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The Poznañ Clays rep re sent a key lithostratigraphic unit of the Neo gene in the Pol ish Low lands. They are char ac ter ised by
pro nounced col our vari abil ity, rang ing from dark grey and black to yel low, brown and red. This study iden ti fies and quan ti fies
the min er al og i cal and geo chem i cal fac tors con trol ling this col our vari abil ity and eval u ates their sig nif i cance for
palaeoenvironmental in ter pre ta tion, us ing sam ples col lected from the Honoratka dump in cen tral Po land. A multimethod ap -
proach is ap plied, in clud ing grain-size anal y sis, Pow der X-ray Dif frac tion (PXRD), 57Fe Mössbauer Spec tros copy (57Fe-MS),
Scan ning Elec tron Mi cros copy with En ergy-Dispersive X-ray Spec tros copy (SEM-EDS), and Raman Spec tros copy (RS).
The re sults ob tained dem on strate that col our in the Poznañ Clays is pri mar ily con trolled by the type, dis tri bu tion, and
crystallinity of iron-bear ing phases, par tic u larly he ma tite, goethite and jarosite, as well as by re dox con di tions, pH, and the
pres ence of or ganic mat ter. Red and brown colours are as so ci ated with oxi dis ing en vi ron ments and the for ma tion of he ma -
tite and goethite, while dark colours re flect re duc ing con di tions and or ganic-mat ter pres er va tion. Pale colours are linked to
the dom i nance of non-pigmenting min er als such as quartz, clay min er als and car bon ates. This study cor rob o rates the ef fec -
tive use of sed i ment col our as an in te grated in di ca tor of depositional and post-depositional pro cesses in palaeo environ -
mental in ter pre ta tions, when sup ported by min er al og i cal anal y ses.

Key words: sed i ment col our, sed i ment min er al ogy, iron-ox ide pig men ta tion, re dox con di tions, up per Neo gene palaeo ge -
ogra phy, Pol ish Low lands.

INTRODUCTION

The Poznañ Clays are a sig nif i cant Neo gene lithostrati -
graphic unit in the Pol ish Low lands. Their pres ence and char ac -
ter is tics play a piv otal role in palaeoenvironmental re con struc -
tions, as well as strati graphic and palaeogeographic in ter pre ta -
tions (e.g., Areñ, 1964; Ciuk and Po¿aryska, 1982; Badura and
Przybylski, 2004; Widera, 2013). The Poznañ Clays are of great 
sig nif i cance as an ar chive of cli ma tic and sed i men tary changes
in the late Neo gene, as re peat edly emphasised in the lit er a ture
(e.g., Bojakowska et al., 2010; Kasiñski and S³odkowska, 2016;
Kêdzior et al., 2021; Widera et al., 2019, 2021a, b).

Of par tic u lar in ter est is the lithological and min er al og i cal di -
ver sity of these clayey de pos its. This is re flected in their col our,
rang ing from black, shades of grey and green, to brown and red
(Ciuk, 1970; Dyjor, 1970; McBride, 1974; Bown and Kraus,

1981, 1987; Choma-Moryl, 1988; Œrodoñ et al., 2001; Cor nell
and Schwertmann, 2003; Christiansen, 2004; Duczmal-Czerni -
kiewicz, 2010, 2013; Œrodoñ et al., 2014; Co lombo et al., 2016;
Card and Montenari, 2023; Widera and Klêsk, 2025). The col -
our of the clays is a mac ro scopic fea ture that is eas ily vis i ble in
the field but its in ter pre tive po ten tial has been lim ited to date.
Clay col our is de ter mined by the pres ence of spe cific clay min -
er als (mus co vite, smectite, kaolinite, and chlorite), with
iron-bear ing phases (he ma tite, goethite or sid er ite) play ing a
par tic u larly sig nif i cant role. The col our shades, rang ing from
green ish to red dish, are at trib uted to the pro por tions of these
min er als and their ox i da tion state (Bown and Kraus, 1981,
1987; Duczmal-Czernikiewicz, 2013). In many stud ies, col our
has been sim ply used de scrip tively. How ever, it can serve as a
sen si tive in di ca tor of diagenetic pro cesses, in clud ing the de -
gree of ox i da tion of the sed i men tary en vi ron ment and sub se -
quent min eral trans for ma tions (e.g., Górniak et al., 2001; Dyar
et al., 2006; Górnicki et al., 2007; Hartemink, 2009; Habashi,
2016; Goldstein et al., 2017; Jiang et al., 2022; John son, 2014;
Klêsk, 2023).
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Mod ern in stru men tal meth ods al low pre cise cor re la tion be -
tween sed i ment col our and the min er al ogy, grain-size dis tri bu -
tion and microstructure of the Poznañ Clays. Pow der X-ray dif -
frac tion (PXRD) pro vides quan ti ta tive con straints on the bulk
clay con tent and clay-min eral com po si tion, which in this study
are di rectly com pared with ob jec tively mea sured col our pa ram -
e ters rather than with de scrip tive col our classes alone (Kraus,
1999; Klêsk et al., 2022, 2023). 57Fe Mössbauer spec tros copy
(57Fe-MS) is used here not only to con firm the pres ence of the
main Fe-bear ing pig ments iden ti fied pre vi ously – he ma tite,
goethite and jarosite – but also to quan tify their rel a tive pro por -
tions and Fe ox i da tion states across dif fer ently col oured lev els
of the Poznañ Clays (B¹k et al., 2020; Lempart-Drozd et al.,
2022; Makiel et al., 2022). Scan ning elec tron mi cros copy with
en ergy-dispersive X-ray spec tros copy (SEM-EDS) en ables
microstructural and chem i cal anal y sis (Kruszewski, 2013).
Raman spec tros copy (RS) fur ther con strains the iden ti fi ca tion
of in di vid ual Fe-bear ing phases at the microscale and helps to
dis tin guish poorly crys tal line goethite and jarosite from
nano-he ma tite within pig ment ag gre gates (Tr¹bska, 2015).
This is fur ther sup ported by grain-size anal y sis, which fa cil i tates 
as sess ment of the role of grain frac tions in shap ing the op ti cal
prop er ties of clays (Bown and Kraus, 1981; Kraus and Aslan,
1993; Duczmal-Czernikiewicz, 2013; Mancini et al., 2020). In
com bi na tion, these meth ods pro vide a novel, fully quan ti ta tive
frame work for ex plain ing the col our vari abil ity of the Poznañ
Clays in terms of min er al og i cal speciation, Fe re dox state and
pig ment microtextures, thereby ex tend ing our ear lier, more de -
scrip tive stud ies of Fe-bear ing colour ing min er als in these de -
pos its.

This re search was con ducted on ma te rial from the Hono -
ratka dump (Fig. 1), which is an anthropogenic min eral de posit
(Widera and Szczurek, 2014). This dump is formed of Poznañ
Clays ex ca vated and moved dur ing lig nite min ing. This means
that the clayey de pos its ex am ined have also been weath ered in 
re cent years.

Nev er the less, the ma jor goal of this study is to dem on strate
that their colours can be uti lised as a com pre hen sive in ter pre ta -
tive tool and not only as a de scrip tive, tex tural fea ture. The ap -
pli ca tion of a num ber of the an a lyt i cal tech niques (PXRD,
57Fe-MS, SEM-EDS, RS, etc.) noted above al lowed for the
com par i son of sed i men tary col our with min eral com po si tion
and microstructure. The re search re sults de scribed be low can
be com pared with those for the Poznañ Clays and other de pos -
its else where in the Pol ish Low lands (Klêsk et al., 2022, 2023;
Klêsk, 2023).

STUDY OBJECT AND GEOLOGICAL SETTING

FORMATION OF THE HONORATKA DUMP

In the Konin re gion, the in ves ti ga tion of the Poznañ Clays,
ac com pa ny ing lig nite-rich de pos its, com menced as early as the 
late 1950s. Re search con ducted by Kuhl (1958) and Mazur
(1959) dem on strated their po ten tial for ce ramic pro duc tion. The 
es ti mated re sources, at that time, amounted to 82 mil lion m3.
Then, a de ci sion was made to col lect the Poznañ Clays in spe -
cial dumps (so-called ‘anthropogenic min eral de pos its’), lo -
cated near to opencast lig nite mines. One such site is the
Honoratka dump (Fig. 1), which was cre ated in 1988–1991 at
the P¹tnów opencast mine, close to a newly con structed
brickyard in the vil lage of Honoratka, which was put into op er a -
tion in 1991. Ul ti mately, over 1.3 mil lion m3 of the Poznañ Clays
were de pos ited in this dump (Widera and Szczurek, 2014).

GEOLOGICAL SETTING

The P¹tnów opencast lig nite mine, lo cated west of the
Honoratka dump (Fig. 1), con tains a com plete Neo gene strati -
graphic pro file, over lain by Qua ter nary de pos its. Lithostrati -
graphically, the Neo gene is lo cally di vided into two pri mary
units, the KoŸmin For ma tion be low and the Poznañ For ma tion
above. The KoŸmin For ma tion is com posed of flu vial sands and 
car bo na ceous sand with rel a tively thin lig nite lay ers, that con sti -
tute the underburden of the first Mid-Pol ish lig nite de posit
(MPLS-1; e.g., Widera, 2007, 2021; Widera et al., 2023).

