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For marine cnvironmcnlS whcrc aggrcgalcs arc composed of ~ 50 % organic 
matLer. various panunctcrs relevant to aggregation arc quanlified and compared 
with those in other aggregation regirnes. Sorne possible environrnental crfects o f 
the rheological propert ie s of rn<.lri ne organic aggregates <.Ire reviewed. T he 
interaction belwccn shear forces in the water and aggrcgate rheology is likely \() 
delermine: firstly, the sink ing spced of aggregates and hence vertical organic nux 
rates: secondly, the volume of microzones, with impl ications for equi libria and 
kinet ics of chemical reaet ions in the pelagie milieu: and th irdly. the dcgrec o f 
turbulence dantping between aggregates, due to absorption of energy through 
viscous di ss ipation inside viscoelastic aggregates during their deformati on. 
Whether organic sub-micrornelrc panicles incrc:tse the viscosity of bul k seawater 
at :t g iven 1cnglhseale (such as that of turbulence) wi ll depend on their shape and 
the degree to which Iheir rheologieal and surface-active propcrties allow adhesion 
or intertanglcment to fo rm matrices. Sonte preliminary resul ts are gi"cn o f the 
rheo]ogieaJ properties of somc laboralOry-produced marine org.mic aggregates. 

Oceal1ofogica A e{lI. 1991. Procccdings of the International Colloquium on Ihe 
cnvironmcnl of epieontinental .~e a s . Lille, 20-22 Mareh, 1990. \ '01. sp. n° Il . [0 [-107 . 

Proprié tés rhéolog iqu es de s agrégat s organique s mar in s 
l'i mportance pour les flu x vert ica ux, les turbule nces et les 
lll icrozones 

Pour les milieux marins où les agrég:ll s sc constituent à plus de 50 % de mati ère 
organique , nous co mpa rons certain s paTluTlètres qui concernen t le régime 
agrégatif avec ceux d'autres milieux. Nous donnons un aperçu des effet s possibles 
sur leur milieu des propriétés rhéologiques des ag régats organiques marin s. 
L'interaction entre le cisaille ment in <~ i{11 et la rhéologie des agrégats pourrai t 
déterminer première ment la vi tesse de descente des agrégats, c t ainsi le nux 
vert ical organique: deux ièmeme nt, le volume des microwncs, ct ainsi l'équi libre 
ct la dynamique des réact ions chi miques e n milieu pélagique: troi sièmement. la 
diminution de la turbulence entre les agrégats duc à la dissipation visqueuse dans 
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les agrégat s vi scoélastiq ues dura nt leur dé formation. Le deg ré auquel les 
panicuics organiques sous-m icrométriques pourmient augmenter la viscosité de 
l'eau de mer brute à une échelle donnée de longueur (comm e celle de la 
turbulence). serait déterm iné par le ur tendance à donner des matrices par adhésion 
e t par entre mêlem e nt. La fo rme ai nsi que les pro priété s rhéologiques et 
te nsioacti ves de ces panicules dé termineront celte tendance. Nous présenton ~ 

quelque s ré sultat s prélimi naires de s propri é tés rhéologiq ues des agrég at s 
organiques marins produits en laboratoire. 

OCf'{/lIo log iCl j Ac/(!. 1991. Actes du Colloque internationOlI sur l'environnement de~ 

mers épiwntinentales. Lille. 20·22 Illars 1990. vol. .~ p. n° II. 101 -107. 

INTRODUCTION: COM PAR[SON OF AGGREGATION 
REGI MES [N D[FFERENT ENY[RONMENTS 

To any seOlfOl rer. oceanographer or sc uba diver. it is 
obviou s Ihat thc mid- Pacifie Ocean, the Norwegian fjo rds. 
mueh of the Mediterranean and pans of the Nonh Sea at 
time s arc pOlrt of " Le Grand Bleu". The Elbe Estuary. 
however. never is. Il is also obvious to the visitor thal the 
sediment-coloured waters of must estuaries with alluvial 
sed iments arc the co[our they arc bcçause intense bottom­
gcnerated turbulence opposes settling out by continuOllly 
swee ping sed iment bac k inlo suspen sion. lt is in thesc 
waters. that a huge alllount o f researeh has becn donc on 
ilggregmion and senli ng proecsses. largely because of the 
concern generilted by coastal erosion ilnd the s ihing up of 
shi pping channel s. Similarly. much work has bcen donc on 
aggregiltion in a nother turbulent system. that of the 
activatcd scwu!,\c sludge plant. Rcscarch on Olggrcgat ion in 
blue and green waters hils proceeded more slowly. 

