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Abstract

The study of heavy metals concentration in theagsta lake Gardno water and bottom sediments
showed that the river Lupawa and periodic inputseaf water exert decisive influence on forming
of the water stores and bottom sediments qualithimlake. The largest concentrations of Cd, Cu,
Mn, Pb and Zn were observed at river mouth intol#ke region (Cd — 0.26, Cu — 3.71, Mn —
94.3, Pb — 10.01, Zn — 16.26 pg@nmand the lowest at water outflow from the lakeioagCd —
0.13, Cu—1.81, Mn — 53.8, Pb — 8.86, Zn — 8.0%pd). Average concentrations of those metals
in the lake water, suspension and bottom sedinmnt the following row: Mn>Zn>Pb>Cu>Cd.
The contents of analysed metals were the highestarstitial water, smaller in near-bottom water
and the smallest in surface water. Average cormkntetals in near-bottom suspension was about
30% higher than that in surface suspension, butlement factors of those metals in suspensions
do not show essential statistic differences. Thabably results from continual mixing of water
masses by wind. The migration coefficients indidateat bottom sediments of lake Gardno have
large accumulation properties of heavy metals.
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INTRODUCTION

Heavy metals are one of the most important facoreng many others in biosphere
pollution. Great interest for heavy metals resuti@inly from the serious dangers
which are created by the present increase of th&intities. After exceeding a defi-
nite barrierof their concentratiorthey start to act inhibitedly or quite toxicly on
growth and metabolic processes of animal and megdanisms (Lampert and Som-
mer 1996, Schintu et al. 1989, Starmach et al. 1Ba@/lik-Skowrdska 2001). Ac-
cording to Kostecki (2000) and Tamura et al. (200igher concentration of heavy
metals become inhibitor of biological processeshsas organic carbon oxidation,
nitrification and denitrification.
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They finally get to the water environment in thieiogeochemical cycles. Total he-
avy metal content in polluted water is composedvafer soluble species. Metals
guantity, lifted species heavy metals ions by sosig& and those precipitated into
bottom sediment. Those contents depend on somisdetahysico-chemical prop-
erties of natural waters (eg. redox potential, hasg of water) and specific given
metals properties (Borg 1983, Forstner and Wittma®85, Abou-Mesalam 2002)
and in some cases even on biological activity ghal(Golimowski et al. 1990, Wi-
dianarko et al. 2000 ). The first part of metatins is adsorbed by suspension form.
The second part appears in water soluble formotitains both simple ions and
complex ions with organic and inorganic ligandse Third part appears in colloidal
form. The humus compounds play essential role éavit metals migration (Tao et
al. 2003). Their functional groups carboxylic, ketamine, fenolic and thiolic bind
metal ions into organic complexes and chelatesqi8p&986). Benes and cowork-
ers (1976) showed that humus substances removesrcappc, cobalt and mercury
ions from water space. Contents of soluble metalwater make frequently little
percentage of their total contents in suspendedemand bottom sediments (Fytia-
nos et al. 1986, Marsden and Rainbow 2004). Coraditie part of those metals
transfers to bottom sediments. Higher levels of¢hmetals are observed in bottom
sediments and suspensions. Their levels in thervgatable form are lower. Some
guantities of them can be moved again from sedisniemd the water by bottom mi-
croorganisms, plants and fauna (Benes et al. 1882sden and Rainbow 2004).
Metal accumulation into sediments coexists with ldaehing process of metal ions
process from deposited metals in bottom sedimeiritéystitial water existing be-
tween sediment pores and demersal-bottom water.
The aim of our research has been:
- determination of five heavy metals accumulatiorboitom sediment, suspen-
sion, surface and demersal water of coastal aréeedbardno Lake;
- discovery of studied metals origin in water, susiam and bottom sediments of
lakes ecosystem;
- determination of directions of those metals’ floetween the analysed forms.

RESEARCH REGION

The Gardno Lake is the second as regards largenessation to area (2468.1 ha) of
coastal lake in Poland. It is situated in the Simki seaside region in the central
part of the Polish coast. The lake belongs to paimlakes which do not have gre-
at depth (Trojanowski 2003). Average depth equalsriand maximum depth is 2.6
m. Gardno lake is separated from shore of Balt@e I3£0.8-2.0 km of sandy land
band forming spit with different hills of sandy raore covered by pine forests.
Swamps, marshes and peat bogs surround the lakesibath-west and east site.
The lake largest water affluent is the Lupawa Riltedelivers 81% of the water qu-
antity to the lake during a year (Cyberski andrdsik 2003). It flows from the east
site of the lake. Only a small difference of wdtarel between the Gardno lake and
Baltic Sea which amounts to about 24 cm is usualtlyerved. This facilitates dou-
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ble-sited water replacement between lake and sleerrthen the short river mouth to

the Baltic Sea. Total water masses in the Gardke lexchange average 9.2 times
during the year.

