ISSN 0503-1540

Tome 24 Mai 1986 Numéro 2

L.a mer

M 6l & 5 A
B L #8 ¥ % £

La Societe franco-japonaise
d’océanographie
Tokyo, Japon



BLEBXREAEKEZTES

Z B & EFR= GEX®E
#INES: H.J. CEccaLpl (75 v x2), E. D. GOLDBERG (7 » Y #), T. IcHIYE (7 » Y #4#), T.R.
ParsoNs (#7174

ZF B BAZH GEEA®), FEEB GERKEAD), ¥REE WFkA®), #L X ER
KEXR¥), MERE RRAKERE), NHFER GIRAKEAY), MHELH REATF), BAME (K
RKERE), FH & REKERE)

# o) # T

1. BHUBEFL2E T340, BE¥FRSICKEFOSETO RERY - FESH - B -8R -8
ﬂ&az%ﬁﬁéo

2. FRL B - FEZonwThnekd 3, HXICITH 200 FOLT F E3E YEE%OU%LaO&K
mym&ﬂi§a®ﬁﬁmﬁ5m BOMXEERDIHT L,

3. %m%@i;ﬁTVﬁéiDKﬁR%%ELTﬁ%K%4/&f &z, @ FIC RO B
OB L, BT —BEELEBELIORRERYHLZTAZ L1HD

4, RETZELARBREMLYEET S, &, FBOFAOMKITERITS 2 &0k 5,

5. MRBEENT,

6. EERBLBEFLETHIBARE, MEDTR=-U 22/ A~ VOAREBRELZDAB L
T5, EETHRVWEBARRE LI —VLbEZDAB LT S,

7. 1B OonTS0HOMAEHNCEECEET D, CRULOMBIH L TRERE (X&)
HEENAMBT S,

8. Ff (E&1:8+D) @ﬁébﬁii HERZ (T305 RBEHEHEN FHABEAZEVHER),
SRR,

Rédacteur en chef: K. TAKANO (Université de Tsukuba)

Rédacteurs éirangers du bureau d’édition: H.J. CECCALDI (EPHE, Station marine d’Endoume), E.
D. GOLDBERG (Scripps Institution of Oceanography), T. ICHIYE (Texas A&M University), T. R.
PARSONS (University of British Columbia)

Comité de rédaction: S. AOKI (Université de Toyo), Y. ARUGA (Université des Péches de Tokyo),
M. Hanzawa (Université de Marine Marchande de Kobe), M. INOUE (Université des Péches de
Tokyo), Y. MoRrITA (Université des Péches de Tokyo), M. MURANG (Université des Péches de
Tokyo), S. OKABE (Université de Tokai), K. TAKAGI (Université des Péches de Tokyo), Y. UNO
(Université des Péches de Tokyo)

RECOMMANDATIONS A L’USAGE DES AUTEURS

1. «La mer», Bulletin de la Société franco-japonaise d’océanographie, publie les articles et notes
originaux dans toutes les disciplines des sciences de la mer et de la péche.

2. Des résumés en langue frangaise ou anglaise sont obligatoires.

3. Les figures au trait seront tracées & 1’encre de Chine noire sur papier blanc ou sur calque.
Les légendes des figures et des tableaux sont indispensables.

4. Le Comité de rédaction se réserve la possibilité d’apporter quelques modifications de forme
ou d’ajuster certains détails 2 des normes d’uniformité.

5. Les premiéres épreuves seront corrigées, en principe, par les auteurs.

6. Les frais d’impression des pages dépassant sept pages seront a la charge des auteurs s’ils sont
des membres de la Société. Les auteurs extéridurs a la Société s’en chargeront pour tous
leurs pages. '

7. Un tiré-a-part en cinquante exemplaires est offert gratuitement aux auteurs. Ceux qui en
désirent un plus grand nombre peuvent lés faire établir & leur frais.:

8. Manuscrits et correspondancés devront étre adressés au rédacteur en chef, Kenzo TAKANO,
Institut des Sciences Biologiques, Université de Tsukuba, Niihari-gun, Ibaraki-ken, 305 Japon,
ou & un des rédacteurs étrangers, H.J. CECCALDI (EPHE, Station marine d’Endoume, rue Bat-
terie des Lions, 13007 :Marséille, France), E. D, GOLDBERG (Scripps Institution of Oceanography,
La Jolla, California 92093, U.S.A.), T. ICHIYE (Department of Oceanography, Texas A&M
University, College Station, Texas, 77843, U.S.A.), T.R. PARSONS (Department of Oceanog-
raphy, University of British Columbia, Vancouver, B.C. V6T 1W5, Canada)



La mer 24: 59-62, 1986
Société franco-japonaise d’océanographie, Tokyo

Comment on Boussinesq’s long wave equation®

Motoyasu MIYATA**

Abstract: Two-dimensional non-linear motion in shallow water on a flat bottom is discussed.
It is found that the non-linear equations, with the wave amplitude being not necessarily
small, yield a steady solution of solitary type whose wave form is nearly equal to that obtained

from the Boussinesq equations.

1. Introduction

Consider two-dimensional motion in a perfect
fluid on a flat bottom. Let (z, 2) be a system
of Cartesian co-ordinates, and let = be measur-
ed vertically upwards from the undisturbed sur-
face. The linear shallow water equation is (see,
e.g., STOKER 1957)

ou a
ot ou
—a;-Fh-(,}T——O, 2>

where u is the horizontal velocity in z-direction,
€ the displacement of the water surface, % the
undisturbed water depth, ¢ the gravitational
acceleration. In deriving Eq.’s (1) and (2), the
following two length ratios were assumed to be
negligible compared with unity.
A h
£= —h—, 5:7 N ( 3 )

where L is the horizontal scale of the motion
and A is the amplitude. The two parameters
€ and 0 are independent of each other and when
the theory extends to include non-linear terms,
the ratio of € to % is believed to play a central
role in deciding the type of the approximate
solution of the full original equations. The de-
pendence of the non-linear shallow water wave
equation on the fundamental ratio was system-
atically analysed by URSELL (1953) so that it is
often called Ursell’s parameter, although STOKES
(1849) was the first to call attention to it in ex-

* Received December 15, 1985
** Geophysical Institute, Faculty of Science, Uni-
versity of Tokyo, Hongo, Tokyo, 113 Japan

plaining what Ursell later referred to as ‘‘long
wave paradox’’. Ursell concluded that Bous-
SINESQ’s theory (1877) or the KdV equation
(KORTEVEG and DE VRIES, 1895) is based on
the approximation

e~0°K1, (4

and steady non-linear wave solution is possible

in this case. He discussed that if

eDK, (5)

then non-linear effect would overcome and wave
would break. Since then, in the literature deal-
ing with the non-linear long waves, it has
been commonly the custom to use this ratio to
distinguish non-breaking wave from breaking
wave. The present author has found it difficult
to reconcile himself to these discussions, and in
this paper he is going to show that Boussinesq’s
approximation is not necessarily the only case
that produces a steady wave solution.

2. Derivation of approximate equations

The formalism of MEI (1983, Chap. 11) will
be used. The variables are normalized by the
following replacement.

x—Lzx, z—hz, (—AL
L \/? éé\/_g_
t~¢§7lt,u A hu, w > —}Tw.

Now the non-dimensional Laplace equation,

0%¢ 9%
Pt =0 6

must be solved for the velocity potential ¢,
subject to the boundary conditions at the free
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surface z=¢{

of %€ %ﬁ_ﬁ):f{ﬁ
6<5t+ 5 b5) o= (0
o 00 \? (6‘95 )2
o2 - 2f _L =
<“z+*>+28{5<ax>+ Py 0,
(8)
and at the bottom z=—1,
oo
—a;—O. (9
In terms of complex variables,
. . aQ .
g=x+iz, Q=0+, v =u—iw,
10
where Y is the stream function. Since Q

should be an analytic function which satisfies
the boundary conditions (7), (8 and (9), we
can formally write

==~ an

0x |;=_1,
where D is an operator

) d a2
D=1 i0(z+ 1) o +%<i6)2<z+ D

1. &
+ g(ﬁ)"‘(z—}— 1)347.;3 e )
Substituting (10) and (11) into (7) and (8),

and ignoring the terms of order ¢* or higher,
we obtain, after some manipulation,

1 67] 677 02 32u0 aug 52 3 3”0
3 8t+'6_£(u°~5 3x2)+77_3;_6 ozt
a2z
Juy oup 1 dp 8 0 ( 62u0>
dt ) 3 dx 2 % 020t
a l aug 1 a o
2__ ! = 2 —_—\—
+ed Bx{ <3x> 37w 512} 0
13
where 7 is the total depth
p=1+¢l. (14)

It should be noted that in deriving the ap-
proximate equations (12) and (13), 6 is assum-
ed to be small but & is left arbitrary. If the

depth-averaged horizontal velocity U is defined
by

7 02

J — > ——"} ou (64 5
U “luaL = U oY, (15
which is inverted to yield
0
U= U+ G i a—U+0(54) (16)

then Eq.’s (12) and (13) can be rewritten as

an 0 _
E‘FS@;(?]U}—O, (17)

+eU 6

U oU 1 dp & 8 [ U
Ot _3—1?4_‘_ x+6 3t< )

P9 PUN, L0 (1, oU)2
2 oz ”axat)+85 Z{z”(ax
1, 82U
3?? U@xZ}ﬁO (18

It is interesting to note that Eq. (17), which
represents the depth-averaged conservation of
mass, is exact to all orders of 4.

For convenience, Eq. (18) is further changed
to another form by using (17). Since

L (L)LY L (L
7 ox 3?7 6.102-277 ox
g\~ oU 0 rU
+3(3) P ool e
~s(#) = (%))
6\ox/ ox 7 0x
1

1 /oy , 0 *U
+35< > Ul PP r 19

Eq. (18) is equivalent to:

(ox 7 oz
P 82U ® o/ U
— 2 Y 2

% a;(” 3x2> 7 ax<’7 8x3t>

0 0 o\ , on *U
) ax{<5;) 7

3. Steady wave solution
A steady wave solution of Eq.’s (17) and (20)
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will be sought. If the new variable £ defined

by
E=z—ct @D

is introduced, then Eq. (17) becomes

d d .
— e e L =0, 22
Cd§+8d§<77L) 0 (22)

Upon integration with respect to &,
B
eU=—+C, (23)
7
is obtained, where B is a constant.
Equation (20) is simplified to

_dU, dU 1 d;; £
ErUGE Tt
“aE TV e 6

) ST e

the last three terms cancelling out one another.
Substitution of (23) in (24) leads to:

By dy OB

dé[( > F (@) @

Integration of this equation twice yields

B 1 5232 dp
TR (dé

Dp+E, (26
2% 2 >77+ (26)

where both D and E are constant.
Assume that Eq. (26) has a solution of
solitary type:

n—1, IR Ny

o ge Um0 as e (D)

Then, from (23) and (25),
2
B=—C, D:1+%, E:é——c% (28)

Using (14) and (28), Eq. (25) can be rearrang-
ed to:

F\2
5%2(%) 30 —1—c0),  (29)

which is integrated to yield

. 1 /3
S=sechior AT (B30
with
E=1+e. 3D

In dimensional form, the wave profile is

T 9 A
{=A Sechz\/th (x—ct) (32)

with

czzgh<l+i>.
h

Besides the solitary wave just obtained, peri-
odic permanent waves of cnoidal type are possible,
but they are not discussed here.

4. Discussions and concluding remarks

If the condition (4) is assumed, Eq.’s (17)
and (18) are simplified to:

GC 8

5; {\ +e{)U} =0, (33)
oU vaU i e eU
5 T U YT S ear =0 3H

Equations (83) and (34) are called the Bous-
sinesq equations. The well-known KdV equa-
tion is essentially the same as these equations.
They are known to have a steady wave solu-
tion of solitary type which is, in physical vari-
ables,

(= Asechzz—]}l- 34 2 (x—ct) . (35)

It is rather remarkable that although Eq. (18)
significantly differs from (34), the solitary wave
solution (32) is in form almost the same as the
Boussinesq or the KdV solution (35). This
implies that as far as the steady solution is
concerned, the pair of the Boussinesq equations
or the KdV equation happens to be a good ap-
proximation to the equations (17) and (18).
However, unsteady motion is governed by dif-
ferent equations and the highly non-linear equ-
ation (18) [can be considered to be a large-
amplitude generalization of Eq. (34).
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In water of a single layer under consideration,
the greatest height of solitary wave is determin-
ed by dynamical requirements. Both MCCOWAN
(1894) and LENAW (1966) predicted the maxi-
mum of & to be 0.83: STRELKOFF (1971)
and FENTON (1972) obtained the value 0.85.
In any case € is usually small compared with
unity.
lent € may be larger than unity and the equa-
tions corresponding to (17) and (18) should
yield a steady solution whose wave form is quite
different from that obtained from the Boussinesq
or the KdV equation. MIYATA’s internal soli-
tary wave of large amplitude (1985) in a two-
The time-dependent
equations for non-linear internal waves in shal-

However, for internal waves the equiva-

fluid system is an example.

low water can be derived in a similar though
more complicated way (MIYATA, under prepara-
tion).

