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Introduction

Abstract

An important part of soil science research is the classification of soils. Numerous soil scientists have
paid special attention to various dependencies related to the content and distribution of iron forms
in the soil profile. This allows the taxonomic unit to be determined according to soil classifications.
The research objective was to evaluate the distribution of iron forms as an indicator of soil-forming
processes in four profiles of arable black earths. The research subject was soils formed from glacial
sediments in the Chelmno Lake District (northern Poland). They were determined by morphologi-
cal description to be Phaeozems representing four subtypes: Haplic Phaeozem, Luvic Gleyic Phae-
ozem, Gleyic Phaeozem and Gleyic (Cambic) Phaeozem. Soil horizons were described according to
FAO guidelines. The soil samples were analysed for the content of free iron oxides (Fe,) according
to Mehra and Jackson’s method, as well as the content of amorphous iron oxides, (Fe ) according to
Schwertmann’s method. Based on the content of Fe, and Fe , the content of crystalline iron oxides
(Fe) was calculated using the formula: Fe_= Fe ~Fe_and the iron oxides activity index was calculat-
ed from the Fe /Fe,ratio. The content of Fe, was highest in the Bt horizon of profile II. In individual
profiles, Fe, content was highest in the Bt horizon of gleyic Phaeozem and the AB horizon of gleyic
(cambic) Phaeozem. In Luvic Gleyic Phaeozem and Gleyic (Cambic) Phaeozem iron was removed
from the surface horizon to be accumulated in the illuvial horizon. The uniformity of content of
total iron and its free iron oxides in the parent material of the analysed soils indicates its genetic
homogeneity. The release of iron in the Ap horizon is characteristic of chemical weathering. The
relationship between the content of Fe and Fe,determines the degree of crystallization of free iron
oxides. Based on the statistical analysis, a significantly positive correlation between the content of
clay fraction and all the iron forms determined was found. All the profiles were characterized by
similar degrees of weathering of the soil material, which was determined on the basis of the Fe /Fe,
ratio. The soils also demonstrate a low value of iron mobilization, as confirmed by the values of the
Fe /Fe, ratio. Determining iron forms and interpreting analysis results help in the correct classifica-
tion of soils, because the distribution of iron forms in soil profiles depends mainly on pedogenesis.

forming processes (Bockheim et al, 2005; L.abaz et al, 2018). Par-
ent materials are the passive soil-forming factors responsible for

Detailed description of soil properties is essential because
it serves as a basis for soil identification and classification. Field
morphology of a soil profile and precise descriptions of features
for each horizon are often not confirmed by the results of labora-
tory analysis. The soil formation process are mainly determined
by the properties of the parent material, climatic conditions and
vegetation (Targulian and Krasilnikov, 2007). The origin of the
parent material is a contributing factor to the spatial variability
of soil cover; this variability is a natural property that derives
from the diversity of soil factors and the overlapping of soil-

the formation of soil through their mineralogical composition,
texture, and stratification. The soil-forming factors of parent
material and topography are largely site-related. Relatively fine-
textured parent materials in temperate climate yield soil B hori-
zons that tend to become redder and more clay-rich over time.
Konecka-Betley et al. (2002) determined that the most important
determinant of typological differentiation of soils is relief.

Iron plays an important role in the classification of soils
because the vertical distribution of its forms in the soil profile
depends mainly on pedogenesis (Chojnicki, 2010; Rézanski et

© 2023 by the authors. Licensee Soil Science Society of Poland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
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al., 2013; Orzechowski et al., 2018). Iron released to the envi-
ronment undergoes further alterations. The total iron (Fe) con-
tent in soil consists of silicate and non-silicate forms, and free
iron (Fe,) is mainly composed of more or less hydrated mineral
forms of iron oxides, which occur in crystalline (Fe)) or amor-
phous (Fe ) forms. Complex compounds with which iron forms
unstable bonds with humic substances are also considered to
be free iron. The degree of weathering and formation of pedog-
enic iron oxides and hydroxides is expressed by the Fe /Fe ra-
tio. An increasing value of Fe /Fe, ratio reflects the progressive
weathering of Fe (Arduino et al., 1986; Bednarek and Pokojska,
1996; Jankowski et al., 2011; Jankowski, 2014a, 2014b). Fe /Fe,
ratios described the transformation of iron in primary miner-
als into pedogenic iron oxides. This ratio usually increases with
time. Transformations of iron can be inferred from the ratio of
oxalate to dithionite-extractable iron (Fe /Fe ), which defines the
relationship between the content of the most active forms of
iron and its non-silicate forms (Schwertmann, 1988). That ratio
indicates the degree of iron oxide crystallinity and can be used
as a reliable indicator of soil-forming processes (McFadden and
Hendricks, 1985). Values of the Fe [Fe, ratio range from about 0
to 1. The high activity of iron oxides and the low degree of their
crystallization may result from the high content of organic mat-
ter and alkaline pH (Schwertmann et al.,, 1986). Fe_ in the form
of poorly crystalline Fe oxyhydroxides (e.g., ferrihydrite) is most
often associated with clay minerals and occurs in the form of
durable bonds with humus (Cornell and Schwertmann, 1996).
Iron is chemically and microbiologically transformed, especially
in soils rich in organic matter (Gliniski and Stepniewska, 1986).
Iron-reducing and iron-oxidizing microorganisms obtain energy
through iron reduction or oxidation and thus play an important
role in the metal’s biogeochemical cycle (Roden et al., 2004). Free
iron oxides exist in diffuse form or, if they form complex con-
nections with the clay fraction, are responsible for the specific
colour of the soil (Haidouti and Massas, 1998). Soil colour (hue,
value, chroma) is known to reflect the type and proportion of
iron oxides present, and many scientists use the colour of hori-
zons to verify and interpret soil-forming processes (Bigham et
al., 1991; Scheinost and Schwertmann, 1999; Aitkenhead et al.,
2013; Vodyanitskii et al., 2018). The appearance of Fe mottles and
Fe concretions in wet conditions indicates the occurrence of an
iron hydroxides formation process. The Munsell colour chart
is used for soil-horizon diagnostics in soil classification (IUSS
Working Group WRB, 2022). Soil colour is a unique identifica-
tion parameter that provides information about iron content,
since this metal is one a major chromophore. This allows the
distribution of iron through a soil profile (pedotransfer func-
tions) to be assessed.