The bottom of the lake is almost flat and covergdabge quantites of shudges and
sediments. Only small areas of the botom have eodnd of sandy lake. So it is

mainly in the north-east region of the lake ana asite near Kamienna island in

the centre of the lake. Other small rivers suchBagjiennica, Grabownica and Bro-
da flow into the Gardno Lake as well. The lakeoisg¢d with greater Lebsko Lake

of about 8 km long channel from it's north-easesid

MATERIALS AND METHODS

Water samples used for our research were takenaneanth during 2002-2003 us-
ing special Ruttner sampler from three chosen amédise Gardno Lake and from
the Lupawa River 200 m before its mouth to thielékig. 1). Collected water sam-
ples from the surface and demersal layer of watmevbrought into polyethylene
bottles. At laboratory water samples were filtetesihg Milipore membrane (0.40
pm diameter pores). Bottom sediment samples wdsentaarefully using Kajak
sampler in three seasons of 2001 (in April, Julgt &ttober) from selected areas.
Bottom sediments were divided into 5 cm layers ket at low temperature.

D

- POLAND

BALTIC SEA

0 1 2 km

Fig. 1. Location of sampling stations in the lakar@o and river Lupawa
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Interstitial water samples were separated by fitiraof fresh sediment samples by
mill net and preserved in frozen state at’€@@uring a maximum period of months
in order to make all chemical analyses. On thereopisuspensions were separated
from water by filtration through hard paper filt&8uch separated suspentions were
dried at +66C on paper filters to constant mass and storedsiceator. Total sus-
pension contents were determined by gravimetriggthods.

Atmosptheric falls were collected in suitable camtas. They were emptied with
frequency once a month.

Bottom sediment samples were dried at room temyeraind afterwards at 1T to
constant mass. Well dried sediment samples wesheduand chemically analysed.
The approximate value of organic matter was detezthas a loss of mass after ig-
nition. Before ignition at 55C, samples of suspensions and sediments were we-
ighed. The content of iron, organic carbon anaailn sediments were carried out
according to Januszkiewicz (1978) method. Iron watermined using a com-
plexometric method applying orto-phenantrolin redgg@®rganic carbon — by the
dichromate method. Silica and undissolved residusediments were determined by
application of mixture of nitric (V) and hydrochioracids by 3:1 proportion.

Heavy metals analyses in water samples water aspkrgion were carried out ac-
cording to Neugebauer and Bolatlek method (1984)teWsamples were concen-
trated ten times by evaporation before chemicalyaisa The content of heavy
metals was determined by wet mineralization of isiddamples in the mixture of
nitric (V) and perchloric (VII) acids. The dry resie, after evaporation of water,
was dissolved in 10 chof 0.1 M HCI solution. Cadmium, manganese, zieadl
and copper concentrations were determined from puepared solution by flame
technique of atomic absorption spectrometry. Thgenangth, slot width, current
intensity of lamp and other parameters were adjugteeach case according to
manufacturers recommendations. For the controliomergctivity of apparatus were
applied two reference materials SCP Science EnvoM' & AgroMAT ™ ES-H-

1 Ground Water and EU-H-1 Waste Water [39]. Wa® a@pplied the research
method recovering early prepared central pattemetfl subject the same treatment
like sample. Lead and manganase concentrationsfénence samples were higher
with 7.4% than average obtained by other certifigcatiaboratories. For copper,
cadmium and zinc the differences were 4.3%, 3.8%4A6% respectively. It was
also used for the recover of earlier prepared reidtthndard of the metal subjected
to the same preparation like the sample. Magnitidke recover for the lead was in
98.3%, for manganase — 99.3%, for copper — 98.8¥%cddmium — 94.3% and for
zinc in 99.4%. Heavy metals concentration were mivepg dnit for water and in
g g* for suspension and sediment samples (per gramyahass).

Our experimental analytical results were appliegionary statistical calculations
obtaining an average value of (x*), standard deniadf (S), coefficient of varia-
tion of (V,) and amplitude range (x — min, max). Comparisowmwf experimental
average heavy metal concentrations were done uSihgdent test.

72 surface and demersal water samples, 72 suspeseiaples, 18 interstitial water
samples and 90 bottom sediment samples were adalyse
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Enrichment coefficients were calculated taking iatgount these experimental trace
elements concentration values for the studied takebsystem in order to discover
those metals’ origin. Enrichment coefficient watcaoklated using formula 1 (Szefer

1989)

EF = (Gnd Cre)s : (Cnd Cre)ec 1)
where:

Ce—concentration of given metal

Ce.— iron concentration

s —concentration in the studied compartment
Ec — average concentration in crust the earth

Enrichment coefficients of heavy metals concerdratn surface water were calcu-
lated as well. Kwapuiiski et al. (1993) estimated migration of those tsetom
bottom sediments to dimersal and interstitial weaterd participation of atmospheric
falls and bottom sediments in forming metal corgentthe bottom water.

