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During the TramaI/or cruise. in July 1t)!Œ. seawater and particle samples were col ­
lccted .L1ong a verlical profile (530 m depth) located in the Skagerrak. a crossing­
area for dirferent water-masses ami part ie le pools. A sampling sirategy was develo­
ped 10 cnsure the hOlliogeneity of the differenl sels of subsamples subjected to ana­
Iysis by closely-coupled cornplcrnentary techniques: turbid imelry. granulometry. 
scanning electron microscope (S EM ) observati ons. Tracor anal yses. part icu[ate 
organic carbon and nitrogen measurements. neutron acti vation analysi:. (NA A). The 
Ballic outflow is found in the topmost 20 III water-colullln (salinity "" 23.5: temperu­
ture"" 1 SoC) overlying North Sea waters (salinity '" 35: tempcraturc "" 6°C). Surface 
waters undergo a plankton bloolTl, domi nated by DinoOage llates and 
Coccolithophorid:le. The former. characterizcd by high C/N ratius ( '" 15: ccllulosic 
thecae), play a signi lïcant TOle in the biological recycling of Zn. The laller :lCC U1l1U ­

late over the halocline as typically observed in fronlal structures. The detrital phase 
l11ai nl y con sists of clay minerais which do 110 1 display import.ml mincralog ica l 
change throughout Ihe water-col umn as evidenccd by the good correlation bctwecn 
Sc (or A I) and clay abundam:e delcrmincd by counting on SEM photographs. 
Mang,mese is hi ghly enriched re lative to shale-type material together with Fe. Co 
:md Zn. The carrier phases of Ih is Mn excess arc idcnt ificd by SEM + elec tro n 
microprobe observations as bei ng authigcnic l'articles of differcnt 1ypeS: ring SI TUC­

lUres, tlowerlikc and nxl like l'articles. Here ilg<J in. a close correlat ion is observed 
belween Mn excess (measu red by NAA) and Mn-rich p<Jr1 icle ahundances (detenni ­
ncd by eoun1ing) . These pariictes arc parti y ad vectcd: anOlher part is ge nerated 
locall y by active Mn bollOI11 recycling and subsequent co-prec ipi1ation on to p<J r­
tides. 

OCl'll/lo!og;('(/ Acta. 1991. Proeccd ings of the Inlernation,11 Colloquium on the 
cnviromnenl of epieontincrnal seas. Lille. 20-22 Mareh. 1990. \'01. sp. nOII . 233-246. 
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RÉSUMÉ 

INTRODUCT[ON 

Élude mu lt iparamélrique des particules en Mer du Nord résultai s 
préliminai res dans le Skagerrak 

Au cou rs de [a campagne 1i"(llllflllor. l'n juillet [9H8, des échantillons d'cau de 
mer el de panicules ont été prélevés sur un profil venie,11 (530111 de profondeur) 
situé dans le Skagerrak. point de rencontrc de masses "'eau ct de particules 
d'origine différentc. Une stratégie d'échantillonnage a été développée pour assu­
rer l'homogénéité des sous·échantillons destinés à l'analyse par des techniques 
t"llnlplémentaires ct étroitement couplées: turbidimétric. granulométrie. obsen'll­
tions au microscope électron ique il balayage (MEB), ann lyse par Tracor. mesures 
de carbone et azote organiques particulaires. analyse par activation neutronique 
(AAN). LI veine d'eau baltique occupant les vi ngt mètres supérieurs du profil 
(salinité"" 23.5 : tempérmure "" 18°C) se superpose à des eaux de 13 Mer du Nord 
(sa linité = 35: température "" 6°C). Le bloom plam:tonique rencontré d:.ms les 
eaux de surface eSI dominé par les dinoflagellés et les eoccoli thophoridae. Les 
premiers jouent un rôle important dans le recyclage du Zn. Les seconds s' accu­
mulent au-dessus de l"halocline comme on l'observe souvent dans les ~truClures 
frontales. La phase détritique est pri ncipaleme nt constit uée d'argiles dont Ja 
composition minér:tJogique ne semble pas évoluer en profondeur. comme le 
démontre la bonne corrélation existant entre Sc (ou AI) et l"abondance dcs 
argiles mesurée par comptage sur les clichés obtenus au MEB. Le manganèse est 
très enrich i par rapport aux shales. ainsi que Fe. Co ct Zn. Lcs phases porteuses 
de CCI excès de Mn sont identifiées: il s'agit de particules authigènes de diffé· 
rents types: anneaux. biitonnets. rosetles. Là encore. on observe une étroite cor­
ré lation entre l'excès de Mn et l';lbondancc des particules enrichies en Mn. 
Celles-ci sont soit advectées, soit générées sur place par di ffusion de Mn dissous 
depu is les caux interstitielles et précipitation sur les particules. 

Oc/'m/OloljiCll AC/(J. 1991 . Actes du Collo<]ue international sur l'environnement des 
mer.~ épiconlinen1ale.~. Lille, 20-22 mars 1990, "(JI. sp, nOIl . 233·246. 

ENV IRONMENTAL SEITI NG 

An overview of the liTerature reveal s the scarcity of data 
concerni ng the suspended partieulatc m:lller in the North 
SCi! (Eisma lmd Kalf. 1987) and the lack of data on trace 
elements except some hc:tvy metal s (.~ee Salomons ef al .. 
198R). Furthc rmorc. no integraled slud }' closel)' linking 
physical and chemical analyses and SEM imagery is avai ­
Jable at prese nt. The work of Ei sma (19X 1) is an almosl 
unique allcrnpt in this direction. The general ei rcul3lion of 
North Sea water masses has been investigaled by diffcrenl 
approaehes using drifting buoY1>, modclli ng and. more 
recently, artific ia l radionuclides but no data exist on par· 
ticle source-Icrrns. Another problem i.~ that poorly known 
hx:al processes prcvent a clear understanding of the general 
circulation of particles and of associaled trace elcment1> and 
radionuclides. 

The Skagerrak is a deep m<lrine basin betwecn the North 
and Baltic seas. primarily opened IOwards the former. The 
w:ller deplh can reach more th an 700 m in ilS central part 
(Fig. J): it b from far the dl'CI>C1>t watcr (lver the Nonh Sea. 
This is an area of particu larly low (idal now bU T wind 
stress and densÎty differences can induce stronger currents 
(20 cm çl on average and up to 90 cm çJ : Dahl. 1978). 
especially in the upper 100 fil waler column. Atlantic water 
en ters the North Se:! belween Norway and Shetl<lnd~ and 
becomes a subsurface current east of Ihe Shetlands. flo· 
wing down along the western slope of thc Norwegian 
Channel 10 the Skagerrak (Dooley, 1974), indu{'ing a ~ub· 
surface now in the opposite direction of the surface now. 
Duc \() the gcneral low cncrgy condition~ cncountered 
throughout the waler column and the water deplh, the 
Skagerrak is one of thc m<lin sink of suspe nded matter 
togelher with Kattegat and Norwegian Channel (EiSllla lInd 
Kalf. 1987). 

Wc present here preliminary resuhs which are part of li 
general stud}' of the North Sea particulate maltcr carried 
out during the hall/Cil/or cruise in Jul}' 1988. supported by 
the COlIIl/lissorim à /"Éllu,c.ie ATOmique .1Il" the Celllrt' 
Natio/1(11 dl' la RI'("hl'IThe Sâl'Illifiqul' (GDf< Mal/che). 
Thesc dala have been obtained in Ihe Skagerrak which is a 
key-point. being a cro~~ing·area for p:lTlicles of various ori­
gim: ~ollthern North Sea. Baltie Sea and North Atlantic 
Ocean .The sampling str:Hegy was devcloped in order to 
obtain phy~icaJ and geochemical parameters as weil a~ 
SEM imagery on the ~ame sample~ of ~u~pcnded matter. 
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At the boundary with the Kattcgal. there b an innow of 
fresh water from Ihe Ballic Sea on tOp. The deep now of 
Skaggcrak waler to the Kallcgat i~ mixed with thi .~ fresh 
waler: this indllces a surface now of brackish water from 
the Katlcgat. Thi, Balti e outllow c.1Il be recogni7ed off 
Swedish then Norwegian coasl as a narrow coastal current. 
The general circulation ~çheme h;]~ been ~hown to be wi nd· 
innu('nced (l\'loller and Svan~~on. 197!! ). 
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"'11111 frlrr lU Ihr " 'ort '" Hajl'lIflrulI (1986). 