The Poznañ For ma tion was sub di vided into two lithostrati -
graphic mem bers by Piwocki and Ziembiñska-Tworzyd³o
(1997). The lower mem ber is the Grey Clay Mem ber, which is
pre dom i nantly com posed of MPLS-1 in the P¹tnów opencast
mine, while the rest are ‘grey clays’. The Wielkopolska Mem ber, 
rest ing at the top of MPLS-1 and/or the ‘grey clays’, com prises
over 95 vol.% of the multi col oured fine-grained de pos its (i.e.
‘green clays’ and ‘flamy clays’), which con sti tute the dom i nant
part of the Poznañ Clays (Piwocki and Ziembiñska-Tworzyd³o,
1997; Widera, 2007, 2013; Widera et al., 2017, 2019; Zieliñski
and Widera, 2020). The de pos its de scribed, from which the
sam ples H1–H8 were taken for lab o ra tory anal y ses (Fig. 2), ac -
cu mu lated in the pe riod ~13.8–5.0 Ma, i.e. from the lat est Mid -
dle Mio cene to the ear li est Early Plio cene (Troæ and Sadowska,
2006; Widera et al., 2021a, b; Widera and Klêsk, 2025).

LABORATORY RESEARCH METHODS

GRAIN-SIZE ANALYSIS AND ORGANIC MATTER DETERMINATION

The grain size of the sam ples was de ter mined by la ser dif -
frac tion (us ing a Malvern Mastersizer 2000 analyser). The re -
sults of the grain-size anal y sis are shown as vol ume frac tions of 
clay (<2 µm), silt (2–63 µm) and sand (>63 µm). The mean grain 
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Fig. 1. The Honoratka dump stud ied rel a tive to the town 
of Konin in Cen tral Po land
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size was cal cu lated us ing the GRADISTAT 5.11 pro gram (Blott
and Pye, 2001), which is widely used for the sta tis ti cal treat ment 
of un con sol i dated sed i ments in flu vial and lac us trine set tings.
The sed i men tary clas si fi ca tion was con ducted in ac cor dance
with two dis tinct schemes. The U.S. De part ment of Ag ri cul ture
(USDA; Soil Sur vey Staff, 1951) scheme is pri mar ily uti lised in
the con text of soil stud ies, while Shepard’s scheme (Shepard,
1954) is fre quently em ployed in sedimentology and en gi neer ing 
ge ol ogy. The grain-size anal y sis was per formed by the De part -
ment of Geo mor phol ogy at the Adam Mickiewicz Uni ver sity in
Poznañ, Po land.

The pres ence of or ganic mat ter in the sam ples was con -
firmed by sub ject ing them to a treat ment with hot 30% H2O2 so -
lu tion. This was con ducted at the In sti tute of Ge ol ogy, Adam
Mickiewicz Uni ver sity in Poznañ.

POWDER X-RAY DIFFRACTION (PXRD)

Pow der X-ray dif frac tion (PXRD) was used to ana lyse the
min eral com po si tion of eight sam ples (H1–H8) which show dif -
fer ent colours. The sam ples were pul ver ised into a fine pow der
and ana lysed us ing a Bruker D8 Ad vance diffractometer op er -
at ing in Bragg-Brentano q–q mode with a 260 mm goniometer
ra dius. The diffractometer was con fig ured with a Johansson
mono chro ma tor that uti lised Cu Ka1 ra di a tion (l = 1.5406�)
and a LynxEye strip de tec tor. The pa ram e ters for the cur rent
were 40 kV, 30 mA, and 1200 W. The scan range was con fig -
ured from 2° to 35° 2q in con tin u ous scan ning mode. The scan -
ning ve loc ity was 0.6°/min, the mea sure ment du ra tion was 2 s
and the step size was 0.02° 2q. To en sure a more ran dom dis tri -
bu tion of grain ori en ta tions rel a tive to the X-ray beam, the sam -
ples were ro tated dur ing the mea sure ment.

The re sults from the bulk sam ples were ana lysed us ing
Profex 5.5.2 soft ware. Profex Rietveld Re fine ment soft ware
was used to de ter mine the quan ti ta tive min eral con tent pres ent
in each sam ple by em ploy ing the Rietveld method (Rietveld,

1969; Mindat, 2022). For the pur poses of this study, sam ples
were col lected and then pro cessed into com pos ite sam ples, in
ac cor dance with the ma te rial prep a ra tion pro ce dures de scribed 
by Kruszewski (2013) and Klêsk et al. (2022), among oth ers. In
or der to de ter mine the min eral com po si tion of sam ples H1–H8,
qual i ta tive PXRD anal y sis and quan ti ta tive anal y sis were per -
formed, which al lowed for the iden ti fi ca tion of the dom i nant
phases and the es ti ma tion of their per cent age shares. The re -
sults ob tained formed the ba sis for a com par a tive anal y sis of
the min eral com po si tion of the sam ples ana lysed. The PXRD
mea sure ments were car ried out at the En vi ron men tal Lab o ra -
tory for Unique Chem i cal In stru men ta tion, which be longs to the
Fac ulty of Chem is try, Adam Mickiewicz Uni ver sity in Poznañ.

57Fe MÖSSBAUER SPECTROSCOPY (57Fe-MS)

The 57Fe-MS mea sure ments were per formed at room tem -
per a ture in trans mis sion ge om e try, by ap ply ing a RENON
MsAa-4 spec trom e ter (Górnicki et al., 2007; B³achowski et al.,
2008) equipped with an LND Kr-filled pro por tional de tec tor and
57Co(Rh) source. The ab sorb ers for Mössbauer mea sure ments 
were pre pared us ing 40 mg/cm2 of the ma te ri als in ves ti gated.
The spec tra ob tained were fit ted us ing the MOSGRAF data
pro cess ing soft ware suite. The 57Fe-MS mea sure ments were
per formed at the Fac ulty of Ge ol ogy, Geo phys ics and En vi ron -
men tal Pro tec tion, AGH Uni ver sity in Kraków.

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

A com pre hen sive mor pho log i cal and microchemical in ves -
ti ga tion of all the sam ples ana lysed (H1–H8) was per formed us -
ing SEM-EDS. The ex am i na tion of non-con duc tive three-di -
men sional sam ples was car ried out un der vari able pres sure
mode (30 Pa) at an ac cel er at ing volt age of 20 kV, with ap plied
mag ni fi ca tions rang ing from 1.0 × 102 to 3.2 × 104. The an a lyt i -
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Fig. 2. Multi col oured and pow dered sam ples from the Honoratka dump ex am ined min er al og i cally in this study

H1 – black, H2 – grey, H3 – yel low-brown, H4 – yel low, H5 – red, H6 – dark red, H7 – brown ish-grey, H8 – light grey
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cal pro ce dures were con ducted us ing a Zeiss Sigma VP field
emis sion scan ning elec tron mi cro scope, en sur ing high-res o lu -
tion im ag ing com bined with pre cise el e men tal char ac teri sa tion.
The SEM-EDS anal y ses de scribed were per formed at the En vi -
ron men tal Cryo-SEM Low Tem per a ture Scan ning Elec tron Mi -
cros copy Lab o ra tory of the De part ment of Ge ol ogy, War saw
Uni ver sity.

RAMAN SPECTROSCOPY (RS)

RS was per formed on seven sam ples (H2–H8). The
Raman mech a nism is char ac ter ised by the in elas tic scat ter ing
of la ser light by mol e cules in the sam ple un der in ves ti ga tion.
This pro cess cul mi nates in the emis sion of a pho ton with a
mod i fied fre quency, thereby re flect ing vari a tions in the en ergy
lev els of mo lec u lar vi bra tions. The shift in wave num bers (cm–1) 
fa cil i tates the iden ti fi ca tion of spe cific bonds and func tional
groups. The clay sam ples were pre pared as a thin layer and ap -
plied to a mi cro scope slide. A Renishaw in ViaQontorInSpect
Raman mi cro scope, equipped with a 785-nm wave length la ser, 
was used for the anal y ses, which fa cil i tated the re duc tion of fer -
rous phase flu o res cence. The la ser power was set in the range
1–5 mW and the ac qui si tion time was 5–10 s, with 3–5 ac qui si -
tions per point.

The map ping of min eral phases was fa cil i tated by a con fo -
cal mi cro scope with a spa tial res o lu tion of ap prox i mately 1 µm.
The RS and SEM-EDS anal y ses were per formed at the En vi -
ron men tal Cryo-SEM Low Tem per a ture Scan ning Elec tron Mi -
cros copy Lab o ra tory, which is man aged by the Fac ulty of Ge ol -
ogy at the Uni ver sity of War saw.

RESULTS

GRAIN-SIZE CHARACTERISTICS

The pre pon der ance of silt and clay frac tions in all sam ples
sug gests a low-en ergy sed i men ta tion en vi ron ment (Ta ble 1
and Fig. 3). The min i mal sand con tent ob served in di cates the
ab sence of a sig nif i cant sup ply of coarse ma te rial, show ing that
de po si tion oc curred un der con di tions of lim ited wa ter flow
(Zieliñski, 2014).

