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The ob jec tive of the study was to de ter mine the ef fect of litho- and pedogenic pro cesses on soils of the se lected area of Vistula
Gla ci ation, based on pro file dis tri bu tion of unweathered com po nents such as ti ta nium, zir co nium and sil ica in re la tion to their
mor phol ogy, min er al ogy, micromorphology and physicochemical prop er ties. The pre dom i nant type of soil in the study area are
Luvisols. Anal y sis of tex ture al lowed to clas sify the in ves ti gated soils to sandy silts with loamy ma te rial as their sub soil. In the
bulk soil sil ica dom i nates and its con tent was in the range 71.4 to 88.6%. The con tent of TiO2 within the pro files is fairy sim i lar,
with out clear pat terns in the pro file dis tri bu tion. The to tal con tent of zir co nium in the sam ples was in range of 95.13 to
212.15 mg ´ kg–1. In the pro file dis tri bu tion of zir co nium higher con tent of Zr was ob served in the up per ho ri zons com pared to
the top layer in all of the ana lysed pro files, in di cat ing dif fer ent or i gin of soil ma te rial. Sta tis ti cal anal y sis showed pos i tive cor re la -
tion be tween the to tal con tent of zir co nium and the con tent of frac tion Æ 0.05–0.002 mm (cor re la tion co ef fi cient value:
0.692384; sig nif i cance level – p < 0.05) and neg a tive cor re la tion be tween zir co nium and clay con tent (cor re la tion co ef fi cient:
–0.668157; p < 0.05). The lith o logic dis con ti nu ity within pro files of the in ves ti gated soils has been ad di tion ally has proved by
X-ray anal y sis of the clay frac tion. The micromorphological anal y sis con firmed the com plex gen e sis of the stud ied soils. The re -
sults of the study clearly showed an over all inhomogeneity and strat i fi ca tion of the soils. Stud ied Luvisols did not form as weath -
er ing prod uct of ho mo ge neous bed rock. Changes in granulometric and chem i cal com po si tion within soil pro files are the
con se quence of translocation of clay frac tion dur ing lessivage as well as lith o logic dis con ti nu ity of the solum.
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INTRODUCTION

On the early post-gla cial area, cov ered by Vistula Gla ci ation 
sed i ments, sig nif i cant ar eas of soil cov ers with vari a tion in mor -
phol ogy within soil pro file oc cur. These soils were formed from
the par ent ma te ri als de pos ited dur ing the Poznañ Phase and
Kujawy-Dobrzyñ Subphase of the Vistula Gla ci ation (Fig. 1).
Date ranges for the Poznañ Phase and Kujawy-Dobrzyñ
Subphase are 18.4 ka BP (Wysota et al., 2008). The pre dom i -
nant type of soil in the study area are Luvisols (Sk³odowski and
Bielska, 2009; Mapa Gleb Polski 1:300,000, 1961). The main
soil form ing pro cess is lessivage – that is ver ti cal translocation
of fine par ti cles from a su per fi cial ho ri zon called the eluvial ho ri -
zon, or E ho ri zon, to an other ho ri zon, called the illuvial or B ho ri -
zon. Luvisols ex hibit the fol low ing ge netic ho ri zon se quence:
Ap-Et-Bt-C. Tex ture of the soil ma te rial and the mor phol ogy of
soil pedons sug gest lithological non uni for mity within soil pro -
files in the re gion. Pos si bly the main pedogenic pro -
cess-translocation of clay frac tion dur ing the soil for ma tion im -

pacted and al tered changes caused by lithological dis con ti nu ity. 
Such a sce nario of pro cesses has to be checked by study ing
soil ma te rial com po si tion.

There is a num ber of pa ram e ters that have been used to de -
tect the pres ence of lithological dis con ti nu ity in soils: heavy min -
er als con tent (Chap man and Horn, 1968), mor phol ogy of sand
par ti cles (Schaetzl and Mokoma, 1998), clay min er al ogy
(Kuzila, 1995) for mu las in volv ing par ti cle size frac tions
(Creemens and Mokma, 1986) and the change in the con tent of 
re sis tant min er als (Kuzila, 1995). The dis tri bu tion of
unweathered com po nents within soil pro file such as ti ta nium,
zir co nium and sil ica can also prove par ent ma te rial uni for mity
(Chap man and Horn, 1968; Semmel, 2004). Trans for ma tions
of soil cover, as a re sult of pedogenic and geogenic pro cesses,
may be also de fined in soils based on chem i cal com po si tion of
soil, or by min er al og i cal com po si tion. This anal y sis should be
ap plied to par ent ma te rial of the in ves ti gated soils and its
weath er ing prod ucts (Komisarek, 2000).