It is concluded that the non-linear equations
in shallow water of constant depth with € being
left arbitrary have a steady wave solution of
solitary type whose wave form is almost the
same as that obtained by the Boussinesq equ-
ations.

The author would like to thank Dr. H.
TAKEDA for helpful discussions. Typing was
done by Ms. T. OSADA.
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Effects of benthos on coastal sediments™

Eiji MATSUMOTO**

Abstract:

Benthos disturb coastal sediments, and enhance the flux of nutrients across the

sediment-water interface. Bioturbation is quantified using natural radio-nuclide profiles in the
sediment. Calculated diffusive fluxes of nutrients at the interface are often less than those

measured in situ by chamber method.

1. FL®IC

EAEYOWIII, EVOsd, BiRE, FEMEEICHE
THLEONERMTH - s, BAEEEYOHFENEE
RPICH 2 508, FEMCHOKD LI Ki- TS
7o (ALLER, 1982), B (1982) BEAAEYOFEIC L
LKERBE2EOEEEEEYIR (benethos effect)
EFATWD, BEAELYHRE LT, OHEBEYOREN

i, @ HHBOEBRE, © HBEYOUELFEN
#it, OHFY—ERKEOBEXBOENFCELD
BHTLEMTELS,

AR, HERERIA DIREG YR BT A RS T R
(B4, 1983), T OB, BEAEYIC L 5 BN O
MEE - TNWD, i, HERY S DREEDOAE AKX
BMOBEXRFBICEL » THE/LBEEL /LD (CALLENDER,
1982), HEFEY — KEOMABENICICHN T A2 EHOEE
BEEHIRTWS,

AFRTIR, EEBYIC X SRR & HEY—KHE
DOYE BT KT 5 EEEYORENGEEL T, Whid
5 EEEE, (bioturbation) ZHL.0MT L TRz,

2. EEEYCLIEBRBBLOEN

YT L 2 BNOEN, EABYOWEE - BAES
EWMADIC L DA AFER L D, BEEBYIZEATEC
L DiEA%E (deposit-feeder), EHAE (filter-feeder)
BITHRE (carnivore) T30 b b, BEEDHIT

* 19854£11 H25H % Received November 25, 1985

o OHE AT, T305 RBURTES HIETE 1-1-3
Geological Survey of Japan, Yatabe, Ibaraki, 305
Japan

3, ZEECREEHOLIK, BB LTEOHREYEE
HRLUTERERECHET 20T, KEHEBYXIFE IS
RICBEET 5,

Z DEFEIZ ROBBINS et al. (1979) 1wk b, ¥ Cs &
Fr—— & U TERNICHARON TN, TOFERT
i, fifo = vicHERYRED, TOoREIC Cs TS
N LR EHL OF, 5X10MEAMK/m? O A ELE Turbi-
Sex turbifex A, ¥)6 H AMMAE Lic, £L T, B
e & iRy ¥Cs OamEMELR, £0O
MEE%A Fig. 1 IWRLk, XX Rk FI1E 0.052
0.007 cm/day DS CHDA TN, F~NIVEN 3cm
DYWSIETHE, ¥Cs DE—27 3 WIgIRER D, T
MIREEHEN 3em OEIOHREYEZEAL CTERRE
CHH T 20 TH D, K6 HHK, KE 6cmlthiz
> T ¥Cs Os—FREHE N, ¥Cs BES Iem £ T
D b,

HEmOFERAELRABE L, RKRo *U %51
& (Fig.2) ®5 b, *Th (GOLDBERG & KOIDE,
1962), #°Pb (MATSUMOTO, 1975) % #*%Th (ALLER
et al., 1980) NAVWBRTWS, TROBEEDI L,
Hpp ZEY FFB LT B,

RIBHERY O™ PbDF 1%, KL BBFREINTHE
L3O ThHd, HFELREERBL2BICENWT *Pb
DFMICHESGEERE L, Fig. 3 RERBICLL &
b BRSO 2Pb O $f EARTH D, Fig. 3(A)
i3 MPh S ICH L CHEEMICEBPI L TED, 04
HEIE ) BIERICH T CIEL A bhb, —A, Fig.
3(B) REKBEH T Pbi3E—~T, H—F T THEEHTHE
P35, ZOSHEMIL, BME—AREELETLOND,

+
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Fig. 1. Evolution of Cs-137 activity profile over six-month period

(ROBBINS et al., 1979)

H—BOREI RGOS 22, 20em TH 5,
HEBOEBR - ERER, BEAEYEENEL, BEF
CREAERICR R bbb D, —F, EEALEDOR
O TEABMERENRE /5 OKERF, 1982), HR
I BVEDIC T TO P O—BRIEABYIC L D5
EYDRGLEZDHILNTEL S,

EAEC X BBV ORAEBRIEH TH L4, &
PcRERF LHBEYR TOB & LEZ D &, HHE
FERRICER DR S 2 &nTE B, “Pb OHFEHT TOH
EaL, EFRELRESTS &,

= ——)—S§———+P—IN=
P SFotP—iN=0 (1)

N #_E)_( 6N> ON
Oz

THbbIhd, 2T, NRHERELTO 2Pb ORE
(atom/cm?), zZEEM (yr), z REBHREL D OEI
(em), K3 X 5 BEAFRI (em®/yr), S HERSE
¥ (cm/yr), Pl B % *Ra 2 HOAERE (atom/
em®/yr) BL I 212 2°Ph OEZEER (0.031/yr) T
5,

BAFESICEBEL—EL L, EEDRETOR
EE No BLUO+DEENEZIATN=P/2 LT5&,
1 =i,

65
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Fig. 3. Excess Pb-210 profiles in the Tokyo Bay sediments.

(N—P/2)=(No—P/2) exp (az) (2)
m S=/STTII (3)

Lich, AN—P ZBEF®D *Pb Ol4IsE A TRDL,
KEOEE Ao &L, (2) Ri7,

A=Apexp (az) (4)
L5, EMBADORWEER,

ki, HEEERaLORDBND,

4, Fig. 3(B) Ic @) XX WAL TH D, KE 20cm
DBEABLT CHEBOREAR W ETHIE, Lo
2 LHEREHE S=0.52cm/yr 2% bNhd, RBEFTO
EEHNADHAL LD, BICRDHEFHREDOMLE LB
@RI AT B & EYRAHRE K=1600 cm®/yr DfE
HELND,

HREREAYRD LB, EHESTERL TILRE
SmOUE E LT, a i 10% ET5BE%E 25
&, 1977, Thbb B RO alLHHT 5 @) RD afE
OHx0.9273E,

K=5/82 (6)

BRSNS, $S=0.52cm/yr DF4E, K=1lcm?/yr L7
D, ZOMEHLETR, 2Pb OHRE SEHLESRHE
A ICEADEERRDbIE Z LI 5,

Tk, HHEYRE - T LREEROEDRES
X BEAR, EVRARED & b PR &L
BiHT 5,

3. HWRY—IKHEOHETRICE T DEREEHDRE

KBOEREMRISERERE LW EE - T
Bo RBHRAETHEY TS 7 b Vit YREELIRT
BIRB LD, ZORREIZAKEZ LR U n 2t b o i
BiL, ROWBHERET S, #HERIERTobh, &
B U2k, SERZSOFRBHRIEBACERL, BEK
B L CHEREIE EOKICERT %, KT RIT 283
BWOWHEHERITR - ChD &, HERYIDOBMIE
BTeEWT EAREHIN TS (CALLENDER, 1982),

REBRK &8 L CHE KA D REE O (ux) 127+
¥h8% (molecular diffusion) & U THL VKRS 2 &N TE
5, fhEEE (J) i,

9C;q
Ji=—goDf8 5, (7)

& LTk % (BERNER, 1980), Z Z T o 2R BHEREY
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Table 1.

Average in situ and diffusive fluxes of POs2~, NH,*, ***Rn from the Potomac

River estuary sediments (CALLENDER and HAMMOND, 1982).

POS~ (mmol/m?/day) NH;* (mmol/m?/day) 222Rn (atoms/m?/sec)

Region (km) - -—
In situ  Diffusive In situ Diffusive In situ  Diffusive
Lower estuary (0-40) 1.4+0.3 0.20£0.06 8.3%£0.156 2.7%0.3 8227 50+11
Transition zone (40-110) 0.5+0.1 0.0740.02 8.1x1.6 0.70%0.08 33546 12711
Tidal river (110-170) 0.2£0.1 0.06%=0.07 6.8+£1.6 4.5+1.1 232+53 176156
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DUFF & ELLIS, 1979),

D= D" /$oF (8)
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A model of the effects of an infaunal xenophyophore
on *Pb distribution in deep-sea sediment*

David D. SWINBANKS** and Yoshihisa SHIRAYAMA**

Abstract: In an earlier paper we reported that the infaunal xenophyophore Occultammina
profunda, collected from a box core of sediment from the Izu-Ogasawara Trench (sample depth
8260 m), contains high levels of the natural radionuclide #°Pb (450-500 dpm/g dry) in both its
protoplasmic body (granellare) and waste products (stercomes). We further suggested that,
through the excretion of stercomes rich in #°Pb, O. profunda may significantly affect the
vertical distribution of **°Pb in the sediment.

In the present paper we describe in detail the theory and assumptions behind the model
of stercome excretion briefly described in our earlier paper and show that if O. profunda
reproduces on a time-scale of months it will significantly influence the vertical distribution of
*Pb in the sediment, resulting in a subsurface #*°Pb peak coincident with a peak in the
vertical distribution of the xenophyophore. As stercome-producing rhizopods like O. profunda
are abundant in many other regions of the deep sea, our model may have widespread appli-

cations,

1. Introduction

Knowledge of the depth and rate of bioturba-
tion (sediment mixing by organisms) is essential
for the modelling of early diagenesis and for
interpretation of the stratigraphic record in deep-
sea sediments. The radionuclide ?!°Pb which
has a half-life of 22y is widely used for such
studies {NOZAKI et al., 1977; DEMASTER and
COCHRAN, 1982; YAMADA et al., 1983; SMITH
and SCHAFER, 1984; COCHRAN, 1985). 2!%Pb
is derived from the radio-active decay of ??°Ra in
the earth’s crust and seawater, and unsupported
2P (i.e., *'°Pb separated from 22°Ra) is trans-
ported to deep-sea sediments by sinking particu-
late matter which is rich in the radionuclide
(SPENCER et al., 1978; BACON et al., 1985).
In the absence of bioturbation or other mixing
processes, unsupported 2!°Pb would be confined
to the top millimeter or so of deep-sea sediments
because its half-life is short compared with the
rate of sedimentation, but, as a result of mixing,
unsupported 2!°Pb can be found down to a depth
of about 10 cm in deep-sea sediments.

In the standard mixing model used to esti-
mate rates of bioturbation (e.g., NOZAKI et al.,

* Received November 25, 1985
** QOcean Research Institute, University of Tokyo,
Minamidai 1-15-1, Nakano-ku, Tokyo, 164 Japan

1977) it is assumed that mixing is a random
diffusion-like process and that 2Pb remains
attached to refractory sedimentary minerals
throughout mixing. As a result, unsupported
210Ph should show an exponential decrease in
concentration with depth in the sediment. Al-
though deep-sea sediments do often show approxi-
mately exponential 2!°Pb distributions (e.g.,
NOZAKI et al., 1977), many exceptions exist
(e.g., SMITH and SCHAFER, 1984).

One such exception was found by YAMADA
et al. (1983) who described an
210PYh distribution from a box core of sediment

(43 32
anomalous

from the Izu-Ogasawara Trench in which the
vertical distribution of 2!°Pb showed a subsurface
peak at 2-3cm depth (Fig. 1). In a recent
paper (SWINBANKS and SHIRAYAMA, 1986) we
pointed out that this peak coincided with a
peak in the vertical distribution of the in-
faunal xenophyophore Occultammina profunda
(Fig. 1), the plasma body (granellare) and waste
products (stercomes) of which were found to
contain high levels of 21%Pb (450-500 dpm/g dry),
and we suggested that this rhizopod may form
the subsurface 2!°Pb peak by feeding on 2Ph-
rich material at the sediment-water interface and
then excreting the %'°Pb in stercomes at depth.
Such a process of 21°Pb mixing differs substantially
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Fig. 1. The vertical distribution of 2°Pb (left)
(after YAMADA ez al., 1983) and fragments of
O. profunda (right) (after TENDAL ez al., 1982)
in a box core of sediment from the Izu-Ogasa-
wara Trench. The former distribution is based
on one subcore of 100cm? horizontal cross
section, while the latter is the average distri-

bution for four such subcores (not including
that for '°Pb).

from that envisaged in the standard mixing
model as it involves highly selective redistribution
of 21%Ph-rich material in a non-steady state fashion
with little or no sediment mixing (0p. cit.).

The case described by us for O. profunda
may by no means be an isolated incident as
other rhizopod protozoans producing masses of
stercomes are abundant in oligotrophic regions
of the deep sea (RIEMANN, 1983). Thus, 2%Pb
distributions in deep-sea sediments may require
substantial re-interpretation.

