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The Mio cene–Plio cene overbank fa cies “Poznañ Clays” are par tic u larly well ex posed in large lig nite out crops in cen tral Po -
land, for ex am ple, in the JóŸwin IIB opencast mine. Dur ing their ac cu mu la tion the cli mate fluc tu ated from mod er ately warm
and hu mid to cool and dry. In gen eral, the dark grey and the grey ish-vi o let colours come from mac ro scop i cally vis i ble or ganic
mat ter and the ab sence of he ma tite and/or goethite. The or ganic mat ter also af fects the Fe3+/Fe2+ ra tio and, con se quently,
the re dox con di tions. When the study area was poorly drained, there were fa vour able con di tions for plant veg e ta tion, re sult -
ing in Histosols (hydromorphic palaeosols). In a re duc ing en vi ron ment, other sed i ments with “cold” colours (green ish to blu -
ish shades) formed that in cluded py rite and/or gyp sum, though with few or no pig ments such as he ma tite, goethite or jarosite. 
At that time, el e men tal sul phur could also crys tal lize, oc ca sion ally giv ing a yel low ish shade to the sed i ment mot tles. When
the area was well drained, most of the or ganic mat ter de cayed, and the Fe3+/Fe2+ ra tio was rel a tively high due to pro gres sive
weath er ing. Un der such con di tions, Vertisols de vel oped with “warm” colours (from yel low to cherry-red), en riched in he ma -
tite and goethite, and also con tain ing gyp sum and na tive sul phur.

Key words: vari col oured sed i ments, or ganic mat ter, min eral com po si tion, iron com pounds, re dox con di tions, cli mate fluc tu a -
tions.

INTRODUCTION

The col our of sed i ment or rock is the most ob vi ous litho -
logical fea ture to the hu man eye (Mancini et al., 2020). There -
fore, it was noted in an cient cul tures that used multi col oured
fine-grained sed i ments (e.g., clays or loams) for var i ous prac ti -
cal ap pli ca tions. These in cluded pig ments for col our paints, ar -
tis tic works, ce ram ics and glass, and also med i cal treat ments
and the pro duc tion of build ing ce ram ics (e.g., Hartemink, 2009;
Valanciene et al., 2010; Habashi, 2016). The sce nic beauty of
vari col oured rocks and sed i ments, in clud ing palaeosols, is im -
por tant, too, for the tour ism in dus try and geoheritage re search
(Retallack and Broz, 2020; Ruban et al., 2021). Fur ther more,
col our has been widely re cog nised as a sen si tive in di ca tor of
the palaeoenvironmental con di tions that pre vailed dur ing sed i -

ment ac cu mu la tion, soil for ma tion and diagenesis since the
1920s (cf. McBride, 1974; Tor rent et al., 1980; Turner, 1980;
Myrow, 1990; Cor nell and Schwertmann, 2003; Tucker, 2011).

In the case of ter res trial sed i ments of dif fer ent colours, re -
search ini tially fo cused mainly on mod ern soils. As sum ma rised 
by Bown and Kraus (1987) and Kraus (1999), pre-Qua ter nary 
palaeosol ho ri zons are known, al though a long-held pre vail ing
view was that their pres er va tion po ten tial is low and that they
are rarely found in the rock re cord. In the field, the best ev i -
dence for the oc cur rence of palaeosols co mes from multi-col -
oured, hor i zon tally ar ranged bands, mainly re sult ing from fac -
tors in clud ing the re dis tri bu tion of iron com pounds. Cur rently,
there are many palaeosols that de vel oped on bed rock of var i -
ous types (flu vial, ae olian, deltaic, vol ca nic) in var i ous cli ma tic
zones and of var i ous ages, from the Pre cam brian to the Qua -
ter nary (e.g., Nemec and Porêbski, 1977; Bown and Kraus,
1981; Schwertmann, 1985, 1993; Kraus and Aslan, 1993;
PiPujol and Buurman, 1994; Kraus, 1999; Kraus and Riggins,
2007; Srivastava et al., 2013; Spinola et al., 2018; Retallack,
2019; Upreti and Srivastava, 2019; Retallack and Broz, 2020).* Cor re spond ing au thor: e-mail: jakub.klesk@amu.edu.pl
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Many stud ies have been de voted, too, to the colours of ma rine
sed i ments, as sum ma rised by, for ex am ple, Bábek et al. (2021,
2022), Jiang et al. (2022) and Card and Montenari (2023).

Opencast lig nite min ing in cen tral Po land has long made
pos si ble di rect ob ser va tions of the vari col oured “Poznañ Clays” 
that in clude dis tinct palaeosol ho ri zons (see the Ap pen dix). The 
re search con ducted so far has fo cused on the min er al ogy of
these de pos its, and in par tic u lar on the min eral com po si tion of
their clay frac tion (e.g., Wiewióra and Wyrwicki, 1974, 1976;
Wyrwicki, 1975; Górniak et al., 2001; Duczmal-Czernikiewicz,
2010, 2013; Ratajczak et al., 2015). Over the last de cade, how -
ever, sedimentological stud ies con cerned with palaeoclimatic
and palaeotectonic is sues of the “Poznañ Clays” have dom i -
nated (e.g., Maciaszek et al., 2019, 2020; Widera et al., 2019,
2021a, b; Zieliñski and Widera, 2020; Kêdzior et al., 2021).
Nev er the less, apart from our pre lim i nary stud ies (Klêsk et al.,
2022; Klêsk, 2023), none of the con tri bu tions to date have fo -
cused on in ter pret ing the col our pat terns of these de pos its.

In this pa per we: (1) give a brief sedimentological de scrip -
tion of the multi-col oured fine-grained de pos its; (2) de ter mine
the min eral com po si tion, as well as the va lence state of iron, in
beds of dif fer ent col our; and (3) in ter pret the or i gin of var i ous
colours of the “Poznañ Clays” in the con text of their flu vial or i gin
and of late Neo gene cli mate changes.

MATERIALS AND METHODS

LITHOLOGICAL DESCRIPTION AND GEOLOGICAL BACKGROUND

Un til the 1960s, the “Poznañ Clays” were thought to have
formed in a “Plio cene Lake” (e.g., Areñ, 1964). Then, a few thin
lay ers of ma rine and flu vial fa cies were doc u mented within
these fine-grained lac us trine de pos its (Dyjor, 1970; Ciuk and
Po¿aryska, 1982). Thus, a lac us trine-flu vial-ma rine hy poth e sis
dom i nated for the next 3–4 de cades. At the be gin ning of the
21st cen tury, a flu vial or i gin for the “Poznañ Clays” was pro -
posed, mainly on the ba sis of bore hole data (Badura and
Przybylski, 2004; Piwocki et al., 2004).

The vari col oured de pos its stud ied in this pa per ac cu mu -
lated in the overbank zone of a late Neo gene river sys tem. This
in ter pre ta tion is sup ported by nu mer ous (>30) river
palaeochannels (sandy, sandy-muddy to muddy) within the

“Poznañ Clays” that were doc u mented in lig nite opencast
mines, in clud ing the JóŸwin IIB opencast mine, in cen tral Po -
land (Widera et al., 2017, 2021b; Zieliñski and Widera, 2020;
Kêdzior et al., 2021). The pres ence of interbeds en riched in or -
ganic mat ter, and even lig nite beds (see the Ap pen dix) or
seams (the ac com pa ny ing 1a Oczkowice and 0 Or³owo lig nite
seams), also dem on strates their ter res trial or i gin (Widera,
2007, 2021; Maciaszek et al., 2020). In ad di tion, slickenside
struc tures (typ i cal for Vertisols), doc u mented by Duczmal-
Czernikiewicz (2013), in di cate pe ri odic drain age and wet ting of
fine-grained sed i ments in dry and hu mid subaerial con di tions,
re spec tively. This in flu enced the min eral com po si tion and par -
tic u larly the clay frac tion. The av er age smectite and
“illite”-smectite con tent among the clay frac tion of the “Poznañ
Clays” is up to 60% (Górniak et al., 2001), and it may even be as 
high as 80% in in di vid ual sam ples (Duczmal-Czernikiewicz,
2010, 2013). These min er als were pre vi ously clas si fied as
beidellite (Wiewióra and Wyrwicki, 1976), which forms in ter res -
trial en vi ron ments as a re sult of weath er ing in palaeosol con di -
tions (e.g., Wiewióra and Wyrwicki, 1974; Wyrwicki, 1975;
Œrodoñ et al., 2014; Retallack, 2019).

