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Selected properties and systematic position of soils developed
from red sandstones and clays of the Lower Triassic Buntsandstein
in the NW part of the Holy Cross Mountains (Poland)

Abstract: The aim of the study was to compare the properties of soils developed from the Lower Triassic Buntsandstein sediments
in the north-western part of the Holy Cross Mountains (Poland). These are deposits of continental genesis and unique features such
as red beds. Two representative soil pedons — the Bartkow profile (pBK) developed from clay and the Gora Czerwona profile (pGC)
developed from sandstone were selected for detailed analyzes. The morphology of profiles, their micromorphological features,
mineralogical composition, and physico-chemical properties were examined. Most of the properties of the soils are a consequence of
the original parent rock lithology. A specific feature of the morphology of the soils are the presence of red color (about 10R by the
Munsell color scale) related to the presence of hematite. As shown by the XRD data, hematite is not the product of the current soil-
forming processes, but it is a lithogenic component, which was inherited from the parent rock. Under the influence of climatic factors
primary rock structure has been transformed into a new pedogenic one. Soils developed from clays have a characteristic angular
blocky structure. Micromorphological analysis showed that an important role in the formation of soil structure involves geogenic
susceptibility of Triassic clays to specific cuboid disintegration. This is indicated by the pore system of planes as an orthogonal nets
visible in thin section. The soils developed from sandstone have a weak (unstable) subangular blocky structure. The main reason is
the insufficient dispersion of the clay-ferruginous fraction from the sandstone matrix. Microscopic observations indicate that fine
factions occurs as loose microaggregates, which results in a feature that smaller rock fragments and individual quartz grains are not
bonded into soil aggregates. The studied soils are characterized by specific physical-chemical properties. Some of them strongly
depend on the mineralogical properties of the soil substrate. Strong acidity (pH 3—4) and a very low content of base cations (below
1.0 cmol ,, kg™!) are due to a lack of carbonate minerals in sandstones and weak weathering of aluminium silicate. High exchangeable
Al content in clay (16.5 cmol( 9 kg ") should be related to the geochemical properties of the red bed-type rocks such as the Lower
Triassic Buntsandstein deposits. Soils developed from the Lower Triassic Buntsandstein clays have a sequence of genetic horizons:
Ap, Bw, Bw/C, C and fulfill the criteria assigned to dystrophic typical brown soils (BDt) in the Polish Soil Classification (PSC 2011),
whereas in the WRB they were classified as Endoeutric Chromic Cambisols (Loamic). Soils developed from the Lower Triassic
Buntsandstein red sandstone can be classified as dystrophic humus brown soil (BDpr) in the PSC (2011). Within the WRB classifi-
cation that soil can be assigned to Epidystric Chromic Endoleptic Cambisols.

Keywords: Triassic (Buntsandstein), red clays and sandstones, soil micromorphology, soil mineralogy, soil properties, Holy
Cross Mountains, Poland

INTRODUCTION xies (Vodyanitskii et al. 2003, Lesovaya et al. 2005,

Hanlie et al. 2010).

The Holy Cross Mountains represent one of the
very few places in central Poland with outcrops of
older rocks on the surface that can be referred to red
beds (Sokotowski et al. 1973). They include the
Lower Triassic Buntsandstein deposits. In the NW
part of the Holy Cross Mountains, these rocks are
exposed on a large area as compact covers or small
outcrops in the vicinity of rocks of different origin or
age, e.g. among Quaternary sediments or Devonian
limestones (Filonowicz 1973, 1979). Usually they are
developed as red sandstones, clays or claystones. The
area covered by Lower Triassic rocks is very intere-

A common problem in soils strongly influenced
by the specific character of the parent rock is the correct
description of the morphological features and the
interpretation of the soil properties. Such soils are,
for example, soils developed from rocks referred to
as red beds. Red beds are sediments or rock forma-
tions that have formed in the geological past in specific
terrestrial conditions (Turner 1980). At present, they
crop on the surface in many parts of the world, in
diverse climate zones and variable geomorphological
conditions. Soils developed from such rocks are
difficult to classify using conventional diagnostic pro-
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sting in terms of soil science. Lithological uniqueness
of the rocks results in soils that have features and
properties unknown in other, genetically comparable
soils, as shown by the studies of Szafranek (1989,
1990), Zagoérski and Brzychcy (2009) and Zagoérski
and Kisiel (2010, 2014). The red colour of the rock
substrate ‘masks’ some morphological features of the
soils, particularly those formed as an effect of pedo-
genic processes (Zagorski and Kaczorek 2002). Mo-
reover, specific physical and chemical properties of
these soils distinguish them from soils developed from
sandstones and claystones of other geological forma-
tions, e.g. flysch rocks (Szafranek and Sktodowski
2006, Kacprzak et al. 2015). According to Sktodowski
and Maciejewska (1986), this may be the result of
the mineralogical composition of the soil substrate
derived from the parent rock.

The studies focused on the comparison of the
properties of soils developed from rocks representing
two main lithological members of the Lower Triassic
in the NW part of the Holy Cross Mountains, i.e. sand-
stones and claystones. The obtained data allowed for
determination of the origin and classification of these
soils according to the PSC (2011) and WRB (IUSS
Working Group WRB 2015).

MATERIALS AND METHODS

Geological setting and location
of the study area

The studies were conducted in the north-western
part of the Holy Cross Mountains, central Poland.
Triassic and Jurassic rocks of the Mesozoic margin
of the Holy Cross Mountains crop out in the area.
The complex structural setting, variety of sediments
and geomorphological transformations in the Quaternary
have resulted in a diversified landscape of the area.
Narrow, parallel ridges and isolated small elevations,
surrounded by valleys with present-day streams, are
a characteristic feature of that area (Klatka 1965, Lind-
ner 1971). The investigations focused on outcrops of
Lower Triassic Buntsandstein deposits building the
topmost parts of the elevations. Depending on the
primary palacogeographic setting, the deposits are
developed as red clays, claystones, mudstones or sand-
stones (Filonowicz 1973, 1979). Lithological varia-
bility is often local in character and typical of conti-
nental sequences (Senkowiczowa and Slaczka 1962,
Senkowiczowa 1966). Hematite is an important
mineral component of the Buntsandstein sediments in
the Holy Cross Mountains (Barczuk 1979). Inferru-
ginous sandstones, this mineral is part of the matrix, and
in clays, claystones and mudstones it is a component of
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the clay fraction. Locally, it forms macroscopic
concentrations in the form of concretions or pseudo-
olites (Kleczkowski 1970).

