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Distribution of elements in marine sediments:
a review and synthesis”

Noboru TAKEMATSU **

Abstract: The importance of Fe-Mn oxides in scavenging minor elements from the water
column and fixing them in marine sediments is re-evaluated.

1) Dissolved elements in seawater are taken up by phytoplankton and transported to the
sea—floor as settling particles. Biogenous components in settling particles are regenerated
during sinking through the water column and the proportion of terrigenous alumino-
silicate fraction increases with depth. Below the oxygen mininum zone, Fe-Mn oxides are
precipitated on settling particles by microbial mediation and play an important role in
scavenging minor elements from seawater.

2) The chemical compositions of oxic deep-sea sediments can be simulated by admixtures
of aluminosilicates with average shale composition and Fe~Mn oxides with ferromanga-
nese nodule compositions of four different origins (hydrogenous, oxic diagenetic, suboxic
diagenetic and hydrothermal).

3) Near-shore sediments in which neither manganese oxides nor iron sulfides are present
have the chemical composition of average shale, because elements transported by settling
particles are released during early diagenesis from the sediments as benthic fluxes.

4) In anoxic environments where iron sulfides are formed, chalcophile elements are en-
riched in the sediments.

5) The present concentrations of many minor elements in seawater and their mean oce-
anic residence times may be controlled by their ultimate incorporation into Fe~Mn oxides,

because anoxic sediments are restricted within narrow limits.

1. Introduction

WuITFIELD and TURNER (1979) established
the correlation between the concentration ratios
of elements in crustal rocks relative to seawater
and the mean oceanic residence times of ele-
ments, which are a measure of reactivity of ele-
ments in the marine environment. On the other
hand, L1 (1982a) discussed the mean oceanic
residence times on the basis of both the concen-
tration ratios of elements in pelagic clays to
seawater and those in river water to seawater.
WHITFIELD and TURNER (1979) also found a lin-
ear correlation between the concentration ratios
of elements in the crustal rocks relative to
seawater and the electronegativity function

* Received June 14, 1992

** The Institute of Physical and Chemical Re-
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(Quo={(xu— x0o)?, where x is the electronega-
tivity of the subscripted element). In their dis-
cussion on the composition of river water and
seawater, they emphasized the importance of
the electrostatic interaction of elements with
oxygen-dominated mineral lattices during the
weathering of the crustal rocks, which produces
dissolved solids in river water and clay miner-
als, and during reverse weathering in marine en-
vironments where authigenic silicates, iron and
manganese oxides are formed from seawater.
On the other hand, Lt (1981a) observed a rela-
tionship between the concentration ratios of ele-
ments in the pelagic sediment to seawater and
their first hydrolysis constants for cationic ele-
ments and for oxyanionic elements an inverse re-
lationship between the concentration ratios of
elements and the first or second dissociation
constants of their oxyacids. These relationships
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are in accordance with the surface complex for-
mation model (SCHINDLER, 1975; BALISTRIERI
et al., 1981). Although there was a debate on
the two concepts (WHITFIELD and TURNER,
1982; L1, 1982b), WHITFIELD and TURNER
(1983) and Li (1991) recognized the two con-
cepts as different ways of expressing the chemi-
cal bonds between adsorbed elements and oxygen
atoms of hydrolyzed solid phases (silicate min-
erals, oxides, etc.). The surface complex forma-
tion model 1s more mechanistic than the
electronegativity function model, although hy-
drolysis constants for cationic elements and dis-
sociation constants for oxyanionic acids are not
necessarily available for all the elements.

In the oceans, many dissolved elements are
taken up by phytoplankton and transported to
the sea-floor as biogenic settling particles. The
elements associated with settling particles are
fixed into sedimentary components and other-
wise recycled into overlying bottom water dur-
ing diagenesis. In oxic sediments, the most
important adsorbents of elements are iron and
manganese oxides, which occur as coatings on
sedimentary components (silicate minerals,
biogenic silica and calcium carbonates), manga-
nese micro- and macro-nodules (ELDERFIELD et
al., 1972; CHESTER et al, 1973; GLasBy, 1975;
L1, 1981a; STOFFERS et al., 1981; GLASBY et al.,
1987; P1pER, 1988; KUNZENDORF et al., 1989).
In anoxic environments, iron sulfides and humic
substances play an important role in fixing ele-
ments into sediments (VINE and TOURTELOT,
1970; BruMSACK, 1980; LEVENTHAL et al.,
1982; CALVERT and Pricg, 1983; Jacoss et al.,
1987).

In this study, ferromanganese concretions are
chosen as the representative hydrogenous pto-
duct of oxic marine environments and black
shales as that of anoxic environments, and the
behavior of elements in marine environments is
discussed in relation to the mean oceanic resi-
dence time.

2. Enrichment of elements in oxic pelagic sedi-
ments relative to the crustal rocks
Pelagic sediments are considered to be the ul-
timate sink of many elements as well as ferro-
manganese concretions (L1, 1981a). However,
ferromanganese concretions are better models

than sediments to investigate the removal
mechanisms of minor elements in oxic marine
environments, because most constituents of fer-
romanganese concretions are of marine origin.
On the other hand, pelagic sediments are the
mixture of aluminosilicate minerals transported
from land, biogenic calcium carbonate and sil-
ica, humic matter, and manganese and iron ox-
ides which occur as coatings on the sedimentary
components and as manganese micronodules.
The chemical composition of the hydrogenous
fraction of pelagic clays is similar to that of the
associated ferromanganese concretions (PIPER
et al., 1979; ApLIN and CRONAN, 1985; PIPER et
al., 1987).

As described above, WHITFIELD and TURNER
(1979) established the correlation between the
concentration ratios of elements in the crustal
rocks relative to seawater and their mean oce-
anic residence times. The concentration ratios
of elements in ferromanganese concretions rela-
tive to seawater are plotted against those in the
crustal rocks relative to seawater (Fig. 1). In
the abscissa, elements are therefore roughly ar-
ranged in decreasing order of their mean oceanic
residence times. The concentration data of fer-
romanganese concretions, the crustal rocks and
seawater are mainly from the compilations
given by BATURIN (1988), MasoN and MoOORE
(1982) and BruLaAND (1983), respectively. In
Fig. 1, elements plotted above the 1: 1 line indi-
cate that they are concentrated in ferromanga-
nese concretions more than in the crustal rocks.
Elements located along the 1: 1 line are elements
which are contained in aluminosilicate minerals
transported from land or elements of which con-
centration ratios in ferromanganese concretions
are similar to those in the crustal rocks.

Cationic minor elements are adsorbed on iron
and manganese oxides and some of them are sub-
stituted for manganese in edge-shared [MnOq]
octahedra (BURNs and BURNS, 1976; BURNS et
al., 1983). According to L1 (1981a), adsorption
affinities of cationic elements on oxides depend
on their first hydrolysis constants. In Fig. 2,
concentration ratios of cationic elements in fer-
romanganese concretions are plotted against
their first hydrolysis constants. The hydrolysis
constants are mainly from the compilation
given by SMrTH and MARTELL (1976). The most
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Fig. 1. Concentration ratios of elements in ferromanganese nodules relative to seawater versus
those in the crustal rocks to seawater. A dashed line shows the case where the lithogenous
fraction is 25% in concretions and the oxide fraction is only a diluent.
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enriched elements such as Mn, Fe, Co, Ce and Pb
are oxidized to higher valence states after ad-
sorption and are present as oxides in concretions
(GOLDBERG, 1965; GrasBy, 1975). The large
negative deviations of Ga, Sn, Hg and U from
the main trend are attributed to their speciation
in seawater. The species of Ga, Sn, Hg and U in
seawater are considered to be Ga(OH), ~,
SnO(OH); , HgCli* and UO:(COs)s*~, respec-
tively (BRULAND, 1983). Such anionic species
may not be effectively adsorbed on oxides. Sil-
ver does not deviate negatively to a great ex-
tent, although it occurs as AgCl:™ in seawater.
The first hydrolysis constant of Au is not avail-
able but the low content of Au in ferromanga-
nese concretions relative to the crustal rocks is
attributed to the presence of AuCl: in seawater
(GOoLDBERG, 1987). Platinum 1is present in
seawater as PtCli™ but it is markedly enriched in
ferromanganese concretions because Pt( 1) is
oxidized to Pt(IV) on manganese oxides
(GOLBERG, 1987). The oxidation state of thal-
lium 1s unknown but mixed valence states of
T1" and TI** may occur in ferromanganese con-
cretions judging from its concentration ratio
and the first hydrolysis constants of mono- and
tri-valent thallium. The positive deviation of Ba
may be attributed to the presence of barite in
concretions (BosTrROM et al., 1973 LYLE et al.,
1977; DEHAIRS et al., 1980), while the negative
deviations of Mg and Ca remain unexplained.
Oxyanionic elements (B, Si, P, S, V, Cr, Ge,
As, Se, Mo, Sb, Te, I, W, Re, etc) except Te and
W are generally low in their concentration ra-
tios and have long mean oceanic residence times,
compared with cationic transition metals (Fig.
1). The low concentration ratios of oxyanionic
elements in ferromanganese concretions have
been explained in terms of a lack of lattice sub-
stitution in edge-shared [MnOs] octahedra
after adsorption (TAKEMATSU, 1987). Adsorp-
tion affinities of oxyanionic elements are in-
versely dependent on the first or second
dissociation constants of their acids (L,
1981a). For some elements occurring in sea-
water as oxyanions, there is a correlation be-
tween their concentration ratios in ferroman-
ganese concretions and the first or second
dissociation constants of their acids (TAKE-
MATSU et al, 1990). An exception to this is

tungsten which may form manganese or iron
compounds of tungstate on the Fe-Mn oxide sur-
face (L1, 1981a). Tellurium has been considered
to be present in seawater as HTeO;  or TeO;*~
(BRULAND, 1983). However, according to LEE
and EpMoND (1985), Te(VI) is more abundant
than Te(IV) in seawater and would be present as
Te(OH)s. The reactivity of Te in seawater is
similar to that of Po, which occurs as Po(OH),
and has a short residence time, reflecting the po-
sition of neighbors in Group VIb of the Periodic
Table. The high reactivity of Te in the water
column is consistent with the high concentration
ratio of Te in ferromanganese concretions.

The above concept is not applicable to fully
hydrolyzed elements which occur in seawater as
undissociated acids or hydrolyzed anions.
Among them, B, Si, Ge and Sb are included,
whose predominant species in seawater are con-
sidered to be B(OH):, Si(OH):, Ge(OH). and
Sb(OH)s™, respectively (BRULAND, 1983). Anti-
mony in the water column exhibits little varia-
tions in concentrations with depth (MibD-
DELBURG et al., 1988) and has a residence time
of ca. 10° yr (L1, 1982a). In accordance with
this, Sb has a relatively weak adsorption affin-
i1ty for marine sediments, although the distribu-
tion coefficient of Sb for manganese oxides (ca.
5X10" ml/g) is relatively high (L1 et al., 1984;
SANTSCHI et al., 1984). The species of Sb in
seawater is considered to be Sb(OH)s™ but its
adsorption mechanism on oxides is unknown.
Boron is conservative in the water column and
has the oceanic residence time of ca. 10" yr (L1,
1982a). According to GOLDBERG and GLAUBIG
(1985), boric acid exhibits an adsorption maxi-
mum on iron oxides at about pH 8 and the distri-
bution coefficient is ca. 10* (ml/g), which is
almost equal to the concentration ratio of B in
ferromanganese concretions (Fig. 1). The ad-
sorption affinity of silicate on iron oxides is
somewhat lower than that of arsenate (BALI-
STRIERI and CHAO, 1987). This is consistent
with the fact that the concentration ratio of
silicate in ferromanganese concretions is a little
lower than that of arsenate (Fig. 1). However,
the most of Si in ferromanganese concretions is
present as aluminosilicate minerals. The aver-
age lithogenous (alumino-silicates) fraction of
concretions is about 25% (CALVERT et al., 1978;
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TAKEMATSU, 1979; BISCHOFF et al., 1981). In
Fig. 1, the case where the lithogenous fraction is
25% in concretions and the oxide fraction is only
a diluent is shown by a dashed line. Inorganic
germanium exhibits the same vertical distribu-
tion as Si in the water column (FROELICH and
ANDREAE, 1981) and probably behaves like Si in
marine environments.

It is interesting to investigate whether ele-
ments located around the line of 25%
lithogenous fraction are in the aluminosilicate
phase or in the oxide phase. There are two meth-
ods to distinguish them: investigation of rela-
tionships between Si or Al and elements in
nodules, and selective dissolution of the oxide
phase using an acid-reducing agent (CHESTER
and HuGHES, 1967). By selective dissolution,
BiscHOFF et al. (1981) claimed the presence of
Al, Si, K and Na in the authigenic phillipsite
fraction, and MoorBY and CrRoNAN (1981) sug-
gested the association of Al, Ti, Cr and some Ca
with aluminosilicates. The elements reported to
be associated with aluminosilicates from inter-
element relationships are K, Ca, Rb, Sr and Zr
(CALVERT and Price, 1977; CALVERT et al.
1978). L1 (1982¢) concluded that Al, Si, Sc, Ga,
Cr, Be, Na, K, Rb and Cs are preferentially con-
centrated in aluminosilicates. However, this
conclusion was derived from the fact that the
enrichment factors of these elements in nodules,
relative to pelagic clays are close to one. PIPER
et al. (1979) found by selective dissolution that
the concentration of Sc in the lithogenous frac-
tion is 2.5 times higher than that in the bulk
nodules. This indicates that the abundance ratio
of Sc in the lithogenous and oxide fractions is
about 3: 2 if the lithogenous fraction of nodules
is 25%. According to BiscHorr et al. (1981),
429% of Al, 12% of Si, 84% of Na, 47% of K,
72% of Mg, 66% of Ca and 51% of Ti in nodules
are leached by acid -reducing agent attack. SATO
et al. (1989) measured the contents of Na, K.
Mg and Ca in almost pure manganese oxides pre-
cipitated from seawater, and concluded that a
considerable part of Na, Mg and Ca in marine
ferromanganese concretions are in the oxide
fraction as charge-balancing cations and that
the most of K 1is associated with alumi-
nosilicates. In short, major parts of Al, Si, K,
Rb, Ti and Cr in nodules are associated with

aluminosilicates. Sodium, Mg, Ca and probably
Sc are in the oxide phase as well as in the
aluminosilicate phase. However, it is necessary
to investigate whether the soluble fraction of Al
and Ti in nodules by acid-reducing agent attack
(BiscHOFF et al., 1981) is leached from authi-
genic aluminosilicates or from the oxide phases
or from aluminosilicates transported from
land.

L1 (1981b) assumed that aluminosilicate min-
erals transported to the ocean by rivers and
through the atmosphere have the composition of
average shale. If this is the case, pelagic sedi-
ments are a mixture of silicate minerals with
typical shale composition and authigenic com-
ponents in marine environments. If ferroman-
ganese oxides play a major role in fixing trace
elements transported by settling particles in the
deep-sea sediment, elements enriched in ferro-
manganese concretions have higher contents in
pelagic sediments than in shales. In Fig. 3, the
concentration ratios of elements in pelagic sedi-
ments and average shale relative to seawater are
plotted against those in the crustal rocks rela-
tive to seawater. The concentrations of ele-
ments in pelagic sediments and average shale are
from the compilations given by BATURIN (1988)
and MASON and Moorge (1982), respectively.
The elements having higher contents in pelagic
sediments relative to average shale are Mn, Cu,
Mo, W, Ba, Co, Pb, Ni, La, Ce, P, Zn, Sr, Ba and
1. All of them are concentrated in ferromanga-
nese concretions, although Ba and Sr occur in pe-
lagic sediments as barite and carbonates,
respectively. The contents of As, Sb and Bi in
pelagic sediments are almost equal to those in
average shale, although these elements are en-
riched in ferromanganese concretions relative to
the crustal rocks, because the contents of these
elements in shales are high relative to the
crustal rocks.

Boron, S, As, Se, Sb, I and Bi are much en-
riched in shales relative to the crustal rocks. The
enrichment of these elements in shales are pri-
marily attributed to the so-called magmatic
volatiles, which include H.O, CO., H.S, HCI,
HBr, HI, B, As, Se, Sb, Bi, Hg and so forth
(WEDEPOHL, 1969) but secondarily to their in-
corporation into organic-rich reducing sedi-
ments, as described below:
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Fig. 3. Comparison between concentration ratios of elements in pelagic clay relative
to seawater and those in average shale to seawater.

3. Enrichment of elements in anoxic sediments

relative to the crustal rock

In near-shore environments, sediments are
more reducing than in deep-sea waters, because
settling particles reach the bottom before the
decomposition of organic matter, and anoxic
diagenesis occurs in the near-shore sediments.
On the Southwest Africa (Namibia) shelf and in
the Gulf of California, organic-rich reducing
diatomaceous sediments occur as a result of
high plankton productivity by intense upwelling

of nutrient-rich deep water. In the sediments,
As, Se, Br, Mo, Cd, Sb, I, Hg, Bi and V are con-
centrated relative to average shale (Fig. 4)
(BRONGERSMA-SANDERS et al., 1980; CALVERT
and PrICE, 1983; BRUMSACK, 1986). These are
the elements enriched in shales relative to the
crustal rocks, as shown in Fig. 3. In restricted
basins such as the Black Sea, the Cariaco Trench
and Saanich Inlet (British Columbia), where the
0:/H:S boundary lies within the water column,
metal sulfides are further added to the
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Fig. 4.

Concentration ratios of elements in reduced siliceous ooze relative

to seawater versus those in the crustal rocks to seawater.

sediments from the water column (JACOBS et
al., 1987). The products as a result of anoxic
diagenesis in the area where the supply of
biogenic settling particles is large relative to
that of detrital aluminosilicates have the chemi-
cal composition similar to black shales
(BRUMSACK, 1980). As there is no adequate
compilation of elements in the marine reducing
sediment, a near-shore sediment and organic-
rich shales are chosen from Geostandards. In
Fig. 5, the concentration ratios of elements in
Geostandards of a near-shore sediment (MAG-
1) and shales (SCo-1, SGR-1 and SDO-1) rela-
tive to seawater are plotted against those in the
crustal rocks relative to seawater, except some
elements of which concentrations are within a
factor of 2, compared to the crustal rocks.
MAG-1 is a gray-brown fine-grained clayey mud
from the is the Wilkinson Basin of the Gulf of
Maine; SCo-1 is the Upper Cretaceous silty ma-
rine shales; SGR-1 is an oil shale from the

Mahogany zone of the Green River Formation
of Eocene age (carbonate lake) and SDO-1 is an
organic-rich silt shale representative of the rela-
tively radioactive, metalliferous Devonian age
black shales (GovINDARAJU, 1989). The or-
ganic carbon contents of MAG-1, SCo-1, SGR-1
and SDO-1 are 2.15, 0.81, 3.16 and 9.95%, respec-
tively, and those of CO; are 7.88, 2.97, 11.58 and
1.01%, respectively. The trend of elemental en-
richments in these Geostandards is similar to
that in modern organic-rich reducing marine
sediments (Fig. 4). Arsenic, Se, Sb, Te and Bi
are enriched relative to the crustal rocks. These
elements are chalcophile and positioned in
Groups Vb and VIb of the Periodic Table. The
cause of the enrichment of As, Se and Sb has
been well documented concerning the Creta-
ceous-Tertiary boundary problem (KertH, 1982;
ScuMiTz, 1985, 1988; STRONG et al., 1987; G
ILMOUR and ANDERS, 1989). Arsenic, Se, Sb and
probably Te and Bi are scavenged from the
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water column by degraded organic matter
(Knauss and Ku, 1983; MAsuzawa et al., 1989)
and fixed in organic-rich reducing sediments as
sulfides and organometallic compounds (How-
ARD, 1977; CUTTER, 1985; BELZILE and LEBEL,
1986; EDENBORN et al., 1986; TAKAYANAGI and
BELZILE, 1988).

