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INTRODUCTION

The content of iron and its distribution in soil is
an important issue for soil science. Numerous authors
studying soils in various climate zones indicate that
the presence of iron, aluminium and manganese in
the soil substrate, and the distribution of these
elements in the soil profile may also depend on the
origin of the parent rock (Schwertmann and Taylor
1989; Torrent et al. 1980, Costantini et al. 2006, Stucki
et al. 2012). Iron compounds are highly important for
pedogenic processes. Numerous studies point to a
strict relationship between the occurrence of various
Fe forms and pedogenic processes (Schwertmann
1988, Lesovaya et al. 2005, Vodyanitskii 2010). The
relationships that occur between the content of total,
free, and amorphous iron are the basis for the
description of many processes shaping soil properties
(MacKeague and Day 1966; Zagórski 2001, Ró¿añ-
ski et al. 2013). Mutual ratios calculated between
different Fe forms are useful proxies for determining
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Abstract: The aim of the study was to characterize pedogenic iron forms in the sediments of the Lower Triassic (Buntsandstein)
in the north-eastern part of the Holy Cross Mountains. These are sediments of continental origin and unique features as the so-called
‘red beds’. Three main types of rocks were studied – sandstones, mudstones and claystones. Chemical forms of iron: Fet (XRF),
FeHCl (6M HCl), Fed (dithionite-citrate-bicarbonate, DCB), Feo (ammonium oxalate), Fep (sodium pyrophosphate) were determined.
The XRD method revealed the occurrence of goethite in sandstones and hematite in mudstones and claystones. Differential XRD
(DXRD) analysis did not show the presence of amorphous iron minerals. The average Fet content in sandstones was 83 g·kg–1, in
mudstones 47 g·kg–1, in claystones 55 g·kg–1, while there were lower concentrations of Fed (66 g·kg–1, 13 g·kg–1, 26 g·kg–1, respec-
tively). Feo form content was in the range of 0.3–4 g·kg–1, while there were only traces of Fep. Only Fet and FeHCl occurred in good
correlation. In the pedogenic interpretation of the studied rocks, mutual relations between chemical forms of iron were used and their
reference to the identified iron minerals. Siltstones and claystones have high resistance to pedogenic factors, which is indicated by
low release rates Fed:Fet and very low amorphization index Feo:Fed. The reason is the presence of well crystalline hematite in these
rocks. In sandstones, resistance is conditioned by the occurrence of goethite in the matrix. Chemical destruction of iron-carbonate
cement promotes the release and amorphization of iron in soils developed from sandstones. The presented results indicate that the
specificity of Lower Triassic rocks is important for the proper classification and assessment of properties of soils with a characteristic
red colour.
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the soil type and origin. They are taken into account
in current soil classifications and systematics, e.g. the
Polish Soil Classification (2011) and the World
Reference Base for Soil Resources (IUSS Working
Group WRB 2015). In some cases the content of iron
in parent rock may be very high. This is the effect of
various geological processes: sedimentary (e.g. in the
case of desert facies), diagenetic (presence of Fe
neoformations) or specific types of weathering (e.g.
formation of laterites) (Curi and Franzmeier 1987;
Zagórski and Kaczorek 2002). Usually such rocks
have characteristic features, i.e. they are red or orange-
coloured (Torrent and Schwertmann 1986). Such
strata are generally referred to as the ‘red beds’
(Walker 1968, Van Houten 1973). Soils developed
from such rocks are typified by their morphological
separateness, and specific physical and chemical
properties (Lesovaya et al. 2005, Vodyanitskii et al.
2003, Zagórski et al. 2015). In Poland, these issues
refer particularly to soils developed from Lower
Triassic rocks in the Holy Cross Mountains area.
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In this region, depending on the local geological
setting, Lower Triassic strata outcrop over vast areas
as complexes of red sandstones, siltstones and clay-
stones. Smaller, local occurrences of these rocks are
known also in the vicinity of strata with a different
geological history and age, e.g. Palaeozoic or Jurassic
limestones, or Quaternary tills and loesses (Senko-
wiczowa and Œl¹czka 1962).