Soils developed from two characteristic Lower
Triassic rock units — red clays and red sandstones —
were subject to the analyses. Two representative soil
pedons were selected: Gora Czerwona (profile pGC)
and Bartkoéw (profile pBK) (Fig. 1). Profile pGC
represents forest soil developed on ferruginous
sandstones exposed within the culmination of a distinct
hill at 350 m a.s.l. (Goéra Czerwona), located ca. 6 km
to the west of Suchedniow town. The area surrounding
the profile is flat, without significant signs of erosion,
covered by a forest with the dominant European silver
fir (4bies alba Mill.) and the subordinate European
beech (Fagus silvatica L.) and European oak (Quer-
cus robur L.).
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FIGURE 1. Geological sketch map of the NW Holy Cross
Mountains and localization of the investigated soil pedons: I —
pGC (Gora Czerwona), II — pBK (Bartkéw): 1 — Paleozoic
basement, 2 — Lower Triassic Buntsandstein, 3 — Middle and
Upper Triassic, 4 — Soil pedons

Profile pBK is situated in the eastern part of a vast
hill at ca. 330 m a.s.l. composed of clay rocks, mainly
clays with claystone and mudstone interbeds. The soil
profile was localized on arable ground in Bartkow
village, situated about 2 km to the west of Zagnansk
village.

Methods

The description of the soil profiles was made
according to the requirements of the PSSS (Kabata et
al. 2014) and IUSS (Jahn et al. 2006). Soil colour
was determined according to the RSSCC catalogue
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(Oyama and Takehara 1970). Micromorphological
analyses were made in thin sections using an Olympus
BX41 polarizing microscope. Interpretation of micro-
morphological features followed the guidelines of
Brewer (1964), Bullock et al. (1985), Stoops (2003),
and Stoops et al. (2010). Mineralogical analyses were
made for all genetic horizons. The <0.1 mm fractions
were tested in ground samples using X-ray diffracto-
metry conducted on D-5005 Brucker/AXS equipment.
Qualitative identification of particular minerals was
based on dhkl values of characteristic reflexes compared
with the standard (Brindley and Brown 1980, Cornell
and Schwertmann 2006).

Determinations of the basic soil properties were
made according to the standards used in soil science
(Karczewska and Kabata 2005): particle-size distri-
bution (PSD) using the Casagrande method in the
modification of Prészynski, pH of soil in H,O and in
IM KCl using the electrometric method, exchangeable
hydrogen (Hex), exchangeable aluminium (Alex)
using the Sokotow method (1M KCl), potential acidity
(Ha) using the Kappen method (extracting agent —
Na acetate), and exchangeable base cations Ca, Mg,
K, Na using ammonium acetate extraction at pH=7.
Total organic carbon (TOC) was determined using
the TOC 5000A (Shimadzu) analyzer and total nitro-
gen (Nt) was determined using the Kjeldahl method
in a Kjeltec® 8100 analyzer. The total iron content
as Fe,0, was determined using the XRF method in a
WD-XRF analyzer, PW 2400 (Philips) at Central
Chemical Laboratory, Polish Geological Institute
(CCHL PIG)

RESULTS
Morphology of the soil profiles

The selected soil profiles are characterized by
specific morphological properties. The main feature
is the red colour of the genetic horizons, in the range
of about 10R according to the RSSCC (Oyama and
Takehara 1970) colour charts. The general views of
the soil profiles is presented in Figure 2.

Macroscopic features of the soils studied are
described below.

Pedon Bartkéw (profile pBK)
Horizon Ap, 0-20 cm

Very little skeleton sandy loam, very dark reddish

brown 10R 2/3 Moderate subangular blocky structu-

re, crumbly in places. The fabric weakly concise.

Single pebbles and gravels with a diameter ca.

2-3 cm. Few roots of crops. Fresh moist. Slightly

acid soil reaction. Distinct transition to the horizon

below, wavy boundary.

FIGURE 2. View of soil pedons developed from Lower Triassic
Buntsandstein sediments: a — Pedon Bartkéw (pBK) developed
from red clays (left); b — Pedon Géra Czerwona (pGC) developed
from red sandstone (right)

Horizon Bw, 2045 cm
Very little skeleton loam, red 10R 4/6, in some
places a little bit brighter spots dull reddish orange
10R 6/4. Strong subangular blocky structure,
concise fabric. Fresh moist. Slightly acid soil
reaction. Gradual transition to the horizon below,
irregular boundary.

Horizon Bw/C, 45-60 cm
Loam (L), red 10R 5/8. Strong angular blocky
structure, locally prismatic. The concise fabric.
Fresh moist. Slightly acid soil reaction. Gradual
transition to the horizon below, blurred boundary.

Horizon C, depth > 60 cm
Beds of Lower Triassic Buntsandstein clays. Clay
loam (CL), red 10R 4/8. Compact fabric, in some
places the clay forms prismatic pieces. Fresh moist.
Acid soil reaction.

Pedon Géra Czerwona (profile pGC)

Horizon O, 5-0 cm
Coniferous-deciduous forest litter.

Horizon A, 0-10 cm
Little skeleton loamy sand, (LS), very dark reddish
brown 10R 2/2. Moder-mull humus type. Single
grain structure, crumbling in places. The weakly
concise fabric. Single sharp edge pieces of ferri-
ferous sandstone with a diameter of 3—15 cm.
Numerous roots of trees and shrubs. Fresh moist.
Strongly acid soil reaction. Clear transition to the
horizon below, wavy boundary.