Molybdenum is enriched more than an order
of magnitude in modern organic-rich reducing
sediments than in average shale (Fig. 4) and in
ancient black shales (VINE and TOURTELOT,
1970; BRUMSACK, 1980; LeEVENTHAL and Hos-
TERMAN, 1982). Molybdenum in organic-rich re-
ducing sediments is considered to be either
coprecipitated with Fe sulfides (MANHEIM,
1961; BERTINE, 1972; PiLipcHUK and VOLKOV,
1974; MaLcoLM, 1985) or associated with or-
ganic matters (NISSENBAUM and SWAINE, 1976;
BrumMsack and GIESKES, 1983). However, Mo is
little concentrated in plankton in spite of its
high concentration in seawater (11 ug/1)
(MARTIN and KNAUER, 1973; L1, 1984; FrRAN-
co1s, 1988). Therefore, it is assumed that Mo
diffuses from the sea water column into reduc-
ing sediments and is incorporated into organic

matter or sulfides after reduction to the +5 or
+4 valence state (BRONGERSMA-SANDERS et
al., 1980; BruwMsack et al., 1983; Francors,
1988).

Uranium is also extremely enriched in
organic-rich reducing sediments, especially in
phos-phatized sediments (MaNHEIM, 1961;
VEEH, 1967; VEEH et al., 1974; RoNa and
JOENSU, 1974; BRONGERSMA-SANDERS et al.,
1980; CALVERT and PRICE, 1983) and in ancient
black shales (VINE and TourTELOT, 1970;
LEVENTHAL and HosTERMAN, 1982). The pro-
posed mechanism for uranium enrichment is as
follows. Hexavalent uranium is supplied from
the water column into the sediment via pore
water or with settling particles and reduced to
tetravalent uranium which is incorporated into
organic matter or carbonate fluoroapatite
formed diagenetically (VEEH et al., 1974;
CaLvERT and Price, 1983; Yamapa and
TsuNoGAIL, 1983/1984).

Vanadium is slightly concentrated in organic-
rich reducing sediments such as Black Sea sedi-
ments (HirsT, 1974; VoLkov and FomiNa,
1974), Saanich Inlet sediments (FraNCO1S, 1988)
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and upwelling sediments from the Gulf of Cali-
fornia (BRUMSACK, 1986). It is extremely en-
riched in ancient black shales from Atlantic
Ocean (BRUMSACK, 1980) and the United States
(VINE and ToURTELOT, 1970; LEVENTHAL and
HoSTERMAN, 1982). Although the vanadium
content is a little low in living plankton com-
pared to average shale (KNaUSs and Ku, 1983),
most of vanadium in ancient sediments of ma-
rine origin are in the kerogen fraction and its
chemical species is largely vanadyl porphyrin
(PrREMOVIC et al., 1986). In reducing environ-
ments, vanadate anions are reduced to vanadyl
cations (VO?*), which form stable complexes
with organic chelates such as humic substances,
and is strongly adsorbed on particles such as
clays and oxides (WEHRLI and STummMm, 1989).
Chromium is slightly enriched in organic-rich re-
ducing sediments (BRONGERSMA-SANDERS et
al., 1980; Francors, 1988) and in black shales
(VINE and TourTELOT, 1970; BRUMSACK, 1980).
Chromium supplied with biogenic particulates is
reduced to Cr®" in anoxic sediments, and Cr®* is
readily adsorbed and incorporated in the sedi-
ments (ELDERFIELD, 1970; Francors, 1988:
SHAW et al., 1990).

lodine is much more concentrated in organic-
rich oxidizing sediments than in organic-rich re-
ducing sediments (Prick and CALVERT, 1973,
1977). This is attributed to that iodine is con-
centrated in living plankton within the euphotic
zone and taken up additionally by organic mat-
ter at the sediment-seawater interface under
oxidizing conditions, where the concentration of
total iodine in interstitial water is much higher
than that in seawater (PricE and CALVERT,
1977; HARVEY, 1980; KENNEDY and ELDER-
FIELD, 1987a). However, sorption of iodine on
Mn and Fe oxyhydroxides is not ruled out
(SUGAWARA et al., 1958; ULLMAN and ALLER,
1985; KENNEDY and ELDERFIELD, 1987b). The
enrichment of B in shales relative to the crustal
rocks is due to its incorporation into clay miner-
als (WeDEPOHL, 1970).

Manganese is less concentrated in organic-rich
reducing sediments than in normal shales. Man-
ganese has a weak affinity for organic matter
and sulfides, although it is sometimes enriched
in reducing sediments as carbonates (MANHEIM,
1961; PEDERSEN and Pricg, 1982; JAKOBSEN

and PostMma, 1989). Sodium, Mg, Ca, Sr and Cl
are washed off from sediments after uplift
above sea level or during weathering.

4. The behavior of elements in marine environ-
ments

As the result of weathering of the crustal
rocks, dissolved solids are supplied to the oceans
by rivers, and solid products by rivers as sus-
pended matter and through the atmosphere as
eolian dust. The partitioning of elements be-
tween weathered silicate minerals and river
water is controlled by the electrostatic interac-
tion between elements and oxygen in silicate
mineral lattices, and can be related to their
electronegativity function (Qmo) (WHITFIELD
nad TURNER, 1979; MARTIN and WHITFIELD,
1983). Further, the concentration ratios of ele-
ments in river water to seawater show a linear
relationship with their mean oceanic residence
times (L1, 1982a). Suspended matter in river
water and eolian dust have the chemical compo-
sition of average shale (L1, 1981b: MARTIN and
WHITFIELD, 1983). These terrigenous alumino-
silicates will suffer only a little alteration dur-
ing settling through the water coloumn and
during diagenesis after deposition on the sea-
floor.

Dissolved elements in seawater are taken up
by phytoplankton and removed from surface
water as settling particles. They are divided
into fecal pellets and large amorphous aggre-
gates (marine snow), and composed of organic
matter, biogenic calcium carbonate and opal
(see FOWLER and KNAUER, 1986). The biogenic
components of settling particles are partially
regenerated during sinking through the water
column and the fluxes decrease with depth.
However, a mid-water increase of the fluxes has
been observed and has been attributed to in situ
repacking of suspended matter into fecal pellets
by zooplankton (URRERE and KNAUER, 1981) or
in situ production of new particulate organic
carbon by bacterial chemolithotrophy (KARL et
al., 1984, 1988). Further, Fe and Mn depositing
bacteria are present in settling particles and
Fe-Mn oxides contribute to scavenging trace ele-
ments from seawater (COWEN and SILVER, 1984;
CowEN and BRULAND, 1985; CowEeN et al.,
1986). Aluminosilicate minerals of eolian origin
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Fig. 6. Comparison between concentration ratios of elements in settling particles relative to
seawater and those in the underlying surface sediment to seawater.

and transported laterally from continental
slopes are entrapped by settling particles, and
the flux of the lithogenous portion increases
with depth (HoNJo et al., 1982a).

Settling particles on the sea-floor undergo
early diagenesis mainly by the oxidation of or-
ganic matter (FROELICH et al., 1979). Most of
biogenic calcium carbonate and opal is dissolved
during diagenesis. The composition of settling
particles collected within a few hundred meters
above the bottom is extremely different from
that of the bottom surface sediment (HoNJjo et
al., 1982b; GARDNER et al., 1985; WALSH et al.,
1988a, b). During diagenesis, the accompanying
elements with settling particles are incorpo-
rated into sedimentary components and other-
wise recycled into overlying bottom water as
benthic fluxes.

A linear relationship is found between the
mean oceanic residence time of elements and
their concentration factors for marine organ-
isms, which are concentration ratios of elements
in marine organisms relative to seawater
(Yamamoto, 1972; YAMAMOTO et al., 1983;
FisHER, 1986). FisHer (1986) explained the

relationship mainly by the interaction between
metals and hydroxyl groups in biological sys-
tems. CHERRY et al. (1978) also found the linear
relationship between the mean oceanic residence
times of elements and their concentration fac-
tors for fecal pellets of zooplankton. However,
the concentrations of elements in settling parti-
cles collected in sediment traps change with
depth (BREWER et al., 1980; ANDERSON,1982;
GARDNER et al., 1985; MASUZAWA et al., 1989).

In Fig. 6, the concentration ratios of elements
in settling particles at two different depths and
the underlying sediment from Japan Sea (Ma-
SUZAWA et al., 1989) are plotted against those in
the crustal rocks. The concentrations of ele-
ments enriched in oxidizing sediments (Mn, Fe,
Co, Th, etc.) increase with depth, while those en-
riched in reducing sediments (As, Se, Sh, I, etc.)
decrease slightly or change little. As the
lithogenous fraction increases with depth.
Brewer et al. (1980) divided elements into three
groups on the basis of Me/Al ratios. Litho-
genous components, whose Me/Al ratios are
constant with depth, involve Al, Ti, V, K, La,
22Th, etc. Biogenic components, whose Me/Al
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ratios decrease with depth, involve Ca, Sr, Ba,
Ra, Si, Br, I, As, Se, Sb, Ag, Cd, U, etc. Scav-
enged components, whose Me/Al ratios increase
with depth, involve Mn, Fe, Co, Cu, *"**Th, etc.

The concentrations of elements classified into
biogenic components are higher in fecal pellets
than in the crustal rocks (FOWLER, 1977). How-
ever, biogenic elements are not necessarily en-
riched in fecal pellets than scavenged elements
with respect to their concentration factors
(CHERRY et al., 1978). The difference between
the two groups is attributed to the fact that
biogenic elements are less adsorbed on hydroge-
nous components such as in situ produced Fe-Mn
oxides than scavenged elements. Arsenic, Se and
Sb, which are present as oxyanions in oxygen-
ated seawater, are usually reduced after uptake
by organisms and tranformed into organo-
metalloid compounds (ANDREAE and KLUMP,
1979; WiLL1AMS, 1981; WooD and WANG, 1983).
These organometalloid compounds in settling
particles are regenerated to oxyanions during
vertical transport in the water column (CUTTER
and BRULAND, 1984). Oxyanions are less ad-
sorbed on hydrogenous oxides than so-called
scavenged elements, and have relatively long
mean oceanic residence times (Fig. 1). On the
other hand, scavenged elements in settling parti-
cles are also solubilized with the decomposition
of biogenic components but adsorbed on in situ
produced hydrogenous components. The concen-
trations of scavenged elements in settling parti-
cles increase with that of manganese, which is
mostly present as oxides in settling particles
(CuesTER and AsToN, 1976; JICKELLS et al.,
1984; CoweEN and BRULAND, 1985; MASUZAWA
et al., 1989). In sediment traps, Fe-Mn oxides in
settling particles are probably reduced to the
readily leachable form during deployment
(MARTIN and KNAUER, 1983, 1984).

The classification of elements according to
their behavior in settling particles is sometimes
inconsistent with that on the basis of their dis-
tribution in sediments. CHESTER and HUGHES
(1967) developed a chemical technique to sepa-
rate ferromanganese minerals, carbonate miner-
als and adsorbed trace elements from pelagic
sediments using an acid-reducing agent. On the
basis of the method, V, Cr and Fe are classified
into the lithogenous category, and Mn, Co, Ni

and Cu into non-lithogenous Chydrogenous +
biogenous) category (CHESTER and HUGHES,
1969; CHESTER and MEssiHA-HANNA, 1970;
ELDERFIELD, 1972). This means that although
non-lithogenous iron behaves as a scavenged ele-
ment, most of iron in marine environments is in-
corporated in aluminosilicate minerals. Tovo-
DA and Masubpa (1990) measured the con-
centrations of many elements in surface
sediments along the longitude of 170°W and ob-
served that Co, Ni, Cu, Y and La have concen-
tration maxima around the equatorial area
together with Mn, while V and Cr have almost
constant concentrations along the entire profile.
This means that La is a scavenged element in
contrast with the classification from settling
particles. However, it is difficult to classify ele-
ments into a certain group because some ele-
ments have intermediate characteristics. It is
necessary to know the non-lithogenous portion
of elements in the sediment for the calculation
of their mean oceanic residence times if we use
the mean oceanic residence times as the measure
of reactivity. When the total accumulation
rates of lithogenous elements such as Fe, V and
Cr are used for calculation, their mean oceanic
residence times are underestimated.

Any of the elements in settling particles ex-
cept for lithogenous ones are more or less recy-
cled at the sediment-water interface as the
benthic fluxes (CoBLER and Dymonp, 1980;
DymonD and LyLE, 1985; FISCHER et al., 1986).
The benthic fluxes of elements depend upon the
supply rate and composition of settling parti-
cles, sediment redox conditions, bioturbation
and other factors. In the area where the pene-
tration of oxygen into the sediment is enough to
oxidize organic matter accumulated via settling
particles, oxic diagenesis occurs and the benthic
fluxes of trace elements are relatively small,
judged from their concentrations in interstitial
water of the surface sediment (KLINKHAMMER
et al., 1982; SAwLAN and MURRAY, 1983). Dur-
ing diagenesis of settling particles, Fe-Mn ox-
ides are formed and occur as coatings on
sedimentary components, micronodules dis-
persed in the sediment and ferromanganese nod-
ules (CALVERT and Pricg, 1977; CALVERT et
al., 1978; KUNZENDORF et al., 1989). Authi-
genic Fe-Mn oxides readily adsorb trace
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elements released from settling particles, al-
though the adsorption affinity is different from
element to element as is evident from Fig. 1.

In the oxic-diagenetic environment such as
DOMES Sites A, B and C, and MANOP Site S,
the chemical composition of the leached fraction
with an acid-reducing agent from the sediments
(sediment oxyhydroxides) is similar to that of
0 -MnO;-rich nodules (CHESTER et al., 1973;
PIPER et al., 1979; ArLIN and CRONAN, 1985;
PIPER et al., 1987). Further, the composition of
micronodules in the sediments is similar to that
of associated macronodules (SUGISAKI et al.,
1987; KUNZENDORF et al., 1989). The alu-
minosilicate fraction after leaching has the
chemical composition similar to average shale
(P1PER et al., 1979; PIPER, 1988).

In the suboxic diagenetic regions such as
MANOP Sites H and M where the flux of or-
ganic carbon is more than that in the oxic
diagenetic regions, cationic transition metal
contents in the surface sediments are rather
higher than those from the oxic diagenetic re-
gions because manganese and iron, which are
remobilized from the suboxic deeper layer, are
precipitated as oxides in the oxic surface layer
(GRAYBEAL and HeATH, 1984; LYLE et al.,
1984). However, cationic transition metal con-
tents in manganese nodules from the suboxic
diagenetic regions are lower than those from the
oxic diagenetic regions (DYMOND et al., 1984).
A partial decoupling of the sediment-nodule sys-
tem can be explained by the non-steady-state
model for the formation of suboxic diagenetic
manganese nodules (TAKEMATSU et al., 1989).
Calcareous oozes in suboxic diagenetic regions
have the chemical composition similar to
suboxic diagenetic siliceous sediments on a
carbonate-free basis, and therefore carbonates
are only a diluent (STOFFERS et al., 1981).

In deep-sea regions where the flux of biogenic
components is small and continentally derived
aluminosilicates are the major components, red
clay occurs, whose non-lithogenous components
are directly from seawater. Cationic transition
metal contents in red clay are almost constant
with depth (EL-WAKEEL and RILEY, 1961;
CHESTER and HUGHES, 1969), and are generally
low relative to those in the oxic and suboxic
diagenetic surface sediments. The ratios of Ce

/La and Co/Mn are the good indicators of the
different sediment types. The order of their ra-
tios is red clay > oxic diagenetic sediments >
suboxic diagenetic sediments (GLASBY et al.,
1987; Prrer et al., 1988; KUZENDORF et al.,
1989).

In hydrothermal areas, metalliferous sedi-
ments occur and have high contents of cationic
transition metals, especially of Fe, on a
carbonate-free basis (BosTROM and PETERSON,
1969; DymoND et al., 1977; HEgATH and
DymonD, 1977, 1981; DyMmoND, 1981; MARCHIG
and GUNDLACH, 1982; SHEARME et al., 1983;
BACKER et al., 1985; MARcCHIG et al., 1985;
STOFFERS et al., 1985; BARRETT et al., 1987).
However, the contents of minor cationic transi-
tion metals in metalliferous sediments are
rather low relative to those in pelagic clays
when their contents are normalized to non-
lithogenous Fe and Mn oxides. Buoyant hydro-
thermal emanations containing particulate Fe
and dissolved Mn trail several hundred meters
above the sea-floor and are advected away from
vent fields (KLINkHAMMER and HuDson, 1986;
KLINKHAMMER et al., 1986). Fe and Mn oxides
of hydrothermal origin scavenge minor elements
from seawater together with settling particles
and settle on the sea-floor (TROCINE and
TREFRY, 1988; FEELY et al., 1990). The validity
of this scenario is evident from the fact that
hydrothermal sediments have the negative Ce
anomaly which is the reflection of rapid sca-
vanging of REE from seawater by hydrothermal
Mn-Fe oxides as well as biogenous carbonates
(RuHLIN and OWEN, 1986).

Hydrothermal massive sulfides of Fe, Zn and
Cu are almost free of Ni, reflecting the composi-
tion of hydrothermal fluids (BISCHOFF et al.,
1983; BowERs et al., 1985; RoNA et al., 1986).
However, even suspended particles in black
smoke within 20m above hydrothermal vents
contain 20-220 ppm of Ni (MorrL and Mc-
CONACHY, 1990) in spite that hydrothermal flu-
ids contain little Ni (Von DAMM et al., 1985).
The content of Ni in metalliferous sediments on
the crest of the East Pacific Rise (ERR) is
rather low relative to that on the flanks of EPR
(BosTrOM and PETERSON, 1969). This phenome-
non is attributed to the scavenging of minor
transition elements from seawater by hydro-
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thermal Fe-Mn oxides or sulfides (RUHLIN and
OwEN, 1986; METZ et al., 1988; TROCINE and
TREFRY, 1988). Therefore, the concentration
ratio of Cu to Ni in sediments can be used as a
measure of hydrothermal influence. Metalli-
ferous sediments in which the contents of Cu and
Zn are much higher than that of Ni are re-
stricted to the proximity of hydrothermal vent
fields (DyMOND et al., 1977; HEATH and
DyMOND, 1977; SHEARME et al., 1983; BARRETT
et al., 1987; METz et al., 1988).

The chemical composition of EPR crest sedi-
ments is equivalent to that of micronodules in
them within a factor of two with respect to Mn,
Fe, Co, Ni, Cu and Zn (STOFFERS et al., 1985).
The micronodules have the chemical composi-
tion similar to that of hydrothermal manganese
crusts. Hydrothermal manganese crusts have
more than an order of magnitude lower contents
of cationic transition metals (Co, Ni, Cu, Zn,
etc.) relative to and oxyanionic element con-
tents comparable to the nodules of other origins
(Corvriss et al., 1978; LarLou et al., 1983;
MoorBY and CRONAN, 1983; Rona et al., 1984;
THOMPSON et al., 1985; TAKEMATSU et al., 1989,
1990), although their chemical composition is
highly variable. The low contents of cationic
transition metals in hydrothermal manganese
crusts are attributed to insufficient scavenging
by rapid growth of crusts (EpMoND et al.,
1979). As described before, the enrichment of
cationic transition metals in manganese nodules
is due to lattice substitution after adsorption,
and that of oxyanionic elements only to adsorp-
tion (TAKEMATSU, 1987). It takes long time for
the incorporation of cationic transition metals
into manganese nodules.

