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Scasonal \ araations and spatirl distribution of suspcnsion composition and conccnrralion wcrc dctcrnlincd
in rhc llorlsund f;ord on sourh Spitsbergcn along $ith boilom scdiorent nrincralogy and glacial-rnarinc

nrud accunrulation ratcs. Thesc d!ta scre rclrlcd to macrollc'ilthos biomass di\lribulion. as rvcll as

geochcnrical and hldrographrc data. 1hc axial distribution of scdinrcnt accunrulation ratcs follo*s
cxp{)ncnlial dcca}. Slopcs oI thc sca*ard dccay arc diffcrcnt for individual nrcltwater sourccs in ]lornsund
and. in gcncral, thcl arc highcr than in rircr-fcd f.iords lntcnsity of suspension settling is cnhanccd b)

strong retardation of mckwater ffow and turbulcnce uithin thc shcar lr;er of mcllwatcr jct sliding ovcr
srrongly salinc satcr. 'fhc olosl itrlcnsivc seltling. controllinS thc ovcrall cfhcicncy of nrud dcposition (up
b -15 cD.h) occurs in thc icc-proxinrul jet zonc of mclt$ltcr plurnc. Il rcsull\ fronr lurbulenl diffusion of
dcnsc susp,ension ( > | .Ut) nrgi | ) lo Ihc undcrl] ing still wutcr la) cr. \\/ithin lhc morc distal, slo*.advcctirn
zorc thc scdiment accumulation ratc falls below I cnr,/a. Suspcnsion is tlcpositcd hcrc mostly due lo slo{
scltling of nrature fl,rcs across lhe halollinc. This bipartt. larcrdl zonation rcsults in (l) cla)'mincral
sctrcgrti()n obscrrcd in bottrrnr rnud in the icc proxinrul Jcl ronc (2Mr largc-liakc muscovitc is scparrlcd
fronr ll\ld clay-grade illitc). rrd (2) high accumulrtion ratc and cxtrcnrcly rapid decal uwal fronr thc
sourcc. I litsh conccnlration of Jurfacc-ncli!c cla) s an thc rapi(ll1 accurrrulating scdimcnt rcndcrs thc proximrl
mud a closcrl slstcnr and a phlsical lrap for nutricnts

l-hc scasonal rhlthm of changes in suspcnsion composilion rcrcals a limc lag bctwccn nrlximunr o[
organic suspcnsion conccntrltion rrd onsct of clastic scdirncntation Tlris lag along uith thc absolutc
tlominancc ofclastic flux rluring sunrmcr-autumn. result in sulphidic (dark'light) lrnrnalion of icc proximal
nud lligh clastic input rnd high surfilce $atcr turbiditl result in formation of a benthos-poor zonc in the
icc-prorinral scrlings. 'l'hcrc. formation and prcscn ation of originrl nlonosulphidic lrrninatrrn and scarcity
oI bcnthic lifc arc mutually depcndcnl. Control ovcr thesc follos! bl danrping trf primarl production in
thc photic zonc and trapping of nutrienrs in thc bottonr scdinrcnt by clastic dilution and fast burial of
orgrnic matc.ial.

Kr:tsztoi Gdrli.lt, Itatitute of GnlogiLul Jtiarlr,s, I'olis,fi .4rudrnt\ oJ J,-iorco, rl Surutku 3, ]l-00)
Krtk6r, Polund;,/dil ,tr. ll'(rrdtrr/ii & ,lltek Zui\rczkotski. Intriux. oJ OLtunologr, Polish ,ltudenty oJ

.lcirrcer, a/. l'o\'tkrit6\'llirrs:rrr ,5,i, lJl-967 Sopot, Polunl: ,llurth l()87 (rtaisctlJtlt 1937).

Settling of suspensi()n in thc forefield of titles ater
glaciers is bv no rtteatls fully undcrstotid ltnd its
pe culiaritics not \r'cll rlcline d. Also, in the re sult-

ing glacill-rn:rrinc nrud the nrutual rclations
betsccrr thc cxtrcnlc se(linrcnt loading, leo-
chenrical cnr inrrrrncnt irr llte sedinrcnl. arld iltlun-
tlurrce of tre nthic Ifc rrccd clariff ing. Thc present
pal)cr ititlls ilt c()ntrit)utillg data olr thc atrovc
problcrls arrd, sllccilicall), \\'c put f()nvard thc
lirllou ing (lucst i()ns:

{ I ) Pcculi:rrities ol ntechrrnisnr of linc scrliludllt
sctthlg ilr tlre forclield of tidc*':rtcr !,lilcicrs:

-scuson:rl 
r hl tlrrrrie itl of suspcnsitrrt scttlillg.

-nrechanisns 
c()ntrollirrq lateral tlistrrbution of

sediorcnt accunrulltlion rates in ice-proxirnal
setti ngs.

(2) l\lain ilgcnts clusitlg stroltg liiteral bi()Illilss

changcs antl the rel:rtcd l)roblem ol'primarl' con-
l[()l o!er foilnati()n irnd prescrvati0n 0l origin:rl
scdinlental)' \tructurcs (c.9. r,arvc-like
lunrination).

-[he scdinrcnt dcpositerl rn thc proxintity of an
icc cliff secnrs Io t)c cxc!'ptiouall)' fine. *'irh silt
anrl clal' fiaction constituting up to 90% of thc
bulk santplc. l'lrc trirnsition fronr nrLrd to out\\,asll
and tlianrict frrcres (or irrverse) in vertical sections
and laterally. is rapitl. 'l'hrs is observecl both in
the Spitsbcrgcn fjords of today (Elverh0i et al.
1983; (idrlich rn print) and in the Pleistocene
sc(lucnces (e.q. Nlccabe et al. 1987). It suggests
that in il tirlc*rtcr-cli,.ir'r cnvirunlncnt intcn:irc
settling of lincs fr(rnr the mel[vater overf]ow starts
nearl)' at the ice cliff. producing hne intercalatit-rlis
within thc coarse-grained bottont setliment and,

ffi



f/f 1 Sketrh nrap of Spitsbcrgcn. l. locurioo ol lhc study
rrc,r. J samplinl sitcs (grill) sanlplcs) in Strlrfjordcn anrl thcir
rJenlltiattlun

alrcady hundrcd metres or so fronl tlie source
glacicr, continuous lllud sequcnccs.

Wc nolcd rhat suspension scllllng intcn:itics
tjiffer tbr individual ridewarer--{llcier subbasins
of llornsLrnrl arrcl. ctcn ntore sirtnilic:rrrtl1,, they
diffcr u'ith respect to sus[)cnsiou belravioui
observed in rivcr-fctl fjorcls, or, as :tn cxanrple of
the temperate zone micro-tidal estuary ar the
Vistula l{ivcr nroulh in thc Balric Sea. Ilence, we
assrrnted thirt to c.\l)lain ndar-s()urcc suspcnsion
scttling [)ultcrns ()ll{] nlust irrrokc,. ltc,sitlcs hori-
zontal salirritl' urariierrts and disclrirrge. olller con-
Itrtlltttg rrterl)irnisDtr trro. irt |.rrtrrrrl:rr. r.crfical
salinity rlratlicnts. mincral and tcrtrrral conr_
posttion of orirlinal suspcnsi()ll. as \\,cll as
d1'rranrics of thc disch:rrgc 1et.