RESULTS AND DISCUSSION

Among the studied metals, manganese was prevadel im the Gardno Lake waters. Its
average content in water was equal 72.9 pigam was almost four times higher in inter-
stitial water (Tab. 1). Metals concentrations détestatistically one from another. Avera-
ge concentrations of metals in the lake water innsar and autumm seasons form series
Mn > Zn > Pb > Cu > Cd. Higzak et al. (1998) observed similar trend ik@kie Lake.
Zinc and lead contents were six times lower in cmapn to manganese ones. Whereas
the average content of copper was 2.63 pgatmd cadmium only 0.21 pg dm

Gardno Lake waters contain more zinc and lead giemthan those in Puck Bay
(Pempkowiak and Ciszewski 1990). Average lead amtlconcentrations in Gardno
Lake waters amounted to 9.81 and 13.25 pd,despectively (Tab. 1). Lead con-
centration in Gardno Lake waters is eight timed&ighan that in Puck Bay. Zinc
was only three times higher. Copper, cadmium and zbncentrations in Gardno
Lake waters indicate the first class of purity sarch kind natural water reservoir.
They are comparable or slightly lower than thoseioled earlier for Majcz and Inu-
lec lakes waters (Krélak 1997) and estuarines wdfBurner and Millward 2000).
Similar levels of those metals were given for Dolwezwater reservoir by Szarek-
Gwiazda (1998) and for estuarine water by Wrightt ®orrall (2001). But concen-
trations of manganese and lead are considerahiterig Gardno Lake water. The
lead concentration for Dobczyce reservoir water ttase times lower than obse-
rved by us in Gardno Lake waters. Manganese coratiEmt was almost two times
lower in Dobczyce reservoir. Concentrations of ¢hbgo metals are two times hi-
gher in Gardno Lake waters than in Majcz and Inld&es. Taking into considera-
tion more polluted Gbokie Lake with classless purity waters and dateergiby
Hiynczak et al. (1998) level of zinc is three timesdownd lead content is even four
times lower in Gardno Lake water. Generally, we state that heavy metal concen-
trations are not high in water of Gardno Lake baeptions are manganese and lead.



88 Jan Trojanowski, Czestawa Trojanowska, Czesta\ezkk

Table 1
The content of heavy metals (g @nin the Gardno Lake water (x* — average valueaspective
species water, ¥ average value of deep wateg,-Sstandard deviation)

Metals | Water - Stat2|ons - Min. | Max. o+ 5 S,
surface 9.17 | 8.80| 7.04| 2.6 11.57 8.34 081 2.32

Pb |near-bottom | 10.86| 12.29 10.68 2.16 14.3011.28 | 1.84
interstitial 26.80| 29.51| 23.46 10.09 50.6726.59 5.83
surface 81.9 | 60.0| 46.2| 16.2 100/0 62.5 729 16

Mn |near-bottom | 106.8| 81.9| 61.4| 187 151/983.4 ' 23
interstitial 323.7| 295.00 219.4 88.1 4425279.4 57
surface 245 | 1.83| 1.07| 0.84 6.9F 1.7 » 63 0.29

Cu |near-bottom | 498 | 2.87| 255 0.63 824 347 0.34
interstitial 13.32| 10.97] 6.04 2.51 30.0710.11 2.03
surface 0.20 | 0.19| 0.12| 0.04 042 0.17 0.21 0.03

Cd |near-bottom | 0.32 | 0.28| 0.15| 0.09 057 025 0.03
interstitial 114 | 1.12| 053] 019 166 0.93 0.09
surface 12.61| 13.62 7.94 251 20.3111.41 13,05 1.12

Zn |near-bottom | 1991| 16.38 8.96| 2.72 35.4615.08 ' 3.15
interstitial 51.91| 44.28/ 2050 11.47 79.1939.04 10.26

Heavy metals' contents in surface and demersalr@drake water were statistically
different at stations 1, 2 and 3 (Tab. 1). The #tigated metals' contents of surface
waters from stations 1 and 2 were quite similaatiStically essential differences
were observed only between stations 1 and 2 forgara@se and copper concentra-
tion. The concentrations of those two metals we@ua35% higher at the Lupawa
River mouth (st. 1) than at station 2. It was ngirising that the lowest metal con-
centration was observed at station 3 where thegtst sea water penetration takes
place. Periodic inputs of sea water into the Gaidaee dilute lake water and decre-
ase heavy metals' concentration in it. Many autldrejanowski et al. 1991, Mu-
dryk et al. 1999, Wright and Worrall 2001, WindomdaNienchesk 2003) have
mentioned a similar phenomenon. It was noted thatyr metals' concentrations we-
re higher with increasing distance from the seae fighest concentrations of the
examined metals were observed at station 1 (Lupgiwer mouth into the lake). It
is evident that Lupawa River waters are the maur@of heavy metals in Gardno
Lake. Average heavy metals' concentrations in L@paver amounted to 51 pg dm
3 for zinc, 13.2 pg di for lead, 84.5 pg dihfor manganese, 1.1 pg dnfor
copper, and 0.5 pg difor cadmium.