This is the reason why cationic transition
metals are depleted and oxyanionic elements are
enriched in rapidly growing hydrothermal man-
ganese crusts (MoorBY and CRrONAN, 1983;
MOORBY et al., 1984; TAKEMATSU et al., 1990).
Therefore, the contents of cationic transition
metals in metalliferous sediments increase with
the distance from mid-ocean ridges, when their
contents are normalized to those of non-
lithogenous iron and manganese oxides, as is
evident from the sediments of the East Pacific
Rise-Tahiti transect (STOFFERS et al., 1985). In
the case of the Bauer Deep sediments, Fe and Mn

are of hydrothermal origin and the other minor
elements are mainly from seawater (DYMOND,
1981). This is bacause the concentrations of Fe
and Mn in hydrothermal fluids are ca. 10° times
higher than those in deep seawater, those of Co,
Cu and Zn are ca. 10* times, and Ni is less than
10 times (BRULAND, 1983; Von Damum et al.,
1985). The sediments from the Bauer Basin have
the minor element composition similar to those
from EPR-Tahiti transect when the contents of
manganese and iron oxides are similar (HEATH
and DYMOND, 1981; STOFFERS et al., 1985).

In brief, the chemical composition of oxic
deep-sea sediments is expressed as admixtures of
aluminosilicate minerals with average shale
composition and ferromanganese oxides with
the end-member compositions of different ori-
gins (hydrogenous, oxic diagenetic, suboxic dia-
genetic and hydrothermal), although metalli-
ferous sediments contain Al-poor Fe-smectite,
of which minor transition metal contents are
lower than those of average shale (MOORBY and
CrONAN, 1983; Rona et al., 1984).

In the more reducing environments such as
continental margins, concentrations of transi-
tion metals such as Mn, Co, Ni, Cu and even Fe
are high in interstitial water and these elements
are released from the sediments as the benthic
fluxes (SAWLAN and MURRAY, 1983, HEGGIE et
al., 1987; JoHNSON et al., 1988; SHAwW et al.,
1990). Therefore, the chemical composition of
mildly reducing continental margin sediments is
similar to that of average shale (WEDEPOHL,
1960; CHeSTER and Mgessina-Hanna, 1970;
ELDERFIELD, 1972). Cationic transition ele-
ments released from reduced continental margin
sediments are transported laterally to the cen-
tral parts of the ocean through oxygen minima
(KLINKHAMMER and BENDER, 1980; MARTIN
and KNAUER, 1984; MARTIN et al., 1985). How-
ever, the behavior of oxyanionic elements such
as V, Cr and Mo to redox conditions is in con-
trast to that of cationic transition metals such
as Mn, Ni and Co. According to SHAW et
al. (1990), in suboxic diagenetic sediments (The
Patton Escarpment), concentrations of V, Cr
and Mo in interstitial water of the oxidizing
surface layer where Mn-oxides are present are
high, while those of Mn, Ni and Co are ex-
tremely low. High concentrations of oxyanionic
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Fig. 7.

Comparison between concentration ratios of elements in reducing shales relative to

seawater and those in oxidizing pelagic clay to seawater. To avoid overlapping, elements are

arbitrarily divided into two parts.

elements in the oxidizing interstitial water are
the result of the adsorption affinity of these
oxyanions on oxides which is weaker than that
of cationic transition metals as is evident from
Fig. 1. On the other hand, in more reducing sedi-
ments of the California Borderland, concentra-
tions of cationic transition metals in
interstitial water are high, while those of
oxyanionic elements decrease as conditions be-
come more reducing. The oxyanions are trans-
formed to their reduced species and incorporated
into the sediments. The contents of V, Cr and
Mo are high in the most reducing sediments in-
vestigated, although high contents of Mo are
also observed in the most oxidizing Mn-rich
sediment. Such contrasting behavior of cationic
transition metals and oxyanionic elements is
also observed in a core from the Panama Basin
(BONATTI et al., 1971). Manganese, Co and Ni
are concentrated in the oxidizing surface layer,
while Cr and V are enriched in the reducing
deeper layer.

In anoxic regions, many minor elements are

retained in the sediments, except for Mn, as is
described before. In Fig. 7, the contents of ele-
ments in Geostandards of a near shore sediment
and reducing shales are compared with those of
pelagic clay with respect to their concentration
ratios to seawater. The elements which are con-
centrated in reducing sediments are S, Fe, As,
Se, Mo, Ag, Cd, Sb, I, Au, Hg, Bi, U and proba-
bly Te, while those concentrated in oxidizing
sediments are Mn, Fe, Co, Ni, Cu, Mo, Ce, Te,
W, T1, Pb, Bi, and probably Zn, Cd, La, Pt and
Th. Iron, Mo, Bi, and probably Cd and Te are
concentrated in both reducing and oxidizing
sediments. Beryllium, B, Al, Si, Sc¢, Ti, V, Cr,
Ga, Ge and Zr are evenly distributed and classi-
fied as the lithogenous elements. Alkali and
alkaline-earth metals such as Li, Na, Mg, K, Rb
and Cs have no fractionation between reducing
and oxidizing sediments. The contents of Ca, Sr
and Ba are dependent on primarily productivity
in overlying water and water depth.
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5. Summary and conclusions

a) Elements are supplied from land to the sea
in dissolved and particulate states as the result
of weathering of crustal rocks. Particulate ele-
ments are transported through the atmosphere
as airborne dusts and by rivers as suspended
matter. Airborne dusts and suspended matter in
river water undergo desorption and adsorption
of elements in contact with seawater, but princi-
pally keep their original composition during
sinking through the water column and during
diagenesis after deposition on the sea-floor.
They generally have the chemical composition of
average shale. Some elements (Be, Al, K, Ti,
V, Cr, Ga, Zr, etc.) are recycled mainly with
weathered aluminosilicates, and others mainly
through the dissolved state in seawater. The
proportion of dissolved to particulate differs
with each elements.

b) Dissolved elements in seawater are taken
up by phytoplankton and transported to the sea-
floor as settling particles. Settling particles in
surface water are composed of biogenous cal-
cium carbonate, opal, organic matter and
terrigenous aluminosilicates. Biogenous compo-
nents in settling particles are regenerated during
sinking through the water column and the pro-
portion of the lithogenous fraction increases
with depth. Below the oxygen minimum layer,
Fe-Mn oxides are precipitated on settling parti-
cles by microbial mediation and play an impor-
tant role in scavenging minor elements from
seawater. The elements classified as “scav-
enged” are those which are readily taken up by
Fe-Mn oxides. On the other hand, the elements
classified as “biogenous” are those which have
biogenous insoluble compounds (Si, Ca, Sr and
Ba) and oxyanions (As, Se, Sb, [, etc.) which are
reductively taken up by phytoplankton and less
adsorbed on Fe-Mn oxides than cationic “scav-
enged” elements.

¢) On the basis of redox potential which is
regulated by the amount of organic matter sup-
plied to the sea-floor via settling particles, ma-
rine sediments are divided into oxic deep-sea
sediments, intermediate near-shore sediments
and anoxic sediments. The chemical composi-
tion of oxic sediments can be simulated by a
mixture of aluminosilicates with average shale
composition and Fe-Mn oxides with the

composition of associated ferromanganese nod-
ules. Hydrogenous Fe-Mn oxides occur as coat-
ings on sedimentary components and microno-
dules dispersed in the sediment. The incor-
poration mechanism of elements into oxides is
primarily the adsorption of elements on hydro-
lyzed oxides. However, cationic elements can be
incorporated into oxides through their lattice
substitution for oxide-forming metals during
the oxide growth. Therefore, the distribution
coefficients of cationic elements for Fe-Mn ox-
ides, except for alkali and alkaline-earth metals,
are generally larger than those of oxyanionic
elements. The chemical composition of Fe-Mn
oxides in the sediment and associated ferroman-
ganese nodules is controlled by the supply rate
of settling particles and hydrothermal activi-
ties. Oxic deep-sea sediments are divided into
red clay, oxic diagenetic sediments and suboxic
diagenetic sediments on the basis of the flux of
settling particles. The contents of cationic tran-
sition elements are in the order: suboxic
diagenetic sediments > oxic diagenetic sedi-
ments > red clay. It must be noted that in
suboxic diagenetic sediments, a partial
decoupling occurs between Fe-Mn oxides in the
sediments and associated ferromanganese nod-
ules, and that the contents of cationic transition
elements in the former are higher than those in
the latter. Calcium carbonates act as a diluent
because the contents of minor elements in them
are extremely low. In accordance with this, the
contents of minor elements in deep-sea sedi-
ments are generally discussed on a carbonate-
free basis.

d) In hydrothermal regions, so-called metalli-
ferous sediments occur and have extremely high
contents of Fe and Mn. Iron and manganese ox-
ides in metalliferous sediments are of hydro-
thermal origin but other minor associated
elements are from seawater. The contents of
cationic minor elements in hydrothermal ferro-
manganese nodules are low on account of their
inefficient lattice substitution in the rapidly
forming oxides, while those of oxyanionic ele-
ments are comparable to those in nodules of
other origins, because of the rapidity of their
adsorption. Therefore, the contents of cationic
minor elements in metalliferous sediments are
low when they are normalized to non-litho-
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genous Fe-Mn oxides.

e) Hydrothermal sulfides of Fe, Zn and Cu
which are almost free of Ni and metalliferous
sediments in which contents of Cu and Zu are
much higher than that of Ni are restricted to the
proximity of hydrothermal vent fields. With the
distance from the mid-ocean ridges, the minor
element composition of metalliferous sediments
approaches gradually to that of ordinary pe-
lagic sediments with respect to Mn-Fe oxides,
because most parts of minor elements are scav-
enged from seawater by hydrothermal Mn-Fe
oxides.

f) In mildly reducing or seasonally oxidizing
near-shore sediments, neither manganese oxides
nor iron sulfides are formed during early
diagenesis, and the contents of cationic minor
elements are much low relative to oxic deep-sea
sediments. Elements transported by settling
particles are released during early diagenesis
from the sediments as benthic fluxes and con-
veyed to deep waters by advection through the
oxygen minimum layer. The remains are similar
to average shale in the chemical composition.
Exceptions to this are Se and U. They are re-
duced and fixed in the sediments.

g) In anoxic environments where iron sulfides
are formed by microbial reduction of sulfate,
chalcophile elements are enriched in the sedi-
ments.

h) Partition coefficients of elements between
aluminosilicates and river water (during weath-
ering) and those between phytoplankton and
seawater have some correlations with the mean
oceanic residence times of elements. However,
partitioning of elements between oxygen-
dominated minerals and seawater (during re-
verse weathering) play a major role in
controlling their mean oceanic residence times,
because Mn-Fe oxides and biogenous silica as
well as authigenic aluminosilicates are the
major products for removal of dissolved ele-
ments in oxidizing marine environments. An-
oxic sediments have high contents of elements
which are enriched in shales relative to the
crustal rocks (As, Se, Br, Mo, Cd, Sb, I, Hg, Bi
and U). However, anoxic sediments will make
little, if any, contribution to the control of the
mean oceanic residence times of elements, be-
cause these sediments are restricted within

narrow limits.

Acknowledgments

The author would like to thank Prof. Y. —H.
Li, University of Hawaii, Dr, Y. Kanal, Geo-
logical Survey of Japan and Prof. M. KATADA,
Iwate University, for valuable information.

References

Anperson R. F. (1982): Concentration, vertical
flux, and remineralization of particulate
uranium in seawater. Geochim. Cosmochim.
Acta, 46, 1293-1299.

ANDREAE, M. O. and D. Krump (1979): Biosynthe-
sis and release of organoarsenic compounds
by marine algae. Environ. Sci. Technol., 13,
738-741.

APLIN, A. C. and D. S. Croxan (1985): Ferro-
manganese oxide deposits from the Central
Pacific Ocean, I . Nodules and associated
sediments. Geochim. Cosmochim. Acta, 49,
437-451.

Backer, H., J. Lance and V. Marcumic (1985):
Hydrothermal activity and sulfide formation
in axial valleys of the East Pacific Rise crest
between 18 and 22°S. Earth Planet. Sci. Lett.,
72, 9-22.

BavrisTrIERI, L. S. and T. T. Cuao (1987): Selenium
adsorption by goethite. Soil Sci. Soc. Am. J.,
51, 1145-1151.

Bavistrieri, L., P.G. BrRewer and J.W. MURRAY
(1981): Scavenging residence times of trace
metals and surface chemistry of sinking parti-
cles in the deep ocean. Deep—Sea Res., 28A, 101
-121.

Barrert, T. J., P.N. TavyLor and J. Lucowskl
(1987): Metalliferous sediments from DSDP
Leg 92: The East Pacific Rise transect.
Geochim. Cosmochim. Acta, 51, 2241-2253.

BarturiN, G. N. (1988): The Geochemistry of Man-
ganese and Manganese Nodules in the Ocean.
D. Reidel Publishing Company, Dordrecht,
342 pp.

BeLziLE, N. and J. LEseL (1986): Capture of arse-
nic by pyrite in near-shore marine sediments.
Chem. Geol., 54, 279-281.

BerTINE, K. K.(1972): The deposition of molybde-
num in anoxic waters. Mar. Chem., 1, 43-53.

BiscHorr, J. L., D. Z. Piper and K. Leone (1981):
The aluminosilicate fraction of North Pacific
manganese nodules. Geochim. Cosmochim.
Acta, 45, 2047-2063.

BiscrorrF, J. L., R. J. RosENBAUER, P. J. ARUscA-
vaGge, P. A. BaepeckiEr and J. G. Crock



Distribution of elements in marine sediments 331

(1983): Sea-floor massive sulfide deposits
from 21°N, East Pacific Rise; Juan de Fuca
Ridge; and Galapagos Rift: Bulk chemical
composition and economic implications.
Econ. Geol., 78, 1711-1720.

Bonarr, E., D. E. Fisuer, O. Joensuu and H. S.
RypeLL (1971): Postdepositional mobility of
some transition elements, phosphorus, ura-
nium and thorium in deep sea sediments.
Geochim. Cosmochim. Acta, 35, 189-201.

BosTrOM, K. and M. N. A. Pererson (1969): The
origin of aluminum-poor ferromanganoan
sediments in areas of high heat flow on the
East Pacific Rise. Mar. Geol., 7, 427-447.

BostroM, K., O. Joensuu, C. Moorg, B. BosTRUM,
M. DarzieL and A. Horowirz (1973): Geochem-
istry of barium in pelagic sediments. Lithos,
6, 159-174.

Bowgrs, T. S., K. L. Vox Damm and J. M. EpmonD
(1985): Chemical evolution of mid-ocean
ridge hot springs. Gecochim. Cosmochim.
Acta, 49, 2239-2252.

BreEweR, P. G., Y. Nozaki, D. W. SPENCER and A.
P. FLeer (1980): Sediment trap experiments in
the deep North Atlantic: isotopic and elemen-
tal fluxes. J. Mar. Res., 38, 703-728.

BrRoONGERSMA-SANDERS, M., K.M. Stepuan, T.G.
Kwee and M. DE Bruix (1980): Distribution of
minor elements in cores from the Southwest
Africa shelf with notes on plankton and fish
mortality. Mar. Geol., 37, 91-132.

BrurLanp, K.W. (1983): Trace elements in sea-
water. p. 167220. In J. P. Riley and R. Chester
(eds.), Chemical Oceanography, Vol. 8. Aca-
demic Press, London.

Brumsack, H. J. (1980): Geochemistry of Creta-
ceous black shales from the Atlantic Ocean
(DSDP Legs 11, 14, 36, and 41). Chem. Geol.,
31, 1-25.

Brumsack, H. J. (1986): The inorganic geochemis-
try of Cretaceous black shales (DSDP Leg 41)
in comparison to modern upwelling sedi-
ments from the Gulf of Calfornia. p. 447-462.
In C.P. SuMmMERHAYES and N. J. SHACKLETON
(eds.), North Atlantic Paleoceanogaphy.
Geol. Soc. Sp. Bull. No. 21,

Brumsack, H. J. and J.M. Gieskes (1983): Intersti-
tial water trace-metal chemistry of laminated
sediments from the Gulf of California, Mex-
ico. Mar. Chem., 14, 89-106.

Burxs, R.G. and V.M. Burns (1977): Mineralogy.
p. 185-248. In G.P. GLasBY (ed.), Marine Man-
ganese Deposits. Elsevier, Amsterdam.

Burns, R. G., V. M. Burns and H. W. StockmaN
(1983): A review of the todorokite-buserite

problem: implications to the mineralogy of
marine manganese nodules. Am. Mineral.,
68, 972-980.

CALVERT, S. E. and N. B. Price (1977): Geo-
chemical variation in ferromanganese nod-
ules and associated sediments from the Pacific
Ocean. Mar. Chem., 5, 43-74.

CALVERT, S. E. and N. B. Price (1983): Geochem-
istry of Namibian shelf sediments. p. 337-376.
In E. Sugss and J. Tmiepe (eds.), Coastal
Upwelling, Plenum Press, New York and
London.

CALVERT, S. E., N. B. Price, G. R. HEats and T.
C. Moorg, dJr. (1978): Relationship between
ferromanganese nodule compositions and
sedimentation in a small survey area of the
equatorial Pacific. J. Mar. Res., 36, 161-183.

CHERRY, R. D., J. J. W. Hiccoand S. W. FowLER
(1978): Zooplankton fecal pellets and element
residence times in the ocean. Nature, 274, 246
—248.

CHESTER, R. and M. J. HugHes (1967): A chemical
technique for separation of ferromanganese
minerals, carbonate minerals and adsorbed
trace elements from pelagic sediments. Chem.
Geol., 2, 249-262.

CHESTER, R. and M. J. HucHes (1969): The trace
element geochemistry of a North Pacific
pelgic clay core. Deep-Sea Res., 16, 639-654.

CHesTER, R. and R. G. Mgessiga-Hanna (1970):
Trace element partition patterns in North At-
lantic deep-sea sediments. Geochim. Cosmo-
chim. Acta, 34, 1121-1128.

CHESTER, R. and S. R. Asron (1976): The geochem-
istry of deep-sea sediments. p. 281-390. In J. P.
RiLEy and R. CHester (eds.), Chemical
Oceanography, Vol. 6. Academic Press, Lon-
don.

CHESTER, R., L.R. Jounson, R. G. MEessiHA-HanNA
and R.C. Papcuam (1973): Similarities be-
tween Mn, Ni and Co contents of deep-sea
clays and manganese nodules from the south-
west region of the North Atlantic. Mar. Geol.,
14, M15-M20.

CoBLER, R. and J. Dymonp (1980): Sediment trap
experiment on the Galapagos spreading cen-
ter, equatorial Pacific. Science, 209, 801-803.

CoruLiss, J. B., M. LyLg, J. DymonDp and K. CRANE
(1978): The geochemistry of hydrothermal
mounds near the Galapagos rift. Earth
Planet. Sci. Lett., 40, 12-24,

CoweN, J. P. and M. W. SiLver (1984): The assi-
ciation of iron and manganese with bacteria
on marine macroparticulate material. Sci-

ence, 224, 1340-1342.