( )u r lr p;trolrt.h i rr t lre pt csc rr I st u(l\. tl,it\ I () col lcct
strclr sets ol lieltl dlrtlr shiclr could [)o rrsr:d to tesl
thc applicatrilitr of rhe eristitrg experinrerrt,based
rrrotlcls of susgrcnsiort scllling iul(l lirlrnrrtion of
hne scdinlcltt. lrr r>rtler ttl do so. u,c strntpled
suspcnsiorr irnd lrottorrr nrrrd. 'Ihc prescnt rcport
also incluilcs dirta on the tlistrihutiorr Dtttern of

(!r.rll|'ls.rr:rlllcsl\\|lhthU|l|dctltilicrlx)Il}dircur:etirtrthtsplrpcr.S'seJiIrteot
tn!lt$.rlrr oUlli,,s\ ln l\l)lr)rnhrnlnJ.

lxrttortt macrtlfilur)ll itr I Irtt ttsuntl. ilnd :ot11c

hytlrological and gc()chenric:ll rcsttlts.
'l'lrc paper lircttscs on trvo srtbltitsitts ttl

lkrrnsuntl ()n s()r.ltll Spitstrcrgen (l:iqs. I irn(l l).
lslljiirrtharnna ruld lJrepollcn. and tltc discttsstott

is crlnceutrated ()n thc pl)eni)mcna Jcc[trring ill
thc ice-proxinral settings.

Previous work
Much eftbrt hrs trce n dc\'()tcd to stttdl sttsllctlstttt't

llocculation and settling in nittural and experi-
nrental systcnrs.'fhe experinients in simplified
systenrs (e.g. Kranck 1975. l9ti(), l9ti(i; Ciibbs

l9tl5; (iretn l9fi7) arrtl tlteorctical cortsirlcratiotts
(c.g. lliihn .t Stutttnr 1970) oflcrctl in\igllt into
elentcntarl, I)locesses durinu lloeeulaliott atltl sst'
tliug, but thcl,still ftrlctl to l)loducc a c()llererlt
comprehcn\iVe rttotlcl lirr tratural cstttaries (scn-

su lato). This is duc to thc fact that some crucial
agents arc disregardccl in lhc e.rpet ime nts. 'l ltesc

ornittcd or undcrestinlltcd factors are (l) dif-
ferent c11'stallochenrical qualitl'of particlcs in Ihe

far encls of lhe size sltectra ( froni surface-ltctive:

shcet silicates, ()r{antc rllilttct, lr()tl atrd rnitngit-

nese hydroxi(lcs. to illcrt: tluurlz. fcldspitrs. and

carbonates). (2) turtruleltce. i'n(l (-l) localtzcd

advection ilnd coDvecti()l) R'itlrin tht $'atcl ttlllss--
to nan)e only tlrc utos( signilicant.

Observations ()n ths scLlillrent loading colltr()ls
over thc [)ottonr fautta cortlltltttlitics in fjords are

abundant in thc litcrature (see Farrow et al. 1983

witlr refercnccs). [:cn'papcrs. ltolet'er, deal rvitlt
very proxirnal scttings in fiord cttvironntettts
donrinltted lrl active tide\\'iitcr glrtcicrs. Peltr:on
(l9ti{)) gave u cort'tptehcnsivc rcvies of currettt
u0dcrstiutdillq ol thc fjortl Ittitcrtltrctrtlttls. ctln-

clutlirtc that tltc e ettlosl'trl thc Alctic fjordr donli-
nate(l l)y lidc\\'atcr gltrcicrs tlilicrr ltoltt lltltt Lrl'

the brlrcirl t() tdnlllcratc fjords. 'l'he most charac-

telistic firctors itlfecting trcnthic [attnit tlistt illLttirln

in thc Arctic tidcrvatcr-glacier dortrinltetl ljords
are ( I ) the prcsctlce of strongl)' seasonitl lrcsh-
water di5charge, (l) higlt scdinlcl)talion ratcs,

.rnJ (l) lri:.ll o\)r.lcll :rl)(l ltLtllicttt Lotlc(l)ltilti()ll
ill near l)ott()ln t'aters (,\ltlrolorrio 1973: l'earstllt
l9tl0; (iullikscrt ct itl. l9fi{).

'flrc licltl rcscarch tttt suspettsii.rlt settling itl
the nrost PrLrxitDal scttlngs is scarce. aith()ugh

nun)erous conccP(tlttl lntldcls ftlr tidcwater-
glacier setliniclltati()ll hrve bectt clitbol atetl

( [)onrlck l gti] ; OilbcLt l 9u3 ; Nlolnia l 9ti3 ; Pott'cll

l9U.l). 'l'his study $ill als() rcfcr to tllc I)rpcrs
dcalirtg sedinrcntolosictll) rvith glacial'tttarirtc

sedinrer)t5 ol Spitsbcrgcn fjolds llih'erhrri ct rl.
l9ti(). l9fi.l: l:lvcrltiti l()lil).

Setting

I l1'drogrupltl'

Ilornsund fjorcl (Fig. 1). hcltcelirrsrrrd detl()teLl

as I Iornsuncl, is sitrrittcd on southcl.|l Spttsbergcn.
opcning t() the Grccnland Sca. Nlorpltolosicallr
it is divided into several troughs scpilratcd bt sills
(there is no sill at tlre fjord's ntouth). l'lic ccrtlrlti
trough is 2()0 nr ilecp. 'l'he ice-proxirn;tl lrrtttths
irrc 55 rtt (lsbj(irrrlrunrrr;r). 150 rn (lllcpollctr). ittttl
lfi{) rn (Vc:trc IJLtrgcrhrrktit ritttl S;itttiirittratctt)
dccp.

I I1'drokrgically. I Iorn:urttl is uttilct nrircti
inllucnce frorn Atlantic C-()irstiii \\'lldr irllJ
Atlantrc C'ore \\/atcr (S*erpcl l!)S5: \\'gsLirt:kt
et al. l9li5). Ilottom \\'irtel salinrtics r,rnsc ltont
33.5 to 35 per thousand. uhcrea: surfacc uater
salinitics rcveal llorizontal gradients 1q:tiiting
from rnixing of nrelt\\,atcr u'ith undcrlr ing salinc
rvatcr (op cit.). Salirritics of surflice rttrtcr trrclr
fall beneath 20 pcr thousand.

Watcr stratilicirli()n is str()ns :rttd sctlitttctt-
tologically significant only rvithin tltc proxirtirl
forcfield subbasins ()l thc dcb()uchinir tirlc\\'atcr
glaciers (Lirbariski ct al. 198{); Su'erpci l!)S5: (ior-
lich & Stepko in print). Freshrvater dischargc is

unknown and. so far. irnpossible to cvaluatc duc
to scarcity of pertinenl hl,drurraphic diita ir()nl
ice-proximal zones.

fhe currcnt i)'stcnt ()f llorrtsuilrl as rL riltolc i:
Unkrtorvn. A Irlrotr'r1][rrrrrttclric rccorrl {rl \eil lfc
rhilt (Nl;rdcyski l!)fi5) strggc:ts tl)lt lhc \{lrt'i(c
\\'tlcr nloventcrtts irr tlrc fjorri rrte tl,rttir;tlctl lrr

slow trdal currents (spring-tide amplitude is aboul
1.5 rn) antl tlrift currcnts str()ngl)' riepctttlttrr: trtt
llle instantaneous rvind dirueliorts. l-lrc lltonlell\
and wind-dcpentlcnt Iluctuati()n ol lltelt\\rlcl
plume dispersal in the proxinrities of the tidc-
water-glacier are shos'n in Fig. 3. ttsing thc
exanrgrle of Istrjiirnlrantnir.

Sedirtrertt sourtt's

lledrock irt tltc soutcc arcir5 ci)\cls (t \\lJc rirlt{r
ofages anrl litlrtrlttgres ( Fig. -l ). ll,rttt tttet;rttl.rt 1,ltic
rocks of the Prccanrbrian I Iccla I Ioek conrplcr ilt
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lnc (rulcr (ni)rlh$cstur|l) |:rrl, thftrrrulr tlrc l0$.e r
l)irllrcozrrts e;rrlrontrlu roeks itt tlru c.,ittlrl 1l:rrt of
thc ljortl. to lhc prcdonrinantll, siliciclasti.:,,ppcr
I'alaeozoic and Nlcylzoic roeks in thc trav hca.l
rrcJ { l()r nl()tu Ll,Jtirilc(l rlcscriPti0n ,". Gairlial,
(l9ii6). and relcrenccs in capti()n ro Fig. {).
. 