So far, studies performed in the Holy Cross
Mountains area indicate that the properties of soils
developed from Triassic deposits largely depend on
the lithology of the parent rock (sandstones, siltstones
or claystones) (Zagórski and Kaczorek 2002; Brzych-
cy and Zagórski 2009; Zagórski and Kisiel 2010,
2014; Zagórski et al. 2015). Results of field macro-
scopic observations and obtained analytical data for
the soil substrate should be verified very carefully
with regard to primary features inherited from the
parent rock. Thus, the study of various types of
Lower Triassic rocks with regard to the transforma-
tions they subjected during pedogenic processes is
an important issue. The purpose of the present study
is determination of the chemical and mineralogical
characteristics of Fe compounds from the Buntsand-
stein (Lower Triassic) deposits which are parent rocks
for soils in the north-eastern part of the Holy Cross
Mountains area. The study should enable determining
the susceptibility of the mineral components of
Triassic rocks, particularly iron minerals, to pedogenic
processes. So far, data in this topic are lacking. The
obtained results will be crucial for a better recognition

of the origin and properties of soils developed from
Lower Triassic rocks.

MATERIALS AND METHODS

Location of the study area

The studies were performed in north-eastern part
of the Holy Cross Mountains area, in the marginal
zones of the Kamienna, Kamionka and Œwiœlina
river valleys, where clastic Lower Triassic deposits
are developed in the Buntsandstein facies (Fig. 1).
Detailed studies were performed in representative
sites located near Czerwona Góra, Dziurów, and
W¹chock (Fig. 1). Each locality represents one of the
three main lithological types of the Lower Triassic –
sandstones, siltstones and claystones. Sequences with
lithological uniformity were selected, i.e. significant
admixtures of material from the neighbourhood (such
as Quaternary sands or loesses) were not observed in
them. Detailed observations and analyses have been
performed on deposits that may act as direct parent
rock for soils. It was assumed that these rocks are
transformed into the soil substrate in the course of
pedogenic processes. Samples for investigations
presented herein were collected from the lowermost
genetic soil horizon, i.e. parent rock (C horizon),
where typical lithological features were recorded. Ten
samples were taken from each soil pit. Chemical
analyses was carried out in duplicate for each
sample. Main features and properties of the studied
parent rocks are presented in Table 1.

FIGURE 1. Location
of study sites:
1 – Dziurów (D1),
2 – W¹chock (W1),
3 – Czerwona Góra
(CG3).
The occurrence of Lower
Triassic sediments (T1)
in the area of the
NE Holy Cross
Mountains according
to Wyszomirski and
Muszyñski (2007)
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Geological setting

The study area is located within a large structural
unit known as the north-eastern Mesozoic Margin of
the Holy Cross Mountains (Senkowiczowa 1966). In
this area, Lower Triassic Buntsandstein deposits
occur in a narrow belt up to several kilometres wide
between Opatów, Starachowice and Bodzentyn
towns. In the north-western part they comprise the
uppermost member of the Buntsandstein (so-called
Röt), whereas the lower and middle Buntsandstein
occurs in the south-eastern part (Samsonowicz 1932,
Filonowicz 1968, Studencki 1993). The deposits com-
prise continental facies formed within vast floodpla-
ins of low-velocity braided rivers. Coarser strata –
gravels and sands – were developed in channel
zones, whereas silts and clays developed within flood-
plains. It is also possible that some fine-grained
deposits, e.g. the Röt clays, developed as playa
facies. Lower Triassic rocks usually attain a charac-
teristic red colour, which is related to the presence of
large amounts of Fe oxides. This is obviously the
effect of specific climate conditions that prevailed
during the Early Triassic, determined as extremely
continental (Barczuk 1979, Mader and Barczuk
1985). Thus, they fulfil the criteria of facies assigned
to red beds.

In majority of the study area, Lower Triassic
strata are covered by a thin layer of Quaternary sedi-
ments (mainly loesses or rarely post-glacial sands).
They are exposed directly on the surface only on the
ridges of some structural highs, and on the slopes of
the Kamienna, Kamionka and Œwiœlina river valleys,
local erosional cuts or artificial exposures.

Study sites and exposures

Czerwona Góra (CG) study site

The area is located in the eastern part of the study
area, near Czerwona Góra village (Fig. 1). Orange
sandstones with interbeds of fine-grained conglome-
rates, assigned to the middle part of the Buntsand-
stein, occur along the slopes of Kamionka river
valley. According to Mader and Barczuk (1985), the
rocks represent fluvial deposits of the Czerwona Góra
Beds. Exposure CG3 is located on the southern
valley margin where the steep slope is incised by a
road excavation (Fig. 2a). The exposure shows the
presence of thin-bedded, yellow-orange coloured
sandstones. Macroscopically they include semi-
loose, fine-grained, polymictic sandstones with an
iron oxide-carbonate matrix. Reaction with HCl
indicates that the content of carbonates is about
2–3%. The sandstones are overlain by 0.5–1.0 m

