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The in ves ti ga tions were car ried out to de ter mine the re la tion ship be tween Cr, Co, Cd, Cu, Zn and Pb con tent and gla cial morphogenesis
that im plies the geomorphological po si tion of out crops of Qua ter nary de pos its. The anal y sis deals with parts of two gla cial up lands
whose re lief de vel oped dur ing deglaciation of the Warta ice sheet and which are char ac ter ized by sim i lar re lief and li thol ogy of sur face
de pos its. These are the Nidzica Up land near Grzebsk and the Bielsk Plain near Bielsk Podlaski. These ar eas show dis tinct reg u lar ity in
pat tern of geomorphological units, prov ing their ar eal deglaciation. Melt-out de pres sions, side val leys, ab la tion cov ers, kame ter races
and kames as well as glaciofluvial plains are ob served. The typ i cal geomorphological el e ment is iso lated morainic hills (me sas). The in -
ves ti ga tions en abled de ter mi na tions of reg u lar ity in the dis tri bu tion of chem i cal el e ments in the soil en vi ron ment of the geomorpho -
logical units. Among min eral sed i ments, clay interlayers ob served within kame ter race and kame de pos its were the most sus cep ti ble to
con cen tra tions of heavy met als, re gard less of the re gion and the el e ment to be de ter mined. Lower Cd, Cu, Co, Pb, Zn and Cr con tents
were as so ci ated with morainic mesa and ab la tion cover de pos its. The low est con tents of heavy min er als were mea sured in glaciofluvial
plain, kame and kame ter race sands. Among land forms filled with or ganic de pos its, the high est abil i ties to fix Cr, Co, Cu and Zn were
shown by ice-dammed bas ins within up land de pos its (Nidzica Up land) and side val ley de pos its (Bielsk Plain). Peats and muds of
melt-out de pres sions were found to be most ac tive in re tain ing Cd and Pb.
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INTRODUCTION

Con tents of heavy met als in sed i ments de pend on a num ber
of both nat u ral and hu man-in duced pro cesses. By af fect ing the
min eral com po si tion of rocks, lithogenetic pro cesses de fine the 
range of their physico-chem i cal prop er ties, which, in turn, de -
ter mine the pos si ble level of con cen tra tion of in di vid ual el e -
ments. Dis tri bu tion of these el e ments in sed i ments is un even
and de pend ent upon many fac tors, in clud ing the con tent and
min eral com po si tion of clay min er als, as well as the con tents of
or ganic mat ter and iron ox ides and hy drox ides, etc.
(Helios-Rybicka, 1986; Petterson et al., 1993; Pittman and
Lewan, 1994; Kyzioł, 1994; Velde, 1995). 

The oc cur rence of in di vid ual types of Qua ter nary de pos its,
dom i nant in the Eu ro pean Low lands, is as so ci ated with def i nite 
geomorphological units. By de ter min ing the re la tion of the or i -
gin and geomorphological po si tion of out crops of spec i fied de -
pos its to the con cen tra tion of heavy met als in these de pos its,

we can im prove the pro ce dures of es ti ma tion of con cen tra tion
of the el e ments in the geo log i cal space. We are also able to
iden tify zones sus cep ti ble to re tain ing heavy min er als and to
de ter mine reg u lar ity in the oc cur rence of the zones.

The im age of dis tri bu tion of heavy met als in sur face sed i -
ments of the Pol ish Low lands, pre sented in the geo chem i cal at -
lases of Po land (Lis et al., 1997) pub lished by the Geo log i cal
Sur vey (Pol ish Geo log i cal In sti tute) is highly gen er al ized. It
does not in clude the or i gin and geomorphological po si tion of
the sed i ments, al though these fac tors can af fect the dy nam ics of 
changes in con cen tra tions of the el e ments (of ten gen er ated by
hu man ac tiv ity). How ever, the re la tion ship be tween the
morphogenesis of the area and the ac cu mu la tion of heavy met -
als is of ten pre sented for ar eas of non-gla cial prov e nance. An
ex am ple of such anal y sis is the study of slope loess de pos its in
the Lublin Up land (E Po land) (Zgłobicki and Rodzik, 2007).
Heavy met als con cen tra tions (Cd, Cu, Pb and Zn) in the de pos -
its are con sid ered to be as so ci ated with the pres ence of both or -
ganic mat ter and clay min er als. How ever, the in flu ence of the
re lief-de pend ent pro cess of sur face wash ing out on the dis tri -



bu tion of heavy met als is also emphasised for that area
(Zgłobicki and Rodzik, 2007).

The de pend ence of ac cu mu la tion of heavy min er als in sur -
face sed i ments on the pat tern of geomorphological units is
com monly ex posed in geo chem i cal anal y ses of river val ley
bot tom de pos its. 

Dis tri bu tion of con tam i nants in var i ous land forms and
types of river-chan nel and flood de pos its as well as in lon gi tu -
di nal sec tions of ur ban ized river val leys was pre sented in Ev -
ans and Da vies (1994), Rhoads and Cahill (1999), Ciszewski
(2001, 2003), Sharma et al. (2003) and Akcay et al. (2003).
Ciszewski and Malik (2004) claimed that heavy met als con cen -
tra tions are due to some fea tures of de pos its com pos ing ter -
races of the Mała Panew River. Ciszewski et al. (2004) sug -
gested their as so ci a tion with whole geomorphological land -
forms of the river. Helios-Rybicka (1986) pointed out that there 
is a re la tion of heavy met als ac cu mu la tion to the li thol ogy of
river chan nel de pos its com pos ing the Vistula River val ley bot -
tom. Con cen tra tions of these el e ments in river val ley sed i ments 
are con sid ered to be also due to the flu vial trans port mech a nism 
(Helios-Rybicka, 1986; Galán et al., 2008; Conde Bueno et al.,
2009). More over, reg u lar i ties in con cen tra tions of heavy met -
als, which re sult from both the char ac ter of sed i men tary pro -
cesses and min eral com po si tion, have been proved in a lac us -
trine en vi ron ment (Bojakowska and Sokołowska, 1997;
Sobczyński and Siepak, 2001, Bilali et al., 2002). There are
few pa pers con cern ing the re la tion ship be tween con cen tra tions 
of heavy met als in glacigenic de pos its and morphogenesis of
out crop zones, be cause such de pos its of ten make up struc tur -
ally very com plex geomorphological units. 