Sctlirrrcnt input lirlkxvs rhrough nreltu,ater tlis-
churge liorn ciqlrt nrajrlr tiilcrlatcr glaciers. Orhcr
sc(llnlcnt and 

'rcshrr.aler 
s()urces secnl negligiblc.

The rncltrvatcr input is str()ngly scastrnal. With
frcsltrrlrtcr discltargc unknorvn, \\,e canll()t
luttelllpt. lrt. rlctcrnrinin_[ thc serlirrrcrrl lluduct
urthtrr thc ljrlrd.

I]lltont s(li,tt(nI
'l'lrc larictl' of substrala rln larrrl ir rcllcclcd by

c()nsl)tcuous diffctcrrccs ilr lithillogics ()f lx)n{)nl
sedinrcrrt. Frve rrrilrelirhrqical llrovirrces s,cre
dislirrgrrislrctl irr tlre lxrttorit \crlrn)ent\ rrsinu thc
relativc aburrd;tnce of curborrirtds, quitrtz, and
feltlspars (Citrliclr l9fi6). ln tlrc siliciclasric Pror,-rncc of llrcpollcn and Strrrlortlcrt lhcrc ur" .rn 

"nl).irug" J0|l qulrtz, ll to ll.i fcklsplrs, antl
3'lc cilrbr)nates. In calcarc
sar.a ri n r.:iee rr ), r," .,,, r;, ;;;:j:,illl' ",li'] 

.' i ii;
teklspars dropping to {(i. (.1u1,-ntirrcrll com_
lx)stll()n su{gcsts eristclrce of lNrr tlistitrct rl|iilcral
[)r()\'lltces: lhe biotilc,nlr:corilc rlonlrr:rlctl sedi_
nlcnt (ul) t() -15.; of tlrcsc nrinerirls irg:rinst l0%
of illitc) and thc illite (lonliture(l se(linlcnt (ul) to
25% of illrte aguinst l(].'i of ntuscoritc ltrd
biotitc). Sec Fig. .l anct C(irlich 0986).

fi3. J. Schcrnatizcd dorninant lrthokrgics o[ thc cxposcrJ bcilrock orr llnd a: scll as cla]-fiinc.al
prorinccs uithin lhc lntrxn sctiinrcnt of Ilornsund. [.and lithological data compilcd [r0m
Uarkctrnraler(l9bO.l96{.1915.1977. l97lta.b).Radsariski&EirLcnmajcr(1977).Sicdlecka
(1968), lnd Snrulikoqski (1965). l. amphibolircs and mica-garnct schist:,:. ph)1lircs. -l
nrarblus, litDcsloncs and d()lornitcs, l. siliciclastic r()cks. Dotton sedimcnt provinccs: 5. nrus,
covitc-birlitc provincc.6. illilc proviDcci in circlcs arc serlimcnl accumulation ratcs ol rlud
tlpcs fftrrr Cntrlich ( lgti(,)

ili!l:r'i.
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Ii3 d Bkrck skclch of boilonr relicf of lsbjdrnhamna with fcatures oJ scdimcnt lill (bascd on 2ll echo-sounrling protiles nladc in

1979 by Swcrpcl pcrs. comnr.). L schcnratic slopc lincs, 2. linc sand lo gravcl, 3. Pond.d dcposils of lrurinatcd nrud facics, {.

gudcd tlcposrls of tinc sand, 5. ourtlows of glacial Incltwatcr fronr cnglacial and subghcirl charncls, 6. sltorulinc. ?. sca levcl.
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0rslance lfom ice lfonl
fig. /. Scdimcnt accumulation rates for sclcclcd subbasins of llornsund and vcrtical salitrity
prrrfrles in thc uppcrmost watcr layer lbr thes€ subbasills (inscrtcd). I lydrographic stations !nd
srtcr-sumpling rlutcs arc indicatcd.'lhc scdimcrl-accumulatioo curvcs arc bilscd on thc datu

from thc follo*irg cores (scc Fig. 2): 17, lE, 19, ?{}, l3 (Btcpollcn), l{, 15, 16 (BurBerbukta),
rnd 21. 22. 2l (lsbjdrtrhamna), as wcll as on thc scismo-lcoustic (boonrer) data fronr thc ccnlral
fjorrl (thc lattcr providetl by Zalcwski & Kowalcwski pc.s. connn.). Jult srlinity prolilc for l13
Irom tlrbadrki ct al. (1980). F()( location of hydrographic stalions scc Fig. 9. l-incs inilicatc:
I plots for lstrlrirnhamna, 2. plols aor llrcpollcn,3. plots for llurgcrbu\ta.

Ilascd on thc prcsencc of lamination or schematic presentation). The respc-ctive mud
biolurbation, two nrain nrud facies were facies are deposited at widely diffcrent rates

distinguishcd iu the bottom sediments of rangingfrorn35cnl/a(forlheproximallanrinated
llprnsuntl (Gdrlich l9ti6): lanrinated mud aud mud)tolesstlran0.lcm/a(forthedistal honto-
homogeneous-bioturbated mud (see F'ig. 5 for geneous'bioturbatcd nrud). See Figs. 5 antl 7.

ls Dlofnnamn a

Besides the most proximal settings whcre ice-
rafled delrilus (lRD) is abundant, the ponded
laminated mud facies which lills proxinral basins
(Figs. 5 and 6), is poor in drop stones and origin-
ates primarily from suspension setlling. Coarsc
sand intercalations in this latter facies are rare,
which excludes signilicant contribution fronr
undcrflow sedimentation or large scale turbidity
currents. Snrall scale turbidites produced by low-
densily currents occur in the central parts of
the proxinral troughs. The IRD contribution
increases with dinrinishing sediment accumulation
ralc, producing inverse lateral grading of sedi-
menl lexlurc within the discussed rnud facies.

Materials and methocls

Sanrpling

The samplcs lbr this study havc been collccted in
llornsund and selected locations on the south
Spitsbcrgen shclf. l-ocation of sanrpline sites and
hydrographic stations are shown in Figs. l, 2, and
9.

Water sanrples for srlinity and suspcnsion-con-
centration clcternrinations were collected with l-l
Nansen bottles (for vertical hydrographic pro-
files) and with glass l-l bottles (for surface water
samplcs). A total of 85 water samples was col-
lected between September 1982 and July 1983,

and2T2water sanlples between September 198{
and August 1985. Water sampling has been car-
ried oul during the expeditions to the Ilornsund
Station of the Institute of Geophysics, Polish
Academy of Sciences. Addrtional hydrographic
data from Urbariski et al. (1980) are included.

Ths setliuront samplcs wcrc recovcrcd rvith the
Petersen 0.16-nrr grab, l-nr gravity corer and
dledge (on hard l)()llonl).'l'he prclinrinary resulls
of coring with Kullenberg piston corer, donc by
the 'Jantar' uxpcdition of thc lnstitute of Geo-
physics, Polish Acadenry of Sciences, in l9ti5. arc
also included (cores up to 3.5 m long).

Metlnds

Tlrc rcsults froru l lorrrsund, prcsented in this
paper, includc (l) ltydrograplric data, (2) sus-

pensiorr concerrlratiou in ve.tical proliles, (3) sur-
fucc wirtcr srrspr:nsi,rrt cuneelltlilti()n in tirrte
series, (1) quantitati\'€ data 0n rlrganic and inor-
ganic conrponents trf suspension, (5) conccn-

tration of phl,toplankton chlorophl'll and
zooplankton in suspension, (6) rnineral conr-
position of bottonl sedinicnt, (7) Eh, pll and
phosphorus conccnlration in bottonl sedinrsnt
cores, (8) sedinrent accumulation rates, and (9)

lateral distribution of benthic biornass.
Water-temperature data were obtained in situ

with reversible and elcctrol)ic thermometers. The
salinity of the water samples was deterrnined u,ith
salinometcr.