Sam ple H7 is char ac ter ised by a higher pro por tion of par ti -
cles with a di am e ter smaller than 2 µm (64.3 vol.%) and the
small est av er age grain size (4.9 µm). This is also true for sam -
ples H2–H6 and H8. They con tained 76–89 vol.% silt frac tion,
11.9–22.9 vol.% clay frac tion and only 0–2 vol.% of sand grains
(Ta ble 1). Sam ple H1 was an ex cep tion, in which or ganic mat -
ter was found, as con firmed by H2O2 treat ment.
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T a  b l e  1

Re sults of grain-size anal y sis of the sam ples ex am ined

For sed i ment name in dif fer ent clas si fi ca tions, see Fig ure 3

Fig. 3. Grain-size dis tri bu tion and no men cla ture of sam ples
H1–H8 us ing dif fer ent clas si fi ca tions

A – *ac cord ing to the USDA clas si fi ca tion sys tem (Retallack,
2019); B – **ac cord ing to the clas si fi ca tion scheme of Shepard

(1954); for de tails of grain-size dis tri bu tion, see Ta ble 1
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MINERAL COMPOSITION

The quan ti ta tive PXRD anal y sis was con ducted us ing the
Rietveld method (Rietveld, 1969). This tech nique en abled the
iden ti fi ca tion and de ter mi na tion of the crys tal phase pro por tions 
in sam ples H1–H8. The fol low ing min er als were iden ti fied,
based on the fit ting of dif frac tion spec tra: quartz, “illite”, min er als 
from the smectite and chlorite groups, orthoclase, microcline,
al bite, kaolinite, gyp sum, cal cite, ana tase, goethite, he ma tite,
jarosite and py rite (Ta ble 2). The pres ence of these min er als
was con firmed on the ba sis of char ac ter is tic dif frac tion po si tions 
and in ten sity pro file match ing. The term “illite” is em ployed here
as a con ven tional des ig na tion for dioctahedral, non-ex pand ing,
clay-sized micaceous min er als. De spite its non-ap proval by the
In ter na tional Min er al og i cal As so ci a tion (IMA) and its fre quent
as so ci a tion with fine-grained mus co vite, the term is main tained
in this study due to its well-es tab lished use in geo log i cal lit er a -
ture.

The most prev a lent phase was quartz, whose con tent ran -
ged from 15.58% (in sam ple H7) to 66.00% (in sam ple H2).
High pro por tions of this min eral were ob served, es pe cially in
sam ples H2, H4 and H5, in di cat ing the dom i nance of a strongly
si li ceous com po nent in the par ent ma te rial. The sec ond most
prev a lent phase was “illite”, which was de tected in all sam ples
in the range 8.07–21.96%. “Illite” is a char ac ter is tic com po nent
of the clay frac tion (Œrodoñ et al., 2014). Ad di tion ally, smectite
was iden ti fied in all of the sam ples, with a max i mum con tent of
15.17% in sam ple H1 (Ta ble 2).

Of par tic u lar in ter est is kaolinite. Its high est pro por tion was
found in sam ple H3 (28.06%). El e vated con tents were also
noted in sam ples H6 (23.70%) and H8 (21.81%). Fur ther more,
a sub stan tial pro por tion of cal cite (49.35%) was iden ti fied in
sam ple H7 (Ta ble 2).

Aluminosilicates, in clud ing orthoclase and microcline, were
spo rad i cally dis trib uted. For ex am ple, microcline showed its
high est con tent in sam ple H7 (5.15%), while al bite was only
pres ent in sam ples H3 and H8 in trace amounts, i.e. be low
2.5%. Sec ond ary phases, in clud ing gyp sum, ana tase, goethite, 
he ma tite, jarosite and py rite, were pres ent in lim ited amounts
and with spa tial vari a tion. Goethite was pre dom i nantly pres ent
in sam ples H1, H4 and H5, while jarosite was de tected in sam -
ples H2 and H8 (Ta ble 2).

The qual ity of the model fit to the ex per i men tal data was as -
sessed based on the Rwp, Rexp, and GoF pa ram e ters (Ta ble 3).
Rwp val ues ranged from 4.97% in sam ple H3 to 11.93% in sam -
ple H1, while GoF val ues ranged from 2.11 to 4.68. The op ti mal
fit was iden ti fied for sam ple H3 (GoF = 2.11). By con trast, the
most sig nif i cant mis match was ob served for sam ple H1 (GoF =
4.68; Ta ble 3). This may be po ten tially at trib ut able to the pres -
ence of amor phous phases or the in com plete align ment of
back ground pa ram e ters.

IRON PHASES

57Fe-MS anal y sis of sam ples H1–H8 in di cated a di verse
speciation of iron, in clud ing: Fe3+-con tain ing ox ide/oxy -
hydroxide nanophases, Fe3+ in sil i cates (pri mar ily “lillite”, mus -
co vite, kaolinite and chlorite) and trace amounts of Fe2+ in sil i -
cates (Fig. 4 and Ta ble 4). In sam ples H5 and H6, dis tinct he -
ma tite com po nents were iden ti fied, char ac ter ised by the pres -
ence of hyperfine fields of 48–50 T, thereby con firm ing the
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pres ence of a well-crys tal lised (bulk) mag net i cally or dered
phase. In most cases, Fe-con tain ing min er als were iden ti fied
as nanocrystals in this study. The 57Fe Mössbauer spec tra
showed a sub stan tial broad en ing of the spec tral line width. This
phe nom e non can be at trib uted to the superparamagnetic re lax -
ation of elec tron spins within the mag netic do mains of the
nanoparticles. The re lax ation rate is con tin gent upon two fac -
tors: crystallinity (which is de fined as the par ti cle size) and tem -
per a ture. It is widely ac cepted that the up per size limit for
nanocrystals, be low which superparamagnetism oc curs at
room tem per a ture, is ~10 nm (Schwertmann, 1993; Murad and
Cashion, 2004; Murad, 2010).

The iso mer shift val ues for Fe3+ in sil i cates ranged from 0.35 
to 0.37 mm/s, while the quadrupole split ting reached 0.48–0.57
mm/s. These find ings in di cate the dom i nance of Fe3+ ions in an
oc ta he dral en vi ron ment with mod er ately dis torted sym me try.
The Fe2+ min er als, pres ent in trace amounts (2–11%), show
higher Fe2+-spe cific IS val ues (ap prox i mately 1.1–1.2 mm/s)
and Fe2+-spe cific QS val ues (2.6–2.8 mm/s), which are char ac -
ter is tic of lay ered sil i cates (Fig. 4 and Ta ble 4).

The con tent of ox ide/oxyhydroxide nanophases var ies,
rang ing from 14% (H7) to 50% (H4), sug gest ing sig nif i cant dis -
par i ties in the de gree of frag men ta tion and crystallinity of the
ma te ri als un der study. Of par tic u lar in ter est is the pres ence of
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jarosite in sam ple H2. In ad di tion, a he ma tite com po nent was
iden ti fied in two sam ples (H5 and H6). These sam ples ex hibit
an iso mer shift of 0.37 mm/s, quadrupole split ting of –0.2 mm/s
and a hyperfine field of ~50 T, which is typ i cal for this phase
(Fig. 4 and Ta ble 4). The con tent of ox ide/oxyhydroxide ranges
from about ten to sev eral tens per cent.

SELECTED COLOURING MINERALS

The SEM-EDS anal y sis was em ployed to help with com pre -
hen sive iden ti fi ca tion of the min eral com po si tion and po ten tial
phases re spon si ble for the colouration of the sam ples H1–H8
(see Fig. 2). The re sults in di cate sig nif i cant min er al og i cal vari -
abil ity, pri mar ily in volv ing iron min er als (ox ides, hy drox ides, and 
sulphates) and ti ta nium ox ides (Figs. 5 and 6).

In sam ple H1, which is black, the pres ence of ana tase
(TiO2) and goethite (FeO(OH)) oc curred in the form of finely
crys tal line clus ters with ir reg u lar con tours. The grey sam ple,
H2, showed the co ex is tence of ana tase (tet ra he dral struc ture)
and jarosite (KFe3(SO4)2(OH)6). The jarosite ag gre gates ob -
served in the SEM im age man i fest as small, ir reg u lar clus ters,
lo cally co ex ist ing with ti ta nium phases (Mameli et al., 2007). In
the case of the sam ple H3, which was yel low-brown, the min er -
als re spon si ble for its col our could not be clearly iden ti fied. The
EDS anal y ses showed the pres ence of iron, sul phur, and ox y -
gen but with out clear sig na tures in di cat ing spe cific min eral

phases. The ob served colouration may be at trib ut able to a mix -
ture of finely dis persed amor phous phases or weakly crys tal line 
prod ucts of iron weath er ing (Cuadros et al., 2020).

Sam ple H4 had a dis tinct yel low hue (see Fig. 2) and was
found to con tain py rite (FeS2) and goethite. Py rite man i fests in
the form of iso met ric crys tals (Fig. 5). Sam ple H5, of red hue,
pre dom i nantly com prised goethite and he ma tite (Fe2O3). Fine,
com pact ag gre gates of these min er als have been ob served,
com monly form ing tran si tional tex tures be tween hy drated and
de hy drated forms of iron (Fig. 6). In the case of sam ple H6,
char ac ter ised by its dark red colouration, co ex is tence of he ma -
tite and py rite was ob served.

For sam ple H7, brown ish-grey sim i lar to sam ple H3, the
min er als re spon si ble for the ob served colouration could not be
un am big u ously iden ti fied. The chem i cal com po si tion of the sur -
face in di cated the pres ence of iron and ox y gen. How ever, the
lack of clear peaks in the EDS spec tra pre cluded as sign ing
them to spe cific phases. As in di cated by the pres ence of ana -
tase, goethite, and jarosite,  sam ple H8, of light grey coloura -
tion, was com posed of these min eral phases (Fig. 6).

MINERAL AND ORGANIC PHASES

RS anal y sis of sam ples H2–H8 en abled the un am big u ous
iden ti fi ca tion of the pre dom i nant min eral phases pres ent in the
Poznañ Clays (Ta ble 5). Sam ple H1 was not ana lysed due to its 
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high or ganic mat ter con tent, which pre vented the ac qui si tion of
re li able Raman spec tra. The spec tra re corded showed bands
in dic a tive of quartz, he ma tite, goethite and cal cite, along with
sig nals as so ci ated with the pres ence of or ganic mat ter. In sev -
eral cases, weak in di ca tions of clay min er als, such as “illite” and 
kaolinite, were also no tice able.