Localisation de la Mm;on 106 ct bath)'m~ tr ie dans le Skagerl'lll; . Le~ 
Sl~1ions J. 4 ct I l sc: rd pportem au travail de Ra;':ndran ( 1986). 

The eXleni to whî ch Nort h Allanli c wale r rcaches the 
Skagerrak has becn discusscd by Furnes el al. (J 9H6) bUI is 

nOI yet clcarly know n. ln addi tion. Ljocn and Svansson 
( 1972) have shown 1h;l1 couled waters nowing otT the 
D:mish coast from the North Sea shelf can <:ascade into the 
Skagerrak. This cold and hcavy North Sca waleT. which 
firs! appears as a subsurfacc bulk al the cdgc of the Jutland 
Ban k. continuously s inks 10 the dccpesl waters of Ihe 
Skagerrak. T his silU:IIi on typically QCcurs from March to 
August (Lj0Cn. 198 1). From thesc hydrologieal considera­
tions. it d early appears th'l t vUfious and timc-changi ng par­
ticle sources :md biogeochemical proœsses are likely 10 bc 
cncounlcrcd in the area. 

MATER IAL AND METHOD$ 

On-board and land -based handl ing and analyses arc surn ­
marizcd in the flow-diagram shown in Figure 2. 

On-board sampling and analyses 

- Seawaler samples wcre collected with JO 1 Niskin boules. 
mounted on a Rosette devicc togcther with a Gui ldlinc C rD 
probe. in order to obtain continuous salinity-Icmperature pro­
fil es: in addition. salinilY mcasurcments were Cll libralcd by 
on-board analyses using pole ntiOmelril: tit ration. Seaw,lIer 
collection W:IS perfonned during the upeast of the samp1cr tlt 
deplhs se lected from tcmpcmlure-stllinity chtlr.tClcristics. 

_ Subsamplcs wcre eollected from Ihe Niskin boilles imme­
diately upon !hci r arrivtl l on deck in order tO characteri zc 
the suspcnded malte r: Ihe followi ng paramctcrs wcrc mea­
sured: turbidil Y (rcsuhs expressed in NTU) and grain -sizc 
di stribution using a Coullcr counter. Gra in-sizc analyses 
were performed wi th an 280 I-tm aperture: Ihe electrolytic 
medium was Ihe sea watcr itsclf afler on-board cali bration 
fro m Cou ltcr standards and fi ltered sei! waler from each 
sile. From Ihese me"suremcnts. tlITee paramcters werc 
obtained: 1) Ihe particle concentrmiolls in 16 sizc- frac tions 
bctwecn 3 and 123 ,.un (spherical-eq uÎ va lc nl di :uTlcter). 
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expressed as number of particles pe r litre: 2) the total 
volume ofparticles per li tre . exprcsscd in mm3 1-1: 3) the 
pen;cnt:tge of the total volume of Ihe part icles in cach of 
Ihe 16 size-fract ions. 

- Part ide samples devoled to SEM observations were reco­
vcred on Millipore f"illers (0.45 I-tm (XlTe diameter). rinsed 
wi th Mill i-Q wa reT. then storcd at -18°C. Dry partiele 
samples for neulron acti vation analyses were col1ccled on 
pre-washed and pre-we ighed Nuclcpore filters (0.45 I-tm 
pore diameter) Ihen rinsed with Milli -Q walcr and allowed 
10 d ry at roorn temper:llurc under a laminar flow bench. 
Allother sel of samples was obt:ti ned o n calcincd glass­
fibre lî lters for further paniculale organic carbon and ni tro­
gen anal yses. and slOred al - IS°C. Ail the subsampling and 
storage operations were carricd oui in a clean lab container 
equi pped for this cruise . 

Land-based analyses 

Baek "gain on land. Mil1iporc fi lteT!) were dried:tl 60°C 
"nd gold-plated for SEM observ"tions. Thus, the validily 
of the Coultcr counter data was checked and Ihe nalure of 
the partieles in each size- fraClion was determined. 
Nuclepore lï lters wcre allowed to dry in a low pressure 
dcsiccator and afterwards wcighed for suspended load 
delermin ation. The filters were split into two parts (0.5-2 
mg or parlicles on each). One half-filler was pre pared for 

SM"::.?t:~:tv~WNG 
.~,b ... ;:. .... " 

\ou ...... . 

""SKI/! l 
lonu T\II"P'''U~Y 

~ 

1 
GIUUf\A.O"UIY 

' I.ntAT>ON 19'''' l,bof M •• ,) ' .. ' ..... 'IOH 1 ___ 1d,.,1 fU ..... 'KlN (M;~_. ' oIto<1 

.. illtQ w" .. IIINW<G ".oQw" ... ""iONG 

DII_C"i P . .. ,,",' __ ~) 

ITOMGI I·, rC) STOI.O.GI 1_ 10 .... ,.,...,..1 1100000GI l-l rC) 

\.AIID· .... nD "'" "'~ vus 
f~IIII·Dlly''''' UC;UU" DIIY"'" 

iNl"'H"" 

" ul1 """"'" " un ..... "" GOUI ....... '1IIG CiOlD ....... IIN' 

__ 0<1"' ''''' l 

1 
~ 

1 
1 sr .. _ ... " ...... . SI .. ......... ".o~, 

1 -- " .. "' ......... 
,,, .......... , 

1 ........ " .. -
l '"I)(.""I'ON I _G_~"U" "''''''' .... "~,""'''''".' 9'''· ~,. 

""",, " tt ........ .,.. 01 • ........., .... 01> ..... " ............. 0 ' ..,..... .. 
~,- '-" 

Figurc 2 

Or~," igrammc puur 1'6::h:ul1illOfllmgc CI tes analysc~ Oc panicules. 
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NAA in Ihe Orphée reaclor al Saclay. The nculron nux 
a vailable Îs 1013 n cm·2 , -1. T\",o aClivations or each 
!<oample \\cre pcrrormed al one mont h minimum inler"al: 
Ihe tirs!. lasling 30 .'l'conds. cnabled us 10 measure Mn and 
AI cont'l· lH rali ons by us ing a Na nux monitor: for the 
second one (15 minule, long ). bolh imernational ~ landard 
(W 1) and a Co fl ux 11loniwr 1\ cre u .. cd: g:unilla-coulltillgs 
o f ge neratcd radion uclides :lfler olle \\ cl·k, onc and tlHee 
month ~ permined delCr1l1 inalÎon of Ihe concelltralÎon~ of 
Sc. Cr, Fe. Co. Zn. Rb. Cs, Ba, La, Cc, Eu and Th. The ana­
Iylical precision i ~ beller th:lt1 5 cA: fo r Sc. Cr. Fe. Zn, Cc. 
Eu ;lnd Th delerlllinalion~: il i, on l) aboui 20 ck in Ihe ca~ 
of Rb. C~ . Ba and La. The olher pan of Ihe 1111er Î' u~ed for 
SEM and eleclron probe (["racur) anal yses: Ihi s comidcra­
bl y cnhant'C~ Ihe reliabi lil Y of Ihe compari~on belween 
bulk :lnd ponctuaI :maly'c" 

Gla~~- fibre fi lte rs Wer(~ minc rali7ed:l\ 450°C duri ng five 
m i nule~ (carbonates :lre nOl affec led in Ihc~c conditions) 
unde r :In oxygenated hcl ium flow. The combustion of the 
g:l!<oc" i, furthe r perfonned o n a CuO cata l)'sl al 850°C. 
Nilrogcn oxide~ are reduced 10 N 1 by a Cu c:ua lysi al 
-150°C. C02 and N1 arc analy .. cd by c:lIharomelry aflcr 
ehromalOgmphic scpamlion. The pre<:i~ion i ~ ± ICk on 100 
)lg organic maller samples. 