The sec tion ex am ined dur ing field work in June 2021 was
sit u ated in the east ern part of the JóŸwin IIB lig nite opencast
mine. Its geo graphic co-or di nates are as fol lows: 52°24’25.7’’N
and 18°11’53.6’’E. The study area is part of the Konin Lig nite
Mine, which op er ates near the town of Konin in cen tral Po land
(Fig. 1). Due to lig nite min ing, the Neo gene sub- and su pra-lig -
nite strata, in clud ing the Qua ter nary, were ex posed.
Lithostratigraphically, the Neo gene in cludes only two main
units, the KoŸmin and Poznañ for ma tions (Widera, 2007). The
KoŸmin For ma tion com prises mainly flu vial sands that un der lie
the 1st Mid-Pol ish Lig nite Seam (MPLS-1), ex ploited for elec tric -
ity pro duc tion. The Poznañ For ma tion is di vided into the lower
Grey Clays Mem ber and the up per Wielkopolska Mem ber (e.g., 
Piwocki and Ziembiñska-Tworzyd³o, 1997; Widera, 2007,
2021).

The Grey Clays Mem ber con tains mainly the MPLS-1 lig nite 
seam (>99 vol.%), which is 3–13 m thick, its av er age thick ness
in the study area be ing 6.6 m (Maciaszek et al., 2019; Widera,
2021), and dis con tin u ous lenses of “grey clays” (<1 vol.%), with
dis persed or ganic mat ter and xylites (i.e., fos sil ised wood frag -
ments >1 cm in size) lo cally in its roof. By con trast, the
Wielkopolska Mem ber is pre dom i nantly (>95 vol.%) made up of 
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Fig. 1. Lo ca tion sketch

A – study area within Po land; B – lo ca tion of the JóŸwin IIB lig nite opencast mine 
(Konin Lig nite Mine, cen tral Po land) with the sec tion stud ied
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vari col oured overbank muds (“green clays” and “flame-like
clays”), as well as chan nel-fill (<5 vol.%) sands and muds
(Widera et al., 2019; Maciaszek et al., 2020; Zieliñski and
Widera, 2020; Kêdzior et al., 2021). Due to Pleis to cene
glaciotectonics and ero sion, the Wielkopolska Mem ber ranges
from a few to >30 m thick in the JóŸwin IIB lig nite opencast mine 
(Widera et al., 2017); the sec tion ex am ined in de tail is ~4.7 m
thick (Fig. 2).

In brief, the “Poznañ Clays” ex am ined in clude both “grey
clays” (up per most Grey Clays Mem ber) and “green clays” and
“flame-like clays” (Wielkopolska Mem ber; Ciuk, 1970; Dyjor,
1970; Piwocki and Ziembiñska-Tworzyd³o, 1997). These ac cu -
mu lated from the lat est Mid-Mio cene to the ear li est Plio cene,
that is, from ~14.3 to 5 Ma (Kêdzior et al., 2021; Widera et al.,
2021a, b). Mov ing from the base to the top of the ex posed wall,

14 sam ples were taken for lab o ra tory anal y ses from each stra -
tum that pos sessed a dis tinct col our (Fig. 2). The col our of the
sam ples was ini tially and sub jec tively de scribed in the field. The 
sam pling took place af ter it had rained; hence, the col our of the
sed i ment in the sam ples (fresh and moist) and the col our of the
sed i ment in the ex posed wall (wet) dif fered sig nif i cantly.

LABORATORY RESEARCH METHODS

COLOUR DESCRIPTION

Munsell’s Rock Col our Book (2012) and CorelDRAW X8
soft ware were ap plied to ob jec tively de ter mine the col our of the
sed i ment. The air-dried and pow dered sam ples were first pho -
to graphed, and then their col our was eval u ated us ing the
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Fig. 2. Vari col oured “Poznañ Clays” in the JóŸwin IIB opencast mine (June 2021)

A – broad eastwards view of the ex po sure, note glaciotectonically folded “Poznañ Clays” and Qua ter nary de pos its; B – close-up view of
the sec tion stud ied; C – the cor re spond ing lithological log with sam pling points and sed i ment col our in the RGB space; the RGB col our

name is cre ated au to mat i cally by the CorelDRAW X8 soft ware; for more data, see Ta ble 1
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Munsell and RGB (red-green-blue) sys tems (Fig. 3 and Ta -
ble 1). It is be com ing more and more com mon for the colours of
soils, sed i ments and rocks to be de ter mined au to mat i cally in a
digit ised form, both in the RGB sys tem and in other col our
spaces such as CMYK and CIELAB (e.g., Mancini et al., 2020;
Klêsk et al., 2022).

GRAIN SIZE AND ORGANIC CONTENT ANALYSIS

A par ti cle-size anal y sis was per formed us ing la ser dif frac -
tion at the De part ment of Geo mor phol ogy at Adam Mickiewicz
Uni ver sity in Poznañ, Po land. A Malvern Mastersizer 2000 an a -
lyzer was used, and each re sult was ex pressed as a per cent -

age by vol ume. As a re sult, the clay (<2 µm), silt (2–63 µm) and
sand (>63 µm) frac tions in the bulk sam ples were de ter mined.
The mean grain size of the sed i ment was de ter mined us ing
GRADISTAT 5.11 soft ware.

The sed i ment name for each sam ple was de fined ac cord ing 
to the United States De part ment of Ag ri cul ture (USDA) clas si fi -
ca tion sys tem (cf. Retallack, 2019, his fig. 3.10), which is mainly
used by soil re search ers, and ac cord ing to the Shepard (1954)
clas si fi ca tion scheme, which is pre ferred by sedimentologists
and more gen er ally by ge ol o gists (Fig. 4 and Ta ble 2). The
pres ence of or ganic mat ter in sam ples J1 and J10 was con -
firmed by ap ply ing hot 30% hy dro gen per ox ide (H2O2) for sev -
eral min utes.
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Fig. 3. Pow dered sam ples J1–J14 used for fur ther anal y ses
and to eval u ate their ho mogen ised colours of dif fer ent hues

For de tails, see Ta ble 1

Fig. 4. No men cla ture of the sed i ment in dif fer ent
clas si fi ca tion tri an gles

A – soil tex tural classes in the USDA clas si fi ca tion sys tem
(Retallack, 2019); B – tex tural classes of fine-grained sed i ments in
the clas si fi ca tion of Shepard (1954); note the dif fer ent no men cla ture 
and var i ous val ues for crit i cal bound aries; for de tails, see Ta ble 2

https://doi.org/10.2478/logos-2022-0010
https://doi.org/10.1016/j.geoderma.2020.114471


Jakub Klêsk et al. / Geo log i cal Quar terly, 67: 49 5

Sam ple

num ber
Col our in the

field
Air-dried sam ple Dry and pow dered sam ple

Munsell col our RGB col our Munsell col our RGB col our

J1 dark grey
(+organics)

black

(N1) 

80% black 

(R:60 G:58 B:56)

grey ish black

(N2) 

70% black 

(R:67 G:63 B:63)

J2 grey ish blue
me dium blu ish grey

(5B 5/1)

30% black 

(R:177 G:190 B:183)

me dium grey

(N5)

30% black 

(R:158 G:168 B:182)

J3 yel low
dusty yel low

(5Y 6/4)

khaki

(R:182 G:174 B:139)

very pale or ange

(10YR 8/2)

10% black 

(R:222 G:222 B:203)

J4 green
light ol ive grey

(5Y 5/2)

khaki

(R:171 G:166 B:128)

light ol ive grey

(5Y 5/2)

40% black 

(R:180 G:185 B:169)

J5 brown
dark yel low ish brown

(10YR 4/2)