Numerous soil scientists have paid special attention to
various dependencies related to the content and distribution of
iron forms in the soil profile (Dabkowska-Naskret et al., 1997;
Degdrski, 2011; Jeli¢ et al., 2011; Hu et al., 2013; Jaworska et al.,
2016; Orzechowski et al., 2018), and this allows the taxonomic
unit to be determined according to national or international soil
classifications. In Central Europe some of the soils are derived
from glacial till and reflect fine-textured, alkaline soil conditions
in parent material and occur in variable forms, respectively to

176686

SOIL SCIENCE ANNUAL

position in the landscape, climate conditions, and land use. Dis-
turbances, such as the impact of drainage systems and periods
of drought coused by global warming cause groundwater levels
to drop, which in turn increases the mineralization of organic
matter and carbon dioxide emissions into the atmosphere. Al-
though black earths (equivalent of Gleyic Phaeozems according
to WRB (IUSS Working Group WRB, 2022)) cover only ~2.0% of
the arable land in Poland, they store relatively high amounts of
organic carbon in the soil.

Geomorphological processes and parent material are the
main factors controlling the spatial mosaic of Phaeozems in Po-
land (Labaz and Kabala, 2014). The variability of Phaeozems is
also dependent upon the pedogenesis and age of soil (Eckmeier
et al., 2007; Labaz et al., 2018; Kabala, 2019; Kabala et al., 2019b;
Labaz et al,, 2019). These soils at various stages of their transfor-
mation are placed in Phaeozems, Chernozems, or Kastanozems
in classification acc. World Reference Base for Soil Resources
(IUSS working group WRB, 2022). Chernozems can an evolve to-
wards in to Phaeozems. Both reference soil groups have a Mollic
horizon with a base saturation of at least 50% as a diagnostic ho-
rizon. Compared to Chernozems, Luvic Phaeozems occur in more
humid regions, are more leached and therefore lacking carbon-
ates in topsoil. With increasing precipitation and leaching, the
translocation of clay covered with humic material started and
may lead to transformation of Chernozems into Phaeozems or
Luvisols. The argic B horizons seem to be relics fromof stronger
leaching and indicate the development towards Luvisols (Eck-
meier et al,, 2007). Phaeozems are characterized by a humus-rich
surface layer, and they are highly arable soils. Soil-forming pro-
cess occurring in Gleyic Phaeozems may lead to transformation
of these soils into Haplic/Luvic Phaeozems or with cambic diag-
nostic horizon. Phaeozems are represented by several subtypes
with varying thickness of the humic horizon, degree of leaching
and water table depth. They are often slightly leached with neu-
tral to moderately acidic pH in the surface horizon and alkaline
pH in the parent material (Habel et al., 2007; Labaz and Kabala,
2014; Kaczmarek et al., 2015; Kobierski et al., 2015; Hristov, 2020).
Morphological features identified during field descriptions pose
problems in the accurate classification of Phaeozems because
they lack the Fe-based redoximorphic features (Thompson et
al., 2006). They make it possible to determine the general depth
and duration of anoxic conditions resulting from periodic soil
saturation and reduction. A periodically waterlogged soil shows
the characteristic redoximorphic features of Fe cycling between
oxidized and reduced soil environments. The high Fe contents in
most soils lead to high concentrations of iron oxides in soil solu-
tions under reducing conditions. Iron is a relatively abundant
constituent of soil, and the effects of iron transformation are
usually reflected in soil morphology. The redox-dynamic soil en-
vironments typically have high rates of biological activity. Roden
et al. (2004) suggest that oxidative saturation of organic-rich soil
solutions promotes the formation of aqueous organic-Fe com-
plexes and amorphous solids. The methods for describing the
soil-forming processes also include analyses of sedimentological
and granulometric indices and clay mineral composition (Za-
gbrski, 1996; Dlugosz et al., 2009; Kobierski and Dtugosz, 2011;
Drewnik, 2014; Jaworska et al., 2014, Kabala et al., 2022).
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The aim of the study was to determine the
effect of litho- and pedogenesis on the forma-
tion of black earths from Vistula glaciation
sediments on the base of the profile distribu-
tion of iron in relation to texture and the phys-
ical and chemical properties of soils.

2. Materials and methods

The research subject were soils formed
from glacial sediments (Poznan phase of
Weichselian glaclation) within the Chelmno
Lake District (Fig. 1), near Papowo Biskupie
village (northern Poland). The studied soils
were located in drained arable lands. The geo-
graphic location and information on the relief
are shown in Table 1. According to their mor-
phological features investigated soils were
classified to Phaeozems (Fig. 2) representing
four subtypes various forms of development: profile I — Haplic
Phaeozem, profile IT - Luvic Gleyic Phaeozem, profile III - Gleyic
Phaeozem, profile IV — Gleyic (Cambic) Phaeozem (IUSS Working
Group WRB 2022). Soil horizons were described according to FAO
guidelines, suited to Central European conditions (Switoniak et
al., 2018). According to Polish Soil Classification (2019) they were
determined as: profile I — leached black earths, profile II - clay-
illuvial black earths, profile III - typical black earths, profile IV
- cambic black earths.