Vari abil ity in con cen tra tions of heavy met als in ge net i cally
dif fer ent sed i ments of Fin land, in clud ing gla cial de pos its, was
dis cussed by Salonen and Korkka-Niemi (2007). Ana lys ing
gla cial till, glaciofluvial or lit to ral sand, clay, peat and ma rine

mud from the area near Turku, they proved vari abil ity in con -
cen tra tions of the el e ments and found out that par ent ma te rial
de ter mines the chem i cal com po si tion of sed i ments in un con -
tam i nated ar eas. The type of par ent ma te rial has a cru cial ef fect
on the amount of ac cu mu la tion of toxic com po nents. Those au -
thors claimed that the dom i nant role in the dis tri bu tion of heavy 
met als should be at trib uted to the min eral com po si tion of in di -
vid ual ge netic types of the de pos its. 

The goal of the in ves ti ga tions pre sented in this study was to
de ter mine the sig nif i cance of gla cial morphogenesis in the de -
vel op ment of sus cep ti bil ity of sur face sed i ments to con cen tra -
tion of se lected heavy met als, which are used in anthropogenic
pres sure gra da tion. The in ves ti ga tions fo cused on parts of two
gla cial up lands whose re lief de vel oped dur ing deglaciation of
the Warta ice sheet. These are part of the Nidzica Up land near
Grzebsk and part of the Bielsk Plain near Bielsk Podlaski
(Fig. 1). The ar eas rep re sent the same type of geo log i cal struc -
ture of the near-sur face zone. Be cause of sim i lar ity in re lief and
lithologies com pos ing in di vid ual geomorphological units be -
tween these ar eas, they can be con sid ered typ i cal of the re gions
where ice-sheet re treat was of ar eal type. Both the ar eas are ag -
ri cul tural re gions with sim i lar lev els of agrotechnical mea sures.

The pres ent in ves ti ga tions in cluded geomorphological
anal y sis of some ar eas. Con cen tra tions of chro mium, co balt,
cad mium, cop per, lead and zinc were de ter mined in sed i ments
com pos ing the iden ti fied geomorphological units. Reg u lar i ties
in the dis tri bu tion of these el e ments in the soil en vi ron ment
were also analysed.

MORPHOGENESIS OF THE STUDY AREA

The anal y sis was per formed in two ar eas of the Pol ish Low -
lands, whose to pog ra phy was shaped dur ing deglaciation of the 
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Fig. 1. Lo ca tion of the study area



Warta ice sheet. The main re lief fea tures of the area sit u ated
south of Bielsk Podlaski within the Bielsk Plain (190 km2) de -
vel oped as a re sult of deglaciation of the Wkra Stadial ice sheet
(Mojski, 1972; Lindner and Marks, 1999; Brud and
Kupryjanowicz, 2002). Gla cial morphogenesis of the Nidzica
Up land near Grzebsk (180 km2) is as so ci ated with the re treat of 
the Mława Stadial (Różycki, 1972; Michalska, 1967). Both the
ar eas are char ac ter ized by a dis tinct reg u lar ity in the geo log i cal
struc ture and pat tern of geomorphological units, in di cat ing ar -
eal deglaciation (Figs. 2 and 3). This type of deglaciation of the
Nidzica Up land dur ing the Warta Gla ci ation was al ready sug -

gested by Michalska (1967), Bałuk (1991) and Uniejewska
(2001). The pre dom i nance of pro cesses re lated to ar eal re treat
of the ice sheet in the Bielsk Plain was un der lined by Mojski
(1972), Falkowski et al., (1988), Musiał (1992), Brud (2000)
and Brud and Kupryjanowicz (2002). 

The fea ture of the near-sur face geo log i cal struc ture in com -
mon to both the ar eas is the oc cur rence of melt-out de pres sions, 
kame ter races, kames and ab la tion cov ers. There are also dis -
tinct mor pho log i cal lev els ob served in the slopes of the gla cial
till up land (Fig. 2) rep re sented by a suc ces sion of lev els, com -
ing down stepwise to wards melt-out de pres sions (Fig. 3). They
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Fig. 2. Geomorphological sketches of the rep re sen ta tive parts of the in ves ti gated ar eas 
(based on Falkowska, 2009)



are a re cord of suc ces sive phases of dead-ice melt ing. In many
places at the edges of the lev els, there are small elon gated hills
com posed of morainic ma te rial glaciostatically thrust near
dead-ice blocks. Com monly, these are also sites of small sand
hills or nar row ter races, well-marked in the to pog ra phy. They
can be con sid ered as small kames and kame ter races mark ing
the path way of melt wa ter flows in ice cre vasses (Falkowski et
al., 1988). Land forms of sim i lar or i gin and struc ture have been
found within the up per most parts of mo raine hills. They form
small hum mocks com posed of sands and grav els with in ter ca -
la tions of muds and tills, de scribed by Bałuk (1979). 