As the prescnl contribution concerns orgilnie ilggregates. 
wc fee l it use fuJ 10 dctïne so rne o f the more e vidcnt 
qualitative differences and s imjJarit ies among lIggregation 
re g i rn e s in Ih e sca and in s lud ge planl s. T hes e arc 
expressed in Table 1. 

As suggcstcd in Tilbl e l, low-turbulcnre green and blue 
waters genera ll y d iffc r from high-,urbul ence scd iment ­
coloured wilters in the following pOlTilmctcrs: colour: origin 
of mixing cncrgy (surface or bon om): filte of turbulent 
cnergy d iss ipation: totill suspende d sol ids : o rga nic or 
inorganie milner dominating in noc:.. They do not lIppear 
10 differ systemati<.:all y. howe ver. in: s tratificatio n; the 
relationship between floc ~il.c Olnd the excess densily of 
n ocs (i.e. noc densit y millll.\" water den~ ity) . As mentioned 
in Table 1 (note 2). where sediment riner than sand is in 
short suppl y. as off the nonh COilsts of Briuany (Shepard. 
1963) . the wilter naturall y re main s poo r in suspended 
~ediment and thus stays bluc or green. 

Add it ionally. it :-.ee ms that gree n willcr mily represent 
eilher blue water with ~ uflï cie nt phytoplankto n to turn il 
green . or ocra,ionally water modeTiitely rieh in sediment 
il iso with sufficie nt phytopb nkton to turn it grce n. Since 
aggrcgiltc~ in bille and green wilter~ il re primarily }) 50 Il 
o rga ni e. w hilc lho~e in sed ime nt -coloured wil ters are 
primilrily » 50 q inorgilnie. the aggregate s in thi .. 
sedimenl -rieh . green wa ter arc likcly 10 be primarily 
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organic. For these reilso ns. it appears that rno~ 1 CO<lS!a[ 
wilte rs can be assigned to one of each o f the foll owing 
three regimcs : low-turbulence. surf<lce-mixed bl ue and 
green waters : high·turbulence. bOHom-mixed bl ue and 
green wate rs : se d iment -eoloured waters (prae tieally 
al ways hi gh -turbulence . and gcncrall y bonom-mixed). 
Mixed waler eolum ns also exi st. where the bollom water is 
princ ip<l lly bouorn -mixed and thc surface water surfa<,'e ­
rn ixed. with chil nge s in waler eo lour and probably ln 

depth-related variation ilggrcgille composition. 

POLYME RS AN D T H E FOR MAT ION OF ORGANIC 
AGGREGATES IN TH E SEA 

T here is increasing ev ide nce thm the viscosity of bulk 
wilter is negmi ve ly relatcd to sheilr rate both in so mc 
ph ytop lankton cuhure .~ (Je nkin son , 19Rfi: R:ll1lll S ancl 
Kenney. 1(89) and in so rne parts of the sea (Jcnkinson. 
1989). Phytoplankton abundanee in the sea has a[so been 
fo und pos iti ve ly re late d to v isc os it y (J e nkin son and 
Biddanda, submitted) as weil as to the abundance of hOlh 
organ ie ilggregates (Alidredge <lnd Sil ver. 1988 : Riebescll. 
1991 a) and sub-micromelre panicles. which Ol ppcar to be 
m()~tly non-living and polymerie ( Koike l'la! .. 1990), 
Bacteria. gclatinous zooplanklOn ilnd. in coaslal wate rs. 
epibenthos may ilbo conlribute thickening llIatc rial s 10 
~cilwater. Shear nlle in the seil is relaled principally to the 
degree o f turbulence , and si nce sheltcrcd coastill waters al 

limes show lo w turhulence and hi gh biol og ieal ilcti vÎ\Y. il 
is here thilt the gre,ltest cfrce l ~ of hiopolymer-associalcd 
thickening Illay he fell. 