Horizon Bw, 1045 cm
Cobbly loamy sand (SLcb). The color ranges from
dark red 10R 3/6 to red 10R 4/6. The structure is
diverse: in the upper part is single grain, but deeper
is weak (unstable) subangular blocky. Moderately
concise fabric. Numerous tree roots and sharp
shards of ferriferous sandstones with a diameter
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greater than 7—18 cm. Fresh moist. Strongly acid
soil reaction. Gradual transition to the horizon
below, equal boundary.
Horizon C, >45 cm

Debris of Lower Triassic Buntsandstein sandstone.
Very stony sand (SLcb2), red 10R 4/8. A large
number of sharp edges, pieces of ferriferous
sandstone with a diameter of 20 cm. Fresh moist.
Strongly acid soil reaction.

Micromorphology

Comparison of the internal structure of the studied
soils was achieved by analyzing the micromorphology

of the middle parts of the profiles — horizons Bw. The
main micromorphological properties have been
compared in Table 1.

The most significant micromorphological feature
of the soil developed from claystones (pBK) is the
characteristic subangular blocky structure. It was formed
by the disintegration of the compact soil substrate into
smaller fragments (aggregates) with dimensions even
up to 20—30 mm, sharp edges and regular, subquadran-
gular or subrectangular contours. The individual units
are separated by a narrow (2 mm width) free spaces
of planar voids (planes) type. In a large observation
field (Fig. 3), the planes form an orthogonal network.
In some places, by increasing their dimensions the

TABLE 1. Main micromorphological features in the central parts (Bw horizons) of soil profiles developed from Lower Triassic

sediments
Feature Soil pedon Bartkéw (pBK) Soil pedon Gora Czerwona (pGC)
horizon Bw horizon Bw
depth 2040 cm depth 1045 cm
Soil Texture loam sandy loam cobbly (SLcb1)
Microstructure subangular blocky intergrain mictroaggregate
Porosity planar voids (planes) +++ simple packing voids ++
chambers ++ channels + complex packing voids +
Groundmass ~ Color reddish brown, red, reddish brown
same places light reddish gray
Mineralogy/ ¢ (skeleton) fragments of claystone, single grains shards of sandstone, grains of quartz,
petrography of quartz, hematite concretions (ooides) ~ hematite concretions (ooides)

f (plasma)

clay minerals, quartz, hematite

clay minerals, hematite

c/f related distribution

open porphyric

enaulic

b-Fabrics

undifferntiated b-fabric

undifferntiated b-fabric

staple speckled b-fabric

Organic material pieces of roots

organic amorphous aggregates and tissue
fragments plants

Pedofeatures
clay coatings +

depletion pedofeatures (Fe) ++,

organic metatubules +

Frequency: very often +++, often ++, seldom +.

FIGURE 3. Typical micromorphological features in the soil developed from the Lower Triassic Buntsandstein clay. Pedon Bartkow
(pGC), horizon Bw: a — PPL, b — XPL. Groundmass gm has properties inherited from the mudstones, p/ — planar voids,
ch —chambers. Black opaque grains are hematite concretions (/)
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planes have transformed into chambers developed
from thin pores. Channels developed from the pene-
tration of larger ones are rare.

Groundmass of the pBK clayey profile typically
has properties derived from the parent rock. Micro-
scopic observations indicate that the parent rock is
not represented by pure clay, as suggested by geolo-
gical data, but rather by clay mudstone. It generally
comprises fine particles (f<0.02 mm). Coarse com-
ponents (c>0.5 mm) are irregularly distributed, single
grains of medium sand. The c/f related distribution
can be determined as open porphyric. The micromass
is composed of quartz silt (f;, ,, ...) and clay minerals
(fy 002 mm) @t @ 1:3 ratio. Within the aggregates they
form a compact background with a characteristic
red-brownish colour (Fig. 3). The colour points to
hematite admixture. Separation of clay domains is
generally poor and an undifferentiated b-fabric prevails.
Small clay aggregates in the form of staple speckled
b-fabric are visible only sporadically. An interesting
micromorphological feature is the high abundance of
small (several millimetres in size) nodules. Their
characteristic microscopic properties — an oval shape,
a dark, almost black colour, and an insignificant
transparency indicate that they are lithogenic structures
(hematite pseudoolites), rather than soil ferruginous
nodules. In the middle part of profile pBK, distinct
micromorphological pedogenic features are not present.
Only the presence of depletion pedofeuters was noted.
They are parts of the groundmass gradually brighte-
ning towards the aggregate margins, visible near large
voids. Sporadically, thin clay coatings are observed
on the walls of some voids. Organic remains in the
form of plant or animal tissues are not present.
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Sporadic bioturbations made by soil mesofauna
occur in the upper part of horizon Bw, close to the
boundary with horizon A.

Horizon Bw of soil developed from sandstones
(in profile pGC) has different micromorphological
properties. It has a typical intergrain mictroaggregate
microstructure (Bullock et al. 1985) (Fig. 4). The main
structural role is played by coarse components: coarse
and medium sand-sized (c>0.5 mm). Between them
occur small microaggregates of the fine fraction
(£>0.005 mm). The c/f related distribution is enaulic.
Porosity is significantly high. The free voids between
the microskeleton grains are simple packing voids or
in places complex packing voids. Within the groundmass,
the microskeleton is composed of poorly or medium
rounded quartz grains. Sporadically, few opaque grains
of hematite pseudoolites with a smooth outline are
present. Fine particles generally have a small
contribution. Analysis of microscopic optical features
indicates that they include variably distributed clay
minerals, hematite, and organic matter. They commonly
form small aggregates that occasionally adhere to the
margins of large grains (remains of the sandstone
cement) (Fig. 4). The clay minerals do not form
individual domains, due to which the fine fraction has
an undifferentiated b-fabric. Red flaky hematite
crystals are observed on some quartz grains. Micro-
morphological properties of pedogenic origin in horizon
Bw of profile pGC have only organic metatubules
(Brewer 1964). They are accumulations of organic-
mineral aggregates and fragments of poorly decom-
posed organic matter, loosely distributed in large voids
between the sandstone fragments (Fig. 5).

