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Ab stract
The main goal of the pre sented re search was to in ves ti gate spa tial dis tri bu tion of sur face sed i ments and to rec og nize
re la tion ships be tween chem i cal com po si tion of wa ter and sed i ments in a coastal Lake Sarbsko (north ern Po land). The
Lake Sarbsko is a fresh wa ter ba sin. The wa ter col umn is well ox y gen ated and wa ters ex hibit only mi nor spa tial vari -
abil ity of chem i cal com po si tion in di cat ing rapid and good mix ing. Sur face sed i ments of Lake Sarbsko are strongly di -
ver si fied with re spect to chem i cal com po si tion.
The sed i ments of Lake Sarbsko are char ac ter ized by el e vated con tent of terrigenous sil ica in di cat ing en hanced in put of 
clastic ma te rial from the wa ter shed and/or in creased dy nam ics of the lake wa ters. More over, SiO2ter is strongly neg a -
tively cor re lated with SiO2biog, or ganic mat ter and el e ment con tents, which ar gues for di lut ing ef fect of the for mer to -
wards authigenic com po nents of sed i ments. Ba si cally, terrigenous sil ica (quartz) con tent is high est in the lake shores
and de clines to wards the lake cen ter. Biogenic sil ica, or ganic mat ter and most of el e ments dis play re versed ten dency.
CaCO3 was en coun tered in three iso lated ar eas, where it co-oc curs with FeS. It is an tic i pated that pre cip i ta tion of cal -
cite in Lake Sarbsko re sulted from postdepositional pro cesses. Spa tial dis tri bu tion of Fe, Mn, Ca, Mg, Na and K in
Lake Sarbsko is also gov erned by their geo chem i cal af fin i ties to or ganic mat ter (Fe), Fe/Mn ox ides (Fe, Mn),
sulphides (Fe), clay min er als (Na, K, Mg, Mn) and car bon ates (Ca, Mn).
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IN TRO DUC TION

Coastal ba sins are lo cated at the con tact of ma rine and
ter res trial en vi ron ments, within the zone of mix ing of sa line
and fresh wa ters. These wa ter bod ies are sub di vided into two
cate go ries: es tu ar ies, which are in un dated river val leys, and
la goons, be ing wa ter res er voirs sepa rated by sandy bar ri ers
and hav ing re stricted con nec tion with the sea (Nichols, Al len 
1981). On non- tidal coast lines la goons are usu ally com -
pletely iso lated by con tinu ous bar ri ers and re ceive con sid er -
able fresh wa ter in put (Nichols, Al len 1981). These la goons
can be re garded as coastal lakes and the south ern Bal tic coast
is a scarce ex am ple where they are very well de vel oped.

Spe cific fea tures of such depositional en vi ron ment, af -
fect ing li thol ogy and chem i cal com po si tion of sed i ments
formed therein, are great tem po ral vari a tion of chem i cal
com po si tion of wa ter, en hanced bi o log i cal pro duc tiv ity as
well as el e vated rate of sed i men ta tion (Baltzer, RiviÀre 1972; 
Nichols, Allen 1981; Ohtake et al. 1982). As a re sult, closed
la goons and coastal lakes of ten act as sed i ment traps. Sed i -
ments of coastal bas ins are com posed of min eral and or ganic
mat ter orig i nat ing from dif fer ent sources: river in put, ma rine

washovers, chem i cal pre cip i ta tion and in creased bi o log i cal
pro duc tiv ity (Nichols, Allen 1981; Andrade et al. 2004).
More over, chem i cal com po si tion of the sed i ments is strongly 
af fected by postdepositional pro cesses caused by mi cro bial
ox i da tion of sed i men tary or ganic mat ter and/or ground wa ter
in tru sions of salt wa ter through the per me able bar ri ers
(Baltzer, RiviÀre 1972; Neumann et al. 2005; Vaalgamaa,
Korhola 2007). Con se quently, la goonal sed i ments are
heterogeneous and re veal con sid er able spa tial lithological
and geo chem i cal vari abil ity (Levy 1974; Thorbjarnarsson et
al. 1985; Uœcinowicz, Zachowicz 1996; Pustelnikovas 1998; 
Osadczuk 2004).

De pos its of coastal ba sins pro vide re li able prox ies for
track ing pa laeoen vi ron men tal changes in coastal zones, in -
clud ing sea level fluc tua tions as well as pa leo hy dro logi cal
and cli matic change (Wo jciechowski 1995; Fre itas et al.
2002; Kono to pu los, Avra midis 2003; Garcia- Rodriguez et
al. 2004; Yum et al. 2004; Borówka et al. 2005; Cundy et al.
2006; Luc chi et al. 2006, Woszc zyk et al. 2008). From that
per spec tive, un der stand ing of lo cal pro cesses that con trol
and mod ify sedi ment li thol ogy and geo chem is try is of great
im por tance.



The pres ent study aims to out line the spa tial dis tri bu tion
of sedi ments in Lake Sarb sko, Pol ish Bal tic Coast, which is a
typi cal coastal lake. The main ob jec tives of the re search was
to rec og nize vari abil ity of chemi cal com po si tion of the lake
sedi ments and to in ves ti gate in ter re la tions be tween chemi cal
com po si tion of wa ter and de pos its in the ba sin.

HY DROG RA PHY OF LAKE SARB SKO

Lake Sarb sko, is lo cated in the east ern part of the
Gardno-£eba Coastal Plain, north ern Po land (Fig. 1). The
lake area is ca 6.5 km2 (Jañc zak 1997). Lake Sarb sko is elon -
gated par al lel to the coast line and is sepa rated from the Bal tic
Sea by a sand bar (the Sarb sko Bar rier) over grown with pi ne -
wood. Mean wa ter depth in Lake Sarb sko is 1.5 m, and the
maxi mum – 3.2 m (Jañc zak 1997) is reached in the central-
 eastern part of the ba sin (Fig. 1). To day, mean al ti tude of lake 
wa ter ta ble is 517 mm (with re gard to sea level in Kron stadt),
which is 20 cm higher than the Bal tic Sea level in the £eba
gauge sta tion, and dur ing the year it var ies from 505 cm to
530 cm fol low ing sea sonal changes in the sea level (Ma -
jewski 1972). Higher lake wa ter lev els are ob served dur ing
win ters and late sum mers, while low stands oc cur in springs.