Samples of soils with disturbed structure were taken from
each of the designated genetic levels. Samples with undisturbed
structure were also taken to determine bulk density. The follow-
ing parameters were determined in the soil samples:

- the texture class using the Casagrande areometric method
(ISO 11277: 2005), with results interpreted according to
PTG (2009) and USDA classification, adopted by WRB (IUSS
Working Group WRB 2022),

- the total content of organic carbon (TOC) using a Vario Max
analyser by Elementar (Germany),

- the pH measured in a soil suspension: pH,, in KCl
(1 mol-dm?®) solution and pHw in distilled H,O (at ratio 1:2.5)
using potentiometric method,

Table 1.
Elevation, location and relief type of studied profiles

| - Haplic Phaeozem
Il - Luvic Gleyic Phaeozem
Il - Gleyic Phaeozem
IV - Gleyic (Cambic) Phaeozem

Ap

Al

AC

Ckg1

Ckg2

Distribution of Fe forms in different types of black earths in N Poland

Chetmno Lake District

Papowo
Biskupie

Fig. 1. Study area with soil profiles location

Ap an

& A(BW)

BA

Ckg2 Ckgt

Bt

Ckg1

Ckg2 Ckg2

Profile | Profile 11 Profile 111 Profile IV
Haplic Luvic Gleyic Gleyic Gleyic (Cambic)
Phaeozem Phaeozem Phaeozem Phaeozem

Fig. 2. Schematic morphology of the soils profiles

the content of calcium carbonate by the volumetric method
on Scheibler apparatus,

the soil colour was determined in the dry and moist state
according to the Munsell colour scale.

Profile PSC 2019 WRB 2022 Coordinates Elevation above Relief
sea level (meters)

I leached black earths Haplic Phaeozem 53°24°19.61”N 86 footslope
18°56’63.01"E

1I clay-illuvial black earths Luvic Gleyic Phaeozem 53°24°31.13"N 89 flat terrain
18°56°15.00”E

I typical black earths Gleyic Phaeozem 53°24°32.41”N 84,5 upper slope
18°56’42.47"E

v cambic black earths Gleyic (Cambic) Phaeozem 53°24°45.51”N 88 shoulder of the slope

18°56°76.05”E
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Sedimentological indices were used for the lithological
characterization of the soil material (the SIEWCA computer pro-
gram). Sedimentological indices were calculated based on the
Folk and Ward classification (Prusinkiewicz and Proszek, 1990):
- mean grain diameter (GSS), for particle size fractions from

2.0 mm to <0.002 mm,

- standard deviation (GSO) based on the degree of soil mate-
rial sorting determined,

- skewness (GSK), which defines the difference between de-
viations from the mean,

- kurtosis (GSP), as a relative measure of the concentration
and flattening of the distribution, determines the distribu-
tion and concentration of the value of a variable around the
mean.

The soil samples were analysed for the content of free iron
oxides (Fe,), which was extracted by means of dithionite-citrate-
bicarbonate (DCB) according to Mehra and Jackson’s (1960) meth-
od, as well as the content of amorphous iron oxides, extracted by
means of ammonium oxalate (Fe ) according to Schwertmann’s
(1964) method. Total content of iron was determined after the
mineralization of soils in the mixture of HF and HCIO, acids
(Crock and Severson 1980). Based on the content of Fe, and Fe,
the content of crystalline iron oxides (Fe) was calculated using
the formula: Fe, = Fe —Fe, and the iron oxides activity index was
calculated from the Fe /Fe,ratio. Soil parameters were analyzed

Table 2.
Basic parameters of soils
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with descriptive statistics (arithmetic mean, minimum, maximum,
standard deviation, and coefficient of variation) and the analysis
of variance (ANOVA). The significance of differences was evalu-
ated using Tukey’s test (p <0.05) for uneven numbers. The calcu-
lations were made using Statistica 13.0 (StatSoft Inc, Tulsa, USA).

3. Results

The soil material (moist) of the Ap horizons was black, very
dark gray and very dark brown in colour (Table 2). The parent
material with reductimorphic colours of the gleyic colour pat-
tern (2.5Y, 5Y), were olive brown, pale olive and olive gray and
showed features of gleying from groundwater (Table 2). Most
horizons contained fine and medium soil aggregates (granular
in surface humus horizon and angular and subangular blocky
in the underlying part of soil profiles).

Soils were slightly leached with pH from 4.88 to 7.09 in Ap
horizons. Soil pH (KCl) was acidic in profile I and slightly acid-
ic in profiles II and IV. Different pH values in soil profiles I, II,
and IV were observed in the humus and subsurface horizons,
and parent material. The TOC content ranged from 0.81 g-kg!
to 17.72 g-'kg'. In all profiles, its content was highest in the A
horizon. The examined soil profiles differed in the thickness of
solum horizons, because the parent material in profile III was at