50% black 

(R:149 G:132 B:108)

brown ish grey

(5YR 4/1)

50% black 

(R:122 G:119 B:120)

J6 yel low
mod er ate yel low

(5Y 7/6)

khaki

(R:174 G:149 B:106)

grey ish or ange

(10YR 7/4)

khaki

(R:173 G:172 B:130)

J7 blu ish grey
green ish grey

(5GY 6/1) 

20% black 

(R:197 G:128 B:217)

me dium light grey

(N6) 

20% black 

(R:193 G:208 B:214)

J8 yel low
dark yel low ish 

or ange (10YR 6/6)

gold 

(R:188 G:145 B:87)

dark yel low ish 

or ange (10YR 6/6)

khaki

(R:152 G:130 B:82)

J9 brown
mod er ate brown 

(5YR 4/4)

brown

(R:130 G:97 B:69)

mod er ate red dish 

brown (10R 4/6)

30% black 

(R:186 G:164 B:145)

J10 grey ish vi o let
light grey

(N7)

30% black 

(R:184 G:185 B:197)

dark grey

(N3)

50% black 

(R:136 G:137 B:140)

J11 yel low
dusty yel low

(5Y 6/4)

khaki

(R:178 G:165 B:119)

grey ish brown

(5Y 8/4)

30% black 

(R:189 G:185 B:161)

J12 cherry
dusty red

(5R 4/6)

dark brown

(R:112 G:76 B:67)

pale yel low ish 

or ange (10YR 8/6)

sand

(R:210 G:189 B:145)

J13 or ange
grey ish or ange

(10YR 7/4)

sand

(R:214 G:178 B:115)

yel low ish grey

(5Y 7/2)

khaki

(R:178 G:175 B:143)

J14 red
pale red dish brown

(10R 5/4)

red dish brown

(R:206 G:108 B:89)

mod er ate red

(5R 4/6)

brown

(R:154 G:122 B:102)

T a  b l e  1

Com par i son of the sed i ment colours de ter mined in the field, in the Munsell and digit ised RGB (red–green–blue) sys tems

Sam ple

num ber

Sed i ment grain size [vol.%] Mean

grain size

[µm]

Soil

name*

Sed i ment

name**
clay

<2 µm

silt

2–63 µm

sand

>63 µm

J1 11.37 87.99 0.64 9.1 silt silt

J2 20.93 79.07 0.00 8.1 silt loam silt

J3 23.88 76.12 0.00 7.9 silt loam silt

J4 29.77 70.23 0.00 7.5 silty clay loam clayed silt

J5 49.49 50.51 0.00 5.2 silty clay clayed silt

J6 64.21 35.79 0.00 4.7 clay silty clay

J7 18.84 81.16 0.00 8.1 silt loam silt

J8 18.99 76.16 4.86 8.8 silt loam silt

J9 40.00 51.68 8.33 7.6 silty clay clayed silt

J10 38.03 61.50 0.47 6.7 silty clay loam clayed silt

J11 17.89 80.99 1.12 8.3 silt loam silt

J12 23.10 76.83 0.07 8.0 silt loam silt

J13 16.62 83.34 0.03 8.1 silt loam silt

J14 20.95 77.29 1.75 8.3 silt loam silt

* – according to the USDA clas si fi ca tion sys tem (Retallack, 2019); ** – ac cord ing to the clas si fi ca tion scheme of Shepard (1954)

T a  b l e  2

Grain-size dis tri bu tion and no men cla ture of the sed i ment



POWDER X-RAY DIFFRACTION (PXRD) METHOD

The PXRD method was ap plied sep a rately to both the bulk
sam ples and the clay frac tion. All 14 bulk sam ples were ana -
lysed, while 3 clay sam ples (J4, J8, J14) with clearly dif fer ent
colours were ex am ined to de ter mine their min eral com po si tion.
The PXRD mea sure ments were made at the X-ray Struc tural
Lab o ra tory of the In sti tute of Ge ol ogy at the Adam Mickiewicz
Uni ver sity in Poznañ, Po land. All sam ples were pow dered first
and then ana lysed us ing a Thermo Elec tron ARL X’tra
diffractometer (Bragg-Brentano q-qmode, 260 mm goniometer
ra dius) equipped with a Cu tube and a solid-state Peltier-cooled 

de tec tor. Its main mea sure ment pa ram e ters were as fol lows:
volt age = 40 kV, am per age = 30 mA and power = 1200 W. The
range of mea sure ments in con tin u ous scan mode was from 3 to 
35° 2q with a scan speed of 0.6°/min. The mea sure ment time
was 2 s at a step of 0.02° 2q. In or der to im prove the ran dom -
ness of the grain ori en ta tion in the X-ray beam, the sam ples
ana lysed were ro tated dur ing the mea sure ments.

The clay frac tion (<2 µm) was ana lysed for sam ples J4, J8
and J14, char ac ter ised by dif fer ent colours. In gen eral, the re -
search meth od ol ogy was in line with the rec om men da tions of
Moore and Reynolds (1997) and Œrodoñ et al. (2001). Thus, to
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Fig. 5. Pow der X-ray dif frac tion (PXRD) pat terns for the clay frac tion of rep re sen ta tive multi-col oured “Poznañ Clays” from the
JóŸwin IIB opencast mine

A – sam ple J4; B – sam ple J8; C – sam ple J14; ab bre vi a tions: I-S – ”illite”-smectite mixed-layer min eral, I – “illite”, K – kaolinite, Q –
quartz; pre pared sam ples: a – air-dried, ori ented, b – glycolated, c – heated at 350°C, d – heated at 550°C; for colours of the sam ples

ana lysed (J4, J8, J14), see Fig ures 1, 3 and Ta ble 1

https://doi.org/10.1346/CCMN.2001.0490604
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Fig. 6. Pow der X-ray dif frac tion (PXRD) pat terns of bulk sam ples of the “Poznañ Clays” with “cold” colours from the JóŸwin IIB
opencast mine

At – ana tase, Cp – clinoptilolite-Ca, Gp – gyp sum, H – he ma tite (ul tra-trace), J – jarosite, K – kaolinite, M – mag ne tite (pos si bly titaniferous),
Mt – mont mo ril lo nite (smectite group), Mu – mus co vite (“illite”), P – py rite, Q – quartz, R – rectorite (“illite”-smectite), Ro – rozenite, Sz –
szomolnokite; for colours of the sam ples ana lysed, see Figures 1, 3 and Ta ble 1

Fig. 7. Pow der X-ray dif frac tion (PXRD) pat terns of bulk sam ples of the “Poznañ Clays” with “warm” colours 
from the JóŸwin IIB opencast

Ch – chlorite, D – do lo mite, G – goethite, Ml – melanterite, S – na tive sul phur, Sp – spinel-group spe cies;
 for other ex pla na tions, see Fig ure 6



iden tify the clay min er als, the sam ples were first air-dried and
then treated with eth yl ene gly col at 60°C for 24 hours; fi nally,
they were heated to 350 and 550°C for 2 hours. This al lowed
the iden ti fi ca tion of mixed-layer min er als (i.e., “illite” (mus co -
vite)-smectite, with treat ment in clud ing glycolation and heat ing
at 350°C) and kaolinite (heated at 550°C). For the bulk sam -
ples, such treat ment was not re quired. In this case, the sam ples 
were pre pared as de scribed by Kruszewski (2013) and Klêsk et
al. (2022). The PXRD re sults of the clay frac tion were eval u ated 
us ing the WinXRD soft ware, while the re sults of the bulk sam -
ples were pro cessed with the EVA soft ware of Bruker
(Figs. 5–7).

MÖSSBAUER SPECTROSCOPY (57Fe-MS) METHOD

The 57Fe-MS mea sure ments were made at room tem per a -
ture with a trans mis sion ge om e try us ing a RENON MsAa-4
spec trom e ter equipped with an LND Inc. Kr-filled pro por tional
de tec tor and a He-Ne la ser-based in ter fer om e ter that was used 
to cal i brate the ve loc ity scale. A com mer cial 57Co(Rh) source
was ap plied. The source linewidth Gs = 0.106(5) mm/s was de -
rived from the fit of the Mössbauer spec trum of 10-µm-thick
a-Fe foil. Mea sure ments were per formed at the Mössbauer
Spec tros copy Lab o ra tory of the Ped a gog i cal Uni ver sity in
Kraków, Po land.

