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Uwarunkowane litopedogenicznie rozmieszczenie Cu, Ni i Zn
w profilach leSnych gleb rdzawych i glejobielicowych terasy nadzalewowej Stupi

Vertical distribution of Cu, Ni and Zn in Brunic Arenosols and Gleyic Podzols
of the supra-flood terrace of the Stupia River as affected by litho-pedogenic factors
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Abstract. The aim of the study was to assess the influence of lithological and pedogenic factors in the shaping of Cu,
Ni and Zn distribution patterns in the profiles of Brunic Arenosols and Gleyic Podzols of the lower supra-flood terrace
of the Stupia River, which is located outside the range of significant anthropogenic sources of pollution with these
metals.

The contents of the investigated metals were analyzed in aqua regia extracts of samples collected from three profiles
of Brunic Arenosols, composed of river sands, and three profiles of Gleyic Podzols, composed of river sands
transformed by eolian processes.

In general, river sands contained higher amounts of Ni and Zn (2.6-6.9 mgkg” Ni; 10.3-16.2 mg'kg" Zn)
compared to eolian sands (1.2-2.4 mg-kg™ Ni; 3.3—17.3 mg-kg™), while the content of copper tended to be higher in
eolian sands (1.3-1.9 mg-kg™) than river sands (0.1-1.5 mg-kg™"). The observed differences between the two types of
sand are due to the loss of fine granulometric fractions and various minerals during eolian processes. Higher
concentrations of the investigated metals in soil solum as compared to parent material are due to their uptake from
deeper parts of the soil by roots and subsequent return to the soil surface by litter fall. Therefore, the highest
concentrations of Cu, Ni and Zn were observed in ectohumus. In the mineral component of the soil, the highest
concentrations were observed in organic matter-rich A and B horizons, which indicate close interactions between
heavy metals, humic substances and iron oxides.

The vertical distribution of the investigated metals in the profiles of Gleyic Podzols indicates their leaching during
podzolization. The observed contents of Cu, Ni and Zn, both in Brunic Arenosols and Gleyic Podzols, were lower than
the geochemical background, which confirms that anthropogenic contamination of the studied area with these metals
is marginal.
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1. Wstep (Linberg et Turner 1988; Saur et Juste 1994; Skiivan et
al. 1995), opad ros$linny (Silva et al. 1998) oraz wody

Skaty macierzyste stanowig pierwotne, zroznicowa- powierzchniowe 1 podziemne (Logan et al. 1997;

ne przestrzennie pod wzgledem zasobnosci zrodto me- Paulson 1997). W ciagu ostatnich wiekow istotnym
tali cigzkich w glebach. Do najwazniejszych wtérnych zrédtem zanieczyszczenia gleb metalami cigzkimi staty
zrodet nalezy natomiast zaliczy¢ sucha i mokra depo- si¢ emisje ze zrddet antropogenicznych, ktorych zasigg

zycje atmosferyczna, sptyw podkoronowy i po pniach oddziatywania moze by¢ znaczny. Nasilajace si¢ w XX
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wieku zanieczyszczenie srodowiska tymi substancjami
znajduje odzwierciedlenie w podwyzszonych ich kon-
centracjach we wspolczesnych osadach aluwialnych i
stokowych (np. Taylor 1996; Martin 2000; Pasieczna
2003; Zglobicki 2008). W dolinach rzecznych stgzenie
metali cigzkich w osadach teras zalewowych akumu-
lowanych w $rodowisku podlegajacemu antropopresji
jest na ogot wieksze niz w osadach wyzszych teras,
akumulowanych w okresach braku istotnego wplywu
cztowieka (Brewer et Taylor 1997).

Zawarte w glebach metale cigzkie wystepuja w roz-
nych formach, w rézny sposob powiazanych z pozo-
statymi sktadnikami gleb. Zastosowanie odpowiednich
procedur ekstrakcji pozwala wydzieli¢ formy rozpusz-
czalne w wodzie, wymienne, zwiazane z weglanami,
z tlenkami zelaza i manganu, organiczne i rezydualne
(Tessier et al. 1979; Sauvé et al. 2000; Kabata et Singh
2001; Konradi et al. 2005; Degryse et al. 2009). Po-
szczegblne formy charakteryzuja si¢ zroznicowana
dostgpnoscia dla roslin i mobilno$cia. Zaréwno formy
jak 1 dostgpnos¢ biologiczna metali cigzkich ksztatto-
wane s3 W znacznej mierze przez kompleks cech fizy-
kochemicznych gleb, szczegdlnie ich odczyn (Martinez
et Motto 2000; Strobel et al. 2005; McAlister et al. 2006;
Fijatkowski et al. 2012).

Badania koncentracji metali cigzkich w glebach i ich
specjacji prowadzone sg gtownie na obszarach antro-
pogenicznie zanieczyszczonych. Stosunkowo rzadko
podejmowana jest problematyka naturalnych, litopedo-
genicznych uwarunkowan ich pionowego rozmiesz-
czenia w réznych typach gleb (np. Ukonmaanaho et al.
2001).

Celem badan prezentowanych w niniejszej pracy
byta ocena roli czynnikéw litologicznych i pedogenicz-
nych w ksztaltowaniu pionowego rozmieszczenia Cu, Ni
i Zn w profilach lesnych gleb rdzawych i glejobielico-
wych terasy nadzalwowej Stupi, zlokalizowanych poza
zasiggiem istotnego wplywu antropogenicznych zrédet
ich emisji.

2. Materialy i metody badan
2.1. Charakterystyka obszaru badan

Objety badaniami fragment nizszej terasy nadzale-
wowej Stupi zbudowany jest z luznych, stabo i §rednio
wysortowanych piaskéw rzecznych, o miazszosci do-
chodzacej do 4 m (Florek 1989), ktérych wiek termo-
luminescencyjny (TL) zostat wyznaczony na okoto 9000
lat BP (Jonczak et al. 2013). Wyksztatcone z tych pias-
kéw gleby 5100-4200 lat temu byly rozwiewane, co
doprowadzito do powstania, zazwyczaj miejscowo, w
obnizeniach terenu, pokryw eolicznych o migzszosci nie

przekraczajacej 2 m. Cechy teksturalne piaskow eolicz-
nych nie odbiegajq istotnie od cech piaskow rzecznych,
co potwierdza ich pochodzenie z lokalnych zrédet i
transport na niewielka odlegtos¢ (Florek 1989). Po-
wtorne uruchomienie proceséw eolicznych, ktére miato
miejsce okoto 400-500 lat temu zwiazane byto z lokal-
nymi wylesieniami terenu (Jonczak et al. 2013). Procesy
te, w niektorych miejscach doprowadzity do nadbudo-
wania 6wczesnych gleb warstwami eolicznymi o miaz-
szosci 20-30 centymetréw (profile G-1, G-2).