Profile Horizon Depth pH Equivalent TOC Matrix colour Bulk
(cm) CaCo, (g'kg™h) Munsell charts density
H,0 M ) dry moist (Mg
KCl samples samples
I Ap 0-25 5.65 4.88 0.00 12.8 7.5YR 4/2 7.5YR 2.5/1 1.55
A2 25-45 5.80 5.35 0.00 10.8 10YR 4/1 10YR 2/1 1.85
A3 45-90 6.63 5.53 0.00 6.3 10YR 5/2 10YR 3/2 1.61
AC 90-120 6.88 6.02 0.21 5.6 10YR 4/4 10YR 3/4 1.87
Ckgl 120-135 8.38 7.53 5.29 1.7 10YR 6/4 10YR 4/4 1.91
Ckg2 135-150 8.31 7.49 4.45 1.1 2.5Y 6/4 2.5Y 4/4 1.93
1I Ap 0-30 6.57 5.94 0.00 14.5 10YR 4/2 10YR 3/1 1.52
A2 30-59 6.78 5.88 0.00 8.9 10YR 4/2 10YR 2/1 1.63
BA 59-85 7.06 6.53 0.20 5.3 10YR 4/3 10YR 3/2 1.60
Bt 85-110 7.52 6.54 0.75 4.6 10YR 5/3 10YR 3/3 1.69
Ckgl 110-138 8.26 7.48 2.54 14 5Y7/3 5Y5/3 1.72
Ckg2 138-150 8.15 7.55 2.35 1.0 5Y 7/2 5Y6/3 1.73
111 Ap 0-25 7.43 7.09 0.64 17.7 10YR 3/1 10YR 2/1 1.58
A2 25-45 7.75 7.08 0.44 4.5 5Y 3/1 5Y 2.5/1 1.79
Ckgl 45-70 7.98 7.34 4.03 1.4 5Y 6/3 5Y 5/4 1.74
Ckg2 70-90 8.26 7.49 8.69 1.3 5Y 7/2 5Y 6/2 1.88
Ckg3 90-150 8.28 7.49 6.14 1.3 5Y 6/2 5Y5/2 1.94
v Ap 0-25 6.64 5.65 0.00 10.4 10YR 4/2 10YR 2/2 1.76
AB 25-50 6.64 5.67 0.44 10.0 10YR 4/3 10YR 3/2 1.83
Ckgl 50-100 8.23 7.37 7.21 21 10YR 6/4 10YR 4/4 1.80
Ckg2 100-150 8.32 7.52 9.09 0.8 2.5Y7/2 2.5Y 4/4 1.89

TOC - total organic carbon
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depth of 45 cm, whereas in profile I it was at a depth of 120 cm.
The parent materials of all soils contained CaCO, ranging from
2.35% (profile IT) to 9.09% (profile IV). However, although a lot of
secondary forms of calcium carbonate (profile I, IIT and IV), Ckg
horizons did not meet the protocalcic criteria.

The soil in most genetic horizons was sandy loam in texture
(Table 3). Only in the A2 horizon in profile I and in BA and Bt
in profile II it was loam. The content of the clay fraction ranged
from 9% to 18% . The parent material of the studied soils, which
is a glacial deposit rich in CaCO,, is genetically homogenous. The
homogeneity of the parent material is confirmed by the values of
sedimentological indices (very poorly sorted materials). Accord-
ing to Folk and Ward (Prusinkiewicz and Proszek, 1990), GSO
values below 0.35 determine very well sorted soil material, val-
ues of 0.35-1.00 indicate well sorted material, values of 1.00-2.00
indicate poorly sorted material, and values of 2.00-4.00 are very
poorly sorted, while values above 4.00 characterize unsorted
soil material. Skewness (GSK) contains information about pos-
sible differences between positive and negative deviations from
the mean. Skewness has a positive value when the values of a
variable are predominantly low (i.e. smaller fractions predomi-
nate). The GSK index can be used to determine the dominance
of individual fractions in a sample. Prusinkiewicz and Proszek
(1990) report that, for a normal (mesokurtic) distribution, the
GSP index is 1.00. Values below 1.00 characterize platykurtic dis-
tributions, and values above 1.00 are characteristic of leptokur-

Table 3.
Particle size distribution

Distribution of Fe forms in different types of black earths in N Poland

tic distributions. Unsorted soil material (GSO > 4.0) was found
in the surface horizons of profiles I and IV. The skewness (GSK)
ranges from 0.25 to 0.65 and indicates the soil material is domi-
nated by smaller-diameter particles.

Unsorted soil material was recorded in the Ap horizons in
profileI, the C1kg parent material in profile III, and the Ap and AB
horizons in profile IV. The highest degree of sorting (GS0=2.79)
was found in the soil sample collected from the C2kg horizon in
profile II (Table 4). The mean grain diameter of the studied soils
was 0.053 mm in the surface horizons, 0.046 mm in the subsur-
face horizons, and 0.048 mm in the parent material (Fig. 3).

The content of Fe,was lowest in the surface horizons (Ap
and A2) of profile III, and highest (25.06 g-kg') in the Bt hori-
zon of profile II (Table 4). In individual profiles, Fe, content was
highest in the Bt horizon (5.89 g-kg") of profile I, the AB horizon
(4.88 g-kg) of profile IV, and the top of the parent material Cl1kg
(4.87 g'kgh). In IT and IV soil profiles, iron was removed from the
surface horizon to be accumulated in the illuvial horizon.

The soil of the A horizons in profiles I, II and IV was higher
in amorphous iron content than was the parent material. Only
in profile III was the Fe_ content found to be highest in the Clkg
horizon (1.49 g-kg"). The lowest Fe_ content was recorded in the
surface horizons of the studied soils, i.e. the A2 horizon (0.76
g-kgh) of profile I, the Ap horizon (1.79 g-kg?) of profile I, the Ap
horizon of profile III (1.25 g-kg') and the Ap horizon of profile IV
(2.92 g-kgh).

