samples and < 0.22 yum filtrates de-
composed by hydrofluoric, nitric and perchloric
acids. Selenium in organic particles was deter-

mined by potassium persulfate decomposition,

i.e. differences between the unfiltered samples
and the < 0.22 um filtrates. Finally, selenium in
inorganic particles was calculated by subtract-
ing selenium in the organic particles from sele-
nium in the total particles.

Furthermore, in order to characterize the dis-
solved organic selenide, both free and combined
seleno-amino acids dissolved in seawater and
river water were measured using the method
A 40 ml
of filtrates passed through the 0.22 yum filter
were hydrolyzed in 6 M HCI for 24 hours. Then,

proposed by Siegel and Degens (1966).

the solution was heated on a hot plate at 60 °C to
remove the HCI. After dissolving the contents
in deionized water and adjusting the pH to 9
with 0.1 M NaOH, the solution was passed
through a column filled with copper sulfate
treated Chelex 100 resin. This column chelates
free amines, which can then be eluted with 1.5M
ammonium hydroxide solution. The total sele-
nium content of the solution was measured.
Selenium in all samples was measured by
HPLC with fluorescence detection (Yamada et
al., 1987).

this method were 3 pg and 1.9 - 3.9 %, respec-

Detection limit and repeatability of

tively.

3. Results and Discussion

3.1 Dissolved selenium speciation and concen-

tration in the ocean and river waters

Fig. 2 shows the dissolved selenium species
and their concentration in the ocean and river
waters. Total selenium content of Muroto deep
ocean water averages 2.3 = 0.19 nmol L™, and
was significantly higher than that in the surface
ocean water (1.6 = 0.31nmol L™'). It was about
2 times higher than that in the river waters
(1.0 - 1.3nmol L™'). Selenate, selenite and the

organic selenide were detected both in the ocean
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Fig.2 Dissolved Se species and concentrations of the ocean and river waters
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Fig.3 Monthly changes of Se species and concentration in deep ocean water and sur-

face seawater at Muroto in 2001

(A deep ocean water; BMsurface seawater)

and river waters. Selenate is the most abundant
species, followed by selenite or organic selenide.
In the surface ocean water or river waters, the
concentration ratio of selenate to selenite ranged
from 2.1 - 2.7, but it was as low as 1.2 (0.83 - 1.6)
in the deep ocean water. However, the selenite
concentration in the deep ocean water is more
than twice that of the surface ocean water or
river waters.

From these results, it is concluded that the
deep ocean water has two obvious features on
species and distribution of selenium compared

to ocean surface and river waters; (1) it contains

a high level of total selenium, and (2) it contains
a higher level of the less toxic selenium species,
ie., selenite and organic selenide, although
selenate concentration is high as that of surface

seawater.

3.2 Fluctuation of selenium species and con-
centrations in Muroto ocean waters
Fig. 3 shows the fluctuation of selenium spe-
cies and concentrations in Muroto surface and
deep ocean waters in 2001. Over the course of
one year examination, no distinct seasonal

changes were observed neither in the surface
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Fig.4 Se concentrations in the Muroto deep ocean water filtered with different pore

size filters in 2002
(A unfiltered; @0.45 #m; B0.22 ym)

nor deep waters.

Total selenium concentration of Muroto sur-
face and deep ocean waters collected in 2001 av-
eraged 1.6 nmol L™ (0.89 - 2.0 nmol L™') and 2.3
nmol L™' (1.9 - 2.6 nmol L"), respectively. It ap-
pears that total selenium concentrations in open
ocean waters are well below the 3 nmol L™'level
(Siu & Berman, 1987). Measures et al. (1983)
concluded that the Atlantic, Pacific, and Indian
Oceans all exhibit similar vertical distributions
of selenium which resembled those of phosphate
and silicate, namely, concentration increased
with an increase in depth. Data taken from the
middle layer (500 to 1000 m) of North Pacific
Ocean showed that total selenium concentra-
tions were in the range of 1.5 - 2.0 nmol L™
(Sugimura et al., 1976). Thus, the total selenium
concentration of Muroto deep ocean water col-
lected in 2001 was in the same range as the
value reported for the North Pacific Ocean. It is
also in the same range as the East tropical
Pacific Ocean waters (Cutter and Bruland, 1984).

However, the samples collected in August, 2002

contained a lower level of total selenium as
shown in Fig. 4. Reason for these results is un-
clear. One possibility is that Muroto deep ocean
water might show a long term fluctuation.