FIGURE 4. Typical micromorphological features in the soil developed from the lower Triassic Buntsandstein sandstone. Pedon Gora
Czerwona, horizon Bw: a — PPL, b — XPL. An intergrain mictroaggregate microstructure. Groundmass consists of skeleton grains ¢
with fresh sharp edges and only a small amount of fine components — /. Enaulic ¢/f distribution
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FIGURE 5. Hematite-clay microaggregates (/-c) occurring between quartz grains. # — hematite concretion. Pedon Gora Czerwona

(pGC), horizon Bw: a — PPL, b — XPL
Mineralogy

The substrate of the studied soils contains all
minerals that occur in the Lower Triassic rocks. The
Gora Czerwona pedone (pGC) generally contains
quartz and hematite. The diffractograms show
reflections for quartz (d 4.26 and 3.33 A) and hematite
(2.69 and 1.48 A) (Fig. 6). In the range for clay mine-
rals, individual reflexes with values at d 7.18, 5.37,
and 2.38 A point only to the presence of kaolinite.

i 10 5 4

Moreover, the presence of feldspars was observed as
d 3.28 A reflexes (Fig. 6). In the Bartkow pedone
(profile pBK) developed from clays, the mineralogical
composition is similar throughout the entire profile.
The main role is played by clay minerals and hematite.
Quartz is an accessory but common component.
Values d for reflexes 00/ indicate the presence of chlorite
—14.0 and 4.78 A, illite— 10.0 A, 4.48 and 3.33 A, and
kaolinite 7.15, 5.37 and 2.38 A. Worth noting are the
strong and sharp reflexes of these minerals in the

[y |
AR

2
d-scale

FIGURE 6. Mineralogical composition of the genetic horizons in pedon Goéra Czerwona (pGC). XRD patterns of powder samples
< 0.1 mm. Symbols of minerals: Q — quartz, H — hematite, k — kaolinite. The d-scale in A
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parent rock pointing to their good crystallization. In
genetic horizons (A, Bw), the reflexes are less signifi-
cant, which indicates their partial degradation by
structure transformation. A reflex at about 12.0 A in
horizon Bw indicates the presence of a mixed-layer
chlorite/illite mineral (Fig. 7).

Particle-size distribution

The studied soils, being developed from two different
parent rocks, have a significantly different particle-size
distribution. The Bartkow soil (pBK) developed from
clays is a heavy (loam-clay) soil with a low amount
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of skeleton grains, whereas the Goéra Czerwona soil
(pCQ) is a light (sandy) soil with abundant skeleton
grains (Table 2).

Detailed analysis of the particle-size distribution
in particular genetic horizons has indicated a characte-
ristic variability in the contribution of some fractions.
In profile pBK an increase of the content of clay and
silt fractions is observed from the depth of about 20 cm.
The surficial horizons Ap have the particle-size
distribution of sandy loams, whereas below, in horizons
Bw, Bw/C and C, respectively, occur sandy-clay loams,
loams and clay loams (Table 2). The contribution of
the sand fraction is also characteristic. The content
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FIGURE 7. Mineralogical composition of the genetic horizons in pedon Bartkow (pBK). XRD patterns of powder samples
< 0.1 mm. Symbols of minerals: Q — quartz, H — hematite, Mc — muscovite?, k — kaolinite, i — illite, ch — chlorite. The d-scale in A

TABLE 2. Particle-size distribution the soil developed from Lower Triassic sediments

Pedon Horizon Depth  Percentage of fraction (diameter in mm) Textural
(M) Skele- Fine earth (100%) class*
ton (USDA)
>2.0 2.0-1.0 1.0-0.5 0.5-0.25 0.25-0.1 0.1-0.05 0.05-0.02 0.02-0.006 0.006-0.002 <0.002
pBK Ap 0-20 48 1.6 9.9 16.5 27.0 12.0 8.0 8.0 5.0 12.0 SL
Bw 20-45 1.0 05 5.4 5.1 19.0 10.0 9.0 8.0 21.0 22.0 L
Bw/C  50-60 00 04 2.6 3.5 20.5 11.0 10.0 14.0 14.0 24.0 L
C 60-70 0.1 27 1.2 52 8.9 6.0 11.0 14.0 18.0 33.0 CL
pCG A 0-10 6.7 58 142 285 26.4 5.0 7.0 6.0 1.0 6.0 LS
Bw 10-45 169 2.7 145  26.0 19.7 13.1 8.0 9.0 2.0 5.0 LScb
C 45-60 37.0 9.7 9.4 22.8 23.1 18.0 6.0 2.0 1.0 8.0 Svst

*SL — sandy loam, L — loam, CL — clay loam, LS — loamy sand, LScb — cobbly loamy sand, Svst — very stony sand.
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of coarse sand rapidly decreases downwards from
about 10% in horizon Ap to about 1% in horizon C.
The content of fine and very fine sand in particular
horizons of the middle part of the profile pPBK (Bw
and Bw/C) is similar and reaches about 10%.

In a very strong skeletal profile pCG the grain size
of the fine earth (<2.0 mm) draws attention. It is very
uniform (loamy sands) in the entire profile. The
fractions are dominated by medium sand — from
28.5% (in horizon A) to 22.8% (in horizon C). A
downward increase of the contribution of very fine
sand, from 5% (in horizon A) to 18% (in horizon C),
is a very characteristic feature. The content of silt
fractions is the highest in the middle part of the profile
— about 20% in horizon Bw. The clay fraction content is
uniform in the entire profile at the level of several
percent (Table 2).