Mössbauer spec tra were fit ted us ing the MOSGRAF data
pro cess ing soft ware suite (Figs. 8, 9 and Ta ble 3). The line -
widths re ported  rep re sent the ab sorber linewidth Ga within the
trans mis sion in te gral ap prox i ma tion, and it can be re ferred to as 
the Lorentzian-shaped spec tral peak line width with a full width
at half max i mum (FWHM) that can be as sumed to be equal to
the fol low ing ap prox i ma tion: FWHM = Ga + Gs. The spec tral iso -
mer (cen ter) shifts (ISs) are re ported with re spect to the iso mer
(cen tre) shift of room-tem per a ture a-Fe. The 57Fe-MS ab sorb -
ers were pre pared us ing 40 mg/cm2 of the sam ples in ves ti -
gated. This test pro ce dure was pre vi ously ap plied by Górnicki
et al. (2007) and B³achowski et al. (2008).

Some Fe-bear ing min er als have also been iden ti fied in this
pa per as nanocrystals. Their Mössbauer spec tra are char ac ter -
ised by a sig nif i cant broad en ing of the linewidth Ga. This is an ef -
fect of the superparamagnetic re lax ation of elec tron spins in a
mag netic do main of nanoparticles, which de pends on the
crystallinity (i.e., par ti cle size) as a func tion of tem per a ture.
Thus, it is com monly ac cepted that the up per size limit for
nanocrystals (be low which superparamagnetism man i fests at
room tem per a ture) is ~10 nm (Murad, 2010).

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

The SEM-EDS method is typ i cally used in con junc tion with
other meth ods, such as PXRD, op ti cal mi cros copy and
57Fe-MS to pro vide a more com pre hen sive un der stand ing of
geo log i cal ma te ri als (Goldstein et al., 2017). All sam ples
(J1–J14) were ob served and ana lysed chem i cally us ing the
SEM-EDS method de scribed above, al though only some of
them were se lected to be shown in this pa per (Figs. 10–12).
Ob ser va tions of non-con duc tive spa tial sam ples were car ried
out in vari able pres sure con di tions (30 Pa, 20 kV) us ing mag ni -
fi ca tions in the range of 130x–1100x.

The sam ples were ex am ined us ing an S-3700N Hitachi
scan ning elec tron mi cro scope (SEM) cou pled with an en ergy
dispersive X-ray spec trom e ter (EDS) Thermo-Noran SIX
microanalyzer. The SEM-EDS anal y ses were car ried out at the
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Fig. 8. 57Fe Mössbauer spec tra of “Poznañ Clays” sam ples
with “cold” colours

The per cent ages shown cor re spond to the rel a tive dis tri bu tion of the 
Fe at oms into re spec tive iron-bear ing min er als; the sam ple num bers 
are the same as in Fig ures 2, 3 and Ta bles 1–3; for more de tails of
the spec tral com po nents, see Ta ble 3

https://doi.org/10.12693/APhysPolA.114.1707
https://doi.org/10.1007/978-1-4939-6676-9
https://doi.org/10.2478/logos-2022-0010
https://doi.org/10.2478/logos-2022-0010
https://doi.org/10.1016/j.coal.2012.12.007
https://doi.org/10.1180/claymin.2010.045.4.413


Lab o ra tory for Scan ning Elec tron Macroscopy and Micro -
analysis, Fac ulty of Geo graph ical and Geo log i cal Sci ences,
Adam Mickiewicz Uni ver sity, Poznañ, Po land.

RESULTS

MACROSCOPIC AND DIGITISED COLOUR OF THE SEDIMENT

DESCRIPTION OF SECTION AND SEDIMENT COLOUR

The “Poznañ Clays” that were stud ied rest di rectly on the
roof of the lig nite seam (MPLS-1). They are glaciotectonically
folded, but their con ti nu ity is not bro ken and the orig i nal stra tig -
ra phy is pre served (Fig. 2A). Within the sec tion ex am ined
(~4.7 m thick), 14 lay ers with dif fer ent colours were dis tin -
guished. The low est dark grey bed is 30 cm thick and is char ac -
ter ised by mac ro scop i cally vis i ble dis persed or ganic par ti cles
and xylites (i.e., fos sil ised pieces of wood >1 cm in size). In
sam ple J1, the or ganic mat ter is clearly vis i ble, while in sam ple
J10, the organics are very finely dis persed, as con firmed by
H2O2.

INTERPRETATION

The re main ing strata are com posed of al ter nat ing sed i -
ments of “warm” (yel low, or ange, cherry-red, red) and “cold”
(grey ish blue, grey ish vi o let, green) colours. These colours ap -
pear dif fer ent and have other names for air-dried, dry and pow -
dered sam ples, and they de pend on the col our de scrip tion
used, that is, the Munsell sys tem or the RGB sys tem (cf. Figs.
2B, C, 3 and Ta ble 1).

GRAIN SIZE OF THE SEDIMENT

DESCRIPTION OF FRACTION

Among the sam ples tested, only sam ple J6 rep re sents clay; 
most of the sam ples (8 of 14) are silty loam. In the sec ond case, 
no sam ple can be clas si fied as clay. As many as 9 sam ples are
silts, and the re main ing 5 sam ples rep re sent clayey silt (J4, J5,
J9, J10) and silty clay (J6), re spec tively (Fig. 4 and Ta ble 2).

INTERPRETATION

In this pa per, the term “clays” is put in quo ta tion marks be -
cause the sed i ments in ves ti gated are not ac tu ally clays. This
state ment is true for the USDA (Retallack, 2019) and Shepard
(1954) clas si fi ca tions as de scribed above.

MINERAL COMPOSITION OF THE SAMPLES
ANALYSED

MINERALOGY OF THE CLAY FRACTION

DESCRIPTION OF CLAY MINERALS

The min eral com po si tions of the clay frac tions (<2 µm) of
three se lected multi-col oured sam ples (J4, J8, J14) are very
sim i lar (Fig. 5). A mix ture of swell ing min er als such as smectite
(S) and “illite”-smectite (I-S) (here in af ter re ferred to as rectorite) 
pre dom i nate in the ma te rial ana lysed, as seen from their broad
peaks. This is shown by a shift in the peak po si tions from ~14 �
(air-dried) to ~17 � (glycolated), which in di cates a sig nif i cant
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Fig. 9. 57Fe Mössbauer spec tra of “Poznañ Clays” sam ples with “warm” colours

Ex pla na tions as in Fig ure 8
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Sam ple

num ber
Fe-bear ing phase A [%] IS [mm/s] QS [mm/s] Ga [mm/s] B [Tesla]