The most di ag nos tic quartz band (~464 cm–1) oc curred in
many sam ples, in clud ing H2_1, H3_2, H3_5, H3_7, H4_1,
H4_2, H4_5, H5_2, H5_5, and H6_5. Its iden ti fi ca tion was con -
firmed by ad di tional bands in the range 127–209 cm–1 and
396–401 cm–1. Quartz is a prev a lent de tri tal sed i men tary com -
po nent and in tense bands were re corded in the range
1575–1581 cm–1 in sam ples H2_2, H3_4, H3_6, and H3_8.
These bands cor re spond to the so-called G-band of graph ite
and car bo na ceous sub stances. The pres ence of these sig nals
is in dic a tive of pre served or ganic mat ter, most likely as so ci ated
with lig nite and kerogen pres ent in the Poznañ Clays stud ied
(Ta ble 5).

Char ac ter is tic bands of he ma tite (219–278 cm–1, 625 cm–1

and over tones in the range 1305–1320 cm–1) were re corded in
many sam ples, in clud ing 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–1 range (in dic a tive of goethite) were
iden ti fied in sam ples H4_4, H6_1, and H6_2. In sev eral sam -

ples, such as H5_2 (band 143 cm–1), sig nals were re corded that 
may de pict the pres ence of kaolinite or “illite” (Ta ble 5). How -
ever, due to the over lap of bands with dom i nant phases, this
iden ti fi ca tion re mains un cer tain.

DISCUSSION

GRAIN SIZE, ENVIRONMENT AND COLOUR CONTROLS

The grain size dis tri bu tion of sam ples H1–H8 from the
Honoratka dump in di cates a pre dom i nance of silt and clay (cf.
Fig. 3 and Ta ble 1), in di cat ing a low-en ergy en vi ron ment
(Widera, 2013; Widera et al., 2017, 2019; Zieliñski, 2014). Nev -
er the less, their mix ture, lo cally with an ad mix ture of sand, sug -
gests sud den de po si tion (Zieliñski and Widera, 2020; Urbañski
et al., 2025). Al ter na tively, the sand grains may be ae olian (e.g., 
Œrodoñ et al., 2001, 2014), though this pos si bil ity has not yet
been ei ther con firmed or ex cluded.

The rel a tively high clay con tent in sam ples H1 and H7 may
sug gest lo cal clay sources or sec ond ary pedogenic and
diagenetic pro cesses pro mot ing ac cu mu la tion of the <2 µm
frac tion. These pro cesses typ i cally in crease illitisation and al ter
the de gree of “illite” or der ing. “Illite” crystallinity was not quan ti -
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Fig. 5. Rep re sen ta tive SEM im ages of sam ples H1, H2 and H4, with EDS spec tra show ing lo cal el e men tal com po si tions

https://doi.org/10.1180/claymin.2014.049.4.07
https://doi.org/10.24425/agp.2025.155949
https://doi.org/10.24425/agp.2025.155949
https://doi.org/10.14241/asgp.2017.012
https://doi.org/10.2110/jsr.2019.28
https://doi.org/10.1016/j.sedgeo.2020.105677


fied in this study; how ever, the fine grain size of the sed i ment
clearly lim ited pore-wa ter cir cu la tion. This lim ited cir cu la tion ex -
erted a strong con trol over Eh lev els (~ –0.2 to +0.2 V at pH
6–7) and pH lev els (nearly neu tral to slightly acidic), which were
con strained, thereby lim it ing iron min eral sta bil ity fields and,
con se quently, the col our pat terns ob served. This find ing aligns
with ex per i men tally and ther mo dy nam i cally de rived Eh–pH re -
la tions for iron min er als (Walker, 2018).

RELATIONSHIPS BETWEEN COLOUR, MINERAL PHASES 
AND REDOX CONDITIONS

The col our vari a tion of sam ples H1–H8 is at trib ut able to the
in ter ac tion of min eral phases, re dox con di tions and the pres -
ence of or ganic mat ter (Duczmal-Czernikiewicz, 2010;
Maciaszek et al., 2019, 2020; TCMS, 2022; Klêsk et al., 2023).
How ever, all spec i mens in ves ti gated were col lected from an
anthropogenic dump, a set ting where re cent weath er ing, ox i da -
tion and par tial re work ing are known to mod ify the orig i nal min -
eral as sem blages and col our pat terns of clayey de pos its. Con -
se quently, the in ferred Eh–pH con di tions dis cussed be low

should be re garded as qual i ta tive in di ca tors of pre vail ing
palaeoenvironmental trends rather than as pre cise re con struc -
tions of the pri mary diagenetic re gime.

The black shades ob served in sam ple H1 are in dic a tive of
low Eh and the pres ence of amor phous phases of or ganic mat -
ter. The high mus co vite and goethite con tents may have mod u -
lated the tone of the sed i ment but or ganic mat ter played a dom i -
nant role (Bown and Kraus, 1981, 1987).

The grey tones which are char ac ter is tic of sam ples H2, H7,
and H8 are at trib ut able to the prev a lence of quartz and “illite” in
the ab sence of sig nif i cantly pig mented phases (cf. Fig. 2 and
Ta ble 2). The el e vated pH level pro moted the sta bil ity of Fe3+

sil i cates, whilst mit i gat ing the in ten sity of the re sult ing colours.
In the case of sam ple H8, the white and pale shades are in dic a -
tive of high cal cite and kaolinite con tents, sug gest ing their for -
ma tion un der con di tions of neu tral to mod er ately oxi dis ing con -
di tions (Valanciene et al., 2010; Mancini et al., 2020). On the
other hand, the pres ence of the khaki col our in sam ple H3 is at -
trib uted to the over lap of Fe3+ and Fe2+ pig men ta tion in sil i cates, 
sug gest ing slightly acidic and oxi dis ing lo cal con di tions (Albee
and Chodos, 1970).
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Fig. 6. Rep re sen ta tive SEM im ages of sam ples H5, H6 and H8, with EDS spec tra show ing lo cal el e men tal com po si tions
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The yel low tones that are char ac ter is tic of sam ple H4 are
as so ci ated with the pres ence of goethite crystallising in an oxi -
dis ing en vi ron ment at neu tral or slightly acidic pH. Sim i lar re la -
tion ships be tween he ma tite-rich as sem blages, red colouration
and oxi dis ing ma rine or ter res trial en vi ron ments have been
doc u mented in stud ies of red beds (e.g., Tor rent et al., 1980;
Bown and Kraus, 1981).

The red tones pres ent in the sam ples H5 and H6 are at trib -
ut able to the pres ence of he ma tite (cf. Figs. 2 and 6, and Ta bles 
2, 4, and 5), which is known to form un der con di tions of el e -
vated Eh and neu tral pH (Bown and Kraus, 1987; Tucker,
2003). In sam ple H6, the pres ence of a darker pur ple tone sug -
gests a higher pro por tion of well-crys tal lised he ma tite or the po -
ten tial pres ence of ana tase and Fe2+ (Tucker, 2003). Yel low
and yel low-brown tones, linked to goethite and early jarosite in
this study, are con sis tent with ob ser va tions from incipiently red -
dened car bon ate and siliciclastic suc ces sions, where low-tem -
per a ture ox i da tive al ter ation pro duces patchy yel low-pink hues
(Turner, 1980; Tucker, 2011; Upreti and Srivastava, 2019).
Nev er the less, for all col our types, the pos si ble su per po si tion of
late-stage ox i da tive al ter ation on the dump im plies that our col -
our–Eh–pH in ter pre ta tions should be viewed as min i mum es ti -
mates of the orig i nal re dox gra di ents op er at ing in the Poznañ
Clays.

REDOX CONDITIONS AND COLOUR EVOLUTION

The col our of the Poznañ Clays is di rectly in flu enced by the
re dox con di tions (Eh) and the pH of the en vi ron ment. Lower Eh
val ues have been shown to pro mote the pres er va tion of or ganic 
mat ter, the for ma tion of dark shades and the crystallisation of
py rite. Con versely, high Eh stim u lates the crystallisation of he -
ma tite and goethite, giv ing red and yel low hues to the de pos its.
It has been dem on strated that the low er ing of pH pro motes the

for ma tion of jarosite, which is re spon si ble for the ob served yel -
low ish tones (Wiewióra and Wyrwicki, 1974, 1976). By con trast, 
neu tral to al ka line con di tions have been shown to en sure the
sta bil ity of cal cite and kaolinite, which serve to lighten the
colours of the de pos its. The in ferred se quence from py rite, un -
der re duc ing con di tions, to jarosite and other Fe sulphates, un -
der acidic oxi dis ing con di tions, mir rors the ex per i men tal and
field con straints on iron sul phide sta bil ity and ox i da tion (Nord -
strom, 1982).

Sec ond ary trans for ma tions of iron-bear ing phases, es pe -
cially the ox i da tion of py rite and the tran si tion of goethite to he -
ma tite, greatly in flu ence sed i ment col our dur ing diagenesis.
Un der re duc ing con di tions (low Eh, the ab sence of dis solved
ox y gen, and pH 6–8), py rite (FeS2) is sta ble. How ever, upon ex -
po sure to oxi dis ing pore wa ters (pos i tive Eh, pH 5–8), py rite is
con verted into sul phate and Fe3+ phases. This pro cess can be
ex pressed sche mat i cally, as fol lows:

FeS
15

4
O

7

2
H O Fe(OH) (s) 2SO 4H2 2 2 3 4

2+ + ® + +- +

The re sult ing Fe3+ hy dro ly ses and pro gres sively trans forms
into more crys tal line Fe3+ oxyhydroxides and ox ides:

Fe 3H O Fe(OH) (s) 3H3
2 3

+ ++ ® +

Fe(OH)3(s) ® FeO(OH)(goethite) + H2O

2FeO(OH)(goethite) ® Fe2O3 (he ma tite)  + H2O

The ap pear ance of a sym bol (s) in close prox im ity to a given 
chem i cal for mula is an in di ca tion that the sub stance in ques tion
ex ists as a solid phase (i.e. a pre cip i tate or min eral).
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Goethite rep re sents an in ter me di ate min eral, be tween
amor phous or poorly crys tal line Fe3+ hy drox ides and well-or -
dered he ma tite. Both min er als are sta ble over a broad pH range 
(4–8) un der oxi dis ing con di tions. How ever, goethite forms pref -
er en tially in cooler, more hu mid set tings, while he ma tite forms
in warmer, pe ri od i cally dry en vi ron ments that en hance
goethite’s dehydroxylation. This se quence de fines a geo chem i -
cal “col our path way”: from grey to black or green ish hues, in re -
duc ing con di tions dom i nated by sulphides and Fe2+ bear ing
car bon ates and sil i cates, to yel low and yel low-brown tones,
where ferrihydrite and goethite pre vail at pH » 4–8 and pos i tive
Eh, to in tense red colours in well-oxi dised, warmer and drier
set tings, where he ma tite be comes the dom i nant pig ment.