Physical-chemical and chemical properties

Compilation of the basic physical-chemical and
chemical properties of the soils can be found in
Tables 3 and 4. Particular properties not only depend
on the type of the parent rock but also on the habitat
type and land use. This may be exemplified by the
organic carbon (TOC) and nitrogen content. In the
humus A horizon of the forest soil in Géra Czerwona
(profile pGC), the TOC content exceeds 50 g/kg™!,
whereas the same horizon in arable soil from Bart-

TABLE 3. Chemical properties the soil developed from Lower
Triassic sediments (part I)

Pedon Hori- Depth pH TOC N() CN Fe,O,
Zon - (em) {0 KCI (gkg) (%)

pBK Ap 020 59 50 109 0.12 9.08 2.32
Bw 20-45 58 4.8 43 0.05 8.60 2.57
Bw/C 50-60 5.6 44 20 0.06 333 4.82
C 60-70 53 4.1 nd nb - 6.89

pCG A 0-10 34 24 51.6 0.21 2457 2.09
Bw 1045 38 3.0 56 0.03 18.67 5.43
C 45-60 4.1 3.6 29 0.01 29.00 4.44
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kéw (pBK) contains only 10 g/kg™ of organic carbon.
A small contribution of TOC was also noted deeper
in profile pGC. The total nitrogen content (N,) show
the same trend as the TOC content. Worth noting is
the difference in the C:N ratio in the analysed profiles
— in profile pCG it is much higher. Arable soil from
Bartkéw (pBK) is acidic, whereas the forest soil from
Gora Czerwona (profile pGC) is strongly acidic.
Worth emphasizing is the low variability of pH values
in H,O between particular genetic horizons in each
of the profiles: from 5.9 (Ap) to 5.3 (C) in profile pBK,
and from 3.4 (A) to 4.1 (C) in profile pCG.

The content of exchangeable aluminium (Alex) in
both analysed soils is very interesting. In profile pBK,
the content of Alex is in a very wide range — from
very low in horizon A (only 0.3 cmol( M kg™ to very
high in horizon C (exceeding 16 cmol( N kg™"). Inprofile
pCG, the average contents of Alex 1s higher and has
a different distribution. It reaches its maximum (above
11 cmol( N kg™) in horizon A, whereas deeper the values
are lower and rather levelled —about 5 cmol . kg lin
horizon Bw and 6.5 cmol ,, kg! in the parent rock.
Values of exchange acidity Hex+Alex) are strictly
linked with the Alex content. Generally, in the entire
profile pCG and the middle and lower horizons of
profile pBK, exchange acidity depends only on exchan-
geable aluminium.

The studied soils differ in their sorption properties.
In certain genetic horizons of forest soil (pGC), values
of potential acidity (Ha) significantly change with
depth — from almost 20 cmol ,, kg™! in horizon A to
4 crnol( 9 kg™ in horizon C. In arable soil (pBK) the
Ha values increase with depth — from 3.14 cmol .
kg™! in horizon Ap to 6.62 cmol ) kg™ in the basal
horizon C.

A very characteristic feature is the generally low
content of base cations (BEC). It is particularly low
in soil developed from sandstones (pGC) — from 0.94
cmol( 9 kg™! in horizon A to exceedingly low in the
parent rock, only 0.04 cmol( 9 kg In soil developed
from clays (pBK), BEC reached higher values — from

TABLE 4. Chemical properties the soil developed from Lower Triassic sediments (part 1)

Pedon Horizon Depth Hex  Alex HextAlex Ca Mg K Na Ha EBC CEC ECEC BS EBS Ca/Mg
(em  (omol,, ke) (%)

pBK Ap 0-20 0.20 0.33 0.53 275 0.19 0.02 0.01 3.14 297 6.10 6.63 48.6 90.0 14.6
Bw 2045 0.04 0.69  0.73 147 014 0.02 001 2.69 1.64 434 507 90.0 704 108
Bw/C  50-60 0.01  7.02 7.03 1.69 093 0.04 0.0l 4.88 268 7.56 1459 379 276 1.8
C 60-70 0.15 16.28 16.43 220 1.66 0.14 0.02 6.62 4.02 10.64 27.07 704 198 1.3

pCG A 0-10 0.47 11.55 12.02 0.76 0.13 0.03 0.02 20.44 094 2138 3340 44 75 5.7
Bw 1045 0.01 525 5.26 0.08 0.01 0.0 0.01 223 0.11 234 760 49 21 84
C 45-60 0.01  6.57 6.58 0.01 0.01 0.01 0.01 398 0.04 4.02 1060 1.1 07 1.2

Hex — exchangeable acidity, Alex — exchangeable Al, Ha — potential acidity, EBC — exchangeable base cations, CEC — cation exchange capacity,
ECEC - effective cation exchange capacity, BS — base saturation, EBS — effective base saturation.
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4.02 cmol kg! in the parent rock to 2.97 cmol,,, kg!
in the horizon A. The contents of particular base ca-
tions depend on the genetic horizon of the studied
soil. Generally, the Ca*? cation prevails, whereas the
values of K" and Na* are very low. In profile pBK the
content of Ca" is between 2.75 cmol , kg™! in horizon
Aand2.2 cmol( ., kg1 in horizon C of the parent rock,
with a distinct minimum at 1.47 cmol ,, kg™ in the
central part of the profile in horizon Bw. In profile
pGC, the content of Ca*? is significantly lower — only
0.76 cmol kg! in horizon A and almost trace values
at0.01 cmol) ., kg !in horizon A. In this soil, the content
of Mg*? is also low. In turn, in soil developed from
clays, a distinct growth of Mg*? values can be observed
with depth to 1.66 cmol( 9 kg! in horizon C representing
the parent rock.

Due to the specific red colour, determination of
the iron content in the soil substrate was of crucial
significance. The total content of iron is high in all
genetic horizons. In profile pBK it varied from above
2% in horizon A to almost 7% Fe,O in the parent
rock. A higher content of iron in horizon Bw (5.43%
Fe,0;) in comparison to the parent rock (4.44%) is
a characteristic feature in pedone pGC.

DISCUSSION

Of key significance for the soils developed from
Lower Triassic Buntsandstein deposits in the Holy
Cross Mountains is the precise determination of the
role of lithogenic and pedogenic factors that resulted
in their present-day stage of development. As evidenced
by the analyses, the soils are characterized by very
specific features and properties, therefore determi-
nation of their origin is a complex issue. This results
from the fact that the main macroscopic and micro-
morphological features, mineralogical composition
and physical-chemical properties largely depend on
the very unique lithology of the parent rock (red beds),
therefore the role played by pedogenic factors is not
always clear (Blodgett et al. 1973). In consequence,
it is difficult to find a sufficient number of proxies
indispensable for determining diagnostic horizons, on
which present-day soil classifications are based.

