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The Poznan Clays represent a key lithostratigraphic unit of the Neogene in the Polish Lowlands. They are characterised by
pronounced colour variability, ranging from dark grey and black to yellow, brown and red. This study identifies and quantifies
the mineralogical and geochemical factors controlling this colour variability and evaluates their significance for
palaeoenvironmental interpretation, using samples collected from the Honoratka dump in central Poland. A multimethod ap-
proach is applied, including grain-size analysis, Powder X-ray Diffraction (PXRD), ’Fe Mossbauer Spectroscopy (*’Fe-MS),
Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM-EDS), and Raman Spectroscopy (RS).
The results obtained demonstrate that colour in the Poznan Clays is primarily controlled by the type, distribution, and
crystallinity of iron-bearing phases, particularly hematite, goethite and jarosite, as well as by redox conditions, pH, and the
presence of organic matter. Red and brown colours are associated with oxidising environments and the formation of hema-
tite and goethite, while dark colours reflect reducing conditions and organic-matter preservation. Pale colours are linked to
the dominance of non-pigmenting minerals such as quartz, clay minerals and carbonates. This study corroborates the effec-
tive use of sediment colour as an integrated indicator of depositional and post-depositional processes in palaeoenviron-
mental interpretations, when supported by mineralogical analyses.
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INTRODUCTION 1981, 1987; Choma-Moryl, 1988; Srodon et al., 2001; Cornell
and Schwertmann, 2003; Christiansen, 2004; Duczmal-Czerni-

kiewicz, 2010, 2013; Srodon et al., 2014; Colombo et al., 2016;

The Poznan Clays are a significant Neogene lithostrati-
graphic unit in the Polish Lowlands. Their presence and charac-
teristics play a pivotal role in palaeoenvironmental reconstruc-
tions, as well as stratigraphic and palaeogeographic interpreta-
tions (e.g., Aren, 1964; Ciuk and Pozaryska, 1982; Badura and
Przybylski, 2004; Widera, 2013). The Poznan Clays are of great
significance as an archive of climatic and sedimentary changes
in the late Neogene, as repeatedly emphasised in the literature
(e.g., Bojakowska et al., 2010; Kasinski and Stodkowska, 2016;
Kedzior et al., 2021; Widera et al., 2019, 2021a, b).

Of particular interest is the lithological and mineralogical di-
versity of these clayey deposits. This is reflected in their colour,
ranging from black, shades of grey and green, to brown and red
(Ciuk, 1970; Dyjor, 1970; McBride, 1974; Bown and Kraus,
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Card and Montenari, 2023; Widera and Klesk, 2025). The col-
our of the clays is a macroscopic feature that is easily visible in
the field but its interpretive potential has been limited to date.
Clay colour is determined by the presence of specific clay min-
erals (muscovite, smectite, kaolinite, and chlorite), with
iron-bearing phases (hematite, goethite or siderite) playing a
particularly significant role. The colour shades, ranging from
greenish to reddish, are attributed to the proportions of these
minerals and their oxidation state (Bown and Kraus, 1981,
1987; Duczmal-Czernikiewicz, 2013). In many studies, colour
has been simply used descriptively. However, it can serve as a
sensitive indicator of diagenetic processes, including the de-
gree of oxidation of the sedimentary environment and subse-
quent mineral transformations (e.g., Gorniak et al., 2001; Dyar
et al., 2006; Gornicki et al., 2007; Hartemink, 2009; Habashi,
2016; Goldstein et al., 2017; Jiang et al., 2022; Johnson, 2014;
Klesk, 2023).
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Modern instrumental methods allow precise correlation be-
tween sediment colour and the mineralogy, grain-size distribu-
tion and microstructure of the Poznan Clays. Powder X-ray dif-
fraction (PXRD) provides quantitative constraints on the bulk
clay content and clay-mineral composition, which in this study
are directly compared with objectively measured colour param-
eters rather than with descriptive colour classes alone (Kraus,
1999; Klesk et al., 2022, 2023). >’ Fe Mdssbauer spectroscopy
(*’Fe-MS) is used here not only to confirm the presence of the
main Fe-bearing pigments identified previously — hematite,
goethite and jarosite — but also to quantify their relative propor-
tions and Fe oxidation states across differently coloured levels
of the Poznan Clays (Bak et al., 2020; Lempart-Drozd et al.,
2022; Makiel et al., 2022). Scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDS) enables
microstructural and chemical analysis (Kruszewski, 2013).
Raman spectroscopy (RS) further constrains the identification
of individual Fe-bearing phases at the microscale and helps to
distinguish poorly crystalline goethite and jarosite from
nano-hematite within pigment aggregates (Trgbska, 2015).
This is further supported by grain-size analysis, which facilitates
assessment of the role of grain fractions in shaping the optical
properties of clays (Bown and Kraus, 1981; Kraus and Aslan,
1993; Duczmal-Czernikiewicz, 2013; Mancini et al., 2020). In
combination, these methods provide a novel, fully quantitative
framework for explaining the colour variability of the Poznan
Clays in terms of mineralogical speciation, Fe redox state and
pigment microtextures, thereby extending our earlier, more de-
scriptive studies of Fe-bearing colouring minerals in these de-
posits.

This research was conducted on material from the Hono-
ratka dump (Fig. 1), which is an anthropogenic mineral deposit
(Widera and Szczurek, 2014). This dump is formed of Poznan
Clays excavated and moved during lignite mining. This means
that the clayey deposits examined have also been weathered in
recent years.

Nevertheless, the major goal of this study is to demonstrate
that their colours can be utilised as a comprehensive interpreta-
tive tool and not only as a descriptive, textural feature. The ap-
plication of a number of the analytical techniques (PXRD,
*"Fe-MS, SEM-EDS, RS, etc.) noted above allowed for the
comparison of sedimentary colour with mineral composition
and microstructure. The research results described below can
be compared with those for the Poznan Clays and other depos-
its elsewhere in the Polish Lowlands (Klegsk et al., 2022, 2023;
Klesk, 2023).