FIGURE 2. Outcrops of Lower Triassic sediments (Buntsandstein)
in NE Holy Cross Mountains: a – Czerwona Góra – sandstones,
b – Dziurów – siltstones, c – W¹chock – claystones. CG3, D1,
W1 – analyzed exposures

thick, light red coloured (10R 6/6) (Munsell Soil Color
Charts 2009) erosional clay residuum with a large
amount of sandstone fragments. This is the parent rock
for the developing soils. Soils with an ABw-C-R
profile, assigned to brown rankers (Polish Soil Clas-
sification 2011) or to Chromic Cambic Leptosols
(Loamic, Skeletic) (IUSS Working Group WRB 2015)
occur in the vicinity of this exposure.
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Dziurów (D) study site

This region is characterised by red deposits occurring on the gentle,
northern slopes of Kamienna river valley between Starachowice town and
Dziurów village. The strata include siltstones with interbeds of sand-
stones, composing the Upper Buntsandstein – Röt (Studencki 1993). Expo-
sure D1 is located in the eastern part of Dziurów village (Fig. 2b).
Erosional escarpments of a small dry valley expose thin-bedded red
siltstones (10R 5/8). These strata are overlain by a reddish brown
erosional clay-silt cover (2.5YR 4/5), containing a small admixture of sand
and small fragments of siltstones. Such erosional cover is the parent rock
for the soils in the vicinity of Dziurów. The most common soils in this area
are typical dystrophic brown soils (Polish Soil Classification 2011) with
a succession of genetic horizons A-Bw-C or A-BwC-C. According to the
WRB (IUSS Working Group WRB 2015) criteria they may be assigned
to Chromic Leptic Cambisols (Clayic).

W¹chock (W) study site

Deposits typical for the lower part of the southern slopes of the
Kamienna river valley, to the east of W¹chock, occur in this area. They inc-
lude claystones and siltstones belonging to the Upper Buntsandstein (Röt)
represented by the W¹chock Beds (Studencki 1993). The W¹chock 1 (W1)
exposure is situated within a steep slope, additionally undercut by an escarp-
ment created by construction works (Fig. 2c). The exposure yields several
tens of centimetres thick levels of red claystones (10R 4/8). Close to the surfa-
ce, the rocks undergo mechanical destruction and create a clayey soil substra-
te, red (10R 4/8) or dark red “cherry” (7.5R 3/6) in colour. Brown soils with an
A-BwC-C/R profile (Polish Soil Classification 2011) occur in the vicinity
of this exposure. According to WRB (IUSS Working Group WRB 2015),
they can be assigned to Chromic Cambic Leptosols (Clayic).

Analytical methods

Studies of iron minerals were conducted using

X-ray diffraction (XRD) method by means of a Bruker/AXS D-5005
apparatus. CoKα radiation was used with the applied voltage of 40 kV and
35 mA current. The determinations were made for powdered, non-oriented
samples (after drying and grinding to a fraction below 0.1 mm). The qualita-
tive identification of Fe minerals was based on dhkl values of characteristic
reflexes compared with standard data (Brindley and Brown 1980; Cornell
and Schwertmann 2006). The precise identification of Fe minerals was made
using differential XRD (DXRD) technique. Differential XRD
patterns were obtained by comparison of XRD patterns for raw samples
with XRD patterns for samples subjected to dithionite-citrate-bicarbonate
(DXRDDCB) or ammonium oxalate extraction (DXRDox) (Schulze 1981, 1994;
Campbell and Schwertmann 1985). Best fitting of XRD patterns was main-
tained by coefficient k calculated separately for each sample (Schulze 1981).
Beside iron minerals, the XRD method allowed to identify other minerals,
e.g. primary minerals or clay minerals.

Laboratory analyses were focused on determining the content of
various chemical Fe forms applied in soil science (MacKeague et al. 1971,
Zagórski 2001) and identification of iron minerals (Stucki et. al 2012 ). The
analyzed iron forms are listed in Table 2. The content of total iron (Fet) was
determined using the WD-XRF method by means of a PW 2400 (Philips)TA
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apparatus in the Central Chemical Laboratory of the
Polish Geological Institute – National Research
Institute (CCHL PIG-PIB). The content of iron in the
remaining forms (FeHCl, Fed, Feo and Fep) was deter-
mined by extraction of Fe using proper reagents
followed by the determination of Fe contents in
extracts by means of atomic absorption spectroscopy
(AAS) method using a Solar M6 Thermo Elemental
apparatus in the Department of Soil Environment
Sciences, Warsaw University of Life Science –
SGGW, Poland.