The gla cial up land near Grzebsk and Bielsk Podlaski con -
sists of vast hills com posed of 5–20 m thick gla cial tills
(Uniejewska, 2001; Brud and Kmieciak, 2006). These co he -
sive de pos its form “gla cial icelands” — morainic me sas (sim i -
lar forms to kame mesa), be cause in many ar eas they are over -
lain by a silt-sand layer. They form ex ten sive cov ers that de vel -
oped prob a bly as a re sult of very slow melt wa ter flow in al -
ready wid ened ice cre vasses in which kames were pre vi ously
de pos ited. Silt sed i ments of the cov ers may have been de pos -
ited also in ab la tion pud dle zones upon the ice sur face. Vari -
abil ity of flow dy nam ics in such zones af fected the se lec tion of
de pos ited ma te rial. Sim i lar plains were de scribed by Rdzany
(1997) from the NE Łódź Up land be tween the up per Rawka
and Pilica rivers, and de fined as ab la tion cov ers. Sed i men tary
struc tures ob served in ex po sures within these land forms in di -
cate that they are sim i lar in li thol ogy to top lay ers of flow-tills
de pos ited un der con di tions of wa ter sat u ra tion of morainic ma -
te rial (Boulton, 1972; Marks, 1992). Struc tural and tex tural
fea tures (e.g., gran u la tion and bed ding) of the de pos its around
the slopes of is land tills in the gla cial up land (morainic mesa
and kames) sug gest that ab la tion ma te rial was de pos ited ei ther
in ab la tion pud dle zones that de vel oped in wid ened ice cre -
vasses or on the sur face of melt ing ice. Thus, they can be
considered, like the landforms from the Łódź Upland, to
represent ablation covers (Falkowska, 2007).

In the gla cial up land area, there are also de pres sions af ter
small dead ice blocks — ice-dammed bas ins (Figs. 2 and 3).
Cur rently, most of the de pres sions are filled with or ganic de -
pos its. Many of them have been in cluded in the drain age sys -
tem of the up land through per ma nent or in ter mit tent streams.
Some of side val leys are nar row ero sional land forms, in cised
into the base ment. Their bot toms are com posed of min eral sed i -
ments.

The low er most ar eas in the to pog ra phy are ex ten sive
melt-out de pres sions filled with lac us trine and boggy de pos its:
peats and peaty muds. Af ter the ice had melted, they were in -
cor po rated into the sys tem of sur face drain age and adapted as
flow path ways for the larg est streams of Orlanka and Białka
(Bielsk Plain) and Orzyc (Nidzica Upland). 

The flow of wa ter causes per ma nent trans for ma tion of or -
ganic de pos its in the de pres sions’ bot toms, which re lies mainly
ei ther on the en rich ment of re de pos ited peats and peaty muds in 
sand ma te rial, as ob served near Grzebsk (Falkowska, 2008), or
on the for ma tion of a dis tinct al lu vial zone in an in ci sion within
the or ganic de pos its, as re ported from Białka near Orla (south
of Bielsk Podlaski; Falkowska, 2009). 

Small hills com posed of bed ded fine- and me dium-grained
sands oc cur within melt-out de pres sions filled with or ganic de -
pos its (Fig. 2). These are val ley kames ob served in the bot toms
of polygenic sec tors of river val leys, char ac ter is tic of the east -
ern Pol ish Low lands (Falkowska, 2001). They de vel oped prob -
a bly as a re sult of melt wa ter flow from the last, low er most-sit u -
ated dead-ice blocks.

Mar ginal zones of the de pres sions are also ar eas of nu mer -
ous kame ter races (Figs. 2 and 3). They form elon gated kame
ter races com posed of sand and gravel, vari able in grain size. In
top o graphic lows, there are also flat glaciofluvial sand plains
that de vel oped when melt ing ice wa ter flowed be tween dead
ice blocks dur ing the suc ces sive deglaciation phases (Brud and
Boratyn, 2006).
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Fig. 3. Model of the geo log i cal struc ture of the sur face zone of the in ves ti gated re gions (scales ap prox i mate; af ter Falkowska, 2009)



SAMPLING AND ANALYTICAL METHODS

Lith o logic in ves ti ga tions in cluded granulometric
(areometric and grain-size sieve) anal y sis, de ter mi na tion of
CaCO3 con tent us ing the Scheibler method, or ganic mat ter
con tent us ing the loss-on-ig ni tion (LOI) method (heat ing at
tem per a ture of 550°C) and pH (in H2O) of soil us ing the
potentiometric method (Myślińska, 2001). Min eral com po si -
tion of the clay frac tion was de ter mined by the X-ray dif frac -
tion method (Ta ble 1). The anal y sis was car ried out only on ori -
ented sam ples. There were three groups of these: sedimented,
af ter gly col treat ment and heated.

Mea sure ments of con tent of se lected el e ments, in clud ing
heavy met als, were made on 145 sed i ment sam ples rep re sen ta -
tive of each lithological type of de posit mak ing up the geo -
morphological units iden ti fied (Ta ble 2).  Sam ples were col -
lected af ter de tailed anal y ses of the geo log i cal struc tures of the
in ves ti gated re gions ac cord ing to ISO 10381-2:2002 (Soil
qual ity — sam pling, part 2: Guid ance on sam pling tech niques), 
and Stuczyński et al. (2004) from a depth of 50 cm. They were
taken di rectly from the walls of out crops or by means of a core
of 10 cm in di am e ter taken by a sam pler. Next the sam ples were 
dried at a tem per a ture of 105°C, sieved through a 1.0 sieve and
then ground in ball mills. They were sub se quently sub jected to
wet de com po si tion in a closed sys tem, and fi nally mi cro wave
heated (Paar Physica MULIWAVE mineralizer). While de -
com pos ing the sed i ments, the fol low ing agents were used: HCl
— di luted 6/100, HNO3 — 2/100 and H2O2 — 1/100. Con tents
of the main and trace el e ments were mea sured in the ob tained
so lu tions us ing In duc tively Cou pled Plasma-Atomic Emis sion
Spec trom e try (ICP-AES, Perkin Elmer Op tima 5300 DV spec -
trom e ter).

