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POLLUTION OP THE PUNAT BAY BY Zn, Cu AND Pb 

Tarzan Legovic, Nedzad qmic, Vladivoj Valkovic., Jasna lnjuk and 

Marina Nadj 

ABSTRACT 

· Rudjer Boskovic lnst.it.ut.e., P.O.B. 1016

YU-41000 ZAGREB, YUGOSLAVIA 

Dist.ribut.ion of' heavy met.als Zn, Cu and Pb in t.he wat.er 

column and sediment.s 0£ t.he Pun.at. Bay is presented. Measurement.s 

0£ sea current.s and concent.rat.ions 0£ metals in the water column 

and sediment.s .are used t.o est.imat.e t.he t.ot.al inflow rat.a in t.he 

bay by an inverse modeling met.hod. Reliability 0£ est.imat.ed 

iraput. 

dat..a. 

is assessed by comparison t.o an independed set. ot' 

1 . Int.roduct.ion

Pollut.ion of" coast.al wat.ers by heavy met.als comes as a wast.a 

from sit.es o:f human act.ivit.ies. Among t.hem are shipyards .• 

harbours, chemical indust.ry and households wast.et) . Since t.he 

precise locat.ions of" sources of heavy met.als are ot"t.en unknown 

or t.he in�ut. is discont.inuous . an average in flow rat.e can not.

be det.ermin�d in a direct. way . inst.ead an inverse mode1lir1g 

method should be used 2,3 ,4 ,s) .

The object..ives in t.his paper are t.o: 

a) report. on concent.rat.ions of' Zn. Cu and Pb in wat.er and

recent. sediment. o'!" t.he Punat. Ba�

b) t.o est.imat.e t.he t.ot.al in flow rat.e of t.he above met.a.Ls 

t.hat. comes from t.he coast. int.o t.he bay. 
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2. Theory

We consider t.he t.ransport. of met.al in a basin wit.h a flat. 

bot.t.om. The t.ransport. is caused by t.wo mechanisms: ·cur-rent. 

f'ield, and t.ur-bulent. dif"t"usion. The name cur-rent. f'ield is 

r-eserved here f'or t.he average current. f'ield, i .e. t.he one 

obtained af't.er t.he st.at.istical avei-aging. In addition, it. is 

supposed t.hat. t.he convent.tonal steady st.at.e transport. equation 

f"or concent.ration C of' nutrient. in t.wo dimensions can be used as 

t.he basic model: 

-�c + v9C + E(c) c q . (t) 

The parameter a is the turbulent. dif't'usion coef'f'icient., v is t.he 

current. f'ield in considered two-dimensional basin, E is t.he 

extinct.ion f'unct.ion and q is the input.. The parameters v, E and 

q are f'unct.ions, while a is supposed t.o be a canst.ant.. The model 

(1) is valid at. all interior point.s of the basin. In order t.o

obtain the unique solut.ion C .from given paramet.ers, boundary

conditions must. b� supplied t.o equat.ion (1).

Because of a small concent.rat.ions of" metals in wat.er. the 

extinct.ion f'unct.ion ECC) is linearized: 

E(C) c k<C-Cn ) ,

where Cn is the background concent.rat.ion. Theref'ore, we can use

the reduced concent.rat.ion c = C-C in (1) and obtain t.hen 
!'ollowing linear 13w o!' transport.: 

-ll.c + v9c + kc = q • (2) 

The bacground concent.rat.ion is assumed t.o be a const.ant. while k 

is a f"unct.ion. 

The main t.ask in our st.udy is t.o connect. the cor1cent.rat.ions 

in wat.er and sediment. by 3 relat.ion. In t.he case ot' dominant. 

lateral t.ransport. or particles and consequently an unit'orm 

sediment.at.ion over t.he consipared basin, even one-dimensional 

models6) can be ef'ficiently used. Data on concent.rat.ions in 

sediment.s or t.he Punat. Bay show that. t..he sediment..:lt,ion oi' met..:lls 
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as well as other nutrients is not unif'orm, implying t.hat the · 

vertical t.ransport., i .e. sediment.at.ion, is dominant.. Hence, t.he· 

reduced tr-ace element concentration in sediment s(r-) at. a 

location r is proportional to the corr-esponding concent.rat.ion 

c(r) in wat.er at t.he . same location, so t..hat. 

s ( r )  
c (r )  :: >..k(r)/w(r) 1 (3) 

where w<r> is t.he annual widt.h of' sediment. at t.he location r, 

and >,. is t.he scaling !'act.or. 