STUDY OBJECT AND GEOLOGICAL SETTING

FORMATION OF THE HONORATKA DUMP

In the Konin region, the investigation of the Poznan Clays,
accompanying lignite-rich deposits, commenced as early as the
late 1950s. Research conducted by Kuhl (1958) and Mazur
(1959) demonstrated their potential for ceramic production. The
estimated resources, at that time, amounted to 82 million m®.
Then, a decision was made to collect the Poznan Clays in spe-
cial dumps (so-called ‘anthropogenic mineral deposits’), lo-
cated near to opencast lignite mines. One such site is the
Honoratka dump (Fig. 1), which was created in 1988—1991 at
the Patnéw opencast mine, close to a newly constructed
brickyard in the village of Honoratka, which was put into opera-
tion in 1991. Ultimately, over 1.3 million m° of the Poznan Clays
were deposited in this dump (Widera and Szczurek, 2014).

Honoratka
dump

Patnowskie :

Gosfawskia ~ Lake

Lake

Fig. 1. The Honoratka dump studied relative to the town
of Konin in Central Poland

GEOLOGICAL SETTING

The Patnéw opencast lignite mine, located west of the
Honoratka dump (Fig. 1), contains a complete Neogene strati-
graphic profile, overlain by Quaternary deposits. Lithostrati-
graphically, the Neogene is locally divided into two primary
units, the Kozmin Formation below and the Poznan Formation
above. The Kozmin Formation is composed of fluvial sands and
carbonaceous sand with relatively thin lignite layers, that consti-
tute the underburden of the first Mid-Polish lignite deposit
(MPLS-1; e.g., Widera, 2007, 2021; Widera et al., 2023).

The Poznan Formation was subdivided into two lithostrati-
graphic members by Piwocki and Ziembinska-Tworzydto
(1997). The lower member is the Grey Clay Member, which is
predominantly composed of MPLS-1 in the Patnéw opencast
mine, while the rest are ‘grey clays’. The Wielkopolska Member,
resting at the top of MPLS-1 and/or the ‘grey clays’, comprises
over 95 vol.% of the multicoloured fine-grained deposits (i.e.
‘green clays’ and ‘flamy clays’), which constitute the dominant
part of the Poznan Clays (Piwocki and Ziembinska-Tworzydto,
1997; Widera, 2007, 2013; Widera et al., 2017, 2019; Zielinski
and Widera, 2020). The deposits described, from which the
samples H1-H8 were taken for laboratory analyses (Fig. 2), ac-
cumulated in the period ~13.8-5.0 Ma, i.e. from the latest Mid-
dle Miocene to the earliest Early Pliocene (Tro¢ and Sadowska,
2006; Widera et al., 2021a, b; Widera and Klesk, 2025).

LABORATORY RESEARCH METHODS

GRAIN-SIZE ANALYSIS AND ORGANIC MATTER DETERMINATION

The grain size of the samples was determined by laser dif-
fraction (using a Malvern Mastersizer 2000 analyser). The re-
sults of the grain-size analysis are shown as volume fractions of
clay (<2 pm), silt (2—-63 ym) and sand (>63 ym). The mean grain
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H2

H3

Fig. 2. Multicoloured and powdered samples from the Honoratka dump examined mineralogically in this study

H1 — black, H2 — grey, H3 — yellow-brown, H4 — yellow, H5 — red, H6 — dark red, H7 — brownish-grey, H8 — light grey

size was calculated using the GRADISTAT 5.11 program (Blott
and Pye, 2001), which is widely used for the statistical treatment
of unconsolidated sediments in fluvial and lacustrine settings.
The sedimentary classification was conducted in accordance
with two distinct schemes. The U.S. Department of Agriculture
(USDA,; Soil Survey Staff, 1951) scheme is primarily utilised in
the context of soil studies, while Shepard’s scheme (Shepard,
1954) is frequently employed in sedimentology and engineering
geology. The grain-size analysis was performed by the Depart-
ment of Geomorphology at the Adam Mickiewicz University in
Poznan, Poland.

The presence of organic matter in the samples was con-
firmed by subjecting them to a treatment with hot 30% H,O; so-
lution. This was conducted at the Institute of Geology, Adam
Mickiewicz University in Poznan.

POWDER X-RAY DIFFRACTION (PXRD)

Powder X-ray diffraction (PXRD) was used to analyse the
mineral composition of eight samples (H1-H8) which show dif-
ferent colours. The samples were pulverised into a fine powder
and analysed using a Bruker D8 Advance diffractometer oper-
ating in Bragg-Brentano 6—6 mode with a 260 mm goniometer
radius. The diffractometer was configured with a Johansson
monochromator that utilised Cu Ka.1 radiation (A = 1.5406A)
and a LynxEye strip detector. The parameters for the current
were 40 kV, 30 mA, and 1200 W. The scan range was config-
ured from 2° to 35° 26 in continuous scanning mode. The scan-
ning velocity was 0.6°/min, the measurement duration was 2 s
and the step size was 0.02° 26. To ensure a more random distri-
bution of grain orientations relative to the X-ray beam, the sam-
ples were rotated during the measurement.

The results from the bulk samples were analysed using
Profex 5.5.2 software. Profex Rietveld Refinement software
was used to determine the quantitative mineral content present
in each sample by employing the Rietveld method (Rietveld,

1969; Mindat, 2022). For the purposes of this study, samples
were collected and then processed into composite samples, in
accordance with the material preparation procedures described
by Kruszewski (2013) and Klesk et al. (2022), among others. In
order to determine the mineral composition of samples H1-H8,
qualitative PXRD analysis and quantitative analysis were per-
formed, which allowed for the identification of the dominant
phases and the estimation of their percentage shares. The re-
sults obtained formed the basis for a comparative analysis of
the mineral composition of the samples analysed. The PXRD
measurements were carried out at the Environmental Labora-
tory for Unique Chemical Instrumentation, which belongs to the
Faculty of Chemistry, Adam Mickiewicz University in Poznan.