RESULTS

Mineralogical iron forms

The mineral composition of the studied rocks
depends on their lithology. Based on XRD (Fig. 3),
all rocks studied have a similar assemblage of rock-
forming minerals – quartz, clay minerals, and iron
minerals. Depending on the petrography of the rock,
there were significant differences in the quantitative
contribution of particular minerals. Sandstones from
CG3 and siltstones from D1 are dominated by
quartz, whereas clay minerals prevail in claystones
from W1. Additionally, sandstones from CG3 contain
an admixture of feldspars and small amounts of
calcite (Fig. 3). Among the clay minerals, there is a
distinct difference between rocks representing the
Middle Buntsandstein and the Röt. Sandstones from
CG3 yield a relatively levelled quality composition
of clay minerals represented by illite, kaolinite, and
chlorite. A characteristic feature of siltstones and
claystones is the domination of kaolinite at sub-
ordinate contribution of illite and chlorite (Fig. 3).

A particular feature of the mineral composition of
all Lower Triassic rocks studied is the presence of Fe

TABLE 2. Chemical types of iron forms determined in various
rocks of the Buntsandstein formation in the NE Holy Cross
Mountains

mrofnorI lobmyS dohteM

)FRX(latoT eF t )7002(.lateffohkceB
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)6002(uoryehtuaGdnausnaP

suohpromA eF o dnausnaP,)4291(mmaT
)6002(uoryehtuaG

cinagronidnuoB
sexelpmoc

eF p ,)4891(ybgiDdnadnalevoL
)6002(uoryehtuaGdnausnaP

FIGURE 3. Mineralogical composition of the various rocks of the Buntsandstein formation in the NE Holy Cross Mountains:
W1 claystone, D1 siltstone, CG3 sandstone; XRD patterns of powder samples < 0.1 mm. Symbols of minerals: H – hematite,
Ge – goethite, Q – quartz, Ca – calcite, F –feldspar, k – kaolinite, i – illite, ch – chlorite
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compounds. Their qualitative characteristics was
investigated following the research goal. The basis
of this characteristics was XRD analysis. Sandstones
from Czerwona Góra contained goethite, which is
evidenced by dhkl reflexes of 4.16C, 2.25C, 1.71C
and 1.50C on the XRD patterns (Fig. 3). The main
iron mineral in claystones from W¹chock and siltsto-
nes from Dziurów is hematite, as indicated by dhkl
reflexes of 2.69C, 2.51C, 1.83C, 1.69C, 1.48C and
1.44C.

A crucial issue in the studies of Fe minerals in
sedimentary rocks and in soils is the identification of
minerals with poorly crystalline structures, such as
ferrihydrite or schwertmannite (Vithana et al. 2015).
In the case of the studied rocks, additional differential
X-ray diffraction (DXRD) was used to check the
presence of these minerals. In the DXRDDCB patterns
(Fig. 4) for the samples studied, the reflexes point to
the presence of hematite in W1 claystones and D1
siltstones, as well as goethite in CG3 sandstones.
Comparison of XRD patterns performed on these
samples before and after extraction with ammonium
oxalate indicates good crystallinity of hematite and
goethite. There were no reflexes pointing to the
presence of poorly crystalline Fe minerals, e.g. ferri-
hydrite, in the DXRDox patterns (Fig. 5).

Among minerals that are not Fe minerals but
contain iron in their structure, chlorites are worth
noting. Their presence was noted in XRD analysis
(Fig. 3). Easily undergoing weathering, chlorite plays

an important role as a proxy of pedogenic processes.
In this context, comparison of DXRDox patterns gave
an interesting result. A distinct attenuation of the 001
reflex of chlorite (ca. 14C) was observed (Fig. 6).
This indicates that the structure of chlorite underwent
partial destruction. Most probably the reason was
removal of iron from the crystalline network during
extraction by ammonium oxalate, which as a conse-
quence led to the partial decomposition of this mine-
ral (Ross 1968, Hamer et al. 2003).

Chemical iron forms

The content of individual iron forms in the
studied rock types is presented in Figure 7. The
highest content of total iron (Fet) was noted in sand-
stones from CG3 – between 78–87 g·kg-1, averagely 83
g·kg–1 (Fig. 7). In other rocks, the total iron content
was ower. In siltstones W1, the total iron content was
between 40–53 g·kg–1, whereas in claystones W1 it
was between 50–60 g·kg–1.