Z piaskami rzecznymi zwiazane sa gleby rdzawe, a z
piaskow eolicznych, w warunkach ptytko zalegajacego
zwierciadla wdd gruntowych, powstaly gleby glejobie-
licowe z bogatym w prdochnicg i relatywnie ubogim w
wolne tlenki zelaza poziomem orsztynowym (Jonczak et
al. 2013). Na poczatku XX wieku centralna czg¢s¢ bada-
nego fragmentu terasy zostata odwodniona, co dopro-
wadzito do lokalnego obnizenia poziomu wdd grunto-
wych 1 w nastgpstwie stopniowego przeksztatcenia gleb
glejobielicowych torfiastych w glejobielicowe mur-
szaste. Niewatpliwie waznym czynnikiem w rozwoju
gleb badanego obszaru byly rowniez lokalne wylesienia
oraz antropogeniczne zmiany skladu gatunkowego la-
sow w ostatnich wiekach. Wspolczesnie na caltym ba-
danym obszarze dominuje sosna zwyczajna z domieszka
swierka pospolitego, debu szyputkowego, buka zwy-
czajnego 1 brzozy brodawkowatej. Obszar potozony jest
poza zasiggiem istotnych antropogenicznych zrodet
emisji Cu, Ni i Zn. Znajduje to odzwierciedlenie w
niskim stgzeniu tych metali nawet w glebach miejskich
Stupska, w ktoérych rzadko obserwuje si¢ niewielkie
przekroczenia wartosci tta geochemicznego (Pasieczna
2003; Parzych et Jonczak 2014).

2.2. Metody badan

Badania terenowe przeprowadzono w roku 2010.
Wykonano 15 odkrywek glebowych, opisano profile
gleb iz poszczegdlnych poziomdw genetycznych pobra-
no probki do analiz laboratoryjnych. Opis poziomow
genetycznych gleb oraz ich pozycj¢ systematyczna przy-
jeto za V wydaniem ,,Systematyki gleb Polski” (Marci-
nek etal. 2011). Zawartos¢ metali cigzkich oznaczono w
trzech profilach gleb rdzawych wtasciwych i trzech pro-
filach gleb glejobielicowych (orsztynowych i murszas-
tych), w ktorych morfologii nie stwierdzono prze-
ksztatcen antropogenicznych (ryc. 1). Jedynie w profilu
R-1 wystepuja cechy mogace wskazywac na porolny
charakter gleby. W glebach oznaczono:

— gestos¢  objetosciowa — metoda suszarkowo-
wagowa Ww probkach o nienaruszonej strukturze
pobranych do stalowych cylindréw o objetosci 100 cm”,
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It Rycina 1. Lokalizacja profili

[t glebowych na obszarze niZszej terasy
+ nadzalewowej Shupi: G — gleby
glejobielicowe; R — gleby rdzawe
Figure 1. Soil profile locations on

< the area of lower supra-flood terrace

of the Stupia River: G — Gleyic Podzols;
R — Brunic Arenosols

— sktad granulometryczny — metoda taczona sitows i
pipetowa. Zastosowano podziat na frakcje i grupy granu-
lometryczne wg PTG (2008),

—pH — potencjometrycznie w zawiesinie z woda
i roztworem KCI o stezeniu 1 mol-dm™, w proporcji
gleba : woda/KCl 1:2,5,

— zawartos$¢ wegla organicznego (Coy ) — W probkach
mineralnych metoda Tiurina, a w prébkach organicz-
nych metoda Altena,

—zawarto§¢ Cu, Ni i Zn — w roztworze po
mineralizacji w wodzie krolewskiej (uktad otwarty z
chlodnicami zwrotnymi) metoda emisyjnej spektrome-
trii atomowej z plazmg wzbudzong mikrofalowo (Agi-
lent 4100 MP-AES). Celem kontroli jako$ci analiz row-
nolegle oznaczano zawarto$¢ metali w dwoch certy-
fikowanych materiatach odniesienia.

2.3. Charakterystyka gleb

Wszystkie badane gleby co najmniej od ponad wicku
funkcjonujg pod zbiorowiskami lesnymi z dominacja
sosny zwyczajnej (tab. 1). Sa to gleby lekkie o uziar-
nieniu piaskéw luznych, a w niektdrych poziomach gleb

rdzawych o uziarnieniu piaskow stabogliniastych. Su-
maryczna zawarto$¢ frakcji pylowej i itowej nie prze-
kracza 6,9% w glebach rdzawych (tab. 2) i 4,3% w
glebach glejobielicowych (tab. 3). Gleby charakteryzuja
si¢ kwasnym i bardzo kwasnym odczynem. pHpao po-
ziomu organicznego gleb rdzawych miesci si¢ w grani-
cach od 3,53 do 4,78, a gleb glejobielicowych od 3,62 do
4,66. Kwasowos¢ czgsci mineralnej gleb jest najnizsze
z reguly w poziomie prochnicznym i wynosi ono
3,81-4,56 w glebach rdzawych i 3,80-3,97 w glebach
glejobielicowych. Obserwowany wzrost odczynu wraz z
glebokoscia we wszystkich profilach nalezy wiazaé z
wplywem wod gruntowych (tab. 2, 3). Gleby rdzawe sa
umiarkowanie zasobne w wegiel organiczny, ktdrego
zawarto$¢ w poziomach préchnicznych wynosi od 9,9
do 48,6 gkg (tab. 2). Znacznie wigksza zawartoscia
tego sktadnika charakteryzujg si¢ gleby bielicowe. W
poziomie prochnicznym (wylaczajac inicjalny poziom
préchniczny  powstaly w  mlodych  warstwach
eolicznych) zawieraja wegiel organiczny w ilosci
32,3-77,0 gkg', a w poziomie orsztynowym —
13,0-35,6 g'kg™' (tab. 3).
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Tabela 1. Poziom woéd gruntowych i sklad gatunkowy drzewostanu w otoczeniu badanych profili glebowych (kolejnos¢
gatunkow wg ich malejacego udzialu w drzewostanie)

Table 1. Groundwater level and tree-species composition of stands in the vicinity of soil profiles (order of species according to
their decleaning share in stands)

Poziom wody gruntowej

Groundwater level Sklad drzewostanu

Numer profilu

Profile number [m] Tree species composition
R-1 2.0 So, Brz, Bk, Dbszyp / Scots pine, Silver birch, Beech, Pedunculate oak
R-2 3.0 So, Dbszyp / Scots pine, Pedunculate oak
R-3 3.0 So, Dbszyp / Scots pine, Pedunculate oak
G-1 1.2 So, Sw, Dbszyp / Scots pine, Norway spruce, Pedunculate oak
G-2 2.0 So, Dbszyp / Scots pine, Pedunculate oak
G-3 2.0 So, Brz, Bk / Scots pine, Silver birch, Beech

Tabela 2. Wybrane whasciwos$ci gleb rdzawych
Table 2. Selected properties of Brunic Arenosols

Gestosé Udzial frakceji
Lz ] 6 110023 objetosciowa Gatunek gleby <0,05 mm Corg.
gepetyc.z ny Depth Bulk density Textural group Pe.rcentage of PHizo PHia [gkeg]
Soil horizon [cm] 3 fraction <0.05 mm gkg
[grem™]
[%]
Profil R-1
ol 5-3 4,63 4,13 4424
Ofh 3-0 4,70 4,08 433,6
A 0-6 1,04 pl 0,8 3,81 2,98 48,6
A(p) 6-25 1,49 ps 6,9 4,20 3,54 9,9
Bv 25-49 1,37 pl 5,0 4,67 4,20 6,1
BvC 49-68 1,48 pl 1,6 4,67 4,38 23
Cgl 68-105 1,52 pl 24 4,79 4,46 0,0
Cg2 105-140 1,46 pl 0,5 4,94 4,52 0,0
Profil R-2
(o)1 10-7 425 3,51 4615
Oof 74 3,84 2,78 403,8
Oh 4-0 3,53 2,40 3919
AEs 0-7 1,04 pl 1,7 4,03 2,97 10,3
Bvhs 7-40 1,39 pl 0,1 4,55 4,07 6,1
BvC 40-65 1,53 pl 1,9 4,05 3,33 11,0
C 65-150 1,53 pl 1.5 4,84 4,63 0,0
Profil R-3
ol 9-6 4,78 4,32 502,5
of 64 4,65 3,97 362,8
Oh 4-0 3,99 2,99 309,3
Al 0-19 1,40 ps 6,7 4,29 3,67 10,3
A2 19-31 1,36 pl 42 4,56 4,10 7,3
ABv 31-45 1,37 pl 3,7 4,69 4,19 5,1
Bv 45-70 1,45 pl 2,6 4,54 4,30 32
Cgl 70-110 1,56 pl 0,0 4,81 4,43 0,0
Cg2 110-150 1,53 pl 0,5 5,02 4,53 0,0