Now we define our. problem. 

Find c(r), k(r), q(r) and the nat..ural 

sediment. so that. 

concent.rat.ion S inn 

(i) t.he t.ransport. in wat.er is defined by (2)

(ii) t.he mean calculated concent.r-at.ion in water is equal t.o

the mean measur-ed concentration: 

l c<r/ = l c
ms,j j

j=t J=t 

(iii) t.he least. squares error between calculated and measured

concentrations in sediment.: 

C <c,k,q,S) = l <s<r j >-sms .j >2 

j=1 

accepts the minimum value. 

3. Experiment.al met.hods

Trace element. analysis of wat..er and sediment. samples was 

perf'ormed using X-ray emission specroscopy as .:m analytical 

tool. In our measurement.s sample irradiation was accomplished 

wU,h photons obtained f'rom an X-ray t.ube with a Mo-anode and 

scattered at. a Mo and Eu target,. A Phillips X-ray apparat.us 

model PW 1010/30 was used wi t..h working parameters of' 34 kV and 

16 mA. Irradiation time was 1000s. A Si(LD de* .. ect.or was used 

f"or X-ray detect.ion. This enabled t.he simultaneous detect.ion of' 

characterisUc K-lines of elements wit.h Z � 70 . wi t.h '.'ery low 

background int.ensit.y. 
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Prior t.o analysis, sediment. samples were dried !'or t.wo days 

c-+. 150° C, and t.hen sieved and grounded t.o dust.. 

Concent.rat.ion of' t.race element.s in t.he sea wat.er are of'ten on 

t.he ppb level, there.for-e a suit.able preconcentrat.ion 

procedure must. be 

were collected using 

t.o the laboratory 

applied. In our measurements wat.er samples 
7) t.e.flon sampler- Samples were t.ransport.ed

in clean polyethylene one lit.er containers, 

and 10ml of' 10% HN03 were added to prevent. losses of' heavy

met.als. All t.he samples were pr-epared !'or X-ray analysis by 

complexat.ion wit.h chelating 

di t.hiocarbamat.e (APDC) 
8 ,9 ) .

agent. ammonium- pyrroldine-

Aft.er complexat.ion t.he suspension was f'ilt.ered t.hrough 

membrane filt.er and irradiated. 

4. Numer-ical met.hod�

The tidal current. in t.he bay is calculated by using 

st.andard models of t.idal currents wit.h included Coriolis 
10) f'orce , where t.he bot.tom .f.t'iction and t.id.al level in t.he gat.e

are determined by f'it.t.ing t.heoret.ical solutions t.o dat.a. 

Similarly, t.he residual current. , caused by underwater springs o!" 

fresh wat.er is calculat.ed f'rom t.he dat.a on salinit.y 4 ). The sum

or t..wo reconstructed current. t'ields is assumed t.o be t.he mean 

current. f'ield in t.he bay. Fluct.uat.ions of t..his current. field are 

obtained by Monte Car·lo met.hods. 

The di.f fusion canst.ant. 

t·or-mula11 ) . The extinct.ion 

is determined 

paramet.er- k in 

usin:; 

(1)  is 

t.he Okubo 

est..imat.ed by 

solving t.he main problem 01· Sect.ion 2. In t.his way t:.he neccessary 

paramet.ers and input, ot· t.he model (1) have been det.ermined. 

The line�r-it..y of' t..he model (2) enables us t.o decompose the 

?"educed concent.rat.ion field int.o components. each being caused 

by one of' st.udied input.s

wher-e t.he 

collect.or, 

indices . 

shipyard. 