As weil as being thirkencd by dispcrsed pol ymers. hi ghl y 
proouctive waters frequently contain organic :Iggregates of 
size greilter thiln = 30 I.un. in volume ffile tions of up to 0.7 
% (AJldrcdgc and S il ve r. 1988). In calm . unturbule nt 
Adriat ic waters aggregalc), . somct imes as large as 1 III or 
more (Stilehowitsch. 1984: Staehowit),ch el a / .. 1990). can 
represent a biOlllas~ of 10 g dry weight m-) (Hcrndl ilnd 
Pcdu zzi. 1988) . Whi le mo~t of lhb !locculated orga ni e 
material origi nil tc~ principall y from phytopJankton. organic 
ilggregates may be stabil iled ilnd even fun her en larged. by 
interpan icle b:.eterial bridges (Biddandil. 1985: 1986). and 
by the " slicky"mucu~ ~crreted directly by phyw pliln kton 
( Chang. 1984: Srnetacek ilnd Poli ch ne. 1986). Thc 
aggregates arc subsequently disrupted by protoLOii gra7ing 
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on Ihe bacleria (Biddanda and Pomeroy. 1988: Lochte. 
19(1) as weil as by extemal forces (Eisma and Kalf. 1987: 

aggregatcd pol ymers were Ihe primary source of the 
measured enhaneement in seawater viscosity. 

Alldrcdge and Silver. 1988: Lubbers el af.. 1988: Alldrcdgc 
et (1/ •• 1990: Jenkinson, 1990: Turley. 1991 ). 

An important question thus arises: if organie aggrcgales do 
not sig nifieantl )' inerease rneasured viscosit)'. cOIn the)' 
ne vertheless modify lurbul ence, and if so how can thi s 
modifiealÎon be mod ell ed? We shall sugge st that the 
rh eologiea1 properlies of suspended agg regates may 
sign ifieantly alte r, rirstly the tu rbulcnce speetrum and. 
second1y the sin king rates of aggrcgaled organic material. 

ln a st udy in which aggregatcs werc round 10 occupy a 
volume frac lion ranging from 2 x 10-7 100.01 excess 
viscos ity. allhough slrongly correlaled wi th chlorophyll 
levcl, was not s ignifieantl y eorrelated with aggregate 
volume fraction. This suggests thal dispcrscd mlher than 

Taille 1 

~ellliut: uppru~imali"e de parumètrcs dan"~ tmis régimes de turbulence fréquemment éludiés. 

l'arameter 

Colour 

Dominant origin 
of rnixing energy 

Me<:h~nical (mainly 
turbulent) encrgy 
dissip:ilion ~Ie. E 

(W m ' ) '" kg m,l s'l) 

' '(;reen and blue" waters 
(low-turhulence) 

Blue (dorninalcd by colour 
of pure " 'aler) or 
gn:cn (dominalcd tly phoIopigmenls) 
Occasiorla1ly brnwnlyellow 
(dominalcd by Gclbstoff in coastal n.!nom 
Ran:l y Ulocr coloul'li 
(in c~ccptit)nal algal blooms) 

Gcneral1y surface inpul 
(wind. surfocll wavcs). 
Icss commonly convcclion 
(duc 10 ~ urfacc cooling) 
or inlernal orill ins (internaI wa"es) 

From ~ 7 ~ 10'10 in some inlermcdiate 
W31eo; and occanlc Ihcrmocliocs. 
10 10 .... or 10.3 in ~urrac,:e .. ~.Ilel'li 
during modcnue wind~ 
(mueh mon:: in 510nns), 
bm a.~ low as S3 x 10" 

''ScdimcnH :oloured'' waters 

Generoilly from yc llow 10 bru .. 'n. 
Colour domÎnalcd by inorganic 
conSIÎIUCnl~ of suspcndcd sediment. 

Gcncrully OOllom mixing 
(eum:nt .•• nt swe l1 cnlcring 
sha1l0w wnlcr) 

ln mi<! dcplh: from " 7 x lO.j , "the 
10.0'$ Ihal can Ile IIIll1gllle<l" 111 

eSluarics al slact waler and al mid 
dcpih. 10 0.1 or 1 (lligh lurbulence) 
al a w~lcr depth uf9Q<.l. I<llaJ dcplh. 
fur .ne.m eurrcnl specd of 1.5 m ~·l 

Activated sludge plant .. 

(jcne~lIy gn:yi~ . 