How ever, even min i mal amounts of pigmenting phases can
dom i nate over neu tral min eral com po nents (e.g., quartz, clay
min er als, etc.; Nemec and Porêbski, 1977; Klêsk et al., 2023),
as shown by ob ser va tions from SEM-EDS and 57Fe-MS anal y -
ses (Kraus and Riggins, 2007; Kruszewski, 2013). 57Fe-MS
data clearly shows the cor re la tion be tween the pro por tion of he -
ma tite and the in ten sity of red and pur ple colours, as well as be -
tween the pres ence of goethite and yel low shades. More over,
as in di cated by the SEM-EDS re sults, the spa tial dis tri bu tion of
col our-form ing phases is high lighted by even min i mal amounts
of he ma tite or jarosite (cf. Figs. 5 and 6).

RS was used to con firm the pres ence of he ma tite and
goethite as pri mary pig ments. Ad di tion ally, the anal y sis re -
vealed sig nals of or ganic mat ter that in di cate the pres ence of
dark shades (see Ta ble 5). Thus, the use of sev eral an a lyt i cal
meth ods al lows for a more com plete un der stand ing of the col -
our-form ing pro cesses and their de pend ence on en vi ron men tal 
vari ables, such as Eh and pH (Fig. 7).

PIGMENTING PHASE DISTRIBUTION

Sed i men tary col our is the re sult of the com plex in ter play be -
tween the min eral phases pres ent, their con tent, de gree of
crystallinity and dis tri bu tion in the sam ples ex am ined. It has

been clearly dem on strated that even min i mal amounts of
strongly pig mented phases, mainly he ma tite and goethite, can
ex ert a dom i nant in flu ence on sed i men tary col our. A good ex -
am ple of this phe nom e non seems to be the pres ence of
fine-grained goethite, which, de spite its min i mal con tent, gives
the sed i ment a dis tinct yel low hue (Huang and Zhang, 2020).
How ever, struc tural stud ies of the Poznañ Clays char ac ter ised
the role of nanocrystalline iron oxyhydroxides, lay ered dou ble
hy drox ides (in clud ing green rust-type phases) and Fe-rich
smectites as tran si tion pig ments and re dox buff ers (e.g.,
Wyrwicki, 1969, 1974, 1975; Wyrwicki and Wiewióra, 1981).

CONDITIONS OF IRON PHASE STABILITY

The Eh–pH re la tion ship en ables graph i cal pre sen ta tion of
the sta bil ity of iron phases and their cor re spond ing colours
(Fig. 7). The lower mid dle part of the di a gram, cor re spond ing to
Eh val ues of ~ –0.2 to 0.2 V and near-neu tral pH of about 6–7,
rep re sents the sta bil ity field of py rite and the pres ence of or -
ganic mat ter, giv ing gray to black tones. The up per left-hand
cor ner of the di a gram, cor re spond ing to el e vated Eh val ues of
~0.4–0.8 V and acidic pH of roughly 2.5–5.0, is as so ci ated with
jarosite, a min eral re spon si ble for the yel low colouration ob -
served. The cen tral area, char ac ter ised by a me dium Eh and
neu tral pH, cor re sponds to goethite, which is re spon si ble for the 
yel low and brown shades. The up per mid dle part of the di a -
gram, which cor re sponds to a high Eh and neu tral pH, is as so ci -
ated with he ma tite, a min eral that yields red and pur ple hues.
On the other hand, the lower mid dle part of the di a gram cov ers
cal cite and kaolinite, which are known to pro duce light to pale
shades in sed i ment (Fig. 7).

The di a gram char ac ter ised above bears a re sem blance to
the clas sic Pourbaix di a grams, in which the bound aries of iron
phase sta bil ity are not only de ter mined by the pres ence of pig -
ments but, also, by their sec ond ary trans for ma tions. The pro -
posed Eh–pH-col our frame work for the Poznañ Clays is con sis -
tent with Pourbaix-type sta bil ity re la tion ships for Fe min er als
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Fig. 7. Eh–pH di a gram show ing the sta bil ity fields of iron phases ac cord ing to Brookins (2012)
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and with broader mod els of the evo lu tion of ma rine and con ti -
nen tal red beds (e.g., Tor rent et al., 1980; Bown and Kraus,
1981, 1987; Zachos et al., 2001; Zatoñ et al., 2008; Bábek et
al., 2021). Thus, in the case of the Poznañ Clays, the col our
scheme is a di rect re flec tion of the geo chem i cal con di tions, pri -
mar ily Eh and pH, which con trolled the forms of iron and their
sub se quent trans for ma tions.

CONCLUSIONS

1. The main fac tor in flu enc ing the colouration of the
Poznañ Clays is the pres ence of fer ric phases such as
he ma tite, goethite or jarosite. He ma tite is re spon si ble
for the in tense red and pur ple colours ob served in sam -
ples H5 and H6. Goethite is the source of the yel low and
brown hues that are char ac ter is tic of sam ples H3 and
H4. Jarosite gives the yel low ish and grey ish yel low
colours of sam ples H2 and H8.

2. These pigmenting min er als are sen si tive in di ca tors of
re dox and pH con di tions dur ing de po si tion of the
Poznañ Clays and their diagenetic pro cesses. He ma tite 
in di cates oxi dis ing con di tions with high Eh and pH near

to neu tral, goethite is char ac ter ised by me dium Eh and
neu tral pH, while jarosite is in dic a tive of acidic and
strongly oxi dis ing con di tions: me dium Eh and low pH.

3. Sam ple H7, and also sam ples H2 and H8 to a cer tain
ex tent, do not con tain (or are de pleted) in these pig -
ments and rel a tively en riched in quartz and “illite” or cal -
cite and kaolinite; hence their grey tones. Sam ple H1 is
black be cause of the or ganic mat ter dis persed in it, al -
though it con tains the larg est amounts of strongly
pigmenting goethite.

4. Fi nally, the re sults ob tained in this study clearly show
chang ing palaeoenvironmental con di tions re corded in
the col our of the Poznañ Clays. The re con structed Eh
and pH val ues in di cate wa ter level fluc tu a tions on
floodplains, re sult ing most likely from cli ma tic changes
dur ing the late Neo gene in the Pol ish Low lands area.

Ac knowl edge ments The au thors would like to thank Dr.
Iwona Dobak-Sroka of the En vi ron men tal Lab o ra tory for
Unique Chem i cal In stru men ta tion at the Fac ulty of Chem is try,
Adam Mickiewicz Uni ver sity in Poznañ, for her PXRD anal y ses. 
Fi nally, we would like to ex press our pro found grat i tude to the
re view ers for their in valu able con tri bu tions to en hanc ing our
manu script.

REFERENCES

Albee, A.L., Chodos, A.A., 1970. Semiquantitative elec tron micro -
probe de ter mi na tion of Fe2+/Fe3+ and Mn2+/Mn3+ in ox ides and
sil i cates and its ap pli ca tion to pet ro logic prob lems. Amer i can
Min er al o gist, 55: 491–501.

Areñ, B., 1964. Geo log i cal at las of Po land: strati graphic and fa cies
prob lems. Ter tiary, 11/a. Wydaw. Geol., Warszawa.

Bábek, O., Vodrážková, S., Kumpan, T., Kalvoda, J., Holá, M.,
Ackerman, L., 2021. Geo chem i cal re cord of the subsurface re -
dox gra di ent in ma rine red beds: a case study from the De vo nian 
Prague Ba sin, Czechia. Sedimentology, 68: 3523–3548;
https://doi.org/ 10.1111/sed.12910

Badura, J., Przybylski, B., 2004. Evo lu tion of the Late Neo gene
and Eopleistocene flu vial sys tem in the fore land of the Sudetes
Moun tains, SW Po land. Annales Societatis Geologorum
Poloniae, 74: 43–61.

B¹k, K., B¹k, M., Gatlik, J., B³achowski, A., 2020. Os cil lat ing re -
dox con di tions in the Mid dle–Late Ju ras sic Al pine Tethys: in -
sights from se lected geo chem i cal in di ces and 57Fe Mössbauer
spec tros copy. Palaeo ge ogra phy, Palaeoclimatology, Palaeo ec -
ol ogy, 537, 109440;
https://doi.org/10.1016/j.palaeo.2019.109440

B³achowski, A., Ruebenbauer, K., ¯ukrowski, J., Górnicki, R.,
2008. Early de sign stage of the MsAa-4 Mössbauer spec trom e -
ter. Acta Physica Polonica A, 114: 1707–1713;
https://doi.org/10.12693/APhysPolA.114.1707

Blott, S.J., Pye, K., 2001. Gradistat: a grain size dis tri bu tion and
sta tis tics pack age for the anal y sis of un con sol i dated sed i ments. 
Earth Sur face Pro cesses and Land forms, 26: 1237–1248;
https://doi.org/10.1002/esp.261

Bojakowska, I., Barañski, P., Iwasiñska-Budzyk, I., Retka, J.,
2010. Vari abil ity of the con tent of trace el e ments in Poznañ se -
ries clays (in Pol ish with Eng lish sum mary). Górnictwo i
Geologia, 5: 31–39.