In the present paper, we describe in detail
the theory behind the model of stercome excretion
which was only briefly outlined in our earlier
paper, and we then apply the model to the data
collected from the Izu-Ogasawara Trench. Be-
fore describing the model, however, it is neces-
sary to give a brief description of the important
characteristics of infaunal xenophyophores in
particular O. profunda.

2. Infaunal xenophyophores

Infaunal xenophyophores such as O. profunda
construct a subsurface network of sediment
tubes, the organism’s test, in which they live
below the sediment-water interface. Running
through the centre of the tube is an unattached
thread of protoplasm (granellare) surrounded by
anastomosing strings of stercomare (Fig. 2).
The stercomare consist of organic membrane
tubes enclosing small black spherical pellets
(stercomes) 10-20 pm in diameter which are

stercomare

granellare

Fig. 2. Internal organization of an infaunal
zenophyophore.

=l

Sediment-water
interface

777773

zmph
e I-"m” RELEASED
TERRE TN SEDIMENT

Fig. 3. DPossible feeding mechanism in infaunal
xenophyophores which results in *'°Pb transfer
to the subsurface layers of the sediment. The
xenophyophore extends its pseudopodia over the
sediment-water interface and draws in particu-
late matter rich in #°Pb, The ?'°Pb is then
stored in stercomes that subsequently decay
releasing the *°Pb to the immediately surround-
ing sediment.

thought to be waste and excretion products
(TENDAL, 1972).

Although little is known about the mode of
feeding of infaunal xenophyophores, SWINBANKS
(1982) has suggested on the basis of trace fossil
evidence that these protozoans extend pseudopodia
out through vertical outlets of their underground
network and draw in food from the sediment-
water interface (Fig. 3). The high levels of
20Ph found in O. profunda support this view as
the most likely source of the 2!°Pb is particulate
matter settling on the substrate (SWINBANKS
and SHIRAYAMA, 1986).

With time, stercomes become lighter in colour
and break down into grey flufflike material which
appears to contain few if any refractory sedi-
mentary minerals (SWINBANKS, 1982). During
such decay 2!°Pb in the stercomes is probably
released to the immediately surrounding substrate
(Fig. 3). Thus, 2%Pb is transfered from the
sediment-water interface to the subsurface layers
with little or no sediment mixing.
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3. Model of stercome excretion

Our model consists of a 10-cm cube of sedi-
ment partitioned into l-cm thick horizontal
layers, the topmost of which forms the sediment-
water interface (Fig. 4). The total inventory
of unsupported 2!Pb in the cube is maintained
at a constant value by a constant vertical flux
of #%Pb in the overlying water column. #!Pb
neither enters nor leaves through the vertical
sides of the cube. For simplicity, porosity is
held constant at the average value for all the
layers and sedimentation is assumed to be negli-
gible during the time intervals modelled (maxi-

mum 250 y).

constant 21OPb flux

v

o ¢ ¢
[\ 210pp conc
B 5
& o
= S ."‘
- [
[
O
10
b/
10 cm

Fig. 4. Diagram of the model at time zero before
the xenophyophore starts feeding.

Stercomare (%)
A me'—‘ f_i’_UPb__ 1} 50
2 —
E 4 >
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Y —
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Fig. 5. Redistribution of #°Pb by an infaunal
xenophyophore. #°Pb derived from the sedi-
ment-water interface (i.e., the 0-1cm layer) is
incorporated into stercomes in the subsurface
layers in amounts proportional to the mass of
stercomare in each layer (the diagram on the
right gives the amount of stercomare in each
layer as a percentage of the total amount of
stercomare in the sediment).
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Initially, 2!Pb decreases exponentially with
depth in the sediment due to the mixing effects
of organisms other than the xenophyophore
(Fig. 4). Once the model starts to run, the
xenophyophore takes in ?'°Pb at the sediment-
water interface (i.e., the 0O-1cm layer) and in-
corporates this 2Pb into stercomes at a fixed
concentration. The stercomes are then excreted
into stercomare in the underlying subsurface
layers in amounts proportional to the mass of
stercomare observed in each layer (Fig. 5). At
the same time, an equivalent amount of ster-
comes in the stercomare decays releasing 2!°Pb
to the immediately surrounding substrate (i.e.,
the mass of stercomare in each layer remains
constant).

29Ph mixing by other organisms is assumed
to be a patchy process confined to the vast spaces
between the xenophyophore network (even at
its highest density O. profunda only occupies
~0.1% of the volume of a 1-cm thick layer).
As a result, stercome-derived 2!°Pb is not im-
mediately redispersed by other organisms but
remains within the 1-cm thick layer to which
it is assigned. This situation probably holds
true for periods of time comparable to the half-
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Fig. 6. Build-up of the inventory of stercome-
derived #°Pb, Ir, with time for a monthly in-
put of #°Pb to stercomes of 1 unit (arbitrary

units).
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life of 2°Pb (22y), as shown by SMITH and
SCHAFER’s (1984) finding that 2!°Pb distribution
within 1-cm thick horizontal layers of surficial
deep-sea sediments exhibits considerable lateral
heterogeneity on a size scale of centimetres.

If the rate of input of %'°Pb to stercomes is
k, then the total inventory of stercome-derived

20Ph in all the layers after time 7" will be given
by:

where 2 is the decay constant of 2Pb. To
obtain the resultant vertical distribution of 2'°Pb
at time 7, this inventory is subtracted from the
0-1cm layer and portions of the inventory are
alloted to each layer according to the depth
distribution of stercomare. As a result, the 0-1
cm layer is depleted in 2'%Pb while 29Pb is added
to the subsurface layers.

As shown in Fig. 6, Ir rapidly builds up with
time but eventually levels off to a constant value
after about 250 years by which time the inventory
has increased to almost 400 times the monthly
input (to be exact the inventory reaches 1/4 or
386 times the monthly input). Fifty percent of
the build-up occurs in 22 years.

The critical parameter to be determined in the
model is k, the rate of input of ?'°Pb, which
depends on the rate of stercome formation. As
stercomes are believed to be formed from material
derived from particulate matter, the vertical flux
of particulate matter at the sediment-water inter-
face will constitute an absolute upper limit for
the rate of stercome formation. We estimated
that for the box core from the Izu-Ogasawara
Trench the particulate matter flux is about 50-
70 mg/100 cm?/month, while for a dense patch
of O. profunda the rate
was estimated to be well below this figure at
between 2.5 to 30 mg/100 cm?/month if the
xenophyophore reproduces somewhere between
once a month and once a year (SWINBANKS
and SHIRAYAMA, 1986).

In the following section we present the results

of stercomare formation

of modelling based on the box core data from
the Izu-Ogasawara Trench (sources: TENDAL
et al., 1982; YAMADA et al., 1983; SWINBANKS
and SHIRAYAMA, 1986). Three rates of ster-
come formation within the above range are
used in the model, namely, 5, 10 and 20 mg
/100 cm?/month, which yield values of k of
2.5, 5 and 10dpm of 2Pb/100 cm?/month, re-
spectively, for a 2'°Pb content in stercomes of
500 dpm/g dry. These inputs of 2*°Pb correspond
to about 16, 31 and 629, respectively, of the
total flux of 2%Pb to the sediment.

MODEL OBSERVED OBSERVED
Excess 210Pb (dpmg™) Stercomare (%) Excess 210pp (dpmg)
00 40 80 0 50 0 40 80
vux.uh\v Te 1 r 1 x e ,
—_ g o *
E nv‘/ p"\\‘o
Y I s
= 5 .,',V -o  Exponential curve g
= e {Casel 250y;Case2 22y, b
Case3
v—v [ase2 250y,Case3 22y
10- b L
Fig. 7. Model results and observed distributions for the box core from the Izu-Ogasawara
Trench. In the model on the left, three rates of stercome formation are considered:

Case 1, 5mg/100 cm?/month; Case 2,10 mg/100 cm?®/month; Case 3,20 mg/100 cm®/month.
The dashed and solid curves in the model give the results after certain intervals of time,

g., the dashed curve can be produced by a rate of 5mg/100 cm?®/month (Case 1) acting
for 250 years or by 10 mg/100 cm?/month (Case 2) acting for 22 years or by 20 mg/100

cm?/month (Case 3) acting for 9 years.

The vertical distribution of stercomare of O.

=

profunda shown in the middle diagram is as in Fig. 5 and is the average distribution for

two subcores.

The observed distributions of 2'°Pb on the right are for the same two sub-

cores used to determine stercomare distribution (different subcores from those in Fig. 1).



A model of the effect of xenophyophore on *°Pb distribution 73

4. Results

Figure 7 presents the model results using data
from the Izu-Ogasawara Trench. At a rate of
stercome formation of 5 mg/100 cm?/month, #Pb
distribution begins to deviate significantly from
the exponential curve after a few decades and
when a steady-state is achieved after 250 years
a small subsurface peak is formed at the depth
of the peak in stercomare distribution. At a
rate of 10 mg/100 cm?/month, the same peak is
formed in only 22 years and this develops into
a pronounced peak by the time steady-state con-
ditions prevail, while at a rate of 20 mg/100 cm?
/month, the small subsurface peak is formed in
only 9 years after 22 years it becomes pronounced
and after 40 years the 0-1cm layer is completely
depleted in 2'°Pb,

5. Discussion

As pointed out earlier, the assumption that
stercome-derived 2'°Pb remains within the layer
within which it is emplaced probably only holds
true for periods of time comparable to the half-
life of 2°Pb (22y). Thus, the peaks in the
steady-state curves (i.e., those obtained after
250 y) would probably be less pronounced due
to the mixing effects of other organisms. How-
ever, for shorter periods of time of the order
of 22 years, the model is considered to yield
realistic results.

The model shows that for stercome formation
rates of about 10 to 20 mg/100 cm?/month the
observed 2'°Pb distributions (Figs. 1 and 7) can
be explained by the effects of O. profunda, and
the marked subcore to subcore variation in the
vertical distribution of 2!%Pb can be attributed
to the patchy distribution of the xenophyophore
(TENDAL et al., 1982). Looked at another way,
the rates of stercome formation required by the
model to explain the observed distributions sug-
gest that O. profunda reproduces on a time-
scale of months, a finding which supports other
circumstantial evidence that xenophyophores
grow quickly (SWINBANKS and SHIRAYAMA,
1986).

As stercome-producing rhizopods are abundant
in oligotrophic regions of the deep sea (RIEMANN,
1983), our model may well be applicable to many
other deep-sea areas. However, since benthic
organisms including rhizopods typically attain

their maximum densities in the surfacemost layer
of sediment, the effects of rhizopods on 2%%Pb
distributions may not be immediately apparent.
Nevertheless, they may downmix substantial
amounts of 2!°Pb, while causing little if any
Clearly the wvalidity of the
assumptions of the standard random diffusion
mixing model need to be reassessed.

sediment mixing.
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Oxygen profile in deep-sea calcareous sediment calculated
on the basis of measured respiration rates of deep-sea
meiobenthos and ifs relevance to manganese diagenesis*

Yoshihisa SHIRAYAMA** and David D. SWINBANKS**

Abstract: The respiration rate of deep-sea meiobenthos collected using a submersible was
measured using a gradient stoppered-diver technique, and the vertical profile of dissolved
oxygen concentration in the sediment was calculated on the basis of the respiration rate using
a steady-state model. At stations where the vertical profile of MnO; content showed a distinct
peak in the subsurface 20 to 30cm layer of the sediment, oxygen penetrated to significant
depths in the sediment. However, at stations where an MnQO; peak was seen in the top few
centimeters of the sediment, oxygen was completely consumed by benthic organisms within
the 0-1cm layer. This result supports the idea that manganese diagenesis within calcareous
sediment is mainly regulated by biological processes through the respiratory activities of

benthic organisms.

1. Introduction

In vertical sections of deep-sea calcareous
sediment collected using a box corer, three dis-
tinct layers of different coloration are usually
clearly observed (BERGER et al., 1979). The
uppermost layer, named the monotonic layer
(SWINBANKS and SHIRAYAMA, 1984), has no
visible trace fossil, but soft X-ray radiographs
reveal numerous infilled burrows, suggesting the
presence of intense bioturbation. The next layer
is called the mottled layer, in which many trace
fossils are visible not only in radiographs but
also to the naked eye. In the deepest layer,
the faded layer, trace fossils are hard to see and
the sediment is bleached in color, suggesting
reduced condition.

SWINBANKS and SHIRAYAMA (1984) showed
that there is a close relationship between the
three layers and the vertical distribution of
manganese oxide (MnQO,;) in the sediment. At
all seven stations they examined, a distinct peak
was seen in the profile of the MnQO; content.
In the study of FROELICH ez al. (1979), a model
was proposed to explain the pattern of MnO;
distribution in relation to the oxygen concen-
tration in the interstitial water, and they sug-
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gested that the depth of MnO, peak corresponds
to the deepest layer of the sediment into which
free oxygen penetrates by diffusion or advection.
In the study of SWINBANKS and SHIRAYAMA
(1984), the depth of MnO; peak was found to
agree well with the depth of the most darkly
colored layer, which suggests that the coloration
of the calcareous sediment was caused by the
precipitation of MnQO; within the sediment. In
addition, the depth of the peak correlated sig-
nificantly with the maximum depth index of the
vertical distribution of meiobenthos, defined as
the depth above which 95% of total meiobenthic
individuals occur, which is also believed to be
controlled by oxygen availability (SHIRAYAMA,
1984a).