*  wedlug Kklasyfikacji Polskiego Towarzystwa Gleboznawczego (Marcinek et al. 2011): pl — piasek luzny, ps — piasek stabo gliniasty
after soil classification of Polish Society of Soil Science 2011 (Marcinek et al. 2011): pl — loose sand, ps — loamy sand
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Tabela 3. Wybrane whasciwosci gleb glejobielicowych
Table 3. Selected properties of Gleyic Podzols

Poziom Gl]gbok}?éé obj(;t?)sét:if)cwa Galtulzlek E)dg;a;f;?l[(oc/il] - - o e
égzﬁeﬁzfiz;;i [;];t] Bulk degsity Tex tﬁrzl group Percentage of frac- Ptz PHka org. LEXE
[g:em™] tion <0.05 mm [%]

Profil G-1
Ol 64 4,33 3,65 4717,6
of 4-3 4,38 3,68 415,7
Oh 3-0 3,80 2,79 2744
AEs 0-6 1,26 pl 0,4 3,80 2,96 23,5
Bhs 6-18 1,47 pl 1,1 426 3,69 72
2AEs 18-31 1,37 pl 1,0 4,11 3,49 35,1
2Es 31-40 1,39 pl 1,0 4,30 3,56 5.4
2Brg 40-58 1,48 pl 4,3 4,35 3,75 35,6
2Bhsg/C 58-92 1,51 pl 0,8 4,95 4,53 33
3Cg 92-130 1,55 pl 0,7 4,85 4,62 -

Profil G-2
ol 12-10 4,55 3,97 463,7
of 10-3 3,92 2,91 348,2
Oh 3-0 3,62 2,59 302,9
Es 0-7 1,39 pl 1,7 3,99 3,06 16,5
Bhs/C 7-13 1,45 pl 0,0 4,90 4,34 1,7
2A 13-20 1,19 pl 3,1 3,95 3,27 77,0
2Es 20-32 1,42 pl 1,8 4,35 3,60 54
2Brg 32-51 1,54 pl 4,1 4,38 3,77 20,9
2Bhsg 51-76 1,44 pl 1,3 4,66 448 3,7
2Cg 76-123 1,56 pl 0,6 4,82 4,41 -
3Cg 123-150 1,57 pl 1,5 4,94 4,55 -

Profil G-3
Ol 3-0 4,66 4,15 489,7
Au 0-31 1,21 pl 1,9 3,97 3,21 323
Es 31-42 1,32 pl 1,5 4,76 3,61 52
Brg 4273 1,52 pl 3,1 5,17 4,03 13,0
Br/Cg 73-140 1,50 pl 0,6 5,48 4,26 4,6
Cg 140-200 1,52 pl 1,8 5,77 4,48 -
3. Wyniki i dyskusja watos$¢, pojemnos$¢ sorpcyjna, odczyn) oraz formami

Wiasciwosci chemiczne i fizyczne materiatow ma-
cierzystych, charakter gospodarki wodnej i roslinnos¢
naleza do kluczowych naturalnych czynnikéw deter-
minujacych pionowe réznicowanie zawartosci metali
cigzkich w czasie rozwoju gleb (Silva et al. 1998; Rusek
et al. 2005; Kabata et al. 2008). Dominujacy w strefie
klimatu umiarkowanego przemywny typ gospodarki
wodnej sprzyja wyplukiwaniu ré6znych sktadnikow gleb,
w tym metali cigzkich. Intensywnosc¢ tego procesu uwa-
runkowana jest cechami fizycznymi i fizykochemicz-
nymi gleb (jak tekstura, gesto$¢ objgtosciowa, poro-

metali. Luzne piaski rzeczne i eoliczne, z ktérych zbu-
dowane sa gleby badanego fragmentu terasy nadzale-
wowej Stupi nie stanowig ograniczenia dla przemiesz-
czajace] si¢ wody. Mobilnosci metali sprzyja rowniez
kwasny i silnie kwasny odczyn gleb. Czynnikiem rozni-
cujacym schematy pionowego rozmieszczenia metali
w badanych glebach rdzawych i glejobielicowych moze
by¢ rozna glebokos¢ zalegania wod gruntowych.
Wspotczesnie wystepuja one poza zasiggiem solum w
glebach rdzawych 1 w obrgbie solum gleb glejobieli-
cowych.
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Cu, Ni i Zn, bedace waznymi dla roslin mikroele-
mentami, sg pobierane przez systemy korzeniowe, a
nastgpnie czgsciowo zwracane na powierzchni¢ gleby
jako sktadnik opadu roslinnego. Ich koncentracja w opa-
dzie zalezy przede wszystkim od sktadu gatunkowego
zbiorowisk roslinnych oraz od zespolu czynnikdéw
siedliskowych warunkujacych dostgpnos¢ biologiczna.
Wystepujac w zbyt wysokim stezeniu w opadzie ros-
linnym moga stanowié¢ czynnik ograniczajacy tempo
jego rozktadu (Strojan 1978; Berg et al. 1991; Cotrufo et
al. 1995). Wartosci krytyczne stezen sa jednak rela-
tywnie wysokie i przekraczane sa jedynie w obszarach
silnie  zanieczyszczonych antropogenicznie (Tyler
1992).

W glebach lesnych maksymalne stgzenia metali ciez-
kich obserwuje si¢ z reguly w poziomie organicznym.
Jest to skumulowany efekt suchej i mokrej depozycji
atmosferycznej tych metali na powierzchni terenu,

Tabela 4. Rozmieszczenie metali cigzkich w profilach gleb
rdzawych

Table 4. Vertical distribution of heavy metals in the profiles
of Brunic Arenosols

doplywu opadu roslinnego oraz stosunkowo trwatych
polaczen jonowych form metali z obdarzonymi ujem-
nym tadunkiem elektrycznym zwigzkami humusowymi
(Tyler 1973; Bergbéck et Carlsson 1995; Saur et Juste
1994). Réwniez w badanych glebach maksymalne ste-
zenia Cu, NiiZn obserwowano na ogdt w ektoprochnicy
(tab. 4, 5). Zawartos¢ Cu w poziomach Ol byta malo
zrdznicowana, mimo réznic w skladzie gatunkowym
drzewostandéw (tab. 1), i wahata si¢ od 9,5 do 11,4
mgkg" (tab. 4, 5). W poziomach Of, Oh i Ofh obser-
wowano na ogot nieznaczy wzrost stgzenia Cu, maksy-
malnie do 12.4 mg-kg™'. Obserwowane stezenia Cu byty
zazwyczaj kilkakrotnie mniejsze niz w poziomie orga-
nicznym profili gleb rdzawych i bielicowych z obszaru
Polski pétnocnej wedhug ,,Atlasu gleb lesnych Polski”
[Brozek, Zwydak 2003: profile nr 81, 109 (Tuchola), 91
(Gryfino), 94 (Osie), 95, 103, 111 (Kliniska), 98
(Gdansk), 101 (Dobrocin), 112, 120 (Wejherowo)].