One of the most spectacular features observed in
the Bartkéw and Gora Czerwona soils is their intensely
red colour. Such red colour is rarely found in Polish
soils. It was observed in the relict horizons of Rendzic
Leptosol developed on the weathering terra rossa
covers in the Polish Jura Chain (Zagoérski 2003).
In the Holy Cross Mountains, in areas with the
occurrence of Lower Triassic rocks, red soil colour is
well visible in the field — particularly on the surface
of arable soils. The presence of red colour in soils is
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of high diagnostic significance. On the one hand, it
testifies for the direct relationship between the mineral
substrate and the parent rock, and on the other hand,
it may be a proxy of the degree of pedogenic processes
(Bigham and Ciotkosz 1993, Brzychcy et al. 2012).
Red colour is also taken into account in many soil
classifications. In the international soil classification
WRB (IUSS Working Group WRB 2015), soils with
colour in the range of about 10R according to the
Munsell Colour Chart are referred to as Chromic.

In soil science literature, red colour is interpreted
to be derived from the presence of hematite in the
soil substrate (Torrent and Schwertmann 1986,
Schwertmann 1993). The presence of hematite in the
studied soils, suggested by the red colour, was
explicitly evidenced by mineralogical analyses (Fig.
6 and 7). Data from XRD analyzes indicate that this
mineral is not the product of current soil forming
processes, but represents a typical lithogenic component,
which was inherited from the parent rock. The
presence of lithogenic hematite was also observed in
soils developed from similar Triassic deposits in other
parts of the Holy Cross Mountains (Zagdrski and
Kaczorek 2002). Mineralogical studies have also played
an important role in assessing the role of allogenic
material in the mineral substrate of the studied soils.
Admixture of mineral material from deposits other
than the Triassic (e.g. of Quaternary age) could be
easily mask by the red colour. Similarity of the compo-
sition of clay minerals in particular genetic horizons is
a proxy indicating that the soil substrate is derived
from the transformation of parent rocks (sandstones
or clays). Similar conclusions can be drawn from the
particle-size distribution and micromorphological studies.
The lithogenic uniformity of the soil profiles is of
key significance in the interpretation of the properties
of the analysed soils.

Soil structure is crucial for the recognition of
pedogenic processes and identification of diagnostic
horizons in the studied soils. Based on observations
of macroscopic and micromorphological features, it
can be concluded that the primary lithogenic structure
of the parent rock was transformed into a new structure
with pedogenic features. In surface horizons A, the
structure is largely shaped by cultivation (pBK) or
forest plant communities (pGC). Crucial indicators
for the assessment of the pedogenesis is the structure
that developed in the middle parts of the studied pe-
dones — horizons Bw and Bw/C. The studies indicate
that the main factors influencing the structure are climate
conditions, such as seasonal freezing-thawing and
wetting-drying cycles (Pires et al. 2008). These cycles
through mechanical fragmentation cause gradual
physical destruction of the parent rock — clay or sand-
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FIGURE 8. Examples of soil structure in the soils developed from the Lower Triassic Buntsandstein sediments: clays (a) and
sandstone (b): a— The formation of angular blocky structures through the disintegration of clay bed. Pedon Bartkéw (pBK), horizon
BwC. b — The grain structure of the soil substrate formed from comminuted sandstone. Pedon Géra Czerwona (pGC), horizon Bw.

Binary images (pores are white and the soil matrix is black)

stone (Fig. 8). Micromorphological analyses have
indicated that the specific properties of the parent rock
influence a particular type of structure. The presence
of angular structure in soil developed from clays (profile
pBK) is related to the geogenic susceptibility of Triassic
clays to specific blocky fragmentation. This is
evidenced by the specific void distribution as planes
in form of an orthogonal network visible in microscopic
observations. In turn, the grain structure occurring
in soil developed from sandstones (profile pGC) is
the result of low capability to secondary aggregation
of grains derived from the destroyed rock. Microscopic
analyses indicate that this is related not only to the
low amount of the binding agent such as the colloidal
fraction. The main reason is the insufficient dispersion
of the clay-ferruginous fraction from the sandstone
matrix. Microscopic observations indicate that fine
fractions occurs as loose microaggregates, due to
which smaller rock fragments and individual quartz
grains are not bonded into soil aggregates. The few
structural aggregates occurring in horizon A, formed
at the presence of organic matter, are not stable.

The studied soils are characterized by specific
physical-chemical properties. Some of them strongly
depend on the mineralogical properties of the substrate.

In the Gora Czerwona pedone (pGC), the particularly
low cation exchange capacity (CEC) of the deeper
genetic horizons (Table 4) depends not only on the
low content of the clay fraction (5—8%), but also on
the fact that this fraction is dominated by two minerals
with a low sorption activity — kaolinite and hematite.
Interestingly, low CEC was also noted in the Bart-
kéw pedone, despite the high content of the colloidal
fraction composed of clay minerals such as illite or
chlorite. Usually, the sorption capacity in soils
containing such minerals is much higher (Velde and
Meunier 2008). According to some researchers, one
of the factors restricting the sorption activity of the
clay fraction may the presence of hematite nanocrystals
on the packets of clay minerals (Stucki et al. 2012).
It seems that in the case of soils developed from
Triassic red clays, the low (BS<50% in pBK) and
very low (BS<50% in pGC) contribution of alkaline
cations to the sorption capacity (Table 4) of the studied
soils depends on the mineral composition of the parent
rocks and the low pedogenic advancement of the sub-
strate weathering processes. In soil Gora Czerwona
(profile pGC), the sandstones lack easily weathering
minerals with alkaline metals (carbonates, phosphates),
which could be the source of alkaline cations. In pedone
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Bartkow (pBK), the contents of particular cations are
shaped by two factors —rock type and soil management.
The geochemistry of the parent rock influences the
content of alkaline cations only in the lower parts of
profile pBK — particularly in the parent rock. A similar
content of the Ca?" and Mg?" cations is very charac-
teristic. It is typical of clay rocks containing chlorites
(Velde and Meunier 2008). In the upper genetic horizons,
particularly in arable horizon A, the very wide range
of the Ca/Mg ratio indicates clear anthropogenic
inference in the soil properties. Repeated cultivation
over the years has depleted the soil in Mg and the
applied fertilization (liming) did not balance the
deficiency of this component.