RESEARCH RESULTS

LITHOLOGICAL CHARACTERISTICS OF THE INDIVIDUAL
GEOMORPHOLOGICAL UNITS

The pres ent in ves ti ga tions prove a lithological sim i lar ity be -
tween the de pos its of in di vid ual geomorphological units in both
the re gions un der study. Small dif fer ences re sult from both
slightly dif fer ent ranges of con tents of in di vid ual con stit u ents
and vari abil ity in the min eral com po si tion of the clay frac tion.

De pos its from all the geomorphological units of the Nidzica
Up land have a sim i lar min eral com po si tion of the clay frac tion.
Smectites are the most com mon, pre vail ing over kaolinite. Illites
are the rar est min er als in these de pos its (Ta ble 1). 

The clay frac tions of clay in ter ca la tions in kame and kame
ter race sands, as well as of the sed i ments un der ly ing peats and
peaty muds of melt out de pres sions, are also sim i lar in com po -
si tion. Within the morainic mesa ar eas of the Bielsk Plain, there 
is an ad mix ture of chlorite in cohesive deposits. 

Dif fer ent con tents of in di vid ual clay min er als are ob served
in is land tills of gla cial up lands and ab la tion cov ers. Smectites
are def i nitely dom i nant in these de pos its, whereas kaolinite and 
illite oc cur in smaller but comparable amounts.

THE BIELSK PLAIN

In the Bielsk Plain near Bielsk Podlaski, morainic me sas are 
com posed of co he sive de pos its of vari able clay frac tion con -
tents rang ing from 4 to 65% (Ta ble 2). How ever, the most com -
mon are de pos its con tain ing >25% of the clay frac tion, as in di -
cated by the val ues of both the mean and the me dian (Ta ble 2).
These are tills, sandy tills, clayey tills and clays. Or ganic mat ter
con tents vary be tween 1.1 and 7.1%. The val ues of the mean
(6.3%) and the me dian (3.8%) sug gest, how ever, that the tills
are com posed mainly of ma te rial en riched in or ganic mat ter. 

Most of the tills and clays of morainic me sas con tain cal -
cium car bon ate. The CaCO3 con tent in these de pos its reaches
28.8%, with mean of 7.5% and me dian of 3.7%. The pH of the
de pos its com pos ing these geomorphological units var ies from
slightly acid to ba sic (5.85–8.52).

Ab la tion cov ers con sist of sands to silty tills, vari able in
grain size. The clay frac tion con tent ranges from 0 to 25% (Ta -
ble 2), with both mean and me dian of 9%. The or ganic mat ter
con tent ex ceeds 2% only in some places, nor mally be ing be low 
1%. Ab la tion cover de pos its are lo cally en riched in cal cium
car bon ate. The pH val ues vary within a wide range of  be tween
4.99 and 8.83.

Kame, kame ter race and glaciofluvial plain de pos its are
rep re sented mainly by fine- to coarse-grained sands and sandy
grav els con tain ing small amount of or ganic mat ter (av er age
0.6%). Cal cium car bon ate ad mix ture was ob served only spo -
rad i cally. These sed i ments show slightly acidic to ba sic pH
(Ta ble 2). 

Non-co he sive kame de pos its are interbeded with tills and
clays con tain ing 9 to 45% of the clay frac tion (mean 26%, me -
dian 31%). The interbeds are char ac ter ised by high co he sive -
ness and in creased or ganic mat ter con tents reach ing 9.2%, with 
mean of 4.0% and me dian of 3.6%. Kame ter race, kame and
glaciofluvial plain de pos its show acidic to ba sic pH
(4.84–8.57).

The larg est melt-out de pres sions are filled with a wide
range of or ganic de pos its in clud ing peat, peaty mud and humic
sand, con tain ing vari able amounts of or ganic mat ter
(4.2–83.8%). Clay frac tion ad mix ture (<7%) is ob served only
in peaty muds and humic sands com monly com pos ing the basal 
part of the de pos its. These de pos its con tain less than 0.1% of
calcium carbonate. 
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Re gions of in ves ti ga tion Bielsk Plain Nidzica Up land 

Min eral com po si tion 
of the par ti cle

<0.002 mm

S>Kt = I (WM, AP)

S>Kt>I ~ Cl

(Tk, K, Wt, OW)

S>Kt>I

S — smectite, Kt — kaolinite, I — illite, Cl — chlorite, WM— gla cial up -
land (morainic mesa), AP— ab la tion cover, Tk — kame ter race, K —
kame, Wt — melt-out de pres sion, OW — ice-dammed ba sin within up land

T a  b l e  1

Min eral com po si tion of the par ti cle <0.002 mm (clay frac tion) 
of sed i ments of the in ves ti gated re gions (af ter Falkowska, 2009)



Sim i lar de pos its fill small ice-dammed bas ins within the gla -
cial up land. How ever, they con tain less or ganic mat ter. Its mean
con tent is 16.0% (rang ing from 3.7% to 62.2%) and the me dian
is around 5%. The basal peaty muds and humic tills are char ac -
ter ised ad di tion ally by the pres ence of a clay frac tion of 7–14%. 

Or ganic de pos its also oc cur in side val leys. They are rep re -
sented mainly by sandy muds, ar gil la ceous humic sands, tills
and humic clays con tain ing 0.7–6.5% of or ganic mat ter. The
clay frac tion con tent var ies from 1 to 37%. The de pos its of vast
melt-out de pres sions, side val leys, and ice-dammed bas ins
within gla cial up land con tain less than 0.1% cal cium car bon -
ate. Or ganic de pos its of these geomorphological units are char -
ac ter ized by acidic to neutral pH (4.90–8.30).

THE NIDZICA UPLAND

The gla cial up land (morainic me sas) of the Grzebsk re gion
(Nidzica Up land) is com posed of co he sive de pos its: tills, sandy 
tills, clayey tills and clays. These de pos its have a clay frac tion
of 12–34%, with mean of 23% and me dian of 24%. The or -
ganic mat ter con tent is small in these de pos its, rang ing be tween 
0.4 and 3.2%, with both mean and me dian of 1.7%. Sur face de -
pos its of the morainic me sas typ i cally show low pH vari abil ity
within the range of 6.25–7.48. 