Tabela 5. Rozmieszczenie metali cigzkich w profilach gleb
glejobielicowych

Table 5. Vertical distribution of heavy metals in the profiles of
Gleyic Podzols

generyemy  beptn N 7
Soil horizon [em] [mgke”]  [mgke”]  [meke’]
Profil R-1
Ol 5-3 10,2 8,0 60,8
Ofh 3-0 12,4 10,9 87,5
A 0-6 39 34 18,2
A(p) 6-25 33 33 24.4
Bv 2549 2,5 3,5 25,0
BvC 49-68 2,1 3,9 19,7
Cgl 68-105 1,5 3,9 16,2
Cg2 105-140 1,1 2,6 11,8
Profil R-2
Ol 10-7 9,8 7,7 79,5
of 74 9,5 9,5 62,5
Oh 4-0 11,2 12,5 73,2
AEs 0-7 1,5 2,3 12,7
Bvhs 7-40 1,8 2,7 20,1
BvC 40-65 1,3 2,5 15,8
C 65-150 1,0 2,7 15,5
Profil R-3
Ol 9-6 11,4 12,6 47,6
of 64 12,3 16,1 55,0
Oh 4-0 9,3 15,6 34,5
Al 0-19 1,8 6,7 13,6
A2 19-31 2,3 6,2 11,0
ABv 31-45 2,6 4.4 13,7
Bv 45-70 0,5 6,2 12,1
Cgl 70-110 0,3 59 10,9
Cg2 110-150 0,1 6,9 10,3

Poziom  Glebokos$é

genetyczny  Depth Sl Bl Ni 1 Zn Bl
Soil horizon [cm] [mgke”]  [mgke”]  [mgke’]
Profil G-1
Ol 64 9,5 6,6 52,9
of 4-3 10,0 7,0 49,2
Oh 3-0 8,2 7,5 26,6
AEs 0-6 1,9 1,4 6,6
Bhs 6-18 2,2 2.4 9,5
2AEs 18-31 24 2,4 4,1
2Es 3140 1,2 1.3 3.9
2Brg 40-58 1,6 2.4 7.4
2Bhsg/C 58-92 L5 2,8 7,5
3Cg 92-130 1,6 3,1 8,8
Profil G-2
Ol 12-10 9,7 8,1 75,1
Oof 10-3 9,6 9,6 66,7
Oh 3-0 8,4 14,0 54,3
Es 0-7 3,8 2,8 19,1
Bhs/C 7-13 1,8 3,0 21,3
2A 13-20 2,6 2,9 14,7
2Es 20-32 0,9 1.6 12,0
2Brg 32-51 1,2 2,2 14,4
2Bhsg 51-76 1,2 2,8 17,2
2Cg 76-123 1.3 2.4 17,3
3Cg 123-150 1.3 2,2 13,2
Profil G-3
Ol 3-0 9,6 13,7 94,7
Au 0-31 2,0 5.4 6,6
Es 3142 0,2 35 4,4
Brg 42-73 0,3 6,0 83
Br/Cg 73-140 1,3 0,4 6,3

Cg 140-200 1,9 1,2 33
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Znacznie wigksze roznice pomigdzy poszczegdlny-
mi profilami badanych gleb obserwowano pod wzgle-
dem zawartosci Ni i Zn. Zawarto$¢ Ni w poziomie Ol
wahata si¢ od 6,6 mg-kg” w profilu G1 do 13,7 w profilu
G3, a w pozostatych podpoziomach ektopréchnicy od
7,0 do 16,1 mgkg™ (tab. 4, 5). Z kolei Zn wystepowal
w ilosci 47,6-94,7 mg-kg" w poziomach Ol i 26,6-87,5
mgkg! w pozostatych poziomach organicznych.
Stwierdzone stgzenia Ni 1 Zn nie odbiegaly od wartosci
podanych dla tego typu gleb lesnych Polski pdtnocnej w
»Atlasie gleb lesnych Polski” (Brozek, Zwydak 2003: Ni
od 5,1 mg-kg" w profilu 91 do 13,6 mg-kg” w profilu nr
94,a7n od 36,0 mg-kg™ wprofilunr 81 do 82,0 w profilu
103).

Uwalniane w procesie mineralizacji opadu roslin-
nego metale cigzkie sg sorbowane przez mineralne i
organiczne sktadniki gleb, pobierane przez systemy ko-
rzeniowe roslin i mikroorganizmy oraz wyptukiwane w
glab gleb. Proporcje pomigdzy wymienionymi proce-
sami sg zréznicowane przestrzennie i w czasie. Zawar-
to$¢ Cu, Ni i Zn w poziomach mineralnych badanych
gleb byta kilkakrotnie nizsza niz w ektoprochnicy. Ste-
zenia mniejsze niz wartosci tta geochemicznego (5,4
mgkg! dla Cu; 4,9 mg'kg” dlaNii27,0 mgkg' dlaZn)
potwierdzaja brak istotnego wplywu antropogenicznych
zrédel zanieczyszczen srodowiska badanymi pierwiast-
kami. Mata koncentracja metali cigzkich uwarunkowana
jest rowniez lekkim sktadem granulometrycznym gleb.
Liczne badania dowodza, ze stezenie Cu, Ni i Zn, jak
rowniez wielu innych metali, jest $cisle, dodatnio skore-
lowane ze stopniem rozdrobnienia mineralnej czgsci
gleby, szczegdlnie z zawartoscig itu (np. Kabata et al.
2008). Stezenie Cu w glebach rdzawych miescito si¢ w
przedziale 0,1-3,9 mgkg”, a w glebach glejobielico-
wych 0,2-3,8 mg'kg'. Minimalne stezenie Cu wystepo-
wato w materiale macierzystym, a maksymalne w pozio-
mach préchnicznym i wzbogacania. Nikiel w poziomach
mineralnych gleb rdzawych wystepowatl w ilosci 2,3-6,9
mgkg”, wykazujac niewielkie zréznicowanie pionowe.
Zakres stezen tego pierwiastka w profilach gleb
glejobielicowych byt nieco wigkszy 1 wynosit 0,4-6,0
mgkg'. Maksymalne koncentracje odnotowane w
poziomach prdochnicznych 1 wzbogacania tych gleb
$wiadcza o Scistym zwiazaniu pierwiastka z materia
organiczna, ktdéra jest jednym z najefektywniejszych
sorbentow metali (Leenaers et al. 1988; Logan et al.
1997; Charriau et al. 2011). Istotnymi sorbentami sa
rowniez wolne tlenki zelaza (Dabkowska-Naskret
2013), ktére w profilach gleb rdzawych i bielicowych
skoncentrowane s3 w poziomach wzbogacania.
Obserwowane stgzenia Cu i Ni miescily si¢ w zakresie
wartosci notowanych przez Brozka i Zwydaka (2003) w
profilach lesnych gleb rdzawych i bielicowych Polski
poéinocne;j.

Stezenie Zn w poziomach mineralnych gleb rdza-
wych wynosito 10,3-25,0 mg'kg”, a w glebach glejo-
bielicowych 3,3-21,3 mgkg'. Degryse i Smolders
(2006) w niezanieczyszczonych antropogenicznie gle-
bach bielicowych na obszarze Belgii notowali nizsze
zawartosci tego pierwiastka — 4,5-13,3 mg'kg™. Nizsze
wartosci zarejestrowali rowniez Brozek 1 Zwydak
(2003) w glebach rdzawych i bielicowych Polski. W pro-
filach badanych gleb rdzawych maksymalne wartosci
stezen Zn obserwowano w poziomach wzbogacania
i prochnicznym, a minimalne w materiale macierzystym.