Weight suspension conccntration rvas obtaincd
by liltering of rvater samples through lr'lilipore
0-.15 pm filters. The filters had been dried to
constant rveight prior to ftltration. Afrer filtration
they were dried again at ll0'C tbr 2l hrs. and
u'cighcd. C)rganic nrattcr in suspensir)n \\'rs
nrcasured as u,cighr krss by oxidizing the liltijrs
ivitlr suspcnsion using hl,dr.rgcn peroxide.

The chkrrophyll coucenlralion was measurcd
using a spectrophotonrctric routinc of Kotrlentz-
Mishke & Semenova (1977).

Prior to mineralogical and chcntical analyses.
the bottom sedimenl. sanrples were grain-size frac-
tionated by wct sieving the fractitrn )63 1un antl
centrifuging tho fractions 0.2-2 gru and <0 2 pnr.
Thc separation of clay fractions was preceded by
chenrical purifying with acetatc buffer and sotlium
dithionite (Jackson 197.1).

The nrineralogical nrethods inclurled (l) XRD
rnineralogical analyses carried out on urientcd
( for phase determination) and randonr ( for poly-
types determination and quantitative asscssmcnt )

mounts, (2) dcternrination of organic nrattcr plus
monosulphide content in the bottonr scdirnent by
heating the samples in the nruffle furnacc at 550"C
for 2{ hrs.

X-ray porvder diffraction of random urounts
was used for cluantitrrtivc dctcrnrination of nrin-
cral conrposition of thc [rulk scdinrcnt slnrples
using a nrethotl claborated lry Srotlori ( lgli{) and
tlescribed by (iorlich ( l9tt6). 1'he nrcthod cnrbles
distinguishing bctrvcen the dioctahedrirl nrica
llrld and 2NIr polytypes.

The preliminary study oI eorcd scdinrsnts
included nracmscopic descriptiort and chcntical
analyses of cores 13 arrd 2l (F'ig. 2). llh and
pll have been measured in thc laboratory by
irrserting an clectrodc into the frc:hly ctrt scdi-
nrcnl, imrnediatcly aftcr tlrc rrpe ninc, of a ctrre.
The unpublished pll iurd [:h data havc lreen
offered by S.M. Zaleu,ski (pers. conrnr.). The
phosphorus content in sctlinrent sarnples rva:
dcternrined colorimetrically using thc nr()lybdate
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rnctlrod. 'l'he other chernical detcrnrinations arc
nol discusscd in this paper.

A Pctersen 0.16-nr2 grab was used to obtain
quantrtativc data on bcnthos. Usuallv three
sanrplcs u'cre Iirkcn lirrm cach statirrn. 'litc scdi-
nrcnl was sicvcd wilh 2 mm nresh size and the
ntactofauna rvas harrd-sortcd and preservecl irr ,1(%

Fornralin wittcr solution. Sanrples wcre taken in
August l9fi{ and July 1985.

Thc unpublished results (microseisuric acliviry
of llarrsbrecn donc by J. DEbrowski, air lcrn-
peraturcs, ground tcnlperatur.cs, and snow_cover
thickncss tlonc by P. Adanrski and J. Ksi4iek)

havc been kindly providcd lry thc authors and are
usctl hcre in thc discussion.

Resrrlts

SusJtcnsion dispersul

Sedimcnt accumulation rates olrtaincd in a prc-
vrous srudy ((itirlich l9tt6) for threc subbasins
of llornsuntl (lsbjiirnhanrna, llurgerhukta, and
llrepollen -,Fig. 7 ), suggest signilicanr diffurencus
in scrlirrrenl accunrulation rates.'l'hcsc <iiflcrcnccs
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l'8 d Vcilical distrlbulion of suspension conccntration at stalions in lsbjdrnhumna (ll5), lsbjrirnhanrnr srll (lt6), and ccolr{ltrough,lIlornsund(lll) lnthclowcrlcflcorncrarcsalinirypro6lcsforstariorll5inlsbjrtrnhamnafordiflc.cutdrrc5.l,ositiotrs
of the slatiDns atc shown in Fig. 9 Symbots deootc: l. plots for thc sanplcs collccrcd iolrnc, 2. pkrs for rhc sanrplcs collcctcdin Scptcmbcr (suspensiru), l. Plots fur thc sanrplcs collccred in scptenrbcr (satinrty), {. salinity plor for thc lrrnplcs collcltcdunJcr Jcl i(e, 5. bar markilg salinity rangc for sanrplcs collccted undcr sca icc.
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Fig. 9. lrlcan monthly (July) suspension distribution in surface waters of llornsund. Synrbols:

Labove50ug/|,2.20ro50mg/l,3.bctow20mg/l.J suspcnsronsampliogstations(ir.egular
sampling), 5. fixcd rarnpling sliltions (suspcnlion samplcd 6vc times in Jilly l9lt5). 6. hyLJro-

graphic prolilcs *ith idcnti6cation. illustralcd in Figs. 7 and 8.

were rcli{ted in the above-cited paper either to
different vertical salinity gradients (inset in Fig.
7) or tr-r the position and intensity of nreltwater
sources.

ln order to approxinrate the t'elative sig-

nificance of thcse agents and to identify new poss-

ible controlling factors, the tinrc and space

variability of suspension concentration and com-
position within the water mass were studied. The
results of the irrvestigation are shown in Figs. 3,

8,9, and 10.

Tlre developnrcnt of scdinlent-laden freshet in
the water coluulo of tlrc proxinral bay in June rnay
be obscrved at station l15 irr lsbjornhilnrna (Fig.
8)- The effcct of thc discharge plume is hardly
noticeable already sonle 2.5 knr arvay frorn tlte
source (prolile ll6 in Fig, 8). Iloth lhc Junc
proliles of suspension concentratiorr at station I l5
show nraxirna al 5 to l0nr water deptlr. 'Ihe

maxima rnay indicate that the load of suspcrtsion

settlcs within the advecting surface water layer.

At lhe salinity profilc for this date (station I15,
lower-left corncr of Fig. 8) there is a secondary
salinity nrininrunr at that level, suggesting that
the vertical siability of thc watsr colunrn is here

indeed nraintained by an increased suspended

load.
1'he Septcrnbcr profiles (stalions ll5 and lll)

show tlistlibutit)n of suspension during the decline

of nrcltwatcr discharge. Both frorn these profilcs

and from the surface water pattcrns in Fig. 3 we

may note that the suspension concentratcd up to
9()mg/l reveals a certain stability. The hatched
fields in Fig. 3 suggest that suspension renrained
lhere after a change of the nain dircction of
plume dispersal. The Septenrber prolile Il5 in
Fig. 8 shows no indication ofstrong settling eitller.
We infer that rvithin the slou,ly atlvecting water in
distal settings (or, during the decline ofdischarge,
also in more proximal positions) the fall-trut of
suspension is not extrcnrely rapid.

The slowly settling 'rcnrnant' suspension is

dcposited within the fjord during thc srunmcr
rnonlhs, decreasing its concentration to the level
of'residual' values ir) tlre range betu'ccn lt) and
l5mg/|. At the central fjord station IIl, sus-
pcnsion conceutratitrn only slightly increases dur-
ing sunrmer above lhe 'residual' valuc. 'l-lrcre arc
strong irrdications that a bulk of suspended load
is deposited within the first ferv kilonretres fronr
the input where lhe surface water suspension
concentration locally exceeds 1,000 mg/I.