RESULTS 

The Ballie oulno\, in July 19S8 

The upJX'r-layer Skagerrak oUl flo w h:b an illlennÎnelll cha­
rlICl cr ahcrnuling. hclwccn blocking and OUI break dcpc n­
ding upon wind d ireclion (Au re und Sactre. 1981). Thi~ 

wa .... dearly observed in Ju ly 1988: jU !<o1 befme we arri ved at 
the slation 106. on 13 Jul y. the wi nd ~ were blo\\ ing l'rom 
Ihe ~o uthll'es t. Ihus cou lllcrac ling the Raltie Sea out flow 

Temperature (oC) Salinity (9/1) 
00 , '0 " 1<1 " 10 .. le .. 

,. 
-

-
TrlllprrUIlm.· ,md ~al/llll.\ pmfilr' "1 11(11"'" /()(, /II h,l) /9,"1/) Il (lllllIlIIm,\ 

CrD pm/III"I, Hm/m/, ""/" "I~ """I,IIII~ "'1'111., 

l'rofil, de rempérature c. de ,alrnitl' ~ l~ 'l~lIlm 1 (loti en juillet 1988 
(prold, CTO, cn continul: k, .. ~mbnlc .. Indlllucnt le .. lH'eJu\ 

crhantrllonno! .. 
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and limiling Ihe rc:.lm of the brad"Î~h waler, in the clo~e 
\' icinity o r Ihe SOUlh Nomegi:1Il coaSIS. Ten da~~ I:ller. Ihe 
condilions \\crc comple le l)' diffcrelll: Ihe Sall ie Sea OUI­
fl ow could be idcnlifi ed as far as Ihe <:cntrc of Ihe North 
Sc:. (ma ximal extension of Ihe )) g isohal ine al 57° N· 1° 
E). 

The salinil)' :ll1d lernlX"r.Llure profiles (Fig, 3) rel'eal:l \l'cil 
,Iratificd w:ller eolumn wi th ~h:lrp boundarie~ :u aboui 10 
m deplh. The 1t:"lllper:l\ure of the OlllnOI\ Il alcr, reache'" 
18°C. Ihm is 1 102° higher Ihan Ihe average lernpemlure in 
this region. Thi ~ rc~ ults frorn Ihe partic ularl y \\ arm and 
,unn)' \l'e:uher in Jum.· 191'11'1, 

Physieal c haracteril.atiOIl of suspended load and idcllli­
Ikalio n of l'arti culaIt' l'UIIlI>Ollcnt s 

The imcgrated util izaliOll of di ffcrem cornplcll1cnlary lech­
ni<lues (turbidill1ctry. gr:mulo metry. SEM. Tf:.Ieor) allowed 
u~ 10 carry OUI a fi ne char.lctcrizalion of Ihe part îr.: ulatc load 
and Ihe identi fi cation of thc 1 ilhologica l phases (biogcnic. 
authi genic . dCl rilal compone nl:.) pre~ent in the differe nl 
gr.lI1ulomelric modes (Fig, 4 and 5). 

We shall pre!'>cnt hcre the dala for e;.It"h Ic"cl in order lU 

dClermine the main fca lurc.' of Ihe l'articulale ph:lses and 
thei r vertical evolutÎon, 

1 (111(/711/ tlc'l'lh 

Thl' rc i, ... no important diffcn.:nce bctween Ihese two lcl'cl, 
excel't that Ihe laUer i~ characlcrized by a JX'ak ofboth IUrbÎ­
dit y :lT1d suspcnded load , The amount of panicles rcmain, 
lo\\ cr than 1 000 x IO~ 1-1 huI the ir \'nliime re:tches 1. I X 
mm) 1-1, Ihat is Ihc ma xi mum \':llue or thc protï1c. Thi s 
ob!<oer"allon ind ic:ltes Ihat the JX'ak of turbidÎIY at 7 m dcplh 
i ~ primaril y as, ... ocl al cd with the coar~c fraClion of Ihe 
su ~pcnded load . The SE M oose rv,uion point OUI thal Ihi s 
COl\ r~e l'mclion (] 1-49 ~m , Fig. 5) is e~sentiall y compo~ed 

(90 Çf ) of dinol1:Lgcl l;l1 e~ ce lls (Pl.I . tl-l, ) 

12 11/ (/('!',II 

The amounI of rarlic le~ Îs maximum al 1950 x 10" 1. 1, I II 
t'uniras!. lhe turbid ity as weil a ... Ihe volume of mea~urcd par­
li cle~ dccrca.,c (Fig. 4). The fi ne fraclion. belween 3 and X 
)lm. (leI'elor~ sub~lantiall y. It i .. esscmially COtlllxl\ed of coc· 
colilh ... and ~earce cocco~phcn:~ (Emiliww 1111.\'1/',1';: Pl. 1 ('), 
Th is accumulation i .... observed jusi abovc the halodine. as 
dc .. cribcd in other fronlal ~ lrll ClUrcs (Sournia (" al,. 1(90), 
The abundancc of Ihe dinol1agel1:llc!<o in the c()ar~e fractio n i ... 
... imilar 10 that al 1 m deplh (Fig. 5), 

3911/(/('1,,11 

This le\el. \\hich lil'''' ju', hclow Ihe fromal ~lruclUrc. i ~ cha· 
raeh:ril.ed by a ~ ignifica ll\ dct"fca ... e of Ihe amount of par­
tic1e~ (-175 x 1er 1,1) , of the par1iculatl' l olumic concemra· 
lion (0.69 mm 3 1. 1). and 10 a I c,~er ex lent of the lurhidity 
(0.36 NTU: Fig, -1), The grallulornctric ,'I:rcctrtlm on fi gure 5 
i, ralher Il:11 . Three popul:rIÎon, can he Îdentified: 1) > 2-1 
pm fraçlion, dominaled b} dinonagdlale'-. in much lo\\cr 
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Figun: 4 S.P.U. (mg/I ) Turbidily (NTU) Pcrt.vol. (mm' /1) Nb. port. (10 4 /0 Sil" frcctiCflS (. ) 
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m:lli~r.: p.1rticulairc ~ la station 106. 

,. 

-

proportions than those observcd lIbovc. and some diatoms. 
someti mcs as C/well'I"OCero.( ri ngs (Pl.I. d): 2) 8-24 !lm 
fiJ.clion: composed of diatoms, di noOagellatcs (D ùWIJhys;s 
sp.), and . overall. of orgallic dClri tus (unidelliified organic 
membranes. cellulose fibres): 3) < 8!lnt fr,I.(;-li on: composed 
of (h1nially degraded coccoliths. and of day minerais. 

/52 fil (Ieptll 

The physical par..tTllcters are of the same order of magnilu -

a 

c 
l'bic 1 

\ , 
_ 0 . ... _ _ .. " ' ­_0. '-'_ 

r 

\ 
de a.~ those al 39 m depth. The populm ions are alsn similar. 
Thcre is merely il slighl dcvclopmc nl of Ihe dinoflagellme 
popul:ll ion and the appearence of clay aggreg:1les. somc­
limes wilh Fe-rich comings (Pl. 2. li) . 

323 amJ 402 III dl'I)III 

The particulate volume decreases (0.23 mm) j·t ) Ix.-cause the 
contribution of the coarsc fraction. still dominated by 
Dinoflagdlatcs. becomes very small. Thc granuloTllctric 

b 

Il,fl1:'·''1(" '·UIII/JO'WIII.< "! 1111' {fill·m·"lm, · ""111"'· Il) I)inophysis .'1'. (,/IIIoj1"1:.'lIm,·J ; ", Ccr:uium .{l'. (""''''j1u;.:rf/(I/I·) : 1"/ Emi li;uli;, hu~ leyi ({"(I('{"(,litll.< (1/,11 
' ·{H'·flJjJlwfI"J: d l SkclCl0ncm~ -'/1. /(/i(l/O/II/. 