The study was un der taken to de ter mine the ef fect of litho-
and pedogenic pro cesses on soil cover of the se lected area of
Vistula Gla ci ation (Weichselian), based on pro file dis tri bu tion of
unweathered com po nents such as ti ta nium and zir co nium, in
re la tion to the mor phol ogy, micromorphology, min er al ogy of
clay frac tion and chem i cal com po si tion of bulk soils. The par tic -
u larly im por tant was to de ter mine the depth of bound ary be -
tween ma te ri als of dif fer ent or i gin in the pedon and to asses if
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the tex tural and compositional dif fer ences be tween the two
parts of solum are due strictly to pedogenic pro cesses or rep re -
sent ac tual lith o logic and pedogenic dif fer ences within pro files.
The re sults of the study will help to un der stand land scape evo -
lu tion and near sur face hy drol ogy in this re gion.

MATERIALS AND METHODS

For the study seven pro files of Luvisols, formed from silty
ma te rial un der lain by till and lo cated on the area of Pojezierze
Po³udniowopomorskie re gion (Po land), were cho sen
(Kondracki, 2002). Se lected pro files were lo cated on the flat
area of ground mo raine plane formed dur ing the Poznañ Phase
of the Vistula Gla ci ation, (Galon, 1972; Lindner, 1984; Marks,
2002). Stud ied Luvisols are un der argicultural use. The mor -
phol ogy of soil pro files was char ac ter ized ac cord ing to Pol ish
Soil Clas si fi ca tion (2011). The col our of soil ho ri zons was de -
scribed us ing Munsell Color Soil Charts (1994). Soil sam ples
were taken from each ge netic ho ri zon of pro files (Fig. 2). In the
dried and sieved ma te rial of earth frac tion with di am e ter
Æ < 2.0 mm the fol low ing prop er ties were de ter mined: tex ture
with the Casagrande aerometric method, mod i fied by
Prószyñski (Pol ish Norm PN-ISO 11277, 2005) the con tent of
fine clay frac tion (Æ < 0.0002 mm) was de ter mined by
centrifugation. In ter pre ta tion of the tex ture was per formed ac -
cord ing to Pol ish Soil Clas si fi ca tion (2011: anex no. 3) and
USDA (Soil Sur vey Staff, 2010) clas si fi ca tion. Soil pH was mea -
sured in H2O and 1MKCl so lu tion us ing a 1:2.5 w:v soil/so lu tion
ra tio on PHM 84 Ra di om e ter. Or ganic C was de ter mined by
dichromate ox i da tion (Jack son, 1973) and to tal car bon ate with
the Scheibler ap pa ra tus. The to tal con tent of zir co nium in the
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Fig. 1. Max i mum ex tent of Pleis to cene glaciations and ice
sheet ex tents dur ing stadials and phases of the Vistula 

Gla ci ation in Po land (ac cord ing to Lindner and Marks, 1996)

Fig. 2. Lo ca tion of study area and sam pling sites

P1 – Zarzeczewo, P2 – Glewo, P3 – Dyblin, P4 – Strachoñ, P5 – Mokowo, P6 – Grochowalsk, P7 – Bachorzewo

https://geojournals.pgi.gov.pl/agp/article/view/9483


soil sam ples was de ter mined by the fu sion of soil with po tas -
sium pyrosulphate and its con cen tra tion in the so lu tions was
de ter mined with the spectrofluorimeter Hitachi F-2000 ac cord -
ing to Wan et al. (2000). The con tents of Ti were de ter mined af -
ter di ges tion in Tef lon beak ers with a mix ture of con cen trated
HF and HClO4 ac ids (Crock and Severson, 1980), by
colorimetric method with tiron (Jack son, 1973). The re sults ob -
tained were ver i fied based on the Till-3 ref er ence ma te rial
(Geo chem i cal Soil and Till Ref er ence Ma te ri als cer ti fied by
Breitländer Com pany). Changes in the ox ides con tent within
soil pro file were eval u ated on the ba sis of for mu las given by
Breemen and Buurman (1998), and Muhs et al. (2001).