The averaged latcral pattern of suspcnsion
dispersal is presented in lrig. 9. The urap is bascd
on the intcrpolated rnean July values t-rf sus-
pension concentration measured live tirnes at thc
fixed stations and irregularly at the othcr indicatcd
stations. It rnay bc s!'en frotn this ligure that the
reachcs of individual sources suspcnsion depcnd
on the geomctry of the basin and the positirrn of
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lig. .l(/. Nlcun tntlnthly valucs of total suspcnsiol concenlratioo and ils componcnls as wcll as
thc conlr{)llilg faclors. A. metcorokrgical dala neasurcd at tlre llorosund Sarion in 1985

(Adamski & Ksi4lek, pcrs, conrm.); L snow-cover thickncss, 2. mcan nronthly ground tcm-
pcrrt urc at 5 cnt, 3. nrcan ntonthly air Icnrpcraturc; ll- rrrrlnlhly counts of uricroquakcs rccordcd
al thc llornsund Stalion in 1985 (Dlbrowski, pc.s. coorm.) rclated to lhc callitrg acrilit)'()f
thc ncarby llaosbrcen glacicr (lo-lLg murks thc onsct of rhc lhawilg proccss and thus rhc
trcgirrDing of calving and oreltwalcr iopul to lsbrdrnhamna); C. chl()rophyll $'eight co0centrrtiorl
(Ph-llag marks thc onsct of primary production); D. zooplankton wcighr conccnrration (Zo-
lllg nratks (hc tirsl spring ?ooplankton blout); E. total suspcnsion weighl conccntralion; data
frotr tltc Itxcd stalions in Fig- 9 (vcrtical bars indicatc standard dcviation): L datunr for
Scplembcr l9til, 2. infcrrcd coursc of tlistribution; l-. percentilgc ol inorganic parr of sus-
pcnsion lhe appropriatc flags are rhose from plols B, C, and D.

lhe sources within it (e.g. Brepollen, encircled by describe the elementary mechanisms of settling,
tide\4ater glaciers, is filled up with dense suspen- we shall later discuss the lateral variability of
sion). The lateral extent of suspension coming sedinrent accumulzition rate rather than its absol-
fronr inclividual glaciers also depends on (he dis- ute values (cf. Fig. 7).
charge of nrcl[vater sources. Thus, in order to One should lote that a Dart of the residual
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Power-law dependence
f or bottom- sediment samptes
ffom the Vistuta River mouth\/'-.o /
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suspension in thc fjord (Fig. l{)c, d. f) is rrurdc of
organic conrponents. -fhe charrges of phy(o-
plallktrln and zotrplrnklr)n cor)ucntrirtiuDi llc'
sented in Fig. l{)c and d, reveal strong maxima
distinctly preceding (he onset of clastic input with
meltwater. The latter may be \\,ell ilated ustng
continuous microseisnlic datil rccorded ilt the Pol-

ish Station in tlornsund (D4brorvski unpublished
drta). 1'he record ullows one to cuunt quilkcs
resulting from calving of the ncighbourltlg
llansbreen glacier (Fig. l{)b). Thc calving activity
is corrclated rvith the mclting of englacial waters
and the beginning <lf nreltwater discharge to

Isbjornhanrna, Comparison of the calving fre-
quency curvc rvith the nreteorological data (Fig.
lOa, b) sho*'s that lhe meltwalcr discharge rather
lhan the surface runoff is responsible for the bulk
of clas(ic material dclivered to the fjord. 1'his

is secn fr.rm thc intcnsitl t'I supply of cllrstic
suspcrrsion to tlrc fjord, \\hich eurrtinucs ul)til
I)ecenrber in spite of ihe presence of snow cover
and nrean air telrperatures below freezing pottlt
since October-Novenrber.
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'fhe observed intensity of suspension settling ls
supposed to be controlled, i.a. by lextural com-
position ofsuspended material.'fhis u,iis noted by

Gdrlich (1986) when comparing ratios of fraction
<0.21tm to fraction 0.2-2 ltm in bottom sediment
samples fronr clifferent basins of l{orrtsuntl. A
correlation bctwcen this ratio and local intcnsrty
of fine sedrrnent settling *'as found; the latter
feature measured as the sediment accumulation
rate decay along the profile seawards from the
glacier. For instance, in Isbjornhamna the above

fine fraction ratio (fraction <0.2 pm to fraction
0.2-2pm) is on an average 0.03, and lhe sus-

pension settling is exceptionally effective,
whereas for the Brepollen province, thc average
ratio is 0.74 and the falling out by the suspension
is less effective. These values of clay-fraction ratio
indicate that the Isbjcirnliantna sediment is
coarser within the clay fraction than the Brepollen
one.

flrrfortunatelv. rve lrave no Coulter-counter
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Iotat clay-minera{ conieni

I1g. i L Pht of percentagc ratio (t\lr) of 2M, muscovite to llvld illilc against the lolal clay

mincral contcnt in surfacc scdincnt sarrples from thc Vistula River mouth (in the llaltic Sca)

and south Spitsbcrgen subbasins. 'I-he llornsund sampl€s are plotted againsl lhc powcr-law
dcpcndencc of bottom sedimcnts from the forelicld of the Vistula Rivcr rnouth (straight solid
linc, cf. llclzunce ct rl. in print) Data for samples fronr: l the Vistula Rivcr mouth, 2.

lsbjcinihamna,3. tiluscovitc'biotitc province in llornsund and Skoddcbukta (sce Figs. 2 and
3), .1. illitc provincc in llornsund. 5. illilc province in Storfjorden (sce Fig. 2). A dclincatcs
samples within nruscovitc biotite provincc, ll dclineatcs samplcs within illilc province of the

south Spitsbcrgcn bottom mud
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Iii. ,12. Nlacrobenthos bionrass distribution in the surfacc scdiarcills of llornsund, measured

in August l9tt,l and July 1985. Numbcrs in circles iodicate proliles illustratcd as bat diagrarns

in Fig. 13. l. >l(x)g/nr?, 2. lo-lfitg/nr2,3. I l0g/m'?, 1. <l g/m'].

grain-size spectra for suspension to show directly
the dependence between the tcxture of primary
suspension, its settling efliciency, and the
.csulting texture of lhe bottom sediment.
llowever, we may use an indirect evidence. In
order to do that we shall refer to the nrineralogical
method elaboratcd for thc Vistula lliver sedi-
nrcnts (cf. Belzunce e( al. in print). This method
traces gravitational segregation within fine sus-
pcnsion by measuring in the trottorn sediment
tlrc rcla(ivc changes of abunr,lanco of two rnica
polytypes: 2M, muscovite and lMd illite. Both
polytypes, besides crystallochernical differences,
rcveal different specilic nlodal grain-sizes. N{usco-
vitc is a large-flake nrica concenlrating in the
uppel limits of clay fraction, whcreas illite is a
clay-grade mica variety. 'l'he abundance of these
nlica polytypes may be measured in lrottonr sedi-
nrcnl sampl€s using XRD pirtterns of ran(k)m
powder mounts. 'l-lre method of quantitative
analysis applietl hcre is that uf Srodori ( 1984).

'l'hus, obtaincd cla(a are plotted as aburrdance
ratio nruscovite/illite against the total clay-nrin-
cral content in the sanrples (Fig. ll), the total
clay-nrineral content being selected as a para-
mete r well representing the sedimentary matur-
ity ()[ br)lton mud (or the cfttctivc length of the
lr:insportation path frorn lhe source to the site of
dcposition). From the figure, we can sec that the
data ior the scdimcnls behxrging to the Vistula

River sedinrcntary plrvince are plotted on thc
power-law curve. We nray concludc that sus-

pension fronr thc Vistula source undergoes such

differentiation rluring transportation thal coarse.
grained nruscovitc is separated fronr rhe clay.
grade illite.

The data for I ltrrnsurrrl and Storfjordcn plorted
on this graph show thut ( I ) there arc two litlrologic
typcs of finc bottonr sedinrcnt in the arca: the
lsbjtirrrharrrna and llrcpollen-Storfjorclen ones,
(2) the lsbjiirnhuntna rnutl, althouglr rich irr clay
nrinerals (about 50%), contains rnuch urore
co:rrsc muscovitc llrrkes arrd rer.eals extremcly
rapid diftercntiation, (3) the Brepollen-Storfjor.
dcn mud lypcs are conrpositionally vcry close lo
each other (in spite of thcir being separated by
lhe Spitsbefgen nrainlanrl), contain prctlomi-
nantly illitc, and scgrcgation of nruscovite lronr
illite is only slightly rnore intcnsivc here tharr in
thc Vistula Rivcr scdinrent.

