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I. Introduction

From 1971 onwards, trace metals in water, particulate m~tter and

bottom sediments have been dctermined during a number of cruises,

for the river Rhine and its cstuarine region, the Southern Bight

and thc Dutch Uadden Sea in order to establish their input, transport

and fatc. After a fc\! initial surveys including Cd, Ni, Zn, Cu,

Cr, Fe.Mn, copper and zinc have becn selected as the elements for

a closcr invcstigation on the basis of thcir concentrations and

possible ecological si~~ificance. Results for the Dutch ~!adden Sea

are in press (DUnTKER, VAN ECK & NOLTING, 1974); this contribution

describes thc results of one recent cruise in thc Southern Bight,

the main ch3racteristics that havc been found in the results of

the other cruises being similar to the ones descrilJcd here,

H. Mcthods

The samples were obtained during a JONSDAP cruise 1n October 1973;

the sampling stations are indicated in Fig. 1. The stations are

situatcd in a number of series off the coast: I off IJmuiden, 11

off the river Rhinc, 111 off the river Schcldt, IV off Oostende

and V in thc Straits of Dover; a numbcr of intermediate stations

is includcd in the total number of 81 sampling staticns. Surface

samples Herc obtained \lith a polyprepylene bucket, bottom uater

samples (1-2 meter above the sea bed) with a PVC water ~,~pler.

The samples \"erc filtered on board ship in a pcrspex filtering unit

under prCSS~ITe (3-4 atm) through 0.45 ~ pore size millipore

filters that had been pretreated vlith 6 N HCl overnight and dried

at 700 C until constant weight.

Particulate matter on the filter was dried at 70
0

C, the filtercd

samples, by definition containing the ':dissolved tl spccies 1:lcrc
o C .. bfrozen and kept at -20 for cmalysls 1n thc la oratory.

Dissolvcd copper and zinc concclltrations werc detcrmincd by

atomic alJsorption spectromctry (PerKir.-Elmer 403) after complexation

ilYld cxtraction using tlle APDC-MIBK proccdure of BROOKS, PllCSLEY &

KAPLAN (1967). The dried filters \lere ueighed·and ashed in a 101"

temperaturc singulet oxygen asher (Tracerlab). Thc residucs

were leached \lith 0.1:: HCl during 18 hours (DUINKER ET AL., 1974),

the leachcd concentrations wcrc dctermined by AAS directly. Thc

fraction of the total amount of metal in thc particulate matter is

more or less constant for Cu, Zn and ~m bcing 100, 80 and 90%
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respectively; the fraetion for iron vnries bet\lecn 50 and 70% •

•

IIT. Results

•
Dissolvcd speeies. Thc eoneentr3.tions of disso1ved zinc .:md eopper

are represented in Fig. 2a and 2b. The values for zine in thc

series off IJmuiden are eonsiderab1y higher than those in the

other series: the highest values (30 fl9.1-1) have been measured

in samples tween near thc coast in the series off IJmuiden and

the rivcr Rhine. The values for the Straits of Dover are, on an

average, 50;~ lügher than in the ce'ntral part of the 30uthern

Bight in th2 series 11, 111 .:3.rd. IV, .,here the values range from
-14-8 fl9.l • The values upstream (outside the region deserlbed

here) for thc rivcr Rßine are higher than for the rivcr Scheldt.

The eoneentrations of d~ssolved eopper are relatively high in thc

Straits of Dover eompared to the Central part of the Southern Bight,

the values increase toward both the Belgian and English coast.

The river values for both the Rhine and Seheldt are only slightly

( ~1)higher than for the eentral part around 5-6 eompared to 3-4 fl9.l •

Near-bottom values are very mueh similar to surface values. Thc

data do not shO\/ a linear eorrelation bebleen the coneentrations

of dissolved eopper and zine ~1d the salinity data although the

higher val.ues oeeur in the sampIes 1;lith lower salinity.

the amounts of leaeheable metals

are representcd in Fig. 4.

The lowest values for zi1'1c are in the eentral part (1-2 fl9.1-1).