For X-ray dif frac tion anal y sis (XRD) clay frac tion (<0.2 µm)
was sep a rated ac cord ing to Jack son (1973) pro ce dure. Clay
sus pen sions were treated with 30% H2O2 at 70–80°C to ox i dize
or ganic ma te rial. Free iron ox ides were re moved by the Na-ci -
trate-bi car bon ate dithionite method. The sam ples were dis -
persed with Na-amberlite. Clay sam ples were sat u rated with
Mg and K and pre pared on glass slides for X-ray dif frac tion
anal y sis. The air-dried Mg-sat u rated sam ples were ana lysed at
25°C fol lowed by eth yl ene gly col sol va tion. The air-dried K-sat -
u rated sam ples were ana lysed at 25°C and then heated at
550°C. XRD anal y ses were per formed us ing a X`Pert Pow der
diffractometer op er at ing at 40 KV and 30 mA with CuKa ra di a -
tion. Ori en tated clay slides were scanned in the range 2–30° 2q
at the rate of 0.05° 2q min –1. Semi-quan ti ta tive es ti mates of the
pro por tions of the clay min er als were de rived from peak area
mea sure ments (Brindley, 1980). Un dis turbed soil sam ples
were col lected for micromorphological anal y ses. The thin sec -
tions were pre pared fol low ing the stan dard pro ce dure
(FitzPatrick, 1984). To de scribe the thin sec tions, the Stoops
(2003) ter mi nol ogy was used.

Sta tis ti cal eval u a tion of re sults was per formed us ing
Statistica 10 soft ware by set ting Pearson's lin ear cor re la tion co -
ef fi cients.

RESULTS AND DISCUSSION

Mor pho log i cal fea tures of the soils are pre sented in Fig -
ure 3. They pre sented the fol low ing ge netic ho ri zon pat tern:
Ap-Et-Bt-C. The fea ture which dif fer en ti ated the soils is the vari -
a tion in the thick ness of di ag nos tic ho ri zons: Et and Bt, across
the pro files, which sug gests a var ied in ten sity of the illuvial pro -
cess af fect ing the soils in ves ti gated.

Ana lysed soils are char ac ter ized by rel a tively low hu mus
con tent, with or ganic car bon in the range of 8.29 to 12.98 g ´
kg–1. In ves ti gated pro files are clas si fied as soils with low con -
tent of CaCO3 oc cur ring only in par ent ma te rial and rang ing
from trace amounts to 4.4% (Ap pen dix 1*). In terms of pH, soils
are in range 5.5–8.0 (Ap pen dix 1). Lower val ues of pH were ob -
served in sur face ho ri zons. Hydrolytic acid ity var ied in a pro file
(Ap pen dix 1) and usu ally de creases along with depth with the
high est val ues in hu mus ho ri zons (ex clud ing P2 pro file).

Anal y sis of tex ture (Ap pen dix 2) al lows to clas sify the in ves ti -
gated soils to sandy silts with loamy ma te rial as their sub soil. Gen -
er ally, sur face ho ri zons con tain 20–55% of silt frac tion with
Æ 0.05–0.002 mm, which cor re sponds to sandy silt tex ture. Bt ho -
ri zons and par ent ma te rial con tain 16–52% of frac tion with

Æ 0.05–0.002 mm and 4–29% of clay frac tion, which clas si fied
them to loamy soils. The clay con tent of the Bt ho ri zons lies within
the typ i cal range of Luvisols of this area (D¹bkowska-Naskrêt and
Jaworska, 1997) and is sim i lar as in Bt ho ri zons of Luvisols formed 
from gla cial sed i ments in NE Ger many (Kühn, 2003).

In all pedons soil tex ture tend to coarsen in up per part and
are sig nif i cantly finer be low 40–56 cm. It is also no tice able in de -
ple tion of eluvial ho ri zons with clay frac tion com pared to Bt ho ri -
zon, which is a di ag nos tic fea ture for these ho ri zons (An der son, 
1987). Ob served tex ture non-uni for mity in the pro files of the in -
ves ti gated soils may have a pri mal char ac ter re lated to
periglacial pro cesses or it can be a sec ond ary or i gin re lated to
pedogenesis.