332 La mer 30, 1992

CoweN, J. P. and K. W. BrRuranp (1985): Metal de-
posits associated with bacteria: implications
for Fe and Mn marine biochemistry. Deep-Sea
Res., 32, 253-272.

CoweN, J.P., G.J. Massorr and E.T. Baker (1986):
Bacterial scavenging of Mn and Fe in a mid-to
far-field hydrothermal particle plume. Na-
ture, 322, 169-171.

CurteEr, G.A.(1985): Determination of selenium
speciation in biologic particles and sedi-
ments. Anal. Chem., 57, 2951-2955.

Curter, G. A. and K. W. BRULAND (1984): The ma-
rine biochemistry of selenium: A re-
evaluation. Limnol. Oceanogr., 29, 1179-1192.

DenaIRs, F., R. CuesseLET and J. JEpwap (1980):
Discrete suspended particles of barite and the
barium cycle in the open ocean. Earth Planet.
Sci. Lett., 49, 528-550.

DymonD, J. (1981): Geochemistry of Nazca plate
surface sediments: An evaluation of hydro-
thermal, biogenic, detrital and hydrogenous
sources. Geol. Soc. Amer. Mem., 154, 133-173.

DywmonD, J. and M. Lyrg (1985): Flux comparisons
between sediments and sediment traps in the
eastern tropical Pacific: Implications for at-
mospheric CO. variations during the Pleisto-
cene. Limnol. Oceanogr., 30, 699-712.

DyMOND, J., J. B. CorLiss and G.R. Hearu (1977):
History of metalliferous sedimentation at
Deep-Sea Drilling Site 319 in the South Eastern
Pacific. Geochim. Cosmochim. Acta, 41, 741-
753.

Dywmonn, J., D. Z. Preer, M. LyLg, B. Finney, K.
MurpHY, R. ConarD and N. Pisias (1984): Fer-
romanganese nodules from MANOP Site H.
Control of mineralogical and chemical com-
position by multiple accretionary processes.
Geochim. Cosmochim. Acta, 48, 931-950.

EpenBorN, H. M., N. BerziLg, A.Mucct, J. LEVEL
and N.SILVERBERG (1986): Observations on the
diagenetic behavior of arsenic in a deep
coastal sediment. Biogeochemistry, 2, 359-376.

Epmonp, J. M., C. Mgasures, B. ManguMm, B.
Grant, F.R.ScLATER, R.CoLLIER, A. HUDSON,
L. 1. Gorpon and J. B. CorLiss (1979): On the
formation of metal-rich deposits at ridge
crests. Earth Planet. Sci. Lett., 46, 19-30.

ELperrFieLp, H. (1970): Chromium speciation in
sea water. Earth Planet. Sci. Lett., 9, 10-16.

ELpErRFIELD, H. (1972): Compositional variations
in the manganese oxide component of marine
sediments. Nature, 237, 110-112.

EL WAKEEL, S. K. and J. P. RiLey (1961): Chemical
and mineralogical studies of deep-sea sedi-
ments. Geochim. Cosmochim. Acta, 25, 110-

146,

FeeLy, R. A., G. J. Massors, E. T. BAKER, J. P.
CoweN, M.F. LamB and K.A. KROGSLUND
(1990): The effect of hydrothermal processes
on midwater phosphorus distributions in the
northeast Pacific. Earth Planet. Sci. Lett., 96,
305-318.

FiscuEr, K., J. DymoxDp, M. LyLE, A. SouTAR and
S. Rau (1986): The benthic cycle of copper:
Evidence from sediment trap experiments in
the eastern tropical North Pacific Ocean.
Geochim. Cosmochim. Acta, 50, 1535-1543.

FisHER, N. S. (1986): On the reactivity of metals for
marine phytoplankton. Limnol. Oceanogr.,
31, 443-449.

FowLer, S. W. (1977): Trace elements in zoo-
plankton particulate products. Nature, 269, 51
-53.

FowLER, S. W. and G. A. Knauer (1986): Role of
large particles in the transport of elements
and organic compounds through the oceanic
water column. Prog. Oceanog., 16, 147-194.

Francos, R. (1988): A study on the regulation of
the concentrations of some trace metals (Rb,
Sr, Zn, Pb, Cu, V, Cr, Ni, Mn and Mo) in
Saanich Inlet, British Columbia, Canada.
Mar. Geol., 83, 285-308.

FroeLicH, P. N. Jr. and M. O. Axpreae (1981):
The marine geochemistry of germanium:
Ekasilicon. Science, 213, 205-207.

Froerich, P. N., G. P. KLinkHaMMER, M. L. BEN-
DER, N.A. Luepke, G.R. Heat, D. CULLEN,
P. Davpnin, D. Hammoxp, B. HARTMAN and V.
MayNarD (1979): Early oxidation of organic
matter in pelagic sediments of the eastern
equatorial Atlantic: suboxic diagenesis.
Geochim. Cosmochim. Acta, 43, 1075-1090.

GARDNER, W. D., J. B. SoutHARD and C. D. HoLL1-
sTER (1985): Sedimentation, resuspension and
chemistry of particles in the northwest Atlan-
tic. Mar. Geol., 65, 199-242.

GiLMouR, 1. and E. Anpers (1989): Cretaceous-
Tertiary boundary event: Evidence for a short
time scale. Geochim. Cosmochim. Acta, 53,
503-511.

GrasBy, G. P.(1975): Minor element enrichment in
manganese nodules relative to seawater and
marine sediments. Naturwissenshaften, 62,
133-135.

GrasBy, G. P., R. Gwozpz, H. Kunzenporr, G.
FriepricH and T. TrwsseN (1987): The distri-
bution on rare earth and minor elements in
manganese nodules and sediments from the
equatorial and S.W. Pacific. Lithos, 20, 97-
113.



Distribution of elements in marine sediments 333

GoLpBERG, E. D. (1965): Minor elements in sea
water. p. 163-196. In J. P. RiLey and G.
Skirrow (eds.), Chemical Oceanography,
Vol. 1. Academic Press, London and New
York.

GoLDBERG, E.D. (1987): Comparative chemistry of
the platinum and other heavy metals in the
marine environment. Pure & Appl. Chem.,
59, 565-571.

GOLDBERG, S. and R. A. GLausiG (1985): Boron ad-
sorption on aluminum and iron oxide miner-
als. Soil Sci. Soc. Am. J., 49, 1374-1379.

GovinparaJu, K. (1989): 1989 compilation of
working values and sample description for 272
geostandards. Geostandards Newsletter, 13,
1-113.

GrAYBEAL, A. L. and G.R. Hearn (1984): Remo-
bilization of transition metals in surficial pe-
lagic sediments from the eastern Pacific.
Geochim. Cosmochim. Acta, 48, 965-975.

Harvey, G. R. (1980): A Study of the chemistry of
iodine and bromine in marine sediments.
Mar. Chem., 8, 327-332.

Heats, G. R. and J. Dymonp (1977): Genesis and
transformation of metalliferous sediments
from the East Pacific Rise, Bauer Deep and
Central Basin, northwest Nazca plate. Geol.
Soc. Amer. Bull., 88, 723-733.

Heatn, G. R. and J. Dymonp (1981): Metalliferous
sediment deposition in time and space: East
Pacific Rise and Bauer Basin, northern Nazca
plate, Geol. Soc. Amer. Mem., 154, 175-197.

Hecaie, D., G. KrinkHaMMER and D. CULLEN
(1987): Manganese and copper fluxes from
continental margin sediments. Geochim.
Cosmochim. Acta, 51, 1059-1070.

Hirst, D. M. (1974): Geochemistry of sediments
from eleven Black Sea cores. p. 430-455. In E.T.
Degexs and D. A. Ross (edS.), The Black Sea
Geology, Chemistry and Biology. Am. Assoc.
Pet. Geol. Mem., 20.

Hongo, S., S. J. MangaNini and L. J. Poppr(1982a):
Sedimentation of lithogenic particles in the
deep ocean. Mar. Geol., 50, 199-220.

Hongo, S., S. J. MancaNINI and J. J. CoLe (1982b):
Sedimentation of biogenic matter in the deep
ocean. Deep-Sea Res., 29, 609-625.

Howarp, J. H. III (1977): Geochemistry of sele-
nium: formation of ferroselite and selenium
behavior in the vicinity of oxidizing sulfide
and uranium deposits. Geochim. Cosmochim.
Acta, 41, 1665-1678.

Jacoss, L., E. EMERsoN and S. S. Huestep (1987):
Trace metal geochemistry in the Cariaco
Trench. Deep-Sea Res., 34, 965-981.

JakoBsEN, R. and D. Posrma (1989): Formation
and solid solution behavior of Ca-rho-
dochrosites in marine muds of the Baltic
deeps. Geochim. Cosmochim. Acta, 53, 2639-
2648.

JickeLLs, T. D., W.G. Deuser and A. H. Knap
(1984): The sedimentation rates of trace ele-
ments in the Sargasso Sea measured by sedi-
ment trap. Deep-Sea Res., 31, 1169-1178.

JonnsoNn, K. S., P. M. Stour, W. M. BERELSON and
C. M. Sakamoro~ArNoLD (1988): Cobalt and
copper distributions in the waters of Santa
Monica Basin, California. Nature, 332, 527-
530.

KarL, D. M., G. A. Kvavugr and J. H. MARTIN
(1988): Downward flux of particulate organic
matter in the ocean: a particle decomposition
paradox. Nature, 332, 438-441.

KaryL, D. M., G. A. KNAUER, J. H. MARTIN and B.
B. Warp (1984): Bacterial chemoli-thotrophy
in the ocean is associated with sinking parti-
cles, Nature, 309, 54-56.

Kerrh, M. L. (1982): Violent volcanism, stagnant
oceans and some inferences regarding petro-
leum, strata-bound ores and mass extinc-
tions. Geochim. Cosmoshim. Acta, 46, 2621—
2637.

KennNepy, H. A. and H. ELperrieLp (1987a): lo-
dine diagenesis in pelagic deep-sea sediments.
Geochim. Cosmochim. Acta, 51, 2489-2504.

KEeNNEDY, H.A. and H. ELperFIELD (1987b): Iodine
diagenesis in non-pelegic deep-sea sediments.
Geochim. Cosmochim. Acta, 51, 2505-2514.

KrinkHAMMER, G. P. and M. L. Benper (1980):
The distribution of manganese in the Pacific
Ocean. Earth Planet. Sci. Lett., 46, 361-384.

KrinkHAMMER, G. and A. Hupson (1986): Disper-
sal patterns for hydrothermal plumes in the
South Pacific using manganese as a tracer.
Earth Planet. Sci. Lett., 79, 241-249.

Krinkaammer, G., D. T. Hegeie and D. W.
Granam (1982): Metal diagenesis in oxic ma-
rine sediments. Earth Planet. Sci. Lett., 61,
211-219.

KrinkHAMMER, G., H. ELDERFIELD, M. GREAVE, P.
Rona and T. NeLson (1986): Manganese geo-
chemistry near high-temperature vents in the
Mid—-Atlantic Ridge rift valley. Earth Planet.
Sci. Lett., 80, 230-240.

Knauss, K. and T.-L. Ku (1983): The elemental
composition and dacay-series radionuclide
content of plankton from the East Pacific.
Chem. Geol., 39, 125-145.

Kunzenporr, K., R. Gwozpz, G. P. GrasBy, P.
Storrers and R. M. Renner (1989): The



334 La mer 30, 1992

distribution of rare earth elements in manga-
nese micronodules and sediments from the
equatorial and southwet Pacific. Appl.
Geochem., 4, 183-193.

Lavou, C., E. Bricuer, C. JEHANNO and H. PErEZ—
LecLaire (1983): Hydrothermal manganese
oxide deposits from Galapagos mounds,
DSDP Leg 70, hole 509B and “Alvin” dives 729
and 721. Earth Planet. Sci. Lett., 63, 63-75.

Leg, D. S. and J.M. Epmonp (1985): Tellurium spe-
cies in seawater. Nature, 313, 782-785.

LEVENTHAL, J. S. and J. W. Hosterman (1982):
Chemical and mineralogical analysis of De-
vonian black shale samples from Martin
County, Kentucky; Carroll and Washington
counties, Ohio; Wise County, Virginia; and
Overton County, Tennessee, U. S. A. Chem.
Geol., 37, 239-264.

L1, Y.-H. (1981a): Ultimate removal mechnisms of
elements from the ocean. Geochim. Cosmo-
chim. Acta, 45, 1659-1664.

L1, Y.-H. (1981b): Geochemical cycles of elements
and human perturbation. Geochim. Cosmo-
chim. Acta, 45, 2073-2084.

L1, Y.-H. (1982a): A brief discussion on the mean
oceanic residence time of elements. Geochim.
Cosmochim. Acta, 46, 2671-2675.

L1, Y.-H. (1982b): Ultimate removal mechanisms
of elments from the ocean (reply to a comment
by M. Wmrrietp and D. R. TURNER).
Geochim. Cosmochim. Acta, 46, 1993-1995.

L1, Y.-H. (1982c): Interelement relationship in
abyssal Pacific ferromanganese nodules and
associated sediments. Geochim. Cosmochim.
Acta, 46, 1053-1060.

L1, Y.-H. (1984): Why are the chemical composi-
tions of living organisms so similar ?
Schweiz. Z. Hydrol., 46, 177-184.

L1, Y.-H. (1991): Distribution patterns of the ele-
ments in the ocean: A synthesis. Geochim.
Cosmochim. Acta, 55, 3223-3240.

L1, Y.-H., L. BurkmaarDr, M. BucazoLtz, P.
O’Hara and P.H. Santscur (1984): Partition
or radiotracers between suspended particles
and seawater. Geochim. Cosmochim. Acta,
48, 2011-2019.

LyLe, M., J. Dymonp and G. R. Hearn (1977):
Copper-nickel- enriched ferromanganese nod-
ules and associated crusts from the Bauer
Basin, northwest Nazca plate. Earth Planet.
Sci. Lett., 35, 55-64.

Lyre, M., G. R. HeEatd and J. M. Rogpins (1984):
Transport and release of transition elements
during early diagenesis: Sequential leaching
of sediments from MANOP Sites M and H.

Part 1. pHS acetic acid leach. Geochim.
Cosmochim. Acta, 48, 1705-1715.

MarcoLM, S. J.(1985): Early diagenesis of molyb-
denum in estuarine sediments. Mar. Chem. 16,
213-225.

MansemM, F.T. (1961): A geochemical profile in
the Baltic Sea. Geochim. Cosmochim. Acta,
25, 52-T1.

MaRrcHIG, V. and H. Gunpracu (1982): Iron-rich
metalliferous sediments on the East Pacific
Rise: prototype of undifferentiated metalli-
ferous sediments on divergent plate boun-
deries. Earth Planet. Sci. Lett., 58, 361-382.

MarcHiG, V., P. Mo LLErR, H.Backer and P. D
uULskI (1985): Foraminiferal ooze from the Ga-
lapagos Rift area—hydrothermal impact and
diagenetic mobilization of elements. Mar.
Geol., 62, 85-104.

MARTIN, J. H. and G. A. Knavrr (1973): The ele-
mental composition of plankton. Geochim.
Cosmochim. Acta, 37, 1639-1653.

MaRrTIN, J. H. and G. A. KNauer(1983): VERTEX:
manganese transport with CaCQOs. Deep-Sea
Res., 30, 411-425.

MarTIN, J. H. and G. A. KNaver(1984): VERTEX:
manganese transport through oxygen
minima. Earth Planet. Sci. Lett., 67, 35-47.

MarTiv, J. H., G. A. KNauEr and W. W. BROENKOW

(1985): VERTEX: the lateral transport of
manganese in the northeast Pacific. Deep-Sea
Res., 32, 1405-1427.

MARTIN, J.-M. and M. WurrrieLp (1983): The sig-
nificance of the river input of chemical ele-
ments to the ocean. p. 265-296. In C. S. Wong,
E. BovLe, K. W. Bruraxp, J. D. Burton and
E. D. GoLpeerG (eds.), Trace Metals in Sea
Water. Plenum Press, New York and London.

Mason, B. and C.B. Moore (1982): Principles of
Geochemistry. John Wiley & Sons, New
York, 344 pp.

Masuzawa, T., S. Noriki, T. Kurosawa and S.
Tsunocar (1989): Composition change of set-
tling particles with water depth in the Japan
Sea. Mar. Chem., 27, 61-78.

Metz, S., J. H. TREFRY and T. A. NeLsen (1988):
History and geochemistry of a metalliferous
sediment core from the Mid-Atlantic Ridge at
26°N. Geochim. Acta, 52, 2369-2378.

MIDDELBURG, J. J., D. Hoepe, H. A. Van der
Sroot, C.H. VAN der WEWDEN and J. WIIKSTRA

(1988): Arsenic, antimony and vanadium in
the North Atlantic Ocean. Geochim. Cosmo-
chim. Acta, 52, 2871-2878.

MoorBY, S. A. and D. S. CronaN (1981): The distri-

bution of elements between co-existing phases



Distribution of elements in marine sediments 335

in some marine ferromanganese-oxide depos-
its. Geochim. Cosmochim. Acta, 45, 1855-1877.

MoorBY, S. A. and D. S. CronaN (1983): The geo-
chemistry of hydrothermal and pelagic sedi-
ments from the Galapagos Hydrothermal
Mounds Field, DSDP Leg 70. Mineral. Mag.,
47, 291-300.

MoorBy, S. A., D. S. CronNaN and G. P. GLasBy
(1984): Geochemistry of hydrothemal Mn-
oxide deposits from the S.W. Pacific island
arc. Geochim. Cosmocim. Acta, 48, 433—441.

MorrL, M. J. and T. F. McConacry (1990): Chemi-
cal processes in buoyant hydrothermal
plumes on the East Pacific Rise near 21° N.
Geochim. Cosmochim. Acta, 54, 1911-1927.

NissenBaUM, A. and D. J. Swamxe (1976): Orgnic
matter-metal interactions in recent sediments:
the role of humic substances. Geochim.
Cosmochim. Acta, 40, 809-816.

PeperseN, T. F. and N. B. Prick (1982): The geo-
chemistry of manganese carbonate in Pan-
ama Basin sediments. Geochim. Cosmochim.
Acta, 46, 59-68.

PiiecHUK, M. F. and I. I. VoLkov (1974): Behavior
of molybdenum in processes of sediment for-
mation and diagenesis in Black Sea. p. 542—
553. In E. T. DecENns nd D. A. Ross (eds.), The
Black Sea—Geology, Chemistry and Biology.
Am. Assoc. Pet. Geol. Mem., 20.

PipEr, D. Z. (1988): The metal oxide fraction of pe-
lagic sediment in the equatorial North Pacific
Ocean: A source of metals in ferromanganese
nodules. Geochim. Cosmochim. Acta, 52, 2127
-2145.

Preer, D. Z., K. Leong and W. F. Caxnon (1979):
Manganese nodule and surface sediment com-
positions: DOMES Sites A, B, and C. p. 437
473. In J. L. BiscHorF and D. Z. PipEr (eds.),
Marine Geology and Oceanography of the Pa-
cific Manganese Nodule Province. Plenum
Press, New York and London.

Piper, D. Z., P. D. RupE and S. Mo~TterTH (1987):
The chemistry and mineralogy of haloed bur-
rows in pelagic sediment at DOMES Site A:
the equatorial North Pacific. Mar. Geol., 74,
41-55.