Lake Sarb sko is hy dro logi cally open and dis plays very
short resi dence time of wa ter, which is com ple tetly re newed
within as lit tle as 10.7 months (£uka siewicz 1995). The lake
is fed by the Che³st River from the east and a small chan nel
from the south (Fig. 1). The out flow is situ ated in the west ern
part of the ba sin and con nects Lake Sarb sko with the £eba
river mouth.

As Lake Sarb sko has no di rect con nec tion to the Bal tic
Sea, fresh wa ter in flow has great est in flu ence on chemi cal
com po si tion of its wa ter (Cieœli ñski 2004, 2007), which usu -
ally is only slightly sa line (~0.1‰). On the other hand, dur ing 
se vere win ter storms, ma rine wa ters may en ter the lake, via
the £eba river mouth and the Che³st out flow chan nel (Fig. 1),
rais ing its sa lin ity up to 3‰ (Szo powski 1962). De spite that
salt wa ter in gres sions to Lake Sarb sko are rela tively in fre -
quent (16% of an nual ob ser va tions acc. to Szo powski 1962),
they pump into the lake a lot of clas tic ma te rial, which is ac -
cu mu lated in the form of a back delta in the west ern most part
of the lake (Szo powski 1962).

METH ODS

Hy dro chemi cal analy ses of sur face and bot tom wa ters
were per formed in three sam pling points (Fig. 1) and in dif -
fer ent sea sons be tween the year 2002 and 2006. Dates of
meas ure ments are given in Fig. 2. Oxy gena tion of wa ters was 
meas ured only once in De cem ber 2007. In to tal, 144 wa ter
sam ples were ana lysed. Sur face wa ter sam ples were taken
with a 3-dm3 la dle, and bot tom wa ters were col lected us ing
hy dro logi cal bot tle. Sam ples were acidi fied and stored in
plas tic con tain ers. In the wa ter, elec tric con duc tiv ity, pH and
the con tents of Cl–, SO4

2–, HCO3
– and Na+, K+, Ca2+, Mg2+

were de ter mined. Con duc tiv ity and pH were meas ured with a 
WTW 340i Mul time ter. Con cen tra tion of sul phates was de -
ter mined us ing WTW Pho to Lab 6 spec tro pho tome ter. In
analy sis of chlo ride con tent, ar gen tomet ric ti tra tion with
AgNO3 with re gard to K2CrO4 was ap plied and bi car bon ates
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Fig. 1. Lo ca tion and bathymetric sketch of Lake Sarbsko and dis tri bu tion of sed i ment and wa ter sam pling points (bathymetry ac cord ing to 
the data col lected by the In sti tute of In land Fish ing, Olsztyn, Po land).



were ti trated with a 0.1n HCl so lu tion with re gard to methyl
or ange. Analy ses of Na and K were car ried out us ing Sher -
wood Sci en tific 410 flame pho tome try set, and con cen tra -
tions of Ca and Mg were de ter mined with a method of
two- step EDTA ti tra tion with re gard to mur exide in pH = 10
for the sum of  Mg and Ca and in pH = 13 for Ca. Oxy gen con -
tent in sur face and bot tom wa ter was meas ured in the field us -
ing port able oxy gen me ter WTW.

Bot tom sedi ments of Lake Sarb sko were re cov ered with
a Rus sian sam pler in 25 points (Fig. 1) in which geo chemi cal
(20 sam ples) and granu lo met ric (10 sam ples) analy ses were
made. Due to ap pre cia ble ver ti cal ho mo ge ne ity and pos si ble
re sus pen sion of sedi ments (Uœci nowicz, Zachowicz 1996),
5-cm thick sam ples of “sur face de posit” were taken. Geo -
chemi cal analy ses were per formed in ma te rial dried at 105°C 
and ground in ag ate mor tar. Or ganic mat ter con tent was de -
ter mined by com bus tion of pow dered sam ples at 550°C for
4 h (Heiri et al. 2001). CaCO3 was ana lysed us ing car bon ate
bomb, how ever when CaCO3 con tent was be low 5%, loss on
ig ni tion at 550°C for 4 h and at 925°C for 2h (Heiri et al.
2001) was ap plied as well to im prove the ac cu racy. Bio genic
sil ica con cen tra tion (SiO2biog) was cal cu lated from the weight 
dif fer ence be tween the to tal sil ica con tent and ter ri ge nous
sil ica per cent age (SiO2ter). To tal sil ica was de ter mined af ter
dis so lu tion of acid solu ble frac tions and or ganic mat ter with

H2SO4 and H2O2 in Hach Di ges dahl Di ges tion Ap pa ra tus at
440°C, and the SiO2ter, was the resi due af ter re moval of opa -
line (bio genic) sil ica from the to tal sil ica with 0.5n NaOH in a 
wa ter bath at 100°C for 2h (Bechtel et al. 2007).

The dif fer ence be tween 100% and the to tal sum of or -
ganic mat ter, CaCO3, SiO2ter and SiO2biog rep re sents ASM.
The term ASM was adopted from Wojciechowski (2000) and 
is as sumed to in clude hot acid extractable com pounds ex -
clud ing car bon ates (e.g. sulphides, some clay min er als etc.),
how ever, its chem i cal com po si tion was not ac cu rately es tab -
lished.