J1

Fe2+: sul phide 78 0.30 0.55 0.24 –

Fe3+: ferrihydrite? 15 0.35 0.86 0.27 –

Fe2+: hy drous sul phate? 5 1.23 2.67 0.18 –

Fe2+: hy drous sul phate? 2 1.26 1.59 0.22 –

J2

Fe2+: sul phide 76 0.30 0.57 0.23 –

Fe3+: ferrihydrite? 18 0.35 0.83 0.31 –

Fe2+: hy drous sul phate? 6 1.23 2.27 0.73 –

J3

Fe3+: sil i cate 24 0.36 0.42 0.26 –

Fe3+: sil i cate 52 0.36 0.62 0.53 –

Fe2+: sil i cate 9 1.15 2.78 0.34 –

Fe3+: nano-he ma tite? 15 0.38 – 2.0 17

J4

Fe2+: sul phide 32 0.29 0.50 0.23 –

Fe2+: sul phide? 46 0.30 0.71 0.39 –

Fe2+: hy drous sul phate? 12 1.31 2.25 0.44 –

Fe3+: nano-he ma tite? 10 0.38 – 2.0 27

J5

Fe3+: sil i cate 76 0.35 0.53 0.43 –

Fe2+: sil i cate 7 1.08 2.69 0.37 –

Fe3+: nano-he ma tite? 17 0.35 – 2.0 16

J6

Fe3+: sil i cate 74 0.36 0.53 0.44 –

Fe2+: sil i cate 12 1.12 2.69 0.32 –

Fe3+: nano-he ma tite? 14 0.36 – 2.5 18

J7

Fe2+: sul phide 68 0.31 0.57 0.27 –

Fe3+: jarosite? 18 0.34 1.13 0.35 –

Fe2+: hy drous sul phate? 14 1.29 2.29 0.45 –

J8

Fe3+: sil i cate 47 0.35 0.57 0.48 –

Fe2+: sil i cate 2 1.08 2.76 0.19 –

Fe3+: nano-he ma tite? 51 0.4 – 4 14

J9

Fe3+: sil i cate 69 0.35 0.51 0.44 –

Fe2+: sil i cate 3 1.06 2.66 0.3 –

Fe3+: he ma tite 13 0.36 –0.20 0.49 50.0

Fe3+: nano-he ma tite? 15 0.36 – 2.5 16

J10
Fe3+: sil i cate 91 0.33 0.54 0.56 –

Fe2+: sil i cate 9 1.15 2.56 0.42 –

J11

Fe3+: sil i cate 36 0.36 0.48 0.29 –

Fe3+: sil i cate 37 0.34 0.76 0.63 –

Fe2+: sil i cate 10 1.16 2.63 0.44 –

Fe3+: nano-he ma tite? 17 0.38 – 2.0 28

J12

Fe3+: sil i cate 54 0.36 0.53 0.45 –

Fe2+: sil i cate 3 1.21 2.92 0.3 –

Fe3+: he ma tite 16 0.39 –0.17 0.46 49.9

Fe3+: nano-he ma tite? 27 0.39 – 2.5 11

J13

Fe3+: sil i cate 68 0.35 0.50 0.53 –

Fe2+: sil i cate 7 1.14 2.71 0.37 –

Fe3+: nano-he ma tite? 25 0.35 – 2.0 17

J14

Fe2+: sid er ite? 33 1.21 1.81 0.26 –

Fe3+: sil i cate 33 0.32 0.52 0.54 –

Fe3+: he ma tite 12 0.37 –0.23 0.28 50.5

Fe3+: he ma tite 10 0.37 –0.23 0.57 48.5

Fe3+: nano-he ma tite? 12 0.37 –0.23 2.0 28

A – rel a tive area of re spec tive spec tral com po nent (dis tri bu tion of Fe at oms into re spec tive Fe-bear ing min er als), IS – iso mer
(cen tre) shift rel a tive to room tem per a ture a-Fe, QS – quadrupole split ting, Ga – ab sorber line-width (within trans mis sion in te -
gral ap prox i ma tion), B – hyperfine mag netic field; er rors are of the or der of unity for the last digit shown; the sam ple num bers
are the same as in Fig ures 2, 3, 6–9 and Ta bles 1, 2

T a  b l e  3  

57Fe Mössbauer spec tros copy pa ram e ters of “Poznañ Clays” sam ples from the JóŸwin IIB opencast mine
 (Konin Lig nite Mine, cen tral Po land)



amount of S and I-S, and these peaks turn into a “sad dle” at
350°C. Among the clay min er als, in ad di tion to S and I-S, “illite”
(I) and kaolinite (K) were found. The fol low ing re flec tions are
char ac ter is tic of “illite”: ~10.5 and 3.33 �. The sta ble po si tions
of the re flec tions at 7.14 and 3.56 � (in air-dried, glycolated and
heated sam ples), on the other hand, in di cate kaolinite. This
con vinc ingly con firms the dis ap pear ance of both peaks in the
ma te rial heated to 550°C. Ad di tion ally, in sam ple J4, traces of
quartz (Q) were found—the val ues of the re spec tive peaks are
4.24 and 2.33 �. This sam ple (J4) also has a rel a tively higher
“illite” con tent com pared to sam ples J8 and J14 (Fig. 5).

INTERPRETATION

The re sults con cern ing the min er als in the clay frac tion are
con sis tent with those ob tained in other stud ies of the “Poznañ
Clays” (cf. Górniak et al., 2001; Duczmal-Czernikiewicz, 2010,
2013). Nev er the less, tak ing into ac count the dif fi cul ties of quan -
ti ta tive anal y sis of mixed-layer clay min er als, as de scribed by
Œrodoñ (1999) and Œrodoñ et al. (2001), the shape of the in ter -
preted PXRD peaks and their po si tions are al most iden ti cal
(see Fig. 5). This means that the qual i ta tive com po si tions of the
clay min er als in the sam ples be ing com pared (J4, J8, J14) are
very sim i lar. Thus, the clay min er als con tained in the “Poznañ
Clays” are not de ci sive in de ter min ing their main col our. This
ques tion is dis cussed in more de tail be low.

MINERALOGY OF THE BULK SAMPLES

DESCRIPTION OF ALL MINERALS

Pow der X-ray dif frac tion, as a method that is very sen si tive
to phase com po si tion changes (i.e., with de tec tion limit
<0.n wt.%; TCMS, 2022), made it pos si ble to con strain vari a -
tions in the min eral com po si tion of the sam ples stud ied. Quartz
and, to a much lesser ex tent, gyp sum are the dom i nant com po -
nents in all sam ples of both “cold” and “warm” colours ex am -
ined. The clay min er als de scribed and in ter preted above are
also pres ent in these sam ples. On the X-ray graphs of bulk
sam ples, clay min er als are mainly clas si fied as rectorite
(interstratified spe cies of “illite”-smectite type; barycenter at
13.6 �), smectite-group spe cies (herein re ferred to as smectite,
d = 15 �) and pos si ble traces of halloysite (7 � polytype, e.g., d
= 4.43 �). How ever, kaolinite and “illite” (de scribed as mus co -
vite in Figs. 6 and 7) were also found in all sam ples rep re sent ing 
the “Poznañ Clays” (cf. Figs. 5–7).

INTERPRETATION

A com mon fea ture of the “cold”-col oured sam ples is the
pres ence of gyp sum and py rite, ex cept for sam ple J10 (Fig. 6).
The con tent of other min er als var ies from sam ple to sam ple.
Some min er als oc cur only in trace amounts, while the pres ence
of other min er als is un cer tain. Sam ple J1, for ex am ple, has el e -
vated amounts of the prod ucts of py rite weath er ing, namely the
sulphates szomolnokite (d = 2.94 and 4.004 �) and rozenite. It
also con tains trace amounts of jarosite, goethite and mag ne tite
(pos si bly titaniferous). The re main ing “cold”-col oured sam ples
are less min er al og i cally di verse, al though they con tain min er als 
that dif fer en ti ate them. Sam ple J2 con tains traces of mag ne tite, 
while sam ple J4 is char ac ter ised by a small amount of
plagioclase and an ker ite/do lo mite. Clinoptilolite (d = 8.89 �),
ana tase (d = 3.52 �) and the fougÀrite group spe cies – FGS
(d = 7.81 �) were iden ti fied in sam ple J7.

The “warm”-col oured sam ples gen er ally have min eral com -
po si tions sim i lar to those de scribed above, that is, they are
dom i nated by quartz and to a lesser ex tent by gyp sum, and

among the clay min er als, smectite, “illite”-smectite (rectorite),
kaolinite and “illite” (cf. Figs. 5–8) are pres ent. Sam ples J3, J5
and J9 are the only sam ples in which sul phur was found us ing
the PXRD method. In the last case, an ad mix ture of ana tase
(d = 3.52 and 1.70 �) is typ i cal of this sam ple. Nev er the less, the 
most im por tant fea ture of sam ple J5 in terms of its min er al og i -
cal chromo phores is its pro nounced FGS con tent. The pres -
ence of the FGS is in di cated by a very sharp re flec tion at 7.81
�. Sam ple J8 is the most goethite-rich sam ple, al though tiny
amounts of py rite and he ma tite are also pos si ble (Fig. 7).
Traces of py rite and he ma tite are ev i dent in sam ple J11. Mag -
ne tite oc curs in sam ples J12–J14, while the pres ence of
goethite is less ev i dent. By contrast, do lo mite was found in
sam ple J14 (Fig. 7).