*"Fe MOSSBAUER SPECTROSCOPY (¥Fe-MS)

The 5’Fe-MS measurements were performed at room tem-
perature in transmission geometry, by applying a RENON
MsAa-4 spectrometer (Gornicki et al., 2007; Btachowski et al.,
2008) equipped with an LND Kr-filled proportional detector and
*"Co(Rh) source. The absorbers for Méssbauer measurements
were prepared using 40 mg/cm? of the materials investigated.
The spectra obtained were fitted using the MOSGRAF data
processing software suite. The °’Fe-MS measurements were
performed at the Faculty of Geology, Geophysics and Environ-
mental Protection, AGH University in Krakow.

SCANNING ELECTRON MICROSCOPY WITH ENERGY-DISPERSIVE
X-RAY SPECTROSCOPY (SEM-EDS)

A comprehensive morphological and microchemical inves-
tigation of all the samples analysed (H1-H8) was performed us-
ing SEM-EDS. The examination of non-conductive three-di-
mensional samples was carried out under variable pressure
mode (30 Pa) at an accelerating voltage of 20 kV, with applied
magnifications ranging from 1.0 x 10%to 3.2 x 10*. The analyti-
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cal procedures were conducted using a Zeiss Sigma VP field
emission scanning electron microscope, ensuring high-resolu-
tion imaging combined with precise elemental characterisation.
The SEM-EDS analyses described were performed at the Envi-
ronmental Cryo-SEM Low Temperature Scanning Electron Mi-
croscopy Laboratory of the Department of Geology, Warsaw
University.

RAMAN SPECTROSCOPY (RS)

RS was performed on seven samples (H2-H8). The
Raman mechanism is characterised by the inelastic scattering
of laser light by molecules in the sample under investigation.
This process culminates in the emission of a photon with a
modified frequency, thereby reflecting variations in the energy
levels of molecular vibrations. The shift in wave numbers (cm‘1)
facilitates the identification of specific bonds and functional
groups. The clay samples were prepared as a thin layer and ap-
plied to a microscope slide. A Renishaw in ViaQontorinSpect
Raman microscope, equipped with a 785-nm wavelength laser,
was used for the analyses, which facilitated the reduction of fer-
rous phase fluorescence. The laser power was set in the range
1-5 mW and the acquisition time was 5-10 s, with 3-5 acquisi-
tions per point.

The mapping of mineral phases was facilitated by a confo-
cal microscope with a spatial resolution of approximately 1 um.
The RS and SEM-EDS analyses were performed at the Envi-
ronmental Cryo-SEM Low Temperature Scanning Electron Mi-
croscopy Laboratory, which is managed by the Faculty of Geol-
ogy at the University of Warsaw.

RESULTS

GRAIN-SIZE CHARACTERISTICS

The preponderance of silt and clay fractions in all samples
suggests a low-energy sedimentation environment (Table 1
and Fig. 3). The minimal sand content observed indicates the
absence of a significant supply of coarse material, showing that
deposition occurred under conditions of limited water flow
(Zielinski, 2014).

Sample H7 is characterised by a higher proportion of parti-
cles with a diameter smaller than 2 ym (64.3 vol.%) and the
smallest average grain size (4.9 um). This is also true for sam-
ples H2—H6 and H8. They contained 76-89 vol.% silt fraction,
11.9-22.9 vol.% clay fraction and only 0-2 vol.% of sand grains
(Table 1). Sample H1 was an exception, in which organic mat-
ter was found, as confirmed by H,O, treatment.

A

100% clay @+ Ors
QHe
Qw7

(OHs

&%
"5 "
% o
Sy’

100% clay

clay,
silt, sand
(mud)

100% sand

25 50

75 100% silt

Fig. 3. Grain-size distribution and nomenclature of samples
H1-H8 using different classifications

A — *according to the USDA classification system (Retallack,

2019); B — **according to the classification scheme of Shepard
(1954); for details of grain-size distribution, see Table 1

Table 1

Results of grain-size analysis of the samples examined

Sediment grain size [vol.%] I\/_Iear_1 Soil Sediment
Sample | clay silt sand | grain size name* name**
<2 ym | 2—63 ym | >63 ym [um]
H1 37.15 | 62.48 0.37 6.60 silty clay loam | clayed silt
H2 16.98 | 80.97 2.05 8.50 silt loam silt
H3 17.87 | 82.13 0.00 8.20 silt loam silt
H4 22.89 | 76.47 0.64 7.60 silt loam silt
H5 21.00 78.3 0.70 8.30 silt loam silt
H6 11.87 89.2 0.98 9.90 silt silt
H7 64.32 35.89 0.01 4.90 clay silty clay
H8 20.85 | 78.29 0.86 8.50 silt loam silt

For sediment name in different classifications, see Figure 3
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Table 2