For analy sis of ele men tal com po si tion of sedi ments,
pow dered sam ples were di gested with aqua re gia by stand ing 
for 16h at room tem pera ture fol lowed by boil ing for 2h
(Bechtel et al. 2007). The ele ment con tents were de ter mined
us ing atomic emis sion spec trome try (AES) for Ca and
atomic ab sorp tion spec trome try (AAS) for Fe, Mn, Mg, Na
and K. Re pro duci bil ity of metal de ter mi na tions was 5–10%.

Min eral com po si tion of seven sam ples was de ter mined
in pow dered un treated sed i ment by X-ray dif frac tion us ing
VRD6 diffractometer. The diffractograms were re corded by
the re flec tion method us ing CuKa ra di a tion. As the XRD de -
tec tion limit is 5–10% (Kaufhold 2007) and some min er als
are dif fi cult to de tect by this method due to their amorphic
struc ture (Dean 1993), for four sam ples (3 sam ples of black
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Fig. 2. Tem po ral changes in pH and chlo rides con cen tra tion in sur face wa ters of Lake Sarbsko dur ing the study pe riod (for sam ple lo ca -
tion see Fig. 1).



gyttja and 1 sam ple of ol ive gyttja) se quen tial ex trac tion of
Fe, Mn and Mg was ap plied with the aim to dis tin guish the
dom i nant chem i cal forms of these el e ments. This ap proach
was ear lier ap plied to indentify Fe and Mn spe cies in sed i -
ments by Clark et al. (1998), Kaufhold (2007), Ouddane et
al. (2001) and Overnell (2002). Se quen tial ex trac tion fol -
lowed the pro to col de scribed by Walna et al. (2005). In ac -
cor dance with Clark et al. (1998) and Walna et al. (2005) five 
classes of el e ment as so ci a tions were de fined: 1) ex change -
able, 2) car bon ates, 3) re duc ible (ad sorbed on Fe and Mn ox -
ides), 4) ox i diz able (bound to or ganic mat ter and sulphides)
and 5) re sid ual. Al though se quen tial ex trac tion was per -
formed on oven dried sam ples, based on find ings of Man ning 
et al. (1979) and Clark et al. (1998) it is an tic i pated that the
dry ing pro ce dure caused no sig nif i cant changes in the spe-
ciation of el e ments.

Grain size dis tri bu tion in sandy sam ples was de ter mined
by siev ing.

Cor re la tions co ef fi cients dis cussed in the text were cal -
cu lated us ing Statistica v 8.0 for to tal (bulk) sed i ment and on
a terrigenous sil ica-free basis.

RE SULTS AND DIS CUS SION

Chem i cal com po si tion of sur face and bot tom wa ters
in Lake Sarbsko

Lake Sarbsko wa ter re veals fresh wa ter chem i cal com po -
si tion. Ca cat ions dom i nate over Na, Mg and K (Ca2+>Na+>
Mg2+>K+) and bi car bon ates dom i nate over chlo rides and
sulphates (HCO3

–>Cl–>SO4
2–) (Tab. 1). Bi car bon ates and

Ca2+ ions ac count for about half of the to tal dis solved spe cies. 
Mean pH of Lake Sarbsko wa ters is 7.2 and mean ox y gen
con tent is 13.03 mg O2 l

–1. Sur face and bot tom wa ters of Lake 
Sarbsko are undersaturated with re spect to cal cite. Sat u ra tion 
in dex, cal cu lated ac cord ing to Kelts & Hsü (1978), (SIcalc =
log(IAP/Kc)) is be tween –2.26 and –0.40.

Chem i cal com po si tion of Lake Sarbsko wa ters shows
only mi nor spa tial vari abil ity (Tab. 1). How ever, elec tric
con duc tiv ity as well as the con tents of Cl–, SO4

2–, Ca2+, Mg2+, 
Na+ and K+ clearly de crease to wards the east to gether with

in creas ing pH and en rich ment in HCO3
–. The dif fer ences be -

tween sur face and bot tom wa ters are in sig nif i cant. The lat ter
are slightly en riched in most of dis solved spe cies, ex cept sul -
fates, and re veal higher pH. The above chem i cal char ac ter is -
tics in di cate that Lake Sarbsko wa ters be come more sa line
to wards the west and from the lake sur face to the bot tom. At
the same time, weakly pro nounced chem i cal gra di ents ar gue
for very fast and well water mixing in this shallow lake.

On the other hand, be tween the year 2002 and 2006
chem i cal com po si tion of wa ter re vealed sig nif i cant tem po ral
changes (Fig. 2). Sa lin ity (ex pressed as con cen tra tion of Cl–)
var ied from 21.0 to 89.7 mg Cl–/l with the slight ten dency to
in crease in warmer sea sons. The pat tern of Cl– fluc tu a tions
was the same through out the lake. Un like changes in sa lin ity,
tem po ral vari a tions of pH were more ir reg u lar and dis played
dif fer ent pat terns in the east ern and cen tral/west ern parts of
Lake Sarbsko. In the for mer, pH fluc tu ated from 6.6 to 8.8,
while in the latter – from 6.0 to 7.5 (Fig. 2).

Sed i ments of Lake Sarbsko

In the sur face sed i ments of Lake Sarbsko three lithofa -
cies have been dis tin guished (Fig. 3).

Fine- to me dium-grained sands – spread along the
south ern shore of the lake and in its west ern and east ern mar -
gins. Mean di am e ter of sands var ies be tween 1.49 and 2.40
phi. The fa cies is char ac ter ized by mod er ate to poor sort ing
and neg a tive skew ness (Fig. 4). Stan dard de vi a tion and
skew ness range from 0.38 to 1.40 phi, and from –0.97 to
–3.29 phi, re spec tively (Fig. 4). With re spect to chem i cal
com po si tion, the sands are mainly com posed of terrigenous
sil ica (quartz) with small ad mix ture of CaCO3 orig i nated
from scarce and frag mented mol lusc shells (Tab. 2, Fig. 5).
These sed i ments are poor in Fe, Mn, Na, K, Ca and Mg
(Tab. 2).