Bcnthos lisrributiotr

As regards trcntlric nracrofauna, our data fronr
Ilornsund (Figs. l2 and l3) show (endencies simi-
lar to those observed in other fjords (e.g. Cage
1972; Feder & Ir'latheke 1980).

'l-he laxonornic conrposition iif benthos in the
sanrplcs collectctl fr>r this stutly will be publishcd
elscwhctc (Wqslalski et al. unpublislrctl). h) gen-

r0 ]0 lr ar :1 r:

fig- /J. Depcodcncc of nracrobcnthos bionrrss on $'ltcr dcpth
and lusition withil thc fi()rd.

eral, 30 specics of P()lychacta, 22 spccies of i\lol-
lusca, ancl 28 specics of (lrustacea hille been
detemrinetl. Polychaeta constitute sone 8()% of
thc beuthic bionrass. (lrustaccans are alrundlrrt
only atrove thc 30nr isobatlr. lu thc outcr fjord,
in its deepest part, up to 9()96 of thc biourass rvith
987o frequency is composed of Forarninifera of
lhe gerrera lllutbdununinu and llypcrununinu.
Tlre bottom sediment of thc irtrrcr tjoftl is prac-
lically rlcvoid uf rrricrtrfuurra.

'l'he sketch rnap in Fig. l2 shows nracroberrthos
biornass clistritrution nreasurctl itt differc'nt
krcations in I krlnsund. 'l'herc is strnrc rough sinri-
larity between lhesc results and the picture of
suspcnsion dispersal in Fig. 9. ('onrparison of
Figs. 4 and l2 suggests, in its turn, that thclc
is n() relation whatsocvcr bctrveen thc botton)
scdinrent litlxrlogy and aburrtlancc (urass) clf

benthic lifu.
'l'hc tirrcticlils of tlic glaciers (inner tlord)

always revcal ltlrv values of bionrass, ntlt dcpend-
ing on thc dcpth. The sites rvith l)i()lllass lower
than I g,/nrr in Brepollcn antl Sanrarinv;igcn occur
at deptlrs of about l5{) nr, u,hereas irt lhe er)tratrce
to Burgr:rbuLta the biomass ;rpprtrirelrcs ll)t) g/1n3

at a dcpth <rf 5t) rn.
'l'hese relations are nlorc casily visible in the

synthctic graph of Fig. 13. ()nc nray see that thc
depth-relatcd change is less prorrounced thrn tlie
change relatcrl to the position within the fyord.
For line scdirnents occurring bclow the u,avc lrase

and the reach of frequent iceberg ploling (i.e.
bencath thc depth irrtcrval l()--l0nr), thcre is a
cortlinrrous seaward incrcase in bcnthos bionrass
for all tlre dcpth intelvals. lror lhc ccntral and

outer tjord krcaiions the benthic biornass also
incrcases with clcpth. lklvcvcr. this dcpcndcncc
is nronotonic only for the inner fjord area.

l)iscussion

Elft:cts oJ sourt'e sutltutsiott (o,npositiotr ott
It o tt tt t t t .s t li r rt c n I

The clay-nrineltltlgical procedLrre of anall'sing the
muscovite/illite ralio, introduced in the preceding
section, deals with bottonr scdinrent. llou'cver, if
wc adopt a nrodified 'pcrforatcd conveyor bclt'
model of suspension settling in a fjord (cf. Farrow
et al. 1983; G(irlich in print). the data for the
sedinreDt will t,ec()o)s ;rpplicable to sourcc sus-
pcnsiort. I Iencc, rvc rttay charlcterrzc sorrrce sus-
pensions irt thc t*o subbasirrs ()f extrcnle
conditions in Ilornsund, viz. lsbjdrnhanrna and
Brepollcn: ( I ) Isbj<irnhanrna suspension is abun-
,llrtt in crursc clu1s. irnJ it: scgrctrlirrrr i> r'e11

intensive, (2) I)repollen Storfjorden sourcc sus-

pensions are conrp<lsitionally similar t() caeh
other, nruclr nlrre illitic and lirrer than tlrc
Isbjrirnhanrna one, and segregated at a ratc onl)'
slighrly higher than lhat cncountercd in rhc
Vistula llivcr nrouth.

Suspensions fronr tlifferent sou rces sctt le rapidl)'
in thc proximal subbasins. The rapidity is differcnt
for individual basins (Fig. 7). ft was shorvn in a
previous study (Ctirlich I986) thar the fine sedi-
nrent accunrrrlation rate data frlr tire llornsund
basins nra1, be tilted with an cxponcrrtial curvc
according to the formula proposed by Syvirski and
collaboralors (see Farrorv et al. 1983). 'rhe
exponent /rt of this tbrnrula, dctermining llre slope
of the decay curvc, falls for thc I lornsund basins in
a range between 0. I (Brepollen lnd axial profile in
the fjord) and 0..1 (lsbjilrnhanina). 'fhis is on an
average more (the slope bcing steepcr) than tbr
British Colunrbia fjords q'hich are fed by rivers
originating frorn the glacicrs on land. For these
latter fjords the exponent rn rvas estimaled at 0. I
(Farrow et al. 1983). 'Ihc value of this exponent
for the Vistula River estuary is estimated by the
present authors t0 be lower tlran in Ilornsund.

The discrrssed slopc ofsedinrentati()n rate dccay
is inlluenced by thc dynarnics ttf the discharge jct
and the nrorphology of the basin. I Iowever, in tlre
Ilornsund basins it is nrost probably controlled by
vertical salinity gradients irnd by the primary tcx-
ture ofsuspension. Thc fonner follorvs by lowcring



ofthe local Richardson number at the shear surface
be(wscn the advecting and still-water layers, and
thus enhancement of turbulence, in case of a large
vcrtical salinity gradient (Figs. 5 and 7-
lsbjtirnhamna). This, in turn, promotes excessive
seltling of suspension (Gorlich in prinr).

Thc concept of gruin-size distlibution in clay
suspension playing a role in pronroting floc-
culatitln and settling, is based on the above dis-
tinction of two lypes of suspension in llornsund,
using thc graph of nruscovite/illite conccntration
ratio vs. total clay concentration (Fig. I l) as well
as conrparing the ratios of the grain fractions
<0.2 lrnr to 0.2-2 lun tbr the diffetcnt basins of
I lornsund (G6rlich 1986, see precedirrg section).
'l'he dilferent setlirncnl accunrulatiort rates sccm
10 bc couplctl with lhcsc different tcxtural types
of susperrsions.

[]csiclcs stronger segregation of nrica polytypes
in I lornsund subbasins thln in tlre Vistula River
ssluilry, lhcre is an additional specific feature of
tltc studicd b()tt()rn sodinrcnts (and hence, as we
infcr, sourcc suspensions). Narncly, the range
(ri totll cla) contl'nt for each selected group of
sanrples (lstrjornlrlnrna, Brepollcn, Storfjorden)
is vcry narrorv. If wc consider that thc clistance
bct\\'ccn tlrc far end sanrplcs is uJr to 15 km fi-rr

thc Brcpollcn sunrples (or even 50 km for the
Storfiorlcn oncs) rvc nrust conclurle that rve deal
hcrc u,ith a sort of process where thc general
lcxtural spectrum of lhe settling suspcnsion is kept
conslant. The cffect of invcrse laleral grading of
texturc ( cf. (i<trlich I 986), result ing front relatively
incrcasing lll[) contribution, nrust bc allowed for
in this case (especially for the Storfjorden
samplcs).