Strong tex ture con trast within the pro files could point to a
lithological dis con ti nu ity. Par tic u larly, change in sand con tent,
ob served be low 40–56 cm in stud ied pro files may be re lated to
de po si tion of ma te rial of dif fer ent or i gin, be cause pedogenic
pro cesses, in gen eral, do not move sand par ti cles (Birkeland,
1999). How ever, that fea ture can not be used as an ev i dence of
ma te rial de po si tion. To con firm for eign or i gin of the up per layer,
other in dexes should  be ap plied.

Eluviation of clay frac tion due to lessivage re sulted in dif fer -
ent tex ture within pedons. Quenard et al. (2011) re ported that
lessivage con sists of ver ti cal trans fer of fine par ti cles rang ing in
size from less than 2 to 10 µm.

The data on the clay con tents in di ag nos tic ho ri zons of the
stud ied Luvisols (i.e., E and B ho ri zon) in di cate that the par ti cles 
trans fer was of dif fer ent in ten sity (Ap pen dix 2). Lessivage is a
pro cess that can be bro ken down into the three el e men tary pro -
cesses: par ti cle mo bi li za tion, par ti cle trans port and par ti cle de -
po si tion. The mo bi li za tion and de po si tion are com plex com bi -
na tion of dis per sion (and mo bi li za tion) and floc cu la tion (caus ing 
de po si tion) pro cesses of clay colloids. Ac cord ing to Quenard et
al. (2011), mi gra tion of soil par ti cles is pos si ble when the val ues
of soil pH in the E ho ri zon range from 4.5 to 6.5 and are higher
than 6.5 in the B ho ri zon. Con se quently, pH be tween 4.5 and
6.5 fa vour dis per sion of soil colloids (in clud ing clay par ti cles)
and their eluviation down the pro file. Con versely, illuviation (de -
po si tion of clay min er als) oc curs when the pH is higher than 6.5, 
in the con di tions which floc cu la tion can oc cur (Duchaufour,
1956; Soil Sur vey Staff, 2010). The evo lu tion of pH over time
due to ei ther lim ing in cul ti vated soils or acid i fi ca tion by veg e ta -
tion in for ested ar eas im pacts these pro cesses. Thus, the in ten -
sity of lessivage is dif fer ent and re lated to pedoenvironment
con di tions.

More over, par ti cle mo bi li za tion is re lated to the na ture of the 
ex change able cat ions in soil. The dom i nance of monovalent
cat ions ac cel er ates dis per sion and eluviation of clay par ti cles
and polyvalent cat ions fa vours floc cu la tion. But the ob served
dif fer ences are caused not only by this soil form ing pro cess.
The study car ried out in north east ern Ger many on gen e sis of
Luvisols showed that the till plains are cov ered by periglacially
formed silty layer (40–60 cm in thick ness). The silty cover bed is 
dis cussed to be of mostly Ho lo cene pedogenic or i gin (Helbig,
1999). It is also ac cepted, that periglacial soil-mixtive pro cesses 
(e.g., re peated freeze – thaw cy cles, cryo tur ba tion), where a
slight ae olian in put can not be ex cluded, led to the for ma tion of
the up per 40–60 cm of the ground, the so-called silty-cover bed. 
The or i gin of the up per strata of stud ied soils de vel oped from
boul der loam of the last Vistula (Weichselian) Gla ci ation, on the
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Fig. 3. Mor phol ogy of the
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flat plain, in sim i lar pedoclimatic con di tions, could be the same
as Luvisols be ing stud ied in NE Ger many (Kopp and
Kowalkowski, 1990; Kühn, 2001).

Lith o logic dis con ti nu ity de scribed as dis tinct change in tex -
ture and dif fer ences in soil mor phol ogy can be also iden ti fied on 
the base of chem i cal com po si tion of the soil (Komisarek, 2000). 
For the es ti ma tion of changes in chem i cal com po si tion within
pro file, only con tents of hardly weath ered com po nents are re -
garded in stud ied soils (Ta ble 1).

Chem i cal anal y sis of the bulk soils in di cates that SiO2 dom i -
nates and its con tent was in range 71.4 to 88.6% (Ta ble 1).
Usu ally con tent of SiO2 de creases along with the depth in a soil
pro file. The high est amounts of sil ica were de tected in sur face
and eluvial ho ri zons. More over, in these ho ri zons sand and
coarse silt, rich in sil ica pre dom i nant. Lower con tent of  this in -
gre di ent was ob served in Bt ho ri zon of the in ves ti gated soils,
which is a re sult of dif fer ent tex ture (Marion et al., 1976) and ac -
cu mu la tion of clay frac tion in Bt ho ri zons (Komisarek and
Sza³ata, 2011).