Partieulate metals. Fig. 3 shows thc contours of the distribution
-1

of suspended matter in fl9.l

(C Z '1 Fe 1'n IIg.1-1 )u, 1'1, .'1':., t"

Values in the Straits of Dover and in betwcen these t1:l0 reaions

are sliahtly higher (2-4 fl9.1-1). Values in thc eastern p~rt and

in thc IJmuiden series are considerab1y hiaher (up to 13 fl9.1-1).
-1Va1ues in the Rhüle deereasc tO\lard thc sea from 6'1 to 1Ll· fl9.1

Sche1dt values are 10wer (5-12 fl9.1-1).

Copper values in the Straits of Dover are simi1ar to those in

the central part (1-2 fl9.1-1), with values tOvlard the Eng1ish

coast slightly higher (2-3 fl9.1-1). Values along thc Dutch coast

in thc scries off IJmuiden and thc Rhine are higher (2-5 fl9.1-1).
-1

Rhine conccntrations decrease from 14 (upstrc~) to 7 flg.l at

thc river mouth; Schcldt concentrations are 10wer (ö.ecreasing
-1)from 4 to 1 fl9.l •
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thc centro.l p3rt of thc Stro.its of Dover are

similar to thc ones in the central part of thc areo. studied

(0.5-1 Ilg.1-1), they incrcase tovard the coast (3-6 Ilg.1-1). The

valucs along the eastern coast are very much highcr (~-)O Ilg.1-').
-1

River values vary from 20-30 Ilg.1 for the Rhine, and from 20-65
-1Ilg.1 for the Scheldt.

Leacheable iron values are more or less constant in thc region

around thc axis of m~x. salinity (10-20 Ilg.1-1) with higher values

to thc cast and \vest, vli th extreme valucs along the Dutch cOJ.st i

-1up to 270 Ilg.1 •

The valucs for the river Rhinc uithin the area studicd dccrease

from 700 to 200 toward the se~, values for the Scheldt vo.ry in
-1

the rill1ge 170-300 Ilg,l •

It has been established both for copper and zinc that therc is no

clear correlation between the amOtmts of metal in thc suspended

m.J.tter and in the dissolved statc per unit volume vhen comparing

these data for all the individu.J.l sa~pling stations. For any

individual sa~plc, howevcr, the ~o~~t of dissolved copper or zine

is lo.rgcr than the amount tlnt can be leaehed from the particul.:..te

matter per th~it volume of seawatcr; it is also largcr than thc

total amow1t of particulate meto.l. Thc differenees within thc
-1samples in thc Rhinc and IJmuiden scries are largcr (3-9 Ilg.l for

1 -1
Cu and 3-29 ~g.l- for Zn) than for the other series (2-4 ~g.l

-1 )for Cu, 4-7 Ilg.l for Zn , the largest differenees oeetITring in

the sampIes elose to thc coast. The highest values for thc sUrrt

of these qU~1tities, being a measure of total metal per liter of

seawater, including thc partieulate fraction, are fo~~d along

thc coast:

for zine in the scries

and for copper 1), 10,

-1I through V: '111, '10, 11, 17 and 10 Ilg.1
-1

5 , 10 ,:u~d 6 1l0. 1 •

TC\))le I sum.~·3.rizcs the rang-::s of dissolved :md p.J.rtieulntc (leo.ehc3.blc)

metal in Ilg metal per liter of sc:water, ineluding the corrcs'">onding

results of DUTTOn~ JEFFERIES, FOLK:\RD & JONES (1973) for comparison.

1\ddi tion.:ll il1formJ.tion on tl1e tr"l.nsport ?f metals in the particulate

fraetio~ m"l.Y bc obtaincd by considering thc eonccntration of

mcto.ls in thc p=J.rtictüi1te m"l.ttcr on ~ VI': ight per \"cight basis.