Any$'ay, $'c nray stale thil( the constancy of
clal' contcnt in nrutl, ncarly intlependent of the
di)llnce to tllc sourcc glacicr, lxrints lo an cxccss-

ivcly intcnsivc dcposition of fincs in thc icc-proxi-
ntal sctting. l'hc reasorts tbr such lrehrviour of
nlcltwatcr suspcnsion in the tidewater-glacier sys-

tcnr arc tliscussed clservhere ((iiirliclr in print).
Fig. 5 sunrnrarizes the nrain concept of thc cited
pilpcr, thitt the exccssivc intensity ol suspension
setlling io the ice-proximal zone is caused by
tulbrrlsnco-ctrerced llocculution and sintultaneous
lurbulcnt diffusion of suspentled load fo the still-
uatcr layer irr thc jet-zone of the nreltwater
pl untc.

'l'hc annual contribution from organic conr-
p()r'rcnts in lltc sttrlucc rvatcr suspensitrn is qrranti-
tativcly ncgligiblc. llorvcvcr, quirlitativcly it is

of Breat inrportance. The tinre lirg bctween thc
organic blooms and nraximunr of clastic supply,
invoked by [ilverhoi et al. (1980) to explain for.
mation of dark larnination in proxinral nrutJ, is

wcll visiblc in l:ig. l0b, c, d, f, and sccnrs lo bea
source of 'lannual sulphidic lanrinae. llowever,
in the cores rccovcred in llornsund *,ithin the

laminated mud tucies, the distribution of dark
arrd light laminae is in sonre core segments very
irregular (although irr general contplying rvirh the
estinra(ed yearly accumulation rates). Some lzrmi.

nae are doublc, separlted by cm-thick bright
layers. Sedinrcntilry fcatures (erosional surfaces,
textu.nl grading) suggest occasional presence of
intervening turbidites (Gorliclr l9fi6). The darl
lanrination is thus far fronr the varve,type
rcgularity.

Applicabilitv ol suspension sctili,tg,,,tolels

Accortling to thc rcsuhs of Kranck (l9ltt)), floc-
culatcil suspension rvoukl attain uniform con-
c(] ntration in a short intsn'al of time
irtrlependently of thc initial concdrltrltion. lf we

adopted Kranck's (op. cit.) intcrpretation, we

sttoultl have expectetl different scttling mag-
niludcs in proxinral zones, s,hich s'ould then be

equalizcd in rnore tlistal settings. l'his seenrs lo
bc lhc case in llortrsund.

lf wc further assurned validity of Krarrck's
empirical results (op. cil.), thc ice-proxirnal situa-
tton rvouH rcllcct thc stage rvhcrc the single-
grain and lloc scttling co-occur. 'fhe pos'cr-law
dcpendcnce (Fig. ll) and th.' very prcsencc of
nricas'segregation also suggest that thc elementary
processes of suspension aggregation are at the
stage of single-grain and immature floc settling in
lhe proxinral zone.

llowever, lherc are sonre nrcaningful tlis-
crcpancics belrvcctr thc nr()dcl antl rcality. Firstly,
thcre is the fact that line suspension appareutly
settlcs out of nreli\valcr overllow ncitr thc glacicr
ntuclr nrore rapidly than at a tlistance (sec Figs. 3,
5, antl 8). The exponcntial curves of tlrc scditnent
accunrulation rate (Fig. 7) speak unequivtrcally
for such an interprctation. Experinrents (Kranck
l9lt0) predict that cluring induction tirne of lloc-
culation, i.e. at the singlc-grain settliug stnBe, the
scdinlentation is slower than at the latcr floc-
slage, antl occurs at power-law rate. T'he exponen-
titl decay of sedirnent accunrulation ratc is in
clear conllict with it. Ir{oreover. if rr,e considcr
thc lcxponentiitl rclar(lati()n of the nreltrvater jet

('perforated conveyor belt'), the discrepancy with
the exgrerinrcnt becornes still greater.

'Ihe presence <lf renrnant suspension in slowly
advecting surface willcr, pcrsisling at col)ccn-
trations lbove 5() rng/l for lrours or da1's (Figs. 3

and 8) also contradicts thc theory that this nray
be the stage of exponential (i.e. the fastest)
lossof sediment fronr suspension.'fhe actual rates
of flocculation due to differenccs in single-grain
settling velociti!'s, and rales of subsequent settling
through halocline, are much sltlrver than prc-
dicted by the experinrent. That is why we favour
dynanric controls over suspcnsion fall-out fronr
the surface plunrc (turbulcnt ditfusitrn to thc still-
waler layer fronr the meltwaler jet, cf. Gorliclr in
pdnt).

Couliti<tns lltr btnthic lile

Depletion uf the innernrost fjord basins of both
biomass and nunrber of spccies has trcen corrt-
nronly reportcd (Gage 1972; (iulliksen et al.
1984). This is also clearly seen in our data.

Specific conditions prevail in the proxinral pools
boundcd on tirleu,ater glaciers. I ligh rate of clastic
sediment accunrulation results in dilution of
organic materiul in the bottonr scdinrent. lligh
surtbce water turbidity and long pcriods of fast
ice cover $'ithin the proxinral basins suppless
primary production and rcsult irr lorv llux of
or8anic rnattcr to lhe l)oltonl. Iiltensc frssllwater
discharge results in u'atcr stratilication witlr a

strong stability maxinrunr at 5-20 nr waler dcplh,
restricting vcrtical exchange ofenergy and nlattcr.
It was shown by Sargent et al. (1983) that a very
short pelagic food u'eb is typical of Sub-Arctic
fjords, hardly involving bottonr scdinrent in
energy and ntass cyclc.

'I'hc bottour setlinrcur is oxic in its bulk (Eh
belween 75 and 2(X) nrV), but locally rvith slightly
anoxic contlitiorrs s,ithin the tlark lanrinae (about

0orV), arrd it contains on an i.tveragc less than
2wt.7o of orglnic nratte r. Siruultaneously, thc
proxinral setlinrerrt is typificd by a relativell, high
phosphorus c()ntenl (ab()ut 0.07rvt.92) rvhen
related to thc low organic lllat(er eontcnt. For
comparison, tlrc sediments of the lllltic Sea rvith
about l0% of orgurric nrattr:r contain 0.07-
0.09wt.%, of P.

The relcasc ()f phosph()rus fronr the scdinreut
in pools seenrs lirnited. lt is marked by generally
low content of phosphate ion in watcr (lrelorv
I pnrole,/l). l lris c()uceutrirti()n is sliglrtly

increased in spring. In Junc 1979. [Jrbafski ct al.
(1980) recordcd 4gnrolc/l of phosphatc ion in
near bottom water in Isbjcirnhamna, probably
due to enhanced phosphorus recycling fronr the
organic-rich lamina deposited during winter/
spring and not yet buried by clastic malerial.

l{owever, since the increased content of phos-
phate ion in near bottonr \\'ater is accompanied
by its equally high content iu the surface \a'aler

layer (Fig. 6 in Urbariski el al. 1980). one may
suspect that the discussed spring nraxinra of phos-
phate concentrartion are borrnd rather *'ith surface
runoff of thaw-water bringing abundant phos-
phates frtrnr lhe nearby bird rocks (Pluutus ullt
colonies). If this rvere truc, the bottom q,ater

nraximunr would suggest tlrat tlre tha\' \yatcr is
included in tlre giacial nreltrvater. and that the
lattsr fornrs both an overfkxv and an undcrlkrrv
in thc bay. 'l'hc lack trf tlrc phosphate nraxinra
in sunrmer suggests, in turn, that the sunrnrer/
autunrn meltwaters dihrte thc tundra plrosphates
to such an extent that thcir prcsencc in the $'ater
mass of the bay becomes negligible.

Fast disappearance of thc phospbate nraxiuru
in July suggests that the water mass of
Isbjornlrarnna (55 nr deep) is nrixctl or exchangcd.
Such exchange in pools deeper than
lstrjrirnhanrna is restrictcd. In Brcpollcn (up to
150 nr dcep), the TilS diagrirrns show tlrroughoul
ir ycar stilg0ilnt wirt(r'*itlt u lcnrpcrirtrrrc ()t

-1.55"C, scparated b1' sharp thernloclinc al a

l00m water depth from the overlying rnixed
(?exchanged) water (fide [)rbaiski et al. 1980;

Swerpel 1985).