A different distribution was observed in the case
of free iron (Fed) (Fig. 7). In siltstones D1 the free
iron content was relatively high (about 68 g·kg

_1),
whereas in the remaining rocks, the content of free
iron was much lower – about 16 g·kg–1 in claystones
W1 and only about 13 g·kg–1 in siltstones D1. The
content of amorphous iron (Feox) in the rocks studied
did not show a quantitative relationship with the
distribution of the Fe forms mentioned above and

FIGURE 4. Identification of iron minerals in various rocks of the Buntsandstein formation in the NE Holy Cross Mountains:
W1 claystone, D1 siltstone, CG3 sandstone. DXRD patterns after treatment with DCB. Symbols of minerals: H – hematite, Ge –
goethite. (2.25) – d spacing in C.
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FIGURE 5. Effect of ammonium oxalate treatment on iron oxide mineralogy taking CG3 sample as an example. XRD patterns show
no reaction of goethite and hematite. Abbreviations: n.t. – not treated

FIGURE 6. Effect of ammonium oxalate treatment on mineralogy of clay fraction. XRD patterns show a partial destruction of the
chlorite structure
Abbreviations: W1 – claystone, D1– siltstone, n.t. – not treated

generally was at a much lower level (Fig. 7). The
content of Feox was very low in sandstones CG3 –
only about 0.3 g·kg–1 on average. In siltstones D1,
Feox content was relatively higher – about 1.2 g·kg–1.
The highest contribution of amorphous iron was
noted in claystones W1 – 4.29 g·kg–1 on average,
however with the largest variability of the results –

from 2.62 g·kg–1 to 5.38 g·kg–1. In the rocks studied,
the content of iron bound with organic matter (Fep)
was extremely low, from 0.01 g·kg–1 (D1, CG3) to
0.07 g·kg–1 (W1) (Fig. 7), therefore this form has a
trace contribution.

Large difference between the content of free iron
(Fed) and total iron (Fet) (Fig. 7) indicates that a large
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part of iron from the analysed Triassic rocks is
permanently bound in the minerals. To assess this
statement, iron was extracted in a stronger reagent
such as hydrochloric acid (Sidhu et al. 1981, Schwert-
mann 1991). In sandstones CG3, the content of FeHCl

TABLE 3. Correlation coefficients between Fe forms in sandstone
of the Buntsandstein formation in the NE Holy Cross Mountains
Czerwona Góra (CG3)

eF t eF lCH eF d eF o eF p

eF t 1

eF lCH *8088.0 1

eF d 0773.0- 1451.0- 1

eF o 7960.0- 5873.0- 5362.0- 1

eF p 3851.0 4740.0- 2651.0- 9032.0 1

TABLE 4. Correlation coefficients between Fe forms in siltstone
of the Buntsandstein formation in the NE Holy Cross Mounta-
ins. Dziurów (D1)

eF t eF lCH eF d eF o eF p

eF t 1

eF lCH *0147.0 1

eF d 8921.0 3132.0 1

eF o 3354.0 2730.0- 2034.0 1

eF p 9241.0 1403.0- 3961.0 2315.0 1

TABLE 5. Correlation coefficients between Fe forms in claysto-
ne of the Buntsandstein formation in the NE Holy Cross Moun-
tains. W¹chock (W1)

eF t eF lCH eF d eF o eF p

eF t 1

eF lCH *5466.0 1

eF d 2070.0 1731.0 1

eF o 8171.0- 9791.0- 3904.0 1

eF p 1512.0 7004.0 *9916.0 1351.0 1

is similar to the content of total iron – ca. 80 g·kg–1

(Fig. 7). In the remaining rocks, its contribution is
lower and amounts 33 g·kg–1 in siltstones D1, and 44
g·kg–1 in claystones. The performed statistical analysis
between particular Fe forms in the rocks studied
revealed a significant correlation only between FeHCl
and Fet (Table 3, 4, and 5).