Metals' concentrations in near-bottom water weghéi than in surface water. The
highest statistical essential differences were eskin Mn, Cu and Cd concentra-
tions, and essentially lower for the other two rseth means that atmospheric fal-
lout has essential role in supplying Pb and Cd afd@o Lake water. In the case of
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Cu its concentration in near-bottom water was twees$ higher than in surface layer
water. Heavy metals' content in demersal waterttuz® times lower than their con-
tent in interstitial water. Transition of these soffom interstitial water to demersal
water is evident (Tab. 1). Studies by Tovar-Sanckéal. (2006) and Otero and
Macias (2002) confirm this conclusion.

Content of prevailed majority of the examined netalinterstitial water changed in
similar way as in lake water. Their average cormregions differ statistically betwe-
en particular stations. The highest differenceheféxamined heavy metals' concen-
trations are noticed between two stations (1 andng)the third one (Tab. 1). The
highest concentration of the examined metals wasmwkd most often in Lupawa
River mouth into the lake (st. 1). The lowest oreswbserved at flow of water from
the lake region (st. 3). The most diversified valueere observed for copper, cad-
mium and zinc. Their concentrations at station fewmore than two times higher
than at station 3. Only in the lead case, concéoirsin interstitial water were simi-
lar on all investigated regions — average 26.6 pg.dSenerally these rather high
heavy metals' concentrations in this part of wegsults from its close contact with
bottom sediments where relased metals ions argrpefirst to interstitial water.
Similar results were obtained by Koschinsky e{2003).

On the other hand the suspension concentratioodinted with tupawa River wa-
ters amounted average to 15.6 mgd(ffig. 2). Suspension concentrations were lo-
wer in April and May (12.4 mg dff) in comparison to those in autumn period (19.3
mg dmd). Average heavy metals concentrations in suspessittroduced by tu-
pawa River waters to Gardno Lake were statistiadiffigrent and amounted to 53.1
1g g* for zinc, 36.5 pg g for lead, 144.2 ugffor manganese, 0.8 pg dor cad-
mium and 5.1 pg Yfor copper (Fig. 3).
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Fig. 2. Concentration of suspension (in mg3lin water of the lake Gardno and river Lupawa
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Fig. 3. The content of heavy metals (in |ijdyw.) in suspensions from the lake Gardno and
river Lupawa water (1p, 2p, 3p — surface water,2tf},3d — near-bottom water)

Suspension concentration in Gardno Lake watersgeasrally higher in compari-
son with that from tupawa River. Its average comedion amounted to 18.0 mg
dm? (Fig. 2) with oscilations from the lowest value16.8 mg dr (st. 3) to 29.4
mg dni® (st. 2). Average studied metals' content in Gardake suspensions diffe-
red statistically and amounted in its surface laged.59 pg g for Cd, 4.1 pg g for
Cu, 35.1 pg ¢ for Zn, 130 ug g for Mn, 12.7 ug g for Pb (Fig. 3). Average con-
centrations of those metals in suspensions inadeasdollows: Cd < Cu < Pb < Zn
< Mn. That sequence was the same as in water. §oasosequence was observed
by Bojanowski and Koszatka (1976) investigating M/iRiver and An and Kam-
pbell (2003) investigating Lake Texoma. Slightlyfelient sequence was observed
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by Brzezihska at al. (1984) in south part of the Baltic Sezerage examined metals
concentrations in surface lake suspension wererlthan those in tupawa River.
Not in all lake regions, suspensions are charaetérby lower metals concentra-
tions. For example in station 1 region, zinc cohiensuspension was 6% higher
than that in the river, manganese — about 26% apger — about 17%. Cadmium
concentration was the same and amounted to 0.8'pingreased heavy metals'
content in the station results from many yearsvallu sedimentation of material
from the river containing heavy metals ions absore suspensions.

Examined metals' concentrations in suspensions emersal water and from sur-
face layer water were statistically different. Aage metals content in near bottom
suspension was about 30% higher than in surfageess®n (Fig. 3). The lowest
differences were observed at station 3 betweesutace and demersal waters, par-
ticullary in the case of manganese, concentrationhiach amounted to 60.6 + 15.3
g g* in surface suspension and 68.2 + 17.4 fiqngdemersal suspension.
Concentration coefficients of examined metals ispsmsions are given in table 2.