Ol ive gyttja – is pres ent in the cen tral part of the lake and 
lat er ally passes into fine to me dium sands and black gyttjas
(Fig. 3). In most sam ples ol ive gyttja con tains sub stan tial ad -
mix ture of sand. Con se quently, the fa cies is dom i nated by
terrigenous sil ica, which con tent var ies be tween 36.9 and
68.7%. On the other hand, or ganic mat ter and CaCO3 con -
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Ta ble 1
Mean chem i cal com po si tion of Lake Sarbsko wa ter (in brack ets: min i mum - max i mum val ues)

Sample
Con duc tiv ity

[µS/cm]
pH

Dis solved spe cies [mg/l]

Ca2+ Mg2+ Na+ K+ Cl– HCO3
– SO4

2–

ISW
433.0

(310.0 - 551.0 )
6.8

( 6.0 - 7.2)
39.4

( 26.5 - 62.2)
11.8

(5.7 - 15.7)
30.0

( 10.8 - 47.5)
3.9

( 2.2 - 4.8)
56.9

(23.0 - 87.7 )
109.8

( 67.1 - 158.6)
43.7

(28.0 - 53.0 )

IBW
447.0

(356.0 - 576.0 )
7.2

( 6.8 - 7.9)
44.7

( 27.4 - 65.3)
12.4

(5.7 - 16.2 )
30.0

(10.9 - 48.3 )
4.0

(2.2 - 5.1)
57.2

(25.0 - 89.7 )
134.2

(79.3 - 164.7 )
37.9

( 21.0 - 47.0)

IISW
421.0

(288.0 - 523.0 )
7.0

( 6.3 - 7.5)
39.9

(27.1 - 61.3 )
11.5

( 5.7 - 15.1)
28.8

( 10.5 - 46.3)
3.8

( 2.1 - 4.6)
54.3

(22.0 - 87.4 )
115.9

( 79.3 - 164.7)
41.3

( 26.0 - 51.0)

IIBW
432.0

(302.0 - 538.0 )
7.3

(6.8 - 7.9 )
43.3

(28.6 - 63.3 )
11.9

( 5.7 - 15.8)
29.0

(10.6 - 47.0 )
3.8

(2.1 - 5.0 )
54.7

(23.0 - 89.0 )
140.3

(79.3 - 170.8 )
37.6

(20.0 - 48.0 )

IIISW
407.0

(268.0 - 501.0 )
7.4

(6.6 - 8.8 )
40.6

(27.8 - 58.1 )
11.1

(5.7 - 15.0 )
27.3

( 10.3 - 46.0)
3.6

( 2.0 - 4.3)
51.9

( 21.0 - 87.0)
134.2

( 85.4 - 170.8)
38.8

( 21.0 - 49.0)

IIIBW
416.0

(275.0 - 516.0 )
7.5

( 6.5 - 8.5)
42.8

(28.3 - 64.8 )
11.5

(5.7 - 16.3 )
27.9

(10.4 - 46.6 )
3.6

( 2.0 - 4.5)
52.5

(21.0 - 88.3 )
146.4

(91.5 - 183.0 )
37.3

(19.0 - 52.0 )

SW – sur face wa ter, BW – bot tom wa ter



cen tra tions are rather small: 14.6–25.6% and 1.6–2.8%, re -
spec tively. The ol ive gyttja is also char ac ter ized by el e vated
con tri bu tion of biogenic sil ica rang ing from 9.1 to 34.6%
(Tab. 2, Fig. 5).

Noth ing more than quartz was iden ti fied in ol ive gyttja
by XRD method. Ol ive gyttja dis plays very small con tents of
Mn, Na, K, Ca and Mg but is en riched in Fe which con cen tra -
tion is as high as 1.0–1.8% (Tab. 2). The col our of the gyttja
might be ex plained by the pres ence of chlo ro phyll iden ti fied
by Bechtel et al. (2007).

Black gyttja – oc curs only lo cally, in three iso lated ar -
eas: in a belt ex tend ing along the Sarbsko Bar rier and in the
form of len tic u lar lithosomes lo cated in south-west ern and

cen tral-east ern part of the lake (Fig. 3). The lat ter co in cides
with the deep est sec tion of the lake. The black col our of the
gyttja as well as re ac tion of the fresh sed i ment with HCl (at
room tem per a ture), in which H2S is lib er ated, in di cate the
pres ence of FeS (Berner 1971, Berner et al. 1979; Cundy,
Croud ace 1995; Baumgartner et al. 2006), which re mains
sta ble un der anoxic con di tions be low sed i ment – wa ter in ter -
face. Ac cord ingly, or ganic mat ter con tent in black gyttja is
higher than in ol ive gyttja vary ing be tween 15.7 and 33.6%
(Tab. 2, Fig. 5). Nev er the less, terrigenous sil ica con tent is
again high and ranges from 37.0 to 68.6%. On the other hand, 
SiO2biog con cen tra tion in black gyttja ac counts for 8.9–25.1% 
of the sediment and it is lower than in olive gyttja.

In black gyttja FeS co ex ists with CaCO3, which amounts
to 14.2% on av er age, but var ies be tween 6.8 and 31.5% (Tab. 
2, Fig. 5). Within the fa cies the pres ence of quartz, al bite, cal -
cite and bassanite was dem on strated by X-ray dif frac tion
(Fig. 6). Bassanite (2CaSO4×H2O) was hardly ever re ported
from tem per ate fresh wa ter lake sed i ments (Last 2001) and in
black gyttja it may orig i nate from ox i da tion of sulphides.
With re spect to el e ment com po si tion black gyttja is char ac -
ter ized by el e vated val ues of Ca, Mn and Fe, while Mg, K and 
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Fig. 3. Spa tial dis tri bu tion of sur face sed i ments of Lake Sarbsko.