In Fig. ~ th::; ri.1.l1ges for leachcable Hn in Ilg per g dry partieuli1te

m~ttcr (llg,g-1) have been indicated. Q1 this basis it is possible

to distinguish four regions: I, representing the centr'J.l part vlith
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-1more or less eonstant Hn values of 200-300 IJ.g. 9 11, \lhere

values (350-1000) are intermediate between the values of the

Seheldt, Straits of Dover and the eentral part, IrI uith lügher

valucs than the eentral pQrt emd IV \vi th high value~, up to 2000
-1

IJ.g.g , the ones for st:1JTlples taken elose to thc eoast bcing much

higher thQn thc values in any of the adjaeent regions. In thc d~ta

for all the series a steady inercase in m~ganese eoncentrQtion

toward the eoast is observed, to a level of 1300 wld 2000 in the

Rhinc m1d IJmuiden scric~ rcspeetivcly. The levels within thc

Rhine estu~y inerease toward the sea from a praetieally eonstant
-1 -1va'ue of 700 1J.0,9 upstrctim to 1100 IJ.g.g in the area studied.

In the Seheldt estuary a steady dcerease toward the sen is observcd
-1

from 1600 to 1000 IJ.g. g • Copper and zine eoneentrations silo\! 2. dif-

ferent pattern. Hcrc, eoneentrations show a broad (and high)

maximum in all the series at around the 3rd to 5th station from

the eoast, ':ieereasing to Im'Ter values on both side~. These louer

levels at the stations elosest to the eoast are hiohest for thc
-1Rhine and IJmuiden series (200-300 IJ.g.g for eoppcr eompared to

-1 -1100-150 IJ.g.g for the other series and 600-2000 IJ.g.g for zine

eompared to 200-400 IJ.g.g-1 for tne other series). The maxima that

oeet~ offshore in the different serics are 350-1100 for eopper

(the highcs value in thc Straits of Dover) and 2000 for zine (8traits

of Dover and off IJmuiden), thc maxima for Zn in the other series

beLlg lovTer (600-1100 IJ.g.g-1). The eOl1.eentratiOl'l of partieuLl.te

leaehcable eopper deereascs within the Rhine cstu:rry .2rom <.l eonstant
-1400 to 200 IJ.g.g , Zn eoneentrations deerease from 2200 to 700-900

IJ.g.g-1 , For the Seheldt a similar deerease is observed, from 90
-1 -1to 40 IJ.g. 9 for eopper, and from 260 to 230 1J.0. g for Zn. The

Scheldt values differ appreeiably from thc values obtained d~~i~g

other eruis~s.

Iron ShovTS more or less eonstm1.t values (0.4-0.7%) cxecpt for sampIes

close ta the CO::lst in series I, 11 and 111 uith valucs of 1-2~~.

Table Ir summ<:U'izcs the levels of le.:J.eheablc metals in suspended

matter that h<'l.ve been determined far the river Rhinc (upstret:1JTl,

ineluding data of other eruises), thc eoastal region and the

central part of the Southern Bight, inel~ding the changcs that

oecur in the estuarine region of the rivers.
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IV. Diseussion

The metal eoneentr~tions in the eentral part of thc are~ studied

here may be eonsidered as tioeeanie tö levels. The 2Jnounts of eoppcr,

zine, iran and manganese in the suspended matter (per tmit volume)

nnd tbc eoneentrations of eoppcr and zine in the dissolved statc

inercase tO\mrd the eoast.

The result of this eontribution may be eompared with results of

DUTTON, J8FF8RIES, FOlKARD & JONES (1973) obtained in the sJ.me

area for a number of metals Dmong whieh eopper, zine and mill!gnnese,

Relatively hiah dissolved zine valucs in thc Straits of Dovcr that

they report are also fow1d in thc prcsent worx; thcir data for

other stntions Cl.rc signifieantly 10Vler than thc prcscnt oues (up to

30 ~9.1-1). The present vnlues for dissolved copper contrast cvcn

more with thc rcsults of DUTTON, JEFFERIES, FOIKARD &Jo~ms (1973),
-1reportina a maximum value of 2 fla.l for the Southcrn Dight,

observcd in thc Straits of Dovcr~ present values range from 3-8
-1 -1

~g.l , the highcst vo.luc for thc i:lrei:l studied being 12 ~g.l •

Our rcsults i:lrc howcvcr eonsidcrably lower than those reported

by our Belgii:ln eollegucs (HOD~LE l1l\.THEHATIQUE, 1972).