Schematy rozmieszczenia Zn w poszczegolnych pro-
filach gleb glejobielicowych byly zréznicowane. W pro-
filu G-1 maksima wystgpowaty w inicjalnym, przypo-
wierzchniowym poziomie Bhs oraz poziomie 3Cg,
w profilu G-2 w inicjalnych poziomach Es i Bhs/C,
a w profilu G-3 w poziomie Brg. Rozmieszczenie Zn
w profilach tych gleb swiadczy o pionowym jego prze-
mieszczaniu w trakcie bieclicowania wraz z rozpusz-
czalnymi frakcjami materii organicznej. Podobny sche-
mat rozmieszczenia Zn w profilach niezanieczyszczo-
nych gleb bielicowych obserwowali Degryse i Smolders
(2006). Z kolei w obszarach zanieczyszczonych tym
metalem maksymalne stgzenia pierwiastka wymienieni
autorzy notowali w poziomach prochnicznych. Schemat
rozmieszczenia zardwno Zn, jak i innych metali cigzkich
w profilach gleb bielicowych moze by¢ zatem wskaz-
nikiem zanieczyszczenia srodowiska tymi substancjami.

4. Podsumowanie

Wyniki badan przeprowadzonych na obszarze niz-
szej terasy nadzalewowej Shupi uwidaczniaja rolg czyn-
nikow litogenicznych i pedogenicznych w ksztatto-
waniu przestrzennej i pionowej zmiennosci stezen Cu,
Ni i Zn w glebach lesnych obszarow niezanieczysz-
czonych antropogenicznie. Stabo wysortowane piaski
rzeczne stanowiace material macierzysty gleb rdza-
wych, zdeponowane we wczesnym holocenie, zawieraly
0,1-1,5 mgkg' Cu, 2,6-6,9 mgkg' Ni i 10,3-16,2
mgkg' Zn. W okresie 51004200 lat BP miejscami
nastapita ich eolizacja, w efekcie ktorej w lokalnych
obnizeniach terenu powstaty niewielkie pokrywy eolicz-
ne zbudowane z materialu czg$ciowo zubozonego
w pordéwnaniu z materialem wyjsciowym o pyt, it i mi-
neraly ci¢zsze od kwarcu. Piaski eoliczne, bgdace mate-
riatem macierzystym gleb glejobielicowych zawieraty
nieco wicksze stezenie Cu (1,3-1,9 mg-kg™) i na ogét
mniejsze stezenie Ni (1,2-2,4 mgkg") i Zn (3,3-17,3
mgkg™).

W trakcie rozwoju gleb Cu, Ni i Zn byly przemiesz-
czane poprzez roslinnos¢ z glebszych warstw gleby na
jej powierzchnig, co doprowadzito do ich koncentracji w
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solum. Wspolczesnie maksymalne st¢zenie badanych
metali wystepuje w ektoprochnicy. Jest to typowy uktad
obserwowany w glebach lesnych. Nie odnotowano zna-
czacych réznic pomigdzy ektoprochnica gleb rdzawych
i glejobielicowych pod wzgledem koncentracji bada-
nych metali, mimo przestrzennego zréznicowania
sktadu gatunkowego drzewostanéow. Obserwowano
natomiast réznice w schemacie rozmieszczenia Cu, Ni 1
Zn w solum gleb. W glebach glejobielicowych mini-
malne stgzenia odnotowano w poziomach eluwialnych,
a maksymalne w poziomach orsztynowych i prochnicz-
nych, co $wiadczy o przemieszczaniu metali wraz z
przemieszczajacymi si¢ wodami oraz o S$cislym
powigzaniu schematéw ich rozmieszczania z procesem
bielicowania. Na zaleznosci takie wskazuja réwniez inni
autorzy (Degryse et Smolders 2006). W glebach
rdzawych maksymalne st¢zenia badanych metali
wystepowaly w poziomach prochnicznych i rdzawienia.
Obserwowane schematy ich rozmieszczenia wskazuja
na ich powiazanie ze zwiazkami humusowymi i
tlenkami zelaza, jako no$nikami i sorbentami jondw.
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Abstract: The aim of the study was to assess the influence of lithological and pedogenic factors in the shaping of Cu, Ni
and Zn distribution patterns in the profiles of Brunic Arenosols and Gleyic Podzols of the lower supra-flood terrace of
the Stupia River, which is located outside the range of significant anthropogenic sources of pollution with these metals.

The contents of the investigated metals were analysed in aqua regia extracts of samples collected from three profiles
of Brunic Arenosols, formed from river sands, and three profiles of Gleyic Podzols, formed from river sands trans-
formed by eolian processes.

In general, river sands contained higher amounts of Ni and Zn (2.6 — 6.9 mg-kg' Ni; 10.3 — 16.2 mg-kg' Zn) com-
pared to eolian sands (1.2 — 2.4 mg-kg! Ni; 3.3 — 17.3 mg-kg™), while the content of copper tended to be higher in
eolian sands (1.3 — 1.9 mg-kg™') than river sands (0.1 — 1.5 mg-kg™"). The observed differences between the two types
of sand are due to the loss of fine granulometric fractions and various minerals during eolian processes. Higher con-
centrations of the investigated metals in soil solum as compared to parent material are due to their uptake from deeper
parts of the soil by roots and subsequent return to the soil surface as a component of litterfall. Therefore, the highest
concentrations of Cu, Ni and Zn were observed in ectohumus. In the mineral component of the soil, the highest con-
centrations were observed in organic matter-rich A and B horizons, which indicate close interactions between heavy
metals, humic substances and iron oxides.

The vertical distribution of the investigated metals in the profiles of Gleyic Podzols indicates their leaching
during podzolization. The observed contents of Cu, Ni and Zn, both in Brunic Arenosols and Gleyic Podzols, were
lower than the geochemical background, which confirms that anthropogenic contamination of the studied area with
these metals is marginal.

Key words: copper, nickel, zinc, Brunic Arenosols, Gleyic Podzols

1. Introduction

Parent rocks are the primary, spatially varying source
of heavy metals in soils. However, dry and wet atmos-
pheric depositions, throughfall and stemflow (Linberg
and Turner, 1988; Saur end Juste, 1994; Skiivan et al.,
1995), plant litterfall (Silva et al., 1998), as well as sur-
face and ground waters (Logan et al., 1997; Paulson,
1997) are their most important secondary sources. In re-
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cent centuries, anthropogenic emissions have become an
important source of soil contamination with heavy met-
als, having a relatively broad range of impact. Increasing
environmental pollution caused by these substances in the
20th century is reflected in their elevated concentrations
in the modern alluvial sediments and slope deposits (e.g.
Taylor, 1996; Martin, 2000; Pasieczna, 2003; Zglobicki,
2008). In river valleys, concentrations of heavy metals in
the sediments accumulated in floodplain terraces being
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under the anthropogenic impact are generally higher than
those in the sediments of higher-located terraces accumu-
lated during periods of lack of significant human activity
(Brewer and Taylor, 1997).