Fig. 4. Grain size dis tri bu tion of sandy sed i ments from Lake
Sarbsko (num bers in di cate sam ple lo ca tions in Fig. 1).Ta ble 2

Mean chem i cal com po si tion of lithofacies
(in brack ets: min i mum - max i mum val ues)

El e ment
Black gyttja

[%]
Ol ive gyttja

[%]
Fine/me dium sand

[%]

SiO2ter
50.64

(36.99 - 68.63)
55.35

(36.93 - 68.68)
96.88

(93.30 - 98.01)

SiO2biog
15.93

(8.86 - 25.12)
19.87

(9.12 - 34.65)
0.53

(0.05 - 1.95)

Org. mat ter
24.90

(15.71 - 33.65)
19.62

(14.57 - 25.61)
0.56

(0.29 - 1.18)

CaCO3
14.25

(6.83 - 31.50)
2.18

(1.61 - 2.81)
0.35

(0.07 - 1.00)

Fe
1.968

(1.043 - 2.891)
1.417

(1.044 - 1.780)
0.108

(0.073 - 0.183)

Mn
0.102

(0.057 - 0.126)
0.043

(0.035 - 0.059)
0.005

(0.002 - 0.011)

Ca
5.869

(2.541 - 13.375)
0.562

(0.224 - 0.847)
0.093

(0.070 - 0.309)

Mg
0.242

(0.122 - 0.338)
0.210

(0.148 - 0.285)
0.012

(0.007 - 0.023)

Na
0.041

(0.019 - 0.131)
0.030

(0.020 - 0.040)
0.007

(0.005 - 0.008)

K
0.039

(0.011 - 0.149)
0.016

(0.007 - 0.023)
0.005

(0.002 - 0.008)



Na are only slightly en riched in com par i son with ol ive gyttja
(Tab. 2).

Spa tial geo chem i cal vari abil ity of Lake Sarbsko
sed i ments

Terrigenous and biogenic sil ica, or ganic mat ter,
car bon ates

Sur face sed i ments of Lake Sarbsko are char ac ter ized by
dis tinct spa tial geo chem i cal vari abil ity re flected in the dis tri -
bu tion of terrigenous and biogenic sil ica, or ganic mat ter and
CaCO3 (Fig. 5). The main com po nent of sed i ments is SiO2ter

which con tent ranges from 36.9 to 98.0%. The con tents of
SiO2biog and or ganic mat ter are sim i lar to each other and
amount to 0.1–34.6%. The con tent of the next com po nent,
CaCO3 varies between 0.1 and 31.5%.

High con tents of terrigenous sil ica in sur face sed i ments
of Lake Sarbsko ar gue for in creased dy nam ics of depositio-
nal en vi ron ment and/or im por tant con tri bu tion of river trans -
port and ma rine in flows in the sup ply of clastic ma te rial to the 

lake. The con tent of SiO2ter in the sed i ments of Lake Sarbsko
is strongly neg a tively cor re lated with SiO2biog, or ganic mat -
ter, and to a lesser ex tent with car bon ate con cen tra tion (Tab.
3). This in di cates that dis tri bu tion of biogenic com po nents
and car bon ates in Lake Sarbsko is mainly con trolled by en vi -
ron men tal dy nam ics. Ac cord ingly, high est con cen tra tions of 
SiO2ter (>93%) oc cur prin ci pally in the lake shores (due to re -
work ing of sed i ments by waves and bot tom cur rents) and in
close prox im ity to the river mouth and out let chan nel and de -
crease to wards the cen tral part of the ba sin in fa vour of
SiO2biog and or ganic mat ter (Fig. 5). Within or ganic fa cies in
the cen tral part of Lake Sarbsko SiO2ter con tent dis plays con -
sid er able vari a tion from 37 to 69%. The ten dency above is
ev i denced in most of lakes and la goons (Carrigy 1956;
Januszkiewicz 1979; Engstrom, Wright 1984; Pustelnikovas
1998; Osadczuk 2004) and results from gradual diminution
of energy level with the distance from the shore.

Con cen tra tions of cal cium car bon ate in the de pos its of
Lake Sarbsko were el e vated in three sep a rate ar eas cor re -
spond ing with spa tial ex tent of black gyttja (Figs 3, 5). In
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Fig. 5. Spa tial dis tri bu tion of SiO2ter, SiO2biog, or ganic mat ter and car bon ates in the bot tom sed i ments of Lake Sarbsko.

Ta ble 3
Cor re la tion co ef fi cients be tween chem i cal com po nents of Lake Sarbsko sur face sediments

(val ues sta tis ti cally sig nif i cant at p<0.01 are marked in bold)

SiO2ter SiO2bio Org. mat. CaCO3 Fe Mn Ca Mg Na K

1 –0.93 –0.97 –0.62 –0.90 –0.82 –0.55 –0.94 –0.66 –0.54 SiO2ter

1 0.85 0.39 0.79 0.62 0.32 0.85 0.65 0.49 SiO2bio

1 0.70 0.92 0.89 0.64 0.96 0.62 0.52 Org. mat.

1 0.66 0.80 0.99 0.69 0.49 0.40 CaCO3

1 0.92 0.62 0.93 0.61 0.53 Fe

1 0.77 0.89 0.49 0.47 Mn

1 0.65 0.43 0.34 Ca

1 0.52 0.40 Mg

1 0.95 Na

1 K



each case CaCO3 co ex ists with FeS. The only de ter mined
car bon ate min eral in Lake Sarbsko sed i ments was cal cite
(Fig. 6), how ever, as in di cated by se quen tial ex trac tion anal -
y ses, mi nor amounts of Mn-en riched car bon ates are pres ent
as well (Fig. 7). Spa tial dis tri bu tion of car bon ates in Lake
Sarbsko does not co in cide with phys i cal/chem i cal vari abil ity 
of the bot tom wa ters in the ba sin. More over, as it was stated
in the pre vi ous sec tion, cal cium car bon ate can not pre cip i tate
from the lake wa ters be cause of too low val ues of sat u ra tion

in dex. Hence, it is an tic i pated that CaCO3 in Lake Sarbsko
was formed below the sediment-water interface.