PreEMovic, P. I. and M. S. Pavrovic (1986): Vana-
dium in acient sedimentary rocks of marine
origin. Geochim. Cosmochim. Acta, 50, 1923-
1931.

Price, N. B. and S. E. CaLverr (1973): The geo-
chemistry of iodine in oxidized and reduced
recent marine sediments. Geochim. Cosmo-
chim. Acta, 37, 2149-2158.

Price, N. B. and S. E. Carvert (1977): The

contrasting geochemical behaviour of iodine
and bromine in recent sediments from the Na-
mibian shelf. Geochim. Cosmochim. Acta, 41,
1769-1775.

Roxa, E. and 0. Joensu (1974): Uranium geochem-
istry in Black Sea. p. 570-572. In E. D. DEGENS
and D. A. Ross (eds.), The Black Sea—Geol-
ogy, Chemistry and Biology. Am. Assoc. Pet.
Geol. Mem., 20.

Roxa, P. A., G. Taompson, M. J. MorrL, J. A.
Karson, W. J. Jenking, D. Granam, M. M
ALLETTE, K. Von DavMm and J. M. EpwmonDp
(1984): Hydrothermal activity at the Trans-
Atlantic Geotraverse Hydrothermal Field,
Mid-Atlantic Ridge crest at 26°N. J. Geophys.
Res., 89, 11365-11377.

Rona, P. A., G. KuinkuaMmer, T. A. NeLseN, J. H.
TrerrYy and H. EvperrFieLp (1986): Black
smokers, massive sulfides and vent biota at
the Mid-Atlantic Ridge. Nature, 321, 33-37.

RunriN, D. E. and R. M. Owexn (1986): The rare
earth element geochemistry of hydrothermal
sediments from the East Pacific Rise: Exami-
nation of a seawater scavenging mechanism.
Geochim. Cosmochim. Acta, 50, 393-400.

Sanrtscui, P. H., U. P. NyrreLER, P. O’Hara, M.
BucrHoLTz and W. S. Broecker (1984): Radio-
tracer uptake on the sea floor: results from the
MANOP chamber deployments in the eastern
Pacific. Deep—Sea Res., 31, 451-468.

Sato, Y., S. Oxkae and N. Takematsu (1989);
Major elements in manganese and iron oxides
precipitated from  seawater. Geochim.
Cosmochim. Acta, 53, 1883-1887.

SawLaN, J. J. and J. W. Murray (1983): Trace
metal remobilization in the interstitial waters
of red clay and hemipelagic marine sedi-
ments. Earth Planet. Sci. Lett., 64, 213-230.

ScHINDLER, P. W. (1975): Removal of trace metals
from the ocean: a zero order model. Thalassia
Jugosl., 11, 101-111.

ScumiTz, B.(1985): Metal precipitation in the Cre-
taceous—Tertiary boundary clay at Stevens
Klint, Denmark. Geochim. Cosmochim.
Acta, 49, 2361-2370.

Scumrrz, B. (1988): Origin of microlayering in
worldwide distributed Ir-rich marine Cretace-
ous/Tertiary boundary clays. Geology, 186,
1068-1072.

Suaw, T. J., J. M. Giesges and R. A. JaHNKE
(1990): Early diagenesis in differing depo-
sitional environments: The response of transi-
tion metals in pore water. Geochim. Cosmo-
chim. Acta, 54, 1233-1246.

SHEARME, S., D. S. Cronax and P. A. Rona (1983):



336 La mer 30, 1992

Geochemistry of sediments from the TAG
Hydrothermal Field, M.A.R. at latitude 26°N.
Mar. Geol., 51, 269-291.

SmiTH, R.M. and A. E. MarTeLL (1976): Critical
Stability Constants, Vol. 4: Inorganic Com-
plexes. Plenum Press, New York and London,
257 pp.

Strorrers, P., G. P. Grassy, T. Trussen, P. C.
SurivasTava and M. MELGUEN (1981): The geo-
chemistry of coexisting manganese nodules,
micronodules, sediments and pore water from
five areas in the equatorial and S. W. Pacific.
Chem. Erde, 40, 273-297.

SToFrERS, P., E. LALLIER-VERGES, W. PLUGER, W.
Scumirz, C. Bonnor-Courtors and M. HoFFERT
(1985): A “fossil” hydrothermal deposit in the
South Pacific. Mar. Geol., 62, 133-151.

StorrFERS, P., W. ScaMmirz, G. P. Grassy, W. L.
PrLucer and P. WarLter (1985): Mineralogy
and geochemistry of sediments in the South-
western Pacific Basin: Tahiti-East Pacific
Rise-New Zealand. N. Z. J. Geol. Geophys.,
28, 513-530.

Strong, C. P., R. R. Brooks, S. M. WiLson, R. D.
REerves, C. J. OrTH, X.-Y. Mao, L. R. Quin-
TaNA and E. ANDERS (1987): A new Cretaceous-
Tertiary boundary site at Flaxboune River,
New Zealand: Biostratigraphy and geochem-
istry. Geochim. Cosmochim. Acta, 51, 2769 -
27117.

Sucawara, K., T. Kovama and K. TErapa (1958);
Co-precipitation of iodide ions by some metal-
lic hydrated oxides with special reference to
iodide accumulation in bottom water layers
and interstitial water of muds in some Japa-
nese lakes. J. Earth Sci. Nagoya Univ., 6, 52—
61.

Sucisaki, R., M. Onasui, K. Sucitant and K.
Suzuki (1987): Compositional variations in
manganese micronodules: A possible indi-
cator of sedimentary environments. J. Geol.,
95, 433454,

TakavaNacl, K. and N. BeLziLe (1988): Profiles of
dissolved and acid-leachable selenium in a
sediment core from the lower St. Lawrence Es-
tuary. Mar. Chem., 24, 307-314.

TakeMaTsu, N. (1979): The incorporation of minor
transition metals into marine manganese
nodules. J. Oceanogr. Soc. Japan, 35, 191-198.

TakemAaTsU, N. (1987): Ultimate removal of trace
elements from seawater and adsorption. J.
Earth Sci. Nagoya Univ., 35, 227-248.

TAkEMATSU, N., Y. SaT0 and S. OxaBe (1989): Fac-
tors controlling the chemical composition of
marine manganese nodules and crusts: a

review and synthesis. Mar. Chem., 26, 41-56.

TakeMmaTsu, N., Y. Sato, S. OxkaBe and A. Usur
(1990): Uptake of selenium and other
oxyanionic elements in marine ferromanga-
nese concretions of different origins. Mar.
Chem., 31, 271-283.

TrompsoN, G., M. J. MorTL and P.A. Rona (1985):
Morphology, mineralogy and chemistry of
hydrothermal deposits from the TAG area,
26° N Mid-Atlantic Ridge. Chem. Geol., 49,
243-257.

Tovopa, K. and A. Masupa (1990): Sedimentary
environments and chemical composition of
Pacific pelagic sediments. Chem. Geol., 88,
127-141.

TrociNE, R. P. and J. H. Trerry (1988): Distribu-
tion and chemistry of suspended particles
from an active hydrothermal vent site on the
Mid-Atlantic Ridge at 26°N. Earth Planet. Sci.
Lett., 88, 1-15.

UrLMan, W. J. and R. C. ALLeEr (1985): The geo-
chemistry of iodine in near-shore carbonate
sediments. Geochim. Cosmochim. Acta, 49,
967-9178.

URRERE, M. A. and G. A. Knauer (1981): Zoo-
plankton fecal pellet fluxes and vertical trans-
port of particulate organic material in the
pelagic environment. J. Plankton Res., 3, 369
~3817.

Veen, H. H. (1967): Deposition of uranium from
the ocean. Earth Planet. Sci. Lett., 3, 145-150.

Veel, H.H., S.E. CaLverT and N. B. Price(1974):
Accumulation of uranium in sediments and
phosphorites on the South West Africa shelf.
Mar. Chem., 2, 189-202.

Ving, J. D. and E. B. Tourteror (1970): Geochem-
istry of black shale deposits-a summary re-
port. Econ. Geol., 65, 253-272.

VorLkov, I. I. and L. S. Fommna (1974): Influence of
organic material and processes of sulfide for-
mation on distribution of some trace elements
in deep-water sediments of Black Sea. p. 456-
476. In E. T. Decexs and D. A. Ross (edS.),
The Black Sea-Geology, Chemistry and Biol-
ogy. Am. Assoc. Pet. Geol. Mem., 20.

Vox DamM, K. L., J.M. Epmonp, B. Grant, C. L
MEASURES, B. WALDEN and R.F. WEeiss (1985):
Chemistry of submarine hydrothermal solu-
tions at 21°N, East Pacific Rise. Geochim.
Cosmochim. Acta, 49, 2197-2220.

Warsy, 1., J. Dymondp and R. CorLier (1988a):
Rates of recycling of biogenic components of
settling particles in the ocean derived from
sediment trap experiments. Deep-Sea Res., 35,
43-58.



Distribution of elements in marine sediments 337

WawsH, 1., K. FiscHER, D. MURRAY and J. DymoND
(1988b): Evidence for resuspension of rebound
particles from near-bottom sediment traps.
Deep—Sea Res., 35, 59-70.

WepepoHL, K. H. (1960): Spurenanalytische Unter-
suchungen an Tiefseetonen aus dem Atlantik
Ein Beitrag zur Deutung der geochemischen
Sonderstellung von plagischen Tonen. Geo-
chim. Cosmochim. Acta, 18, 200-231.

WepeponL, K. H. (1969): Die Zusammensetzung
der Erdkruste. Fortschr. Miner., 46, 145-174.

WEeDEPOHL, K. H. (1970): Environmental influences
on the chemical composition of shales and
clays. p. 3056-333. In L.. H. Agrens, F. PrEss, S.
K. Runcorn and H. C. Urey (eds.), Physics
and Chemistry of the Earth, Vol. 8. Pergamon
Press, Oxford.

WenrLI, B. and W. Stumm (1989): Vanadyl in
natural waters: Adsorption and hydrolysis
promote oxygenation. Geochim. Cosmochim.
Acta, 53, 69-77.

WurrrieLp, M. and D. R. Turner (1979): Water-
rock partition coefficients and the composi-
tion of seawater and river water. Nature, 278,
132-137.

WuITFIELD, M. and D. R. TurNER (1982): Ultimate
removal mechanisms of elements from the

ocean— a comment. Geochim. Cosmochim.
Acta, 46, 1989-1922.

WaITFIELD, M. and D. R. TurNER (1983): Chemical
periodicity and the speciation and cycling of
the elements. p. 719-750. In C. S. Wong, E.
BovrLe, K. W. BruLanD, J. D. BurTon and E.
D. GoLpBerG (eds.), Trace Metals in Sea
Water. Plenum Press, New York and London.

WiLLiams, R.J.P. (1981): Natural selection of the
chemical elements. Proc. R. Soc. Lond., B213,
361-397.

Woop, J. M. and H.-K. Wanc (1983): Microbial re-
sistance to heavy metals. Environ. Sci.
Technol., 17, 582A-590A.

Y aMapa, M. and S. Tsunocar (1983/1984): Post-
depositional enrichment of uranium in sedi-
ment from the Bering Sea. Mar. Chem., 54, 263
-276.

Y amamoro, T. (1972): The relations between con-
centration factor in seaweeds and residence
time of some elements in sea water. Rec.
Oceanogr. Works Japan, 11, 65-79.

Y amamoro, T., Y. Otsuka, T. Kawasuva, Y. Ko-
DA, K. OkaMoro and K. Aoyama (1983): Distri-
bution of Trace Element in Marine Algae—
Comparative Biochemical Data—Kyoto Uni-
versity of Education, Kyoto, 499 pp.

MBIRHERYIR O TeR D53 BHEL & Bk

o

fih

B -~ v A VB, MEBTEOEKPODAF + Ry IV IBIUOENODTROHEELE
B~ oEEIc, BERELREEZRLLTVA I EAEFM L. DikhoiEETRR, B 75
Y7 b viTk o TERE A, T E L TEBRIGERIN S, R TrhosYER O S 3, KE
AMT 4 AR, BESh, B, BEBOT LV A BIEEY OB A SEmMT 5. B
FDELIRTE, $-~< v A VY BALH, AV OB & > TR Tk L, KD 5D
BICRDOR+ v+ Xy Yy JICEERBE 2R3, DBINHEREMOLERRE, BS o LEHik%
Fiofe7 vy /2 r ABRIESEM & A > ORFO R 8-~ v 0 VB OksiiE, B brskic i,
BRIV HIB T IR B & CBUKERD) O/ A R - k-~ v 7 VIR & DR AT L > TEUT
X3, vy B LRk A LA WIREERY 3, BEO LR ER->. 201, it
BRI TIC & - THlBEIGEEN T E ok, PMliRaBoicEE s, R S E-KD~E
HLTLEI>DSTH S, DFLESERT 2 & 5 B THBE TR, B TRSHERY I BT
3. 5)BICHIHEREY) OFAE I VEFICR 5N 2 0T, £ OMBILHOBECHKFTOEEL L U
PR, SO 5OnROM-~ v I VBN ORBRIIRAREIC L > THRISh TV 5.






La mer 30: 339-348, 1992
Societe franco-japonaise d’oceanographie, Tokyo

Seasonal variation of photosynthetic properties of
Ecklonia cava (Laminariales, Phaeophyta)
in Nabeta Bay, central Japan’

Richald HAROUN"", Yusho ARUGA """ and Yasutsugu YOKOHAMA****

Abstract: The research was carried out to quantify the photosynthetic rates of a perennial
seaweed Ecklonia cava KieLLMaN (Laminariales, Phaeophyta) with monthly samplings
from April 1986 to April 1987. Photosynthesis and respiration were measured by a differ-
ential gas-volumeter in several bladelets. The photosynthesis-light cutves were defferent
among bladelets almost every month; however, in winter, when all the bladelets were new,
the curves were quite similar. On a frond area basis, the youngest bladelets showed higher
net photosynthesis than the older ones, with highest P, values (44-49 ¢1O:+cm ™ *+h™") in
early spring and lowest (19-31 £l0:*cm™+h™") in autumn, the reproductive period. On a dry
weight basis, the P... values showed a hierarchical order inversely relaated to the thickness
of the bladelets, with a maximum in the 2nd bladelet and a minimum in the 11th. On a
cholorophyll a basis, the hierarchical order was similar to that on a dry weight basis,
but P.. did not show any big seasonal variation. The respiration rate of each bladelet was
quite stable throughout the year, except for the 2nd bladelet with two high peaks in Novem-
ber and February, the formation periods of autumn and winter bladelets respectively. The
photosynthetic respose of E. cava blade is closely related to its growth process. The blade
of this species apparently adjusts its pigment content to the prevailing light conditions in

the surrounding water.

Introduction
As 1in terrestrial plants, light is the most
important factor affecting the biology of
seaweeds. Besides its primary importance in the
photosynthesis, light is a signal for numerous
photomorphogenetic responses such as reproduc-
tion, growth and destribution (Lt NING, 1980,
1981; Novaczek, 1984; LoBBaN et al., 1985
MAEGAWA et al., 1987). The photosynthetic
rates of large seaweeds have scarcely been
studied due to the difficulties encountered in
handling these algae (DrEw, 1973; JASBBY,
* Received December 1, 1991
Contribution No. 549 from the Shimoda Ma-
rine Reseach Center, Universety of Tsukuba.
** Departamento Biologia Vegetal, Facultad de
Biologia, Universidad de La Laguna, 38271
La Laguna, Tenerife, Islas Canarias, Spain
*** Laboratory of Phycology, Tokyo University
of Fisheries, Konan 4-5-7, Minato-ku, Tokyo,
108 Japan
**"* Shimoda Marine Research Center, University
of Tsukuba, Shimoda, Shizuoka, 415 Japan

1978; KrREMER, 1978; LITTLER and LITTLER,
1985). YokoHAMA and ICHIMURA, (1969) de-
vised a defferetial gas-volumeter for measuring
O» consumption or evolution by aquatic organ-
isms, and several papers have been published
dealing with the photosynthetic characteristics
of various seaweeds (YoxkoHAMA, 1971, 1973a,
b; Mizusawa et al., 1978; Oonusa, 1980; Ka-
TAYAMA et al., 1985; MAEGAWA et al., 1987).
This manometric method has been improved al-
lowing easier measurements for macrophytes or
small marine animals (YOKOHAMA et al., 1986;
YoroaMma and MAEGAWA, 1988).

The sporophytes of Ecklonia cava KIELLMAN
are widely distributed on rocky shores along the
Pacific coast of central Japan. In previous pa-
pers (ARUGA, 1981; YOKOHAMA et al., 1987) it
was reported that the standing crop of E. cava
communities attains a maximum in summer and
a minimum in winter; this is mainly related to
the seasonal variation of the blade growth proc-
ess (HAROUN et al., 1989). Recently, SAKANISHI
et al. (1988) developed a suitable treatment of
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Fig. 1. Maps showing the sampling area in Nabeta Bay, Shimoda, central Japan.

tissue segments from the thalli of Ecklonia and
Eisenia to measure the photosynthesis of these
Laminariales species by the above-mentioned
oxygen technique.

The present investigation was done to mea-
sure the photosynthetic rates of the pinnate
blade of Ecklonia cava during one-year period.
Another objective in the study was to investi-
gate the relationship between physiological ac-
tivity and the phenology of the blade. Finally,
we try to relate the annual pattern of photosyn-
thetic response to some possible environmental
factors.

Material and methods

Morphologically, the E. cava sporophyte can
be divided into three parts: a holdfast, a long
stipe (more than 50 cm long in adult plants) and
a pinnate blade composed of lateral bladelets
(HavasHIDA, 1977; Margawa and KiDa,
1984). As in other species of Laminariales, pri-
mary growth is concentrated in the transitional
zone between stipe and blade. When growth is
initiated, the primary blade moves upward, de-
veloping several bladelets in both sides (usually
with lateral protuberances); while the sporo-
pyte erodes from the distal ends of both primary
blade and bladelets.

The research was carried out at Shimoda Ma-
rine Research Center (S.M.R.C.), University of
Tsukuba, close to Nabeta Bay, Shimoda (Izu
Peninsula), with monthly samplings from April
1986 to April 1987. Every month 4 adult plants
were randomly sampled from a homogeneous
population of E. cava at 5 m depth (Fig. 1). All

the plants were quickly transferred to S.M.R.C.
and were kept in outdoor tanks supplied with
flowing seawater before use. Special care was
taken not to wound the frond and to protect
them from direct sunlight. Pieces measuring 15
cm® were cut out from the central part of the
2nd, 5th, 8th and 11th bladelets longer than 10
cm as numbered starting from the proximal
part of the blade. In Januay there were not 8th
or 11th bladelets available due to the shortness
of the blade. To avoid abnormal results caused
by cutting, the pieces were kept in running
seawater overnight in the labortory (SAKANISHI
et al., 1988). At the same time, small discs
(0.73 em? of the bladelets were taken and frozen
for quantitative analyses of chlorophylis.

Photosynthesis and respiration were measured
by a differential gas-volumeter adapted for
large seaweed pieces, with four set of culture
flasks of 250 m! capacity as the reaction and
compensation vessels (YOoKOHAMA and MAE-
GAWA, 1988). All the measurements were done
at 20 °C and with an illuminance gradient of 0 to
20 klux (0400 ¢E-m~*-s™Y by using a slide pro-
jector with an incandescent lamp (Kondo, 100V
300W) as a light source. The illuminance was
changed in a stepwise fashion with neutral den-
sity filters (Toshiba TND-50, -25 and -12.5).
[luminance and photon flux density were meas-
ured by a lux meter (Minolta T-1) and a quan-
tum meter (LI-COR LI-185b,/LI-192S).