Table 2
Concentration coefficients ¢Kfor manganase, lead, zinc, copper and cadmiusaspended mat-
ter of the Gardno Lake (A — surface layer, B — Amattom layer, x* — average value).

Metal Station 8 .
etal Layer 1 > 3 X
Mn A 1.8 1.6 1.2 1.5
B 2.2 15 0.9 1.5
Pb A 2.7 2.3 1.3 2.1
B 3.0 2.6 1.1 2.2
Zn A 2.5 2.1 2.3 2.3
B 1.5 1.6 2.1 1.7
Cu A 4.0 3.3 2.7 3.3
B 3.3 3.1 2.7 3.0
Cd A 4.5 2.7 1.5 2.9
B 3.8 3.0 2.4 3.1

They oscillated between 0.9 and 4.5. Their averadees do not reveal essential
statistical differences between them for near otend surface sediments with
exception of those observed at station 1. Thisltestwm a little bit different che-

mical composition of suspension from those lay&wsface water sunspension is
mainly of river and atmospheric fall origin withghi quantities of terrygenic matter.
Whereas near bottom suspension contains died argaatiter in addition. The lo-

west concentration metal coefficients were obsemtestation 3 with exception of

zinc. The differences among them were very smalstoface and near bottom lay-
ers suspensions. This results from not great defithe lake — in this region amoun-
ted to 0.8 m — therefore the differences betwegssipb-chemical properties of su-
spension from both layers are not high, particyléaking into account continuous
mixing by wind. Decrease of average metal enrichinfigctors for suspensions in
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surface water follows in such sequence Cu > Cd > Ab > Mn. The similar sequ-
ence was observed for sea water (Bolatek at aB)1$&r demersal water, the sequ-
ence was statistically different: Cd > Cu > Pb >~Mn. Manganese showed the
lowest concentration coefficients both for suspemsifrom demersal and surface
waters. Obtained values of these coefficients everal dozen lower than analogous
coefficients observed in south Baltic waters (Brzska et al. 1984).

Atmospheric fall influence on heavy metals contienvater as well. They contain
dusts with heavy metals and introduce them immeljidb water reservoirs. From
the other hand the atmospheric falls intensify axefwater flow and surface water
run-off from drainage area. Average heavy metateatrations in atmospheric falls
in the Gardno Lake region amounted to 5.08 pugPB,dB80 pgCd di, 11.15
HgZn dn®, 1.62 pgCu di.

Chemical composition of bottom sediments charastierfor Gardno Lake was si-
gnificant differentiated. Bottom sediments near &wp river mounth into lake (st.
1) and bottom sediments from the deepest regidheofake (st. 2) were characteri-
zed by the highest contents of organic matter (Balbrojanowski 2003) and higher
sorption capacity (Sokotowska 2000). The highesiceatration of organic matter
was observed at station 2. It amounted to averddg?@and the lowest 15.4% at
station 3. It is evidence of higher level of théfigradation process at the last station.
The concentration of organic matter in sedimentssdwt exceed 5% in pure water
reservoir (Starmach et al. 1976). According to 8idigrg classification of all bot-
tom sediments of the Gardno Lake belong to silqee tsuspensions, because they
have more than 50% of silica concentration, deggitbeir high organic matter con-
tent.

Table 3
Chemical characteristics (in%) of bottom sedimentthe lake Gardno (x* — average valug,-S
standard deviation)

Stations
Components x* Sy
1 2 3
Org. mat. 23.0 37.8 154 254 2.1
Corg 12.7 22.2 8.9 14.6 2.8
T-P 0.186 0.214 0.119 0.193 0.03
T-N 1.098 1.540 0.761 1.134 0.27
Co, 1.33 0.22 0.55 0.70 0.16
Ca 1.69 0.28 0.69 9.8 0.12
Mg 0.24 0.11 0.19 .1 0.12
Fe 0.56 0.94 0.21 70.5 0.09
Al 1.98 1.68 2.87 2.1 0.08
SiG, 68.6 57.2 78.9 68.2 15

Concentrations of heavy metals in bottom sedimehtSardno Lake is differencia-

ted not only horizontally but also in vertical gtef(Tab. 4). Average concentrations
of these metals differed statistically between upager 0-10 cm and deeper layers
10-20 cm. The upper layer of sediments with thiglsnef 0-10 cm contained the bi-
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ggest quantity of these trace metals. Concentratiopped strongly below this 10
cm and was about three times lower in comparisahabin upper layer. This indi-
cates that in exchange processes on interfacenbstdiment-water participate ma-
inly metals from 10 cm upper layer sediments.