Co-occurrence of car bon ates and FeS has been ear lier re -
ported by Sternbeck & Sohlenius (1997), Clark et al. (1998)
and Eusterhues et al. (2005), who re lated it to mi cro bial ox i -
da tion of or ganic mat ter at the ex pense of sulphates as well as
to re duc tion of Fe and Mn ox ides un der anoxic con di tions.
Ac cord ing to Clark et al. (1998) the pro cess is rep re sented by
the formula:
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Fig. 6. X-ray dif frac tion pat terns of black gyttja sam ples from Lake Sarbsko.



9CH2O + 4SO4
2– + Fe(OH)3 + 4M2+ ® 4FeS + 4MCO3

+15H2O + 5CO2,
where M – any di va lent metal (e.g. Ca). On the other hand,
Aller & Rude (1988), Calvert & Pedersen (1993) and
Sternbeck & Sohlenius (1997) point out that in the de pos its
con tain ing FeS, mixed Ca-Mn car bon ates are likely to form
when MnO2 set tling from the ox y gen ated wa ter col umn is
rap idly re duced in the sed i ment. The Mn speciation anal y sis
showed that in Lake Sarbsko in black gyttja 38–59% of to tal
Mn oc curred in the form of car bon ate (Fig. 7). Thus, the
above mech a nism is pos tu lated as the most prom i nent ex pla -
na tion of gen e sis of car bon ate sed i men ta tion, how ever, un re -
solved prob lem re mains why car bon ates pre cip i tate only in
some parts of Lake Sarbsko.

El e men tal com po si tion

In the anal y sis of the el e men tal com po si tion of Lake
Sarbsko de pos its, the fo cus was put on the lev els and spa tial
dis tri bu tion of six el e ments: Ca, Mg, Na, K, Fe and Mn (Fig.
8), ow ing to their most fre quent oc cur rence in the de pos its.
Apart from rates of sup ply from the catch ment, con cen tra -
tions of Ca, Mg, Na, K, Fe and Mn in coastal lakes de pend ba -
si cally on sa lin ity (Liss 1976), the lev els of Fe and Mn be ing
ad di tion ally af fected by wa ter ox y gen a tion (Engstrom,
Wright 1984; Boyle 2001).

In terms of Fe, Mn, Ca, Mg, Na and K per cent ages, sed i -
ments of Lake Sarbsko dif fer from those in the other la goons
of the south ern Bal tic coast. The con cen tra tions of all the
ana lysed el e ments are gen er ally lower here than those ob -
served in the de pos its of Szczecin La goon, Vistula La goon,
or Curonian La goon (Uœcinowicz, Zachowicz 1996; Pustel-
nikovas 1998; Osadczuk 2004). The dif fer ences can be ex -
plained by the ab sence of a ma jor trib u tary, which is the main
in put path of those met als into coastal water bodies (Liss
1976).

The most abun dant el e ments are cal cium and iron. It was
ob served that in ol ive gyttjas and sands Fe ex ceeded Ca in
quan tity, while in black gyttjas Ca lev els were 2 to 6 times
higher than those of Fe. Those dif fer ences are due to the fact
that Ca in the sed i ments of Lake Sarbsko mainly oc curs in
car bon ate form. This is cor rob o rated by a high cor re la tion
co ef fi cient be tween Ca and car bon ates, both in bulk sed i -
ment (r = 0.99) and on SiO2ter-free ba sis (r = 0.71) (Tab. 3,
Tab 4). More over, the con tents of Ca and CaCO3 in the sed i -
ments of Lake Sarbsko are very close to their stoichiometric
re la tion in a par ti cle of calcium carbonate (Fig. 9).

In sands and ol ive gyttjas the CaCO3 con tent does not ex -
ceed 1.0 and 2.8%, re spec tively, whereas in black gyttjas it
reaches 31.5% (Fig. 5).

Quan ti ta tive re la tions among the el e ments in the de pos -
its (Ca>Mg>Na>K) are some what dif fer ent than those in the
lake wa ter (Ca>Na>Mg>K). De ple tion of Na in sed i ment can 
be ex plained by less ef fec tive sorp tion of the for mer with re -
spect to Mg (Gornitz 1972). On the other hand, con cen tra -
tions of po tas sium lower than so dium, with a dom i nant role
of Ca in the sorp tion com plex, is a di ag nos tic fea ture of de -
pos its formed in la goonal bas ins with con sid er ably fresh ened 
wa ters (Vu Ngoc-Ky et al. 1981). In typ i cal fresh-wa ter sed i -
ments the sit u a tion is as a rule re versed, i.e. lev els of K are
higher than those of Na (Vu Ngoc-Ky et al. 1981; Rob in son
1994; Virkanen 2000; Borówka et al. 2005; Vaalgamaa,
Korhola 2007). In the sur face sed i ments of Lake Sarbsko so -
dium and po tas sium are cor re lated at the level of r = 0.95 in
bulk sed i ment (Tab. 3) and r = 0.92 on a SiO2ter-free ba sis
(Tab. 4). As K is usu ally as so ci ated with clay min er als
(Berner 1971; Kretz 1972; Lopez-Buendia et al. 1999), the
re la tion ship may indicate that Na is mainly adsorbed or
bound in the structure of the latter.