The diffcrCllecs that cxist in thc rcsults of different aroups

(Brussels, Lowcstoft and Texel labs) may be partly due to thc

different pore size of thel1illipore filter being used (0.8. 0.22

and 0.45 ~~, respeetively).

Durina 197'J and 1974 sampIes have been excbanged several times;

it is hoped that thc reasons for thc existing diserep:meies viII

bc evalui:lted durina a t\lO-\lCeks pcriod of elose eoopcration this

nutunm,

A elear relo.tionship bchleen thc concentrations of ci thcr eopper

or zine in solution and in the particulatc fraction eould not bc

established, DUTTON, JEFFERIES, FOIKARD & JONES (1973) eame to

thc same eonelusiol1. In the prescnt \lork a relationship bct\Vecn

the amount of meti:ll in the po.rtieulnte fraetion and thc proximity

to the coast is found.

Although an influcnee of the Rhine/Hcuse and Seheldt river systems

on thc metal levels in thc eoastal region has been cstablished,

a n~~bcr of details in the partieulate matter met~l levels are

not quite ~mderstood yct. Thc intensive sedimentation of partieulate

matter (both of fluviatile and marine origin) in thc mouth of thc
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rivcr Rhine and consecutive dredging nnd dumping cpcrntions v

togcther ",i th the cstu2lrinc circulntioo1 processes havc to be

taken into account. The properties (pnrticle size and metnl

content) of fluviatile suspcnded matter changes under influence

of the mixing of fresh \later and semrater 7 erosion of particles

from the bottom may bring into suspension particles uith metal

content different from thc levels befo~depositiol1. Suspcl1ded

copper and zinc on the one hand ;:md ma...'1.ganese on the other hand

shm·r different types of behaviour 0~1 their \my from the uater of

the river IUünc to thc sen. Thc relatively lou copper and zinc

concentrations at the constal stations in all the scries mny

be duc to the contributio~1 of he.:J.vy pC\rticles \'Ti th 10\r mct.J.l

content thnt h:l.Ve been brou!]ht into suspcns.ion by \'lind and currei1t

action (DUm:mrr, V!'JJ ECK & lTOLTING, 1974). These authors have

also shO\m that suspcndcd m3.tter may be enriched in metal contcnt

from high levels of dissolved metals in the interstitial water

of the bottom sediment.

Recently, high m·J.ng:mese concentrations have been f01..md in inter­

stitial "rnter s.::unples 1n the Rhine estuary. Thc high mnngancse

concentrations in the suspended matter of the stations along the

coast, in particular off the Rhine and IJmuiden, may be duc to .:J.

contribution from bottom m.J.terial or through formation of particles

from dissolved specics.

EIS~\ et ale (1966) hC\ve fow1d a tongue of iron-rich sediment off

Scheveningen, thc iron being prescnt as c03.tings on SC\lld grains.

~ similar process of mobilization and consccutive C\dhcrence to

particul-3.te matter may also apply to m.:J.i1ganese. DE GROOT (19G'!.~

1973) in his studies on mct.:J.ls in sediments has considcred man!]anese

as beina not mobilized in the estuary.

These aspects will be studicd in more detail in thc: near future.

V.:J.lues for the amoill1ts of met.:J.ls transported by the river Rhine

<:L"1d through the Strnits of Dovcr, have been obtained (T.:J.ble Irr)

1.mder the .:J.ssumption that the ~unmmts of vater entcring the
"North SC<:l can be approximated by the vnlues 70 and "1000 ~(mJ per

ycar; thc cO~1centrations reported in this wor~( are of the correct

order of magnitude over the time period considered.'

The prcsent findings of the incrcased levels of metals i11 the

Dutch cO.:J.stetl vater are COl1.sistcnt ,.,i th thc d:l.ta of Table 111.
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V. St1JilJllary

Hetal eO~leentrations (eo~per, zine , and for suspended matter also

mang:l.l1esc and iron) in Duteh eoo.stal 1lc.tcr per u.l1.i t of 'lohune

seilvlater are found to be inereased by thc input of thc river

The o.mOill1ts of eopper ~~d zine prcscnt in thc dissolved state

ilrc larger than the amounts prescnt QS leaeheab1c fraetion in

thc partieulate matter per uni t 'lohmte. The differenee bctHecn

the t\"o qU3.n ti ties for any individ.ual samp1c inereases tovard thc

eoast. High eonecntrations of partieulate eopper and zine on a \.,reirrht

per weight basis are fo~~d in thc offshore samples of the Southern

Bight, being mueh higher than the levels in eoastal areas and. in

thc river Rhine.