The discs for the determination of chlorophyll
content were ground with 90 % acetone and the
absorbances of the extract were measured at 630
and 664 nm with a dual beam spectrophotometer
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(Shimadzu UV-320). Chlorophyll a and ¢ con-
centrations were calculated using the formulae
of JEFFREY and HumMPHREY (1975).

All the procedures were repeated monthly at
least with 3 replicates for each bladelet. After-
wards, a statistical analysis was applied and the
average of all measurements for each bladelet
was used as the monthly values for that
bladelet.

As possible environmental control, the fol-
lowing parameters were studied: seawater tem-
perature and Secchi disc depth as well as the
length of daytime (Fig. 2). The seawater tem-
perature at Nabeta Bay was daily obtained by
the S.M.R.C. staff (Anon., 1981-1986). There is
a minimum in mid-winter (February, 12.8 °C),
and a maximum in late summer (August, 25 °C).
As an indirect measure of light conditions in
Nabeta Bay water, was used the Secchi disc
depth measured in Sagami Bay off Shimoda
(HoGETSU et al., 1977). The maximal values
were found in mid-winter (20-24m) and the
minimal ones were recorded during the summer
months (13-18m). The same trend was also ob-
served in Nabeta Bay. The seasonal variation of
the length of daytime at Shimoda was obtained
from the National Meteorological Datum.

Results
Photosynthesis-light curves
Photosyntheses-light curves are illustrated in

Fig. 3 on a frond area bases, a dry weight basis
and a chlorophyll a basis for the July, October,
December and March samples. In all the cases,
the photosynthetic rates increased with increase
of illuminance within the range used in this
study. The light-limited part of each curve was
quite similar among the bladelets, but when the
illuminance increased the response of each
bladelet was different.

Seasonal vartation of P

The net photosynthetic rates at 20 klux, hence-
forth considered as P..., were maximal in
winter-early spring (4449 ¢lO:cm™%-h™', 5.3—
9.2 £l0»mg~"h ' and 1.3-2.2 ¢lO. ug chl. a™ '+
h™" and minimal in early autumn (19-30 £IO.-
cm~*+h™' 0.8-2.7 £lO: mg~'-h™" and 0.5-0.9
1lO0: g chl @ *h™"). The P,.. on a dry weight
basis began to increase as early as in November
(in the 2nd bladelet), and reached maximal val-
ues in March, thereafter they gradually declined
to the minimal values of September or October
(Fig. 4. The decline of P,., from winter to late
summer was more drastic on a dry weight basis
than on a frond area basis or on a chlorophyll a
basis. The dominant hierarchical order of P
on a dry weight basis was 2nd, 5th, 8th and 11th
bladelets from high to low performance; how-
ever, in mid-winter the P... values were quite
similar among the bladelets. From November
to January, the bladelets formed in autumn
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Fig. 3. Photosynthesis-light curves of each bladelet and the average of Ecklonia cava blade on a frond
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1987). [ 2nd, + 5th, <& 8th, Allth and
® average.

showed specifically high photosynthetic rates.

Seasonal variation of respiration rates

Both on a frond area basis and on a
cholorophyll a basis, the monthly average of
respiration rate did not show any big variation,
2.7-4.8 ©lOsrcm*h~"' and 0.1-0.2 0. ug chl.
a '-h™!, during the period of study with rela-
tively low values in December and March. On
the other hand, the variations were bigger on a
dry weight basis, 0.2-0.8 £l0.-mg~*-h! (Fig.
5).

Comparing the monthly variation of the res-
piration rate of each bladelet, it is possible to
get some suggesting trends. In any of the bases
considered, the respiration rate of the 2nd

8
TF o
I 6
£
o 5
=
5 4
& 3
2
3 L a
OA 1 1 — S 1
-
f .
<
[ -
o .
= =
S o
‘a o
g E
x S
3
T 04
= a
‘s 03} o
— a
£
Q
o
3
é‘ + I3 A A
— a
E SN . . .

AWM 1 J A S o NDJF MA
Months
Fig. 5. Seasonal variation of respiration rate
of each bladelet and the average of
Ecklonia cava blade on a frond area, on a
dry weight and on a cholorophyll a bases
(April 1986 - April 1987). [ 2nd, + 5th,
< 8th, A 11th and @ average.

blabdelet showed a greater oscillation than
those of the other bladelets, with a minimal val-
ues in September and two maximal values in No-
vember and in February. The high respiration
rate on a chlorophyll a basis in April 1987 of the
2nd bladelet was due to the abnormally low con-
tent of chlorophyll ¢ in the replicate samples
used; there is no good explanation for this re-
sult.

Seasonal variations of compensation point (I.)
and saturation onset parameter (I,)

Both parameters were calculated from the
photosynthesis-light curves. As the values were
quite similar among the curves irrespective of
the different bases, only the values on a frond
area basis are used in this paper (Fig. 6).
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Fig. 6. Seasonal variation of I.and I, of each
bladelet and the average of Ecklonia cava
blade on a frond area basis (April 1986-
April 1987). [ 2nd, + 5th, < 8th, A 1lth
and @ average.

In the case of I. (Fig. 6A), lower values were
found during the spring-summer period, 0.2-0.9
klux (8.3-16.6 ¢E-m *s", while higher values
were obtained from autumn to the next spring,
0.7-1.7 klux (11.5-81.6 ¢E-m~%-s7"), with the
highest average value in October.

The saturation onset parameter I, (Talling,
1957; Kirk, 1983) was higher than 3 klux (60
#E-m %s7Y). The trend of the seasonal varia-
tion of I, was similar to that of I. with lower
values in spring-summer and higher values in
autumn-winter.

Seasonal variation of chlorophll content and dry
weight

Figure 7 shows the variations of chlorophyll a
and ¢ contents per unit area of the bladelet. In
all the bladelets, the chlorophyll a content was
minimal from November to January, where-
from it started to increase (Fig. 7A). The
cholrophyll a content was always lower in the
2nd bladelet and almost always highest in the
11th bladelet. During the winter months all
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Fig. 7. Seasonal variation of chlorophyll a
and ¢ contents of each bladelet and the
average of Ecklonia cava blade (April
1986-April 1987). [J 2nd, + 5th, & 8th,
A 11th and @ average.
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Fig. 8. Seasonal variation of dry weight of
each bladelet and the average of Ecklonia
cava blade (April 1986-April 1987). [12nd,
+ 5th, < 8th, A 11th and @ average.

bladelets showed lower values than during
spring-early summer period, except for big
differnces in April 1987.

The chlolrophll ¢ content was also low during
winter time in the new bladelets, which were
formed from November to January, but it was
high in other seasons (Fig. 7B). Moreover, the
pigment content was usually lower in the
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younger bladelets (2nd and 5th) than in the
older ones (8th and 11th).

In the dry weight per unit area of the bladelet
(Fig. 8), there was a clear seasonal variation.
A progressive thickening in all bladelets was ob-
served from spring to early autumn, thereafter
a quick decrease was measured to reach the mini-
mal values of mid-winter. Usually the oldest
bladelets showed higher values than the young-
est ones; but in mid-winter the dry weight of the
four bladelets considered was quite similar.

Discussion

In general, the photosynthetic response of
algae can be characterized by the parameters
Paes, i, I. and dark respiration, allowing easy
comparison among the published data (STEE-
MANN NIELSEN, 1975 + DrING, 1982). In this
study photosynthesis-light curves were monthly
obtained with four different bladelets of E.
cava. The photosynthetic response of each
bladelet was distinct with the position in the
blade and with seasons. These results are re-
lated to the specific developmental stages
monthly encountered on each bladelet. The satu-
rating irradiation recorded in this study is in the
range described by Luning (1981) for mid-
sublittoral species, i.e. 150-250 yuE-m~*-s7"'
(7-12 klux). In a recent paper (MAEGAWA et al.,
1987), it was reported that the level of light
saturation for photosynthesis in young
sporophytes of E. cava was lower (3-4.8 klux)
as a consequence of their understory life and the
lower amount of non-photosynthetic tissues
(holdfast, stipe and medullary layer); the same
trend was found in other Laminariales species
(KAIN, 1979; Novaczek, 1984). Swmrte (1981)
also reported much lower I, (about 2.5 klux) in
a brown alga, Lobophora variegata, which
forms thick rippled sheets in sublittoral waters,
probably due to its higher surface/volume ratio.
In several species of Sargassum from the shal-
low sublittoral zone of the Japan Sea their
I, values were quite similar to those of E. cava,
while I, was higher in S. thunbergii (MERTENS
ex Rora) O. KuNTzE which inhabits the
intertidal zone (GA0 and UMEzAKI, 1988) than
in E. cava of this study.

The shift of low I, and P, values in summer
months to high values of winter months in E.

cava is possibly related to the different thick-
ness of the bladelets as suggested by the results
of LuNING and DriNG (1985) about light
transmittance through algal thalli and also by
the results of MAEGAWA et al. (1987) who com-
pared photosynthesis when the blade of young
E. cava sporophytes was illuminated from one
side and from both sides. Thin bladelets and
high transparency of seawater reported in this
study together with low leaf area index (LAI)
(YOKOHAMA et al., 1987) allow high photosyn-
thesis efficiency in mid-winter, but in summer
with thick bladelets, low transparency and mu-
tual shading of the canopy (high LAI; see
YokOHAMA et al., 1987) the efficiency of photo-
synthesis becomes lower. In addition, water
temperature is an important factor in the regu-
lation of photosynthetic metabolism by control-
ling pigment concentration and/or activities of
the Calvin cycle enzymes (Davison, 1987;
DavisoN and Davison, 1987). In E. cava blade,
the slowdown of the growth rate from July,
when the seawater temperature goes up higher
thab 22 °C, was inversely correlated with the
reproductive activity (HAROUN et al., 1989).
The low P... values in June is probably related
to an endogenous shift of metabolism from the
production of new bladelets to the formation of
sori and the reserve of photoassimilates in the
summer bladelets.

WHEELER (1980) working with Macrocystis
pyrifera (1..) C. Ag. descrided that the pho-
tosynthesis capacity on a frond area basis of se-
lected fronds increased from the apical to the
median blade and then decreased towards the
basal sporophylls. ARUGA (1983) recorded the
highest P... in subproximal bladelets of E. cava
which appoximately correspond to the 5th
bladelet of this study. MaTsuvama (1983)
obtained the highest P... in the longest lobe of
Undaria pinnatifide SURINGER f. distans
MiYABE et OKAMURA, with a drastic reduction
of photosynthesis capacity towards the eroding
apical part of the blade.

The seasonal variation of P... values is closely
related with the physiological stages of the
bladelets and the annual growth cycle of the
blade (HAROUN et al., 1989). From late spring
to early autumn the blade thickened and entered
the reproductive period and, at the same time,
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P...x decreased in overall bladelets; from Novem-
ber, however, with the onset of new blade for-
mation there was a clear change in the
photosynthetic response of the bladelets. In mid-
winter the bladelets are all fresh and thin, with
a high photosynthetic performance. The ob-
served lowering of P,, can be explained by the
concurrent thickening of the blade from spring
to autumn (Fig. 8), which usually statrs from
the upper bladelets. In November, the measure-
ments of the 2nd bladelet were carried out on
newly developed bladelets with very thin lami-
nae. In general the youngest bladelets showed
lower content of chlorophylls compared with the
oldest bladelets. WurrLER (1980) with M.
pyrifera fronds and Gao and UmEezakr (1988)
with Sargassum spp. also found less pigments in
the youngest parts of the thalli. Another re-
markable fact is that the chlorophyll a content
of the autumn bladelets, which appeared from
November to January, showed minimal values,
and from that time on a slow increase was
measured for all bladelets (Fig. 7). Thus, the
difference in photosynthetic responses can be ex-
plained by the rapid increase in dry weight of
the bladelets from April to October compared
with the slow filling in of chlorophylls. As algae
can modify and optimize their photosynthetic
systems in an adaptative fashion according to
their seasonal light climate (Ramus et al.,
1976; Kirxk, 1983; LoBBAN et al., 1985), the
blade of E. cava seems to shift its pigment con-
tent in relation to the prevailing light condi-
tions.

The big oscillation in the respiration rate of
the 2nd bladelet can be explained by the
defferent developmental stages of that bladelet.
In September, there was almost no growth in the
2nd bladelet, while in November the autumnal
2nd bladelet was growing very actively, and the
new 2nd bladelet of February was also growing
very fast. Respiration rates were also greater in
the young, upper part leaves of Sargassum spp.
compared with the older leaves from lower
parts (Gao and UMEZAKI, 1988).

King and ScuramMMm (1976) described the
variation of P, in two Baltic Sea algae, Fucus
vesiculosus and Laminaria digitata, using dif-
ferent thallus portions. In their study, P... val-
ues on a frond area basis were not very distinct

among the segments, but on a dry weight basis
the subterminal portion showed a higher value
compared to the basal portion. In this research
we found a positive relationship between the
bladelet position and their dry weight per unit
area. Following the above-mentioned trend, in
E. cave there is a negative relationship between
the photosynthesis capacity on a dry weight
basis and the bladelet position; the respiration
rate was also higher in the youngest bladelet
compared with others.

Taking into consideration other studies on E.
cava (ARUGA, 1981, 1982, 1983; YOKOHAMA et
al., 1987) and the previously described annual
growth cycle (HAROUN et al., 1989) it is possible
to define the blade of this species as a “conveyer
belt” that would renew its biomass 3 times per
year. One blade appears in autumn, with short
and thin bladelets having low chlorophyll con-
tent. This balde would live until early winter
when it is substituted by the winter blade having
longer but still thin bladelets with higher con-
tent of chlorophylls. Finally, during the sum-
mer the blade biomass is composed of long and
thick bladelets with a progressive decrease in
pigments. In late autumn, large pieces of the
blade are broken off and the resultant organic
matter will eventually participate in the
detrital trophic chains of coastal waters.

The photosynthetic responses of E. cava blade
is closely related to its annual growth cycle.
The distinct photosynthetic performance of the
bladelets is a consequence of their ontogenetic
defferentiation. Growth and photosynthesis me-
tabolisms seem to be mainly controlled by
seawater temperature and light conditions.
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Colors of submerged objects observed from a viewpoint
above the sea surface”

Tsutomu Morinaga™*, Hisayuki ARAKAWA **, Hiroo SATOH "
and Kanau MATSUIKE*"

Abstract: In order to understand the quantities of marine resources and control the proper-
ties of sea waters by means of the optical measurements above the sea surface,such subjects
that chromatic differences of sea waters in different sea regions and the reasons why those
differences are brought forth, chromatic shiftings of colors of the submerged objects ob-
served from a viewpoint above the surface; and depth limitations of discriminating colors
of the submerged objects from colors of sea waters were analyzed through the in situ
oceanographical surveys and indoor experiments as well.

(1) The CIE colorimetric system defines color of water, in terms of chromatic nomencla-
ture, to be “dark Purplish Blue” of which dominant wavelength is 474nm in the Bay of Ben-
gal, “dark Blue” of 480nm in the Bay of Sagami, “dusky Olive Green” of 554nm in the
entrance district of Tokyo Bay, and “dark Olive” of 580nm in the interior part of Tokyo
Bay. Colors of sea waters are different in localities, of which the largest cause is a differ-
ence 1n quantities of organic suspended substances among different sea regions.

(2) Original color of a colored board seen in the air shifts to different color due to
turbidities caused by suspended matters and dissolved substances. For examples, all of
blue color of which dominant wavelength is 480nm, green color of 514nm and red color of
597nm seen in the air shift to hues, each of 477, 483 and 478nm when they are submerged into
clear water locating in 20m deep in the Bay of Bengal of which degree of turbidities is more
or less 0.11m ™', Those hues are, in turn, going to be converged into an identical color of sea
water itself of which dominant wavelength is 474nm, as the depth of water increases.

(3) Depth limitations of descriminating, with naked eye, each aerial color of the colored
boards mentioned above from colors of sea waters themselves are 13.4m for blue, 12.0m for
green, and 9.1m for red in clear water of the Bay of Bengal, and 0.9m, 0.8m, and 1.0m for
each color in muddy water of the interior part of Tokyo Bay, of which degree of turbidities
is more than 4.6m ™.

(4) Depths of water, within which any submerged objects could be visually recognized
from a viewpoint above the surface, substantially vary with colors of the submerged objects
and degrees of turbidities of sea waters. Besides, aerial color of a submerged object, which
registers the maximum depth of discriminating such color from color of sea water, is quite
similar to color of sea water itself.

1. Introductin

In recent years, the attempts of obtaining in-
formation on submerged objects by means of the
remote sensing the wavelength destributions as
well as the intensities of light returned back out
of the sea into the air were carried on with the
aid of satellites and aeroplanes. For example,

* Recieved June 8, 1992
** Tokyo University of Fisheries, Konan 4-5-7,
Minato-ku, Tokyo, 108 Japan.

LAURS et al.(1984) and STRETTA(1988) intended
not only to determine the quantities of tuna re-
sources in fishing grounds off the coast of Cali-
fornia and the west coast of Africa as well but
also to monitor the life and growth of coral
reefs along the east coast of Australia by way
of processing the image transmitted from a sat-
ellite.

The problems required to be solved in advance
of developing of this remote sensing system and
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putting it in practical use can be classified into
such three items as follows, (1) What is the re-
lation between underwater physical structures
including suspended substance distributions and
upward radiance distributions in the area near
the surface ? (2) How to make correction of an
attenuation amount of each beam having a dif-
ferent wavelength while it is transmitted from
the sea surface to a satellite or aeroplane? (3)
Technology of image processing for a variety of
information obtained through the detector on
the satellite or aeroplane. Lately the require-
ments of Item 2 and 3 mentioned above have
been developed fairly well so that the remote
sensing system of the temperture distribution of
the sea surface has been succeeded to put it to
practical use. The requirement of Item 1, how-
ever, have been considerably delayed in progress.
With respect to the relation between the chlo-
rophyll concentration in the water just below
the surface and the upward spectral radiance in
the area near the surface, GORDON et al.(1983)
and Kim et al. (1980) introduced their own equa-
tions based on the data acquired by the water
color scanner (CZCS, Coastal Zone Color Scan-
ner; OCS, Ocean Color Scanner) of Satellite
NIMBUS 7 and Space Shuttle as C=1.13 (L
/Lss) ™ (C<1.5mg m™) and C=3.26 (L
/Ls) 2% (C>1.5mg m™®); and C=5 exp( —5.44
R), respectively, where C stood for the quantity
of Chlorophyll; Lm, L482, L520, Lﬁsn, and Ls» denoted
the upward radiances of which wavelength were
443, 482, 520, 550, and 552nm, respectively; and
R indicated the formalized radiance differential
such as R= (L — Ls) /(L +Ls). However,
even if these equations are applied to the circum-
stances in the different oceanic waters, the
results brought about may not be satisfactory
enough to justfy the relations among C, L and
R. Tt seems to be such a reason that the quality
and quantity of suspended sediments as well as
plankton considerably vary with localities.
VERTUCCI and LIKENS (1989) surveyed a lake in
Adirondack Mountain to grasp an acidified
extent of the water and collected a number of
measurements in respect to the reflected spec-
tral irradiance on the lake surface and the pa-
rameter indicating the quality of water such as
DOC (Dissolved Organic Carbon), the total
amount of pigment, the turbidity, pH, etc, Asa

result, they could make success to classify spec-
tral distribution modes of reflected irradiance
into five typical kinds, but failed to find any
acidification of water which was attributed to
the correlation between the distribution mode of
irradiance and the parameter.