The sur face zone of ab la tion cov ers is com posed of de pos -
its con tain ing smaller amounts of both the clay frac tion and or -
ganic mat ter as com pared with sed i ments of morainic me sas.
These are silty and fine-grained sands as well as tills, sandy tills 

and clayey tills with mean clay frac tion con tent of 8% and me -
dian of 6%. The av er age con tent of or ganic mat ter is about
1.0% (the me dian is 0.7%). The pH val ues of the de pos its vary
be tween 5.28 and 7.81. 

Kame hills, kame ter races and glaciofluvial plains of the
Nidzica Up land are at the sur face com posed of fine– to
coarse-grained sands and silty sands. They are only slightly en -
riched in or ganic mat ter ac count ing for up to 2.3% (the mean is
0.8%, the me dian is 0.6%). CaCO3 is ob served spo rad i cally and 
its con tent is be low 0.6%. Till interbeds within the de pos its
con sti tut ing the near-sur face zone of the kames, kame ter races
and glaciofluvial plains con tain 14–20% of the clay frac tion
and 1.6% of or ganic mat ter on av er age. The pH val ues of the
de pos its range from 5.92 to 8.54, in di cat ing slightly acidic, neu -
tral or ba sic con di tions.

Vast melt-out de pres sions are filled with var i ous types of or -
ganic de pos its con tain ing 7.6–76.1% or ganic mat ter, with a
mean value of about 43.7%. Peaty muds and humic tills form ing
the lower parts of these land forms are com posed of 7–29% of the 
clay frac tion (with mean of about 13% and me dian of 9%). 

Ice-dammed bas ins within the up land are filled with de pos its
in which the or ganic mat ter con tent falls within a sim i lar range of
4.6–62.3% (Ta ble 2). The clay frac tion con tent in these de pos its
ranges within an in ter val of 5–68% (av er ages 25%). 

The bot toms of side val leys are lined with peats, peaty muds
and or ganic tills. The mea sured val ues of or ganic mat ter con tent
vary within the range of ap prox i mately 3.9% to al most 61.8%,
with a me dian of 8.1%. The clay frac tion con tent falls within the
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Geomorphological unit

num ber of sam ples

Bielsk Plain/ Nidzica Up land

Con tent of par ti cle
<0.002 mm

 [%]

min-max

av er age

me dian

Loss-on-ig ni tion 
[%]

min-max

av er age

me dian

Con tent of CaCO3
[%]

min-max

av er age

me dian

pH

Bielsk
Plain

Nidzica
Up land

Bielsk
Plain

Nidzica
Up land

Bielsk
Plain

Nidzica
Up land

Bielsk
Plain

Nidzica
Up land

Gla cial up land 

(morainic mesa)

15/14

4–65

27

26

12–34

23

24

1.1

6.3

3.8

0.4–3.2

1.7

1.7

0–28.8

7.5

3.7

<0.1 5.85–8.52 6.25–7.48

Ab la tion cover

12/13

0–25

9

9

0–27

8

6

0.8–4.3

1.4

0.9

0.5–4.1

1.0

0.7

0–24.2

2.2

0

<0.1 4.99–8.83 5.28–7.81

Kame, kame
ter race,
glaciofluvial
plain

sand

9/8

0–2 0–2

0.3–1.0

0.6

0.6

0.1–2.3

0.8

0.6

0–10.0

0.7

0

<0.1 6.16–8.41 5.92–8.54

clay in ter -
ca la tion  

9/7

9–45

26

31

14–20

16

15

0.6–9.2

4.0

3.6

1.0–2.5

1.6

1.6

0–32.2

6.7

0

<0.1 4.84–8.57 6.05–8.00

Ice-dammed ba sin 
within up land

9/10

7–14

11

12

5–68

25

13

3.7–62.2

16.0

4.7

4.6–62.3

2.1

8.0

<0.1 <0.1 6.24–7.08 5.18–8.06

Side val ley

11/11

1–37

16

14

0–58

16

4

0.7–6.5

4.0

5.0

3.9–61.8

17.3

8.1

<0.1 <0.1 5.76–8.30 4.73–7.99

T a  b l e  2

Char ac ter is tic of the in ves ti gated sed i ments



in ter val of 0–58%. The me dian is 4%, in di cat ing sed i ments with
a smaller clay frac tion con tent. The pH val ues of or ganic de pos -
its from the Grzebsk re gion vary be tween 4.43 and 8.06.

Cal cium car bon ate is spo rad i cally ob served in the de pos its
of the geomorphological units in the Nidzica Up land.

CONTENTS OF SELECTED HEAVY METALS 

The study ar eas are ag ri cul tural re gions. The con tents of
heavy met als de ter mined by the anal y ses do not ex ceed the re -
gion’s av er age val ues pre sented in the geo chem i cal maps of
Po land. The lead con tent is 18–25 ppm, whereas the chro mium
con tents are be low 10 ppm (Lis et al., 1997). The val ues also
fall within the ranges of av er age con cen tra tions for var i ous ar a -
ble soils of Po land (Dobrzański et al., 1973; Dudka, 1992).
More over, they are lower than al low able con cen tra tions rec -
om mended by the Reg u la tion of the Min is try of the En vi ron -
ment on the stan dards of soil and ground qual ity (Reg u la tion of
9 Sep tem ber 2002, point 1359). The con tents of el e ments mea -
sured in soils also fall within the ranges of the so-called stan -
dard Dutch List op ti mum val ues. There are only two sam ples
show ing in creased con tents of heavy met als. How ever, they
were col lected in the  im me di ate vi cin ity of a high-traf fic road. 