Ad di tion ally, a good ev i dence that two dif fer ent ma te ri als
are pres ent in the pro files are changes in the con tents of sil i con, 

alu mi num, iron, ti ta nium and zir co nium ox ides in each of the ho -
ri zon re lated to par ent ma te rial con tent (Ta ble 2). It was ob -
served a sig nif i cant dif fer ence in the cal cu lated val ues be tween
two strata: up per – and lower at 40–56 cm be low the sur face.

Com monly, Ti, Zr or rare earth groups of el e ments are used
as in dex of soil ge netic uni for mity. In stud ied soils the con tent of
TiO2 (Ta ble 1) within the pro files is fairy uni form, with out clear
pat terns in the pro file dis tri bu tion. Slightly en rich ment of illuvial
ho ri zons with TiO2 was ob served in three of the in ves ti gated
pro files (P1, P2, P4), which is also re ported by other au thors
(Czarnowska, 1989; D¹bkowska-Naskrêt and Jaworska, 2001). 
Ti tends to be en riched in the finer frac tions (<20 µm) eas ily
trans ported down the pro file dur ing lessivage. Such a sce nario
is con firmed by the lack of sta tis ti cal cor re la tion be tween Ti con -
tent and coarse grains amounts (sand and silt frac tions) in stud -
ied soils. Fur ther more, there was no sta tis ti cally sig nif i cant cor -
re la tion be tween the con tent of Ti and clay frac tion. The re sults
showed that Ti con tent as the in di ca tor of soil ma te rial uni for -
mity or lithological dis con ti nu ity within stud ied pro files can not be 
used, due to its mo bil ity. 
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No. Ho ri zon Depth
[cm]

SiO2
[%]

Al2O3
[%]

Fe2O3
[%]

TiO2
[%]

ZrO2
[%]