Table 4
The content of manganase, lead, zinc, copper adohioan in bottom sediments of the Gardno
Lake (x* — average value, X' — average value OshQayer, § — standard deviation,, - index of
variation)

Metals L(a(.:):g)rs 1 Sta;ons 3 Min. | Max. X* X' S (\0%)
0-5 345 256 85 41 461 229 80 349
Mn 05-10 361 227 84 40 472 224 226 95 434
10-15 106 90 37 13 176 77 27 391
15-20 45 25 20 4 72 29 9 31.0
0-5 36.2 | 239 171 7.4 61.6 25.7 3]1 120
Pb 05-10 | 291 | 213 16.1 6.3 58.5 222 540 219  18.1
10-15 7.8 8.0 5.7 0.8 20.3 7.2 12 147
15-20 6.0 8.8 5.3 1.0 15.8 6.7 15 | 224
0-5 81.4 | 60.0f 276 7.5 1134  56.8 146 25.9
7n 05-10 | 826 | 56.20 252 81 1206 S54fcgsg 12.0 219
10-15 6.3 3.8 7.9 0.8 18.8 6.0 11 183
15-20 5.0 3.4 8.6 0.5 16.8 5.7 0.9 | 1538
0-5 9.9 5.2 5.8 0.7 20.3 7.0 29 414
Cu 05-10 | 105 5.7 6.9 0.8 18.9 LAY( 30 389
10-15 3.5 3.0 2.6 0.1 10.4 3.0 0.p 300
15-20 2.9 7.3 2.4 0.2 10.1 4.2 14 | 333
0-5 136 | 093 0.61| 012 225 0.97 0.13 144
cd 05-10 | 145 | 1.02 0.63] 0.1p 2.09 1.0B 41 9o 0/12 1p4
10-15| 0.41| 032 037 0.0p 104 0.3 003 §1
1520 | 032 ] 041 0.27] 0.0p 0.9¢ 0.38 003] 91

Analysed metals' content in studied sediments stiagsential statistical differen-
ces among investigated lake regions (Tab. 4). Sausrirom station 1 near the tu-
pawa River mouth have significantly higher metala@antrations. They amounted to
the average of 226 pg MA'g55.5 pg Zn g, 24 pg Pb g, 7.4 ug Cu g, 1.0 pg Cd
g™ and were four times higher for Mn and almost thiees for Zn, two times for
Pb and Cd, and one and a half times for Cu thasetilake region near river mo-
uth into the sea (st. 3).

Composition differences of bottom sediments canekplained by water mass
transport into the sea direction and by sedimeortatif easy precipitated suspen-
sions as well as by progresive settlement of feg@id particles river mouth into
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lake, that’'s why the higher values of metals cotvegions were observed at sta-
tion 1. Lake bottom sediments are slowly dislocdtedeeper lake parts (Alarn et
al. 2001, An and Kampbell 2003). In relation tottaa station 2 high metal con-
centrations in bottom sediments about 30% lowen ti@se at station 1 for Mn,
Pb and Zn and about 50% lower for two other metadse noticed. Besides that
higher levels of chloride ions have influence omhemetal contents in bottom
sediments at station 3. Leaching of heavy metalsifsuspension takes place by
periodical supply of the sea water into lake. Sigant chloride concentration ac-
celerates desorption of heavy metal ions from lmotsediments into water space
forming double chemical species.

Metal contents in bottom sediments of the Gardrikelwere similar in comparison
to those for other lakes (Bojakowska and Sokotow$R87, An and Kampbell
2003). The highest difference was observed for rmaese. Its average content in
the investigated lake, amounted to 226 [fqagd was almost three times lower than
given earlier by Bojakowska and Sokotowska (199F)dther lakes. The average
Zn, Pb and Cu values were about 30% lower. Onlg@utentration is 20% higher.
The concentrations of Cd and Pb were the sameaseBzno water reservoire and in
Authie Bay water in France (Billon et al. 2002), €antent was six times lower and
Mn content was two times lower.

To indicate metals origin in bottom sediments ia Gardno Lake enrichment coef-
ficients (EF) for particular metals were determimedording to Szefer (1989). Tho-
se coefficients were given in table 5. Accordindhis method for antropogenic ori-
gin of those heavy metals, their enrichment coieffis are higher than 10. The EF
below 3 indicated their natural origin. Pb, Zn aid shoud be included to the first
group of origin but already Cd to the second omgidément factors for Pb and Zn
in sediments oscillated between 86 and 326 anMiobetween 16 and 42. EF valu-
es for Cu oscillated from 2 to 9 and depended enplace of taking the samples,
those differences can be attributed to variablde®els in environment. The higher
values noted for sediments at station 1 show IGcapollution source of lake and
bottom sediments by tupawa River.