57FE MÖSSBAUER SPECTROSCOPY

DESCRIPTION OF IRON VALENCE

Like the PXRD re sults, the 57Fe-MS re sults were also di -
vided into two groups cor re spond ing to the “cold” and “warm”
colours of the sam ples stud ied (Figs. 8 and 9). Most of these
sam ples (J1, J2, J4, J7) are char ac ter ised by the pre dom i nance 
of sul phide (68–78% of all iron at oms con tained in a par tic u lar
sam ple), i.e., py rite, which is also cor rob o rated by the PXRD
and SEM-EDS re sults (cf. Figs. 6, 8 and 10). The rest of the fer -
rous and fer ric iron cat ions (Fe2+, Fe3+) may be found in
ferrihydrite, hy drous sul phate (jarosite, as shown by PXRD in
sam ple J1), sil i cates and trace amounts of nano-he ma tite in
sam ple J4 (Ta ble 3). In this group, sam ple J10 is an ex cep tion;
in this sam ple, Fe was found only in sil i cates, that is, in clay min -
er als (cf. Figs. 5 and 8); this sam ple (J10) con tains or ganic mat -
ter on a mi cro-scale and traces of ana tase (see Fig. 6).

INTERPRETATION

“Warm”-col oured sam ples share two com mon char ac ter is -
tics. First, Fe3+-rich sil i cates con tain ing Fe3+ ions pre dom i nate
in most of the sam ples; sec ond, al most all sam ples of this col -
our group con tain he ma tite or goethite (Fig. 9). Among them the 
third com po nent is Fe2+-rich sil i cate, but in smaller amounts that 
range from 2 to 12% of all iron at oms. As the re sults of the
57Fe-MS method clearly show, sam ple J14 (red in col our, 10R
5/4) dif fers from the other sam ples in terms of the com po si tion
of iron min er als, as it prob a bly con tains other min eral(s) such as 
sid er ite (al though this was not con firmed by PXRD and
SEM-EDS) and does not con tain Fe2+-rich sil i cate (Fig. 9 and
Ta ble 3).

MINERALS IDENTIFIED BY SEM-EDS

DESCRIPTION OF THE MAIN MINERAL COMPONENTS

Con sid er ing the PXRD and 57Fe-MS re sults, we ad di tion ally 
iden ti fied some of the min er als that di rectly or in di rectly af fect
the col our of the “Poznañ Clays” ex am ined us ing the SEM-ESD 
method. In “cold”-col oured sed i ments, ex cept for sam ple J1,
which con tains jarosite, there are no po ten tially strong pig ments 
(he ma tite, goethite, jarosite; cf. Klêsk et al., 2022; Klêsk, 2023),
while framboidal and weath ered py rite, and well-crys tal lised
gyp sum and/or na tive sul phur are pres ent (Fig. 10).

Microscale or ganic mat ter was found (sam ple J4; Fig. 10C), 
also in sam ples J2, J7 and J10. The ex cep tion here is sam ple
J1; in this sam ple, or ganic macroremains (e.g., twigs, rootlets,
stems) and strongly coalified plant de tri tus were iden ti fied in the 
field, in the JóŸwin IIB lig nite opencast mine.

Jakub Klêsk et al. / Geo log i cal Quar terly, 67: 49 11

https://doi.org/10.7306/gq.1082
http://doi.org/10.7306/2023.22
https://doi.org/10.2478/logos-2022-0010
https://doi.org/10.1146/annurev.earth.27.1.19
https://doi.org/10.1346/CCMN.2001.0490604
https://www.clays.org/reynolds


Sed i ments with “warm” colours con tain he ma tite or goethite 
(not iden ti fied con vinc ingly in this study by SEM-EDS) as the
main colour ing pig ments. These sam ples oc ca sion ally con tain
only traces of py rite. Well-crys tal lised sul phur is also pres ent;
for ex am ple, it was iden ti fied in sam ple J3 (Fig. 11B). On the
other hand, he ma tite in var i ous grain sizes, forms and de grees
of weath er ing, as the main (ex cept for goethite) pig ment of
“warm”-col oured sed i ment, was found in sam ples J13 and J14
(Fig. 11B–D).

As an ex am ple, for sam ple J14, us ing SEM-EDS, the sur -
face dis tri bu tion of iron as the pri mary col our car rier in the sed i -
ments is dem on strated (Fig. 12). The Fe dis tri bu tion is very un -
even, Fe be ing al most ab sent in the lower left cor ner and in the
up per left part of this sam ple (Fig. 12B).

INTERPRETATION

The sur face ana lysed in cludes <5 vol.% and <10 wt% of Fe
(Fig. 12C). Its dis tri bu tion de ter mines the col our of the “Poznañ
Clays” and the pres ence of mot tles in them. If tri va lent iron pre -

dom i nates, as in the case of sam ples J3, J5, J6, J8, J9 and
J11–J14 (cf. Fig. 9 and Ta ble 3), these mot tles are larger and
red der, both on a mi cro- and macro-scale, giv ing the sed i ment a 
“warm” col our. How ever, the pres ence of he ma tite and/or
goethite was not con firmed by PXRD in sam ples J3 and J9,
prob a bly due to the con tent of these min er als be ing be low the
de tec tion limit (see Fig. 7) or large Scherrer wid en ing, which is
es pe cially well-known for goethite (e.g., NÝrlung Christensen et
al., 2007). The lat ter phe nom e non can cause re flec tions of
finely crys tal line phases to be “lost” within the back ground.

DISCUSSION

WHICH COMPONENTS DETERMINE THE SEDIMENT COLOUR?

The PXRD re sults ob tained for the clay frac tion from the
“Poznañ Clays” in di cate their sim i lar min eral com po si tions.
Sim ply put, the vari col oured sed i ments ex am ined con sist pri -
mar ily of smectite and “illite”-smectite (rectorite), ac com pa nied
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Fig. 10. Rep re sen ta tive SEM pho to graphs of “Poznañ Clays” sam ples with “cold” colours and EDS spec tro grams de pict ing
lo cal el e men tal com po si tion (I–VII)

Dom i nant el e ments are out lined in red

https://doi.org/10.1016/j.jssc.2007.01.032


by “illite” and kaolinite (see Fig. 5). This is con sis tent with other
re sults for the “Poznañ Clays” from dif fer ent ar eas of the sed i -
men tary ba sin (Wiewióra and Wyrwicki, 1974; Wyrwicki, 1975;
Choma-Moryl, 1988; Górniak et al., 2001; Widera, 2007;
Bojakowska et al., 2010; Duczmal-Czernikiewicz, 2010, 2013).

Nev er the less, an in creased amount of “illite” (con tain ing
Fe2+) may give the sed i ment a green ish shade when the ra tio of
Fe3+/Fe2+ is very low (Myrow, 1990, 2003); this type of “illite” is
re ferred to as green “illite” (McBride, 1974). This oc curs in sam -
ple J4, which has the high est frac tion of sulphides (78% of all Fe 
cat ions), namely py rite; this in di cates re duc ing con di tions that
fa voured the trans for ma tion of an Fe-rich smectite struc ture
into a more “illite”-like struc ture by bac te rial ac tion (Pe tit et al.,
2017). The col our of these min er als in aque ous sus pen sion
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Fig. 11. Rep re sen ta tive SEM pho to graphs of the “Poznañ
Clays” sam ples with “warm” colours and EDS spec tro grams

de pict ing lo cal el e men tal com po si tion (I–IV)

Ex pla na tions as in Fig ure 10

Fig. 12. Sur face dis tri bu tion of iron in sam ple J14

A – gen eral SEM im age; B – map of iron dis tri bu tion; C – EDS
spec tro gram de pict ing the el e men tal com po si tion of the area

shown in Fig ure 12A, B
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changes from yel low to green, blue-green and blue-grey
(Stucki, 2011). How ever, in a nat u ral en vi ron ment (that also
con tains other min er als dis cussed be low), only some of the
Fe3+ turns into Fe2+, which may give the sed i ment yel low-green -
ish to blu ish shades, as de scribed in the field (see Ta ble 1). In
con clu sion, tak ing into ac count all avail able in for ma tion, it can
be un equiv o cally stated that clay min er als do not de ter mine the
main col our of the “Poznañ Clays” in ves ti gated, but these min -
er als may af fect the shade of the “Poznañ Clays.” This state -
ment is con sis tent with the re sults of Nemec and Porêbski
(1977) for Perm ian de pos its from SW Po land.