("(ln>ti1U~I1l~ bioJ;èlle~ de la matière p;,ni<:ul~ife. al O'-''''/lI,>,sis SI'. (d inon;,gcllê); bl Cami",,, sI'. (dinoJlagc Jl é) ; ~.) b",liuma I",xlqi (cocrolilhcs ct 
coctosphèr.:) ; d) S4r1ruIII,"III" sI'. (dialOm('c). 
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fraclions smaller Ihan 8 }.1Ill (dominaled by clays) and Ihose 
bcl .... 'l:cn 8 and 24 Ilm (many clay aggregilles) increase COIT\'­
lilIively. Ahhough Ihe panicJe ..,izes decrease, Ihe amounl of 
pan ides incrl:ases only a linle. reflecling a dedine in pan icu­
laie concelllrillion. The bulk ~uspcnded load does nOI signifi­
canlly vary bccause Ihe decrease of Ihe amoum of panicles 
( 130 10 144 x 1 Q4 1-1) is cqui 1 ibrated by an increase of Ihe 
den..,ilY of the panicu lflle nlaterial (mineraI panicles). In Ihe 
above levels. the paniculatc densil )' is lower becau ... c of the 
ahundanee of biogenic componcnts of planktonic origin. 
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1 '''~ 
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l)1'!nhUl'on ~ranulomt'Iriqu~ de la mUIIi.'re t n ~u ~rcn ~ IOf1 

D 
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-186 III dl'pth 

The peak of lurbidity (0.84 NTU) althis levcl is ilssOCiated 
with a slight increase of the panicle volumic (·oneenlration 
(0.35 mm 3 1- 1) and of the su..,pended load (0.71 mg 1-1). 
The clay aggregalcs bccome more ahundanl. ~·l ineral par­
Ik lcs of authigenic origin arc also observed: wc "hall laler 
return tn these materials. [n bulk. the mineraI fraction 
hecomes predominanl. 

5/9 III dep/h 

The particulate material is similar to that describcd at 486 
m deplh. wilh a far more pronounced abundancc of the clay 
aggrcgates (4-8 Il III fraction ). 
The mineraI parti c1cs observed al 4R6 and 519 m depth 
and. to a lesser extell l at 402 and 323 rn depth. di sp[ay a 
substanlial Fe and Mn enrichmcnt. These particles ex isi in 
three differem fonns: 

- ring structu res ...... ilh a diameter similar to Ihat of cocco­
liths (PJ.2 h-c). suggesting Ihal such calcareous tests could 
ac t as suppons for Fe-Mn co.1lings: 

- rodlike panicles. isolated or accumulated as colony (Tab. 
2 b-e). resernbling baCleri:1 in shnpe: and sizc: 

- nowerlike parl ic lcs. isolaled or associated with clay 
aggrcgatcs (Pl. 2. (1-1'). which cou Id rcsul t frorn the crystal. 
line development of Ihe previous structures. 

The gcncsis of Ihese striki ng panicles is discusscd furlhcr 
in the Iighl of counting nnd geochemical resul lS. 

Partide geochcmistr)' 

The resulls of the neutron acti vation analyses are shown in 
Tabl e 1. togelher wilh Ihe rcsults of particulate C and N 
mensurernents. 

Element composition dbplays large va riations ail along the 
waler column (Fig. 6-7). Compari .~on bctween AI and Sc 
contems in the parlic1es and those gi\'en in shales indicates 
thal Ihe proponion of IIH.' alurnino-..,i[ic::ue phaM!. al> il can he 
idenlified b)' these IWO ke)' elements. is relatively small : it 
can rench 15-20 % in Ihe sam pIe collected al 519 m deplh . 
Many elcrnenlS show concemration profiles l'cry similar to 

those observed for Sc and AI: Ihis is the case for Cs. Th. L1. 
Ce. Eu (Fig. 6). Therefore. Ihcsc clements seem to bc poorl)' 
in volved in either biogenic or authigeniç phases. 
Consequemly. we shall consider as a firsl approximation thnt 
these clements are prirnarily assockucd with the clay mine­
ra is. This inferenœ is supported by the consistency of their 
contCnlS along the profiles ..... ilh those in shales (correctcd by 
a 0. 15 factor) as rcprcsemed by the vertical dotted hnes in 
Figure 6. Addilionally. the correlation betwecn AI and Sc 
contenls is straightforward (r2 = 0.95). However. the Illean 
Al/Sc ralio (3 700 ± 400). deduced frorn the rcgre .. sion line. 
i~ much lower thal the ral;o which ..... ould be expccled for 
shal e- Iype rnatcria1. th al is about 6 800. Thi s observation 
~ugge~ t .~ Ihal the local geoc hcmical background ctluld be 
churactcri.lI.:d by a rernarkable deplclion of AI (48 000 ilS g-l 
instead of 88 000 ).tg g- I in ~hales). Priee and SkeÎ ( 1975) 
also reponed Fe/AI ra tios of about 1 (Fe/A I => 0.5 in sha[e:.). 



Plate 2 

O"riIU/ uml umhigl'nir rQlPlponl'nlJ of Ihl' purlku/all' MOilI". 
0 1 ''-l'"''yJroxiJI' caoud da] purlicll' ; bl MII -ric" ri llR 
JlrflClI/rt und rod/i41' pur/ic/t'S; rI MII .rich d/lR Jlrl/CII/ft'; J} 
,,,,, ·r;,·,, l',, ... ,,likl' pUrlidu; 1'1 mdl/kt ond f/I}M,trlikr 
purlidl.'t UJ.fMiutrd ... i lh du] ulJllrtgml.'S. 

Con, lituams ~uttiqucs ct aU lh igènes de la phase paniculaire. 
al panicules argileuses avec e rnlu its d"hyd lOA yde de fcr : h) 
SIroctUn' en anneau et panicules en b;ltonrll't~ : cl Slructure en 
:umeau ; dl panicules en rosettes: el pan;eule~ en b;j1()nrll' IS et 
en rosette .s.~iI!e~ li des agrtgals argileux. 

a 

c 

for lhe detrita l parliculalc malter of thc Hardan gerfjord 
(Norway). 

The profiles of panieulalc Mn . Fe. Co and Zn are signifi­
ca nt ly diffcrent from those of Sc and Al (Fig. 7), ln addi ­
tion . ail Ihese elemenls arc enrichcd with respect to Ihe 
shale reference. Therefore. the influcnce of olher lithologie 
phases Ihan clays must he assumed 10 accounl for thesc 
observations. For cach of these elemenls and al each leve l 
along the waler-column. wc have calculated Ihe contribu­
tion of the alumino-silicate phase (detrilal matcrial assumed 
10 lx: shale-type malcrial) from the Sc content. This calcula­
lion allows us 10 dctennine the elcment conlent which is in 
excess relative to shalcs. and then. 10 quantify thc contribu­
tion of the olher phases which musi lx: identified. 
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l l ie content of an element E in the alumino-sil icate phase is : 

EO = Er (SCT x (E/SC)SI'I) 
where ET is the conlent of the element E in the bulk 
sam pie. SCT the Sc content in the bulk sam pie. and 
(E/SC)SH the shalc normalized fISc ratio. 

The res ults are reported in Tabl e 2 and Figure 7. They 
indicate that the variation of the alumino-silicate phase 
abundance cannot account for the variation of Mn. Fe. 
Co. and Zn contents. Mn is by far the most enriched cle­
ment. The contribution of the alumino-silicale phase for 
th is element ncver exeeeds 200 Ilg g-I, Consequenlly. the 
<juanlily of Mn which is not associutcd with alumino-sili­
cales is largely predominalll (Tab. 2). Thi s point wi ll bc 
di scussed below, 
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EII'IIII'"",1 (1)11'I''''llIIm, IIf I/' .. IN,nu ,dU/.' "Iill/t'I' ut J/umm /(11). ,,,llIl's ",'t' 11/ IJ.~ ~ l ,,,,f.-u /)//,1''''/.1 .. ll." .. d. PQC um/ ro,\ arl' (JUm, 111,111' m~""" 
j (lfl"'m ,,,u/ ml"'~"". rOl101'' J'll'/.I·. 