According to SHIRAYAMA (1984a), the maxi-
mum depth index is related to the abundance
of meiobenthos, and it in turn has a close corre-
lation to the organic matter flux in deep-sea
sediments (SHIRAYAMA, 1984b). Summarizing
the above findings, SWINBANKS and SHIRAYAMA.
(1984) concluded that the depth of the MnO:
peak is mainly regulated by the organic matter
flux to the sediment surface through the medi-
ation of biological process which controls oxygen
distribution within the sediment.

In their study, subsurface MnQ; peaks were
found at depths of between 20 to 30 cm at five
out of seven stations examined, while at the
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other two stations (Stations SC-14 and SC-16),
the peak was in the surface layer of sediment at
2 and 4 cm depths respectively. At the latter
two stations, the abundance of meiobenthos
was very high for a deep-sea environment, and
they suggested that due to the high density of
benthic organisms, most oxygen is consumed
within a thin layer of the sediment and, as a
result, MnO, peak occurred near the sediment-
water interface.

Although meiobenthic abundance at the stations
with a surface MnQO. peak was much higher
than at other deep-sea stations (SHIRAYAMA,
1984b; THIEL, 1975), it was about the same as
for shallow-water areas (MCINTYRE, 1969). The
depth of oxygen penetration into the sediment is
largely controlled by the respiration of benthos,
and in shallow-water, free oxygen is known to
penetrate only a few mm into the sediment
(REVSBECH et al., 1980a). In the deep sea,
however, some kinds of organisms, e.g. demersal
fishes, are known to reduce their metabolic
activity by more than two orders of magnitude
(SMITH and HESSLER, 1974). Therefore, if the
respiration rate of benthic invertebrates also
decreases drastically in the deep sea, it would
become impossible for them to exploit all of the
available dissolved oxygen within a few centi-
meters of the sediment.

Recently SHIRAYAMA (in prep.) succeeded in
measuring the respiration rate of deep-sea meio-
benthos using a modified cartesian diver tech-
nique. In the present study, on the basis of
Shirayama’s data, the vertical distribution of
oxygen in the sediment was calculated using the
equation of BOULDIN (1968) and the possibility of
whether benthic organisms can consume oxygen
completely within the very surface layer of the
sediment is discussed.

2. Materials and methods

The calcareous deep-sea sediments were collect-
ed from seven stations in the western Pacific
(SWINBANKS and SHIRAYAMA, 1984), using an
USNEL box corer (HESSLER and JUMARS, 1974).
Various subcores were taken from the box core
samples, and the methods of processing these
subcores were described in detail in our previous
paper (SWINBANKS and SHIRAYAMA, 1984).
The dissolved oxygen concentration of the near

bottom water collected with a 0.5/ water sampler
attached to the box corer, was determined using
the Winkler method.

The measurement of the rate of meiobenthic
respiration -was carried out using a sediment
sample collected at a depth of 1510 m at 39°17'N,
142°41’E using the submersible Shinkai 2000.
The sediment sample was kept cool and conveyed
to a cold laboratory (5°C) on land as quickly as
possible. In the laboratory, meiobenthic organ-
isms were sorted out under a dissecting micro-
scope, and the respiration rate of these organisms
was measured individually using a gradient
stoppered-diver technique described by HAM-
BURGER (1981). After the measurements, each
organism was fixed in 59 seawater formalin,
extracted in glycerol, and their body volume
was measured using a microscope and camera-
lucida and their wet weight calculated after the
method of WARWICK and PRICE (1979).

On the basis of the measured respiration rate
of meiobenthos and their biomass in each layer
of the sediment, the concentration of dissolved
oxygen within the interstitial water was calculated
using the equation of BOULDIN (1968) which
was applied by REVSBECH et al. (1980a, b).

3. Results

a) The respiration rate of deep-sea meiobenthos

The respiration rate of thirteen nematodes,
one polychaete and one harpacticoid copepod was
measured in the present study. The rate of
nematode respiration ranged from 1.2 to 9.6
(mean=4.7) plOy/individual/h, or 350 to 3300
(mean=1900) plO:/g wet weight/h. As a rule,
the weight specific respiration rate tended to be
larger as the weight of the individual became
smaller. The weight specific respiration rates of
the copepod and polychaete were close to those
of the nematodes, the values being 520 and 350
#l0q/g/h, respectively. These values are com-
parable to the respiration rates of shallow-water
meiobenthos measured at comparable low temper-
atures (5°C) (PRICE and WARWICK, 1980;
nematodes: 1600; polychaetes: 340; copepods:
550 #lOz/g/h). This finding suggests that it is
possible not only for shallow-water but also deep-
sea benthic organisms to consume free oxygen
completely within the surface few centimeters
of sediment.



b) . Calculation of the vertical profile of oxygen
concentration within the sediment

According to BOULDIN (1968) the dissolved
oxygen concentration in the sediment is a func-

tion of the respiration rate of benthic organisms,
and the relationship at steady state can be ex-

Table 1.

where Cx
oxygen at depth X in the sediment, Co the

Oxygen profile in deep-sea calcareous sediment

7

pressed by the following equation.
Cx=R/2D X (X?
—2X v2DCo/R+2DCo/R),

1

is the concentration of dissolved

Dissolved oxygen concentration (mlO:/l) in calcareous sediment calculated using

the steady-state model and measured respiration rate for deep-sea nematodes.

(A) Stations with a surface MnO; peak

Station sedin?:r?;h(clrg) CODCOe)I?tIIg:SOH Station sedgrfgilg (IcI;n) conge};}‘tga?gon
SC-14 0.0 2.9 SC-16 0.0 3.5
0.2 1.5 0.2 2.3
0.4 0.56 0.4 1.4
0.6 0.077 0.6 0.67
0.8 0 0.8 0.22
1.0 0.020
1.2 0
(B) Stations with a subsurface MnO; peak
Station sedin?eegth(clrrlll) congi}t]rg:tlilon Station sediDn’leé)Ii1 (lCIin) con?e);}t?;trilon
SC-8 0.0 3.3 SC-10 0.0 2.8
0.2 2.7 0.2 2.0
0.4 2.2 0.4 1.3
0.6 1.7 0.6 0.79
0.8 1.3 0.8 0.40
1.0 0.92 1.0 0.14
1.2 0.70 1.2 0.043
1.4 0.51 1.4 0.0044
1.6 0.35 1.6 0
1.8 0.22
2.0 0.12 ST. 4 0.0 3.7
2.2 0.073 0.2 2.8
2.4 0.039 0.4 1.9
2.6 0.016 0.6 1.3
2.8 0.0034 0.8 0.74
3.0 0. 00021 1.0 0.36
3.2 0 1.2 0.22
1.4 0.11
SC-9 0.0 2.8 1.6 0.045
0.2 1.7 1.8 0.010
0.4 0.92 2.0 0.00040
0.6 0.38 2.2 0
0.8 0.086
1.0 0.0081 SC-15 0.0 3.4
1.2 0 0.2 1.8
0.4 0.78
0.6 0.17
0.8 0.0019
1.0 0
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concentration of dissolved oxygen at the sediment-
water interface, R the total respiration of oxygen
per unit volume of pore water and D the diffu-
sion coefficient of oxygen within the sediment.
The value of D was measured by REVSBECH
et al. (1980b) in various cases. Since the type
of the sediment in the present study is mostly
foraminiferal ooze, the value of 8x 1076 cm?/sec
will be used in the following calculation as in
the calculation of REVSBECH ez al. (1980a).

Although R includes both biological and chemi-
cal respiration, the latter is often negligible in
the deep sea (SMITH, 1978). In order to esti-
mate the total biological respiration, which in-
cludes the respiration of micro-, meio-, and
macrobenthos, from the respiration rate of meio-
benthos measured in the present study, the
following equation was used.

R=RnXBn/F/W, 2y

where Rz is the weight specific respiration rate
of nematodes, Bn the biomass of nematodes, F
the contribution of nematodes to the total bio-
logical respiration expressed as a fraction and W
the water content of the sediment. Although
the respiration rates of a deep-sea polychaete
and copepod are also available, only the data of
nematodes were used, since replicate measure-
ments were not made for the former organisms
in the present study.

According to GERLACH (1971), the ratio of
macrofaunal to meiofaunal respiration is 1:5 and
YINGST (1978) reported that the respiration rates
of meiobenthos and microbenthos in the sedi-
ment are nearly the same. Within the meio-
benthos, nematodes were reported to occupy
around half of the total respiration (WARWICK
et al., 1979). Using these values, the contri-
bution of nematodes to the total benthic respi-
ration (F) was estimated to be around 23 %.
Since Rn was determined in the present study
(1900 #lO2/h/g) and the values of Bn and W
are already known (SHIRAYAMA, 1984a), the
value of R can be calculated using eq. (2).

On the basis of the obtained value of R, the
oxygen concentration at every 0.2cm depth in
the sediment was calculated using eq. (1) (Table
1). At the stations which showed a surface
MnO, peak, the concentration of oxygen de-
creased drastically and benthic organisms con-

8, (mi/D
y (nl/D,

T T

0, (mt/1)
1 2 3
U T T =T

e

DEPTH (cm)
T
DEPTH (cm)
T

~
T
T

(R) (8)

Fig. 1. Vertical profile of dissolved oxygen concen-
tration within the sediment calculated using
the steady-state model (BOULDIN, 1968) and
measured respiration rates for deep-sea nemato-
des. (A) Station SC-14, where an MnO: peak
was found at a depth of 2.0cm. (B) Station
SC-8, where a subsurface MnO: peak was found
at a depth of 23.5cm.

sumed all the oxygen within nearly one centi-
meter of sediment (Fig. 1A), due to their high
biomass. In contrast, free oxygen could still be
seen at depths greater than one centimeter at
most of the stations with a subsurface MnO.

peak (Fig. 1B).

4. Discussion

The decrease of biological activity with increase
of the water depth due to the limited energy
flow to the deep-sea floor has previously been
considered to be a common phenomenon. How-
ever, at least in the case of meiobenthos, the
respiratory activity of deep-sea species is not
significantly reduced. It should be noticed that
the present measurements were carried out under
decompressed laboratory conditions. However,
the effect of decompression is known to be
minimal for organisms living at depths shallower
than 2000 meters (SOMERO et al., 1983). Thus,
the activity of meiobenthos measured in the
present study is considered also to be high in
situ. ‘This result supports the argument of
SWINBANKS and SHIRAYAMA (1984) that through
the oxygen consumption of benthic organisms,
biological processes predominate over chemical
processes in regulating manganese diagenesis
within the sediment.

This argument seems particularly valid in the
case of a surface MnO; peak. On the basis of
eq. (1), the depth where Cx=0 (h) is given as
h=2DCo/R (REVSBECH et al., 1980a,b). In a
rough calculation, R must be larger than 5X
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10-% plOz/cm?/sec or 2 mlQOz/m?/h, in order for
the value of % to be less than 1cm. This value
of R is nearly the same as the highest value of
sediment community respiration ever measured
using the bell jar technique in the deep sea
(SMITH, 1974). The values of R obtained in
the present study for the stations with a surface
MnQ; peak were 1.8 and 3.2 mlOs/m?/h, which
agree well with the required value. Therefore,
if biological activity is not greatly affected by
the increase in water pressure, it is quite possible
for benthic organisms to utilize all the free
oxygen within a few centimeters of the surface
of the sediment, and, as a result, the MnO;
peak would be expected to occur close to the
surface of the sediment.