DomÎnalcd by colour of sludge. 
including constiluent bclerolropbs 

(Mcehankal mi~ing) 

Prubably higho:r man gcncnl.l value. 
lor "sedlmcnl-coloun:d- .. 'alCO; 

in \"Cry cairn .o'è~lhcr 12. 4, 5J (IlUl up 10 J x luS in Ille .. j'}HIHhick 
viscous ~ubJ~ycr, JUSl adj~cent W lhe bcd) 16J 
Sfe ooh: J 

TOlal suspcndcd 
solidsg JO') 

l'roponion of 
organic maner 
in floc~ 

E~cc.~s dcnsity 
off1oc~ (Ilascd 
on valucs dclcrmincd 
from si /.e ami 
~in king nlle~ ooly). 

Slrdlificd 10 weil mi~cd S!r:llilicd 10 wdl mixc:d 

.. IO'~ 10 2, m·3 [61 1 lU lOS g m ' } [6J 

(icnera1ly ~ 5tl % [1 J Generall y ~ 50 ~A 11 J 

For ail marine candirions. from bolh IJui csccm. offshore watcrs. lU 
rurbulem eswaries. va lues lie wilhin a fa<:lur uf 5 uoovc or helow toc 
si tc, rdatcd rclalionship assumcd by M~-Cuvc (l'JI!4), Ihal i _~ .. IIV kg m'} for 
nocs uf diumclcr 1 ).lm 10 .. 2 kg m') for l , mm nocs [6) 

Alwuy' (?) weil mi~cd 

NIJ/u: I } \ ,<,Iu .. , of lurbul .. nu u$td i" Iht laooraf()I)' b,. "'orun inr"rt$l~d in tSI",,,i,, .. s .. dim .. nr ImnspOrl proft"S$tS lit bt, .. ·tm ,'iscou$ l uhlaytr I,M 
hull: \"Il/u~sf"r ".uuorint lu,hu/mu:for in$/(loct. 210 loJ w m 'J (Di .. ,Ii". /982/ or 1.2 I/J lOI W m' ). Cl/leu/mtd fm", ''/llut"SI:Î''''''fn, btd Il"1$ ( I\rotI~. 
1962}. 
2} O,h" , I".u /"/)I"",(m "'llIt'l' ~S;M 5U('h 115 high·lurhlll .. nct b/ut n, /l,un ""/li,". Th".tI' 0" c!""(lt"lt'r;:rd hy oolll>l" ·lh",Ji"", .. d mixi,11I I",d b)" (1 'u,b"/l'''' 
lll'IIt/I,...It(·~ 'l'mi'';5(."t''l uf tSlu(lrint c.mdili"".f. IJte/,us, linlt fin" J"di",,,,,1 is o\"(ûlnb/", ho .. ·t ,·t" 101/11 $u;ïl'/"It(f.-d ill/l'K,,,,i(' ",,,I/t, ,...",,,in,· lu .. : Such 
"-(lll'l'l' o(."n' r. ft" e.(Jmp/e. /I.ffll,~ 1/0rflt l'''(H' (1/ Hrilmlll)'. Bec"u$/! Qfhigh a",l,i~III )"l,l"" 'fl/l'l', mto/ugie,,1 proIJerfic.' $/"/WI liIœl)' III bt dominaltd Il)' Il,t 
""..-"m;w, ('om/Hm"lII 0f .. isr"sil,.. 1/11'. 
JI Wh<,rt' 1U,lm/!'II('" ill/e'l.fi,y II"U.f /lj,'('"It III 'l'fl'"'I{'1' hy rm.f .fll/!IIf mie. q. dinil'(J/;lm IJI'r mlil '·o/lImf. t: luIS m"'11 '"/lkul/ll<"lfm", Ilrt' ftmll ill/l. C = 7,5 11 1r. 
... I,t" 1/ i.f dy/mll/ie 'ùcosü,: 1,.·,.. I//(l''' ,ts Ur) l'" s. Simil,,,I,: [l'Xllrt'SJt'd lit" mlil "'M.r has btfll cOIII'l'rlt,1 u.~i"8 a Il,,,/Sit)' of /(P kg II/.J. 

N/itf'/!/I /"ts /U"I'II in Iht 'Ii/hlt: fI{ t"i.fml/IIIIII l\al/(I'#I7/: /2/ Fo",,.., cl al. (l987J: /JI U ,mil GI"'(';:(I1t~'k (19861: /4/ !ùl/t,..it~ CI al. (lWJ8}: /5/ ~'" 
Lur ' /IIti N()(}/h f 1975/: (6/l4m l~u.Hl''' ( IWIJI}. 
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Table 2 

Pl/pICU/ /lr/)I'{'rw.'s of /"bOrtlI00·-l'rtNJa .... d ag8"gmfl·. 