CVl1lpt",hun élém!.'n!:urc dc la m:Hi~,'<, l'ameulalr .. 11 la ~tallun HII'>; le, 'alcllr, ,o111 ~n f.l lt g l ,allf autn' m,heal;on : POC rt PON r~l'ré~emcnl 
n"fX'e l" Clllenl Ic earboll!.' CI l'al.vl,· vrg~11I4 11e, 1'ar1leul:Iln", 

1I~"lh .. s, Mn ", C. '" "', C. , .. C. '" Th 
l'.O.C. l'.O. N, 

CIN 'm' .. , , .. 
, 

'" '" " , 
'" '" 182 " " '" SO, '" '" " 3394 06' m 2310 " " , , , ... '" .. 

'" "" '" 
, .. , 'm " " '" " " '" '" '" ' " .. 

'" " .. '" "" '"'' '" " " " " '" '" 2.36 '" " '" " .. , ... "" "'" ,., '" " " " '" '" '" '" .. .. , ., .. '" 10338 20U3 '" '" " " , .. '" 1.43 '" " '" 11704 '" 32326 33333 '" '" " ,., " " '" '" , ... '" " 

Am"It'" of defl/'''' '''Il''I'(''.}(/I'() b) ~/'"II' ahrmdllll("l' ((lit 1IIIIfl'd /111 s,' htu;s ,m Ji ~ 11 ' / a",/ q of '''1' 
/ulUll'll'mt'lII/ . 

Qt~lnlllé d'élémem IIK'Apliqu« par l'abvno.lan\:c ,.fun I1lJl t!nd d~ 1~fX' ,hale calculée' iriI.T 11 Sc (en f.l1; 
f' tt ",n (. dt- l'élément IlJ(al). 

Depth J\1n~ f e. 

'm' IIIlK·1 % 118'g,1 

7 '" 99 
39 373 89 " ]:'12 942 88 '062 

323 4950 97 ]2295 
402 4182 97 10382 
4" 10265 99 14941 

'" 32 138 " 24617 

D ISCUSSION 

The Ualt ic uutflow : physica l and biologic:ll prucesscs 

The data rcponed herc clearl)' iIlU:.lr"JlC Ihe occurrence of a 
highl y 'Ir<ltificd w:llcr column. characlerÎLcd b) :'ll'Cp :.ali­
nit Y-IcmperalUre gradicnh al 20 ln deplh, Thi s yield ~ Ille 
:.upcrp<hÎlioll of IWO W"Hcr rna ~..,c!'> of dilTcrcnl origin. 
namcly Ihe Uallic Sca :.md Ihe North Sea. The 10w lurbidit)' 
CrlCDlIIlIered in the \\ater COIUlIll1 « 1 NTU) :mel. conse· 
(Juclllly. Ihe lighl penetration, ",ou Id favour phYloplankton 
10 grQ\\ lhroughoul the IOpCnlhl 50 m \ValeTS. Living form~ 

of ph yloptanklOn are howcvcr onl) ob"crvcd Il ilhin chc 
lI ahie .... a[cr~ (topmo,' 20 m) in which wc observee! 1\\0 

~uperpo'ed layers corrc'ponding \() optimal conditions of 
1\\0 major phYlOpl:mkton grou ps: Dinonagdlatl':-' ( 1 III and 
7 III deplh samplc~ ) and C(I(:colithophoridae (J2 III depth 
,ample ). 

Dilloflage llatl''' arc mainl y repre<;emcd b) Ceratid:lc. 
Goniolac idae. Peridinidac and Dinoph}"idae. Llrger ~ i7.ed 
Cer;ttidac :KTount lm the major pal1 of Ihe :> 15 ).lIn fraction. 
with a ma,ximulTl in ]he r:lIlgl.' 30-50 ~m. Smaller sized spe­
dl'''. ,u~' h a ... IJil/nphysis ~p,. fall in Ihe 10-15 ~m fract ion. 

" 
0 

" " 65 
74 
70 
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C" Zn. 

IIgg·1 % 118'8'·1 % 

O., 96 67 '00 
4. ' 8Q " 77 
4.8 63 .. 77 
92 75 " 79 
7.3 " 94 89 

" 8Q ". 92 
14.9 " <4, 87 

The Ihcca (or amphiesma) of the dinonagel latcs is compo · 
~cd of œllulosic plates (Sou rni:I, 1986). Celluloo;e i5 <ILI:I<;i· 
in ~oluble in ~eawa tcr in "0 far a" ~peciric l'cllulolytie 
mit"rol1nra is not active. A~ a re~ull. the dinollagellale the· 
cOle are prcver.-cd without any funller al teration throughout 
the watcr column (Ande rson ('f al,. 1985). Du rÎng the 
TrWlIllI/Or l·rui:-.c. Ihey were observed throughout thc Nonh 
Sca, :\1 ail deplh~. "i th a pronounccd maximum in :-.urfOlce 
\\;ller." ( living organisms ). 

The optimal growing lone for Coccoli lhophoridal' Ol·r.:ur~ a 
lilile dceper (11 m dcpt h) and b chOlTacleri zed by the 
incre;l~e of the lIbundance of Ihe < 10 ).lm fraction. mainl y 
cons isling of Emiliu/w II/Ixlt'y i coccospheres «(}·7 ~111 in 
diall1ctl'r). The phytoplanklon blooll1 b located above the 
froillai ~truclUre;l' rcportcd by lIolligan el al. (1983) and 
Houghton (1988) and b charal'Icri:red by the particlc 
concen tralion (numbcr 1-1) prolile (Fî~--'). 1\·lore\'er. as 
phytoplallkton ma;\illl:1 ha\c heen ob~ened at ~ imilar 

deptl" but not nccessari l) couplcd \\ i\h frontal structures. 
the Coccolithophoridae :ll'culllulation abo\c ]Ill' halol"linc 
i, duc 10 both occurence of optimal gruwing cOrldition~ :md 
seulÎng of cocco~phcrc ... through a strong ~alinity gradient. 
One cannot lind living COCl"oli thuphoridae below the halo, 
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dine: fu nhennore. coccoliths are li kely to ulldergo active 
desaggregation and/or dissolution in decpcr sampi es. 

Dinonagellales and parlicu late geoehcmistry 

Onri/ilII'II(jU el f lllelll {'()III{1l} o~;lilm. Til" \'..rliml dulI"" li"" " 'JI'l'srllls 
0. 15 m·rrugr sI/olr ("Ollrr lllra/i()l1.~ I/ro/ll LI'ellefWiII . / 9(8). 

Due to Ihe ir predominance in the> 30 !lm frac tion. the 
abund:mce of dinonagell ates in each sarnple can be eSfima­
Icd. as a lïrst approximation. by Ihe almndanœ of Ihe > 30 
!lm frac tion. and th us. eomparcd 10 other sensit ive geoche­
mical parmnclcrs (Tab. 3). As dinotlagcllatc Ihc<:lIc arc 
cOlllposed of ce ll ulose (a compound devoid of nit roge n). 
the increasc of POC at 7 m depth. up [() 6.03 % is not sur­
prising. while PON re ma ins fairly constant (Fig. 8) and 
C/N ratio reaches 15. 1. Due Hl Ihe conscrvali ve bchav iour 
of cellu lose in the water col urnn. Ihe relative abundance of 
di noflagellates must have a major intluencc on C/N ralios. 
A simpl e mixing model between cellu lose (wi thou i PON) 
and old marine organie malter having thc lowesl C/N r:tl in 
observed in the profile (C/N;::; 3) should accou nl for the 
data. In Fi gure 9. NIC ratios (instc:Ld of C/N ratios to get 
linear regression) have been ploued \'('rSIfS Di nonagel1:lte 
abu ndance. Almost all the dala points fall under those pre­
diclcd by the mixing mode L The besi fit linc (r2 ;::; 0.95. 
when 519 m point îs discurded) intercept s the x-axis at65 
%. suggesli ng Ihal the dinol1 agc l1atc abundance is under­
estimuted. panicularl y for high C/N va lues. This is not sur­
pri sing bccausc a ccnain amount of dinotlagcl lales is found 
in smaller grai n-size fractio ns (10-25 !lm: Dillophysis sp.) 
and. therefore. ean bc cslinlalcd Ihis way (Tab. 3). Th is 
explanation does nOI hold fOf the 519 111 dept h smnple: the 
C/N flLtio clearly reflects rcsuspcnsion of surfieia l sedi ­
ments (C/N "" 15 - 20: BI:Lck burn and Henriksen. 1983) as 
confirmed by SEM observations of clay organ ie-rich 
aggregales. 