Ti

Zr

P1

Ap   0–30 82.2 5.11 1.13 0.27 0.015 2.89

Et 30–56 83.3 4.81 1.02 0.36 0.028 2.04

2Bt1 56–98 74.6 7.66 2.29 0.43 0.018 3.79

2Bt2   98–110 75.4 8.51 2.09 0.46 0.013 5.66

2Ck 110–150 87.2 6.23 1.92 0.36 0.013 4.55

P2

Ap   0–25 86.6 3.98 0.81 0.34 0.019 2.70

Et 25–43 78.6 6.46 2.38 0.34 0.020 3.21

2Bt   43–110 76.5 5.92 2.09 0.42 0.013 4.61

2Ck1 110–130 79.6 4.96 1.32 0.37 0.014 3.40

2Ck2 130–150 74.5 4.74 1.89 0.30 0.016 3.02

P3

Ap   0–25 88.6 4.13 1.15 0.30 0.018 4.23

Et 25–40 84.0 4.72 1.15 0.51 0.022 3.65

2Btg 40–95 76.6 7.37 2.29 0.47 0.016 3.79

2Ckg1   95–125 78.2 6.84 2.05 0.51 0.013 3.98

2Ck2 125–150 71.4 7.63 2.20 0.37 0.012 5.07

P4

Ap   0–30 80.4 5.28 1.11 0.34 0.025 2.48

Et 30–50 83.8 5.86 1.49 0.40 0.023 3.12

2Bt 50–80 79.5 7.44 2.28 0.41 0.015 4.37

2Ck1   80–120 76.8 7.42 2.03 0.40 0.017 3.45

2Ck2 120–150 73.6 6.92 1.59 0.45 0.014 3.74

P5

Ap   0–22 84.0 7.33 1.19 0.41 0.022 2.80

Et 22–35 78.2 5.94 1.16 0.34 0.023 2.81

2Bt   35–110 76.4 7.98 2.34 0.33 0.013 5.27

2BC 110–130 78.8 7.14 2.12 0.35 0.014 4.03

2Ck 130–150 76.5 8.70 2.26 0.39 0.014 4.47

P6

Ap   0–20 86.3 5.15 1.30 0.41 0.021 2.30

Et 20–42 86.4 5.48 1.14 0.43 0.021 2.89

2EB 42–90 74.9 6.95 1.90 0.35 0.020 2.63

2Bt   90–130 70.8 7.11 1.19 0.39 0.012 4.05

2C 130–150 71.0 6.46 1.30 0.32 0.014 3.52

P7

Ap   0–23 86.6 4.98 1.75 0.40 0.022 2.13

Et 23–43 86.4 5.10 1.98 0.39 0.027 2.01

2EBg 43–61 80.7 6.36 3.08 0.33 0.023 2.92

2Btg   61–111 79.6 6.45 2.72 0.32 0.015 3.20

2Cg 111–150 79.1 4.79 2.65 0.31 0.016 2.66

T a  b l e  1

Con tent of SiO2, Al2O3, Fe2O3, TiO2 and ZrO2 in the soil ma te rial 
(frac tion Æ < 2mm)



For the sat is fac tory con fir ma tion of the hy poth e sis about the 
lithological dis con ti nu ities an other cri te rion has been ap plied
i.e. Zr dis tri bu tion. Zir co nium oc curs prin ci pally in more re sis -
tant to weath er ing min eral – zir con (ZrSiO4). The amount of Zr
has been as sumed to be uni form through out all ho ri zons of a
soil pro file in soils formed from the ma te ri als of the same or i gin
(Stiles et al., 2003).

The to tal con tent of Zr in the in ves ti gated soils was in the
range of 95.13 to 212.15 mg ´ kg–1 (Ta ble 3) and is char ac ter is tic
for Pol ish soils formed from boul der ma te rial (Jaworska and D¹b -
kowska-Naskrêt, 2006). It was ob served that underlaying ma te rial
con tains lower amounts of Zr (Ta ble 3). The bound ary be tween Zr
con tents within each soil pro file oc curs at the same depth as the
abrupt change in sand grains con tents i.e. 40–56 cm. Thus, the
ver ti cal dis tri bu tion of Zr con firms dif fer ent or i gin of soil ma te rial.
Chap man and Horn (1968) stated that min er als which con tain zir -
co nium mostly oc cur in silt frac tion (Æ 0.05–0.002 mm) and the
same trends were ob served in stud ied Luvisols. Sta tis ti cal anal y -
sis showed pos i tive cor re la tion be tween Zr con tent and silt frac tion 
(cor re la tion co ef fi cient: 0.692384; p < 0.05). More over, Zr con tent

was neg a tively cor re lated with clay frac tion (cor re la tion co ef fi -
cient: –0.668157; p < 0.05).

Dis tri bu tion of Zr is also re lated to the loss of less re sis tant
ma te rial dur ing weath er ing; as a re sult Zr con cen tra tions in the
up per ho ri zons rel a tively in crease (Stiles et al., 2003). To ex -
clude the im pact of such a pro cess on dif fer ent con tents of Zr in
up per and lower parts of stud ied pedons, it was nec es sary to
ap ply more sta ble in dex. Other au thors (Chap man and Horn,
1968; Brimhall et al., 1991) used the Ti/Zr re la tion ship to asses
soil ma te rial uni for mity. The ra tio Ti/Zr should re main sta ble
(con stant) through out pro file depth, con firm ing soil ma te rial uni -
for mity. In the pres ent study a dif fer ence in the val ues of this in -
dex cal cu lated for up per ho ri zons com pared to the lower ho ri -
zons sup ports the hy poth e sis on dif fer ent or i gin of ma te rial from 
the up per and lower layer (Ta ble 1).

The lith o logic dis con ti nu ity within pro files of the in ves ti gated
soils has been ad di tion ally con firmed by X-ray anal y sis of the
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No. Ho ri zon Depth
[cm]

SiO2
[%]

Al2O3
[%]

Fe2O3
[%]

TiO2
[%]

ZrO2
[%]