Mineralogy of the samples examined based on quantitative analysis using the Rietveld method
z‘l‘;’;':'; H1 H2 H3 H4 H5 H6 H7 H8
quartz 42.00% (53) | 66.00% (82) | 31.34% (31) | 58.7% (76) | 61.81% (79) | 47.07% (62) | 15.58% (19) | 40.38% (48)
"illite" 18.07% (72) | 14.09% (54) | 21.96% (75) | 16.4% (60) | 14.43% (27) | 16.48% (68) | 8.07% (21) | 14.5% (48)
smectite-group
representative 15.17% (68) | 6.64% (46) | 9.57% (54) | 4.84% (35) | 5.09% (46) | 6.35% (55) | 8.48% (45) | 7.89% (43)
chlorite-group
representative B B B 2.37% (27) | 0.7% (14) B B B
orthoclase 5.46% (46) | 1.84% (43) | 3.48% (47) | 3.00% (53) | 1.85% (39) | 4.37% (49) | 1.79% (51) | 6.04% (36)
microcline - - 4.96% (47) | 2.84% (38) - - 5.15% (68) -
albite - - 0.63% (58) - - - 2.33% (73) -
kaolinite 11.22% (13) | 8.11% (60) | 28.06% (97) | 8.21% (46) | 13.73% (56) | 23.7% (47) | 8.47 % (31) | 21.81% (58)
gypsum 2.87% (24) - - - - - 0.78% (17) | 5.07% (36)
calcite - - - - - - 49.35% (75) -
anatase 0.39% (21) | 0.72% (17) - - - - - 1.52% (45)
goethite 4.82% (75) - - 3.17% (87) | 0.8% (54) - - 0.53% (53)
hematite - - - - 1.59% (75) | 1.5% (64) - -
jarosite - 2.60% (43) - - - - - 2.26% (34)
pyrite - - - 0.47% (24) - 0.53% (54) - -
Total counts | 100% (372) | 100% (392) | 100% (485) | 100% (446) | 100% (390) | 100% (399) | 100% (400) | 100% (468)

MINERAL COMPOSITION

The quantitative PXRD analysis was conducted using the
Rietveld method (Rietveld, 1969). This technique enabled the
identification and determination of the crystal phase proportions
in samples H1-H8. The following minerals were identified,
based on the fitting of diffraction spectra: quartz, “illite”, minerals
from the smectite and chlorite groups, orthoclase, microcline,
albite, kaolinite, gypsum, calcite, anatase, goethite, hematite,
jarosite and pyrite (Table 2). The presence of these minerals
was confirmed on the basis of characteristic diffraction positions
and intensity profile matching. The term “illite” is employed here
as a conventional designation for dioctahedral, non-expanding,
clay-sized micaceous minerals. Despite its non-approval by the
International Mineralogical Association (IMA) and its frequent
association with fine-grained muscovite, the term is maintained
in this study due to its well-established use in geological litera-
ture.

The most prevalent phase was quartz, whose content ran-
ged from 15.58% (in sample H7) to 66.00% (in sample H2).
High proportions of this mineral were observed, especially in
samples H2, H4 and H5, indicating the dominance of a strongly
siliceous component in the parent material. The second most
prevalent phase was ‘illite”, which was detected in all samples
in the range 8.07—21.96%. “lllite” is a characteristic component
of the clay fraction (Srodon et al., 2014). Additionally, smectite
was identified in all of the samples, with a maximum content of
15.17% in sample H1 (Table 2).

Of particular interest is kaolinite. Its highest proportion was
found in sample H3 (28.06%). Elevated contents were also
noted in samples H6 (23.70%) and H8 (21.81%). Furthermore,
a substantial proportion of calcite (49.35%) was identified in
sample H7 (Table 2).

Aluminosilicates, including orthoclase and microcline, were
sporadically distributed. For example, microcline showed its
highest content in sample H7 (5.15%), while albite was only
present in samples H3 and H8 in trace amounts, i.e. below
2.5%. Secondary phases, including gypsum, anatase, goethite,
hematite, jarosite and pyrite, were present in limited amounts
and with spatial variation. Goethite was predominantly present
in samples H1, H4 and H5, while jarosite was detected in sam-
ples H2 and H8 (Table 2).

Table 3

Statistical parameters of individual
samples: Rietveld method

Sample | R,, [%] |R.,, [%] GoF
H1 11.93 2.55 4.6784
H2 9.87 2.87 3.439
H3 4.97 2.35 2.1149
H4 7.01 2.41 2.9087
H5 6.50 227 2.8634
H6 5.95 2.37 2.5105
H7 8.56 3.56 2.4045
H8 7.89 2.73 2.8901

Ruwp — weighted profile R-factor, Reyx, — €x-
pected R-factor, GoF — Goodness of Fit

The quality of the model fit to the experimental data was as-
sessed based on the Ry, Rexp, and GoF parameters (Table 3).
Rup values ranged from 4.97% in sample H3 to 11.93% in sam-
ple H1, while GoF values ranged from 2.11 to 4.68. The optimal
fit was identified for sample H3 (GoF = 2.11). By contrast, the
most significant mismatch was observed for sample H1 (GoF =
4.68; Table 3). This may be potentially attributable to the pres-
ence of amorphous phases or the incomplete alignment of
background parameters.

IRON PHASES

*"Fe-MS analysis of samples H1-H8 indicated a diverse
speciation of iron, including: Fe3+-containing oxide/oxy-
hydroxide nanophases, Fe*" in silicates (primarily “lillite”, mus-
covite, kaolinite and chlorite) and trace amounts of Fe*" in sili-
cates (Fig. 4 and Table 4). In samples H5 and HB, distinct he-
matite components were identified, characterised by the pres-
ence of hyperfine fields of 48-50 T, thereby confirming the


https://doi.org/10.1107/S0021889869006558
https://doi.org/10.1180/claymin.2014.049.4.07

6 Jakub Klesk et al. / Geological Quarterly, 2026, 70, 18

100

994

100 %=+

—— Fe3+ hematite 44% 1§
98- ,

——Fe3+nano 67% —Fe3+nano 21%

——Fe3+(Si) 30% H1 ——Fe3+(Si)  32% HS
—— Fe2+(Si) 3% black —— Fe2+ (Si) 3% red
Ho s 6 4 5 0 2 |