Among the chemical properties of the analysed
soils, a particular role is played by exchangeable
aluminium. In both cases, the characteristically high
exchangeable Al content should be related to the
geochemical properties of the red bed-type rocks such
as the Lower Triassic Buntsandstein deposits. According
to Turner (1980), dry and hot climate conditions of
aluminosilicate weathering result in the release of
large quantities of mobile aluminium. Aluminium
cations are sorbed by the clay fraction (Marques et
al. 2002), and substituted into the hematite structure
(Cornell and Schwertmann 2006). In the case of soil
pGC, the variable content of exchangeable Al in the
genetic horizons results from the fact that the source
of Al includes both weathered hematite (particularly
in horizon A) and the kaolinite structure. It seems that
such high content of exchangeable Al in horizon A
may be the relict of hematite disintegration under the
influence of organic acids from the forest cover
(Schwertmann 1991). The low stability of hematite in
the acidic organic horizons of soils was pointed out
by Schwertmann and Taylor (1989). In soil pBK,
exchangeable Al is derived largely from clay minerals —
chlorite and illite. This is testified by its significantly
high content in the parent rock. According to Marqu-
es et al. (2002), in terrestrial clay sediments, the alu-
minium cation is sorbed into the exchangeable posi-
tion of mixed-layer 2:1 silicates, and during extrac-
tion with 1M KCI results in high concentrations of
exchangeable Al. The content of exchangeable Al is
drastically inhibited in the upper part of soil pBK —
horizons A and Bw — through higher pH and presen-
ce of Ca®" cations. Obviously, this may be related to
the agricultural activities (e.g. liming) conducted on
the soil. According to Nazarkiewicz and Kaniuczak
(2012), fertilization and liming significantly influences
the reaction and content of exchangeable Al in the
surficial horizons of arable soils. Exchangeable Al
plays a key role in shaping the values of diagnostic
proxies: effective cation exchange capacity (ECEC)and
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effective base saturation (EBS). In soil developed from
sandstones (pGC), the high content of Alex in relation
to the alkaline cations results in the very low EBS
value, which locates the soils among low fertility so-
ils (dystric according to Polish Soil Classification 2011),
hyperdystric according to WRB (IUSS Working Gro-
up WRB 2015). In the case of the Bartkéw soil, the
decrease of exchangeable Al in the surficial horizons
A and Bw results in a high value of EBS, accepted
for high fertility soils (eutric according to WRB).

Specific physical-chemical properties of the studied
soils are also related to their acidic reaction and
potential acidity. Acidity is generally related to the
mineralogy and geochemistry of the parent rocks —
completely depleted of carbonate components. Most
probably external factors may also influence soil
reaction. In the case of forest soil pGC, acidity may
result from flow under the trees caused by rainfall
(Koztowski and Adwent 2011). In turn, in arable soil
pBK, beside agricultural activities, deacidification
takes place by accumulation of atmospheric silt rich
in Ca. Increased deposition of alkaline silts derived
from the cement industry has been observed in the
Holy Cross Mountains (Swiercz 2006, Koztowski
2012).

An interesting feature of the studied soils is the
presence of organic carbon in deeper genetic horizons,
even in the parent rock. This results from the terrestrial
origin of the Triassic deposits. Organic matter in the
form of plant detritus has been detected in them (Ma-
rynowski et al. 2006). This feature should be taken
into account in assessing some diagnostic proxies (e.g.
C:N) in soils developed from Lower Triassic rocks in
the Holy Cross Mountains.

Summing up, the obtained results indicate that the
studied soils belong to soils with specific advancement
of soil processes. Table 5 shows the main properties,
which can be used in the classification of soils.
Significant transformation of the parent rock caused
by physical factors is a pedogenic process. The processes
have led to the development of a different soil substrate,
with features typical of cambic horizons. The developed
soil substrate is a specific substrate for the development
of arable and forest plant communities (Gruba et al.
2015).

Based on the obtained results, we have attempted
to assign the analysed soils based on criteria in the
PSC (2011) and the international FAO-WRB soil clas-
sification (IUSS Working Group WRB 2015). The
Bartkow profile (pBK) representing soils developed
from Lower Triassic clays has an Ap, Bw, Bw/C, C
sequence of genetic horizons and fulfils the criteria
for typical dystrophic brown soils (BDt). In the WRB
classification, this soil is a Endoeutric Chromic



150

TABLE 5. Selected indicators in the PSC (2011) and WRB (IUSS Working Group WRB 2015) used for soil classification

Physical and chemical indicators
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subangular blocky,
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prismatic
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25
10
<10

2045
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Bw/C
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1.3

37.8
4.4
49
1.1

10.64
21.38

<50%

<50%

4.02
0.94

0.11

5.3
34

Q,H i, ch, k none
3.8
4.1

CL

locally prismatic

5.7
8.4
1.2

2.34
4.02

<50%
<50%

0.04

none
none
none

Q. H
Q,H
QH

LSgl
SLcbl
SLcb2

<40%
<40%
<40%

granular/ blocky
sandstone debris

10R2/2 granular
10R4/6
10R4/8

10
35
<15

0-10
10-45
45-60

pCG

Cambisols (Loamic). Soils developed from Triassic
red sandstones (Gora Czerwona, profile pGC) may
be classified as humus dystrophic brown soil (BDpr)
(PSC 2011) or according to the Classification of Forest
Soils in Poland (KGLP 2000) as acidic brown soil
(BRk). In the WRB (IUSS Working Group WRB
2015), this soil can be classified as Epidystric Chromic
Endoleptic Cambisols.