The above values of phosphatc concenl.ralion
may be better understood rvlrcn we look at the
average values for the s,orld ocean (bclori, the
photic zone) u,ltich rangc trctrvcen 5 and 8 pnrolc
PO1,/l (llornc 1969), or llte valucs li)r thr' restric-
tcd basins of the lcmpclatc zone. e .9. the 13ay trl
l:inland in thc Baltic Sea *,here the phosphatc
iun eoneentrilti()n rrilehcs -15 ltntole'l irr spring.
shou'ing a minirnum laluc of 3 pnrole/l in June
(ll:illfors et al. l98l). 'l'he values for .Antarctic
Bottonr Waler arc above l(X)ltnrolc,il (lltrrnc
1969).

It is suggestcd herc that the rcsidcnce tirncs
of macronutrients are longer in thc ice-proxinral
pools than in the centrll und outcr fjord blsins.
Thc lorr' conccntriltions rrl r)utIiuilt\ iil \\ irtcr illirs)
result fronr lorv input rrther than high efficicncy
of biological sinks.

It was empirically fourttl by Ilallbcrg ct al.
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(1972) that phosphorus release requires anoxic
bottom water, anoxic sediment, and high con-
centration of organic matter. Neither of these
conditions are fulfilled in the Ilornsund proximal
subbasins. -fhe process of phosphorus release is,
however, not that of inorganic solution, but is
nricrobially nrediated (McConnell 1979; Suess
l98l). 1he observed low level of phosphorus
relcase allows us to int'er that the conditions in
the sedinrent (oxic to locally anoxic, pl{ between
7.5 and 6.7, low organic matter content) are
apparcntly unfavourable tbr nticrobial activity. In
therr study of northern Norwegian Balsfjorden,
Sargent et al. (1983) have found that molecular
composition of most of the bottom sediment
organic mattcr points to rnicroorganisms as the
marn constituents. Hence, thc absence of effects
of microbial activity (lorv phosphorus release)
wtluld inilirectly suggest very low overall content
of digestible organic matter in the bottom
se(llment.

In gene ral, the ice-proximal sediments provide
poor conditions for supporting benthic life, by
containing low levels of organic matter bio-
lcrgically available to sediment-ingesting organ-
isrns. Thc weak links in this food chain are: low
level of prinrary production, dilution of scarce
organic matter in thc bottorn sedinrent, ancl
(possibly) low activiry of bacteria.

We suggcst thul physical controls interrupt rhe
tbod chain at the level of primary production in
water and bacterial activity in surface bottom
sedrrncnt. flence, they arc the nrain agents caus-
ing lack of higher organisrns (nricro- and nracro-
benthos) at the bottonr of the proximal subbasins.
'fhus, we suggest thal even by tlre lack of direct
physical effect of sedinrent loading on botfom
fauna, thc bcnthic life would not develop abun-
dantly here.

Consirlering the sediment itself, the observed
low activity of benthic organisms in the ice-proxi-
mal sedirnent results, due to poor nrixing of sedi-
mcnt by bioturbation, in (t) higher preservation
po(ential of locally concentraled organic nratter
in the laminated nrucl facies, and (2) nruch better
preservation of original sedimentary structures in
this t;rcies.

Conclusions

We suggest that primary control over biological

processes and over the sedinrentary facies distri-
bution is exerred by high surface water turbidity
and extrernely high line clastic flux in the most
proximal settings. IIence, the bipartite zonation of
meltwater overflow (jet zone and slow-advection
zone * Fig. 5) is reflected in rhe bottom sediment
by occurrence of benthos-poor laminated mud
deposited at a high rate, and benthos-rich honro-
gcneous tq bioturbated mud deposited at a much
lower rate.

In the first instance, in proxinral settings the
physical agents result in scarcity of biologically
useful energy and digestible ()rganic matter in the
sedirnent by lorvering the llux oforganic nraterial
to the bottonl and by dilution of this scarce food
supply by high inorganic accunrularion. Fine (ex-

lure of the rapidly accumulating bottom sedimenl
is an additional fuctor inrpeding thc nratter
exclrange at scdinrenl-water interface lry screen-
ing the buried organic-rich layers.

The situation in the ice-proxinral subbasins is

of the negative feedback type, since the poor
benthic life and, conser;uently, low bioturbation
considerably dinrinish the recycled frzrcrion ol
organic matter, and vice versa, the lack of food
suppresses the development of benthic lif'e.

The proximal laminated mud is laterally de-
linrited frorn homogeneous to bioturbatctl mud
facies by a zone where the above negative leedback
mechanism ceases and is replaced by positive syn-
ergic action of a low sediment loading and low
clastic dilution of organics, accompanied by
enhanced turnover of organic matter due to abun-
dant benthic life (see Table I ).

'Ihe picture presented of glaciul-ntarine sedi-
mentation of murls in llclrnsuncl points to dif-
ferences between suspensi\)n scttling in the
temperate to Sub-Arctic riverine estuarics and
the tidewater-glacier environments. The vertical
grirdients of water salinity are unusually high in
the ice-proxirnal settings, positively inlluencing
the retardation of meltrvater jet flow, suspension
llocculaticrn, and settling rates. 'l'he effect is the
exceptionally intensive trapping of line sedinrent
near the ice cliff" 'I'his property of the tidervater-
glacier sedimentary system affects not only local
phenomena in fjords but also tlre sedinrent budget
of the Arctic and Antarctic marine trasins and
slroultl be consirlcred whcn irrterpreting prcscnl
day sediment patterns and paleorecord, e.g. of
the North Atlantic cores, regarding controls over
glacial/intergtacial alternation of calcareous and
siliccous (terrigenous) layers.
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Outcr fjord Ccntral basin Proxinral subbasins

'Oxygcn in bottom watcr

'POs colccntration

'SiOr conceotration

'NO2 cooceulratioo
Watcr salinity
watcr lcmpcralure

'Suspcldcd matter in surfacc watcl

'Ncar botlom suspcndcd mrtlcr

Average sediment accunrulalion

tttc
pll dislributioo in ahe botlom

sdiilcot

Eh distribulion in lhc trotto0l
sd lcll
Organic mattcr content

Scdinlenl lype

Sediurcnt mass redcposition

Bioturbation

7O1a

0.98 pmol/l
15.I fmol/l
0.l5 pmol/l
l.r 9-35r;.
- 1.88 ro +l'C
< l5 mg/l
< 15 mg/l

<0 I cm/a

IRD-rich honogeneous
bioturbalcd
Ncgligiblc

Strong

EOVo

0.68 pmol/l
15.1 gmol/l
0.22 pmol/l
31.1-34.qc,

-1.88 10 +3"C
15 to 20 mg,/l
Occasionally high duc to
low-dcnsity turbidity
currcnts
C. I cm,/a

7.2 at ihe surface
decreasing to 6.7 at 3 m

bclow surface
C. 130 mV at thc surfacc,
thcn up to 200 mv
Flucluating betwcen 2.5
aad 4 wt,.Vo

IRD-poor homogeneous
bioturbated
law-densiry turbidity
curretrts

Slrong

Up to 98o/.

0 55 pnrol/l
16.9 pmol/l
0. l3 gmol/l
31.5_31.(n,
- l.88 to -0 5"C
Tcns lo atlovc l500nrg/l
Occasionally high duc to
mcltwat€r underflows

I,Jp to 35 cm/a

7.1 at the surface increasing

to 7.5 at I m bclow surface

C. 190 rnV al thc surfrcc,
locally down tr> 0 m\/
[-ess than 2 wl.'Z

Laminalcd nrud *ith coarse
intercalations
Meltwater underflows,
lurbidity currcnts
Ncgligible
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