100

—— Fe3+ jarosite 19%

. _b.__

- m-_

fh oot
—
o

—— Fe3+ hematite 35%

991 — Fe3+nano  15% —Fe3+nano  35%
——Fe3+(Si)  60% H2 984 —Fe3+ (Si)  28% H6

< ——Fe2+ (Si) 6% grey —— Fe2+ (Si) 2% dark red

5 "t
3 4 6 8 10
5100 R
[

©

|_

98-
——Fe3+nano 43%
—— Fe3+ (Si) 53% H3
—— Fe2+ (Si) 4% yellow-brown

Fe3+ nano 14%
—Fe3+(Si)  75% H7
——Fe2+ (Si) 1% brownish-grey

4 6 8 10

——Fe3+nano 60% ——Fe3+nano 29%

08 — Fe3+ (Si)  38% — Fe3+ (Si)  67% H38
—— Fe2+ (Si) 2% —— Fe2+ (Si) 4% light grey
10 -8 6 4 2 0 2 4 6 8 10 10 -8 6 4 2 0 2 4 6 8 10

Velocity (mm/s)

Velocity (mm/s)

Fig. 4. *’Fe Mossbauer spectra of the samples analysed from the Honoratka dump

presence of a well-crystallised (bulk) magnetically ordered
phase. In most cases, Fe-containing minerals were identified
as nanocrystals in this study. The *Fe Mossbauer spectra
showed a substantial broadening of the spectral line width. This
phenomenon can be attributed to the superparamagnetic relax-
ation of electron spins within the magnetic domains of the
nanoparticles. The relaxation rate is contingent upon two fac-
tors: crystallinity (which is defined as the particle size) and tem-
perature. It is widely accepted that the upper size limit for
nanocrystals, below which superparamagnetism occurs at
room temperature, is ~10 nm (Schwertmann, 1993; Murad and
Cashion, 2004; Murad, 2010).

The isomer shift values for Fe*" in silicates ranged from 0.35
to 0.37 mm/s, while the quadrupole splitting reached 0.48-0.57
mm/s. These findings indicate the dominance of Fe*" ions in an
octahedral environment with moderately distorted symmetry.
The Fe** minerals, present in trace amounts (2—-11%), show
higher Fe®*-specific IS values (approximately 1.1—1.2 mm/s)
and Fe**-specific QS values (2.6-2.8 mm/s), which are charac-
teristic of layered silicates (Fig. 4 and Table 4).

The content of oxide/oxyhydroxide nanophases varies,
ranging from 14% (H7) to 50% (H4), suggesting significant dis-
parities in the degree of fragmentation and crystallinity of the
materials under study. Of particular interest is the presence of
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Table 4

’Fe Mossbauer spectroscopy parameters of samples from the Honoratka dump

Sample | Fe-bearing phase | A (%) | IS (mm/s) | QS (mm/s) | B (Tesla) | I'. (mm/s)
Fe* silicates 30 0.35 0.55 - 0.41
Fe? silicates 3 1.09 2.64 — 0.35
HA1

Nano-hematite 35 0.5 — — 2
32 0.3 - 19 3

Fe® jarosite 19 0.37 1.19 - 0.25

H2 Fe* silicates 60 0.35 0.48 — 0.49

Fe?" silicates 6 1.17 2.71 - 0.5
Nano-hematite 15 0.3 — — 3

Fe* silicates 53 0.36 0.54 - 0.48

H3 Fe? silicates 4 1.17 2.79 - 0.35
Nano-goethite 43 0.47 - - 4

Fe* silicates 38 0.36 0.53 — 0.51

H4 Fe?* silicates 2 1.17 2.79 - 0.35
Nano-goethite 50 0.4 — 15 4

10 0.36 -0.3 30.2 0.9

Fe¥* hematite 19 0.38 -0.21 50.06 0.3

25 0.37 -0.21 48 0.63

H5 Fe* silicates 32 0.36 0.53 - 0.43

Fe? silicates 3 1.17 2.8 - 0.35
Nano-hematite 21 0.4 - - 3

Fe?* hematite 18 0.37 -0.21 50.33 0.3

17 0.36 -0.2 48.4 0.58

H6 Fe* silicates 28 0.35 0.53 — 0.5

Fe? silicates 2 1.17 2.83 - 0.35
Nano-hematite 35 0.4 — — 5

Fe* silicates 75 0.35 0.57 - 0.45

H7 Fe? silicates 11 1.11 2.67 - 0.32
Nano-goethite 14 0.5 - 2

Fe* silicates 67 0.35 0.52 — 0.47

H8 Fe?* silicates 4 1.14 2.74 — 0.35
Nano-hematite 29 0.5 - — 4

A —relative area of spectral component (the distribution of iron atoms in Fe-bearing min-
erals), IS —isomer (center) shift relative to a-Fe, QS — quadrupole splitting, B — hyperfine
magnetic field, and I — spectral line-width (FWHM — full width at half maximum). Errors
are of the order of unity for the last digit shown

jarosite in sample H2. In addition, a hematite component was
identified in two samples (H5 and H6). These samples exhibit
an isomer shift of 0.37 mm/s, quadrupole splitting of —0.2 mm/s
and a hyperfine field of ~50 T, which is typical for this phase
(Fig. 4 and Table 4). The content of oxide/oxyhydroxide ranges
from about ten to several tens percent.

SELECTED COLOURING MINERALS

The SEM-EDS analysis was employed to help with compre-
hensive identification of the mineral composition and potential
phases responsible for the colouration of the samples H1-H8
(see Fig. 2). The results indicate significant mineralogical vari-
ability, primarily involving iron minerals (oxides, hydroxides, and
sulphates) and titanium oxides (Figs. 5 and 6).

In sample H1, which is black, the presence of anatase
(TiO,) and goethite (FeO(OH)) occurred in the form of finely
crystalline clusters with irregular contours. The grey sample,
H2, showed the coexistence of anatase (tetrahedral structure)
and jarosite (KFe3(SO4)2(OH)e). The jarosite aggregates ob-
served in the SEM image manifest as small, irregular clusters,
locally coexisting with titanium phases (Mameli et al., 2007). In
the case of the sample H3, which was yellow-brown, the miner-
als responsible for its colour could not be clearly identified. The
EDS analyses showed the presence of iron, sulphur, and oxy-
gen but without clear signatures indicating specific mineral

phases. The observed colouration may be attributable to a mix-
ture of finely dispersed amorphous phases or weakly crystalline
products of iron weathering (Cuadros et al., 2020).