DISCUSSION

Pedogenic interpretation of the results

The obtained results should be discussed in the
context of specific properties of the rocks studied and
the pedogenic process. The results of mineralogical
and chemical studies indicate that the Lower Triassic

FIGURE 7. Comparison of the
content of Fe forms in various
rocks of the Buntsandstein
formation in the NE Holy Cross
Mountains
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rocks occurring in the eastern part of the Holy Cross
Mountains area have a specific mineralogical and
geochemical characteristics. The performed investi-
gations indicate that the presence of Fe oxides plays
the most important role in shaping soil properties.
XRD analysis shows that both hematite and goethite
occur in the rocks studied (Fig. 3). The presence of
such iron minerals is characteristic of all red conti-
nental deposits (Torrent and Schwertmann 1986;
Turner 1980, Lesovaya et al. 2005). The Buntsand-
stein strata from the eastern part of the Holy Cross
Mountains area belong to such rocks (Mader and
Rdzanek 1985; Ptaszyñski and NiedŸwiedzki 2006).
Iron in the rocks studied is derived from various
mineralogical sources. In sandstones CG3 it is
derived from goethite. As indicated by detailed
microscopic observations, goethite is a component
of the matrix in Lower Triassic sandstones from the
vicinity of Czerwona Góra (Barczuk 1979). In the case
of siltstones from Dziurów and claystones from
W¹chock, the source of iron is hematite. Usually in
red-coloured rocks, this mineral is a detritic component
randomly distributed among quartz grains and clay

minerals (Studencki 1993, Van Houten 1973, Torrent
and Schwertmann 1986; Schwertmann 1993). For the
assessment of progressive soil-forming processes
significant is the lack of other iron minerals – e.g.
magnetite or ferrihydrite.

Pedogenic interpretation requires tracing relation-
ships between particular Fe chemical forms. They are
well expressed in numerical proxies calculated with
the use of analytical data (Fig. 8 and 9). Some of them
attain characteristic values that may be considered as
typical for the Lower Triassic rocks studied.

The most important is the Fed:Fet proxy (Fig. 8),
representing the degree of iron release (MacKeague
and Day 1966; Zagórski 2001). It is used to assess
the degree of susceptibility of the soil substrate to
transformations taking place in the soil environment
(Schwertmann 1988). It is generally assumed that the
high contribution of free forms (high value of Fed:Fet)
indicates significant Fe mobility in the soil. Mobili-
sation of iron may take place following the change of
reaction to acidic or when redox processes are inten-
sified after intervals with variable humidity (Schwert-
mann 1991, Cornell and Giovanoli 1993; Ró¿añski

FIGURE 9. Relations between the ratios
Fed:Fet and Feo:Fed in various rocks

of the Buntsandstein formation
in the NE Holy Cross Mountains

FIGURE 8. Variability of ratios Fed:Fet
and Feo:Fed in various rocks

of the Buntsandstein formation
 in the NE Holy Cross Mountains
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et al. 2013). In the rocks studied, the generally low
value of Fed:Fet indicates that potential release of iron
in the pedogenic process will be restricted (Fig. 8 and 9).
The reasons for this may lie in the origin of the
sediment and in the high crystallinity of iron mine-
rals, originated in specific conditions of long-term
diagenetic processes. Sandstones from Czerwona
Góra were formed from alluvial sediments characte-
rised by various grain-size fractions, bound with a Fe
oxide-carbonate cement. Specific geochemical
conditions during sedimentation (moderately warm
climate) (Mader and Barczuk 1985) and during later
diagenesis caused that the main iron mineral is
goethite. It forms a fine-crystalline cement with
calcite (Barczuk 1979). The low value of the iron
release proxy Fed:Fet observed in the Czerwona Góra
sandstones is probably linked with the fact that
during extraction, goethite crystals are not easily
available to the destructive factors of the reagents (e.g.
DCB).

As evidenced by the studies, the solubility of
goethite in sandstone increases significantly e.g. after
chemical destruction of the rock. This is shown by
the FeHCl:Fet proxy (not shown). Its high value (0.98)
indicates that destruction of the Fe oxide-calcareous
cement in the sandstone by decomposition of calcite
by HCl causes also the dissolution of goethite.
Fine-crystalline goethite is easily soluble not only in
HCl, but also in sodium dithionite (Cornell et al.
1975). This phenomenon may have large significan-
ce for the course of pedogenic processes in the Czer-
wona Góra sandstones. The authors believe that
during long-term pedogenesis, decomposition and
allocation of carbonates takes place, resulting in
physical and chemical disintegration of the sandstone.
Decomposition of goethite is thus possible (Schwert-
mann 1991). Iron released from goethite will be
active in the soil environment, which may be
recorded in Fe-humus or Fe oxide-clay complexes
during brownification processes. As a result, soils with
cambic horizons develop, which leads to the formation
of rich, eutrophic brown soils (Cambisols).