Table 4.
Sedimentological parameters (indices) of soil material

Profile Horizon Percentage of fractions Texture
with diameter (mm) class
2.0-0.05 0.05-0.02  <0.002 (USDA)

I Ap 59 28 13 SL

A2 46 40 14 L
A3 57 29 14 SL
AC 61 27 12 SL
Ckgl 62 24 14 SL
Ckg2 63 24 13 SL
I Ap 65 26 9 SL
A2 60 26 14 SL
BA 46 37 17 L
Bt 49 33 18 L
Ckgl 60 27 13 SL
Ckg2 73 16 11 SL
III Ap 65 21 14 SL
A2 72 15 13 SL
Ckgl 62 22 16 SL
Ckg2 59 26 15 SL
Ckg3 62 24 14 SL
v Ap 61 24 15 SL
AB 60 25 15 SL
Ckgl 59 27 14 SL
Ckg2 60 28 12 SL

SL —sandy loam, L - loam

Profile Horizon Sedimentological indices
GSO GSK GSP GSS

I Ap 4.05 0.33 2.08 0.061
A2 3.48 0.38 2.01 0.031
A3 3.49 0.42 1.60 0.038
AC 3.52 0.30 1.17 0.052
Ckgl 3.83 0.41 1.42 0.048
Ckg2 3.70 0.34 1.28 0.054

I Ap 3.00 0.36 1.32 0.050
A2 3.89 0.41 1.77 0.047
BA 3.58 0.34 1.22 0.025
Bt 3.24 0.65 1.51 0.020
Ckgl 3.04 0.56 2.19 0.037
Ckg2 2.79 0.54 2.20 0.053

III Ap 3.99 0.41 1.76 0.055
A2 3.56 0.49 2.03 0.059
Ckgl 4.28 0.40 1.18 0.043
Ckg2 3.96 0.27 1.01 0.048
Ckg3 3.62 0.38 1.14 0.045

1Y Ap 4.05 0.38 1.48 0.047
AB 4.02 0.33 1.25 0.047
Ckgl 3.56 0.31 0.89 0.043
Ckg2 3.57 0.25 0.93 0.051

GSO - standard deviation; GSK — skewness; GSP — kurtosis; GSS — mean
grain diameter in mm
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Mean diameter in profiles

[mum]

0.060
T
0.055
a
0.050
0.045 o o
0.040

0.035

0.030

& ' - Mean
& o & & & &
R & N
o ¥ & ¥ 0 Mean+Sd
o &% < Min M
1 Min.-Max.

Fig. 3. Mean diameter of soil particles in profiles

The lowest Fe /Fe, ratio values were found in the parent ma-
terial of the studied soils, which were rich in crystalline forms of
iron (Table 6). The uniformity of content of total iron and its free
iron oxides in the parent material of the analysed soils indicates
its genetic homogeneity. The highest total iron content Fe, was
found in Bt and BA horizons. The release of iron in the Ap hori-
zon is typical of chemical weathering, which releases iron from
silicate and aluminosilicate structures. Interpreting the content

Table 5.

SOIL SCIENCE ANNUAL

Values of Fe,/Fe, ratio

0.30
0.28
0.24

o
0.20
0.16
0.12 -

o Mean
Profile I Profile IIT [ M?aniSd
Profile II Profile IV I Min.-Max.

Fig. 4. Mean values of Fe /Fe, ratio

of individual forms of iron by cluster analysis, the soil material
of the arable horizon and the subsurface horizon was found to
differ from the parent material (Fig. 4). The soil in the BA and Bt
horizons of profile II and AB of profile IV also stood out for be-
ing rich in Fe and Fe,The Fe content was lowest in the surface
horizons (Ap and A2) of profile III and highest (25.06 g-kg') in the
Bt horizon of profile II (Table 5). Of all profiles, Fe, content was
highest in the Bt enrichment horizon (5.89 g-kg') of profile II, the

Forms of iron: Fe, - total content of iron; Fe, — free iron; Fe, — amorphous iron; Fe_- crystalline iron (Fe = Fe,— Fe )

Profile Horizon Fe, Fe, Fe, Fe, Fe /clay Fe /Fe, Fe /Fe,
g.kg»l

I Ap 16.11 1.65 1.23 2.88 0.22 0.57 0.18
A2 17.32 1.90 0.76 2.66 0.19 0.71 0.15
A3 18.64 1.77 1.24 3.01 0.21 0.59 0.16
AC 21.03 1.69 2.52 4.21 0.35 0.40 0.20
Ckgl 21.48 0.52 3.35 3.87 0.28 0.13 0.18
Ckg2 20.14 0.48 2.94 3.42 0.26 0.14 0.17

II Ap 12.41 1.14 1.79 2.93 0.33 0.39 0.24
A2 13.95 143 2.77 4.20 0.30 0.34 0.30
BA 23.69 2.99 243 5.42 0.32 0.55 0.19
Bt 25.06 2.61 3.28 4.89 0.33 0.44 0.23
Ckgl 20.82 0.83 3.51 4.34 0.33 0.19 0.21
Ckg2 19.88 0.47 2.00 2.47 0.22 0.19 0.12

11 Ap 11.90 0.76 1.25 2.01 0.14 0.36 0.17
A2 11.15 0.28 1.54 1.82 0.14 0.15 0.16
Ckgl 20.42 1.49 3.38 4.87 0.29 0.31 0.24
Ckg2 20.40 0.26 2.33 2.59 0.17 0.10 0.13
Ckg3 19.51 0.37 3.01 3.38 0.24 0.11 0.17

v Ap 14.33 1.39 2.92 4.31 0.29 0.32 0.30
AB 23.60 1.38 3.50 4.88 0.32 0.21 0.21
Ckgl 20.13 0.49 3.62 4.11 0.29 0.11 0.20
Ckg2 21.98 0.63 3.37 4.00 0.33 0.16 0.18
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Fig. 5. Mean value of Fe /Fe, ratio