P1

Ap   0–30   94.2   82.0   58.9   75.0 115.0

Et 30–56   95.5   77.2   53.1 100.0 215.0

2Bt1 56–98   85.5 122.9 119.3 119.4 138.0

2Bt2   98–110   86.5 136.6 108.9 127.8 100.0

2Ck 110–150

P2

Ap   0–25 116.0   82.1   42.9 113.3 118.0

Et 25–43 105.0 136.3 125.9 113.3 125.0

2Bt   43–110 102.7 124.9 110.6 140.0   81.0

2Ck1 110–130 106.8 104.6   69.8 123.3   87.0

2Ck2 130–150

P3

Ap   0–25 124.1   54.1   52.3   81.1 150.0

Etg 25–40 117.4   61.9   52.3 137.8 183.0

2Btg 40–95 107.3   96.6 104.1 127.0 133.0

2Ckg1   95–125 109.5   89.4   93.2 137.8 108.0

2Ck2 125–150

P4

Ap   0–30 109.2   76.3   69.8   75.6 178.0

Et 30–50 113.8   84.7   93.7   88.9 164.0

2Bt 50–80 108.0 107.5 143.4   91.1 107.0

2Ck1   80–120 104.3 107.2 127.7   80.0 121.0

2Ck2 120–150

P5

Ap   0–22 109.8   84.3   52.7 105.1 157.0

Et 22–35 102.2   68.3   51.3   87.2 164.0

2Bt   35–110   99.8   91.7 103.5   84.6   93.0

2BC 110–130 103.0   82.1   93.8   89.7 100.0

2Ck 130–150

P6

Ap   0–20 121.5   79.7 100.0 128.1 150.0

Et 20–42 121.6   84.8   87.7 134.4 150.0

2EB 42–90 105.5 107.6 146.2 109.4 143.0

2Bt   90–130   99.7 110.1   91.5 121.9   86.0

2C 130–150

P7

Ap   0–23 109.5 103.9   66.0 129.0 137.0

Et 23–43 109.2 106.5   74.7 125.8 169.0

2EBg 43–61 102.0 132.8 116.2 106.5 144.0

2Btg   61–111 100.6 134.7 102.6 103.2   63.0

2Cg 111–150

T a  b l e  2

Es ti mated changes of ox ides con tent in re la tion to the deep est
ho ri zon in pedon (100%)

No. Ho ri zon
Depth

[cm]

Zr
[mg·kg–1] Zr/Zr p*

P1

Ap   0–30 111.23 1.17

Et 30–56 212.15 2.23

2Bt1 56–98 136.34 1.43

2Bt2   98–110 98.44 1.03

2Ck 110–150 95.13

P2

Ap   0–25 149.59 0.65

Et 25–43 155.94 0.68

2Bt   43–110 97.15 0.42

2Ck1 110–130 107.08

2Ck2 130–150 121.99

P3

Ap   0–25 135.79 0.69

Et 25–40 166.19 0.85

2Bt 40–95 117.99 0.60

2Ckg1   95–125 102.12

2Ck2 125–150 94.39

P4

Ap   0–30 193.15 0.83

Et 30–50 170.75 0.73

2Bt 50–80 110.12 0.47

2Ck1   80–120 127.60

2Ck2 120–150 105.29

P5

Ap   0–22 167.49 1.62

Et 22–35 175.35 1.69

2Bt   35–110 96.18 0.93

2BC 110–130 102.81 0.99

2Ck 130–150 103.59

P6

Ap   0–20 158.65 1.49

Et 20–42 161.46 1.52

2EB 42–90 150.79 1.42

2Bt   90–130 93.52 0.88

2C 130–150 106.26

P7

Ap   0–23 168.45 1.32

Et 23–43 201.07 1.61

2EBg 43–61 173.83 1.39

2Btg   61–111 112.93 0.90

2Cg 111–150 124.89

* – ra tio of Zr con cen tra tion in ge netic ho ri zon to
Zr con cen tra tion in the par ent ma te rial

T a  b l e  3

The to tal con tent of zir co nium in soils



clay frac tion since chlorite was found only in the Ap and Et ho ri -
zons, which cover the silty layer of soil pro files (Fig. 4). The XRD 
pat tern of Mg-sat u rated sam ples af ter eth yl ene gly col sol va tion, 
showed d-spac ing 1.7 nm, which in di cates the pres ence of
smectite. Oth er wise, af ter K-sat u rated sam ples were heated at
550°C, the 1.4 nm XRD peak shifted to low d-spac ing and the
in ten sity of the 1.0 nm peak in creased, which in di cates the
pres ence of ver mic u lite. More over, hydroxy-interlayer min er als
(HIMs) were de tected in the Bt ho ri zon (Fig. 4). When clay sam -
ples were heated to 550°C, the 1.4 nm peak col lapsed and
shifted to wards 1.0 nm pro mot ing the  loss of hydroxy-interlayer
ma te ri als (Barnhisel and Bertsch, 1989). Fi nally, chlorite and
quartz can be iden ti fied af ter 550°C treat ment due to the pres -
ence of small peak around 1.4 nm and an other one at 0.426 nm.