Dis tri bu tion of the el e ments is very un even in these
postglacial ar eas. Vari abil ity in the con tents of heavy met als
within the in di vid ual geomorphological units is high. In these
units very sig nif i cant reg u lar ity of dis tri bu tion of in ves ti gated
el e ments is ob served (Fig. 4): there are con ver gence of dis tri -
bu tion of means and me di ans of con tent of each heavy metal in
the in di vid ual land forms. The low est con cen tra tions of heavy
met als were re corded in sandy de pos its build ing glaciofluvial
plain, kame sands and kame ter race. The high est con cen tra -
tions oc cur in clay interlayers of kames, kame ter races and
glaciofluvial plains (Cr, Co, Cu, Zn) and in sed i ments fill ing
the larg est melt-out de pres sions (Pb, Cd).

THE BIELSK PLAIN

De ter mi na tions of con tents of heavy met als car ried out in
the Bielsk Plain de pos its in di cate a re cur rent dis tri bu tion in the
in di vid ual geomorphological units (Fig. 4A). In sur face de pos -
its of the area, the high est Cr, Zn, Co, Cd, Pb and Cu con tents
were re corded in clay interlayers of kames, kame ter races and
glaciofluvial plains (Fig. 4A). 

Among the land forms filled with or ganic de pos its, rel a -
tively high Cr, Co, Cu and Zn con tents were mea sured in side
val ley de pos its in com par i son with other land forms. A dif fer ent 
phe nom e non was ob served in re gards to Cd and Pb con tents.
The great est amounts of these met als are fixed by peats and
peaty muds of melt-out de pres sions (Fig. 4A).

Slightly lower Cr, Co, Cu and Zn con tents were mea sured
in soils of melt-out de pres sions, as com pared with de pos its of
ice-dammed ba sin within gla cial up land, with zinc show ing the 
wid est range of con tent val ues (12–43 ppm). Sim i lar con tents
of heavy met als were ob served in min eral sed i ments com pos -
ing the morainic mesa sur faces. 

Smaller amounts of Cr, Zn, Co, Cd, Pb and Cu oc cur in ab -
la tion cover de pos its that, how ever, lo cally show in creased

con cen tra tions. They are char ac ter ized by a wide range of con -
tent val ues of these el e ments, ac com pa nied by low val ues of
both the mean and the me dian. The low est con cen tra tions of
heavy met als were re corded in sands of glaciofluvial plain,
kame and kame ter race (Fig. 4A). 

THE NIDZICA UPLAND

The dis tri bu tion of con tents of heavy met als in the
geomorphological units of the Nidzica Up land near Grzebsk is
con spic u ous by its dis tinct reg u lar ity. 

Within the land forms com posed of min eral sed i ments the
most ac tive in at tract ing these el e ments are till and clay
interlayers within kame, kame ter race and glaciofluvial plain
sands (Fig. 4B). Co he sive de pos its of morainic me sas are also
char ac ter ized by high ac tiv ity. Low Cr, Co, Cd, Cu, Pb and Zn
con cen tra tions are ob served in silty and ar gil la ceous de pos its
of ab la tion cov ers. The small est con cen tra tions of heavy met als 
were mea sured in kame, kame ter race and glaciofluvial plain
sands (Fig. 4B). 

In the case of land forms built up of or ganic de pos its the
great est amounts of Cd and Pb oc cur in sed i ments fill ing the
larg est melt-out de pres sions. The other el e ments are most eas -
ily fixed by the ice-dammed ba sin within up land de pos its of up -
land ar eas. Among or ganic de pos its, peats and peaty muds of
melt-out de pres sions ex hibit the low est con tent of these el e -
ments, with val ues close to those typ i cal of min eral sed i ments.
Cr, Co, Cd, Cu, Pb and Zn con tents de ter mined in side val ley
de pos its are lower than those mea sured in ice-dammed ba sin
de pos its of up land ar eas (Fig. 4B). 

The re sults of in ves ti ga tions prove that there are dif fer ences
in the reg u lar i ties ob served in each of the re gions. Con tents of
heavy met als de ter mined in sed i ments of this re gion are higher
(ex clud ing Zn) than those mea sured in the Bielsk Plain, al though 
the sed i ments con tain lower amounts of the clay frac tion, cal -
cium car bon ate and or ganic mat ter. This is man i fested by higher
val ues of both the mean and the me dian cal cu lated for these el e -
ments. More over, the Nidzica Up land dif fers from the Bielsk
Podlaski re gion in hav ing a wider range of Cr, Co, Cd, Cu and Pb 
con tents in or ganic de pos its fill ing melt-out de pres sions,
ice-dammed ba sin within up land and side val leys (Fig. 4).

DISCUSSIONS

The pres ent in ves ti ga tions prove that the dis tri bu tion pat -
tern of con cen tra tions of heavy met als in the gla cial
geomorphological units de pends on the type of el e ment. The
dis tri bu tion pat tern of Cr, Zn, Co and Cu dif fers from that of
Cd and Pb. Re sults of the geo chem i cal mea sure ments were
ex am ined with a dis tri bu tion test, which showed that the in -
ves ti gated heavy met als fol low a nor mal dis tri bu tion. This is a 
gen eral trend of geo chem i cal data (Krumbein, 1937). It was
found that in both of in ves ti gated ar eas the con tents of Cr, Zn,
Co and Cu were very strongly cor re lated with each other (cor -
re la tion co ef fi cient r >0.7, prob a bil ity p-value <0.05) and
weakly or not at all cor re lated with the con tents of Cd and Pb.
The value of cor re la tion co ef fi cient r for con tent of these two
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el e ments and Cr, Zn, Co and Cu is less than 0.51 (p-value
<0.05; Ta ble 3). But there is also a strong cor re la tion of the
con cen tra tion of Cd with the con cen tra tion of Pb (r = 0.97 for
Bielsk Plain and r = 0.77 for Nidzica Up land with p-value
<0.05). It was ob served that this reg u lar ity was caused by the
fac tors which dom i nate pro cess of sorp tion of heavy met als
by de pos its. The con cen tra tions of Cr, Cd, Zn and Cu strongly 
de pends on the con tent of the clay frac tion (r >0.7, p-value