Apart from or ganic mat ter, only five min er als de ter mine the
col our of the de pos its stud ied. These are he ma tite, goethite,
jarosite, the weath ered (par tially con verted to other pig ments)
re mains of py rite, and prob a bly mag ne tite if pres ent. Only the
first two play a sig nif i cant role in “warm”-col oured sam ples. The
“warm” col our of jarosite is com pletely over printed by or ganic
mat ter in sam ple J1, which is dark grey to black (cf. Figs. 1, 2, 6
and Ta ble 1). Mag ne tite, if pres ent in larger amounts, would
give the sed i ment a blackish col our, while py rite is pri mar ily
com mon in cold-col oured sam ples, in di cat ing re duc ing con di -
tions (e.g., PiPujol and Buurman, 1994; Ratajczak et al., 2015;
Mus lim and Ritung, 2021). Of other sec ond ary min er als, mainly 
those con tain ing tri va lent iron, can give the sed i ment a “warm”
shade. These in clude feroxyhyte and ferrihydrite, as well as
szomolnokite, which con tains di va lent iron (Ta ble 4). How ever,
due to the trace amounts of these min er als, some times at the
limit of de tec tion, their pres ence can only en hance the “warm”
col our of some lay ers of the “Poznañ Clays.”

 Ex pla na tions for the “cold colours” of the sed i ments stud ied 
are more com plex. The FGS be long to the hydrotalcite
supergroup (Mills et al., 2012), and its com pounds are known
as dou ble-lay ered hy drox ides, such as ferrihydrite and
feroxyhyte (Ta ble 4). Ferrihydrite is re cog nised as the pre cur sor 
of the FGS un der re duc ing con di tions. It is metastable and can
there fore eas ily de com pose into mag ne tite at 30 °C. More over,
the ox i da tion of such FGS leads to the for ma tion of an other typ i -
cal soil min eral, that is, lepidocrocite. In the case of feroxyhyte,
it is also in di cated by gleyed soil ho ri zons that are termed
gleysoils (Mills et al., 2012).

Un der ap pro pri ate re dox con di tions, car bon ate-rich FGS
can yield goethite, while sul phate-rich FGS can trans form into
both goethite and lepidocrocite (John son, 2014; Zhitova et al.,
2016; Srivastava et al., 2021; Misol et al., 2022). There fore, tak -
ing into ac count the flu vial or i gin of the “Poznañ Clays” and the

re flec tion po si tion (Figs. 6 and 7; sam ples J7 and J5, re spec -
tively), we be lieve that the ana tase and melanterite de tected
may give the sed i ment a blu ish to green ish shade, if they were
more com mon and pres ent in sig nif i cantly greater amounts (Ta -
ble 4). In the lat ter case, a suit able finer frac tion would also be
nec es sary to in duce the col our.

From the re sults ob tained us ing 57Fe-MS, the main colour -
ing agent in “Poznañ Clays” from the JóŸwin IIB lig nite open cast 
is he ma tite. How ever, its pres ence is not al ways cer tain, es pe -
cially in the case of nano-he ma tite (see Ta ble 3). Our main pur -
pose here was not to iden tify min eral phases, but to pre cisely
de ter mine the va lency of the iron con tained in them. In the
“cold”-col oured lay ers, the lack of he ma tite or its traces (up to
10%, sam ple J4), and in the ab sence of other pig ment min er als, 
gives the sed i ment a grey col our. A higher or lower con tent of
or ganic mat ter (sam ples J1 and J10) gives the sed i ment a
darker or paler shade, re spec tively (cf. Myrow, 1990). Other
shades from green ish to blu ish (sam ples J2, J4, J7, J10), as
well as the in flu ence of or ganic mat ter on the sed i ment col our,
can not be in ves ti gated  by the 57Fe-MS method.

The best ev i dence co mes from sil i cates, mainly clay min er -
als, but the dif fer en ti a tion of sil i cates us ing the 57Fe-MS method
is un cer tain (Murad and Cashin, 2004; Stevens et al., 2005;
Dyar et al., 2006; Murad, 2010). In brief, the green ish-blu ish
shades may come from a rel a tively higher “illite” con tent (sam -
ple J4; see Fig. 5), from trace amounts of some pig ments such
as ana tase (sam ple J10; see Fig. 6) and/or from the pres ence
of fine-grained py rite, in dic a tive of re duc ing con di tions in the
sed i ment (Rickard and Lu ther, 2005, 2007; Ratajczak et al.,
2015), as de ter mined by PXRD and SEM-EDS anal y sis (cf.
Figs. 6 and 10). Py rite is very com mon in an cient (e.g., PiPujol
and Buurman, 1994; Retallack, 2019) and mod ern
hydromorphic soils (e.g., Mus lim and Ritung, 2021).

By con trast with the “cold” colours, the re main ing sam ples owe 
their “warm” colours mainly to he ma tite and goethite. How ever, the 
dif fer ences be tween the colours do not di rectly de pend on their
con tent; they also de pend on the con tent and com po si tion of other
min er als, in clud ing those that do not con tain Fe cat ions (see
Fig. 7). In the case of iron-bear ing min er als, in all sam ples with
“warm” colours ex am ined, the Fe3+/Fe2+ ra tio is al ways many
times greater than 1, that is, be tween ~2 (sam ple J14) and 49
(sam ple J8; cf. Fig. 9 and Ta ble 3). Oth er wise, na tive sul phur crys -
tals, which are of ten as so ci ated with gyp sum, may give the sed i -
ment a yel low ish shade; their pres ence was shown by PXRD and
SEM-EDS (cf. Figs. 6, 7, 10B and 11A).
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Spe cies For mula Col our Streak col our

ana tase TiO2
vari able (in clud ing dark  blue-grey) white to yel low ish

feroxyhyte Fe3+O(OH) yel low-brown, brown yel low

ferrihydrite Fe3+
10O14(OH)2

dark brown, yel low-brown yel low-brown

glauconite (K,Na)(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2 blue-green, green, yel low-green light green

goethite Fe3+O(OH)
brown ish black, yel low-brown, 

red dish brown
yel low ish brown, or ange-yel low,

red dish brown

he ma tite Fe3+
2O3

grey, red red, brown ish red

mag ne tite Fe2+Fe3+
2O4

black black

melanterite Fe2+SO4 •7H2O blue-green white

py rite Fe2+S2
pale brass-yel low green ish-black

szomolnokite Fe2+SO4•H2O vari able (mostly yel low ish) white

The main min er als that af fect the sed i ment col our are in bold; trace or ques tion able min er als that may af fect the sed i ment col our are in ital ics

T a  b l e  4

Typ i cal colours of min er als iden ti fied in the sam ples stud ied and colours of their pow ders (streak) (ac cord ing to Mindat, 2022)
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There ex ist “ma rine red beds” (MRBs), which re ceived their
col our dur ing de po si tion and early diagenesis at spe cific re dox
val ues as a re sponse to changes in geo chem i cal con di tions
and bi o log i cal ac tiv i ties. Stud ies of MRBs use some of the same 
meth ods as we used in the cur rent study, but they are mainly
based on rock geo chem is try and/or the car bon iso to pic com po -
si tion (d13C) (e.g., Neuhuber et al., 2007; Song et al., 2017;
Bábek et al., 2021, 2022; Card and Montenari, 2023). Nev er -
the less, the re sults ob tained for the MRBs in the stud ies cited
are con sis tent with those for terrigenous sed i ments (e.g.,
Nemec and Porêbski, 1977; Tor rent et al., 1980; Cor nell and
Schwertmann, 2003; Srivastava et al., 2013; Retallack, 2019;
Upreti and Srivastava, 2019), in clud ing the ma jor ity of the
“warm”-col oured de pos its in ves ti gated in this pa per.