In the case of siltstones from Dziurów and clay-
stones from W¹chock, the low value of the iron release
proxy Fed:Fet (Fig. 8) results from different
factors. This is related mostly with different minera-
logical form of Fe oxide – hematite. Another factor
influencing the low value of the Fed:Fet proxy (Fig. 8)
is the crystallinity of hematite in the rocks studied.
Only the part of this material which is dispersed as
nanocrystals within the clay fraction undergoes
dissolution by DCB (Cornell and Giovanoli 1993).
The presence and properties of hematite result from
the specific origin of sediments from Dziurów and

W¹chock. The deposits represent continental settings
in a warm and dry climate that prevailed during the
sedimentation of the Upper Buntsandstein – Röt
(Kleczkowski 1970). Large amounts of hematite
developed in effect of weathering processes. Its
detritic form is of large importance – it often occurs
in concretions or oolites of various size (Kleczkow-
ski 1970, Studencki 1993). Large resistance of
hematite occurring in the rocks studied was additio-
nally confirmed by the relatively low value of the
FeHCl:Fet proxy (not shown) in the range of 0.6–0.7.
In other rock types, e.g. igneous rocks, the low value
of this proxy is interpreted as evidence of the presence
of iron in silicate and/or aluminosilicate minerals
resistant to weathering (Schwertmann and Taylor
1989). Results of XRD analysis excluded the presence
of such minerals in the rocks studied, apart from
admixture of chlorite. The small difference in the
values of FeHCl:Fet and Fed:Fet proxies indicates that
hematite probably occurs in siltstones in larger
grains than in claystones. The presence of hematite
as the main source of iron has its consequences in the
properties of soils developed on rocks representing
the Röt. Low degree of iron release does not influence
the enhancement of sorption properties of these
soils; these properties are low due to the domination
of kaolinite among the clay minerals (Brzychcy and
Zagórski 2009). A practical effect of this feature is
low fertility of the soils. Dispersed hematite stabilizes
a compact, lithogenic structure of the soils, due to
which they become difficult for cultivation (Schwert-
mann and Kämpf 1985). The macroscopic measure
of the presence of hematite in soils from W¹chock
and Dziurów is their stable red colour. According to
Schwertmann (1993), hue 10R (following the Mun-
sell Soil Color Charts 2009) points to the presence of
this mineral. Torrent and Schwertmann (1986)
concluded that the colour effect is visible at a very
low content of hematite in rocks and soils.

 The value of the proxy recording the content of
amorphous Fe forms (Feo:Fed) is very characteristic
for the rocks studied (Fig. 8). Generally it is very low,
but also quite variable between particular lithological
types of the rocks studied. The significance of this
proxy for pedogenesis is related with assessment of
the degree, at which pedogenic processes generate
the formation of secondary Fe oxides in the soil envi-
ronment. Mineralogically these forms include poorly
crystalline phases such as ferrihydrite, schwertman-
nite, sometimes green rust (fougerite) (Stucki et al.
2012, Vithana et al. 2015). XRD analyses have
excluded the presence of such minerals (Fig. 3) . The
Feo:Fed proxy was used to assess the susceptibility of
Fe oxides to the dynamic influence of the soil envi-
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ronment, e.g. in variable redox conditions. DXRDox
analysis has indicated that both goethite and hematite
occurring in the rocks studied are resistant to
factors causing amorphousness of iron (Fig. 5). The
small amount of amorphous Fe forms may be related
to the decomposition of chlorites occurring in the
rocks, particularly their ferruginous variants as shown
by DXRDox analysis (Fig. 6). The increase of Feo
values in the claystones from W¹chock may be linked
with this effect. Clearly, chlorite occurring in the clay-
stones and siltstones may also undergo destruction in
the soil environment (Bain 1977). Faint traces of
amorphism and Fe migration as grey-green gley
patches can be observed macroscopically in these rocks.

The contribution of the Fe linked with organic
matter (Fep) is insignificant in the studied rocks. This
is related to the lack of organic matter in the rocks.
According to Marynowski et al. (2002) the warm
climate conditions prevailing during the Early Triassic
in the Holy Cross Mountains area did not favour the
accumulation of organic matter or caused its decline.
This is also an important proxy that there is no litho-
genic source of organic carbon in the substrate of soils
developed on Lower Triassic rocks, contrary to soils
developed on sandstones and claystones of flysch
formations in the Carpathians (Urnug 1963).