Illite and illite-smectite or illite-ver mic u lite ac counted for
about 50% of all the clay min er als in the clay frac tion. The other
min er als pres ent in all stud ied sam ples in clude smectite, ver -
mic u lite and other mixed-layer min er als.
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Fig. 4. X-ray diffractograms of clay frac tion (< 2.0 µm) from Et
and 2Bt ho ri zons of pro file P5

K – po tas sium sat u rated; K550 – po tas sium sat u rated and heated at
550°C; Mg – mag ne sium sat u rated; Mg+EG – mag ne sium sat u rated
and eth yl ene gly col-solvated; Ch – chlorite, H/Ms – hydroxy interlayer 
min er als, I – illite, K – kaolinite, S – smectite, V – ver mic u lite

Fig. 5A – soil ma te rial from Et ho ri zon of the pro file P1; 
B – soil ma te rial from 2Bt ho ri zon of the pro file P1

Cross po lar iz ing light (XPL)



The micromorphological anal y sis con firmed the com plex
gen e sis of the stud ied soils. The up per part of the pro files with
silty tex ture con tains well- or me dium-rounded grains of quartz
and a few grains of weath ered po tas sium feld spars (Fig. 5A).
Un der that layer which forms the Ap and Et ho ri zons one can
find de pos its of gla cial till with me dium- or poorly-rounded grains 
of quartz, a few grains of feld spars and plagioclases with out
clear ev i dence of weath er ing (Fig. 5B).

Aditionally, higher amount of coarse grains of quartz un der
the dis con ti nu ity have oc curred.

Micromorphological im age of Bt sam ple shows the pres -
ence of clay coat ings and in fill ings – very char ac ter is tic for clay
iluviation (Fig. 5A). Clay coat ings and clay in fill ings are op ti cally
well-ori ented. The pres ence of nu mer ous forms of ori ented col -
loi dal clay is typ i cal for the Bt di ag nos tic ho ri zon (IUSS Work ing
Group WRB, 2006). The micromass of Bt ho ri zon is com posed
of clay do mains en riched with iron ox ides. Clay do mains are ori -
ented par al lel to the walls of the chan nels form ing porostriated
b-fab ric. The oc cur rence of such ori en ta tion of soil micromass
in di cates that the translocation of clay min er als and iron ox ides
(dur ing lessivage) to the lower part of the soil pro file has oc -
curred. 

The re sults of the lab o ra tory anal y ses eval u ated for trends re -
lat ing to par ent ma te rial dif fer ences ob served in seven pedons
sup port the pres ence and po si tion of lith o logic dis con ti nu ity iden -
ti fied by field ob ser va tion. Dis tri bu tion pat terns of sev eral soil

com po nents, clay min er al ogy and micromorphology, col lec -
tively, in di cate that the bound ary be tween two lay ers of dif fer ent
or i gin oc curs at the depth of 40–56 cm in stud ied Luvisols.

CONCLUSIONS

The re sults of the study clearly showed an over all
inhomogeneity and strat i fi ca tion of the soils. Stud ied Luvisols
de vel oped on the area of Vistula Gla ci ation did not form as
weath er ing prod uct of ho mog e neous bed rock.

An abrupt change in tex ture and ver ti cal dif fer en ti a tion of
min eral ma te rial are the re sults of dif fer ent or i gin of the up per
part of the solum as well as the lessivage. Lithological dis con ti -
nu ity was con firmed by sev eral cri te ria: Zr con tent, Ti/Zr ra tio
within soil pro files, chem i cal com po si tion of soil ma te rial and
the min er al og i cal com po si tion of clay frac tion. Pho to mi cro -
graphs of thin sec tions gave the ev i dence of clay translocation. 

The above study in di cated fairy com plex or i gin of the stud -
ied soils.

Ac knowl edg ment. The study was fi nanced by the Min is try
of Sci ence and Higher Ed u ca tion No 0700/P06/2003/25. The
au thors ap pre ci ate the con struc tive com ments and sug ges -
tions from the anon y mous re view ers of the manu script.
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