Aggrcg:ltc- orig ill EtIUi\'a lc- 1l1 tlÎarudc-r l'::l:cess d e ns il)" \'i e ld s lress C ritÎcal shear 
(mm) Ikg ru-3) (l'al (dime ns ionless) 

---
Age<l ..:aWJler Mean 0.00 (201 ) " (loi) " (21 ) 2.7 (2 1) 

~.<I. 0.1 ) 6 " U 

Aged cuhure of Me;", UI 05) 6 (35) " ( ~ .l ) 1.6 (33) 

Skâellmema •• <1. 0.7) , " LI 

Agcd planklon ~ I ean 1.16 (26) , (26) " (loi) (J.Y (14) 

10W s.o. 0.501 , IJ 0.1 

\ '<I111" s ill 1'0l"('tJ l"/'5"-' dfllUl1' Ihl' lIfimher Qf IXlnidu $lIbj"CI 10 <,adl 1II<'(IJll r~m<'lI l . f :qllim/f/!/ tliflmNrr rfl'relelll.i pilflirl<' t'n/alll<' III 1f'fIllS nf 111<, 
dimm' Ier of /1 J"I'hen' of (hr 5/lIl1 t· ,·u/ume. Eft"('JJ' d'·IJJ'il.'" " 'UJ " r lulI/ im·d IIJ'itJ!; SIO~,· 'J' /"'" f rum 1I1<"/I.f/l rem .. m of Slllk;'lg mIr. J'r/(! Sl rru 15 111<' StrrSS 

,/, ' /(jitl l'd h.\" ml /lgg .. eglllf brfnr/' il yit.Jd., . ('ri /Îm / .• //eur is /lU' 1I1/ln lllll ()fs /l r ur 5//51111111'11 Il.1' /1II 1I101"8I11e Ixill"" il yielllJ', 

REGULATION OF SIZE IN ORGAN IC AGG REGATES 

T he size of miJri ne organic aggrcgalcs is rcgulalcd by 
conSlructive and disruplive processes. The conSlructive 
ones incl ude physic'll Ilocculat ion mechani .~ms , surface 
ad hes ion and biological cemc ll ting (McCuvc. 1984: 
Biddanda. 1986: Eisma and Kal f. 1987: All dredge .md 
Silver. 1988: Riebcscll. 1991 hl. Di sruption occurs when 
Ihe forces exened on the aggregate. both by sheari ng in the 
surround ing water and by drag resistance duc to sinking 
through the waler. combine 10 exceed the strenglh of the 
aggregate for long enough to pull it apan (Alldredge el al., 
1990: Jenkinson. 11.)90: Turley. 191:11 ). ThiS IS consistent 
with observations that the largest aggreg,ates oceur during 
episodes of low turbulence (Staehowilseh. 1984. Alldredge 
,md GOlsehalk. 1989; Riebcsell. 1991 a). 

RHEOLOG 1CA L PROPE RTlES OF ORGA NIC 
AGGREGATES 

Il has been demonstTated thcoretieally and in expcrimcntal 
system s th,iI aggregates composed of similar primar)' 
partides show elastic ilY. al least for sma!! dcforrnal ions 
(Busca!! el al .. 1988). Casual (u npubli shcd) observation 
indicates that mari ne organic aggregates are also flexible 
and claslie. 

Working with natural. fragile aggregates 3 \0 22 mm in 
diumeler. Alldredge el al. ( 1990) found Ihal Ihey broke up 
when mean turbulent shear forces (ca1culated from shcar 
di ssipation rates given) ranged from 1 10 10 mPu. Thcse 
forces. whieh may be taken al> approximalel y el.juiJl 10 Ihe 
shear strenglh of the aggregates. were llegali vel y relatcd to 
aggregal e s ize. In the same s tudy. gclatinou s 
appcndicularian houses. as well as aggregates of detri lal 
debris and of sewage flocculation bacleria were stronger 
than 100 mPa. 