AB horizon (4.88 g-kg!) of profile IV, the top of the parent materi-
al C1kg (4.87 g-kg") of profile III, and the AC horizon (4.21 g-kg') of
profile I. The soil of surface horizons in profiles I, II and IV was
higher in amorphous iron content than was the parent material.
Only in profile IIT was the Fe content found to be highest in the
Clkg horizon (1.49 g-kg"). The lowest Fe_ content was recorded in
the surface horizons of the studied soils, i.e. the A2 horizon (0.76
g-kg!) of profile I, the Ap horizon (1.79 g-kg?) of profile II, the Ap
horizon (1.25 g-kg?) of profile III and the Ap horizon (2.92 g-kg")
of profile IV. The Fe /clay ratio values differed little between pro-
files, ranging from 0.14 in the Ap and A2 horizons of profile III
to 0.35 in the AC horizon of profile 1. Values of the Fe /Fe, ratio
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Fig. 6. Cluster analysis for Fe, Fe,, Fe_

were lowest in the parent material of the soils, which were rich
in crystalline iron forms. The highest shares of amorphous iron
relative to Fe, were recorded in the soil of the A2 horizon of pro-
file I (0.71). In this profile, the highest mean Fe /Fe, ratio was
recorded (Fig. 5). In profile II, this ratio was highest in the BA
and Bt horizons (0.55 and 0.44). The values of the Fe /Fe, ratio,
which describes the degree of weathering of soil material, were
similar across all soil profiles (Fig. 6). Interpreting the content of
iron forms in the studied profiles, it was found that the soil of ge-
netic horizons containing higher amounts of clay fraction were
significantly higher in Fe, Fe, and Fe_ contents, as confirmed by
Pearson correlation coefficient (Fig. 7). This applies to profiles

I clay (%) II clay (%)
9 10 11 12 13 14 15 16 17 18 9 10 11 12 13 14 15 16 17 18
Apr 3 Apt
A2} g A2}
A3} a BAl
ACFH Bt
Clkgt Clkgr
C2kgt C2kgr
2 3 4 5 6 7 -0 Fey 2 3 4 5 6 7 o Fe,
IFe, (gkg?) —a- clay Il Fe, (gkg") —» clay
III clay (%) IV clay (%)
9 10 11 12 13 14 15 16 17 18 9 10 11 12 13 14 15 16 17 18
Appp A Apt
:"v \\\
A2F 6 \A\
N ABF
\\
Clkg /)a
/ Clkg|
C2kg| o e
//
C3kgr o re C2kgt
Fig. 7. Distribution of Fe, and clay 2 3 4 5 6 7 o Fe, 2 3 4 5 6 7o Fe,
fraction in soil profiles III Fe, (g kg™) —+— clay IV Fe, (gkg) —+— clay
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Table 6.
Pearson linear correlation coefficient values, p<0.05

Parameter Fe, Fe, Fe, Clay fraction
Fe, 0.68* 0.27 0.59* 0.44*

Fe, 0.58* 0.72* 0.59*

Fe, 0.49*

Fe 0.30

c

* —values of significant correlation coefficient

II, III and IV. A significantly positive correlation was found be-
tween total iron content and its Fe, and Fe, forms. The soil ma-
terial higher in Fe, content contained statistically significantly
higher Fe_ and Fe_ content (Table 6).

4. Discussion

Soil units are distinguished by type in Polish Classification
System and by reference groups in WRB (Systematyka Gleb Pol-
ski 2019; IUSS Working Group WRB 2022), based on the classi-
fication’s definition of the main genetic horizons in the profile
and features associated with diagnostic horizons as well as diag-
nostic features and materials. The accumulation of soil organic
matter and reducing conditions caused by groundwaters were
key soil-forming processes recorded in the studied soils, as re-
flected in the classification. Mineralization of organic matter
and the leaching of CaCO,may occur as a result of drainage and
intensive agricultural use. The studied soils were used in a con-
ventional plowing manner, which resulted in the compaction of
the subsurface layers. The humus horizon in soil profile I had
acidic and slightly acidic pH values. Unfavorable changes in the
humus horizon as an effect of soil compaction and a decrease
in soil organic matter content and acidification are the most im-
portant symptoms of soil degradation (Shah et al., 2017). Hard
layers in soils can be formed as a result of the natural soil pack-
ing process, and these may occur throughout the topsoil (Singh
et al., 2015). An increase in compaction depends mostly on tex-
ture (especially the content of clay fraction), bulk density (BD),
SOM, and climatic conditions (Gross et al., 2018). The soil organic
matter (SOM) content in soil is one of the key arable soil qual-
ity criteria (Kogel-Knabner and Amelung, 2021). The amount of
SOM as well as its quality parameters and the organic-mineral
associations are soil-type and climate-zone specific (Wiesmeier
et al., 2019).

The argic horizon in profile II is subordinate in the pres-
ence of a deep mollic horizon in the Phaeozems. Profile IT shows
the features of a secondary soil-forming process with the clay
fraction illuviation characteristic of “lessivage”. Soils developed
from glacial tills characterized by natural poor drainage and
waterlogging are found in Poland and are called “black earths”.
According to the Polish Soil Classification (Kabala et al. 2019a),
soils with a mollic horizon and secondary carbonate accumula-
tion below the mollic horizon, and gleyic or stagnic properties,
are classified in a black earths type. These soils refer to Phae-
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ozems in World Reference Base for Soil Resources (IUSS Work-
ing Group WRB 2022).