The ra tio of Na/K in sed i ments is highly de pend ent on
sa lin ity. In fresh wa ter en vi ron ments val ues of Na/K are gen -
er ally <1, while in con di tions of el e vated sa lin ity con cen tra -
tion of so dium is greater than po tas sium, and usu ally Na/K
>>1 (Vu Ngoc Ky et al. 1981; Lopez-Buendia et al. 1999;
Barjaktarovic, Bendell-Young 2002). In the de pos its of Lake 
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Fig. 7. Speciation of Fe, Mn and Mg in black and ol ive gyttjas
from Lake Sarbsko.
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Sarbsko the Na/K ra tio var ies from 0.6 to 3.4, which is in dic -
a tive for a low level of sa lin ity in a depositional en vi ron ment. 
In the west ern part of the lake Na/K val ues (from 1.5 to 3.5)
were higher than in the east-cen tral sec tion of the ba sin
(<1.5). This is in agree ment with the east ward de cline in sa -
lin ity of the bot tom and surface waters of Lake Sarbsko
(Tab. 1).

The to tal con tents of Fe, Mn, Ca, Mg, Na and K in the
sed i ments of Lake Sarbsko are strongly neg a tively cor re lated 
with the pro por tion of SiO2ter (Tab. 3) which is un der stand -
able be cause detritic quartz has very low sorp tion ca pac ity
and its ac cu mu la tion in de pos its can con trib ute to the di lu tion 
of authigenic com po nents. On the other hand, the con cen tra -
tions of the ana lysed el e ments in Lake Sarbsko de pos its in -
crease with the pro por tion of or ganic mat ter. Es pe cially
strong cor re la tions with the or ganic mat ter con tent are shown 
by Fe, Mn and Mg (Tab. 3). The high est con cen tra tions of
those met als are ob served in the north ern and cen tral parts of
the lake, where or ganic-rich sed i ments oc cur, and the low est, 
in the lake mar gins dom i nated by sands. This re la tion ship in -
di cates that Fe, Mn and Mg are ac cu mu lated in con di tions of
re stricted wa ter dy nam ics, which also fa cil i tates sed i men ta -
tion of or ganic mat ter. As a rule, in creased con cen tra tions of
or ganic com pounds and as so ci ated met als are found in the

deep est sec tions of lakes or in parts shel tered from wind and
wave ac tion (Engstrom, Wright 1984). In such cir cum -
stances iron may oc cur in com plexes with or ganic mat ter and
in a form of sulphides, how ever, Fe-ox ides may be also pres -
ent (Engstrom, Wright 1984). In Lake Sarbsko de pos its,
large part of Fe is bound in ox i diz able frac tion (as so ci a tions
with or ganic mat ter and sulphides) (41% in ol ive gyttja and
58% in black gyttja, Fig. 7). On the other hand, contribution
of oxide-Fe is 38% and 25% in olive and black gyttja,
respectively (Fig. 7).

It should also be noted that be cause the quan tity of or -
ganic mat ter was de ter mined us ing the loss-on-ig ni tion
method, it might be a bit over es ti mated, since some clay min -
er als un dergo de hy dra tion and dehydroxylation when sam -
ples are heated at 550°C (Boyle 2001). Con se quently, the
LOI fig ure is not only an in di ca tor of the or ganic mat ter level, 
but to some ex tent, also of clay minerals (Boyle 2001).

In the sed i ments of Lake Sarbsko the con tent of re sid ual
iron (bound in the crys tal lat tices of clay min er als) is rel a -
tively small (14.5% in black gyttja and 12.4% in ol ive gyttja), 
how ever, high cor re la tion co ef fi cients be tween Fe and K, Na
and Mg in SiO2ter-free sed i ments (Tab. 4) in di cate that clay
min er als con cen tra tion might par tially con trol the dis tri bu -
tion of Fe throughout Lake Sarbsko.

Di ver si fied speciation of iron might ex plain a weak cor -
re la tion co ef fi cient be tween Fe and or ganic mat ter con tents
cal cu lated for SiO2ter-free sed i ment (Tab. 4).

In the case of man ga nese, the re la tion be tween this el e -
ment and or ganic mat ter in bulk sed i ment (r = 0.89, Tab. 3) is
in fact an in di rect cor re la tion as the r value be tween Mn and
or ganic mat ter on SiO2ter-free ba sis is much lower and sta tis -
ti cally in sig nif i cant (Tab. 4). In the Lake Sarbsko de pos its
the amount of this el e ment bound to or ganic mat ter is much
smaller than that of iron and equals 6% in both, black and ol -
ive gyttjas. Still, Mn oc curs in the ana lysed sam ples largely in 
the form of car bon ates (Fig. 7), which de velop be low the bot -
tom wa ter-sed i ment bound ary in the con di tions of re stricted
ox y gen a tion, and is held by sur fac tants (e.g. clay min er als),
which is sup ported by 46.7% con tri bu tion of extractable Mn
in ol ive gyttja (Fig. 7) as well as strong pos i tive cor re la tions
be tween Mn and K, Na and Mg con tents cal cu lated on a
SiO2ter-free ba sis (Tab. 4). Both, Mn-en riched car bon ates
and clay min er als are ac cu mu lated in low en ergy en vi ron -
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Ta ble 4
Cor re la tion co ef fi cients be tween chem i cal com po nents of Lake Sarbsko sur face sediments on terrigenous sil ica free ba sis

(val ues sta tis ti cally sig nif i cant at p<0.01 are marked in bold)

SiO2bio Org. mat. CaCO3 Fe Mn Ca Mg Na K

1 –0.31 –0.81 –0.30 –0.43 –0.40 –0.16 –0.21 –0.17 SiO2bio

1 –0.04 0.42 0.37 –0.19 0.36 0.27 0.19 Org. mat.