Bown, T.M., Kraus, M.J., 1981. Lower Eocene al lu vial paleosols
(Willwood For ma tion, North west Wy o ming, U.S.A.) and their
sig nif i cance for paleoecology, paleoclimatology, and ba sin anal -
y sis. Palaeo ge ogra phy, Palaeoclimatology, Palaeo ec ol ogy, 34:
1–30; https://doi.org/10.1016/0031-0182(81)90056-0

Bown, T.M., Kraus, M.J., 1987. In te gra tion of chan nel and flood -
plain suites, I. De vel op men tal se quence and lat eral re la tions of
al lu vial paleosols. Jour nal of Sed i men tary Pe trol ogy, 57:
587–601;
https://doi.org/10.1306/212F8BB1-2B24-11D7-8648000102C1
865D

Brookins, D.G., 2012. Eh-pH di a grams for geo chem is try. Springer
Sci ence & Busi ness Me dia.

Card, C.J., Montenari, M., 2023. Com par a tive geo chem is try of
Early Car bon if er ous ma rine red beds (MRBs) and their sig nif i -
cance for deep time paleoceanographic re con struc tions. Sed i -
men tary Ge ol ogy, 444, 106313;
https://doi.org/10.1016/j.sedgeo.2022.106313

Choma-Moryl, K., 1988. Vari abil ity of phys i cal prop er ties of the
Poznañ Clays from the area of Wroc³aw, with ref er ence to their
gen e sis and lithostratigraphy. Geologia Sudetica, 23: 1–63.

Christiansen, B.C., 2004. A transformational, struc tural and nat u ral 
oc cur rence study of green rust. M.Sc. the sis, Äspö Hard Rock
Lab o ra tory, Geo log i cal In sti tute, Uni ver sity of Co pen ha gen,
Den mark.

Ciuk, E., 1970. Schemes of the Ter tiary from the Pol ish Low land
area (in Pol ish with Eng lish sum mary). Kwartalnik Geologiczny,
14 (4): 754–771.

Ciuk, E., Po¿aryska, K., 1982. On paleogeography of the Ter tiary of 
the Pol ish Low lands. Prace Muzeum Ziemi, 35: 81–88.

Co lombo, C., Palumbo, G., Di lorio, E., Russo, F., Terribile, F.,
Jiang, Z., Liu, Q., 2016. Soil de vel op ment in a Qua ter nary
fluvio-lac us trine paleosol se quence in South ern It aly. Qua ter -
nary In ter na tional, 418: 195–207;
https://doi.org/ 10.1016/j.quaint.2015.11.004

Cor nell, R.M., Schwertmann, U., 2003. The Iron Ox ides – Struc -
ture, Prop er ties, Re ac tions, Oc cur rences and Uses, 2nd ed.
Wiley-VCH Verlag, Weinheim.

Cuadros, J., Sánchez-MaraÔón, M., Mavris, C., Fiore, S., Bishop, 
J. L., Melgosa, M., 2020. Col our anal y sis and de tec tion of Fe
min er als in multi-min eral mix tures from acid-al ter ation en vi ron -
ments. Ap plied Clay Sci ence, 193, 105677;
https://doi.org/10.1016/j.clay.2020.105677

12 Jakub Klêsk et al. / Geo log i cal Quar terly, 2026, 70, 18

https://doi.org/ 10.1111/sed.12910
https://doi.org/ 10.1111/sed.12910
https://doi.org/ 10.1111/sed.12910
https://doi.org/10.1016/j.palaeo.2019.109440
https://doi.org/10.12693/APhysPolA.114.1707
https://doi.org/10.1002/esp.261
https://doi.org/10.1016/0031-0182(81)90056-0
https://doi.org/10.1016/0031-0182(81)90056-0
https://doi.org/10.1016/0031-0182(81)90056-0
https://doi.org/10.1306/212F8BB1-2B24-11D7-8648000102C1865D
https://doi.org/10.1306/212F8BB1-2B24-11D7-8648000102C1865D
https://doi.org/10.1016/j.sedgeo.2022.106313
https://doi.org/ 10.1016/j.quaint.2015.11.004
https://doi.org/10.1016/j.clay.2020.105677
https://doi.org/10.1016/0016-7061(80)90002-6
https://doi.org/10.1126/science.1059412


Duczmal-Czernikiewicz, A., 2010. Geo chem is try and min er al ogy
of the Poznañ For ma tion (Pol ish Low lands). Adam Mickiewicz
Uni ver sity Press, Poznañ.

Duczmal-Czernikiewicz, A., 2013. Ev i dence of soils and
palaeosols in the Poznañ For ma tion (Neo gene, Pol ish Low -
lands). Geo log i cal Quar terly, 57 (2): 189–204;
https://doi.org/10.7306/gq.1082

Dyar, M.D., Agresti, D.G., Schaefer, M.W., Grant, Ch.A., Sklute,
E.C., 2006. Mössbauer Spec tros copy of Earth and Plan e tary
Ma te ri als. An nual Re view of Earth and Plan e tary Sci ences, 34:
83–125;
https://doi.org/10.1146/annurev.earth.34.031405.125049

Dyjor, S., 1970. The Poznañ se ries in West Po land (in Pol ish with
Eng lish sum mary). Kwartalnik Geologiczny, 14 (4): 819–835.

Goldstein, J.I., Newbury, D.E., Mi chael, J.R., Ritchie, N.W.,
Scott, J.H.J., Joy, D.C., 2017. Scan ning Elec tron Mi cros copy
and X-ray Microanalysis. 4th edi tion. Springer, New York.

Górniak, K., Szyd³ak, T., Sikora, W.S., Gawe³, A., Bahranowski,
K., Ratajczak T., 2001. Clay min er als in colour ful rocks ap pear -
ing over lig nite de pos its in Konin re gion (in Pol ish with Eng lish
sum mary). Górnictwo Odkrywkowe, 43: 129–139.

Górnicki, R., B³achowski, A., Ruebenbauer, K., 2007. Mössbauer
Spec trom e ter MsAa-3. Nukleonika, 52 (suppl. 1): S7–S12.

Habashi, F., 2016. Pig ments through the Ages. InterCeram, In ter na -
tional Ce ramic Re view, 65: 156–165;
https://doi.org/10.1007/BF03401164

Hartemink, A.E., 2009. The de pic tion of soil pro files since the late
1700s. Catena, 79: 113–127;
https://doi.org/10.1016/j.catena.2009.06.002

Huang, J., Zhang, H., 2020. Re dox re ac tions of iron and man ga -
nese ox ides in com plex sys tems. Fron tiers of En vi ron men tal
Sci ence & En gi neer ing, 14, 76;
https://doi.org/10.1007/s11783-020-1255-8

Jiang, Z., Liu, Q., Rob erts, A.P., Dekkers, M. J., Barrón, V., Tor -
rent, J., Li, S., 2022. The mag netic and col our reflectance prop -
er ties of he ma tite: from Earth to Mars. Re views of Geo phys ics,
60, e2020RG000698; https://doi.org/10.1029/2020RG000698

John son, C.A., 2014. Ob ser va tions and as sess ment of iron ox ide
nanoparticles in metal-pol luted mine drain age within a steep re -
dox gra di ent, and a com par i son to syn thetic analogs. Ph.D. the -
sis, Vir ginia Poly tech nic In sti tute and State Uni ver sity.

Kasiñski, J.R., S³odkowska, B., 2016. Fac tors con trol ling Ce no -
zoic anthracogenesis in the Pol ish Low lands. Geo log i cal Quar -
terly, 60 (4): 959–974; https://doi.org/10.7306/gq.1321

Kêdzior, A., Widera, M., Zieliñski, T., 2021. An cient and mod ern
anastomosing rivers: in sights from sedimentological and
geomorphological case stud ies of the Tri as sic, Neo gene and
Ho lo cene of Po land. Geo log i cal Quar terly, 65, 54;
https://doi.org/10.7306/gq.1623

Kisch, H.J., 1990. Cal i bra tion of the anchizone: a crit i cal com par i -
son of illite ‘crystallinity’ scales used for def i ni tion. Jour nal of
Meta mor phic Ge ol ogy, 8: 31–46;
https://doi.org/10.1111/j.1525-1314.1990.tb00455.x

Klêsk, J., 2023. Sul phur and its main min er als in the “Poznañ Clays” 
(up per Neo gene) – their in flu ence on the sed i ment col our (in
Pol ish with Eng lish sum mary). Przegl¹d Geologiczny, 71:
249–254; https://doi.org/10.7306/2023.22

Klêsk, J., B³achowski, A., Diduszko, R., Kruszewski, £., Widera,
M., 2022. Iron-bear ing phases af fect ing the col our of up per Neo -
gene clayey sed i ments from Dymaczewo Stare, west-cen tral
Po land. Geologos, 28: 129–139;
https://doi.org/0.2478/lo gos-2022-0010

Klêsk, J., B³achowski, A., Kruszewski, £., Michalska, D.,
Mrozek-Wysocka, M., Widera, M., 2023. Colours of the up per
Neo gene “Poznañ Clays” in the light of sedimentological, min er -
al og i cal and nu clear meth ods. Geo log i cal Quar terly, 67, 49;
https://doi.org/10.7306/gq.1719

Kraus, M.J., 1999. Paleosols in clastic sed i men tary rocks: their
geo logic ap pli ca tions. Earth-Sci ence Re views, 47: 41–70;
https://doi.org/10.1016/S0012-8252(99)00026-4

Kraus, M.J., Aslan, A., 1993. Eocene hydromorphic paleosols: sig -
nif i cant for in ter pret ing an cient floodplain pro cesses. Jour nal of
Sed i men tary Pe trol ogy, 63: 453–463;
https://doi.org/10.1306/D4267B22-2B26-11D7-8648000102C1
865D

Kraus, M.J., Riggins, S., 2007. Tran sient dry ing dur ing the Paleo -
cene–Eocene Ther mal Max i mum (PETM): Anal y sis of
paleosols in the Bighorn ba sin, Wy o ming. Palaeo ge ogra phy,
Palaeoclimatology, Palaeo ec ol ogy, 245: 444–461;
https://doi.org/10.1016/j.palaeo.2006.09.011

Kruszewski, £., 2013. Supergene sul phate min er als from the burn -
ing coal min ing dumps in the Up per Silesian Coal Ba sin, South
Po land. In ter na tional Jour nal of Coal Ge ol ogy, 105: 91–109;
https://doi.org/10.1016/j.coal.2012.12.007

Kuhl, J., 1958. Clay-rich rocks as so ci ated with lig nite in Konin and
their po ten tial uses (in Pol ish). Materia³y Budowlane, 13: 2–3.