CONCLUSIONS

1. Sandstones and clays of the Lower Triassic occurring
on the surface of the terrain in the NW part of the
Holy Cross Mountains (Poland) are interesting
parent rocks soils. The resulting soil have consi-
derable specificity properties that are not found in
other soils on adjacent areas.

2. The red color of the soil substrate is a specific
macroscopic feature of the soils developed from
the Lower Triassic deposits. It is the result of the
presence of hematite. Hematite was inherited from
the rocks Buntsandstein that belong to the conti-
nental formations named as red beds.

3. The soils developed from the Lower Triassic
sediments are poor in nutrients. These include the
type of dystrophic soils. Their chemical properties
such as CEC, BSE, and pH are determined by
mineralogical and petrographic features of soil
substrate, which are inherited from the parent rock.
The impact of current use — crops or forest com-
munity is noted in surface horizons.

4. The cambic horizon is diagnostic in soils developed
from the Lower Triassic Buntsandstein deposits.
As a sign of pedogenesis taken significant trans-
formation of parent rock by climatic conditions,
especially seasonal cycles of freezing-thawing and
wetting-drying. The lithogenic primary rock structure
has been changed in the new pedogenic one. Blocky
structure was created in the clays and grainy
structure in soils developed from sandstones.

5. Soils developed from the Lower Triassic Buntsand-
stein clays have a sequence of genetic horizons:
Ap, Bw, Bw/C, C and fulfills the criteria assigned
soils brown dystrophic typical (BDt) in the PSC
(2011), whereas in the classification WRB identified
as Endoeutric Chromic Cambisols (Loamic). Soils
developed from the Lower Triassic Buntsandstein
red sandstone can be classified as dystrophic brown
soil humus (BDpr) in the PSC (2011). Within the
soil classification WRB that soil can be assigned
to Epidystric Chromic Endoleptic Cambisols.
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Niektore wlasciwosci i pozycja systematyczna gleb

wytworzonych z czerwonych piaskowcow i ilow dolnego triasu
w NW obrzezeniu Gor Swig¢tokrzyskich

Streszczenie: Celem badan byto poréwnanie wlasciwosci gleb wytworzonych z osadow dolnego triasu (pstry piaskowiec)
w pbtocno-zachodniej czeéci Gor Swigtokrzyskich (Polska). Sa to osady o genezie kontynentalnej i unikalnych wiasciwosciach,
okreslane jako red beds. Do szczegélowych analiz zostaly wybrane dwa reprezentatywne pedony glebowe — profil Bartkow (pBK)
wytworzony z itu i profil Géra Czerwona (pGC) wytworzony z piaskowca. Zbadano morfologig profili, cechy mikromorfologiczne,
sktad mineralny oraz wlasciwosci fizykochemiczne. Wigkszos¢ wlasciwosci gleb jest konsekwencja pierwotnej litologii skaty macie-
rzystej. Specyficzna cecha morfologii gleb jest obecnos$¢ czerwonych barw (okoto 10 R w skali barw Munsella) zwiazanych
z obecnoscia hematytu. Jak wynika z danych XRD hematyt nie jest produktem obecnych procesow glebotworczych, ale jest litolo-
gicznym sktadnikiem, ktory zostal odziedziczony ze skaty macierzystej. Pod wplywem czynnikow klimatycznych pierwotna struktu-
ra skat zostata przeksztalcona w nowa pedogeniczna. Gleby wytworzone z itd6w maja charakterystyczna foremnowielo$cienng ostro-
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krawedzista strukturg. Analiza mikromorfologiczna wykazata, ze wazna rolg w tworzeniu struktury gleby ma geogeniczna podatnos¢
itow triasowych do kostkowego rozpadu. Wskazuje na to widoczny w szlifach system cienkich poréw tworzacych prostokatna siec.
Gleby wytworzone z piaskowca maja staba (niestabilna) strukturg foremnowielo$cienna zaokraglona. Gtéwnym tego powodem jest
niewystarczajaca dyspersja frakcji ilasto-zelazistej pochodzacej ze spoiwa piaskowca. Obserwacje mikroskopowe pokazuja, ze frak-
cje drobne wystepuja jako luzne mikroagregaty, co powoduje, Ze mate fragmenty skaty i pojedyncze ziarna kwarcu nie sa wigzane
w agregaty glebowe. Badane gleby charakteryzuja si¢ specyficznymi wtasciwosciami fizykochemicznymi. Niektore z nich w duzym
stopniu zaleza od mineralogicznych wtasciwosci substratu glebowego. Silne zakwaszenie (pH 3—4) i bardzo niska zawartos$ci katio-
néw zasadowych (ponizej 1,0 cmol kg 1), wystepuje ze wzgledu na brak w piaskowcach mineraléw weglanowych i stabego wie-
trzenia glinokrzemianéw. Wysoka zawartosc Al wymiennego w ile (16,5 cmol @ ‘kg 1) wiaze sie z geochemicznymi wlasciwos$ciami
skat typu red beds, Jaklml sg osady dolnego triasu (pstrego piaskowca). Gleby wytworzone z czerwonych itdw dolnego triasu (pstre-
go piaskowca) maja sekwencj¢ poziomoéw genetycznych A, Bw, Bw/C, C i spelniaja kryteria wyznaczone dla dystroficznych gleb
brunatnych typowych (BDt) w Systematyce gleb Polski (SgP 2011), natomiast w WRB zostaly sklasyfikowane jako Endoeutric
Chromic Cambisols (Loamic). Gleby wytworzone z czerwonych piaskowcow dolnego triasu (pstrego piaskowca) mozna sklasyfiko-
wacé w SgP (2011) jako dystroficzne gleby brunatne prochniczne (BDpr). W klasyfikacji WRB, gleby te mozna przypisa¢ do Epidy-
stric Chromic Endoleptic Cambisols.

Slowa kluczowe: Trias (pstry piaskowiec), czerwone ity i piaskowce, mikromorfologia gleb, mineralogia gleb, wlasciwosci gleb,
Gory Swigtokrzyskie, Polska