Using a rheomeler fined with co nce nlric cylinders (a 
Couetle syslem). wc mca~urcd Ihe rheologiciJl propenic.~ 
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of aggregatcs produced in the laboratory fro m aged 
seawa ter. from a diatom cu lt ure and from an aged 
plankton tow (Turley et al .. 1988: Jenki nson el al .. 1988). 
Preliminary resul ts arc shown in Table 2. Thcy indicalc 
that the mean yield stress (phys ical s trength) of the 
aggregates varied from 15 Pa for Ihe aggreg<ltes formed 
fro m an aged plankton tow 10 about 27 Pa for Ihose 
formed from aged seawater or aged SkelelOllell1(l cultures. 
The crhieal shear of (lur lahoratory aggregates, that is the 
Ihe mean amount of shear thcy suffered before yielding. 
was 0.9 (aged planklOn IOW), 1.6 (Skelerollell/a ) .md 2.7 
(aged seawalcr). The agcd-scawater aggrcgatcs were thus 
the mûSI "su-ctchy··. alld the plankton-tûw aggrcgatcs the 
mosl brinlc . That our aggregatcs strctched berme yictding 
atlow s an e stimate of complcx modu lus (yield 
slress/critical shear) 10 be deterrnined. 8 ased on mean 
val ues. thi s is 18. 17 and 10 Pa re speclivcly, for the 
pJankton- tow. Skelelol1l'lI/(I-cul ture and aged-seawater 
aggregmes. Yield consi stcd of fraclUre in some laboratory 
aggreg:J1cl> bUI of pla.~tic tlov.' in other~. We arc preparing 
a more detailed presentation of these resul ls and of Ihe 
method s used. As in Alldredge el ol. 's aggre gate s . 
slrc ngth in our laboratory iJggregatcs WOl S invc rscl y 
relatcd to sizc. 

That the measurcd yicld stress of our Jaboratory-made 
aggregates was Illtlch greater Ihan in Ihose illvestigated ill 
silll by Alldredge el al. ( 1990) may bc panly bccau~c our 
aggregates were smaller than those of Alldredge el (II .. and 
partly because laboratory aggregates "re more compact 
than Ihose fo rmed ill Silll (Logan and Wilkinson. 1990). 
However Ihe deformalion forces 10 which Ihe aggregales 
were subjecl are nOI sirictly comparable. a~ they were 
turbulent in Ihe study of Alldrcdge el al .. but produced by 
a steady imposed shcar nlle in ours. FunhemlOre breaking 
.~ train was t'ak'ulated by Alldredge CI al. as that needed \0 

break th e aggregates once . and wa s Ihu s probabl y the 
strcngth of a linc of weakn ess . while in our ~lUdy Ihe 
material of Ihe aggregate WOl S almosl cenainly sheared 
more homogeneously. and was aJso comprcssed in Ihe 
measurcmcnt gap. 



INF LUENCE OF ORGANIC AGG REGAT E 
RHEOLOGY ON TURBULENCE 

Poly merie thicke ning di spersed homogc neously has 
bccn show n theo re ti ca ll y to damp turbul e nce by 
increasi ng the size of the smallest di ssipation structures. 
Ko lmogo rov edd ies (Jen kin so n. 1986). When 
agg regatcs arc prese nt IWO furth er mee hani sms of 
turbu lence reduclion are proposed. 

First mechanism 

As lo ng as aggregate s rema in s tro ng enoug h lo 
w ith s tand th e s urround in g shea rin g fo rces, a ny 
dcformation in the aggregate wi ll be elastie and th us 
non -perman e nt. In thi s way aggrega tes re prese nt 
turbu lence-free zones in a turbulent sea. for as long as 
the agg regal e lasts. La zie r and Man n ( 1989) ha ve 
sho wn thcorc ti ca ll y th al e limination of turbul ent 
diffu sion can rnarkcd ly cnhance mi crozoncs. Thi s is 
eonfirmed by the production. in sorne phYloplankton­
produced aggregates, of microzones of inereascd pH, 
which promotc fixation and accumu lation of mangancsc 
(Lubbers el ul .. 1988). In other aggregates 0 2-deficient 
mi crozones are produccd (Alldredge and Cohen. 1987). 
Paer! el al. ( 1987) have suggesled Ihat N2-fixation by 
anaerobic bacteri a in pelagie systems is mediatcd by the 
ava il ab ilit y in s ide pa rti eles o f such O z-defieie nt 
microzones. 