In order to evaluate the pollution of the Gardn&é @y those metals the enrichment
coefficients were calculated for demersal wateeference water, demersal water —
interstitial water and demersal water — bottommeedit systems according to formu-
la:

CndCun demersal water
FFp= ——m—— 2
CndCun reference water

EF, — enrichment coefficient in regards to referenegew
EF., — enrichment coefficient in regards to intermolacwater
EF; — enrichment coefficient in regards to bottom setit water
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Table 5
Enrichment coefficients of heavy metals in neatdomatwater in respect to their content in refer-
ence water (Ef and interstitial water (Efj and bottom sediments (gFand general enrichment
coefficients of heavy metals in bottom sedimen®)(i& the Gardno Lake

Metals Near-bottom water Bottom
sediments
EFR, EF, ERy EF
Cu 2.75 1.19 1.09 5.6
Pb 6.79 1.31 1.25 227
Zn 9.10 1.42 1.27 212
Cd 1.49 0.91 0.68 0.30
Mn 38.2

Mn was used as a hormalized metal, which occurgdeiat quantities, and it showed no
synergism effect in respect to Pb, Cu, Zn and @iler5 contains the demersal water
enrichment coefficients. According to the presemtath in this table heavy metal en-
richment factors demersal water were middle in Gaddake in respect to water from
pure regions (Kabata-Pendias and Pendias 1979%hEmnt coefficients do not exceed
10 value. Zn shows the highest,B&lue — 9.10 and Pb — 6.79 and the lowest one Cd —
1.49. Considerably lower enrichment coefficientrealwere observed for interstitial wa-
ters (ER, from 0.91 to 1.42) and for bottom sediments;(fdn 0.68 to 1.27). It is wor-
th to note that in the Cd case those two valuetomrer than 1.0. It may mean that Cd
migration from interstitial water and bottom sedimseto near-bottom water occur only
in small degree whereas first of all Cd transfkesaplace from water to sediment. De-
terminated heavy metal migration coeffiecients petwbottom sediment and interstitial
and demersal waters confirm such conclusion. Thosficients were determinated ac-
cording to Tracy formula (Kwapuiski et al. 1993):

1 F AC
a = —(——-—) (10 year) ©)
G h ot

Where:
C, — metal content in investigated fractions of resis (ug g")
F — total atmospheric precipitation to the lalkeording to data of Regional Enviromental
Protection Agency in Stupsk (mgthyear')
h — reservoir depth where samples were taken
AC — metal concentration difference between its makiand minimal values in fraction
from which metal was given
At — number of days suitable A& expressed by fraction: number of days/365.

All calculated coefficients of the studied metaésnovals from bottom sediment to
demersal water or to interstitial water have negatialues (Tab. 6). That means that
migration from bottom sediment to demersal wateuoonly in insignificant lower
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degree. Whereas migration in the opposite dirediere dominant significance, that
is confirmed by calculated coefficients for revedgection. All those coefficients had
positive values. The comparison of those valuesficethat cadmium was the most
sorbed metal by sediment. The migration speedheirahetals from demersal water to
sediment was similar.

Table 6
Migration coefficients @) of heavy metals in system near-bottom water erstitial water — bot-
tom sediments of the Gardno Lake

Migration metals
Metals from bottom se-| from near-bottom from bottom se-| from interstitial
diment to near-| water to bottom| diment to inter-| water to bottom
-bottom water sediment stitial water sediment
Pb -3 000 0.065 -504 0.014
Cu -2 932 0.066 -74 0.071
Cd -5 000 1.320 -3 080 1.210
Zn -7 896 0.074 -3 008 0.070

The partition of metal migration from atmospheri fand from the bottom sedi-
ments to demersal water was calculated on the bégisaphic analysis of equation
given by Kwapulhski et al. (1993)

Ca ¢

— =k

G G

+ ko

“4)

Where:

C4— average metal concentration in demersal wated(ri®)

C,— average metal concentration in interstitial wéig dm?)
C; — average metal concentration in atmospheriqjiglidni®)
k, — factor of atmospheric fall part

k, — factor of bottom sediment part

Factor partion values presented in table 7 shownzad supremance of partion of
demersal water contamination by the metal fromdmotsediment over that one
from atmospheric fall. That results from trace cadmcontent in atmospheric fall.
Cadmium atmospheric fall on lake area amounted ml9.24 mg rif year* in
examined period according to Regional EnvironmeRtatection Agency in Stupsk.
The greatest cadmium supply to demersal water esénisummer both from bottom
sediments and from atmospheric falls. Values ofe¢hmoefficients for all others me-
tals are slightly higher. Greater partion into Blo, and Zn enrichment of demersal
water takes place in spring and autumn. Whereasrhatediments are the greatest
source of those three metals in demersal watermmzer period.
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Table 7

Coefficients of participation of atmospheric prétpons (k) and bottom sediments,jkto form
heavy metals content in near-bottom water of thel@GaLake

Metals Season 1K ko

Cd spring 0.11 0.16
summer 0.18 0.22
autumn 0.15 0.19

Pb spring 0.40 0.21
summer 0.14 0.32
autumn 0.51 0.20

Cu spring 0.85 0.12
summer 0.19 0.22
autumn 0.64 0.21

Zn spring 0.56 0.18
summer 0.12 0.30
autumn 0.42 0.24

CONCLUSIONS

1.