Compos ition tl t memaÎrc dc la pha5C détritiquc . La lign" wrtÎl·al" "n 
poÎnrÎII6 rt:pr6 tUlt 0. 15 foi s les couccmrations moyenne~ dan<!cs 
shalcs (d·après Wedtpohl. 1968). 

Tahle 3 

The prolïle of Zn excess (see Tab. 2) suggests Ihal panieu­
laIe Zn conccntr.llions arc inlluenced by bolh Mn-rich par­
licles (downward s ineTeuse slaled in Ihe Rcsu lls scct ion) 

Esli"'lIIir>l/ nf /Iw (J/IWIIIII .• nf di"'!j1axdlalrs i ll lIi/f"«'1I1 ~i:" f m c /iUlu·: , / USJ'/IIIIt'(/ lU CUI/sis/ lIIailll)" of 
dilluj/lIgt'lItIl" s: 2 / "s/illllll l'd fmm mixù I!o! IIwdl'l (Stt Fix. 9/ lmll"Ss 51111"": JI IIU (/i lloj/uxdlt".· is 
oh .. en'c(/ I" Ih,' <: JO 11'" /rU("liu lI IIJ;'W SEM: 4/ lIw lll/)" ,'''''Sis/;'18 nf Dynophy~i ~ .Ip. ill /b,> 10·15 pm 
F " Clioll . 

Estimaliou des Iluamil ~s Ile dinnt1age llt< dan .. di fT~ rtl1lc. da~>c~ dt I;,ilk : 1) prim;ipakmclii çon~litu ée 
dt dinonagel!6 : 1 ) t~limée d·après le modèle de m~buge ('f ng. <JI .• auf aulr" indi'·aliuu : J) pa. de 
dinoflagc ll és dUli s la rrJo::liun <: JO 1111I : ~) e".Wlllie ll emenl çon~titlléc de f)y" ol'''ysi.1 ' p. (lans la fmerÎ on 
10-25 J.lm. 

Depth Abundaneeof the Dinoflagcl1att!~ Dinoflage l1 utes in 
> 30 11 111 fract ion the oc:: 30 !lm fraction .. .. .. 

'm' 0' '" «, 

1 " 55 13 
7 51 75 20 

39 33 " 12 ,,, 42 57 " 323 " " (J, 0 
402 " 27 02 
486 " 17 (3) 0 
519 3 3 (3) 0 

241 



D, BOUST et al, 

Figure 7 Mn (li ) 

l 'frfiral pmfNo nf purlini/ml' l'lIridrrd­
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Figure 8 

PorrÎml(J/f m·.c(lIIi,· car/mil. 1IfII"allfllll"'/ ClN Im,fi/rs. 

and d inotlagcllalc abundancc (Fi g. 10): thi s is espce iall y 
observee! fo r Ihe 7. 39 and 152 m deplh sample~ and. pcr­
haps. for the 402 m depth sample , Moreove r using Ihe 
Jinear re lalionships bclwcc n Zn,\ :lncl IOwl dinoflage llate 
abundance (Tab. 3). illuSlrated on Figure 11, one l'an esti­
male Ihe Zn eom;enlralion of Ihe dinotlagcllale ce ll s is 
aboul 100 ~Ig g-I. The x-a.\i s il1tercepl o f Ihe liner,r regres­
sion shows th al a cerlain p;m of Ihe inferred dinoflagellate 
population docs not ho ld :lIly Zn exees~. Thi~ muId relleel 
the proportion of non-li ving ceJl s but no defi nile conclu­
sion ean bc dr:twn a.~ far a~ Zn adsorption mcchani sm inl0 
the cellulose slructures is 1101 eJucidated: bioJogieal uptake 
as known fo r chitin (ano ther polys:lecharide) or ph ysical 
ad~oTJ)tion . 

Detrital components 

Al and Sc are orten con~idl!red a~ good markl.'r~ of the alu­
mino-silicate fraction of marine sed iments. and. therefore. 
of cla~ abundancc. ln 1I1an~ ca.~I.'~. cla} ~ :.rl.' Ihe dominant 
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Ne 1"(11/0 '~r.u~ > 30 jJm fWflill/l fllm"dll1l"'· l'mllt /"bd ... "rf", IfI 
.wIII,pli"" d,'/IIII . Sec Ir.rI ln,. r '}I/(Il/II/h)ll tif I/l<' lIIixt"tIX II/()(I,.I. 511,l II! 

s{JlI/l'/~ disl'mtlrdfor dma hrJ/jillillr. 

Rap pon NIC tn ronctiun d~ l" llbundance de la fra(1ÎQIl> 30 jJm. L~ 
llunl<'rul~lIt]n d~, p<Jlnl> rcpn.<"'-:IH .. I~ profondeur d·o:dmllllllunn~ge. I on 

(eXil .. pour l"expl;e~lion du modèk do: 1tI~lang..,. L'échamillon il 519 Ill" 
t lt te311t pour le ca lcu! de la drui,,· de régTl'''ion. 

1ilho log ica l fraction s in Ihc dctrital COll1poncnt~ con tained 
in Ihe sediments. Moreover, Al :lnd Se Me poorly mobi li ­
zed throughoul m;can prut'csses as they are slrongly asso­
ciated wi th the clay lallice . As a resul1. they arc bOlh a.~su ­

ll1ed to bc conservative markers of the delriwl phase of the 
sediments, ln our ~'Imple~ . Al • .n1d Sc arc ~Irong l y ('orrela­
led ( r l = 0.97) and should he mainl y contained wilhin clay 
mincrab as Illey arc from far Ihe most abundam alumino­
silicate phase, Our sampling strategy :tllow~ u~ 10 a~scss 
Ihi~ oflcn-ulll'hcl"kcd assurnption. We direell y meas ured 
Ihe area occupied by clay mincrab on SEM phowgraphs: 
Ihi s secmed 10 be a betler bas is than particle eourlling 
because of the wide r.mgc of clay g r:J in-i-i7C (ca 0.5-20 
!l111 ). Clay abundance. est irnilled in !-1m2, correhllc~ fai rJ y 
\\ cll \\ ilh Sc p.trtkulalC cont"Cntration~ (Fig. ! 2J. Only the 
486 m sam pie fall s far off Ihe previou~ rehl1ion due 10 a 
grcal (and uncxplaincd) ove rcstimmion of the c1:'ly abun-
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.·.!-----,'"OOO .. ----" •• oo50-----,.oo~.,_---__:4"OO. 
Clay abundance (I-lm 2) 

Figure 12 

Ji /If/kI l im .. Sc C()III·tlllrut;UlI!l "tf)''' )' d«)' "III/Ili/ultct ('Slilllll/('(1 fm", 111(' 
SIII/IIC .. III ... O IJ.wl ) nf rlu)" mil/trols nlt(/SUfCJ un SEM I'IIUIU1frupll)'. 

COO«n1r:lrions en Sc p.:Il1icula,1'r en fonclion de l"abondallt·c de, aryilo 
c.limée ~ partir de la surfacc dc~ minér:lux argi leux IflCS.IJrêcs sur Ic.' 
phologr.lphic, au MEB. 

dance. Dcspi tc this d iscreapaney, the SEM and NAA data 
display a very nice consistc ncy. Furthennore the Sc-cl ay 
area re lationshi p holds only because Ihe arca to mass ralio 
of a il collected clay pan ic les is constant. 

Whcn ploltcd \'e".m~' Sc. conservmive e lements (AI. CS, Cc, 
Eu and Th) d isplay corre lat ion coe ffic ients g realer than 
0.90 (Tab. 4. only 0 .74 for La). As intercepts of the rcgrcs­
sion tines are no t sÎgnificantly differcm fro m ze ro, the ir 
s lope are rcprcscntative of the average Sc-no rma lizcd 
conccrnrations of each elemenl . which arc thcrc rore cOIn ­
pared ta average shale (Tab. 4). The agreement between the 
Iwo scts o f data is fai rl y good (e xcepl for AI. set' above). 
Orien y. the delrilal compo ne nl of Ihe suspended load is 
mainly made of a chemica lly homoge nous pool of shale­
type minerais. 