The amounts of Cu and Zn transported into the Southern Biaht through

thc Stro.its of Dover are mueh larccr than through thc rivcr Rhinc.

Tl1c :JJTlounts of both Fe and Mn are roug111y of thc same order of

magnitude.

H3.xim,:tl v.:\lues 111 the Southern Diaht for zine C\re .~.!!. llG. 1-1 and

15 llg, 1-1 for eopper, ineluding dis~wlved and. le3.eheClble p,1rticulatc

st:\tcs,
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TABLE I

-1
Range of dissolvcd ill1d p~rticulate meta1 concentrations ln ~0,1

the number of observations 2re in brackcts.

Surface Bottom

prescnt Hork DUTTON ct 211 present \lork DUTTOlr et :11

Zn po.rticu1ate

disso1vcd

1-13 (66) 3.9-16.3(38)

3-30 (66) 0.0-12 (~2)

~-50

5-25

/].1-25.5(13)

1.'1-0.9 (15)

Cu particu1atc 0.5-5.8(66) 0.1-0.9 (39) 1.5-26.5(~4) 0.2-2.6 (13)

uisso1ved 3-12 (66) 0.3-2.0 ('12) 3-13 ('111· ) 0.5-3.0 (1'1)

Mn particu1ate 0.5-50 (66) 0.1-27.0(39) 0.5-110 ('1-4 ) 0.2-50.2(13)

Fe particu1ate 5-260(66) 5-750 (44)



TABLE II

Betal cOl1centr.:l.tions in the particulate matter in IlG.c--
1

(ppn). Rivcr

dnta: arrmlS indic<:\te a regulnr c~1anae from the river (upstrcam) in

thc dircction of the sen. CJ:lstal dat.J.: ::-.rrm..rs indicate regulGlr chanc;c

Gl.'..la"./ from thc CO:lst.

Cu Zn "Nl1 Fe
-1 -1 -1 -/Ilg·g Ilg·g Ilg·g I'

Rhinc 'l-00~200 2200 "7700-900 700 :'1100 2.2-71.7
(till Rotterdarn)

Scheldt 90-'}40 260~230 1 600 -:-}1 000 1.3~0.G

(till IClooster- irregular incre21ses ui th

zande-Kruiningen) other cruises

Coastal zone

series I 200-300 600~2000 20007'300 1.0-:~O.5

Ir 250 700--71100 1300-~400 1 ., ::> --.;-1 • 9

III 100-1~0 200~2~0 1000~600 1.0~0.3

IV 100-200 200--7300 800~600 0.6 - 0.7

V 1 )0 200~500 600 0.4 -~o. ~

Central part I 900 2000

T r
(m.:l.xir.1al II 850 600 i
values) Irr 350 Goo 200-400 0.4~0.7

IV 050 1100 J t
"

V 1100 1800
\)



TADLE III

Supply .0' same selected triJ.ce elements by the river Rhine ;:1.l1d thc

StriJ.its od Dover to the Southern Dial1t uuder the iJ.ss'Lullptio;1S given

in thc text.

Rivcr Rhinc
-1 -1

~g. 1 tons ycar

StriJ.its of Dover Ratio Rhinc:
-1 -1

~g.l tons yeiJ.r Str. of Dovcr

•

Zn particuliJ.te 60 '1200 'l000 1 : 1

dissolved 45 3100 10 40000 1 : 13

sum (total) 105 7300 11 '!'!·OOO 1: 6

Cu particuliJ.te 14 930 '1000 1 : Li·

dissolved 6 /1,20 6 2'~OOO 1: 60

SHm (total) 20 1'!00 7 28000 i : 20

H.1 p.::1rticu13tc 20 1400 0.5 ~000 1 : 1 ,5

Fe particu13te 700 '!9000 ~o 80000 1 . '). '-
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