Lempart-Drozd, M., B³achowski, A., Gumsley, A., Ciesielska, Z.,
2022. Ther mal de com po si tion of minnesotaite and dehydro -
genation dur ing Fe2+ ox i da tion, with im pli ca tions for re dox re ac -
tions in Banded Iron For ma tions. Chem i cal Ge ol ogy, 601,
120867; https://doi.org/10.1016/j.chemgeo.2022.120867

Maciaszek, P., Chomiak, L., Wachocki, R., Widera, M., 2019. The
in ter pre tive sig nif i cance of rip ple-de rived sed i men tary struc -
tures within the late Neo gene flu vial suc ces sion, cen tral Po land. 
Geologos, 25: 1–13; https://doi.org/10.2478/lo gos-2019-0001

Maciaszek, P., Chomiak, L., Urbañski, P., Widera, M., 2020. New
in sights into the gen e sis of the “Poznañ Clays” – up per Neo gene 
of Po land. Civil and En vi ron men tal En gi neer ing Re ports, 30:
18–32; https://doi.org/10.2478/ceer-2020-0002

Makiel, M., Skiba, M., Kisiel., Maj-Szeliga, K., B³achowski, A.,
Szymañski, W., Salata, D., 2022. For ma tion of iron
oxyhydroxides as a re sult of glauconite weath er ing in soils of
tem per ate cli mate. Geoderma, 416, 115780;
https://doi.org/10.1016/j.geoderma.2022.115780

Mameli, P., Mongelli, G., Oggiano, G., Dinelli, E., 2007. Geo log i -
cal, geo chem i cal and min er al og i cal fea tures of some baux ite
de pos its from Nurra (West ern Sar dinia, It aly): in sights on con di -
tions of for ma tion and pa ren tal af fin ity. In ter na tional Jour nal of
Earth Sci ences, 96: 887–902;
https://doi.org/10.1016/j.geoderma.2022.115780

Mancini, M., Weindorf, D.C., Carvalho Monteiro, M.E., Gomes de 
Faria, Á.J., dos Santos Teixeira, A.F., de Lima, W., Dias de
Lima, F.R., Santos Branco Dijair, T., D’Auria Marques, F.,
Ribeiro, D., Godinho Silva, S.H., Chakraborty, S., Curi, N.,
2020. From sen sor data to Munsell col our sys tem: Ma chine
learn ing al go rithm ap plied to trop i cal soil col our clas si fi ca tion
via Nix™ Pro sen sor. Geoderma, 375, 114471;
https://doi.org/10.1016/j.geoderma.2020.114471

Mazur, J., 1959. Clays in the area of lig nite de pos its in the Konin re -
gion (in Pol ish). Wêgiel Brunatny, 1: 18–26.

McBride, E.F., 1974. Sig nif i cance of color in red, green, pur ple, ol -
ive, brown, and gray beds of Difunta Group, north east ern Mex -
ico. Jour nal of Sed i men tary Pe trol ogy, 44: 760–773;
https://doi.org/10.1306/212F6B9A-2B24-11D7-8648000102C1
865D

Mindat, 2022. Hud son In sti tute of Min er al ogy, 1993–2022.
https://www.mindat.org, re trieved 23.04.2026

Murad, E., 2010. Mössbauer spec tros copy of clays, soils and their
min eral con stit u ents. Clay Min er als, 45: 413–430;
https://doi.org/10.1180/claymin.2010.045.4.413

Murad, E., Cashion, J., 2004. Mössbauer Spec tros copy of En vi ron -
men tal Ma te ri als and their In dus trial Uti li za tion. Kluwer Ac a -
demic Pub lish ers, Nor well, Mas sa chu setts.

Nemec, W., Porêbski S., 1977. Weissliegendes sand stones: a
tran si tion from flu vial-ae olian to shal low-ma rine sed i men ta tion
(Perm ian of the Fore-Sudetic Monocline). 2. A study in sig nif i -
cance of rock colouration. Annales Societatis Geologorum
Poloniae, 47: 513–544.

Nordstrom, D.K., 1982. Aque ous py rite ox i da tion and the con se -
quent for ma tion of sec ond ary iron min er als. Acid Sul fate Weath -
er ing, 10: 37–56; https://doi.org/10.2136/sssaspecpub10.c3

Piwocki, M., Ziembiñska-Tworzyd³o, M., 1997. Neo gene of the
Pol ish Low lands – lithostratigraphy and pol len-spore zones.
Geo log i cal Quar terly, 41 (1): 21–40.

Retallack, G.J., 2019. Soils of the Past. An In tro duc tion to Paleo -
pedology. 2nd edi tion. Wiley-Blackwell, Chichester.

Rietveld, H.M., 1969. A pro file re fine ment method for nu clear and
mag netic struc tures. Jour nal of Ap plied Crys tal log ra phy, 2:
65–71; https://doi.org/10.1107/S0021889869006558

Jakub Klêsk et al. / Geo log i cal Quar terly, 2026, 70, 18 13

https://doi.org/10.7306/gq.1082
https://doi.org/10.1146/annurev.earth.34.031405.125049
https://gq.pgi.gov.pl/article/view/13205
https://doi.org/10.1007/BF03401164
https://doi.org/10.1016/j.catena.2009.06.002
https://doi.org/10.1007/s11783-020-1255-8
https://doi.org/10.1029/2020RG000698
https://doi.org/10.7306/gq.1321
https://doi.org/10.7306/gq.1623
https://doi.org/10.1111/j.1525-1314.1990.tb00455.x
https://doi.org/10.7306/2023.22
https://doi.org/0.2478/logos-2022-0010
https://doi.org/10.7306/gq.1719
https://doi.org/10.1016/S0012-8252(99)00026-4
https://doi.org/10.1306/D4267B22-2B26-11D7-8648000102C1865D
https://doi.org/10.1016/j.palaeo.2006.09.011
https://doi.org/10.1016/j.coal.2012.12.007
https://doi.org/10.1016/j.chemgeo.2022.120867
https://doi.org/10.2478/logos-2019-0001
https://doi.org/10.2478/ceer-2020-0002
https://doi.org/10.1016/j.geoderma.2022.115780
https://doi.org/10.1016/j.geoderma.2022.115780
https://doi.org/10.1016/j.geoderma.2020.114471
https://doi.org/10.1306/212F6B9A-2B24-11D7-8648000102C1865D
https://www.mindat.org
https://doi.org/10.1180/claymin.2010.045.4.413
https://doi.org/10.2136/sssaspecpub10.c3
https://gq.pgi.gov.pl/article/view/8268
https://doi.org/10.1107/S0021889869006558


Ristiæ, M., Krehula, S., Reissner, M., Musiæ, S., 2017. 57Fe
Mössbauer, XRD, FT-IR, FE SEM anal y ses of nat u ral goethite,
he ma tite and sid er ite. Croatica Chemica Acta, 90: 499–507;
https://doi.org/10.5562/cca3233

Schwertmann, U., 1993. Re la tions be tween iron ox ides, soil col our, 
and soil for ma tion. Soil Sci ence So ci ety of Amer ica, Spe cial
Pub li ca tions, 31: 51–69;
https://doi.org/10.2136/sssaspecpub31.c4

Shepard, F.P., 1954. No men cla ture based on sand-silt-clay ra tios.
Jour nal of Sed i men tary Re search, 24: 151–158;
https://doi.org/10.1306/D4269774-2B26-11D7-8648000102C1
865D

Soil Sur vey Staff, 1951. Soil sur vey man ual. U.S. De part ment of
Ag ri cul ture Hand book 18. U.S. Gov ern ment Print ing Of fice,
Wash ing ton, D.C.

Œrodoñ, J., Drits, V.A., McCarty, D.K., Hsieh, J.C.C., Eberl, D.D.,
2001. Quan ti ta tive XRD anal y sis of clay-rich rocks from ran dom
prep a ra tions. Clays and Clay Min er als, 49: 514–528.