1 0.08 0.26 0.71 –0.07 0.06 0.06 CaCO3

1 0.82 –0.24 0.95 0.91 0.91 Fe

1 0.08 0.80 0.65 0.70 Mn

1 –0.23 –0.28 –0.24 Ca

1 0.87 0.88 Mg

1 0.92 Na

1 K

Fig. 9. Re la tion be tween the con tents of Ca and CaCO3 in the
sed i ments of Lake Sarbsko (note nearly stoichiometric re la tion of
the spe cies)



ments fa vour able to the pres er va tion of or ganic mat ter as
well. On the other hand, a close re la tion ship be tween Mn and
Fe (Tab. 3 and Tab. 4) ar gues for coprecipitation of these el e -
ments in hy drated Fe/Mn ox ides (Engstrom, Wright 1984).
The con tent of ox ide-Mn in the sediments of Lake Sarbsko is
between 13.1% in olive gyttja and 31.5% in black gyttja
(Fig. 7).

Not with stand ing very strong cor re la tion be tween or -
ganic mat ter and Mg con tents in to tal sed i ment (in clud ing
SiO2ter) of Lake Sarbsko (r = 0.96) the bind ing of Mg in min -
eral-or ganic com pounds seems to be of lesser im por tance
here be cause in this form only 12% of Mg oc curs in black
gyttja and 22.5% in ol ive gyttja (Fig. 7). More over, the cor re -
la tion be tween Mg and or ganic mat ter con tents af ter sub trac -
tion of terrigenous sil ica is as low as r = 0.36 (Tab. 4). Of
greater sig nif i cance is the oc cur rence of Mg in the re sid ual
frac tion, i.e. in clay min er als (Berner 1971) which, like or -
ganic mat ter, ac cu mu late in con di tions of re stricted en vi ron -
men tal dy nam ics (de Groot et al. 1976; Sly 1978; Osadczuk
2004). Re sid ual Mg makes up 43% of to tal Mg in black gyttja 
and 36% in ol ive gyttja (Fig. 7). The bind ing of Mg by clays
in the de pos its of Lake Sarbsko is also in di cated by pos i tive
cor re la tion of Mg and K in SiO2ter-free sediments (Tab. 4).

Strong pos i tive cor re la tion of Fe, Mg and or ganic mat ter
may fur ther ex plain a pos i tive re la tion ship be tween these el e -
ments and biogenic sil ica in bulk sed i ment (Tab. 3). As
SiO2biog and or ganic mat ter in the de pos its of Lake Sarbsko
dis play very sim i lar spa tial dis tri bu tion, co-oc cur rence of Fe, 
Mg and SiO2biog may arise from their ten dency to ac cu mu late
in con di tions of low environmental dynamics.

Bio chem i cal fix a tion of ox ide-Fe and Mg as a pro tec tive
film on di a toms’ frustules (Berner 1980, Peinerud 2000)
seems to be of sec ond ary im por tance as in di cated by miss ing
cor re la tion be tween SiO2biog and Fe and Mg in SiO2ter-free
sed i ment (Tab. 4). Re la tion ship be tween Fe and biogenic sil -
ica in sed i ments looks dif fer ent in each lake and la goonal ba -
sin. Jones & Bow ser (1978) re ported co-pre cip i ta tion of iron
and biogenic sil ica in lakes. Osadczuk (2004) ob tained a
slight ten dency to wards in creas ing con cen tra tion of Fe with
in creas ing biogenic sil ica con tent in the sed i ments of Szcze-
cin La goon, al beit with rather low cor re la tion co ef fi cient. On
the other hand, Vaalgamaa & Korhola (2007) showed that
there were no cor re la tion be tween the con tents of Fe and
SiO2biog in the deposits of Pieni Pernajanlahti Bay estuary
(Finland).

The lev els of Ca, Mn, Fe, Na, K and Mg are also pos i -
tively cor re lated with the pro por tion of car bon ates (Tab. 3).
How ever, it is only in the case of Ca that cor re la tion co ef fi -
cient re mained high af ter sub trac tion of SiO2ter (Tab. 4). In
the case of Ca, the car bon ate is the most fre quent and wide -
spread form of this el e ment in lac us trine de pos its (Kelts, Hsü
1978).

CON CLU SIONS

The de pos its of Lake Sarbsko are char ac ter ized by ap -
pre cia ble spa tial lithological and geo chem i cal vari abil ity.
They are mainly com posed of terrigenous sil ica (quartz) in di -
cat ing en hanced in put of min eral mat ter from the wa ter shed
and/or in creased dy nam ics of the lake waters.

Strong neg a tive cor re la tion co ef fi cients be tween SiO2ter

and SiO2biog, or ganic mat ter as well as el e ment con tents ar gue 
for di lut ing ef fect of the for mer to wards authigenic com po -
nents of sed i ments. This, in turn ob scures in ter pre ta tion of
sed i ment com po si tion with re gard to chemical processes in
lakes.

Nev er the less, en vi ron men tal fac tors con trol ling sed i -
men ta tion of chem i cal el e ments in Lake Sarbsko can be in -
ferred from the anal y sis of cor re la tions cal cu lated for
terrigenous silica free sediments.

It was shown that spa tial dis tri bu tion of Fe, Mn, Ca, Mg,
Na and K within the sed i ments of Lake Sarbsko is gov erned
by their geo chem i cal af fin i ties to or ganic mat ter, sulphides,
clay min er als and car bon ates. Fe is mainly bound to or ganic
mat ter and sulphides. Mn is fixed by clays and Fe/Mn ox ides
as well as co-oc curs with car bon ates. Mg, K and Na are ad -
sorbed by clay min er als and Ca pre cip i tate with carbonates.

As sur face and bot tom wa ters in Lake Sarbsko are highly 
undersaturated with re spect to cal cite, car bon ate pre cip i ta -
tion in the lake can oc cur only be low the sed i ment-wa ter in -
ter face and re sults from mi cro bial de com po si tion of sedi-
mentary or ganic mat ter at the ex pense of sul fates as well as
iron and manganese oxides.
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