<0.05). On the other hand, the or ganic mat ter con tent has a
cru cial in flu ence on con tent of Cd and Pb in all in ves ti gated
de pos its (Ta ble 4). But in de pos its in which LOI >10% or -
ganic mat ter has an in flu ence on sorp tion of all in ves ti gated
heavy met als be cause a strong cor re la tion was ob served be -
tween con tent of Cr, Zn, Co, Cu, Pb, Cd and con tent of or -
ganic mat ter (r >0.7, p-value <0.05; Ta ble 4). 
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Fig. 4. Con tent of heavy met als

A — geomorphological units of the Bielsk Plain in the Bielsk Podlaski area;



So, con tents of heavy met als in geomorphological units
filled with peats de pend on the or ganic mat ter con tent as well as 
on the de gree of de cay and spe cial com po si tion of the peats
(Sapek, 1980; Twardowska et al., 1999). In min eral and or -
ganic-min eral sed i ments (LOI <10%) of the postglacial ar eas,
the granulometric com po si tion (con tent of the clay frac tion) af -
fects more strongly the con cen tra tions of heavy met als than the
or ganic mat ter con tent.

In postglacial ar eas of equal anthropogenic pres sure, the
base ment li thol ogy (par ent ma te rial) is the cru cial fac tor in flu -
enc ing the con cen tra tions of heavy met als, as ev i denced by re -
search car ried out by Salonen and Korkka-Niemi (2007) in the
Turku re gion of Fin land and by Palumbo et al. (2000). The par -
ent ma te rial com po si tion of in di vid ual land forms de pends on
their or i gin. Hence, also the sus cep ti bil ity to ac cu mu late heavy
met als is de pend ent on the or i gin. The pre sented in ves ti ga tions
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in the sed i ments

B — geomorphological units of the Nidzica Up land in the Grzebsk area 



show that the dis tri bu tion trend of in di vid ual met als in each
area is con stant. The re search re sults sug gest reg u lar ity in the
dis tri bu tion of heavy met als within the de pos its of top o graphic
land forms typ i cal of gla cial ar eas. Ar eal deglaciation of the
Warta ice sheet re sulted in the for ma tion of geomorphological
landfoms con sist ing of sed i ments show ing spe cific physico-
 chem i cal fea tures i.e. spec i fied sus cep ti bil ity to Cr, Co, Cd, Cu, 
Zn and Pb con cen tra tions.

It was  ob served that both re gions show sim i lar ity in the dis -
tri bu tion of con tents of heavy met als in the geomorphological
units. How ever, the ranges of con tent val ues are slightly dif fer -

ent. De spite a cer tain dif fer ence in the anthropogenic pres sure
level, the dis tri bu tion trend of these el e ments is con stant. Re -
gional vari a tions are ob served mainly in the land forms com -
posed of or ganic and min eral-or ganic de pos its of melt-out de -
pres sions, side val leys and ice-dammed bas ins within up land
ar eas (Fig. 4).

The high est con tents of heavy met als were ob served in clay
interlayers of kame and kame ter race sands. How ever, the
range of con tent val ues is small due to low lith o logic vari abil ity 
(Fig. 4). The high con cen tra tions ob served in these de pos its re -
sult also from the fact that they play a role of a fil ter pre vent ing
chem i cal com pounds from down ward mi gra tion. They are the
ac tive ho ri zon within low-ac tiv ity de pos its, able to fix heavy
met als. 

Among the land forms com posed of min eral sed i ments,
morainic me sas (till out crops) also show high Cd, Cu, Co, Pb,
Zn and Cr con tents, how ever the val ues are lower than those
mea sured in tills and clays oc cur ring within kames and kame
ter races (Fig. 4). This phe nom e non takes place al though de pos -
its build ing morainic me sas were char ac ter ized by higher con -
tents of clay frac tion and or ganic mat ter (Ta ble 2). Sed i ments of 
morainic mesa re veal also higher con cen tra tions of heavy met -
als than those mea sured in ab la tion cover

This is caused by smaller amounts of el e ments which have a 
cru cial in flu ence on con tent of heavy met als (clay frac tion, or -
ganic mat ter and cal cium car bon ate) in de pos its of ab la tion
cov ers as com pared with the de pos its of is land tills of gla cial
up lands. The low est val ues are ob served in sandy de pos its of
kames, kame ter races and glaciofluvial plains. The range of
con tents of heavy met als in these geomorphological units (built 
up of min eral de pos its) de pends on both the vari abil ity in the
clay frac tion con tent (Ta ble 4) and its min eral com po si tion
(Pittman and Lewan, 1994; Kyzioł, 1994ł Velde, 1995).

The units fill ing with or ganic de pos its (melt-out de pres sions,
side val leys, ice-dammed bas ins within up land) show vari abil ity
in the reg u lar ity of heavy met als dis tri bu tion, de pend ing on the
type of el e ment. Among these land forms de pos its of
ice-dammed bas ins within up lands of the Nidzica Up land and
side val ley sed i ments of the Bielsk Plain show the high est abil ity
to at tract Cr, Co, Cu and Zn. The great est amounts of Cd and Pb
were ac cu mu lated in peats and peaty muds of melt-out de pres -
sions (LOI >10%). High con cen tra tions of heavy met als in or -
ganic de pos its of side val leys and ice-dammed bas ins of gla cial
up land are due to the joint pres ence of the two com po nents
show ing high sorp tion prop er ties: clay frac tion and or ganic mat -
ter. These two com po nents are the key fac tors in at tract ing heavy 
met als in this type of sed i ments.  In ad di tion, these are zones of
con cen trated run off from the gla cial up lands, vul ner a ble to the
sup ply of a greater load of the el e ments mea sured. 