Sample H4 had a distinct yellow hue (see Fig. 2) and was
found to contain pyrite (FeS,) and goethite. Pyrite manifests in
the form of isometric crystals (Fig. 5). Sample H5, of red hue,
predominantly comprised goethite and hematite (Fe,Os). Fine,
compact aggregates of these minerals have been observed,
commonly forming transitional textures between hydrated and
dehydrated forms of iron (Fig. 6). In the case of sample H6,
characterised by its dark red colouration, coexistence of hema-
tite and pyrite was observed.

For sample H7, brownish-grey similar to sample H3, the
minerals responsible for the observed colouration could not be
unambiguously identified. The chemical composition of the sur-
face indicated the presence of iron and oxygen. However, the
lack of clear peaks in the EDS spectra precluded assigning
them to specific phases. As indicated by the presence of ana-
tase, goethite, and jarosite, sample H8, of light grey coloura-
tion, was composed of these mineral phases (Fig. 6).

MINERAL AND ORGANIC PHASES

RS analysis of samples H2—H8 enabled the unambiguous
identification of the predominant mineral phases present in the
Poznan Clays (Table 5). Sample H1 was not analysed due to its


https://doi.org/10.1016/j.clay.2020.105677
https://doi.org/10.1016/j.geoderma.2022.115780

8 Jakub Klesk et al. / Geological Quarterly, 2026, 70, 18

anatase

anatase

- gcéfhi_ie;l ol

el C o4 ok

L e

’l o Fe

goethite

%

jarosité ‘

Fe

Fig. 5. Representative SEM images of samples H1, H2 and H4, with EDS spectra showing local elemental compositions

high organic matter content, which prevented the acquisition of
reliable Raman spectra. The spectra recorded showed bands
indicative of quartz, hematite, goethite and calcite, along with
signals associated with the presence of organic matter. In sev-
eral cases, weak indications of clay minerals, such as “illite” and
kaolinite, were also noticeable.

The most diagnostic quartz band (~464 cm‘1) occurred in
many samples, including H2_1, H3_2, H3_5, H3_7, H4_1,
H4_2,H4 5,H5_2, H5_5, and H6_5. Its identification was con-
firmed by additional bands in the range 127-209 cm™ and
396-401 cm™'. Quartz is a prevalent detrital sedimentary com-
ponent and intense bands were recorded in the range
1575-1581 cm™ in samples H2_2, H3_4, H3_6, and H3_8.
These bands correspond to the so-called G-band of graphite
and carbonaceous substances. The presence of these signals
is indicative of preserved organic matter, most likely associated
with lignite and kerogen present in the Poznan Clays studied
(Table 5).

Characteristic bands of hematite (219-278 cm™, 625 cm™
and overtones in the range 1305-1320 cm™") were recorded in
many samples, including H3_1, H3_2, H3 3, H3_5, H3_9,
H4_3, H5_1, H6_1-H6_4, H7_1, H8 1, and H8_2. Bands
within the 650-700 cm " range (indicative of goethite) were
identified in samples H4_4, H6_1, and H6_2. In several sam-

ples, such as H5_2 (band 143 cm™), signals were recorded that
may depict the presence of kaolinite or “illite” (Table 5). How-
ever, due to the overlap of bands with dominant phases, this
identification remains uncertain.

DISCUSSION

GRAIN SIZE, ENVIRONMENT AND COLOUR CONTROLS

The grain size distribution of samples H1-H8 from the
Honoratka dump indicates a predominance of silt and clay (cf.
Fig. 3 and Table 1), indicating a low-energy environment
(Widera, 2013; Widera et al., 2017, 2019; Zielinski, 2014). Nev-
ertheless, their mixture, locally with an admixture of sand, sug-
gests sudden deposition (Zielinski and Widera, 2020; Urbanski
etal., 2025). Alternatively, the sand grains may be aeolian (e.g.,
Srodon et al., 2001, 2014), though this possibility has not yet
been either confirmed or excluded.

The relatively high clay content in samples H1 and H7 may
suggest local clay sources or secondary pedogenic and
diagenetic processes promoting accumulation of the <2 pm
fraction. These processes typically increase illitisation and alter
the degree of “illite” ordering. “lllite” crystallinity was not quanti-
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Fig. 6. Representative SEM images of samples H5, H6 and H8, with EDS spectra showing local elemental compositions

fied in this study; however, the fine grain size of the sediment
clearly limited pore-water circulation. This limited circulation ex-
erted a strong control over Eh levels (~ —0.2 to +0.2 V at pH
6-7) and pH levels (nearly neutral to slightly acidic), which were
constrained, thereby limiting iron mineral stability fields and,
consequently, the colour patterns observed. This finding aligns
with experimentally and thermodynamically derived Eh—pH re-
lations for iron minerals (Walker, 2018).

RELATIONSHIPS BETWEEN COLOUR, MINERAL PHASES
AND REDOX CONDITIONS

The colour variation of samples H1-H8 is attributable to the
interaction of mineral phases, redox conditions and the pres-
ence of organic matter (Duczmal-Czernikiewicz, 2010;
Maciaszek et al., 2019, 2020; TCMS, 2022; Klesk et al., 2023).
However, all specimens investigated were collected from an
anthropogenic dump, a setting where recent weathering, oxida-
tion and partial reworking are known to modify the original min-
eral assemblages and colour patterns of clayey deposits. Con-
sequently, the inferred Eh—pH conditions discussed below

should be regarded as qualitative indicators of prevailing
palaeoenvironmental trends rather than as precise reconstruc-
tions of the primary diagenetic regime.