0 .1 .2,3 .4 , 

marin3 

ret'er t.o 

workins 

t.he 

area 

yacht. 

and 

(4) 

harbour . 

beach. 

r-espect.ively. Let. Bi , � =:; i � 4 . be po1 .. t.ions ot' the boundary at.

t.he £our boundary point.s r1 • 1 =:; J." � 4 t.hrough which input.s

ent.er- t.he bay �:md let. DO be a 1·et,;ion cover-in� yacht. harbour as

lllust.rat.ed in t.he Fig . 1 .  Th\! rem�inin;; p.ll"t. 01' t.he boundary . 

t.oget.tu�r wit.h 
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denot.ed by B .  r Five 

f'ields(4) sat.isf'y the following transport equat.ions: 

and f'ul.fill t.he .following boundary condit.ions 

0 $ i ,j S 4 ., 

0 !5 i S 4 , 

cone en t.ra t.ion 

(5) 

(6) 

whe.r-e 61 . = 1., 6 , . = 0 !"or i;:-! j, and c 
j 

are measured reduced1 lJ ms, 
concent.rat.ions at. B •. 

The decomposi t.ion <.1) enables us t.o <let.ermine input.s Q
1 

fr•om

each or t.he five recognized sources or pollution by heavy 

met.als. Using t.he expression 

(7 ) 

where II is t.he dept.h o.f t.he basin U1<� input. rat.es are readily 

obt.ained. 

5. Case St.udy: Pun.at. Bay

5.1 Descript.ion 01· t.he area

Punat. Bay on t..he island Krk in t.he Northern Adriat.ic has 

t.he area ot' 2.4 km2 , t.he average dept.h equ.al t.o 3.2 m, and t.he 

volwne of" 7.7.x 106 n.3 <Fig.D. The bay is conect.ed t.o t.he rest. 

or t.he sea t..hrough a narr·ow 200m wide gat.e. Among- pot.ent.ial 

sources or heavy me t.als in t.he bay ore: a yacht. harbour . sewage 

collect.or 01· t.hc sm::tll t.own Pun;;1t. . t.h� shipyard an<l t.he workini; 

areo or t.he marina. Addi t.ionol sources 01·e run-o.f!' wat.ers .from a 

larE;O surrounding :::lrea. 

Na.t.ural concent.1•at.ions .fox· nt.?arby open wat.er·s , 01' t.he Rij�ko 
1 1)Bay are 6.0µg Zn/1 . O.Sµg Cu/1.  0.2µb Pb/1, 
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5.2 Sampling 

Wat.ex- samples were collect.ed on 9 June 1987. at. t.he 

st.at.ions shown in Fig.1 .  Sediment. samples were collect.ed during 

29. and 30 July 1987 by an allumin u- m  cor-er- at. another set. of'

st..at.ions which are also shown in Fig.1 .  Currents wer-e measured

during 15 days in JW'\e at. !'our st.at.ions <Fig.1.). Since no

significant. st.rat.it"icat.ion of' t.he .wat.er column was present. t.he

current. meters were placed in t.he midle oC t.he wat.er column.

The dominant. · component. of" current.s in t.he gat.e is due t.o t.ides.

The component. has t.he ampll t.ude of 15 cm/s. Curl'ent.s at.

measuring st.at.ions in t.he bay have t.he amplit.ude oC only 1-2

cm/s and only t.he tidal component. has been e><t.ract.ed.

Salinit..y· was measured at. t.he st.at.ions were samples :for heavy 

metals in wat.e1• were t.aken. Sallnit.y has smaller value in t.he 

middle part. of" t.he bay !'ox- 1% - 3% due t.o t.he spx-ings of' f'x-esh 

wat.er at. t.he bot.t.om of' t.he bay. 

6. Result.s

The result.s of" seawat.er analysis are px-esent.ed in Table 1 

while t.he results of" sediment. samples are given in Table 2. 

The obt.aied concent.1·at.ion fields in wat.er !"or Zn, Pb and Cu 

are shown in Figux•es 2-4 .  No t.e t.hat. t.he highest. concent.x-at.ions 

of Zn and Cu are found near t.he collect.oI" while t.he highest. 

concent.rat.ions of Pb are located near t.he shipyard and marina 

working area. Elevat.ed concent.rat.ion 01· Zn is also visible in 

t.he beach area. A careful examination of' t.he area showed no 

visible sour'?e, however uphill t.he beach area a village is 

locat.ed t.hat. has no sewage syst.em. Furt.hermore t.he beach is t.he 

lowest. part. 01· t.he drainage aI"ea t.hat. includes a deposit.of" crude 

wast.e on t.he land. 