Total concentrations of selenium and selenite
were higher in the deep ocean water than those
in the surface water throughout the year, while
no statistical differences (t test) were found in
the concentrations of selenate or organic
selenide (Fig. 3). While the results of the total
selenium, selenite and selenate are similar to
those in other ocean basin (Measures et al., 1983:
Cutter and Bruland, 1984; Cutter and Cutter,
1995; Nakaguchi et al., 2001), distribution of or-
ganic selenide is considerably different. Cutter
(1992) reported that organic selenide is only
found in surface waters. Data of the Eastern
Indian Sea, Bay of Bengal, Andaman Sea, South
China Sea and Sulu Sea showed that organic
selenide concentration increased in deep waters
(Nakaguchi et al., 2001).

Sugimura et al. (1976) showed both selenite

and selenate to be present in oxic seawater, with
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higher concentrations in deep waters than at the
surface. Wrench and Measures (1982) indicated
the preferential uptake of selenite over selenate
during seasonal plankton blooms in a Nova
Scotia fjord. They pointed out that microorgan-
isms may select the lowest available oxidation
state because less chemical energy is then re-
quired to maintain the reductive process linking
selenium to organic molecules. Interestingly,
selenate is the form of selenium most readily
taken up by terrestrial plants (Gissel-Nielsen and
Bisbjerg, 1979). Wrench and

Measures (1982) also found that the decay of the

Moreover,

plankton bloom was marked by a rapid regen-
eration of the dissolved nutrients including
selenite. In Muroto ocean waters, it is presumed
that plankton preferentially absorbed selenite in
the surface water; therefore selenite was found
to have a lower concentration in the surface
water. Another cause for the elevated selenite
concentration in deep water might be the de-
composition of planktons precipitated from the

surface.

3.3 Dissolved and particulate selenium in

Muroto deep ocean water

Muroto deep ocean water samples collected in
August, 2002 were filtered with 0.45 and 0.22
#m membrane filters. The concentrations of
total selenium, selenate, selenite and organic
selenide in the filtrates and unfiltered water
samples were measured, respectively. The re-
sults are shown in Fig.4. The total selenium
concentration decreased in the order of unfil-
tered water < 0.45 um filtrate < 0.22 yum fil-
trate. The results of speciation showed that no
significant differences were found in selenate
and selenite concentrations (t test), but the or-
ganic selenide content increased in the order of

unfiltered water > 0.45 um filtrate > 0.22 um

filtrate. A 64 9% (52 - 70 %) of the total sele-
nium occurred as dissolved and 36 % (30 - 48 %)
More than 90 % (58 - 100 %) of
(70 - 100 %) of
This is be-

as particulate.
selenite and around 80 %
selenate exist as dissolved forms.
cause the pH of the deep ocean water is 7.65;
therefore, the adsorption of selenate or selenite
to particles is extremely weak. Generally, if the
pH is higher than 6.2, most of the selenate and
selenite adsorbed on inorganic particles desorbs
quickly (Merrill et al., 1986).

In unfiltered water, as much as 77 % of the or-
ganic selenide occurred as particulate form.
Even in the 0.45 um filtrate, about 60 % of the
organic selenide existed in particulate form (par-
ticle size 0.22 - 0.45 um). However, a part of the
total selenium evaluated as being the dissolved
organic selenide (operationally defined in 0.45
um filtrate and unfiltered waters) might be the
particulate selenium. Since the samples were
decomposed with potassium persulfate in this
experiment, it is considered that the particulate
selenium measured here was in the form of or-
ganic particle. Cutter and Bruland (1984) re-
ported that organic selenide makes up about 80
% of the total dissolved selenium in surface wa-
ters in the eastern tropical North Pacific Ocean.
They filtered the water samples through 0.30
um membrane filters. The so-called dissolved
organic selenium or selenide possibly includes
selenium in fine organic particles. The fine or-
ganic particles were considered as microorgan-
ism and fragment of organisms.

Results of selenium concentration in Muroto
deep ocean water decomposed with HF-HCIO,~
HNO; or potassium persulfate are shown in
Table 3. The total dissolved selenium (< 0.22
m) was found to be nearly the same in the two
decomposition methods, 0.89 = 0.030 nmol L™

in the former and 0.95 £ 0.080nmol L™ in the
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Table 3 Se contents of the particles of Muroto deep ocean water in 2002

—~ ments HF-HCIO,~HNO; K:S:0s Se in inorganic
Particle decomposition decomposition particles
< 0'22(1/:[;1 (nM) 0.89 = 0.030 0.95 = 0.080
Non'f‘“r(%t;on (nM) 1.6 % 0.16 1.4 + 0.070
> 0.22 gm (nM) 0.73* 0.40** 0.33
(B)—(A) (© (D) (C©)—(D)

* Se content of total particles.