The analysed profiles had a sandy loam texture. It is a typ-
ical soil material from which most of the Phaeozems were
formed during the late Vistulian (Weichselian) glaciation (Ko-
bierski and Dabkowska-Naskret, 2003b; Kobierski, 2010). The
soil cover of the Chelmno Lake District is closely related to the
region’s lithology and topography. It is an area with a varied
landscape, with numerous undulating and flat moraine plateaus
built mainly of fine-grained clay and glacial sands (Matecka and
Switoniak, 2020; Switoniak, 2015; Switoniak et al., 2016; Wysota,
1993). They cover areas where often-eroded Luvisols occur and
in depressions of Phaeozems with redoxymorphic features. Pe-
don II is distinguished by a marked vertical translocation of the
clay fraction within the soil profile. The subsurface Bt horizon
in Phaeozem is referred as clay rich zone altered by pedogen-
esis, mostly due to illuviation of clay fraction and formation of
iron oxides. Hristov (2020) noted that clay rich layer formation
in Phaeozems is mainly in situ, but also clay illuviation could be
cause. This Bt horizon is usually brownish or reddish due to the
content of iron oxides, which increases the chroma of the soil
material to a degree that it can be distinguished from the other
horizons. Phaeozem subtypes with argic and cambic horizon are
increasingly being interpreted as indicating that these soils were
formed at different times and under conditions that differ from
those now prevailing in a given area. This applies to profiles II
and IV. Profile II exhibits an accumulation of clay fraction in the
Bt horizon and BA transitional horizon, and their soil materials
have a distinct brown colour (dry mass 10YR 4/3 and 10YR 5/3).
The AB horizon in profile IV is more saturated when wet and
redder in hue than the horizon below, indicating that pedogenic
features predominate over lithogenic ones. Soil colour is signifi-
cant with respect to various soil properties, including organic
matter contents. The features of the lessivage process can also
be seen in the soil material of Profile II, in addition to the basic
soil-forming features that define Phaeozems. The morphologi-
cal features and vertical distribution of clay fractions and free
iron oxides in Phaeozems from the Kujawy region in central Po-
land were noted (Kobierski, Dabkowska-Naskret 2003a,b). The
mechanism of the lessivage process is based on the leaching of
the clay with similar ratios of sand to silt fractions deep down in
the soil profiles. Eckmeier et al. (2007) concluded that increas-
ing precipitation and leaching lead to the development of first
Haplic, then Cambic and Luvic Chernozems, and finally Luvic
Phaeozems. The development of Luvisols is caused by the stron-
ger leaching of clay (Driessen, 2001). Phaeozems are character-
ized by a humus-rich surface layer, and they are highly arable
soils. Soil-forming process of gleyic Phaeozems can develop into
Haplic/Luvic Phaeozems or with a Cambic diagnostic horizon.
This process was also observed in Phaeozems from the Kujawy
region (Kobierski, Dghkowska-Naskret 2003). The clay could be
translocated into the top of the parent material, which is under
the humus horizon. In Profile III, this process was observed.

Transformations of soil material in the AB horizon of profile
IV differ from one another in nature and include the processes of
aluminosilicates weathering, which can be affected by roots and
microorganisms. This subsurface horizon lacks features of clay
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fraction illuviation and exhibits the properties of Bw horizon.
The Bw horizon can have a range of pedogenic features result-
ing from in-situ processes: brown colour and finer texture in the
middle part of a soil profile in comparison to the parent material
- weathering - enrichment of Fe-oxides — horizon Bw. In soils
with a cambic diagnostic horizon, the soil-forming process af-
fects the Fe content through non-illuvial accumulation of all iron
forms. It is difficult to clearly determine what proportion of the
iron in the Bt horizon of profile IT and AB horizon of profile IV
was due to illuvial accumulation of this metal. Nevertheless, the
content of iron oxides in the AB horizon of profile IV was slightly
lower than in the Bt of profile II. The process of leaching clay
fraction leads to enrichment of illuvial in free iron oxides. The
comigration of clay fraction and iron oxides was confirmed by
a significant correlation of Fe, and clay (Fig. 3, 4, 5). Haidouti
and Massas (1998) found a similar relationship between those
parameters. The profile distribution of Fet was similar to the dis-
tribution of the clay fraction, which can indicate a secondary il-
luviation of iron to the Bt horizon together with the clay fraction
in profile II. Iron oxides, although accounting for an inconsider-
able percentage of soil materials, have considerable influence
on soil properties. The relatively high content of Fe identified in
the gleyic parent material originated from the presence of clay
minerals containing iron in its crystalline structures (Kobierski
and Dabkowska-Naskret, 2003b). The intensity of the weather-
ing process and the course of the soil-forming process can be
assessed based on the content of iron forms in the soil profile.
Low values of the Fe /Fe, ratio indicate that all those tested are
young soils. The degree of weathering of soils formed in similar
soil and climatic conditions correlates with their age (Ardiuno
et al,, 1986). The process of leaching clay leads to the depletion
of the eluvial horizon and the enrichment of illuvial in free iron
oxides. The morphological characteristics reflect the existence
of the Black earths subtype. A cambic or argic horizon with
a characteristic accumulation of clay fraction and iron can form
under a mollic horizon. These soils are usually located in higher-
elevation areas. Associations of black earths with Luvisols are
also very often found. The dynamics of iron transformations
can be determined based on the content of dithionite- (Fe,) and
oxalate-extractable (Fe ) iron, as well as the Fe /Fe,ratio (McFad-
den and Hendricks, 1985). Conclusions as to the transformations
of iron in the soil can be drawn based on the Fe /Fe, ratio, as
it determines the relationship between the content of the most
active forms of iron and its non-silicate forms (Schwertmann,
1988). The value of this index in the parent material ranged from
0.10 to 0.71. The values of the Fe /Fe, index, which describes the
degree of activity of iron oxides, were highest in the surface and
subsurface horizons of the profiles. This indicates that the condi-
tions in the surface layer of these soils were unfavourable to the
crystallization of oxides. Fe, may occur in soil in Fe_or Fe , which
are the most labile and active forms of iron. Increasing Fe /Fe,
ratios indicate the formation of organic complexes, hindering
the crystallization of iron oxides. Increased Feo contents could
be caused by the presence of organic matter and temporary
anaerobic conditions, which inhibit the crystallization of iron
oxides. Lower values of the Feo/Fed ratio in the parent mate-
rial of the soils derived from glaciolimnic materials than in their