In both of the en vi ron ments men tioned (i.e., ma rine and ter -
res trial), he ma tite (a-Fe2O3) and goethite (a-FeOOH), which is
of ten trans formed into he ma tite, are con sid ered to be the dom i -
nant min eral pig ments. In the case of he ma tite, this state ment is
true not only for con di tions pre vail ing on Earth but also on the
sur face of Mars (e.g., Jiang et al., 2022). How ever, there is an -
other can di date: macaulayite, (Fe,Al)24Si4O43(OH)2, which is a
swell ing phyllosilicate that is very rare on Earth but has been sug -
gested to likely oc cur on Mars (Hill ier/NASA, vide Bishop, 2009).
Goethite forms un der acid weath er ing con di tions (pH of ~5) in
sed i ment in poorly drained en vi ron ments, while he ma tite for ma -
tion re quires a neu tral pH (~7–8) and well-drained con di tions.
Ad di tion ally, pro gres sive arid ity of the cli mate (dis cussed be low)
is more fa vour able for the cre ation and pres er va tion of he ma tite
than for goethite (e.g., Schwertmann, 1985, 1993; Kraus and
Riggins, 2007; Co lombo et al., 2016; Spinola et al., 2018).

FORMATION OF MULTI-COLOURED SEDIMENTS

The “Poznañ Clays” be gan to ac cu mu late when de po si tion of 
the un der ly ing lig nite seam (MPLS-1) ter mi nated, that is, at ~14.3 
Ma (Widera et al., 2021a, 2023). How ever, the end of the for ma -
tion of the “Poznañ Clays” can only be loosely es ti mated at the
ear li est Plio cene (~5.0 Ma; Troæ and Sadowska, 2006; Widera et
al., 2021b) due to the ero sion of their up per most lay ers in the
Pleis to cene. The lower unit of the “Poznañ Clays” (i.e., “grey
clays,” up per most Grey Clays Mem ber, lower Poznañ For ma -
tion; sam ple J1 with dis persed or ganic mat ter and xylites) is in ter -
preted as be ing de pos ited at the fi nal stage of the MPLS-1 ac cu -
mu la tion from 14.3–13.8 Ma. Sim ply put, the “grey clays” were
de pos ited in shal low lakes lo cated on top of Mid-Mio cene mires
(Piwocki and Ziembiñska-Tworzyd³o, 1997; Piwocki et al., 2004).
Then, af ter 13.8 Ma, the “green clays” and the “flame-like clays”
(Wielkopolska Mem ber, up per Poznañ For ma tion; sam ples
J2–J14) be gan to ac cu mu late in the overbank zones of the up per 
Neo gene anastomosing or anastomosing-to-me an der ing river
sys tems (Maciaszek et al., 2019, 2020; Widera et al., 2019;
2021a, b; Zieliñski and Widera, 2020).

The de po si tion of the “Poznañ Clays” in cen tral Po land de -
pended on the over lap ping of both global and re gional tec tonic
and palaeogeographic pro cesses. The “grey clays” formed from
0.7–1.2 Ma af ter the Mid-Mio cene Cli ma tic Op ti mum, which oc -
curred around 15 Ma (Zachos et al., 2001). At that time, the cli -
mate be gan to cool and dry. This pro cess was rel a tively slow at
first, but around 13.8 Ma (the be gin ning of the Badenian Sa lin ity
Cri sis in the Carpathian Foredeep), there was an abrupt drop in
tem per a ture and rain fall in the study area. Un der the con di tions of
pro gres sive cool ing, dry ing and sea son al ity (Kasiñski and
S³odkowska, 2016; Widera et al., 2021b), the ma jor ity of the
“Poznañ Clays” (“green clays” and “flame-like clays”) ac cu mu lated 
in one or more endorheic “ter mi nal floodplain” bas ins (Widera,
2013; Widera et al., 2017, 2019; Maciaszek et al., 2019).

The overbank (ex tra-chan nel) ar eas, where the in ves ti -
gated “Poznañ Clays” were de pos ited, were gen er ally well
drained, re sult ing in Vertisols with “warm” colours. How ever,
due to un even ver ti cal tec tonic move ments and com pac tion of
the un der ly ing lig nite-bear ing de pos its, some overbank zones
were poorly drained for vary ing lengths of time; this re sulted in
hydromorphic palaeosols with “cold” colours, in clud ing the
Histosols. The com plex na ture of many palaeosol ho ri zons with
“cold” colours may in di cate that they may have un der gone a
sec ond ary gleyed stage (PiPujol and Buurman, 1994; Kraus,
1999; Retallack, 2019). How ever, isochronous and lat eral
changes in sed i ment col our are even more com mon than rel a -
tively long-term cli ma tic fluc tu a tions. This may re flect the mor -
phol ogy of the overbank zone and the dis tance from the ad ja -
cent river chan nels (Bown and Kraus, 1981, 1987). In sum -
mary, it can be stated that the colours of the “Poznañ Clays” de -
pend on the re dox con di tions that pre vailed dur ing or shortly af -
ter their ac cu mu la tion on the floodplains, as cor rob o rated by
our re sults as de scribed above.

CONCLUSIONS

1. PXRD, 57Fe-MS and SEM-EDS techniques were ap plied
to ex plain the dif fer ent colours of the “Poznañ Clays” (up per
Neo gene, Pol ish Low lands). These multi-col oured de pos its
have been con sid ered to be ter res trial in re cent years. From a
sedimentological point of view, their flu vial or i gin is in di cated by, 
among other things, the pres ence of river palaeochannels and
palaeosol ho ri zons, in clud ing thin lig nite lay ers (see the Ap pen -
dix). PXRD was used to iden tify min er als, 57Fe-MS made it pos -
si ble to quan tify the con tent of di va lent and tri va lent iron and
SEM-EDS anal y sis pro vided im ages of some of the ma jor min -
er als and es ti mated their chem i cal com po si tions.

2. We have cor rob o rated ear lier find ings that he ma tite
and/or goethite (or a lack of them) are the main colour ing min -
eral pig ments. In out line, lay ers with “cold” colours do not con -
tain he ma tite/goethite or con tain only traces of these min er als,
while those with “warm” colours are rel a tively rich in he ma tite
and/or goethite. Other fac tors also in flu ence the hues of the
sed i ments. The most im por tant of these fac tors is the pres ence
of na tive sul phur (“warm” colours), py rite, ana tase, green “illite,” 
pos si bly also min er als be long ing to the fougÀrite group spe cies
(FGS) and, most of all, or ganic mat ter (“cold” colours). The
quartz and gyp sum pres ent in all sam ples ana lysed do not af -
fect their col our and the shade.

3. Dif fer ences in the col our of the “Poznañ Clays” may be
linked with both global and re gional cli mate changes, as well as
with lo cal floodplain mor phol ogy and lo ca tion in re la tion to the
up per Neo gene flu vial palaeochannels. Un der con di tions of
pro gres sive cool ing, dry ing and the sea son al ity of the cli mate,
and on el e va tions of the floodplain, Vertisols (“warm” col our,
rich in he ma tite and/or goethite) could de velop. By con trast, af -
ter floods and in the floodplain de pres sions, be low the ground -
wa ter ta ble, there were fa vour able con di tions for the for ma tion
of hydromorphic soils (with “cold” colours, rich in py rite and al -
ways con tain ing or ganic mat ter), in clud ing Histosols.
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APPENDIX

Ex am ples of vari col oured “Poznañ Clays” ex posed in opencast mines man aged by the Konin Lig nite Mine

A–C – note, the pres ence of or ganic-rich and lig nite lay ers (hydromorphic palaeosol ho ri zons), and palaeochannel sands; D, E –
close-up view of the sed i ments stud ied with colours rang ing from blu ish to red