Sur face de pos its of the gla cial ar eas re veal re gional vari abil -
ity in con tents of heavy met als. Higher Cd, Cu, Co, Pb and Cr
con cen tra tions are ob served in the Nidzica Up land near Grzebsk
than in the Bielsk Plain (Fig. 4), al though the geomor phological
units of the Nidzica Up land are com posed of sed i ments con tain -
ing smaller amounts of clay min er als and or ganic mat ter than
those from the Bielsk Plain. Smectites, at tract ing sorp tion of
heavy met als, are def i nitely dom i nant in the clay frac tion of de -
pos its from Bielsk Plain and this el e ment also oc curs in the clay
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Bielsk Plain

Cr Cd Zn Co Cu Pb

Cr 1.00

Cd 0.17 1.00

Zn 0.80 0.16 1.00

Co 0.96 0.19 0.71 1.00

Cu 0.98 0.34 0.79 0.94 1.00

Pb 0.36 0.97 0.14 0.35 0.51 1.00

Nidzica Up land

Cr Cd Zn Co Cu Pb

Cr 1.00

Cd 0.31 1.00

Zn 0.95 0.28 1.00

Co 0.99 0.29 0.93 1.00

Cu 0.96 0.18 0.97 0.97 1.00

Pb 0.31 0.77 0.36 0.33 0.46 1.00

Cor re la tion co ef fi cients are sta tis ti cally sig nif i cant (p-value <0.05)

T a  b l e  3

Cor re la tion ma trix of heavy metal con tent for sed i ments
 (num ber of sam ples = 145, p-value — prob a bil ity)

Con tent
of par ti cle
<0.002 mm

(clay frac tion)

Loss-on
-ig ni tion

of de pos its

Loss-on-ig ni -
tion of or ganic

de pos its 
(>2%)

Loss-on-ig ni -
tion of or ganic

de pos its
(>10%)

Cr 0.94 0.37 0.37 0.75

Cd 0.37 0.84 0.79 0.70

Zn 0.79 0.12 0.38 0.81

Co 0.90 0.41 0.63 0.85

Cu 0.73 0.16 0.24 0.84

Pb 0.12 0.85 0.80 0.70

Cor re la tion co ef fi cients are sta tis ti cally sig nif i cant (p-value <0.05) 

T a  b l e  4

Cor re la tions of the con tents of heavy met als with con tent of clay
frac tion and or ganic mat ter in the sed i ments (p-value — prob a bil ity)



frac tion of de pos its from Nidzica Up land, al though in lesser
quan ti ties. More over, de pos its in Nidzica Up land con tain no
CaCO3 whereas sed i ments build ing geomor phological units in
Bielsk Plain (Ta ble 2), wherby their abil ity to at tract heavy met -
als is in creased. It is very sig nif i cant that de pos its of all
geomorphological units in both in ves ti gated re gions are char ac -
ter ized by sim i lar pH. So, the vari abil ity in con tents of heavy
met als in both in ves ti gated ar eas can be ex plained by dif fer ences 
in the lev els of ag ri cul tural man age ment, and thus by dif fer ences
in the ef fects of anthropogenic fac tors. But in both re gions the
anthropogenic pres sure is rather low. On the other hand this vari -
abil ity in con tents of in ves ti gated heavy met als in Nidzica Up -
land and Bielsk Plain can be also caused by chem i cal com po si -
tion of the par ent ma te rial, be cause this ma te rial strongly in flu -
ences soil chem i cal prop er ties (Palumbo et al., 2000; Salminen

and GregorauskienÅ, 2000).
The re search re sults sug gest that the use of a reg u lar sam -

pling net work (Lis et al., 1999) in con struct ing geo chem i cal
maps can de liver only a for tu itous im age, es pe cially in ar eas of
com plex geo log i cal struc ture, such as low land ar eas of
postglacial re lief. It seems jus ti fied to pos tu late the use of a
geomorphological key in pre par ing re gional geo chem i cal re -
ports. This key al lows to op ti mi za tion of sam ple col lec tion and
ob tains re li able eval u a tion of con tents of chem i cal el e ments.

CONCLUSIONS

In ar eas of ar eal deglaciation, there is a re la tion ship be -
tween con cen tra tions of Cd, Cu, Co, Pb, Zn, Cr in sur face de -
pos its and the or i gin of in di vid ual geomorphological units.

Among min eral sed i ments, the high est sus cep ti bil ity to ac -
cu mu late heavy met als is man i fested by clay interlayers ob -
served within sands of kame ter races and kames, re gard less of
both the re gion and the type of el e ment.  Lower amounts of  Cd, 
Cu, Co, Pb, Zn and Cr were at tracted by till de pos its com pos ing 
the morainic mesa sur face, how ever, they show higher con cen -
tra tions than those mea sured in ab la tion cover de pos its. The
low est con cen tra tions of heavy met als were re corded in sands
of glaciofluvial plain, kame ter race and kame. 

As con cern ing the land forms filled with or ganic de pos its,
there is vari abil ity in the reg u lar ity of heavy met als dis tri bu -
tion de pend ing on both the type of el e ment and the re gion.
De pos its of ice-dammed bas ins within up land (Nidzica Up -
land) and side val ley sed i ments (Bielsk Plain) show the high -
est abil ity to at tract Cr, Co, Cu and Zn. The great est amounts
of Cd and Pb were ac cu mu lated in peats and peaty muds of
melt-out de pres sions.

In min eral and min eral-or ganic de pos its (LOI < 10%) the
con cen tra tions of Cr, Cd, Zn and Cu strongly de pend on the
con tent of the clay frac tion. The or ganic mat ter has a cru cial in -
flu ence on the con tent of Cr, Cd, Zn Cu in de pos its in which
LOI >10% and on con tent of Cd and Pb in all types of in ves ti -
gated de pos its.
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