Distribution of Fe forms in different types of black earths in N Poland

solum suggest more iron oxide crystallization (Orzechowski et
al. 2018). In the analyzed soils, the lowest Fe  content was de-
termined in the parent material containing CaCO,. This indi-
cates that the specific geochemical conditions of the analyzed
Pheozems may affect the formation of iron oxides. Low contents
of Fe, and Fe, may be an indirect indicator of the presence of
reduction (anaerobic) conditions. Iron in reduced form (Fe*) is
more mobile than iron in oxidized state (Fe**) (Cornell and Schw-
ertmann, 1996). Therefore, the soil material with low contents
of Fe, and Fe, may have been depleted in iron by the reduction
of iron to Fe*. Anaerobic conditions might cause the reduction
of structural Fe, which in turn affects the changes in chemical
and physical properties of clay minerals (Stucki, 2011). An essen-
tial parameter indicating the soil-forming process is the degree
of iron mobilisation. Low contents of amorphous forms of iron
are reflected in the analysed soils by low index of crystallinity.
Similarly low values of this index were determined by Mocek
(1988).

5. Conclusions

All the profiles were characterized by similar degrees of
weathering of the soil material, which was determined on the
basis of the Fe /Fe, ratio. The soils also demonstrate a low value
of iron mobilization, as confirmed by the values of the Fe /Fe,
ratio.

The higher Fe /Fe, ratios in the soil material of surface and
subsurface horizons indicate a greater activity of iron in soil-
forming processes. The Fe /clay ratio indicates comigration of
clay fraction and free iron oxides. It can be concluded that this
is due to over-draining of the studied soils. Based on the statis-
tical analysis, a significantly positive correlation between the
content of clay fraction and all the iron forms determined was
found. The soil parent material contained more Fe, than the sur-
face horizons, which suggests that the process of iron oxide crys-
tallisation was not favoured in the humic horizon.

The distribution of iron forms in soil profiles mostly de-
pends on pedogenesis, hence identifying iron forms and inter-
preting analysis results aid in the proper classification of soils.
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Rozmieszczenie form Zelaza w réznych typach czarnych ziem
Pojezierza Chelminskiego jako wskaZnik procesu glebotwdérczego

Streszczenie

Wazna cze$cia badan gleboznawczych jest klasyfikacja gleb. Wielu gleboznawcéw zwrdcilo szcze-
g6lna uwage na rézne zaleznos$ci zwigzane z zawartoscia i rozmieszczeniem form zelaza w profilu
glebowym. Pozwala to na okreslenie jednostki taksonomicznej zgodnie z klasyfikacja gleb. Celem
badan byla ocena rozmieszczenia form zelaza jako wskaznika proceséw glebotwdérczych w czte-
rech profilach czarnych ziem uzytkowanych rolniczo. Przedmiotem badan byty gleby wytworzone
z osad6w lodowcowych na Pojezierzu Chelminskim (péinocna Polska). Na podstawie opisu morfo-
logicznego okreslono je jako Phaeozems: Haplic Phaeozems, Luvic Gleyic Phaeozems, Gleyic Phae-
ozems i Gleyic (Cambic) Phaeozems. Poziomy glebowe zostaly opisane zgodnie z wytycznymi FAO.
Probki gleby analizowano pod katem zawartosci wolnych tlenkéw Zelaza (Fe,) zgodnie z metoda
Mehry i Jacksona, a takze zawarto$ci amorficznych tlenkow zelaza (Fe ) zgodnie z metodg Schwert-
manna. Calkowitg zawartos¢ zelaza oznaczono po mineralizacji gleb w mieszaninie kwaséw HF
i HCIO,. Na podstawie zawartosci Fe, i Fe  obliczono zawartos$¢ krystalicznych tlenkow zelaza (Fe)
przy uzyciu wzoru: Fe, = Fe -Fe , a wskaznik aktywnosci tlenkéw Zelaza obliczono na podstawie
stosunku Fe /Fe,. Zawarto$¢ Fe, byla najwyzsza w poziomie Bt profilu II. W poszczegélnych profi-
lach zawarto$¢ Fe,; byla najwyzsza w poziomie Bt Gleyic Phaeozem i poziomie AB Gleyic (Cambic)
Phaeozem. W Luvic Gleyic Phaeozem i Gleyic (Cambic) Phaeozem zelazo byto usuwane z poziomu
powierzchniowego i gromadzone w poziomie iluwialnym. Jednorodno$¢ zawartosci zelaza catko-
witego i jego wolnych tlenkéw w materiale macierzystym analizowanych gleb wskazuje na ich
jednorodno$¢ genetyczng. Uwalnianie Zelaza w poziomie Ap jest charakterystyczne dla wietrze-
nia chemicznego. Zalezno$¢ pomiedzy zawartoscig Fe i Fe, okresla stopien krystalizacji wolnych
tlenkéw Zelaza. Na podstawie analizy statystycznej stwierdzono istotnie dodatnia korelacje po-
miedzy zawartos$cia frakcji ilastej a wszystkimi oznaczonymi formami Zelaza. Wszystkie profile
charakteryzowaly si¢ podobnym stopniem zwietrzenia materiatu glebowego, ktéry okreslono na
podstawie stosunku Fe /Fe . Gleby wykazuja réwniez niska warto$¢ mobilizacji zelaza, co potwier-
dzajg wartosci stosunku Fe /Fe,. Oznaczanie form Zelaza i interpretacja wynikow analiz pomagaja
w prawidlowej klasyfikacji gleb, poniewaz rozmieszczenie form Zelaza w profilach glebowych za-
lezy gléwnie od pedogenezy.
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