Œrodoñ, J., Szulc, J., Anczkiewicz, A., Jewu³a, K., Banaœ, M.,
Marynowski, L., 2014. Weath er ing, sed i men tary and
diagenetic con trols of min eral and geo chem i cal char ac ter is tics
of the ver te brate-bear ing. Silesian Keuper. Clay Min er als, 49:
569–594; https://doi.org/10.1180/claymin.2014.049.4.07

TCMS, 2022. The Clay Min er als So ci ety, Reynolds Cup Com pe ti -
tion. https://www.clays.org/reynolds, re trieved 23.04.2026

Tor rent, J., Schwertmann, U., Schulze, D.G., 1980. Iron ox ide
min er al ogy of some soils of two river ter race se quences in
Spain. Geoderma, 23: 191–208;
https://doi.org/10.1016/0016-7061(80)90002-6

Tr¹bska, J., 2015. Mikrostrukturalne przes³anki dla oceny
pochodzenia i przetworzenia czerwonych surowców ¿elazistych 
(„Ochr”) na przyk³adzie wybranych stanowisk paleolitycznych
(in Pol ish). Uni ver sity of Rzeszów, Po land.

Troæ, M., Sadowska, A., 2006. The age of Poznañ For ma tion in the
area of Poznañ (in Pol ish with Eng lish sum mary). Przegl¹d
Geologiczny, 54: 588–593.

Tucker, M.E., 2003. Sed i men tary Rocks in the Field. John Wiley
and Sons., Chichester, UK.

Tucker, M.E., 2011. Sed i men tary Rocks in the Field: A Prac ti cal
Guide. Wiley-Blackwell, Chichester, UK.

Turner, P., 1980. Con ti nen tal red beds. De vel op ments in Sedimen -
tology, 29.

Upreti, N., Srivastava, P., 2019. Role of lat i tu di nal shift and cli mate
change in evo lu tion of red and yel low palaeosols of the Hi ma la -
yas: im pli ca tions for early Oligocene sea son al ity and Mid-Mio -
cene en hanced pre cip i ta tion. Sedimentology, 67: 2189–2221;
https://doi.org/10.1111/sed.12699

Urbañski, P., Wachocki, R, Widera, M., 2025. Sed i men tary re cord
of the late Neo gene avul sion pro cess at the Tomis³awice lig nite
opencast mine in cen tral Po land – a new hy poth e sis. Acta
Geologica Polonica, 75, e55;
https://doi.org/10.24425/agp.2025.155949

Valanciene, V., Siauciunas, R., Baltusnikaite, J., 2010. The in flu -
ence of min er al og i cal com po si tion on the col our of clay body.
Jour nal of the Eu ro pean Ce ramic So ci ety, 30: 1609–1617;
https://doi.org/10.1016/j.jeurceramsoc.2010.01.017

Walker, A., 2018. Sorp tion Study of Se (-II) onto Illite, Ben ton ite, and 
Shale Un der High Ionic Strength Con di tions (Doc toral dis ser ta -
tion).

Wang, C., Ma, S., Lu, A., Zhou, J., 2005. The for ma tion con di tions
of jarosite and its en vi ron men tal sig nif i cance. Acta Petrologica
et Mineralogica, 24: 607–611.

Warr, L.N., Mählmann, R.F., 2015. Rec om men da tions for Kübler in -
dex stan dard iza tion. Clay Min er als, 50: 283–286;
https://doi.org/10.1180/claymin.2015.050.3.02

Widera, M., 2007. Lithostratigraphy and palaeotectonics of the
sub-Pleis to cene Ce no zoic of Wielkopolska. Adam Mickiewicz
Uni ver sity Press, Poznañ.

Widera, M., 2013. Sand- and mud-filled flu vial palaeochannels in
the Wielkopolska Mem ber of the Neo gene Poznañ For ma tion,
cen tral Po land. Annales Societatis Geologorum Poloniae, 83:
19–28.

Widera, M., 2021. Ge ol ogy of Pol ish lig nite de pos its (in Pol ish).
Bogucki Wydaw. Naukowe, Poznañ.

Widera, M., Szczurek, M., 2014. Anthropogenic min eral de pos its in
Wielkopolska lig nite mines – cur rent state of re search (in Pol ish
with Eng lish sum mary). Gospodarka Surowcami Mineralnymi,
30: 21–38; https://doi.org/10.2478/gospo-2014-0001

Widera, M., Klêsk, J., 2025. Poznañ Clays ver sus Poznañ For ma -
tion in the up per Neo gene of the Pol ish Low lands: con tro versy
about mean ing, or i gin and age. Geo log i cal Quar terly, 69, 17;
https://doi.org/10.7306/gq.1719

Widera, M., Kowalska, E., Fortuna, M., 2017. A Mio cene anasto -
mosing river sys tem in the area of Konin Lig nite Mine, cen tral
Po land. Annales Societatis Geologorum Poloniae, 87: 157–168; 
https://doi.org/10.14241/asgp.2017.012

Widera, M., Chomiak, L., Zieliñski, T., 2019. Sed i men tary fa cies,
pro cesses and paleochannel pat tern of an anastomosing river
sys tem: an ex am ple from the Up per Neo gene of Cen tral Po land. 
Jour nal of Sed i men tary Re search, 89: 487–507;
https://doi.org/10.2110/jsr.2019.28

Widera, M., Bechtel, A., Chomiak, L., Maciaszek, P., S³odkow -
ska, B., Wachocki, R., Worobiec, E., Worobiec, G., Zieliñski,
T., 2021a. Palaeoenvironmental re con struc tion of the Konin Ba -
sin (cen tral Po land) dur ing lig nite ac cu mu la tion linked to the
Mid-Mio cene Cli mate Op ti mum. Palaeo ge ogra phy, Palaeo -
clima tology, Palaeo ec ol ogy, 568, 110307;
https://doi.org/10.1016/j.palaeo.2021.110307

Widera, M., Zieliñski, T., Chomiak, L., Maciaszek, P., Wachocki,
R., Bechtel, A., S³odkowska, B., Worobiec, E., Worobiec, G.,
2021b. Tec tonic-cli ma tic in ter ac tions dur ing changes of deposi -
tional en vi ron ments in the Carpathian fore land: an ex am ple
from the Neo gene of cen tral Po land. Acta Geologica Polonica,
71: 519–542; https://doi.org/10.24425/agp.2020.134567

Widera, M., Chomiak, L., Wachocki, R., 2023. Dis tinct types of cre -
vasse splays formed in the area of Mid dle Mio cene mires, cen -
tral Po land: in sights from geo log i cal map ping and fa cies anal y -
sis. Sed i men tary Ge ol ogy, 443, 106300;
https://doi.org/10.1016/j.sedgeo.2022.106300

Wiewióra, A., Wyrwicki, R., 1974. Clay min er als in the mot tled clay
ho ri zon of the Poznañ se ries (in Pol ish with Eng lish sum mary).
Kwartalnik Geologiczny, 18 (3): 615–635.

Wiewióra, A., Wyrwicki, R., 1976. Beidellite from the sed i ments of
the Poznañ se ries (in Pol ish with Eng lish sum mary). Kwartalnik
Geologiczny, 20 (2): 331–341.

Wyrwicki, R., 1969. Gyp sum in Plio cene sed i ments (in Pol ish with
Eng lish sum mary). Przegl¹d Geologiczny, 17: 488–494.

Wyrwicki, R., 1974. Clay sed i ments of the Poznañ se ries as ce -
ramic raw ma te ri als (in Pol ish with Eng lish sum mary). Biuletyn
Instytutu Geologicznego, 280: 107–215.

Wyrwicki, R., 1975. Min eral com po si tion and eco nomic value of
var ie gated Poznañ clays (Plio cene) (in Pol ish with Eng lish sum -
mary). Kwartalnik Geologiczny, 19 (3): 633–648.

Wyrwicki, R., Wiewióra, A., 1981. Clay min er als of the Up per Mio -
cene sed i ments in Po land. Bul le tin Pol ish Acad emy of Sci -
ences, Earth Sci ences, 29: 67–71.

Zachos, J., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001.
Trends, rhythms, and ab er ra tions in global cli mate 65 Ma to
pres ent. Sci ence, 292: 686–693;
https://doi.org/10.1126/sci ence.1059412

Zatoñ, M., Rakociñski, M., Marynowski, L., 2008. Py rite framboids 
as paleoenvironmental in di ca tors. Przegl¹d Geologiczny, 56:
158–164.

Zieliñski, T., 2014. Sedymentologia. Osady rzek i jezior (in Pol ish).
Wydaw. Naukowe UAM, Poznañ.

Zieliñski, T., Widera, M., 2020. Anastomosing-to-me an der ing tran -
si tional river in sed i men tary re cord: a case study from the Neo -
gene of cen tral Po land. Sed i men tary Ge ol ogy, 404, 105677;
https://doi.org/10.1016/j.sedgeo.2020.105677

14 Jakub Klêsk et al. / Geo log i cal Quar terly, 2026, 70, 18

https://doi.org/10.5562/cca3233
https://doi.org/10.2136/sssaspecpub31.c4
https://doi.org/10.1306/D4269774-2B26-11D7-8648000102C1865D
https://doi.org/10.1180/claymin.2014.049.4.07
https://www.clays.org/reynolds
https://doi.org/10.1016/0016-7061(80)90002-6
https://doi.org/10.1111/sed.12699
https://doi.org/10.24425/agp.2025.155949
https://doi.org/10.1016/j.jeurceramsoc.2010.01.017
https://doi.org/10.1180/claymin.2015.050.3.02
https://doi.org/10.2478/gospo-2014-0001
https://doi.org/10.7306/gq.1719
https://doi.org/10.14241/asgp.2017.012
https://doi.org/10.2110/jsr.2019.28
https://doi.org/10.1016/j.palaeo.2021.110307
https://doi.org/10.24425/agp.2020.134567
https://doi.org/10.1016/j.sedgeo.2022.106300
https://doi.org/10.1126/science.1059412
https://doi.org/10.1016/j.sedgeo.2020.105677
https://gq.pgi.gov.pl/article/view/12774
https://gq.pgi.gov.pl/article/view/9094
https://gq.pgi.gov.pl/article/view/12693