** Se content of organic particles; (n = 3)

Table 4 Contents and ratios of seleno-amino acids in ocean and river waters

latter. However, the total selenium in the unfil-
tered water samples revealed considerably dif-
ferent levels, 1.6 = 0.16 nmol L™ with the HF-
HCI1O,~HNO; decomposition method, and 1.4 +
0.070 nmol L with the potassium persulfate de-
composition method. Total particulate sele-
nium was 0.73 nmol L™, accounted for 46 % of
The or-

ganic and inorganic particulate selenium levels

the total selenium in infiltration water.

were 0.40 and 0.33 nmol L7', and these ac-
counted 55 and 45 % of the total particulate se-
lenium, respectively. Thus, the Muroto deep
ocean water has two origins of the particulate

selenium, organic and inorganic particles.

3.4 Characterization of the dissolved organic
selenide in the ocean and river waters
Organic selenide in seawater is considered to

occur as volatile dimethyl selenide and

trimethyl selenide, and free or combined seleno-
amino acids contained in peptides and protein

(Nakaguchiet al.,, 2001). Asrevealed in Table 4,

seleno-amino acids (both free and combined)

Contents of ratios Deep ocean Surface ocean River
Organic Se (nM) (A) 0.45 = 0.064 0.32 = 0.065 0.22 = 0.014
Seleno-amino acids (nM) (B) | 0.34 = 0.027 0.22 £ 0.012 0.096 £ 0.016
Ratio (B/A) (%) 75 70 44

accounted for around 70 % of the total dissolved
organic selenide in the deep and surface ocean
waters, but it was only 44 % in the river water.
Cutter (1982) reported that at least an average of
65 % of the dissolved organic selenide could be
accounted for as selenium in the total amino
acids fraction (samples collected from 175 to 190
m depth). Organic selenide was the predomi-
nant species in surface waters in the North and
South Pacific Oceans (Cutter and Bruland, 1984).
It was noted that organic selenide is almost ex-
clusively found in the youngest deep water
masses in the North Atlantic Ocean (Cutter and

Cutter, 1998).
Indian Sea reported by Nakaguchi et al. (2001)

Data taken from the Eastern

showed that the dissolved organic selenide was
found both in the surface and deep waters (0 to
6000 m). Results of this study are similar to the
data of Cutter (1982) in the chemical form and to
those of Nakaguchi et al. (2001) in vertical distri-
bution. The possible reason of organic selenide
in Muroto deep ocean water might be because it

contains young water masses.
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BEFEBKIH L VEENERE L TEEEZEDTVWE. 5T, KEMOETE, ALELE, 1t
¥R, B - BECEEREHALBSFTCHHINS LK, ZLORRMPERESATL
5. UL, ZOBHEEA A =X o 34T L ARSI TORL, ZORRAO—> 3METHE
2 SUBEERBKOEBAMEORIANRMNLTVWEZ EThHE., FAWE, AFETIIEKDT
BEILEIE L, RIS SYIMBTE L VAR B, ZRBEEEBKO L it
WS 21T - 72,

ERBEFBKOELL VEE (23£0.19nM) 3ERE/K (1.6+£0.31 nM) ®7E)IIZK (1.0~1.3
nM) ICHRTEFICGV I E0H -7, BEEERICAZ L, REBKPLHENIKTEL VEERA A+~
DEE (>50%) BEVDIIHLT, FEKTREL VA4, Bl vBA 4 v EEHKEL
LY DEIENRIIERILANNVTH - 7. BEKPLEIKELEKL T, ERBKOHELL VB4 VLA
KEEw L v OEENED -1, BEFERETRE L VEEA & VOSEYNGERMICRINE N S & O
EDHD, TOIDIERBKTELL VA & VIBESHERIICE K >TVWEDTRBVWNEE
Zonbd, T, ABELL VIIBINTITERICHEREL T 2EMEKRLT EICHRT 260D L
HEINn3., | EFHOEEBEFANIE A, EEBKO2t L VBEEOEE (BEEE, 86%) 3
K (19.7%) Lvo/h&l, HBRNEETH - 1.

EEKDEL v ERRICAHASZ E, BREEEL YBIRLEBL (64%), v THIE>0.454m
(24%) £0.22~0.45um DREHRE (12%) DAL 72D, BHBEOEEHBHIB D EHVL I LMD H >
to. 1z, BRIRDBKELBBICO>NTHEKBER DL VvEEXESHEDIINL, 2L vEEd
L VBEAA VEBIBIBEAEEMABEDONIE o1, THRFERBKD pH 7.8 LG\ oI,
HHEEL L VR TFIIRBEINDS & UL, BREETHEAET D EEZI LN, BEEONRI
YR ICEEF NS 2L v 0355%, BRI TICETNE L 28 45%% 5, LI bilih Wi
FicslgThT\Wiz., $1, BEOGHRELL YO T0%SERT 3 / BHI2VWIERTF FNicE
TNBEMASMITE - .

DEDFERL D, ZERBEERBKD 2L VEHRIERBKCHANIIKERESREBZZENPESHE
Motz UL, thoBsoEBKEHKT 3L, €L v OBE EEEBRERSEBZRL 7.
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