In the case of the stations with a subsurface
MnQO; peak, the calculated depth of oxygen
penetration was always shallower than the depth
of observed MnQO, peak. The most probable
reason for this discrepancy is bioturbation. Up
until now measured rates of bioturbation in the
deep sea have been based on the movement of
sedimentary particles, and the values are too
slow to explain the present discrepancy. How-
ever, for the distribution of oxygen in the sedi-
ment, movement of interstitial water should be
considered. Macrofauna, especially polychaetes,
have a considerable effect on the local distribution
of many kinds of elements around their vertical
burrows made within the sediment (ALLER and
YINGST, 1978). In addition to this, however,
the role of interstitial organisms is also important,
if their high density (more than 10°® individuals
/m?) is taken into consideration. Although it is
very difficult for meiobenthos and nanobenthos of
microscopic size (BURNETT, 1981; THIEL, 1983)
to move the sandy particles, they can stir inter-
stitial water very easily by their active movement
through interstitial spaces. Since meiofaunal
activity still seems to be high in the deep sea,
as shown in the present study, their vertical
mixing of interstitial water may be considerable,
and oxygen will be conveyed into the depths
of the sediment without the movement of sedi-
mentary particles. In future studies of the
diagenesis of pelagic sediments, therefore, keen
attention should be paid to not only the mixing
of sedimentary particles by macrobenthos, but
also the mixing of interstitial water due to the

activity of interstitial meiobenthos and nano-
benthos.
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Several phenomena in the benthic boundary layer
of the Seto Inland Sea*

Kichiichiro KAwWANA*®* Akira HOSHIKA** and Terumi TANIMOTO**

Abstract: Detailed investigations on vertical and horizontal distributions of water quality
(dissolved oxygen, nutrients, suspended matter, etc.) and their seasonal variation were carried
out in the Seto Inland Sea. In summer, total suspended matter (TSM) concentration near
the bottom was significantly influenced by water movement and turbid bottom water was
observed in all areas with silty bottom sediments. The high concentration of TSM near the
bottom may be caused by the resuspension of the surface layer of sediment. Also in summer,
oxygen-deficient bottom water was observed in regions of limited water movement and it
contained large amounts of nutrients derived from bottom sediments. The oxygen consump-
tion and fluxes of nutrients across the sediment-water interface were measured with specially
designed in situ instrument. An in situ water quality monitoring system has been developed
to make continuous measurements of the vertical distribution of water quality in the bottom
water and various parameters of bottom sediments.
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Fig. 1. Temporal variation of vertical distribution of suspeneded matter. Solid lines: beam
attenuation coefficient. Dotted lines: total suspended matter (TSM) concentration.
Z 30p o
- [ i
O =
o
@ e
£ 45 g
:,/ | T—
3
2 -
G
Q
S i
n
= ©
s L N . P o
6 7 8 9 10 11 12 13 14 15 16 17 18
Time ( h)
Fig. 2. Time series of the mean velocity (solid line) and the
resuspended load per unit area (dotted line).
06:30 08:30 09:30 10:30 11:30 15:30  16:30 7
<
9
o
I 0 11 L1 L1 { i1 11
0100 10WoWLO 10 0 10 2 0 10 20 30 0102 0 20 0 10 10

Resuspended Matter Concentrahon ( mg l')

Fig. 3.

(Q, mg/em?®) ZRDR, Q ODEMEBE > Fig. 2 I 1
To QREBROB S - TEBHL TR, Fan
REL LB LQIMINT B, RABHEL LT <TOM
KT, Q LMo Mic iR HAIBIRAED B TWS
DU TRIZVZ, BELHEOSEEREERCAS
EREIRTWBZ L RBEBNRIF5TH S,
HEEESE OMBRICERT 2005 H<5D, &

Vertical distribution of net concentration due to resuspended matter.

FOWMFPBLRIC KT 2 RBAF R L CEBKDOE
BYHE %Y Fig. 4 & Fig. 5 wid, HAER, BT
PBEREL 4 DOHRICH T TRE » RELFbhi
2, 8 A L5 9 H FADIZFRAUESCERINE,
KBRS WP LB & O — R AN T, BB
DMEYERER 5mg/l UTTH3, cRICHLTE
BARHOBREYHEBEE 5mg/l L EThD, ZEOH



131 E

HE R S O P — L P —

~ 34
Vs~
B >
..... 8 508 188 Km
| DU SN SIS —
1 2 1 1 L 33
Fig. 4. Horizontal distribution of suspended matter (mg/?)
in the surface layer in summer.
131 E 132 € 133 € 134 E 135. €
T T T T T 35N
ey 4 34
5 ~ 10
BB 0 ~
8 su 100 K R >
—
! 1 i 1 i L 33
Fig. 5. Horizontal distribution of suspended matter (mg/2)
in the bottom layer in summer.
130 € 132 133 E 138 E 135° € ,
T T T T T 35N
- - 34N
0~2
B~
] 58 108 wn A S
>
i 1 1 I ; N

Fig. 6.

Distribution of median grain size (Md¢) of the bottom sediment.
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Fig. 11. Schematic diagram of an instrument for
measuring water quality in the bottom layer.

Table 1. Consumption rate of oxygen, concentration of dissolved oxygen,
mean velocity in the bottom layer and difference in temperature between
the surface layer and the bottom layer.

Consumption rate

Concentration of

Difference in Mean velocity in

Area Station of oxygen dissolved oxygen temperature the bottom layer
(mg/day+cm? (mg/1) (°C (em/s)
Osaka Bay 34 1040 5.51 0.70 11.0
50 900 3.49 2,94 4.5
54 760 4.32 2.03 9.9
Harima Sound 10 1850 4.81 0.20 6.0
24 720 3.21 3.25 1.8
43 1270 4.28 2.25 3.2
64 1510 1.53 5.30 1.0
Hiuchi Sound 46 1080 3.63 2.61 5.7
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Photo 1. Underwater unit for measuring water
quality in the bottom layer.
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Geochemical studies of the degradation processes of
organic matter in the sediments from coastal area*

Katsuji MATSUNAGA**

Abstract: Sedimentary core samples were collected from Hiuchi Nada, and Ise and Mikawa
Bays, where local eutrophication leads to increase of primary production in each bay. Sedi-
mentation rates for Hiuchi Nada, and Ise and Mikawa Bays were found to lie in the range
of 0.13-0.21, 0.14-0.97 and 0.22 g/cm?/yr, respectively, by the 210-Pb method. Vertical pro-
files of organic matter in these sediments were analyzed by use of a diffusion, advection and
reaction model including a variable flux of organic matter to the surface of sediments. Pseudo-
degradation rate constants of organic C and N had ranges of 2.3-5.2 and 2.3-5.3%107%/yr,
respectively. The degradation rates of organic matter in the sediments were also calculated
and are discussed in relation to primary production.
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Location maps of Hiuchi Nada, and Ise and Mikawa Bays.
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Table 1.

Sedimentation rates (w) and pseudo-degradation rate constants (&/) of labile organic

matter in the core samples from Hiuchi Nada, and Ise and Mikawa Bays.

Locations Depths w B (X107%/yr) Water cont.
m g/cm?/yr at surface %
Mikawa Bay 6 0.22 4.8 5.3 85
Ise Bay 7 32 0.20 3.5 4.4 76
8 34 0.19 3.3 3.2 83
10 34 0.20 4.4 4.8 84
11 33 0.30 3.8 3.0 86
13 32 0.97 2.5 2.8 54
18 27 0.35 2.3 2.3 74
21 27 0.14 2.9 3.1 82
Hiuchi Nada E—11 23 0.21 3.1 3.4 70
H—12 24 0.16 5.2 4.0 81
T— 2 24 0.13 3.9 4.5 82
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DO RFIGE, RERBAENEHC L 2\ERIETHS
2, BrTE—EEE LTk &3 TE (MATSU-
NAGA, 1981), ZOHEEHIZERHCEEOETH 5,
¥, BT OEBEYORELSFIRERBERNCES
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NN O (BESIFME, C) HEBRINTNWAZ &R

BRLU T2, XD, ThOOEBRYRERMIKNFOR
RS ThH D lcdic, MBI 2RBEHRTEDLH
Zbhb, TOX3IERYOBREDRBEIZXRT
FbINd,

oc__ i,
% = Yo, ECy (4)
Cr—""ﬁ (5)

TZTC, o i3 Vi E BHREEE, kR—RKEUGREE
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Thbd, £ZT, (10) X% (6) ¥ &L & (9 RfLA

inCi

Fig. 5. Schematic diagram of vertical profiles of
organic matter (upper), where Cos, Ci and Cr
represent the observed, labile and refractory
organic matter, respectively, and semi loga-
rithmic plot of the labile organic matter vs.
z (lower). Steady state (left) and non-steady
state (right) in a semi-infinit sediment column.
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Table 2. Degradation rates (Rd) of labile organic matter and accumulation rates (Rb)
of refractory component of Hiuchi Nada, and Ise and Mikawa Bays.

Rd Rb Sum
Locations pg at./cm?/yr tg at./cm?/yr #g at./em?/yr
C N C N C N
Mikawa Bay 315 42.5 275 22.8 590 65.3
Ise Bay 7 198 31.1 183 18.6 381 49.7
8 217 25.5 158 19.0 375 44.4
10 238 31.9 200 18.6 438 50.5
11 298 46.3 375 32.1 673 78.4
13 403 41.9 404 38.1 807 80.0
18 316 43.3 321 32.5 637 75.8
21 173 22.6 163 14.0 336 36.6
Hiuchi Nada E—11 125 11.4 181 19.7 306 31.1
H—12 116 9.6 176 18.7 292 28.3
T— 2 112 13.0 138 13.7 250 26.7
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Microbial interactions in marine sediments*

Tsuneo SHIBA**

Abstract: Interaction between fermentative and sulfate-reducing bacteria is discussed. Sulfate-
reducing bacteria are present in the oxidized surface layer of marine sediments. Anaerobic
biological processes take place within reduced micro-environments in the sediment. Interspecies
transfer of fermentation products stimulates the growth of fermentative and sulfate-reducing
bacteria. Such micro-environments influence the syntrophic growth of fermentative and

sulfate-reducing bacteria.

1. FUsIC

BEREEY TOEBY ORI T AR, H#
EYPOFBYEEOERBCAY TOREEREMEL D
BRI O REE T AN 9% 3 O (BERNER, 1964;
MATSUNAGA and HANDA, 1983; JYRGENSEN, 1978a)
R, FUVFTAV =T ERAVE L - —FERIC X B
FERILME OEME L A<D (JPRGENSEN, 1978;
HOWARTH and MERKEL, 1984) 7t &EMRHHH, HEFE
YT ORI EETE O IO \W T O IR FHI
BHENT05ERWELEVE Y, chi3#EERhTo
SEEBETRERBE AT A HEEMEIT DWW T O
PEMAERES L&D £ L, MBRoEREL L+
ThosicdrBbh s, KigCRIDICHEMYHOFR
VINRBRECSOWTOBMEYRRD & & bic, HEERE
TEELE 2R TIMBRRATLHEE PO, ThET
BONTWA2HROBONEENL,  DIC/HEETET
BB T 2 MASHOXABRIZOWTOMREDOE
EERER L0,

2. BRMBYHPTOBRIHSREBIE
BRYBEOEHVEEREEY T CRBKWRENE
* 19854E11 H258 %M Received November 25, 1985
R FR R AR R v £ —,

T028-11 ZFR_LEAFRARRATREE2-106-1
Otsuchi Marine Research Center, Ocean Research
Institute, University of Tokyo, Akahama, Otsuchi,
028-11 Iwate

L3, WO I REZROEZERYONEOE

RBEEREOME L - TRIbhTn5, B
MR, BRAER R 1T/ D B & SRR A
Lk B, HSINTR AT AMEECIMEREYETZA
e UTHERT 2 IEEETHE, MU MBEETRE
R+ MBRTHE, RBAYBETFRERE T2V
HEEE T & A d D, Hic Fe o Mn 2B TFZAGKET
LHEANRD DM, DR MAHEREYH T Fe® Ma
AELRTOEABICERCSGT5HCEST Sl
2, WEHERYT TOBEELEDTRIALNA TN
VW, HEREY R T ORI RO KRN, BTRAEES L A
WE~FEOBWIECHAIND LD BIRCSHET D L
=Zbh b (FROELICH, et al., 1979) (Table 1), % 7
REMBERCIRKLECEEE Yo L ERREY T
3 — VR BItRAHEEREEY & LTSN il
THEOMIC, BHERELE L CERBROK B wiRs
Tt A7 o s YBETMERERD S,

BESMEE RO EERRITEE YR, MALD
HEBREEORMEIML , 1BOMEHOEHELZT TR
RAKLGPEAEREDEBYLRIBHT AD L NVCE
TEBLT B LR TER, REMEORHED I
BBETHEY 2 Y REMBEORAE TH Y, BibkE®
A& VI EOBSHEMEORMENRI ERBHET F v
—~CEATND L, PORENCHEEL 5 5 LA E
R, 4 A VHEYA 2 VELHEOEE L T D,
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Table 1.

Oxidation reactions of sedimentary organic matter.

1. (CH:0)106(NHs)16(HsPOy) +138 O;—>106 CO2+16 HNOs+H;PO.+122 H:O

4Go’=—3190 KJ/mole of Glucose

2. (CH:0)106(NH3)16(HsPO4) 4236 MnO, + 472 H*-~—236 Mn?* 4106 CO;+8 N2+ H;PO,+ 366 H:0

4Gy’=—3090 KJ/mole

3. (CH:0)106(NHa)1s(HsPO4) +94.4 HNO3—106 CO;+55.2 N +HsPO,+177.2 H,O

4Gy’ =—3030 KJ/mole

4. (CH:0)106(NHs)16(HsPO4) +212 Fe:Os(or 424 FeOOH) + 848 H*—>424 Fe?™+106 CO»+ 16 NH;

+H;PO,+4530 H:O (or 742 H:0)

5. (CH?O)10s(NHs)1s(HsPO4) +53 SO —>

4Gy’ =—1410 KJ/mole (Fe;O3)
4Go"=—1330 KJ/mole (FeQOH!