Low value of lead, zinc, copper, cadmium and magmgarconcentrations in wa-
ter and bottom sediments of the Gardno Lake indit#te lack of large pollu-

tion sources from industrial sewage supplies.

The tupawa River and periodic inputs of sea waterehthe most decisive in-
fluence on the forming of the water stores anddmetsediments quality in

Gardno Lake. In connection with that the largestigid metals concentrations
were observed at river mouth into the lake regind the lowest at water out-
flow from the lake region.

Average studied metals concentrations in lake watesuspensions and bottom
sediments form the following row: Mn > Zn > Pb > €(d. That indicates that

biochemical equilibrium appears between those tgkéems.

Heavy metals concentrations in studied lake watkergeeater than in the Baltic
Sea water.

The contents of the analysed metals in particulatskof water decreased in the
following way: interstitial water > demersal watesurface water.

Average content of studied metals in near bottospsnsion was about 30% hi-
gher than in surface suspension. Whereas enrichiaetatrs of those metals in

suspensions do not show essential statistic difterevith exception zinc, what

indicates the similar chemical character of alldkisuspensions. That results
probably from continual mixing of water masses bigdy

Decrease of average metal enrichment factors pesissons from surface water
was arranged in the following way: Cu > Cd > Znk»>>PMn and in suspensions
from demersal water: Cu > Cd > Pb > Zn > Mn.
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8. Bottom sediments of Gardno Lake characterize higluraulation properties of
heavy metal. Positive values of migration coeffitgefrom demersal water to
sediment and high lead and zinc enrichment factbsgediments indicate on that
conclusion.

9. The highest concentration of the studied metalsioitcupper 0-10 cm layer of
sediment. Lead, zinc and manganese in those seiraen mainly of antropo-
logical origin, but cadmium — of natural one. Whesacopper origin is depen-
dent on sample collection regions.

10. Tendency of heavy metal migration from water spacaterstitial water and to
bottom sediments exists evidently in the GardnoelLak

11. Bottom sediments and atmospheric precipitations fat in enrichment of de-
mersal water with in Pb, Zn and Cu in Gardno Lakenospheric precipitations
have prevailed influence during spring and autumnidottom sediments have
such influence during summer.
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MIGRACJA METALI CIEZKICH W UKLADZIE: WODA PRZYDENNA — WODA I£O-
WA — OSAD DENNY JEZIORA GARDNO

Streszczenie

W latach 2002-2003 przeprowadzono badania nad kiraop metali cezkich w wodzie
i osadach dennych estuariowego jeziora Gardno. YWayrk@ze przeptywajca przez to jezio-
ro rzeka tupawa i okresowe wlewy wody morskiej griafotny wptyw na zawartgé Mn, Zn,
Cu, Pb i Cd w wodzie i osadach dennych tego jezidewicksz koncentragj tych metali
obserwowano w rejonie 4gia tupawy do jeziora (Cd — 0,26, Cu — 3,71, Mn4;39 Pb —
10,01 Zn — 16,26 pg di), a najmniejsz w rejonie wyptywu tej rzeki z jeziora (Cd — 0,13,
Cu-1,81, Mn - 53,8, Pb — 8,86, Zn — 8,05 p(f)jrﬁrzeoa';tna zawarté¢ tych metali w wo-
dzie, zawiesinach i osadzie dennym uktadala wi nastpujacej kolejngci Mn>Zn>
Pb>Cu>Cd. Ich sfenia byly najwysze w wodzie itowej, mniejsze w wodzie przydennej,
a najmniejsze w wodzie powierzchniowej. PrzBt zawarté¢ analizowanych metali w za-
wiesinie przydennej byta o okoto 30%aksza ni w zawiesinie powierzchniowej. Wyzna-
czone wspofczynniki wzbogacenia wskaguje Pb, Zn i Mn w osadach dennych badanego
jeziora g gtdwnie pochodzenia antropogenicznego, natomidsp&hodzenia naturalnego.
Pochodzenie Cu zalee jest od rejonu jeziora. Osady denne jeziora @aaharakteryzij
sie duzymi zdolngciami kumulacji metali gizkich. Dlatego teé w tym jeziorze obserwujecsi
gtéwnie migraci badanych metali z toni wodnej do wody itowej i @da dennych. Udziat
we wzbogacaniu wody przydennej w Pb, Zn i Cuazairéwno osady denne, jak i opady at-
mosferyczne. Wiosni jesieni decydujcy wpltyw map opady atmosferyczne, a latem osady
denne.