SUMMARY

The presented research results confirm the thesis
that the identification of the mineralogical and
chemical properties of iron oxides is important in
determining the genesis, typology and utility properties
of soils and parent rocks with a characteristic red
colour. Specific continental environmental conditions
in which sediments were formed and subsequent
diagenetic processes caused that the rocks of the
Lower Triassic in the NE Holy Cross Mountains
contain goethite or hematite.

The distribution of various chemical forms of iron
(Fet, FeHCl, Fed, Feo, and Fep) indicates that in subse-
quent processes, rock containing goethite will be more
susceptible to pedogenic changes than those in which
hematite occurs. The petrographic characteristics of
rocks (sandstone, siltstone, claystone) are of great
importance for soil-forming processes. In sandstones,
the prior chemical destruction of the Fe oxide-calca-
reous cement greatly accelerates the degradation of
goethite and the release of free iron. In siltstones and
claystones, the release of iron is difficult due to the
high resistance to weathering of detrital hematite
grains. The formation of amorphous forms may be
favoured by the destruction of chlorites contained in
the clay fraction. Similar facies of the rocks studied

and those of the Lower Triassic deposits from other
parts of the Holy Cross Mountains allows to assume
that the analytical data obtained and conclusions
drawn may be applied to soils developed in similar
conditions. Therefore, studies should be continued
on a wider area and in a wider analytical range. The
authors hope that the obtained results will enrich
knowledge on the specific and unique character of
rocks developed from red beds in Poland and other
parts of the world.
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Formy ¿elaza w ska³ach macierzystych gleb wytworzonych
z osadów dolnego triasu (piaskowca pstrego)

w pó³nocno-wschodniej czêœci Gór Œwiêtokrzyskich

Streszczenie: Celem badañ by³a charakterystyka pedogenicznych form ¿elaza w osadach dolnego triasu (Buntsandstein) w pó³-
nocno-wschodniej czêœci Gór Œwiêtokrzyskich. S¹ to kontynentalne osady o unikatowych cechach znane jako „red beds”. Badane
by³y trzy g³ówne typy ska³, tj.: piaskowce, mu³owce i i³owce. Oznaczono chemiczne formy ¿elaza: Fet (XRF), FeHCl (6MHCl), Fed
(DCB), Feo (szczawian amonu), Fep (pirofosforan sodu). Metod¹ dyfrakcji rentgenowskiej (XRD) stwierdzono wystêpowanie getytu
w piaskowcach oraz hematytu w mu³owcach i i³owcach. Oprócz wymienionych minera³ów, w ska³ach wystêpowa³ równie¿ kwarc,
skalenie i minera³y ilaste (kaolinit, illit, chloryt). Analiza DXRD nie wykaza³a obecnoœci amorficznych minera³ów ¿elaza. Przeciêtna
zawartoœæ Fet wynosi³a w piaskowcach 83 g·kg–1, w mu³owcach 47 g·kg–1, w i³owcach 55 g·kg–1. Znacznie mniej stwierdzono Fed
(odpowiednio: 66 g·kg–1, 13 g·kg–1, 26 g·kg–1). Zawartoœæ Feo by³a niewielka i mieœci³a siê w przedziale od 0,3 do 4 g·kg–1.
W badanych ska³ach wystêpowa³y œladowe iloœci Fep. Dobr¹ korelacjê wykaza³y tylko zawartoœci Fet i FeHCl. Przy interpretacji
pedogenicznej badanych ska³ pos³u¿ono siê wzajemnymi relacjami pomiêdzy chemicznymi formami ¿elaza oraz ich odniesieniem do
stwierdzonych minera³ów ¿elaza. Mu³owce i i³owce wykazuj¹ du¿¹ odpornoœæ na czynniki pedogeniczne na co wskazuj¹ niskie
wskaŸniki uwolnienia Fed:Fet i bardzo niskie wskaŸniki amorfizacji Feo:Fed. Przyczyn¹ jest obecnoœæ w tych ska³ach dobrze wykry-
stalizowanego hematytu. W piaskowcach odpornoœæ jest uwarunkowana wystêpowaniem getytu w spoiwie. Przeprowadzone bada-
nia wskazuj¹, ¿e specyfika ska³ dolnego triasu jest wa¿na dla w³aœciwej klasyfikacji i oceny w³aœciwoœci gleb z charakterystyczn¹
czerwon¹ barw¹.

S³owa kluczowe: formy ¿elaza, hematyt, getyt, ska³y macierzyste, trias (pstry piaskowiec)
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