The est.imat.ed values or ext.inct.ion paramet.er k are used t.o 

det.ermine t.he haU'- lit�e ot" metals in t.he wat.er column.The 

obt.ained hal!"-llves aI•e 12, 12.5, and 10.5 days £or Zn, Cu and 

Pb , respect.ively !'or t.he largest. part. of t.he bay. 

Around t.he collect.or. shipyard and marina working area in t.he 

neighbourhood 01· 150m, t.he ext.inct.ion paramet.er for Zn .and Cu 

t.ur-ned t.o t.he higher by 70�{ and 30% respect.ively. 

The est.imared nat.ural concent.rat.ions in t.he sediment.s are 

pract.ic.:illy zero in all t.hree cases. 
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Station No . concent rat i on s  i n  wa te r �g / 1 )

Zn Cu Pb 

1 17  1 7  3 . 1  

2 5 2 1 .  8

3 6 1 2  3 . 2  

4 9 5 2 . 5  

5 32  1 5  4 . 4  

6 37 1 2  2 . 7  

7 33 9 2 . 7  

8 1 8  7 2 . 2  

9 10  17  2 . 5  

1 0  20 20 5 

1 1  4 1 7  1 .  3

1 2  5 3 . 5  2 

1 3  6 .- 3 3 . 3  2 . 3  

Table 1. Concent.rat.ions of' Cu., Zn and Pb <ug/1) in wat.er of' 

Punat. Bay during summer. The values are t.he averages over t.he 

wat.er column. Positions of stations are shown in Figure 1 .  
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S tat ion No . concentrations i n  sediments { ppm ) 

Zn Cu Pb 

1 . 1 8 5 . 7 69 . 4 105 . 4

2. 88 . 1 76 . 4 97 . 4

3 1 6 2 . 8 92 . 8 1 29 . 0  

4 104 . 0 42 . 9 69 . 3

5 27 . 0  40 . 0 82 . 0  

6 89 . 0 38 . 6 87 . 0

7 80 . 0 33 . 3 27 . 0

8 44 . 3  26 . 1 48 . 8

9 27 . 8 27 . 7 40 . 8

1 0  2 4 . 9 31 . 3 1 6 ., 4 

1 1 84 . 5 56 . 4 9 3 . 0

1 2 96 . 7 4 1 . 0 

1 3  55 . 6 49 . 0 1 0 1 . 2

1 4  59 . 3 41 . 3 55 . 2

1 5  9 6 . 7 46 . 9 5 1 . 5

16  84 . 5 46 . 1 109 . 0

Table 2. Concent..rat.ions of' Cu., Zn and Pb (ppm) in upermost.. 2 cm 

of' sediment.. in t..he Punat.. Bay. Posi t..ions of' st..at..ions are shown in 

Figux-e 1. 



\l-9/\ 
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Pb in water 

Figure 4 . Est.imat.ed concent..rat.ion field of' Pb in w.at.er.  Large 

values exist. at. t.he marina working area and shipyord. 
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Relatively shor-t. halC-llves of metals in t.he wat.er column mean 

·t.hat metals are rapidly lost. 1":r-om wat.e:r-. There a:r-e t.hree

relevant clea:r-ance processes. One is the wash-out. of' metals .from

t.he bay. It. has been shown t.hat. t.he wash out. is t.oo small t.o
5)

account. for t.he above loss rate . The other two processes a:r-e

uptake and apsorpt.ion to part.ic les. The content. of' metals in

water column is then lost. by sediment.at.ion. Hence .. sediment.at.ion

is t.he dominant. clearance mechanism. This implies t.he !'allowing

simple r-ule for t.he inputs of consider-ed t.hree metals:

Input. into t.he bay = Input. into sediments of t.he bay 

The tot.al input. rate is obtained by t.he integr-at.ion of' input 

over the a:r-ea of' the bay. 

The results are presented in Table 3. 