106 CO2+16 NH;+53 S*~+ H3PO,+ 106 H:O

4Gy’ = -~380 KJ/mole

6. (CHzo 106 \\IH3>1G\H3PO4>——'03 CO2 +53 CH1+ 16 NHa + H3P04

4Gy’ = —350 KJ/mole

Values of standard free energy were cited from FROELICH et al. (1979).

Polysaccharides

1
I Oligomer and monomer
)

H,, COZ’ formate, acetate
organic acids, ethanol
A
314
acetate, HZ’ co,
R ey
Fig. 1. A simplified illustration of the pathways

of carbon flow in anaerobic marine sediments.
1, hydrolysis by fermentative bacteria; 2, fer-
mentation; 3, acetogenesis by proton reducing
bacteria; 4, sulfate reduction.

7o DRI BB TO BN O BESRL B
xt%ﬁ%@®%ﬁmiafﬁ&bm,ﬁiﬁﬁﬂu
REELE N L CORYEHITEE I TND, Thb
HERO A EEF TRy RETC BT SME R
OC{QCEJZ Fig. 1 KRl 72,
BEHERY P COMKMTBOR SRR, RRE
THEORLTHREBKREINWETH S, £ £ /HEHE
BHARTREA B R T B L E DD, MRkE
EORmWBERERY D CREERICHE & 0EE DD
AWIKE T T (ABRAM and NEDWELL, 1978; OREM-
LAND and TAYLOR, 1978), *h 5 DR7dH&EIL]
X\ (MOUNTFORT et al., 1980), 7 m b VBICHIE
KEZEET DMERNETT 2RCOAEHFRART
BB, ¥ EBRETREN TV ERWEDOHE (BANAT

and NEDWELL, 1983) 235 1, EE CONMHBEIIRER
SBITHIEI X - CfisbhTn b L BEbh b (MOUNT-
FORT et al., 1980; LAANBROEK and PFENNIG, 1981;
WIDDEL and PFENNIG, 1981), ff- T, @—Ekﬁg%:@t
YRR & TR T

TR ERL DIHABEHR
L BETANRAENE Bbitd, B JORGENSEN
(1982) % HOWES et al. (1984) | Limfjord
(Denmark) Vv F7— o OHETE TOHBEYO

DFRAmEFEL DR 50 % NN FEEEE & ﬂnm’\_TTm%@ﬁfw;
ma@ﬁ#b%,ﬁoﬂﬁZ&W%@
DNDZENREINR TN,
BT S ieditid, I'gﬁ/%%i#f? TR
B OB EIE I Al 570,

3. BEBRETHEORESR
FREHIE & AR TTAI R & B3 5 8 2 B R DU
B ORI BBk TRz,
TR T E O BEFE D fo b DR AR LB CE MOk
ISEU -150 mV~-200mV OO ETES EINRTWH
% (POSTGATE, 1979), Z Ml SO./HS DEIEER (LR
TR A -209 mV (THAUER and BADZIONG, 1980} C
B 5P, BT EREDOFEK adenosine 5'~-phospho-
sulfate (APS) D& E Ei# & %715 inorganic-
pyrophosphatase MR EMAT CTRIELEI NS

(WARE

SO +2H + ATP—APS+PPi
4Gy’ = +46 KJ/mol (ROBBINS and LIPMANN,
1958)

PPi+H0—>2P1
4Gy’ =—21.9KJ/mol (THAUER et al., 1977)
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and POSTGATE, 1971) T &7 X0 Hic L b EEbh
b5, LAAU7A 5 BAAS BECKING (1960) %3, FeS
MBBEBLEEOAFICOVWTOTEEE LD R C
1, EBOSHIZEL +150mV T ETRATWAELHL
(AN

EHEEY AR ARBCBRILBAERI NS EA
b, WMERETHEZNESHE TREBICAINERTE
BNDBR, BB ETMEOEERY L2 HINES and
Buck (1982) oW DHEEHCOWTORETIE, £E
T2 20cm BD 100fE 3 OABERBSHEI N TN D, &
DA SO BEIZ 20cm BLBWTREEBLLDE
DHIENWDT, SO DEBREVEZ DNV, Tk
NEDWELL and ABRAM (1978) OV v <7—3 2 TD
BHMRTY, XKBOFHBRETHEO A BRI 20 cm B
DI0HFE I HEL WD, 7c< &% NEDWELL and
ABRAM (1978) O# Hl Btk KB TR THT S
MTHHZ2DT, LEANBEINTELIEDHEIE 2
Y (VISIAN

MBI ENREESEA D S hb Z &iTD
DT, RIS TSR R R L T b A5 s
HAIN TV, TREUHE TCORBETEE L MR
ETUHEOARRE B LUEA, BHES20 OpE
TEEMEIR 107 ~10" " mmol SO day ™ & 4 0, B3k O
1075 ~10"" mmol SO.* day™ D1000{E1C 3 75 2 =38
HFINTWS (JORGENSEN, 1978¢) o L7chs- CTHABRE
HETIRIE ©1/10000 BE L FHEHSE T Wi nwET s
D, SEOMEBLY Sz 5RBER LR DT W, £H
BECRDbEHO & LTMBRETEMRD turnover rate
constant (K) #&H A3 277E0n 55, Zhd S0 2

Table 2.

FYERNCEA LU TAERT 5 HeS ® FeS, X bizit FeSe
HHETE2HETH D, BEENCIIEE OB HELE
LOEEBRE CEHTIHCLESNWTND, —Hic
turnover rate (KN) ZBE¥ICF 525 A3 NWBR, &
FUTIEL L 7o\,

dN/dt=—KN N R&ZEHERE,

K ld turnover rate constant

turnover rate ZEHMERABOR B ICHF T 5D TH -
T, BRICHHFT20RKMEDLTH D, Fdia b
FHOMANIBRY CRKEOBESFTEER LR LI
W, TNTE SO BEDOHERENIABZCLZND,
turnover rate O [E AT EE T — 21T W THHRT
BB L, MRETLMERZRES S VIEERE?D 10 cm DL
WOBEERBICAHEKEYETA2E 2 b s 52 (JORGEN-
SEN, 1977; SQRENSEN, et al. 1979; HOWARTH and
MERKEL, 1984; HOWES et al., 1984),

JORGENSEN (1977) B OHmIZETTLIERIIZEY D
TR LRV, HHD M V-4 —EKIZ, W
B cm~108 em O F 2 — 7R X W ERBm R R
CEZN V-9 —2 BT T 2HEFFAVTHNBETH
Do TORHEE, U~y — CHEREY R AR ST
TH—ITBE¥ 5 H1%E (SOROKIN, 1962) X 1 & Bk
DA% B2k (JORGENSEN, 1978a), X D BB D
ECEs S Ll s, RE TR EEKEOZHAE
TG, ERUKZ HS 2Me¥mgibriE|s L, 8o
LD BNEIREERHRE LR LTV, Fillh B3RS
AT L AR T 4~5 IR TS A®LINT

L %95 (ALMGREN and HAGSTROM, 1874: 200 #MOs,

Calculation of the apparent production rate of CO: from acetate in continental slope

sediments. Values in parentheses are standard deviation (1¢) (SANSONE and MARTENS, 1981:.
Depth CO; from acetate Whole-sediment Apparent rate of
interval rate constant acetate concen- COz production from
(cm) (h™h* tration (gmol Ig~)** acetate (gmol [yt ke

0-5 0.3102 (0.4878) 60 (10.2) 18.62 (29.4)
8-13 0.0654 (0.0162) 67 (11.4) 4.38 (1.32)
17-22 0.0232 (0.0090) 40 (6.8) 0.928 (0.394)
20-25 0.0148 (0.0078) 33 (5.6) 0. 488 (0.270)
28-33 0.0106 (0.0024) 19 (3.23) 0.202 (0.058)
35~40 0.06092 (0.0124) 12 (2.04) 0.110 (0.150)

* Data from September 11-13, 1679.
** Data from August 19, 1980.

Aok

Apparent production rate (¢mol /s~ h™)=Whole sediment concentration (¢#mol /s~!) X Rate constant (h™").

Use of the term ‘apparent’ is based on the measurements of whole sediment acetate concentrations.
Whole sediment concentration should be distinguished from the ‘microbiologically available’ acetate

concentration.
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23~24°CTOF— 2 =) ILdrhbbT, FL—3—3E
BRIZEWH S TR, EVWEATURELATTLE
> TWnb, TDENWD SPRESEN et al. (1979: 245 #M
O, 18°C THHEA vF2x—1+) OF—&—TIi3,

TR O E R BB TLE IR L T BIC bbb
T, BRUEEO €~ 7 BRBEE ORI E LB L VI

LODBTEBRMNELTLE - T3, ZOBA, WMikE
TERO -7 BEBCR B EH BRIV I VRER
MELTWAHE f8 % 23 b 5, NEDWELL and ABRAM
QI AV Y v VRTEREE P L —H— 2 TG
TLHETRIOMEREERVS, cOoBAEROYE
— 7 RERBCRONTWEDTH S,

SO.# @ turnover rate constant DIESFTTEER L
F= 23BN THERNEDD, BFRICOWTOD T
— 2 —RBELNTVD, EEHEEY DO KW IRET
13, BFRROBRLIEM D 5% i3 EHE T IR L Tn»
5 (SHAW ez al., 1984: 15~20cm [B DISERILE 4348
BHELRECTOFT—4), Likchi- T, EEBROD turnover
rate constant DO IIABRCHEOSHEEZ R THIT
/8%, BALBA and NEDWELL (1982) 23V v b = — 3 2
T, F 7/ SANSONE and MARTENS (1981) 237K 655
m DIFEHEREPINC O\ TH N (Table 2) T,
Wt 3 B T turnover rate constant DR AIE HiL
TWad, COBEHEL SHMIENCTSEEDTNWDHD
T,%%EE@@%%&%K&<T%hbm,§%ﬁﬁ

TOWTDIHERZTTHE DL ERX AN TH 5,

Mi,m&iﬁﬁ%®}$*owfﬁ&1%kﬁ,ﬁ
BRI T -2 —RELN TV EDD, i bHIET
L CBBITHEARE RS L CEEHAS 10ecm INO T
ﬁ@wg<ﬁﬁ?o;am%mt$5f%0 Wiz b
JEKDBEBRILBITEH - TLHEMOBERBIE L ZNH
TEIBRAELBHLELLEDS,

4. FEBRETHEOSHEXEYT HBEEER

MRERE ST KRR D OB B e+ 2
movfu,Ny%ﬁmiﬁm&%i%%ﬁﬁ@m%m
TET %702 &3 5308 (JPRGENSEN, 1977) 23—}
HThsd, LarL, ZOMIARHERRETHEMTHRER L
Ba®ELELAZHELL TS, B3l VETHN;

BE0d, 2L OMBETMENRILABCAETS
CTLOBEHRERAED 20,

B DO OHE X XEST 5 Eh A0 T AERE

LT, SO& B & EBEIBIERE D, SO 08
ATRBESEEMCHRIELLLL T, HERTM

HIIRBymBRASR bR, UTFEERET &R
BT BHENA BN TS (HINES and BUCK, 1982).
— 0, FREL TR, BBRETNEO T ERRE TH5H
BEBREIHhEE CRLBENREL, B Kb iohT
MBI T HHEBH BN TS (MILLER et al. 1979;
SANSONE and MARTENS, 1982; BALBA and NEDWELL,
1982; CHRISTENSEN and BLACKBURN, 1982),

HED T TOFTRYORENTERL L, BWETR
BEBEENCERYBREN BRI T 5500, BEINL
LI TEIERRE SN Ind, BETCELRRS
NnDR, BESBEOEBYSRE L TV Hicdidl
ANTWS (MATSUNAGA and HANDA, 1983; BIL-
LEN, 1982) . L2 L7 23 B, RE CHBREROBELSE WD
BRGSO EBRIOEARB DI LT 5D, H
MTELTHLD, ZOLIRHHATIIRMRIEE DRE
Sk Rl BE, €~ ONERERHIC L - CEMLT S
E: 8/ ia%ﬁf Hisk72 (SANSONNE and MARTENS, 1982).