Authigenic processes 

The occurrence of highl y Mn-enriched pantcles al almost 
any leve ls lhroughout Ihe wale r column and the huge 

Ch/'III1n11 du".m·lcrblli,," (if I/I/'" "nrilal " /,,"/I<m/,III 'if Ih/'" S((.'I,,'mlt" IIHIII (if .llllliim 

11J6: /) 1"IJ/"fI"/<lIWII n"lfiri/'"/lllJf Il,.. .. 1/'"lIIrtll venou' Sc 2/ si,,!>/, of Il,r "/:"Xrt'lS;IJ/I Ii,,(' of 
r/"II"'III ver~u' SI"; .11 w/"(J,'!JQ'" ( l'#>SI. 

Caracl~ri ~a rit\n chimique dc la CQlIlposanre dé lritique de la rIlalihe Cil SU'II<:II,ion de ln 
.1~liol1 106 : 11 cœffieicnl t1~ Œrrt! lurion de 1"i! lémcnl par rnppon il 5<.' : 2) I",.nle de: la 
droite de ~grc:~~ion enll'r ri!ltmem el St· : J) Wetlepohl (19611). 

" • Sc ·norma l i ~ed 
shale composi tion 

fi) (2) (S) 

A) 0.97 3800 , 400 6800 
C. 0.97 0.6 , O., 0.42 
C. 0.92 6 , , 6.2 
t; u 0.97 0. 11 , 0.03 0.12 
Th 0 . 9~ 0.8 , 0.2 0.92 
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Fe/Sc Mn/Sc Mn/Fe 
,0 :1000'0000 1$000 o :1000,0000 1:1000 0-1'-'_ --""'-__ '".' 

,. 
-

I 
< -" • 0 -

Fc Sc 01111 S, Ulld .1111 f I' flmM II! 1/" fU"'irU/<l11' IIU1I/I'r ,'C,.,.u<; d"I>I/I Il 
01/" f I' rll/If> l''''fill' iJ /1/,,/, ili"clI '" 11rC "",,<,r Jedm'<'1I! ,·"IImm (Il/IIC 

dljJrrclI! 111'1'11. R"/I'I CIl IICI,~"llImfllJ!: JIU",,,, Il l'f NU}I''''!''IIJ (/9.'(1'>. 

JCI' F'il /1 

Rapport~ h:/S!:, Mn/SI:: CI \lnlFc dan~ IJ maul'rc partk ula irc Cil foocuon 
dl.' la profoll(k-u r. On donne 3U'" le r:l1'porl MnlFc da,,~ [a n,lun"~ 

<;é(lI mcnlairc (rcmarq\l('r I"tdM:11.: de: pruf.,mdc."ur d,ffoôrcnl'" il la " 3h00 
'oi~ilk Il tk Ra)<"ndrJn ( 19Kt'>: mir fij!:. Il. 

illcrease of panicul alc Mn al dcpl h ;md. 10 a lesser eXlenl of 
pan icul<ue Fe, is a very al1racli ve femure amoJl8 Ihc ob),Cr~ 

v m iO ll ~ repurtcd here (h g. 7), Th iS kmd of l'art ic les has 
been described in a wide v.lric ty or cn vironmcnl s. and 
c:-.pel"Ïall y in tjnrd~ (Robb, 198 1 : Skei and Melsom. 19M2: 
van der Slool (" //1 .. IlJXX). The Mn p:t rri cte ~ ori ginme from 
cnrichlllClll proces~e~ whic h C:t ll Hlke place al the sampling 
stat ion as weil :1 :-' :II remOle IOcali oll S, incJ ud ing fjo rds. 
Ex porl of Mn-ric h par1id e~ ci th .... r l'fil m "hall ow-w:lle r 
energil: ell \ i rollme lll ~ or l'rom Ilcighbouring fjord~ , 1> ul:h a~ 

Bun ncfjord. off O.\ lu. inve,tiga led by Ske i and Mel som 
( 1982). is yel 10 be ~u pporled by Ihe ob .... crvalion:-. al pre­
!>enl. The head of Ihi .. fjo rd is .11 o nl y some 200 km 10 Ihe 
NNE of our ~ :lI npting ,I;rlion. Thi, mCl:hani ... m. if il occurs. 
i:-. probabl y of lea ~ 1 imponance because unheriled particlc\ 
sho uld have highc r Mn/ Fe ral io~ Ihan I ho~e measured :li 
'laI ion 106 (Fig. 13). In addit ion. de .. pile of a ccnain 'lIlalo­
gy. Ihe l\'In pa ri id e' of Ih i .. fj ord do nOI di splay Ihe s'lIne 
morpholog ieal I ypc~, A ... pr,:\' iou ... ly poi nted OUI by Ei ~m 'I 

( 1 ()M 1 ) and Ske i ( 1981 ), the suppl y of partÎCulate malter 
re ll1 ain~ largd) irh idc the fjord .... \Vhalever Iheir proven:tn­
ce. Ihe Mn· rielt panicle!> can lx' aecounled for precipitation 
procc~~e ... 1:I].. ing place (1) wilhi n Ihe column and/or (2) in 
Ihe bo1101l1 \\alCr. 

ln Ihe fo nncr ca,e. di .. "olved M1l2• diffu~e~ up\\ ards unùer 
reduc ing condition,. prn'ipilale' in Ihe IOp oxic laye r o f the 
... cdimcnl. Mn e nrich ed pa rtic l e~ are Ihen re!>u ~pcndcd hy 
OOllOIll curr.:nl. ... . Data r.:poned in Figure 13 allow lI ~ 10 lest 
[hi, h ypo [ he ,i ~ by Ihe comparbon of Mn/Fe ralim in p:lrti ­
("ulal .... ' ami in 'u rta c~' 'edimenh co ll ecled b~ Rajend ran 
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l'IIflI< "1,,1,, M" ,")/ <11111 If". 

rI< Il (."nidc iI'''''''/'''''.· , :J I 
,,"'/i//') lU d .. ,..,m",l''' 1""" 
SC.\l I·,"'I(/~r,'I'II<, 

l'Iofil, dt \In pa", .. uI J ,r~ 1 ) 1 
~, d·db()nd.UI .. ~ 0..., pan ICule, 

ric-he ... c-n \I n "1 d.!1C'lmlllC'~ 
'ur (10.., l'hOlOilrdplllc, au ,'11:. 11. 

~ 

E 

~ 

ë. • 0 

Mn (,. ) 

" 
, , • 

,~ 

,~ 

~ 

~ 

~ ,bc,"oo,~","',CC,Cooo-OO"", 
Number of 

Mn - rîch partîc les 

( 1985: ~ I :llion Il . Fig. t ). In Ihe core 1 1 of [his aulhor. Ihe 
ox ygen pe nelralio ll deplh i ~ 15 mm. This înduces a Mn ­
prcci pi lalion fronl which is easily delet'Iablc (sampling 
imerval of ca 5 mm) yiclding MnfFe ralios of "" 0.45. \Vilile 
Ihi :-. kiml of proce .. s can probably at'counl for (he slîght Mn 
and rI.' enrichrncnl al 323 and 402 III depth. :t!> denotcd by 
Mn/Sc ;and Fe/Sc profile~ (Fig. 13), il i ~ nOI 'Ible 10 ex plain 
the g rc ul i ncn:u ~e of pnrlicuJu lc Mn in lhe IwO dccpesi 
s;L lll ple~ (486 and 5 1() III de plh ). The Sc-normali l.cd 
concenlrat ions of Fe onl y i ncrea~e by a faclo r of 1.2 bel­
\l'ecn 402 :rnd 519 III deplh while Iho~e of Mn inc rea~e 

four-fo ld ill Ihe ~a ll K' dcpth il1\erval. Th is slrongly suggc~ l ~ 

a MIHllCC ific proces". 

ln Ihe ];rUcr .... a~e, Mn2+ can di ffu~e frorn Iht, in ler:-.t itial 
waler 10 Ihe boUOlll " :lIer .111" Ihen lx: reprecipit:ued a~ Mn· 
ox idc~ onlO Ihe ,u\pcnded maller (Sundby. 1 lJ77: Sundby ('f 

TabkS 

N .. <II/I< "1 I/u·ri<" /II' f/l( / ••• /Jtmlm~J· . 1'.\'pI1'JJl'tI us ",,111//(',- of f'IIr/IIII'J 
f"'r (J.UI "",,:, ",Ill /Il r, 1,/ U'JJ"I1'IIIIlP"f hc"'I't'1I pur..,IIII1.'WJ. lite filll'r 
wrfm., n",m,·" r"'I~"< hcn,('pIlIJ.fJJ ""d 0.02 11111':. 