Second mechanisrn 

If turbulent energy were pcrfcctly lransmiued or reneeted 
by suspended aggregates, the cascade of turbu lence would 
not be affected. Since aggregates arc v iscou .~ as weil as 
c/astic, however, they tend to wobble in the turbulent fi eld. 
and suc h viscoe la st ic deformation abso rb s e nergy. 
Turbu lent encrgy wi ll thcrefore be correspondin gly 
reduced in the surrounding nuid. 

ln a liquid withou t elastic properties. a re lation ship is 
impli cit betwee n turbul ent di spersion of material and 
IUr bul ent di ss ipat ion o f encrgy. Th e prese nce of 
viscoclas ti c aggrega tes is li ke ly to decouple Ihi s 
relationship (Jenkinson, 1990). 

INF LUENCE OF ORGANIC AGGREGATE 
RHEOLOGY ON VERTICAL ORGAN IC FLUX 

Vertical nu x of organ ic matter is largcly mediatcd by 
organic aggregatcs (Fowlcr and Knauer. 1986; Alldredge 
and Silver, 1988). The sinking spced Ihmugh Slill watcr is 
detcrlll ined prillluri ly by aggregate size and excess densi ty, 
although shape is important at Reynold's numbcrs > 1. As 
the size. and possibly Ihe shape of aggregates are partially 
determ ined by thei r rheolog ical prope rtics (J cn kin son, 
1990; Turley. 199 1), da ta on aggregate rheology are 
required for modclling nux. 
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ORGANIC SU B-MI CROMETR E PARTICLES 

In addition to the organic aggrcgalcs:2: 30)lm lU 1 m 50 far 
discusscd, Koike el af. ( 1990), using a low-di sru ption. 
high-resolulion panicle counter, found up to "" 107 organic 
particles ml- l in surface waters of the norlhern Pacific 
Ocean. These particles are of equivalem diameter between 
0.38 and [ )lm and if Ihey arc co mpaci in shape thei r 
ca1culaled volume fraction docs nOI cxcccd "" O. 000 1 %. 
Their destruction by brief sonication indicates that they arc 
fragile; eleetron microscopy of water samp1cs containing 
Ihcse sub-rnicrometre particles suggests that most of them 
are non -living , macro molec ular aggrcgatc s; and thci r 
ability to pass through mters of pore size about one quarter 
of their measured equ ivalent diameter indicatcs that thcy 
are nexible and perhaps of string-Iike shape. (Koike el (If .. 
1990; Toggweiler, 1990). 

The size of sub-micrometre panicles suggesis that they 
must have a low vert ical s in king or risi ng specd. As 
poinled out by Koike el al. (1990), Ihey th us cann ot 
conlribute s ignifi ca ntl y to ve rti ca l flu x unl ess they 
associale with cac h (J the r or wil h larger particles. 
Irrespeclive of whether Ihey constitute "picoaggregates" or 
even single macromolecules > lOS daltons. as suggested 
by Toggwei ler (1990), if they include componenls 
suffic iently long 10 entangle with or adhere to adjacent 
particl cs, the y cou ld loose ly aggregate to forlll more 
ex ten s ive zones of 3-d imens iona l ge l matrix. Bulk 
rheologieal properties wou Id Ihen bc mod ified up 10 the 
length-scales of such zones of gel. Exopoly mers derived 
from cu ltured microalgae have already bccn found by 
Ramus and Kenney (1989) to const itute "very complex 
macromolecular agg rega ti ons", whi eh ca n further 
noceul atc to fo rm a gel Illatri x. 

CONCLUS IONS 

Th e rheological properties of aggregate s partially 
determine, firstly their size, shape and sinking spced. and 
seeo ndly extrac ti o n o f turbul ent encrgy from inter­
aggregate water. III addition. their volume fraction, thei r 
shape and their surface propertic s wil l determine the 
degree ta which they may adhere or intenangle ta fo rm 
three-dimensional matrices. 

Data on the rheologi cal prope rtics of marine o rganie 
aggregates, as weil as on the nature. shape and surface 
propcrties of organic sub-micrometre pan icles are required 
for modelling both vertical organie nux and smal1 -scale 
turbulence in the sea. These data would be particularly 
we1come for coasta l waters. whieh appear gcnerally to 
include those most rich in aggregates. 

In addition to pure rheologiea! data. information is necded 
aboui the now of water in slllali (perhaps 1 to 100 cml ), 
unbounded zones in .filli. Such data would providc further 
in s ight into rh eo logica l and Olhe r hete roge ne it y in 
scawater, and might shed more li ght on tu rbul ent 
proccsscs. 
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