AECTOEHYORBLYHNMED DK LT ED

AT ThHD, MR AHERYPCLESEERO ) 7
=YD R ETLThSDTEHS (BENNER ef al.,
1984), FREY DY, Fele, T, FEME LK
R TR & O D BRI X » TRIBICELT 5D T
WA D I

5. RESME
TRERER TS o S L OBERY R A b,
BB O®ME 2 EEINTINER BN,

Cytoplasmic
membrane

v

Lactate™
)
2H+ k / 5

ATP
\/synthase
@ +
1 H

}éATPJ_ ’

Coupling of lactate effiux with the gene-

Fig. 2.
ration of an electrochemical proton gradient
across the cytoplasmic membrane which could
be used to drive the synthesis of ATP (THAUER
and MORRIS, 1984).
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JaA—2ADTxVF—RPABHDE, Sva—IAn
LIBRICE 5 BKIERERETIE 47 Keal, ILERDR
BRIACEDE TOHZHSRE (TRbbBATFRICK
55588 BFETIZ 639Kcal OHM T Z v F—2 K S
7% (LEHNINGER, 1974), {€- CHREMEIZI va—
ADFALFET 2 VK — DR 7% LTI AHRWEIT
Y, TOSHSERREREL D E OEE YL
L, RAEORBEDZMIMCHH L RdhEe b
0, RBEEY OISO HIZ T 2 b v ORI
DOH R L, ATP GHRRCHLELELZEL TOT 0
b AREAEFELDCELTH S L (Fig. 2) (TEN BRINK
and KONINGS, 1980), s DCHEY OERIIME
OHFEX M H +5CTHA5 (CHUNG, 1976; OTTO et
al., 1980), $&5 T, R 4L—RCHHATAEbREED
SR Co R EYOBE RN IR
IR b7, Z DI 3RO G EY ORI A
EL B BT, KFROHFTHEFRITL - T
BHCBEIET T2 THEAHN, RGP TREI R
W R e, R TRREEROSBEDR T RED

RURIER B,

6. FEEMBEIHEETHESOILERR

B TTHE I REBAEORBEYDORENEETDH
Bo AP D RIEMZFIRZEERBRICH 245, MR
SBT3 HS R REEE ORI IH 3 27
ek d 5 (LAANBROEK and VELDKAMP, 1982), Il
EREGF TR CICHEIEOREERLZTLTHESD
2%, FEEREERATHER 20 2 RMERD 5.
FHERTDLOETET DREEEIT 00, H
Yoo MRBENTOMEOP VI D TR L
FZ D, MINACHEREICEES G L, BhisMNT
HEMEISHTHRIERERERT520TR 15 D
o LEICIZER 2 —200mV LLETH - T, Mk
WTIMEBR (R ICEM AR I, FEE L HS I
INTFeS: & LTILAE L, & 5 WILEIRERIA T Beggiatoa
REDAFUBRLHEC YL - TBRLIhERLIh 5,
F IR B IR REEREIC &L D AES B BERSE
HRICEEINE D TRV, MR TEBERISEE
SHNEHEMEOMIENEEI NS, FEREITTHEL
WHEOTORBICEZL HHT 5L, ZOoFNOE
Wk - THIHR D, HEYER CIREMC X - THk
SMEER KN TLE S (TRbbEBE KB RDN D)
(Fig. 3), —H, #HBHEB TRANOEHSGRER K
XTIV H 00, MRIEERTSICHFET 2, /-

% of
Capillary & non-capiilary
water ( per wet weight)
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Fig. 3. Vertical profiles of capillary (®) and non-
capillary (C) water (SHIBA, unpublished’.

THEME S MBRETHEA L OB ELH 2 2
Dk, HEYUREELEZDTHA5,

SRR ERHL FCTRHATH 5, HBRBITHEL
BILETEZWE, I oiiREFEYT coOFBENIRETE
MEMFRIFIND b icid, REMEO SR L IEENE
FTRNLNZTER SN, TbKEDFEEEE~
DR EY, HRYNO LEREECOWTOMELLET
BHD, MERRITTME DT EEMIC DWW TR ESED
RN OLETHH2, SHRRBRERDREEYRIZT
PE, (LEORER P2 HCRBICHEN Tl BRLE
ThHH5,
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Chemical composition and mineralization of organic
nitrogen in marine sediment*

Isao KOIKE**

Abstract: Amino acid nitrogen is a major component of the identified forms of nitrogen in
coastal surface sediments, occupying up to two-thirds of total nitrogen in these sediments.
Amounts of organic nitrogen in the interstitial waters of Tokyo Bay sediments were a minor
fraction of the total nitrogen (ca. 1% in the surface), and this percentage decreased drastically
with depth. Total amino acids in the surface sediments occupied ca. 50 % of total interstitial
organic nitrogen and 40 % of the amino acids were free amino acids.

Recently the 15-N ammonium isotope dilution technique has been applied to the study
of organic nitrogen degradation in marine sediments. The rates of net and gross production
of ammonium can be obtained simultaneously by this method. Previous studies using this

approach are summarized with emphasis on their methodology.
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Table 1. Type of nitrogen in marine sediments.

( Acid soluble—Combained and free amino acids

Organic nitrogen—|
|

Total nitrogen-

Combained and free amino sugars

Others

{Acid insoluble—Humic substances

Others

{Inorganic nitrogen—Ammonium, nitrate, nitrite, gaseous nitrogen

Stn. 2 June 221979 Stn8 June 211979

o — 0 T
VN ;]
PN \
Iy N Y
~or/ AN wf[ 1
RN VA 1 A

=l / [[] e

s |l / ! f o

wrl / wil U T

L |
500 1500 Q 1000 PN
0 5 15 0 10 DON, NHy,
( ygN/wetwt.g)

Fig. 1. Vertical profiles of particulate nitrogen
(PN), dissolved organic nitrogen (DON) and free
ammonium in the two sediments of Tokyo Bay.

AIEHC X D EEIND & EnF < - Tlkie, HFEY
B BT HUROLERATELRAL OFTEEZED
TELDDH L, RBRBERCRPEELXRE, 15 0.2-0.5
% (HEXD)OMEICAD, AFERT - TTOE
RIS L, EBETIRE 0.06% (L TIS85, EXM
CHHROBEEY T HEB» OEFCH > TREROEE
REA L, NEHZOEEELFETE OREHRETRE
800m DEIFTHELLHIT TVWDZ EAHEIRTWL
% (WAPLES and SLOAN, 1980),
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ZOFFEENIC L b Big 5235, Table 1 iw—kHy2X 5y
BER LI, TOREL OHFECLVHAEZIA TS
OHEMAMREINRTT I /B 5257 1/ BREBERT
b0, TOT I/ BEERARBERPOLERCHD
BEER, —RCABRERTEL, = 2—3— 7k
TIFEH 0% E VW EIRINTHSE (DEGENS and
MOPPER, 1976), #EFER TR O A ZMETL WHE-
LAN (1977) 3/8— 3 o — &) 5454 m ORBHEFREY
BT L BEBERRILERD 0.4% L lho7l
EEREL T3,
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P L ORESERYD, 73/ BEFRONL%0DI1RIE
ZE2XBRHINTWS (DEGENS and MOPPER, 1976),
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Table 2. Amino acid composition and total amino
acids of sediment samples from the Ebro Delta
(Spain) (GONZALES et al., 1983).

Location Embayment Coastal area

Amino acid A B A B
(mol %)

Ornithine 2.6 4.4 3.8 10.7
Lysine 5.8 4.3 9.0 3.2
Histidine 2.9 2.9 6.8 5.4
Arginine 5.0 3.2 4.1 4.6
Total basics 16.3 14.8 23.7 23.9
Aspartic acid 3.0 2.0 4.1 7.4
Glutamic acid 13.0 8.8 10.4 14.1
Total acids 16.0 10.8 14.5 21.5
Threonine 11.1 7.0 8.4 2.9
Serine 7.6 4.8 8.6 10.4
Hydroxyproline 3.1 10.5 3.7 6.1
Proline 3.3 9.0 2.7 3.6
Glycine 15.3 13.2 11.7 4.2
Alanine 5.1 10.2 7.0 5.1
Valine 8.0 4.8 6.6 7.8
Leucine 2.7 2.7 3.9 3.5
Isoleucine 4.2 5.2 6.7 6.3
Total neutrals 60. 4 67.4 59.3 49.9
Tyrosine 1.1 1.6 0.7 1.1
Phenylalanine 5.5 1.8 5.3 2.5
Cysteric acid tr 2.8 tr tr
Methionine 0.6 0.9 0.7 1.1

Total amino acid 0.72 0.87 0.17 0.20
(% of dry wt.)

Y75y R T I IERENERERRBRL T
WAEEZLRTND,

X DICHERE M MR S & HEBRK & i B TIAHER
LT BRER, BERLAYRZOLAYCL > TE
NENRANOHIHIC KSR O DD, FIZTERE
FREBICEOREIBAD L, ERRID D bRRE
X CHER A A4 v ORBAIRMBIKERS & UTHRIBE
%, Fig. 1 LHFIEHRRLLO = > DHIE TE bR
phoEBezER PN), HBKEHRER (DON), B
KT v E=TORESE LR L Ohih - IR, RE
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R)o TNLOUERYIIED CTRITNR D, MBART

DA A ViZ, TVE=TOBCHNTEANR?E
THb, BEATOLERRZEMCHBEZEDN 1% -
LFTHD, RE 0ecm OETE DON, 7vE=7F
HERESERL, EROITOEYEEH P ERIC L L T
AT DERBS THDZ LEHRL TN 5,

Table 2 & GONZALES et al. (1983) KX V& bz
AR YORE - RERTOREYRBEOLT I /B
BROBEFER LI, BT I/ BERRZEL OB
AL —EDhELFHo, T/AbbE 60-70% A8 h
"7/ BRTH- 3B, BT I /B, HEMT S
/BB 2 10-20 %D EEHR HDT Wb, ERBNCE
W7 I /BREL T glycine, aspartic acid, alanine,
glutamic acid 72 E23% %, REHERBYOT I / BER
i7" > 7 + v (DEGENS and MOPPER, 1976)
IWHELIL T, R TO 7 I/ BOWHSRBRES
HEINIBBREFROTROERE X BETH LKL
TH->TWB I EERBLTWD, —F, FEEERY
BT, 7T BABRKBREZ T LERED S-alanine %
7-amino butyric acid OEEMNREL LD ERH O T
W% (WHELAN, 1977), HEREYIORBE» DEL KB
- CTRERBIRBLTIH, £27 3/ BED Zht
VR 5, kB TO MONTANI et al. (1980) @
S TIREED D 30cm TL T I/ BRIZK 60% BA L,
ZORVOEERELEBZDORP LIZIEE L2 72,

HWRYTOT I/ BREEHRO KR IAS R X D
RUDTTI/VBRELTHREINEZWDDIEEED S
DTH B, HRYOTE TOEBEDFERBICOWTD
MRIZH T DEATHRY, FHRINSINLOFER
L LTROEMERCEFET L0, QBET M) £
AMNCFETASD, B)F Y & 2ok LRy
{LFNTFEL T30 (ThicRERYHOSEA
AV EBEEEESTWD 0 BEENR5B), () HEREK
RIEFELTHWE30, HFILNT 5 &0liks, 20
P (3)1cBI L Ti& ROSENFELD (1979b) M3 EfkD 7 I /
BRAE - TEREZITV, BRI CHEESET I/ BOK
BPMT I BRE DERPCHEEEL, IBRIhD

ORI B L ERIIC L 50 THD T
LEFBLTND, ¥k, B—BEOTYE=TLT 3
JBROHEBYNORE LB UIER TR, E0247
OTI/BTH, 7TI/BROF N FE B NREELR
Lic, YO T I/ BEFROABAIRKTF EMLLD
ETHEBRLTWSLEZ bh, BHE “C-alanine &AW
72ERTHLIRBEBE TEHZ 7 alanine O, HEREHICK

BAINHHRERKDICHFEST 280 2500 FlchE
L7z (CHRISTENSEN and BLACKBURN, 1980),

¥z, QOEBYTOEEAA v LTI BEROK
EEIC oW T, DEGENS and MOPPER (1976) Z3RRa
LTWw5, %1k EDTA B CHBEYZAET I L
T, TI/BER-SBRESGHROZEORBY 21175~ T
WBH, T I /BRDW, aspartic acid, serine, glycine
LERNLY QEHETERB EEAEREIES Tz, Bz
EANEDIT K MEHEREY T3, aspartic acid @ 60-70 %
PEEGERLLUTHEEL, LrdEo R mi%, BEO
aspartic acid ThsELEEINL, —F, BHKHHE
BYTRT L/ BEZRFLEEAKOEHEGREL, &7
/RO 5-15% DX S EERERY L - TnD &
Bbhd, HEELZIE- Tn5 7T I/ BERIBES
LBRBEZTICS VLB 2 DhDD, FREZOMK
X 5 RBARETRC RS NT, 73/ BEROGFE
REFEDL N T DL RBDTEETH %,

HREIHOAEMEICEIN I ERERZIR, ATP &
EnDHET D LHBYERB CRERD 1-5% Ex D
LLEEZDOND, §sT, TOBRRDLFNTH D04
RER DL DEFEBEST X A REEZ T
FEROERMEYULDHETWEDT, RENEYEZ
B L bRV, CoEYKICEERD T I/
B, RcEsET 3 BRI, BRKPEET BT 3
/BT RLSER EOFETH B35 K, A9 End
HTRPT W ERBEHEINTW S (JORGENSEN et al.,
1981),