The object of this study is to understand quan-
titatively marine resources and control proper-
ties of sea water through optical measurements
obtained from the water just below the surface.
In order to achieve such object, the following
three subjects must be carefully investigated.

1. Colors of water varied with localities and
the reasons why such differences in color are
brought forth.

2. Chromatic shiftings of colors of submerged
objects observed from a biewpoint above
the surface.

3. Depth limitations of discriminating colors
of submerged objects from colors of waters.

2. Method
2-1 In situ observations

On board of the T/V Seiyo-maru and the
Shinyo-maru as well of Tokyo University of
Fisheries, the practical observations for this
study were taken place on 6 different occasions
such as in June 1984, April 1985, June 1985 , June
1986, February 1987 and June 1987. The objec-
tive waters of the surveys were the interior part
of Tokyo Bay, the entrance of Tokyo Bay, the
Bay of Sagami and the Bay of Bengal in the In-
dian Ocean; where the interior part of Tokyo
Bay denoted the northern region of a line con-
necting Futtsu with Kannonzaki, the entrance
district of Tokoy Bay stood for the region be-
tween a line connecting Futtsu with Kannonzaki
and a line connecting Sunosaki with Jyoga-
shima, the Bay of Sagami designated the region
extended westward from a line connecting
Sunosaki with Jyogashima up to the Izu Penin-
sula, and the Bay of Bengal denoted the region
between Lat. 9° to 12° N along the line of Long.
87° E. The number of observation stations
throughout those regions were counted 23 in
total (Fig. D).

In those observations, the downward spectral
irradiance and the upward spectral radiance in
the area near the sea surface, the upward spec-
tral radiance of submerged objects and the
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Fig. 1. Observation stations at four sea regions. The number of stations
throughout those regions is counted 23 in total.

environmental factors of oceanic water are
measured. For the measurements of those spec-
tral radiances and irradiances, the Ocean Color
Spectral Meter (OCSM) * was employed (K1sHi-
NO et al., 1983; MATSUIKE et al., 1985; Fu and
MORINAGA, 1988). The blue, green and red color
boards made of acrylic resin, each of which had
a size of 0.6m X0.6m X 0.002m, were used for the
submerged objects, placing each into the water
of 55cm deep. The reflectances from each color
plate are exhibited in Fig. 2. The dominant
wavelength for each color board was 480nm for

" Remarks: The instrument, OCSM, enables to
measure the upward radiance as well as the
downward irradiance of such 8 wavelengths as
440, 480, 520, 550, 600, 660, 680 and 710nm of visi-
ble lights with a high accuracy and in a short
time.
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Fig. 2. Spectral reflectances from each color
plate.

the blue, 514nm for the green and 597nm for the
red one, respectively.
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Such items as turbidity, spectral irradiance,
water temperature, salinity, quantity of sus-
pended matters and particle size distributions,
quantity of chlorophyll, transparency and the
water color were measured as the environmental
factors of sea water.

The turbidity was measured by an in situ
Martek ligth-flux transmittance meter having
an optical path length of 1 m and a dominant
wavelength of 486nm. The 8 spectral submarine
irradiance meter of SR-8 type manufactured by
Ishikawa Sangyo was applied to measure the
spectral irradiance. This instrument was used
with a set of 8 interference filters providing
each the respective dominant wavelength of 377,
421, 481, 513, 570, 621, 653 and 677nm for the
products manufactured before the year of 1985
or 443, 481, 513, 554, 599, 664, 683 and 709nm for
the ones from the year of 1986 onward. As the
instruments of measuring the temperature and
the salinity, S-T meter of Model 620 producted
by YEOKAL Electronic’s were adopted. The
weight of suspended particles was measured by
means of the filteration method (1-20/0) using
Millipore HA Filter and the particle size distri-
butions were resulted through Coulter Counter
Model ZM of which aperture size was 100 ¢ m.
The quantity of chlorophyll contained in a cer-
tain volume of sample water was extracted by
aceton after processing the water by a vacuum
filteration through the glass-filter, GF/C, of
Whatman, and quantitatively determined by
means of the spectral light absorbancy system
applying a spectral photometer. A Secchi disc,
and a Forel water color meter were used to
measure the transparency, and color of water,
respectively.

2-2 Indoor experiment

An outline of the experimental apparatus
equipped in the ladoratory is illustrated in Fig.
3.

As seen in the sketch, a cylindrical water tank
of 60cm in diameter, 60cm in depth and 200 li-
ters in volume was used for the experiment. The
inside surface of the tank was coated with black
paint to aboid any reflections. A projector
socketed with four bulbs of Toshiba Reflector
Lamp for daylight color use, of which specifica-
tions are 100V. 500W, and 5500K in color

Lamp

ANAEEAEARTARIENRRARTRARRAN RN

— Gimbal
Detector

— OCSM

K

Color Board

Tt Water Tank

Fig. 3. Experimental apparatus.

temperature, was used for illumination, mount-
ing 1t above the water tank so that the water
surface could be uniformly irradiated. The tank
was filled with city water strained through Mil-
lipore Filter of 1 #m in pore size so that the
water have a depth of 55cm. Then, after mixing
undermentioned materials with the water so as
to simulate different concentrations of sus-
pended particles, each color disc coated with the
same color as used for the outdoor survey was
sunken on the bottom. And, the upward spectral
radiance was measurde by OCSM installed on
the surface. One of clay mineral called kaolinite
of which particles have an average diameter of
3.0 #m or microcystis of phytoplankton of
which average particle size is 4.0 ym in diame-
ter is used as the material to make simulative
suspended particles. Such 4 different grades of
kaokinite concentration as 1, 5, 10, and 50 mg
/1 and such 3 different grades of chlorophyll-a
concentrations were applide to the indoor ex-
periment.

2-8 Color specification
The Commission Internationale de 1’Eclairage



Colors of submerged objects observed from a viewpoint above the sea surface 353

(CIE) colorimetric system (YamAucHl and
Omoro, 1966) is employed for expressing colors,
the color-matching functions of the energy
amounts of three primary colors obtained
through the human color sensation organ (i.e.
human eye) are exhibited graphically in Fig.4.
Such three curves shown as x, ¥, z in the graph
represent each of blue, green, and red color sen-
sation. When combined each of those X, y, z
with the spectral energy, EC 1), of the light,
their stimulation values such as x, y, z, which
are defined as “Tristimulus Values”, can be in-
terpreted as follows,

x=[E() xda
y=[E(1) 5 da
z=[EC) 2 dA

If the sum (s) of tristimulus values expresses as
S=X+Y+Zand each value X, Y, Z is divided by
S, such independent variables as x=X/S, y=Y
/S, 2=Z/S can be found. The rectangular
coodinates (x, y) established with the independ-
ent variables x, vy, corresponds to a chromaticity
point, and if the variable x is given on the x-axis
and y is on the y-axis, the locus drawn by plot-
ting such a point is called CIE chromaticity dia-
gram. With reference to the quantitative
expression of the color difference (AE), it is
calculated by the following equation,

AE=600{Y"*(AS)*+ (K/600) [A(YV) ]} *
where AS is{(ri—r)*+ (g1— g0+ (bi—b) 32,
Yis(Yi+Y2/2, AY?is YI*— Y}
and K is 100, respectively.

3. Results
3-1 Colors of sea waters vary with different sea

regions

Each of four modes in Fig. 5 shows the up-
ward spectral radiance distributions in the area
near the surface of the different sea regions;
that is to say, mode(A) exhibits those at 3
points from Stn. Bl to B3 in the Bay of Bengal,
mode(B) indecates those at 4 points from Stn.
S1 to S4, mode(C) gives those at 6 points from
Stn. K1 to K9 in the entarance of Tokyo Bay,
and mode(D) illustrates those at 6 points from
Stn. T1 to T6 in the interior part of Tokyo Bay.

4

Tristimulus Vaiues
N
. i

400 500 600 700
Wavelength(nm)

Fig.4. CIE color-matching functions. The solid
line for the values of x, the broken for vy, and
the one point chain for z.

The upward spectral radiance distributions in
the area near the surface vary with the light in-
tensities projected into the sea. Every practical
measurement, thererfore, is required to be con-
verted into the value of the upward spectral ra-
diance given under the conditions of a constant
light quantity reached on the sea surface. Ac-
cordingly, every value of the upward spectral ra-
diance used in the graph of Fig. 5 is the modified
one obtained by means of dividing practical
measurement by the downward spectral irra-
diance. The relevant equation for the conversion
is Rw(0, A)=Lu(0, 2 )/EdJ(0, 1), where Lu(0,
A) and Ed(0, ) denote each of the upward ra-
diance and the downward irradiance in the area
near the surface, and A stands for the wave-
length. On the other hand, the environmental
factors such as the turbidity, the dried weight of
suspended matters, the concentration of chloro-
phyll a, and the transparency resulted from the
investigation in those different sea regions are
listed in Table 1.

It comes to be known from Figures and Table
described above that the upward spectral
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Fig. 5. Upward spectral radiance distributions at
each sea region.
(A): Bay of Bengal (B): Bay of Sagami
(C): Entrance district of Tokyo Bay (D): In-
terior part of Tokyo Bay

radiance distributions and the environmental
factors distinctly vary with localities.

Sea water in the Bay of Bengal is so clear as to
show its transparency of 33m and dried waight
of suspended matters to be 0.21 mg/l. So far as

this ocean district 1s concerned, the shorter
wavelengths the light has the more upward spec-
tral radiance distributions it shows (refer to
mode(A)); In fact, the relative values of up-
ward spectral radiance show such a conspicuosly
high level as approximately 6 to 9 for the wave-
length of 440nm to 480nm, but they exhibit a
sharp or sudden declination for the wavelength
of 480nm to 520nm while they show a moderate
declination for the wavelengths of 520nm to
600nm, and they generally go down to zero, or
show sometimes a local maximnm for the longer
wavelength band than 660nm.

In the Bay of Sagami (refer to mode(B)), the
nearer the positions shift towardes the Boso
peninsula, the larger value of upward spectral
radiance they show, and those value gradually
reduces, in contrast, according to the longer
band of wavelengths; but, at the positions lo-
cated nearer to the Izu Peninsula, those values
become smaller in the field of the shorter wave-
length side of an assuming boundary considered
for the wavelength of 520nm and increase, in
contrast, in the field of the longer wavelength
side of the boundary, and exhibit a local maxi-
mum for the wavelength of 680nm. Let us ex-
amine more in detail for the upward spectral
radiance distribution at Stn. 3 located almost in
a center of the Bay of Sagami. In this locality,
the shorter wavelengths the light has more up-
ward radiance for the wavelength band from
480nm decrease almost linearly and those for
the longer band than do not change, keeping al-
most a constant level; the value at 660nm is
more or less 1/25 of the largest value shown at
440nm.

The upward radiance distribution in the en-
trance district of Tokyo Bay shows, in contrast

Table 1. The values of turbidity, chlorophyll a, suspended matter and transparency at four sea regions.

Index Beam At@er}uahon Chlorophll @ |Suspended Matter| Transparency
Coefficient (oD (me /1) (m)
Sea Region (m™ % g
Bay of Bengal (Stn. B3) 0.11 0.041 0.20 33
Bay of Sagami (Stn. S3) 0.33 0.623 1.76 20
Entrance District of 1.43 5.27 2.00 6.5
Tokyo Bay (Stn. K2)
Interior Part of 4.61 49.0 10.8 1.7
Tokyo Bay (Stn. T1)
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to the regions mentioned above, very low values
for the shorter wavelength band, and maintains
an almost constant distribution of which value
is approximately 2 for the wide wavelength
band between 440nm and 600nm (refer to mode
(C)). Furthermore, the upward rediance distri-
bution in the interior part of Tokyo Bay, of
which water is considerably muddy indicating a
transparency of only 1.7m and the dried weight
of suspended matters to be 10.8 mg/1, shows the
larger values for the shorter wavelength band,
and there is a local maximum for the wave-
length of 600nm (refer to mode(D)). That is to
say, the values of upward radiance distribution
decrease for the shorter wavelength band less
than 550nm but increase for the longer wave-
length and more than 550nm, indicating an
exact opposite distribution mode to that in the
sea region of the Bay of Bengal.

A mode of upward radiance distribution of a
sea region, which is different from that of other
sea regions, comes out as a specific color of
water of the sea region which is different from
that of the other regions. In other words, a cer-
tain color of a sea region is a reflex of a specific
mode of upward radiance distribution of the sea
region. People generally say that the sea is
clean or beautiful when they can see blue color
of the sea. They say, however, the sea is muddy
when they see the sea of green to brown colors of
which wavelengths are fairly longer. The CIE
colorimetric system 1is employed to indicate
quantitatively a variety of colors of the sea. A
CIE chromaticity diagram* is exhibited in Fig.6,
in which colors in each sea region of the Bay of
Bengal, the Bay of Sagami, the entrance district
of Tokyo Bay, and the interior part of Tokyo
Bay are illustrated. The nomenclatures of the
sea colors at each representative observation
station of those sea regions listed in Table 1 are
called as “dark Purplish Blue”, “dark Blue”,
“dusky Olive Green”, and “dark Olive”, and
their dominant wavelengths are 474,480,554, and
580nm, respectively.

" Remarks: A visible range of upward spectral ra-
diance applied to the chromaticity calculation
for preparing of the CIE diagram are obtained
the values for the wavelengths of every 10nm by
means of the Lagrange’s interpolation formula
through Fig. 5.
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Fig. 6. CIE chromaticity diagram. The open cir-
cles for the Bay of Bengal, the solid circles
for the Bay of Sagami, the triangles for the
entrance of Tokyo Bay, the rectangles for
the interior, and symbol W for white point.

3-2 Relations between colors of the sea water

and quantities of suspended substances

The relations between colors of the sea and
quantities of suspended substances are going to
be discussed in this Chapter. The dried weights
of suspended matters, the quantities of chloro-
phyll a, and the degrees of turbidities of water
are selected as the indexes of representing the
quantities of suspended substances. Each rela-
tion between the dominant wavelengths for col-
ors of sea waters and each of the dried weights
of suspended matters, the quantities of chloro-
phyll @, and the degrees of turbidities in the
aforementioned 4 different sea regions is exhib-
ited in each diagram of Figs. 7, 8, & 9, respec-
tively; where the vertical axis of each diagram
shows one of the dried weights of suspended
matters, the quantities of chlorophyll a, and the
degrees of turbidities, respectively. It comes to
be learned through those diagrams that every
sea region has a close but different correlation
between the dominant wavelengths of colors of
the sea and each of the indexes mentioned above.
For example, the dried weights of suspended
matters vary with the sea regions, exhibiting
0.28 in the Bay of Bengal and the Bay of Sagami
0.02 in the entrance district of Tokyo Bay, and
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Fig. 7. Relation between the dominant wave-
lengths for colors of sea waters and the
dried weight of suspended matter. The trian-
gles for the Bay of Bengal, the crosses for
the Bay of Sagami, the open circles for the
entrance of Tokyo Bay, and the solid circles
for the interior of Tokyo Bay.

0.74 in the interior part of Tokyo Bay.

The suspended matters, in general, consist of
organic and inorganic substances. As described
in the preceding Chapter, the absorptions by or-
ganic substances suspended in water vary with
the wavelengths of underwater spectral lights,
but inorganic substances do not absorb any
light. Both the organic and the inorganic sub-
stances, however, would scatter underwater
lights without relating to any wavelengths. Ac-
cordingly, the relation between colors of the sea
and the quantities of organic suspended sub-
stances is different from the relation between
colors of the sea and quantities of inorganic sus-
pended substances. To confirm quantitatively
such a difference, a series of experiments are
conducted by the use of chlorophyl a as an or-
ganic substances and kaolinite as an inorganic
substances in the laboratory. Thus, the rela-
tions between wavelengths exhibited on the hori-
zontal axis and relative upward radiances in the
area near the surface given on the vertical axis
under different concentrations of kaolinite and
chlorophll a are shown in a diagram of Fig.10.
As seen in this figure, the values of upward
radiances for allover wavelengths under the 50
mg/[ concentration of kaolinite as the inorganic
substance almost 9 times as much as those in the
case of clean filtrated water without any sus-
pended substances. The upward radiances under
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Fig. 8. Relation between the dominant wave-
lengths for colors of sea waters and the
quantities of chrolophyll a. The symbols are
same as in Fig. 7.
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lenghts for colors of sea waters and the de-
grees of turbidities. The symbols are same
as in Fig. 8.

the 285 g/l concentration of chlorophyll a as
the organic substance abruptly decrease their
values for the shorter wavelength band less than
520nm. A CIE chromatictity diagram to show
the relations between colors of the waters and
both organic and inorganic suspended substane
is shown in Fig.11. In the course of examining
those diagrams, it is learned with interest that
there is a wide difference between the upward ra-
diance distributions in the water suspended with
inorganic substances and those in the water
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Fig.10. Upward spectral radiance distributions
under different concentrations of kaolinite
and chlorophyll a. Kaolinite: The solid line
for filtered sea water, the broken for 5mg/I,
the one point chain for 10mg/I and the 2
point chain for 50mg/l. Chlorophyll a: The
solid line for 285 ug/l, broken for 45 ug/l,
and the one point chain for 3.5 ug/l.

suspended with organic substances; that, in case
of the water suspended with inorganic sub-
stances, colors of the waters do not change at
all (dominant wavelengths: 478—476nm) even
if increasing their concentration; that, under
such circumstances that the water is suspended
with organic substances, colors of the waters
make a great change with their concentration
(dominant wavelengths: 478—=549nm). It can be
analogically interpreted through these results of
the experiments that organic suspended sub-
stances exert more influence on colors of the sea
than any inorganic substances.

3-8 Chromatic shiftings of colors of submerged

objects observed adove the sea surface

Colors of any objects submerged into sea
water when observed from a viewpoint above
the surface can be considered to vary with colors
of water themselves and submerged depths of
water as well.

Fig.12 shows colors of the colored boards sub-
merged at the depth of 55cm in the Bay of Ben-
gal and the entrance district as well as the
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Fig. 11. Relation between colors of the waters and
both organic and inorganic suspended sub-
stances shown in CIE chromaticity dia-
gram. The open circles for filltered sea
water, the triangles for inorganic sub-
stance, the rectangles for the organic sub-
stance, and symbol W for white point.
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Fig. 12. Chromatic shiftings of colors of the col-
ored boards submerged at the depth of 55cm
in each sea region. Symbols O, A and Wl
show the color of board, blue, breen, and
red, respectively. The solid line for Bay of
Bengal, the broken for the entrance of Tokyo
Bay, and the one point chain for the interior
part of Tokyo Bay.
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interior part of Tokyo Bay, in which sea water
colors are considerably different one another. It
can be confirmed through the diagram of Fig.12
that an original color of each colored board sub-
merged in a depth of 55cm is orderly shifted to
the different colors according to the chromatic
effects of different sea waters. That is to say,
the diagram shows that a blue board submerged
in the Bay of Bengal is seen with color of “dusky
Purplish Blue” (dominant wavelength: 476nm)
in terms of the chromatic nomenclature, and
this color shifts to “dusky Olive” (dominant
wavelength: 579nm) in the interior part of
Tokyo Bay; similarly, “very dark Green”
(529nm) of a green board to “dark Olive”
(570nm), and  “dark Yellowish Brown”
(595nm) to “dark Green Brown” (591nm); be-
sides, if the original color of the submerged
board belongs to one of shorter wavelengths, it
shifts to one of colors of the longer
wavelenghts, and an original color of the sub-
merged board belongs to one of the longer wave-
lengths, it shifts to one of shorter wavelengths,
and all those colors converge in the proximity of
“dark Olive” (dominant wavelength: 570nm to
582nm). This suggests that such chromatic
shiftings has a certain relation with turbidities
of water.