The black shades observed in sample H1 are indicative of
low Eh and the presence of amorphous phases of organic mat-
ter. The high muscovite and goethite contents may have modu-
lated the tone of the sediment but organic matter played a domi-
nant role (Bown and Kraus, 1981, 1987).

The grey tones which are characteristic of samples H2, H7,
and H8 are attributable to the prevalence of quartz and “illite” in
the absence of significantly pigmented phases (cf. Fig. 2 and
Table 2). The elevated pH level promoted the stability of Fe>*
silicates, whilst mitigating the intensity of the resulting colours.
In the case of sample H8, the white and pale shades are indica-
tive of high calcite and kaolinite contents, suggesting their for-
mation under conditions of neutral to moderately oxidising con-
ditions (Valanciene et al., 2010; Mancini et al., 2020). On the
other hand, the presence of the khaki colour in sample H3 is at-
tributed to the overlap of Fe* and Fe** pigmentation in silicates,
suggesting slightly acidic and oxidising local conditions (Albee
and Chodos, 1970).
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Table 5

Compilation of band positions and chemical (mineral) assignments
obtained after background correction and normalisation of Raman
spectra for the samples from the Honoratka dump

Sample Positions (cm™) Phase interpretation
H2 1 127, 207, 464 quartz
H2_2 1579 organic matter
H3 1 153, 219, 276, 625, 1320 hematite
H3 2 218, 276, 396, 463, 1313 quartz + hematite
H3 3 216, 274, 401, 1310 hematite
H3 4 1581 organic matter
H3_ 5 216, 278, 399, 466, 620, 1305 quartz + hematite
H3_6 1575 organic matter
H3 7 218, 274, 459 quartz + possible hematite
H3 8 1575 organic matter
H3 9 215, 277, 398 hematite
H4 1 128, 209, 464 quartz
H4 2 464 quartz
H4 3 217, 278, 398, 1320 hematite
H4_4 150, 287, 409, 561, 704, 797 goethite
H4 5 464 quartz
H5 1 217, 278 hematite
H5 2 143, 463 quartz + possible kaolinite
H6_1 224, 294, 406, 604, 661, 702, 1317 hematite + goethite
H6_2 | 217, 261, 394, 652, 698, 1011, 1306 hematite + goethite
H6_3 214, 274, 398, 1313 hematite
H6 4 215, 274, 401, 1314 hematite
H6_5 127, 207, 394, 464 quartz
H7_1 212, 274, 391 hematite
H8 1 215, 285, 398, 1318 hematite
H8 2 217,272 hematite

The yellow tones that are characteristic of sample H4 are
associated with the presence of goethite crystallising in an oxi-
dising environment at neutral or slightly acidic pH. Similar rela-
tionships between hematite-rich assemblages, red colouration
and oxidising marine or terrestrial environments have been
documented in studies of red beds (e.g., Torrent et al., 1980;
Bown and Kraus, 1981).

The red tones present in the samples H5 and H6 are attrib-
utable to the presence of hematite (cf. Figs. 2 and 6, and Tables
2, 4, and 5), which is known to form under conditions of ele-
vated Eh and neutral pH (Bown and Kraus, 1987; Tucker,
2003). In sample H6, the presence of a darker purple tone sug-
gests a higher proportion of well-crystallised hematite or the po-
tential presence of anatase and Fe?* (Tucker, 2003). Yellow
and yellow-brown tones, linked to goethite and early jarosite in
this study, are consistent with observations from incipiently red-
dened carbonate and siliciclastic successions, where low-tem-
perature oxidative alteration produces patchy yellow-pink hues
(Turner, 1980; Tucker, 2011; Upreti and Srivastava, 2019).
Nevertheless, for all colour types, the possible superposition of
late-stage oxidative alteration on the dump implies that our col-
our—Eh—pH interpretations should be viewed as minimum esti-
mates of the original redox gradients operating in the Poznan
Clays.

REDOX CONDITIONS AND COLOUR EVOLUTION

The colour of the Poznan Clays is directly influenced by the
redox conditions (Eh) and the pH of the environment. Lower Eh
values have been shown to promote the preservation of organic
matter, the formation of dark shades and the crystallisation of
pyrite. Conversely, high Eh stimulates the crystallisation of he-
matite and goethite, giving red and yellow hues to the deposits.
It has been demonstrated that the lowering of pH promotes the

formation of jarosite, which is responsible for the observed yel-
lowish tones (Wiewiora and Wyrwicki, 1974, 1976). By contrast,
neutral to alkaline conditions have been shown to ensure the
stability of calcite and kaolinite, which serve to lighten the
colours of the deposits. The inferred sequence from pyrite, un-
der reducing conditions, to jarosite and other Fe sulphates, un-
der acidic oxidising conditions, mirrors the experimental and
field constraints on iron sulphide stability and oxidation (Nord-
strom, 1982).

Secondary transformations of iron-bearing phases, espe-
cially the oxidation of pyrite and the transition of goethite to he-
matite, greatly influence sediment colour during diagenesis.
Under reducing conditions (low Eh, the absence of dissolved
oxygen, and pH 6-8), pyrite (FeS,) is stable. However, upon ex-
posure to oxidising pore waters (positive Eh, pH 5-8), pyrite is
converted into sulphate and Fe*" phases. This process can be
expressed schematically, as follows:

FeS, + 14302 +%H20—> Fe(OH),(s)+2S02™ +4H"

The resulting Fe¥* h%/drolyses and progressively transforms
into more crystalline Fe®* oxyhydroxides and oxides:

Fe®* +3H,0— Fe(OH),(s)+3H"
Fe(OH)3(s) —» FeO(OH)(goethite) + H,O
2FeO(OH)(goethite) —» Fe, O3 (hematite) + H,O

The appearance of a symbol (s) in close proximity to a given
chemical formula is an indication that the substance in question
exists as a solid phase (i.e. a precipitate or mineral).
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Goethite represents an intermediate mineral, between
amorphous or poorly crystalline Fe* hydroxides and well-or-
dered hematite. Both minerals are stable over a broad pH range
(4-8) under oxidising conditions. However, goethite forms pref-
erentially in cooler, more humid settings, while hematite forms
in warmer, periodically dry environments that enhance
goethite’s dehydroxylation. This sequence defines a geochemi-
cal “colour pathway”: from grey to black or greenish hues, in re-
ducing conditions dominated by sulphides and Fe? bearing
carbonates and silicates, to yellow and yellow-brown tones,
where ferrihydrite and goethite prevail at pH ~ 4—-8 and positive
Eh, to intense red colours in well-oxidised, warmer and drier
settings, where hematite becomes the dominant pigment.