TYEZTOBAKY, HERYHPCRENTIROZ>0D
TERE W T b, 37bb, (1) Free-NHy,
(2) Exchangeable-NH,4*, (3) Fixed-NH,*, Tk 5,
O QA & RIS X Ot EYE D i E#E
VIORECHEL TNDH0DT, BH 2N © KCl TH
HARRRT Y E=THSEZ T, —H, Oy
ODARBAD ZATHWETYE=TT, 7yibKEL
BTl DR CDTHHINITESTH D, TO=ZDDIR
RBOT7 VE=TRWTNS B EEIRBICDH 5 23, Free-
NH,* & Exchangeable-NH,* O # K nd#EIC <5
& Fixed-NH,* & O3 #1389 T %% { , ROSENFELD
(1979a) 1 Fixed-NH," 12 2 HISL CTRIAA EBIA R
TEERELTWS, TYVEZTREDMOEETID
ZO0DREICHEL I N TWBE NI DNWTIZ, HEREHOIL
VBEIVCH EMK - FBURES LIV RESELT
%o BIZET AV A, vy 745 Y FREBODEBYC
BARRBEERYORE TR, Free-NHt Oy 1-2 &
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% Exchangeable+Fixed-NH," & L CHFELTKD,
IHREOND 1/2~1/3 23 Fixed-NH,* & LTEEN
T3 (ROSENFELD, 19792), ¥ 7%, ¥ v ~v—7 ORE
B 6 HlE ToEBHEEY T2 Free-NHs" & Exchange-
able-NH,* 0Z[&1% 1:1 525 1:9 ¥ TELTWS
(BLACKBURN and HENRICKSEN, 1983),

IR L R BBk 0B R LA YIRENICRE
BTH WA, EYRFORE L L THELYTVIR
Mk bz &, ¥, ERESCLDAREERCHTD
WTNWBZ EnbZOEERESRHIN, TVYEZTOD
ENFZELOVWTIRT TEEL OMERD 5, £17
I BREOEBERC OV T AANFABRRAS /K- T
WA, BERAKROLBEHE BB L AFIREBDTZ L,
Fig. 2 133 5 e ds & ML AL R FHE QK 5270m
Ik BRI kRO T I /) BERXBEKFOL
EBER, 7V/T=TORENHLEBLEZIDOTHS
Uhith - B3, KRR, BHEEO 0-5em B TR2F
BEROWK50% 37 X /BREERTHD, I HIKZL
DRNDALHEHET I /B DR - T0d, 2FHER
T 3 BRIEERD 5D 5 EAREI L RIKEP LT

Fig. 2. Vertical profiles of total organic nitrogen,
total and free amino acids and ammonium of
the interstitial waters in the Tokyo Bay sedi-
ment (upper fig.) and Pacific Ocean (39°58’N.
245°26'E) sediment (lower fig.).

W I B A3, 70-75cm BICBWTH 30% UL EE
o TnB, —7, SRy I, HEEKFOEER
BRIFERED 1/5 KE AL TndHH, TORT I/
MEEEFED 5D HEIRK 20-40% £ B E D EMLET, X
BICEDHI Y DN BET I/ BThBT LI, H
Myb s sMEHOT IV BORBEHE2 5 L TR
BRI,

RIREARO 7 3/ BRERO—F & L CHRBHERS T
D, 27 I /BB CHEET I/ BROHERE Table 3 1T
Rl EE 0-5cm KR L HEMET 3 /BRI valine,
alanine, aspartic acid, glycine ®OJETHL, FHET
JBBKE SR EDLOICHR LT, 27 I/ BROHKRT
12, glutamic acid, valine, aspartic acid, glycine &
i, BMT IV BREFRIUMOEETHEEL T, —
7 55-60 cm ECIEEET I /B, &7 I/ BoMEkk
12BN & & A3 B, HENRICHS and FARRING-
TON (1979) 1%, HEREMHOWEET I / BROMER T L
LT, SRR OFERHEREY T2 alanine, glycine,
aspartic acid 23% <, WICH & WRHE OEALHEREY
TlZ, glutamic acid, f-amino glutamic acid #3% < 7g
DT EEBEL TG, BUAEOHERY CRBEET I/
ik LC valine 32 Blibic» THEEIKH I NS,
FREEL &, HENRICHS % O#ith & RROMEE LT
LT\,

C ORFUBHTY TIRER 0-5cm OMEBKHOLE
BEBREREET vE=TRED2ENETHY, —F
EBADOETEBREZEEIZN 10-20 pgat. N/I &#E
BWEB L DR B HIEN, SO &RHEEYNDER
KAT vE=TENY T, W7/ BESE0HE
TEREENREHLTWET L ERBLTNS, FE
CHRISTENSEN et al. (1983) 1%, 74 U HHEEFOWN
BETNVY o —FRAWTHESLDOT I BREEROD
BHEREL, TRODMHNRT vE=T OEEE2KIE
T BARDHT EEHEL T 5D,

3. HBYROEHREROSBEE

WRYTOBBRERONERER, FREZRLOLD
PBDTCERALAYN DD, IR INBERB T
LHEDBELSBMAEH » DABENY P RETEERD L
b, TOMITRESH T, BIEE ClcfTisbivizit
FEELT, OB TOLEBREREDRESHLD
—RTEDONBREF N BT IS RE X HETHHOD
(BERNER, 1974), ) M1 b0 7T v E=THEHRE
FEONEEYOER Y RVY » — Sk VEZEIEL,
ZTOENDEBERONERELRDLHD, B)HCHR
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Table 3. Amino acid composition of interstitial waters of sediment samples from Tokyo Bay.

Depth
Amino acid 0-5cm 55-60 cm
Total Free Total Free
(eM/liter)

Ornithine 1.71 0.47 0.16 0.14
Lysine 5.13 2.12 0.81 0.38
Histidine 1.69 0.00 0.20 0.00
Arginine 2.26 0.00 0.49 0.20

Total basics 10.8 (1.9%)¢ 2.59 (1.1%) 1.66 (2.3%) 0.72 {2.6%)
Aspartic acid 58.7 25.4 8.49 1.67
Glutamic acid 183 16.5 12.2 4.45

Total acids 242 (43%) 41.9 (18%) 20.7 (28%) 6.12 (22%)
Threonine 26.8 19.8 4.86 1.69
Serine 27.5 18.5 4. 49 1.69
Hydroxyproline nd nd nd nd
Glycine 50.0 23.4 9.05 2.42
Alanine 72.3 45.4 9.52 3.30
Valine 77.9 54.1 8.00 4.00
Leucine 11.5 4,51 3.37 1.79
Isoleucine 13.3 6. 46 3.03 1.54

Total neutrals 280 (50%) 172 (72%) 42.3  (58%) 16.4 (60%)
Tyrosine 5.92 0.00 1.47 0. 56
Phenylalanine 0.40 0.43 0.85 0.85
7-amino butric acid 10.3 4.55 0.45 0.30
Total amino acid and 556 238 72.7 27.5

other primary amine

@ Fraction (%) in total amino acids and other primary amines are given in parenteses.

BN T7v L e BER Ao RBERE Y EEY S
THET 0%, PN TNV ULET VE=TORM
HEHEFEC LY, YT TOT v E=T DEREE %
WETDIHERERRABN T WS, TCTRER D
BN-7 Y 22T HHWCERNFRC L D@ % oL
CHBEROHBREEZRNT 5 2T 5,
BERERLCAYOEXLGOREAE, TI/BBThd
B, TOTIVBILT I/ ERRTRTT Y27
BEHAERINIARHBRRIAEL KT TROZ 2T B
NBED—DRT I/ EBENTHT VERFEDBDT,
TR BEER, RUKENRT I BIEMRT I RED
BERd 5, &5 —0i%, RRBRBIEDICAELT I VR
Hisk, ie7 3 vERBRILEERIC L D 7 v e =T B iEEd
2RERTHB, HRARTRTEBC L ATV E=T D4
BRREYTHZLEZ 5N T W5 BBE, 1976), L
LZERS, WFhoREHREY & 5L THEEN BT
BT VE=TOER, & D T HT, M, IEHR, AR L

DIRFRH E LR S DN TN B, e TBN-7 v
EZTERANWTCEDOE DT ALET VE=TOEREHIE
THI LR, HEDTOAYOERNH & RERBELS
25 ETEERERYR - T2,

RO UN-7 vE=TRMEFRECL 5HE
EHAHOWFIL BLACKBURN (1979) I X U &b TFT
Tebhiz, COREOFEEIZ, H#BYPIC PN T~
LT YE=THMZ, RBCENEETREST S & H
YR COEMERC LD, FEY:D PN/UN B H
ARBEAEHO.3T%ENT v == T ARSI, HERYH
DT vE=TOBN/MN ERFREINE, —H T
IR EN/MN v o7 vEe=T73ERIc LD ED T
EFNTHBHRELEIhALD, BEIRLOLTTVYEZTOD
HNBENBRD T, ZO®REOHRAXT vE=T DR
MERRIZLAEE LY, - T, H K Y “N-7
VESTRINZICERE—ERKE LcBkodERYTh
DT vE=TEEOEA, BIFZLOT7VyE=THOD
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Fig. 3. Depth profile of mean rate of net (stippl-
ed) and total (stippled+nonstippled) ammonium
production for four cores in Limfjord sediments.
SDs are indicated. (BLACKBURN, 1979).

DN/UN BAEETD I LIcX Y, TYVEZTOER -
HEREI DI zOBRERELHET S LHAHK D,
Fig. 3 I© BLACKBURN (1979) kX D HIEI N T v =
—J DIREEBRMC BT 2RIEFHETTOTVE=TO
BAEREE B X CHMAEREEORES TR R L, HMH
MEILNYOT vV E=T ORERER, 1RSHEERN
KRS LTWD, F, BEREE S MAERREDER
TYE=ZTDLY ZHBELIET S, COEKOGRE
OFMRENA, HE12-14cm CTHAERLEZTVE=T
D 30 %L BREEF B LS T 2%, BLACKBURN
ERZOFHEAAVWCHBE Y U7 ve=TRHE
OEH % {t (BLACKBURN, 1980) <%, HHOD B 23
kB 7rve=7 KR# O &Y (BLACKBURN and

HENRICKSEN, 1983) /r ¥ OHtFE%{T7n-» Tn5b, HHE
BFvy<—2®7 4 3N FTOEMEHEC TCOHET,
7 v E=T DERMEIR 3°C~20°C ¥ TEILT B
POREEEVWEBECEs Ly RHLE, — AT VE
ZTOLOZAIZ dem DIETHETH D, KELELHE
D5 AL TBEHTTEKRETRD 9 AEICINT
TVEZTOMAERBR <A F RS, TibbHERE
Mho7 vE2=7 8BS T BAEBEIN, TOT
VESTOARE & D HEEOHEMN B L TRHER
YD C/N LR EE CH5b, FF BLACKBURN and
HENRICKSEN (1983) 12, HlEInicEBERLEYD
EERLHE RIS, BAMCL BTV E=TQLDTH
HEY AN THEMORER L CELRORB 7 V&AM
v, FOEFLCHREYTERYO C/N ZL2HHAL
Tnb,

o PN-7 vE=TRMEFRER, T3 ) —
R U R 2 B TERSMTRbR T 543, R
YO 7 —EEFHRHET "N-Tre==7% 8 E A
L, OoR#ELHAETIHEREETRE IR T WS
(BLACKBURN and HENRICKSEN, 1983), /B8 E ¥ %
T, TOZODFHETORBEIT L S —FHL Twicss,
WEHRYTIZ, 25 ) —REFEYOASERCENT
VEZTEREEY 5L T, FARORSISERAD
HeREW % Fi\ 7 BOWDEN (1984) @ W78 TdiT/Abh
s, fHd UN-7T v E=TERHER Y ERTEALCE
&, AT —~OHEEFAECHERTT V2= TOAERE
D ZHBEH 1~7.4 FEHE DT LZ2ADTN D,
BN- b L — Y — R ERERYNEAT 2 AE R EE D
D ITBEE CHOIRVATTINRT WD, —A TR
BN-7 v E= 7 RHERYPCE—CAHEL T2 nED

Table 4. Rates of ammonia production and consumption of marine
sediments estimated by *N-ammonium dilution method.

NH.*
Location production consumption Remarks References
(nmole/cm?®/day)
Limfiord (Denmark) 287-367 22-47 Anaerobic, BLACKBURN (1979)
0-2cm depth (17°C)
Danish coast 32-80 12-48 July BLACKBURN and
0-2 cm depth (4.8-11.8°C) HENRICKSEN (1983)
72-140 28-90 November
(6.4-13.6°C)
Tidal marsh 96-727 0-727 From Sept. 80 BOWDEN (1984)
5-10 cm to Dec. 81
Seagrass bed 1390-4440 1080-2830 (11°C-17°C) 11zUMI et al. (1982)

(Alaska, 0-3 cm)
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PORIERZL, ThICL VIERNERB O DA HE D
BB, P TBN-7 v == THIIETORRYE & #
BY»rDbOT V=7 OAERAENEE & T 558
BRAENBLETH D, ERIZUMI et al. (1982) 13HERE
MEBYNDOT v E=TQL Y IHHEELYEENEL,
T AR EOEBEERHREY TR, Ty E=TORE
BRECHLTINAKRERERL EDB T LEREL T
W5,

B UN-7 v & =74 R B CHE S hic Ry H
DT VE=THR, HEREY Table 4 X L7,
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FHEPE, BhA = CFEEIT, BIRCUE,
W OFE WHER, BRGEAS, BE R,
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HEILE, TH K HERRX, ®HF L
MINZ8E, (LRER, 1Lh# B, (Lp—H,

B T ARE B dHEX
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