Tot.al input r.ot.e can also be obtained fl"'om r-econst.r-ucted 

concentration field of' metals in sediments and an est.imat.e of' 

/annual growth of' sediment. In the first. two cent.imet.er-s at. the 

yacht. harbour.. the met.al concentraUons are elevated. Since the 

age of" t.he harboul"' is 25 y, the annual growth o!' t..he sediment. is 

w � 0.8 mm/y. 'fhe specific weight of wet. samples is 1 .45 kg/dm
3 . 

Hence, an upper value for t.he estirnat.e o!' the tot.al input rate 

of metals into the bay is readily ob t.,ained. Th� res1.1J.t.,s ar� 
presented in Table 3 .  

A test o!' the l"'eliabilit.y of input, estimates follows from 

comparison of" model results with either data which are not. used 

in t.he process of: modelling or r-esult.s of' some at.her verified 

models. This uni versa! principle can be applied in our case by 

comparing inputs or heavy met.als f:rom hull paint.s of: yachts and 

boat.s in t.he yacht. harbour, t.hat. are computed by our models, to 

dat.a on t.he annual consumption 01' paints in mai:-ina. The result.s 

are presented in Table 4. lnspecUng Tables 3 and 4 ,  we see t.hat. 

our result.s about. lead are more reliable t.han t.he ones about. 

zinc and copper. This can be easily explained in t.he following 

way. The estimated input.s by the model are sensit ive to t.he 

ratio of the background and actual concentrations in t.he basin. 

The ?'elat.ive ei-ror o.t' est.imat.ed inputs is proportional t.o t.his 

ratio. In the case of' le.ad . t.he rat.io is small (0.01-0.1)� and 

in the c::ise 01' zinc and copper, it.  is la1•ge < � D. Thus the 

est.lmat.e of" the input. of' zinc increases (decreases) t:or about. 

14% when it.s background concentl'at.ion is de'cl"'eased (increased) 
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Estimated total inflow rates 

__.!5..L by model by model . in 
month in water sediment 

Zn 107 , 0  98 . 2  

Cu 139 . 0  49 . 3  

Pb 43 . 3  72 . 5  

Table 3 .  Comparison of' calculat.ed inflow rat.es !'or t.he whole bay 

Crom the basic model !'or t.he wat.er column and Crom reconst.ruct.ed 

concent.ration in t.he sediment.. 

k e:  by model in  from da ta on cons umed 
wa ter pa i n ts mon th 

� 

Zn  2 1  . 6 4 5 . 9 

Cu 2 1 .4 1 0 .9

Pb 7 . 4 8 .2 

Table 4 .  Comparison of' est.imat.ed input.s of' Zn, Cu and Pb. in 

kg/month !'or t.he yacht harbour and data on consumpt.ion oC hull 

paint.s. 
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!'or one ppb. 

6. Conclusions

Dist.ribuUons of' Zn, Cu and Pb indicat.e t.hat. t,he west part. 

of t.he bay is more pollut.ed t.hen t.he east. side. This conclusion 

is not. at. all surprising when we know t.hat. all of" t.he expect.ed 

pollute.I's a.t'e on t.hat. side of the bay. 

A source of' :in f'ound in t.he beach area was Wlexpected but it. 

seems real in the view of' t.he arguments . put. f'orth and t.he 

existence o!' small peaks in both Cu and Pb. 

Regax-ding t.he location of' t.he beach, we may conclude t.he 

f'ollowing. First., according t.o Figures 2-4 and the maximwn 

allowable concent.rat.ions set. up by t.he lawmaker (50µg Zn/1, 5µg 
12 Cu/1, 12µg Pb/1) , t.he only strech barely suitable f'or a beach

location is t.he coast. west. of' t.he island Kosljun. Second> during 

a typical summer day, Maest.ral wind blows f'rom NW> W, SN 

di.t'ect.ion and due t.o t.he geometry of' t.he bay and proximi t.y of' 

t.he beach :from main pollutant. sources, any surf'ace resident. 

pollutant. reaches and accumulates very near t.he present. beach 

area. 

The first. and t.he second point. combined, suggest. that the 

beach should be  relocated t.o the st.r-etch o:f t.he coast. t.hat. lies 

the most. west. in the bay. 
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