Heavy metals present in the soil occur in various
forms associated, in various ways, with other soil com-
ponents. The use of suitable extraction procedures al-
lows to isolate water-soluble forms, exchangeable
forms and forms bounded to carbonates, iron and man-
ganese oxides, organic and residual forms (Tessier et al.
1979; Sauvé et al. 2000, Singh et Kabata 2001; Konradi
et al., 2005; Degryse et al. 2009). Each form differs in
availability for plants and mobility. Both the forms and
bioavailability of heavy metals are largely affected by
a complex of physical and chemical properties of the
soils, especially by their reaction (Martinez et Motto
2000; Strobel et al., 2005; McAlister et al., 2006; Fi-
jatkowski et al., 2012).

Studies on concentrations of heavy metals in soils
and their sequestration are conducted mainly in anthro-
pogenically polluted areas. Relatively rare are studies
on natural, lithopedogenic factors affecting the patterns
of distribution of heavy metals in different types of soil
in unpolluted areas (e.g. Ukonmaanaho et al., 2001).

This study aims to evaluate the role of lithological
and pedogenic factors in shaping the vertical distribu-
tion of Cu, Ni and Zn in the profiles of forest Brunic
Arenosols and Gleyic Podzols in the lower supra-flood
terrace of the Stupia River, located beyond the area of
significant impact of anthropogenic emission sources of
these pollutants.

2. Materials and methods
2.1. Site characteristics

The investigated fragment of the lower supra-flood
terrace of the river Stupia is built of loose-, fine- and
medium-grained river sands, with thickness of nearly
4 meters (Florek 1989). Thermoluminescent age (TL)
of the sediments is about 9000 years BP (Jonczak et al.
2013). The soils formed from these sands 5100-4200
years ago were locally dispersed by wind. As a result,
usually in the local depressions formed eolian covers
thick to about 2 meters. The texture of acolian sands
does not differ significantly from river sands, which
confirms their origin from local sources and transport
over a short distance (Florek 1989). Reactivation of the
aeolian processes that evolved about 400-500 years
ago was related to the local deforestations (Jonczak et

al. 2013). These processes have led, in some places, to
accumulation of 20-30 cm thick aeolian layers on the
surface of the existing soils (profiles G-1, G-2).

Brunic Arenosols arose from river sands, while Gley-
ic Podzols arose from aeolian sands, in conditions of
shallow groundwater level. Gleyic Podzols character-
ised with humus rich and relatively poor in free iron
oxides B-horizon (Jonczak et al. 2013). At the begin-
ning of the 20th century, the central part of the studied
terrace was drained, which has led to reduction in the
local groundwater level and gradual transformation of
peat-like horizons of these soils into murshic horizons.
Undoubtedly, the local deforestations and anthropogen-
ic changes in species composition of forests in the past
centuries were other important factors influencing soil
development in this area. Today, the entire study area
is covered with pine, with admixtures of spruce, oak,
beech and birch. The area is located beyond the range
of significant anthropogenic sources of Cu, Ni and Zn
emissions. This is reflected in the low concentration of
these metals even in the urban soils of Stupsk where a
slight increase of the geochemical background is rarely
observed (Pasieczna 2003; Parzych et Jonczak 2014).

2.2. Methods

Field studies were conducted in 2010. Fifteen soil
pits were dug, soil profiles were described and sampled.
The samples were collected from each genetic horizon,
dried and analysed. The soils were described after the
5th edition of the Classification of Polish Soils (Mar-
cinek et al. 2011). The content of heavy metals was de-
termined in three profiles of Haplic Brunic Arenosols
and three profiles of Gleyic Podzols (Orsteinic and Mur-
schic), whose morphology was not modified by human
activity (Fig. 1). Some features were observed only in
profile R-1, which indicates the post-agricultural nature
of the soil. The following soil properties were analysed:

— bulk density — by gravimetric method in 100 cm®
volumetric samples,

— particle-size distribution — a combined sieve and
pipette method. Division into granulometric fractions
and granulometric groups was done after classification
of Polish Soil Science Society (PTG 2008),

— pH — by potentiometric method in a suspension
with water and 1 mol-dm=KCI solution in 1:2.5 propor-
tion of soil:water/KCl,

—soil organic carbon (Corg‘) content — in mineral sam-
ples by the Tiurin’s method, and in organic samples by
the Alten’s method,
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Figure 1. Location of soil profiles in
the area of lower supra-flood terrace of
the Stupia River: G — Gleyic Podzols;
R — Brunic Arenosols

)

g

Ao

— the content of Cu, Ni and Zn — in aqua regia ex-
tracts (open system with reverse coolers) with micro-
wave plasma atomic emission spectrometry (Agilent
4100 MP-AES). Two soil reference samples were si-
multaneously analysed to control quality of analysis.

2.3. Soil characteristics

All the investigated soils have occurred in the for-
est communities, with Scots pine as a dominant spe-
cies for over more than a century (Table 1). These are
light-textured soils of the texture of sand. The sum of
silt and clay fraction does not exceed 6.9% in Brunic
Arenosols (Table 2) and 4.3% in Gleyic Podzols (Table
3). The soils are characterised by acidic and very acid-
ic reaction. The pH,,, in organic horizon ranges from
3.53 to 4.78 for Brunic Arenosols and from 3.62 to 4.66
for Gleyic Podzols. The pH of mineral part of the soils
is generally the lowest in humus horizons and ranges
from 3.81 to 4.56 in Brunic Arenosols and from 3.80 to

3.97 in Gleyic Podzols. In all profiles, the observed in-
crease of pH with depth may be due to the impact of the
groundwater (Tables 2, 3). Brunic Arenosols are mod-
erately rich in organic carbon whose content in humic
horizons ranges from 9.9 to 48.6 g-kg™!' (Table 2). Gleyic
Podzols are characterised by a much higher content of
this component. Humic horizon (excluding the initial
humic horizon formed in young Aeolian horizons) con-
tains 32.3-77.0 g-kg' of organic carbon, and orsteinic
horizon contains 13.0-35.6 g-kg™! (Table 3).

4. Results and discussion

The chemical and physical properties of the parent ma-
terial, water regime and vegetation cover are among the
main natural factors affecting vertical distribution of heavy
metals during soil development (Silva et al., 1998; Rusek
et al., 2005; Kabata et al. 2008). The percolative type of
water regime in the temperate climate zone favours the
leaching of various soil components, including heavy
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Table 1. Groundwater level and tree-species composition of the stand in the surrounding of soil profiles (order of species according
to their declining share in the stand)

Profile Groundwater level
Components of tree-stand
number [m]
R-1 2.0 Scots pine, silver birch, European beech, pedunculate oak
R-2 3.0 Scots pine, pedunculate oak
R-3 3.0 Scots pine, pedunculate oak
G-1 1.2 Scots pine, Norway spruce, pedunculate oak
G-2 2.0 Scots pine, pedunculate oak
G-3 2.0 Scots pine, Norway spruce, European beech