R~,uhdl' de, eomfll3ill." de p;Il1Kuk~ nel"" t'n :-O ln. npnm<" .. " nombre 
dt' l'afin:' ,, "', p;,r 0.0 \ rnrn~, cr t''' <:/. dl'~ d, ltéren" 1) pc.") " nllt' 
parcnrhè"",. I ~ ,u rf;IC~ de: filin: CIImfll ~c \arl(' de 0.01 à 0.02 Imn!. 

f)CI"h 

'm' 
7 

39 

'" 323 

'" '" '" 

Flo werlike 
p ll r ti ele, 

7 (88) 
9 \l OI 

18 (10) 

9 (4 ) 

23 (41 

Hodl ike 
pBrticl e~ 

53 (61) 
107 (62) 
174 (76) 
621 (91 ) 

Ring 
struc tures 

1 ( 12) 
25 (29) 
48 (281 
47 (201 
36 (5) 

Total 

, 
" 173 

230 
68' 



al .. 198 1: Pri ~'c and Ske i. 1975: Skei and Melsom. 198 2). 
Thesc processes lakc place undcr and above Ihe redo .~ 

boundary I:lyer. respecti vely. and arc dri vcn by both redox 
cond itions (i.e .• oxygcn penetration in the sediment ­
cOlumn) and the kinelics of the reprecipitation of Mn 2+ on 
10 pan icles as MnJ+. In the light of the above argument. Ihe 
IwO processes invoked are likel y to OCl"ur ~imultaneous l y: 

Ihcir relat ive importance dearl y del>cnds on the oxygen 
penetration depth .md on hydrodynamic condit ions. 

The contrasting bchaviour of Mn \"l'l'Sil S Fe is clearly sup­
ported by Ihe relati ve re:lcti vity of the~c IwO elements: 1) 
the rcduclion of solid FeJ+ 10 soluble Fe2+ in anoxic sedi­
ments occurs deeper in Ihe sediment colunm when compa­
red to Mn: 2) Ihe kinctics of r-e ox idation and ilS readsorp­
tion on \() part icles is Illuch faster than for Mn (Horowitz ('f 
(II . . 1973: Troup 1'1 al .• 1974: !-l irst :md Aston. 1983). 

The couming of each type of Mn-rich panicles gives rise to 
a bcller insight on the sampling reliability and on the gcne­
sis of thesc pan iclcs. The abundancc of cadi particle type. 
ex pressed as num bcr of parlicles pe r unit surface ({Uli 
mm 2) are given in Table 5 and ploued I"e,.m~· deplh on 
Fi gure 14. logether wi th bulk particu late Mn concent ra· 
tions. There 1S a big inc rease of the numher of Mn-rich par· 
tidcs almOSI paralle l tO thal of IOlal Mn. 

ln add ition . rodlike panicles are dominant (60 to 9 1 %) al 

any leyel deeper than 152 m. No Mn -rich p:m icle of any 
Iype are detected in ~ urface samples. nor at 7 and 39 TIl 
l eve l.~. Thereforc. it can be concluded thm the pa rt iculate 
Mn concenlmtion is main ly dcpendent on the abundance of 
rodlike particles and . 10 :. lesser extent . of ring Structures. 
The great il crease of the number of rodlike partides from 
486 m ( 174) through 5 19 m (62 1) ., uggesls Ihal these 
excess panicles mainly originale from the loc .. 1 authigenic 
processes de~cribcd above. while ring particles could be 
;Jdvected frorn adjacent areas. This cou ld bc funher inve:. ti­
gated by morphollletric inspection of these particles. 

The Mn -rich ring Structures have bcen already describcd in 
fj ord systems (t'.g. van der Sloot ('1 lIl .. 1988). lakes 
(Mudroc h and Bi stricki . 1 9X 1). or nodules (Janin . 19X7). 
They were sometime~ interpreted as Ihe re:.ull of Mn-preci­
pitation on to coccoliths. Morpholllctric an:ll yses of both 
ring structures and coccoliths (Emilial/o IlIIx leyi ) rcve:.ls 
sigllilïcantl y different mean diame ll."r~ of 3-5 and 6-7 !lm. 
respecti vely. From Ihis ob:'CT\'ation. it is d ear Ihat cocco­
lith:. obscT\'ed in Ihe upper water colullln (Ballie outnow) 
li re nOI involved in the inferred :lIIthigenic processc:. which 
yields ring structures observed lower in the co lumn . 
Nevenhclcss . Ihe prcdpi lati on of Mn (ln 10 coccoli ths 
coliid he illi tiated by 1ll0rpholypcs of Emi li(ll/(l hllxl('yi of 
large r size (Pujos-Luny. 1976) as those obscryed in Ihe 
Dover Strait and off Dutch coa), \. or by coccoliths or the 
Gepllyrocll/J.WI sp. group. This again sugge:-.Is thm Mn-rich 
particles are like ly to be .ldveCled 10 the site with ..... :lter 
maSses nowillg from the Soulhern North Se'l. A~ :I eonse­
qllcJII.:e. only bottom samplcs arc likcl y tO he innuenccd by 
strictly local auth igenic processes. 

245 

PARTICULATE MATIER IN THE SKAGERRAK 

CONCL USION 

From our lïndings. it becomes elear that il is very promi . 
sing to collect marine particlc sarnples in order to obtain 
re le\':mt phy~ ica l and chemical parameters. prov ided that 
the reliability of the d .. l .. and the ~amplc-subsample homo· 
gene ity arc ensured as rar as possible. The cross-t'omp:lri­
sun of indel>cndently obtained p.mmletcrs on differem sub­
samples and the accuracy of Ihe inte rpretation full y enhan· 
cc the consistency of both ana lytical work and panicle 
sampling strmegy. 

ln summer conditions Ouly 19RR). the particulate maucr of 
the B:llt ie oUlllow (20 miopmost water column) was found 
to undergo a planklon bloom. dominaled by dinonagellates 
and Cocçolithophoridae . Below the Iwlocli ne. almost no 
li ving ce Ils we re found. By combining Coulter :mal yses . 
SEM obse rvations :lI1d parlicul ate organie C and N data . 
Ihc abundance of dinollagellates was c:-. ti mated and Iheir 
innuence on Zn biological recycling clearly stated. 

The delrital components mainly CIl llSi ~ t of clay mineraI s. 
Moreover. the abulllhlnce of clay. deterrnined by panicle­
eounting. close ly correlates with Sc (.md Al. CS. La. Cc. 
Eu. Th) conce ntrations. The detrital phase is assumed to 
havc a rather const:lnt mineralogy throughoul the water 
eolurnn. 

On the nthcr hand . Mn. and Fe. Co and 10 a lesser ex lent 
Zn. are highly enriched in panîdes. Excess element (non. 
supported by sha le-type material abundance) incrcascs dm­
malieally al dept h. e .~peciall y Mn. The concentrati ons of 
thesc c lcments corre laie with the abundancc of Mn-rÎch 
parti cles deterrnincd by count ing. AI le:lst some of these 
Mn-rich paniele:. are lîkely \0 form locally by diffusion of 
dis),ol ved Mn from interSlilial w:lIeT:'i. and subsequent pre· 
cipitation on to panîele~ . Th is process could be crfecti ve 
for other Iruce-met:lls wh ich would thercfure bc efricielllly 
scavenged :lnd removcd from seawater. 
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