However, even minimal amounts of pigmenting phases can
dominate over neutral mineral components (e.g., quartz, clay
minerals, etc.; Nemec and Porebski, 1977; Klesk et al., 2023),
as shown by observations from SEM-EDS and *’Fe-MS analy-
ses (Kraus and Riggins, 2007; Kruszewski, 2013). *"Fe-MS
data clearly shows the correlation between the proportion of he-
matite and the intensity of red and purple colours, as well as be-
tween the presence of goethite and yellow shades. Moreover,
as indicated by the SEM-EDS results, the spatial distribution of
colour-forming phases is highlighted by even minimal amounts
of hematite or jarosite (cf. Figs. 5 and 6).

RS was used to confirm the presence of hematite and
goethite as primary pigments. Additionally, the analysis re-
vealed signals of organic matter that indicate the presence of
dark shades (see Table 5). Thus, the use of several analytical
methods allows for a more complete understanding of the col-
our-forming processes and their dependence on environmental
variables, such as Eh and pH (Fig. 7).

PIGMENTING PHASE DISTRIBUTION

Sedimentary colour is the result of the complex interplay be-
tween the mineral phases present, their content, degree of
crystallinity and distribution in the samples examined. It has

been clearly demonstrated that even minimal amounts of
strongly pigmented phases, mainly hematite and goethite, can
exert a dominant influence on sedimentary colour. A good ex-
ample of this phenomenon seems to be the presence of
fine-grained goethite, which, despite its minimal content, gives
the sediment a distinct yellow hue (Huang and Zhang, 2020).
However, structural studies of the Poznan Clays characterised
the role of nanocrystalline iron oxyhydroxides, layered double
hydroxides (including green rust-type phases) and Fe-rich
smectites as transition pigments and redox buffers (e.g.,
Wyrwicki, 1969, 1974, 1975; Wyrwicki and Wiewiora, 1981).

CONDITIONS OF IRON PHASE STABILITY

The Eh—pH relationship enables graphical presentation of
the stability of iron phases and their corresponding colours
(Fig. 7). The lower middle part of the diagram, corresponding to
Eh values of ~—-0.2 to 0.2 V and near-neutral pH of about 6-7,
represents the stability field of pyrite and the presence of or-
ganic matter, giving gray to black tones. The upper left-hand
corner of the diagram, corresponding to elevated Eh values of
~0.4-0.8 V and acidic pH of roughly 2.5-5.0, is associated with
jarosite, a mineral responsible for the yellow colouration ob-
served. The central area, characterised by a medium Eh and
neutral pH, corresponds to goethite, which is responsible for the
yellow and brown shades. The upper middle part of the dia-
gram, which corresponds to a high Eh and neutral pH, is associ-
ated with hematite, a mineral that yields red and purple hues.
On the other hand, the lower middle part of the diagram covers
calcite and kaolinite, which are known to produce light to pale
shades in sediment (Fig. 7).

The diagram characterised above bears a resemblance to
the classic Pourbaix diagrams, in which the boundaries of iron
phase stability are not only determined by the presence of pig-
ments but, also, by their secondary transformations. The pro-
posed Eh—pH-colour framework for the Poznan Clays is consis-
tent with Pourbaix-type stability relationships for Fe minerals
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and with broader models of the evolution of marine and conti-
nental red beds (e.g., Torrent et al., 1980; Bown and Kraus,
1981, 1987; Zachos et al., 2001; Zaton et al., 2008; Babek et
al., 2021). Thus, in the case of the Poznan Clays, the colour
scheme is a direct reflection of the geochemical conditions, pri-
marily Eh and pH, which controlled the forms of iron and their
subsequent transformations.

CONCLUSIONS

1. The main factor influencing the colouration of the
Poznan Clays is the presence of ferric phases such as
hematite, goethite or jarosite. Hematite is responsible
for the intense red and purple colours observed in sam-
ples H5 and H6. Goethite is the source of the yellow and
brown hues that are characteristic of samples H3 and
H4. Jarosite gives the yellowish and greyish yellow
colours of samples H2 and H8.

2. These pigmenting minerals are sensitive indicators of
redox and pH conditions during deposition of the
Poznan Clays and their diagenetic processes. Hematite
indicates oxidising conditions with high Eh and pH near

to neutral, goethite is characterised by medium Eh and
neutral pH, while jarosite is indicative of acidic and
strongly oxidising conditions: medium Eh and low pH.

3. Sample H7, and also samples H2 and H8 to a certain
extent, do not contain (or are depleted) in these pig-
ments and relatively enriched in quartz and “illite” or cal-
cite and kaolinite; hence their grey tones. Sample H1 is
black because of the organic matter dispersed in it, al-
though it contains the largest amounts of strongly
pigmenting goethite.

4. Finally, the results obtained in this study clearly show
changing palaeoenvironmental conditions recorded in
the colour of the Poznan Clays. The reconstructed Eh
and pH values indicate water level fluctuations on
floodplains, resulting most likely from climatic changes
during the late Neogene in the Polish Lowlands area.
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