Table 2. Selected properties of Brunic Arenosols

Percentage
. . Bulk densit; Textural of fraction C
Soil horizon ]?cerr:]h [e-cm”] Y group 20.05 mm pH,,, pH, [g.];”é_ 1
[%0]
Profile R-1
Ol 5-3 4.63 4.13 442 .4
Ofh 3-0 4.70 4.08 433.6
A 0-6 1.04 sand 0.8 3.81 2.98 48.6
A(p) 6-25 1.49 sand 6.9 4.20 3.54 9.9
Bv 25-49 1.37 sand 5.0 4.67 4.20 6.1
BvC 49-68 1.48 sand 1.6 4.67 4.38 2.3
Cg 68-105 1.52 sand 24 4.79 4.46 0.0
Cg2 105-140 1.46 sand 0.5 4.94 4.52 0.0
Profile R-2
Ol 10-7 4.25 3.51 461.5
of 7-4 3.84 2.78 403.8
Oh 4-0 3.53 2.40 391.9
AEs 0-7 1.04 sand 1.7 4.03 2.97 10.3
Bvhs 7-40 1.39 sand 0.1 4.55 4.07 6.1
BvC 40-65 1.53 sand 1.9 4.05 333 11.0
C 65-150 1.53 sand 1.5 4.84 4.63 0.0
Profile R-3
Ol 9-6 4.78 4.32 502.5
of 64 4.65 3.97 362.8
Oh 4-0 3.99 2.99 309.3
Al 0-19 1.40 sand 6.7 4.29 3.67 10.3
A2 19-31 1.36 sand 4.2 4.56 4.10 7.3
ABv 31-45 1.37 sand 3.7 4.69 4.19 5.1
Bv 45-70 1.45 sand 2.6 4.54 4.30 32
Cgl 70-110 1.56 sand 0.0 4.81 443 0.0

Cg2 110-150 1.53 sand 0.5 5.02 4.53 0.0
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Table 3. Selected properties of Gleyic Podzols

Percentage
Soil horizon Depth Bu[lgkj;is]lty Textural if)'f(r)zcrt;(irrll pH, 0 pH,, [g-Cl:g' 1
[cm] group (%]
Profile G-1
Ol 64 4.33 3.65 477.6
of 4-3 4.38 3.68 415.7
Oh 3-0 3.80 2.79 274.4
AEs 0-6 1.26 sand 0.4 3.80 2.96 23.5
Bhs 6-18 1.47 sand 1.1 4.26 3.69 7.2
2AEs 18-31 1.37 sand 1.0 4.11 3.49 35.1
2Es 3140 1.39 sand 1.0 4.30 3.56 5.4
2Brg 40-58 1.48 sand 43 4.35 3.75 35.6
2Bhsg/C 58-92 1.51 sand 0.8 4.95 4.53 33
3Cg 92-130 1.55 sand 0.7 4.85 4.62 -
Profile G-2
Ol 12-10 4.55 3.97 463.7
of 10-3 3.92 2.91 348.2
Oh 3-0 3.62 2.59 302.9
Es 0-7 1.39 sand 1.7 3.99 3.06 16.5
Bhs/C 7-13 1.45 sand 0.0 4.90 4.34 1.7
2A 13-20 1.19 sand 3.1 3.95 3.27 77.0
2Es 20-32 1.42 sand 1.8 435 3.60 54
2Brg 32-51 1.54 sand 4.1 4.38 3.77 20.9
2Bhsg 51-76 1.44 sand 1.3 4.66 4.48 3.7
2Cg 76-123 1.56 sand 0.6 4.82 4.41 -
3Cg 123-150 1.57 sand 1.5 4.94 4.55 -
Profile G-3
Ol 3-0 4.66 4.15 489.7
Au 0-31 1.21 sand 1.9 3.97 3.21 323
Es 3142 1.32 sand 1.5 4.76 3.61 5.2
Brg 42-73 1.52 sand 3.1 5.17 4.03 13.0
Br/Cg 73-140 1.50 sand 0.6 5.48 4.26 4.6
Cg 140-200 1.52 sand 1.8 5.77 4.48 -

metals. The intensity of this process is conditioned by the
physical and physicochemical soil properties (such as tex-
ture, bulk density, porosity, sorption capacity and pH) and
forms of metals. The light-textured river and aeolian sands
that build up the soil of the investigated fragment of the
Stupia supra-flood terrace are not a limitation for the per-
colating water. Also the acidic and strongly acidic soil pH
is conducive to the mobility of metals. Differences in the

groundwater level may differentiate the vertical distribu-
tion patterns of metals in the investigated Brunic Areno-
sols and Gleyic Podzols. Today, the groundwater level is
beyond the range of the solum of Brunic Arenosols and
within the range of the solum of Gleyic Podzols.

Cu, Ni and Zn, which are important micronutrients for
plants, are uptaken by their root systems to be partially
returned to the soil surface as a component of plant lit-
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terfall. Their concentration in litterfall depends primarily
on the species composition of plant communities and the
complex of environmental factors determining their bio-
availability. There may be a limiting factor in litterfall de-
composition when their concentration is too high (Strojan
1978, Berg et al., 1991; Cotrufo et al., 1995). The critical
values of concentrations, however, are relatively high and
are exceeded only in areas that are heavily contaminated
anthropogenically (Tyler 1992).

The maximum concentrations of heavy metals in for-
est soils usually occur in the organic horizon. It is the cu-

Table 4. Vertical distribution of heavy metals in the profiles of
Brunic Arenosols

mulative effect of the dry and wet atmospheric deposition
of these metals on the surface area, influx with litterfall
and their bounding by humic substances (Tyler 1973
Bergbick et Carlsson, 1995; Saur et Juste 1994). In addi-
tion, in the studied soils, the maximum concentrations of
Cu, Ni and Zn were noticed in general in the ecohumus
(Tables 4, 5). The content of Cu in the Ol horizon was
not much variable, despite the differences in the species
composition of forest stands (Table 1), and ranged from
9.5 to 11.4 mg-kg!' (Tables 4, 5). A slight increase in the
concentration of Cu was observed in the Of, Oh and Oth

Table 5. Vertical distribution of heavy metals in the profiles
of Gleyic Podzols

Soil Depth Cu Ni Zn Soil Depth Cu Ni Zn
horizon [cm] [mg'kg']l [mgkg'l [mgkg'] horizon [cm] [mg'kg'l [mgkg'l [mgkg']
Profile R-1 Profile G-1
ol 5-3 10.2 8.0 60.8 ol 6-4 9.5 6.6 52.9
Ofh 3-0 12.4 10.9 87.5 of 4-3 10.0 7.0 49.2

A 06 1.9 34 182 Oh 3-0 8.2 7.5 26.6
A®D) 6-25 33 33 24.4 AEs 0-6 19 14 6.6
Bhs 6-18 22 24 9.5
Bv 2549 23 3.5 25.0 2AEs 18-31 2.4 2.4 41
BvC 49-68 2.1 3.9 19.7 JEs 31-40 12 13 39
Cg 68-105 L5 3.9 16.2 2Brg 40-58 1.6 2.4 7.4
Cg2 105-140 1.1 2.6 11.8 2Bhsg/C  58-92 1.5 28 7.5
Profile R-2 3Cg 92-130 1.6 3.1 3.8
ol 10-7 9.8 7.7 79.5 Profile G-2
of 74 9.5 9.5 625 ol 12-10 9.7 8.1 75.1
Oh 4-0 1.2 12.5 73.2 of 10-3 9:6 96 66.7
Oh 3-0 8.4 14.0 543
AEs 0-7 1.5 23 12.7 Es 0 18 58 101
Bvhs 7-40 1.8 2.7 20.1 Bhs/C 7-13 1.8 3.0 213
BvC 40-65 1.3 2.5 15.8 2A 13-20 2.6 2.9 14.7
C 65-150 1.0 2.7 155 2Fs 20-32 0.9 1.6 12.0
Profile R-3 2Brg 32-51 1.2 22 14.4
Ol -6 11.4 12.6 47.6 2Bhsg 51-76 1.2 2.8 17.2
of 4 . 161 550 2Cg 76-123 1.3 24 17.3
oh 10 93 156 345 3Cg 123-150 1.3 22 13.2
Al 0-19 1.8 6.7 13.6 Profile G-3
ol 3-0 9.6 13.7 94.7
A2 19-31 23 6.2 11.0
Au 0-31 2.0 5.4 6.6
ABv 31-45 2.6 4.4 13.7 Es 3142 0.2 35 44
Bv 45-70 0.5 6.2 12.1 Brg 42-73 0.3 6.0 83
Cgl 70-110 0.3 5.9 10.9 Br/Cg 73-140 1.3 0.4 6.3
Cg2 110-150 0.1 6.9 10.3 Cg 140-200 1.9 1.2 33
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horizons, generally to a maximum level of 12.4 mg-kg™'.
The recorded concentrations of Cu were usually sever-
al times lesser than in the organic horizon in the profiles
of Brunic Arenosols and Gleyic Podzols in the area of
northern Poland, according to the Atlas of Polish Forest
Soils (Brozek, Zwydak 2003: profiles 81, 109 (Tucho-
la), 91 (Gryfino), 94 (Osie), 95, 103, 111 (Kliniska), 98
(Gdansk), 101 (Dobrocin), 112, 120 (Wejherowo).