A series of experiments were conducted in the
laboratory to quantitatively confirm the chro-
matic shiftings more in detail for the object sub-
merged into the depth of 55cm in turbid waters
having different consentrations of inorganic
substances and organic substance as well.
Fig.13 shows how underwater colors of different
colored discs vary with turbidities of waters,
where the solid line stands for inorganic sus-
pended substances and the broken line denotes
organic suspended substances. As seen, in case
of the water suspended with inorganic sub-
stances, all the colors of every submerged col-
ored disc converge into “dark Blue” in terms of
the chromatic nomenclature. In case of the
water suspended with oranic substances, under-
water colors of the blue and the green colored
disc shift toward colors of the longer wave-
length band, and underwater color of the red col-
ored disc shifts slightly towards color of one of
shorter wavelength band, and all these colors
seems to converge into “Yellow”. In conse-

051
A
/
“
o4t / A
Green Board Ifg
A x W
5 031 / Red Board
8 .
2 kg
“
o2} ";«"
Blue Board
L. 1 1 i —t
01).1 0.2 03 04 05
Values of X

Fig. 13. Chromatic shiftings of colors of the col-
ored boards in turbid water having different
concentrations of organic and inorganic
substances. The solid line for inorganic sub-
stance, the broken for organic substance,
and when submerged into a depth of 55cm.

quence, it is understood that chromatic
shiftings of underwater colors for any sub-
merged objects observed from a viewpoint above
the sea surface vary with not only the properties
of oubstances which cause turbidities of water
but also the mixing ratios of organic substances
to inorganic substances.

In the next place, chromatic shiftings of un-
derwater colors with the depths of sea water are
examined. Because of insuperable difficulties to
solve this problem by in-situ surveys or experi-
ments in the laboratory, it is intended, as a so-
lution, to induce an arithmetic formula which
enables to obtain theoretically underwater col-
ors of submerged objects. For this purpuse, the
study is developed by the use of the irradiance
instead of the radiance in the following discus-
sions.

It is assumed that the upward spectral
irradiance, Eu (0, 2), in the area near the sur-
face of a colored board when it is submerged in
a depth, Z, can be expressed by the sum of the
irradiance, Eub(0, 1), originated by the reflec-
tion from the colored and the irradiance, Euw
(0, 1), originated by the scattering from the
water, as shown by the following equation

Eu(0, 1) =Eub(0, ) +Euw(0, A1) -+ €D
Eub(0, 1) of the first term of the equation (1)
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is expressed as follows,

Eub(0,A)=Ed(0,1)-Rb(1)
cexp[—2-K(A)+Z] e (2

where Ed (0, 1) stands for the downward spec-
tral irradiance just under the sea surface, Rb
(1) for the spectral reflectance of the sub-
merged colored board, K( 1) for the irradiance
attenuation coeffecient, Z for the depth of sea
water, and A for the wavelength. The
irradiance, Euw (0, 1), in the second term of the
equation (1) is the one by substracting the up-
ward irradiance, Euw(z-o0, A ), brought from
the deeper water than the depth of z, in which
the board is located, Euw(0—oo, 1) under condi-
tions of not existing any board. The irradiances,
Euw(0-c, 2) and Euw(z—co, 1), can be ex-
pressed as follows,

Euw(0-c0, 1) =Ed(0, A)-Rw( 1),
where Rw( 1) denotes the irradiance radio.

Euw(z-c0, 1) =Ed0, A)Rw( 1)
exp[—2-K(21)-z]

But, since Euw(0, 4 ) is equal to Euw(0-o, 1) —
Euw(z—co, 1),

Euw(0, 2) will be EA(0, 1) -
Ruw(A) - [1—exp[—2-K(A)-Z]] «w=er (3)

Subsequently, if the equations (2) and (3) are
substituted into the equation (1), Eu(0, 4 ) will
be equal to

Ed(0,2)-Rb(A)-exp[—2-K(1)-Z]
+Ed(0,2)-Rw(A)[1—exp
[ 2eK( Q) Z]] vvereereermrnemneainins @

The chromatic shiftings of colors of the col-
ored boards submerged in a depth of 55cm,
which are induced by aid of the equation (4) are
exhibited in Fig.14. It should be noted here that
the variable, Rb( 1), stands for the relative val-
ues of reflectances shown in Fig.2 and the vari-
able, Rw( 1), denotes those of upward spectral
radiances; that, taking an illustration of a case
for the wavelength of 440nm, the attenuation
coefficients of irradiances are 0.037m™ in the
Bay of Bengal and 2.14m in the interior part of
Tokyo Bay; that the solid line stands for the
chromatic shifting of the blue board, the broken
line for the green board, and the one point chain
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Fig. 14. Chromatic shiftings of colors of the col-
ored boards submerged in a depth of 55cm
through numerical computation. The sym-
bols are same as in Fig. 12.

line for the red board; and each symbol such as

O, A and M represents the Bay of Bengal, the

entrance district of Tokyo Bay, and its interior

part, respectively. It can be learned through the
diagram that colors of the blue and green board
shift towards the longer wavelength band while
those of red board slightly shifts towards the
shorter wavelength band as the depth increases,
and they finally converge into “dark Yellowish

Brown” (dominant wavelengths: 582 to 589nm).

It may be worth describing that the results in-

duced from the aforementioned assumption al-

most coincide with every practical measurement
of different sea regions introduced in Fig.12.

Therefore, the equation (4) is reasonable enough

to use it for the computing a fairly good ap-

proximation of chromatic shiftings of colors of
any submerged objects.

3-4 Depth limitations of discriminating colors
of submerged objects from colors of sea water
Chromatic shiftings of colors of submerged

objects caused by colors or turbidities of sea wa-

ters themselves, which are observed from a

viewpoint outside the sea surface, having been

discussed in the preceding chapter. In this chap-
ter, however, the limits in depth of sea water,
within which solors of the submerged board
could be discriminated from colors of waters
themselves when observed from a viewpoint
above the surface are going to be discussed. In
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order to accomplish the purpuse, it is needed to
recognize the human eye’s threshold of color
stimulus as an instrument of color sensation
within which a color difference, AE, between
two colors can be discriminated one after an-
other. The capacity of color difference of a
secchi disc, of which complete dispersion body
has the reflectance of 82%, in a certain depth is
regarded as the threshold of color stimulus in
this study. For example, the value of color dif-
ference, /AE, in the Bay of Bengal which had a
transparency of 33m was 639 and that, in the in-
terior part of Tokyo Bay which had a transpar-
ency of only 1.7m was 207, respectively.

Based on the way of thinking mentioned
above, the depth limitations of color discrimi-
nation for each blue, green, and red board are
obtained as 13.4m, 12.0m, and 9.1m in the Bay
of Bengal of which water has a turbidity of
0.15m ™, and as 0.9m, 0.8m, and 1.0m in the inte-
rior part of Tokyo Bay of which has a turbidity
of more than 4.6m™, respectively. It may be
said therefore, that such depth limitations sub-
stantially vary with different turbidities, and
the depths of discrimination shows its maxi-
mum value when the color of board holds an ex-
cellent approximation to color of sea water.

4. Discussion

A typical mode of upward radiance distribu-
tion for each of 4 different sea regions stated be-
fore is selected and put together in a diagram of
Fig.15 so that the characteristics of upward ra-
diance distributions in those regions can be more
clearly understood, where the solid line shows
the upward radiance distribution mode in the
Bay of Bengal; the broken line denotes that in
the Bay of Sagami; the one point chain line indi-
cates that in the entrance district of Tokyo Bay;
and the two point chain line stands for that in
the interior part of Tokyo Bay. The differences
in the upward radiance distribution modes
among those localities are caused by the differ-
ent optical properties of those sea waters. In
the course of discussing the colors of the sea, op-
tical properties can be divided into such manners
as the absorption and scattering by sea water it-
self, those by the suspended matters and the ab-
sorption by the dissolved organic substances.
Since the scattering by water itself is inverse to
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Fig. 15. Typical modes of upward radiance distri-
bution. The solid line for the Bay of Bengal,
the broken for the Bay of Sagami, the one
point chain for the entarnce district of
Tokyo Bay, and the 2 point chain for the in-
terior part of Tokyo Bay.

the fourth power of the wavelength, it shows the
very high walues for the shorter wavelength
band. The scattering by the suspended matters,
is almost constant for the shorter as well as the
longer wavelength band, and the scattering coef-
ficient 1s in proportion to the total cross-
sectional area. The absorption by water itself
shows the larger values for the longer wave-
length band while the absorption by the sus-
pended matters and dissolved organic
substances exhibits the very high values for the
shorter wavelength band. (JERLOV, 1976).
Since the optical property of sea water in each
region can be considered as integration of the
outcomes described above, the different modes
of upward radiance distribution among those
different sea regions are examined more in de-
tail as started below. In case of the sea region
of the Bay of Bengal of which water is very
clear, the scattering of light by water itself,
therefore, are carried on extensively so that its
upward radiance for the shorter wavelength
band shows the exceptionally high value com-
pared with those of other sea regions. In other
sea regions, however, due to turbidities increas-
ing in order of the Bay of Sagami, the absorp-
tion of lights having shorter wavelengths by
suspended matters and dissolved substances is
so intensive that the upward radiance distribu-
tions may abruptly decrease. As seen in the dia-
gram of Fig.8, the upward radiance distribution
shows high values for the wavelengths of more
or less 600nm in the sea region like Tokyo Bay in
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Fig. 16. Chromatic shiftings of colors of the col-
ored boards in different depths through the
computation. The solid line for the blue col-
ored board, the broken for the green, and the
one point chain for the red.

which water is muddy enough. This is consid-
ered to be caused by the scattering developed
with the increased quantities of suspended parti-
cles. As a result, it can be said through the dis-
cussion described above that the optical
property of each sea region clearly attributes to
the peculiar mode of the upward radiance distri-
bution in the area near the surface.

KINNEY et al. (1967) introduced a study on
visibility of colors of submerged objects in dif-
ferent sea regions. They reported that chro-
matic shifting of color of an object submerged
in water of the Thames 1s quite different from
that in the Gulf of Mexico; that a wide shifting
in wavelengths of colors was taken place in the
muddy water of the Thames while it was slight
in the clean water of the Gulf of Mexico. It ac-
quires an interest that the results of their study
coincide with the authors’ views.

Fig.16 shows the chromatic shiftings of colors
of each submerged board obtained through the
computation by aid of equation (4). For exam-
ple, in case of the Bay of Bengal, each aerial
dominant wavelength of which the blue, the
green, and the red board is 480, 514, and 597nm
will shift 477, 483, and 478nm, respectively,
when each is submerged in the depth of 20m.
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Fig. 17. Chromatic shiftings of colors of tuna’s
body in different depths. The broken line for
the Bay of Bengal, and the solid for the inte-
rior part of Tokyo Bay. Two open circles
stand for the colors of sea water in two sea
regions. Symbols A and [] show the color
of yellow-fin tuna’s body, and that of big-
eye tuna’s body, respectively.

Furthermore, the chromatic shifting rates of
colors of blue board vary with its submerged
depths of water, and such rates in the Bay of
Bengal are larger than those in the interior part
of Tokyo Bay. In consequence, it can be under-
stood that aerial color of the board gradually
shifts to color of sea water itself as the depth of
water increases.

[t draws interest that the those values of
depth limitations of discriminating colors re-
sulted from the study herein coincide with the
practical measurements obtained by KINNEY et
al. (1967, 1969). They practically observed the
submerged the submerged different—colored tar-
gets. As a result, they could visually recognized
that such a-color order as yellow, blue, green,
orange, and red in the clear water shifted to
such an order as yellow, orange, red, green,and
blue in the muddy water.

In the course of the subject discussing in this
section, it may be worth considering the depth
limitation of color discrimination for the body
of fish instead of the colored board. Tuna spe-
cies are selected as objects for the study
(MORINAGA et al., 1990). Based on the spectral
reflected radiances of tuna measured soon after
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the catch in the sea region of the Bay of Bengal,
the distribution of those measurements in rela-
tion to their wavelengths are examined in such
way that, as for big-eye tuna, said radiances
keep almost constant for allover the wave-
lengths except a range of 520nm to 550nm in
which they have a minimum distribution; that
for yellow—fin tuna, they show a minimum dis-
tribution also in the range of 520nm to 550nm,
anf increase their distributions for the longer
wavelength band than 550n, exhibiting a local
maximum for 660nm of which degree is approxi-
mately 2 or 3 times as much as the distribution
for 550nm. The color of yellow-fin tuna’s body
is found to be “very dusky Red Purple” (comple
mentary wavelenght:501nm) in terms of chro-
matic nomenclature, and that of big-eye tuna’s
body is to be “Purplish Black” (complementary
wavelength: 543nm).

Fig.17 shows how to shift colors of tuna’s
body in relation with depths and turbidities of
water. As seen in the diagram, chromatic
shiftings of colors of tuna’s body vary with
depths and turbidties, and like the case of the
colored board mentioned above, they come simi-
lar to respective water color of each sea region
as the depth of water increases. The depth limi-
tations of disrimimating color of tuna’s body
from color of water in different sea regions are
obtained, by the same way as the case of the col-
ored board, as 6.1m in the Bay of Bengal and
0.5m in the inteior part of Tokyo Bay. Tha val-
ues of such limitations are widely different one
another in localities, but they are little different
in species of tuna.
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Laplace @ tidal equation D fE CHPE ]I zonal TR W&

On the solution of Laplace’s Tidal Equation (The convergence of the solution

DAL - continued fraction 12 X AYHEM) 12>\ T

/A BedH B OM O ORT

by the continued fraction method in the non-zonal case towards the east)

Akira MATSUSHIMA ** and Masao KOGA ™"

Abstract: In the previous works, we studied on the convergence of the solution by the contin-
ued fraction method proposed by HouGH in the zonally symmetric case. There are three
methods for solving Laplace’s tidal equation using continued fraction when it is not
zonally symmetric. In the present paper, we studied on one of the three methods. Generally
speaking, this method was not so good. From the results of the calculations done here,
however, the following were found.

i) The convergence of the solution becomes better as the angular frequency becomes larger.
ii) As the difference between n and k, where n is the wave mode towards the south and & is
the wave number towards the east, becomes larger the convergence of the solution becomes
worse. On the other hand, when (n—k) =0, or 1 we can get a good result in almost any case.
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Table I. Results of convergence by the method (a2) with varying the wave mode n and keeping the

wave number k constant.

angular freq. 0.14544 E-03

wave number mode n

symmetric 2 4 6 8
k=2 O O X X
antisymmetric 3 ) 7 9
k=2 O X X X
angular freq. 0.72720 E-04

wave number mode n

symmetric 1 3 b 7
k=1 O X X X
antisymmetric 2 4 6 8
k=1 O O X X

Table II. Results of convergence by the method (al) with varying the wave mode n and keeping the

wave number k constant.

angular freq. 0.14544 E-03

wave number mode n

symmetric 2 4 6 8
k=2 O O O X
antisymmaetric 3 ) 7 9
k=2 O O X X
angular freq. 0.72720 E-04

wave number mode n

symmetric 1 3 5 7
k=1 O X O O
antisymmetric 2 4 6 8
k=1 A O X X
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Table Il. Results of convergence by the methods (b1),(b2),(c1),(c2),(c3) and (c4) with the results by
the methods (al) and (a2) for comparison.

angular freq. 0.14544 E-03

symmetric mode n
wave number 2 A 6 8
al k=2 O O X X
a2 k=2 O O O X
bl k=2 O O X X
b2 k=2 O o X X
cl k=2 O o O X
c2 k=2 O O X (n=4) X (n=6)
c3 k=2 O O X (n=8) X (n=6)
cd k=2 O O X (n=8) X (n=6)
antisymmetric mode n
wave number 3 5 7 9
al k=2 O % X X
a2 k=2 O o X X
bl k=2 O % X X
b2 k=2 O O X X
cl k=2 O O O X
c2 k=2 O O X X
c3 k=2 O 3 X X
c4 k=2 O X X
Table -2
angular freq. 0.14052 E-03
symmetric mode n
wave number 2 4 6 8
al k=2 O O X X
ad k=2 O O O X(n= 6)
bl k=2 O O X X
b2 k=2 O @] X (n=8) X (n=14)
cl k=2 O O X (n=4) X(n= 6)
c2 k=2 O O X(n=4) X (n=10)
c3 k=2 O O X (n=4) X(n= 6)
c4 k=2 O O X (n=4) X(n= 6)
antisymmetric mode n
wave number 3 5 7 9
al k=2 O X X X
a2 k=2 O O X{(n=5) X(=T7
bl k=2 O X X X
b2 k=2 O O X (n=11) xn=T7
cl k=2 O X(n= 3) X (n=13)
c2 k=2 O X (n=11) X{(n=T)
3 k=2 O X (n=13) X X(n= T
c4 k=2 O O X (n=13) X (n=15)
fep= TtV ada (15) Ky e an
n n+2 n nt?2
14), (A5, £/, KO HILERE 5, s Hy KieHOV3E, (DR
Hi= XY 16) Li—H: = Kto=0 (18)

T LEi-H:.’
s 3, To6):H HoucH function & % OFEAE
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Table -3

angular freq. 0.72720 E-04

symmetric

£
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<
@
=]
=
8
o
@
g

al
a2
bl
b2
cl
c2
c3
cd

e
Q0000000+

antisymmetric
ave number

£

al
a2
bl
b2
cl
c2
c3
cd

0000000

1
1
1
1
1
1
1
1

I
Il

il

mode n

X X X X XXOX o

X (O X X X X X X w
OO0OXOX XO X =

mode n

X X X X X X X X o

OO0O0O0O0O0OO»
X XOOX X X X o
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Table IV. Results of convergence by the methods (b2) and (bl) with keeping the wave mode n constant

and varying the wave number k.

angular freq. 0.72720 E-04 n="7
symmetric wave number d2 dl
1 X X
3 X X
5 O X
7 O O
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4 X X
6 X X
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wave number d2 dl
symmetric 2 X X
4 X (n=6) X
6 O
8 O
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3 X (n=6) X
5 O X
7 O O
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6 O O
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Table V. Results of convergence by the methods (b2) (bl) with varying both the wave mode n and the

wave number k.
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The 6 th International Conference on Toxic Ma-
rine Phytoplankton
The 6 th International Conference on Toxic Ma-
rine Phytoplankton will be held in Nantes,
France, from October 18 to 22, 1993. The purpose of
this international scientific meeting is to study
noxious or toxic species of marine phytoplankton,
their proliferation in coastal areas or in the open
sea and their effects on human health, aquaculture
and biological resources. The general increase in
microalgal proliferations, their geographical
spread and the appearance of new harmful species
have required a broadening of the research fields
concerned with this worldwide problem, e. g.,
ecology, taxonomy, physiology, immunology,
molecular biology, toxicology and epidemiology.
The communications and posters presented will
subsequently be published, after selection and re-
vision by a reading committee.
6 th International Conference on
Toxic Marine Phytoplankton
Cite des Congres
9, rue de Valmy
44041 Nantes cedex
France
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