Much higher differences were noticed in the content
of Ni and Zn. In the Ol horizon the content of Ni ranged
from 6.6 mg-kg! in profile G-1 to 13.7 in profile G-3,
and in remaining sub-horizons of ectohumus from 7.0 to
16.1 mg-kg! (Tables 4, 5). In turn, the Zn content ranged
from 47.6 to 94.7 mg-kg™! in the Ol horizon and from 26.6
to 87.5 mg-kg' in the remaining organic horizons. The
observed concentrations of Ni and Zn did not differ from
the values for this type of forest soils in northern Poland
presented in the Atlas of Polish Forest Soils (Brozek,
Zwydak: 2003 Ni from 5.1 mg-kg! in profile No. 91 to
13.6 mg-kg! in profile No. 94, and Zn from 36.0 mg-kg™*
in profile No. 81 to 82.0 in profile No.103).

Released during decomposition of plant litterfall,
heavy metals are adsorbed by mineral and organic com-
ponents of soil, uptaken by plant roots and microorgan-
isms and leached into the deeper parts of the soil. The
proportions between these processes vary in space and
time. The contents of Cu, Ni and Zn in mineral horizons
of the investigated soils were several times lower than in
the ectohumus. Concentrations lower than the geochem-
ical background values (5.4 mg-kg' for Cu, 4.9 mg-kg
! for Ni and 27.0 mg-kg! for Zn) confirm the lack of a
significant impact of anthropogenic emission sources of
these elements and very low contamination of environ-
ment. The low concentration of heavy metals is also con-
ditioned by the light texture of soils. Numerous studies
have shown that the concentration of Cu, Ni and Zn, as
well as of many other metals, is closely, positively related
to the degree of disintegration of the mineral part of the
soil, especially to the content of clay fraction (e.g. Kabata
et al. 2008). The concentrations of Cu ranged from 0.1
to 3.9 mg-kg! in Brunic Arenosols, and from 0.2 to 3.8
mg-kg! in Gleyic Podzols. The minimum concentration
of Cu occurred in the parent material and the maximum
in the A and B horizons. Nickel in the mineral horizons of
Brunic Arenosols amounted to 2.3-6.9 mg-kg!, showing
a slight vertical variability. The concentration of this ele-
ment in Gleyic Podzols was slightly higher and amounted
to 0.4-6.0 mg-kg!. The observed maximum concentra-
tions of Cu in A and B horizons of these soils indicate
close association of the element with soil organic mat-

ter, which is one of the most effective sorbents of metals
(Leenaers et al., 1988; Logan et al., 1997; Charriau et al.
2011). Free iron oxides are also important sorbents of
metals in soils (Dgbkowska-Naskret 2013). In the inves-
tigated soils, the components were concentrated mainly
in B horizons. The observed concentrations of Cu and Ni
were within the range of values recorded by Brozek and
Zwydak (2003) in the profiles of forest Brunic Arenosols
and Gleyic Podzols in northern Poland.

The concentration of Zn in the mineral horizons of
Brunic Arenosols ranged from 10.3 to 25.0 mg-kg' and
of Gleyic Podzols from 3.3 to 21.3 mg-kg'. Degryse
and Smolders (2006) recorded a lower content of this
element in anthropogenically uncontaminated Gleyic
Podzols in Belgium ranging from 4.5 to 13.3 mg-kg™'.
Lower values were also recorded by Brozek and Zwy-
dak (2003) in Brunic Arenosols and Gleyic Podzols in
Poland. The maximum concentrations of Zn in the pro-
files of Brunic Arenosol were noted in enrichment and
humic horizons, and minimal concentrations in the par-
ent material. The distribution patterns of Zn in individ-
ual Gleyic Podzol profiles varied. The maxima in G-1
profile occurred in the initial Bhs horizon and 3Cg hori-
zon, in G-2 profile — in the initial Es and Bhs/C horizons,
while in G-3 profile in the Brg horizon. The distribution
of Zn in profiles of these soils indicates vertical transport
of Zn during podsolization, with labile fractions of or-
ganic matter. Degryse and Smolders (2006) observed a
similar distribution pattern of Zn in the uncontaminated
profiles of Gleyic Podzols. In turn, in areas contaminat-
ed with Zn, the authors recorded the maximum concen-
trations of the metal in humic horizons. The distribution
pattern of both Zn and other heavy metals in the profiles
of Gleyic Podzols may therefore be an indicator of the
environmental pollution by these substances.

4. Summary

Results of the studies conducted in the area of the
lower supra-flood terrace of the Stupia River highlight
the role of lithogenic and pedogenic factors in the spatial
and vertical variability of Cu, Ni and Zn concentrations
in forest soils in the areas uncontaminated anthropogen-
ically. Accumulated in the early Holocene, poorly sort-
ed river sands, which are the parent material of Brunic
Arenosols, contained 0.1-1.5 mg-kg' of Cu, 2.6-6.9
mg-kg! of Ni and 10.3-16.2 mg-kg! of Zn. During
51004200 BP in some places, the process of their aco-
lization occurred. As a result, in local land depressions
formed small aeolian covers built of the partially sorted
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and depleted in silt, clay and heavy minerals as com-
pared to the initial material. Aeolian sands, being the
parent material of Gleyic Podzols, contained slightly
higher concentrations of Cu (1.3—-1.9 mg-kg') and gen-
erally lower concentrations of Ni (1.2-2.4 mg-kg') and
Zn (3.3-17.3 mg-kg™).

During pedogenesis, Cu, Ni and Zn were translocated
by vegetation, from the deeper soil layers upwards to its
surface, causing their concentration in the solum. Cur-
rently, the maximum concentrations of the investigat-
ed metals occur in ectohumus. This is a typical pattern
found in forest soils. There were no significant differ-
ences between the ectohumus of Brunic Arenosols and
Gleyic Podzols in terms of metal concentration despite
the spatial variation of the species composition of for-
est stands. Differences were observed in the distribution
patterns of Cu, Ni and Zn in the soil solum. In Gleyic
Podzols, the minimum concentrations were noticed in
eluvial horizons, while the maximum in orsteinic and
humic horizons, which indicates metals translocation
with percolating water, and close relationship of their
distribution patterns with the podsolization process.
Such relationships confirm the results of the studies
of other authors. The maximum concentrations of the
investigated metals in Brunic Arenosols occurred in
humic and brunic horizons. Their distribution patterns
indicate a close relationship between the metals and
humic substances as well as iron oxides, as carriers and
sorbents of ions.
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