
1. Introduction

Vari-coloured sediments and rocks have been the 
subject of human interest for at least several mil-
lennia. This interest arose mainly from the fact that 
they were the source of pigments that were used 
for colouring various products (e.g., paints, artistic 
works, ceramics, glass, etc.) and for the production 

of building materials such as bricks, tiles, etc. (e.g., 
Valanciene et al., 2010; Habashi, 2016). Over the last 
century, the colour of sedimentary rocks has been 
recognised as an important indicator of their origin, 
weathering and diagenesis; this has been summa-
rised by, among others, McBride (1974), Myrow 
(1990) and Tucker (2011).
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Abstract

The present paper investigates the colour dependence of mineral compositions in clay-rich sedimentary strata, mainly 
clayey silts, the emphasis being on iron-bearing minerals (rather than clay minerals) by using powder X-ray diffraction 
(PXRD) and 57Fe Mössbauer spectroscopy (57Fe-MS). The PXRD-based phase analysis has demonstrated the variable 
compositions of samples, consisting of, inter alia, quartz, calcite or gypsum, and admixtures of potassium feldspars and 
plagioclase. Hematite + goethite (sample D1, dark red), goethite (sample D2, pinkish brown), poorly crystalline goethite 
(sample D3, orange) and jarosite (sample D4, yellow) have been distinguished. A very low jarosite content was detected 
in sample D5 (light grey); this did not affect its colour. The potential yellow/brown shades in sample D6 (dark grey), 
coming from trace amounts of jarosite, are masked by macroscopically visible organic matter. In the case of the two 
last-named samples (D5 and D6), with trace amounts of Fe-bearing minerals, it is most likely that the organic matter 
was effective in influencing the light and dark grey colour of the sediment, respectively.
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The Neogene clay-rich strata examined here 
have been excavated in west-central Poland for the 
production of red bricks since at least the 16th centu-
ry (Maciaszek et al., 2020). The colour of these sedi-
ments, predominantly classified as clayey silts, has 
been subjectively specified in all geological docu-
mentation and scientific papers. Of course, the main 
pigments such as Fe-bearing hematite, goethite and 
jarosite, distinguished and discussed in the present 
study, were already known from numerous studies 
of the mineralogy of these levels at various locali-
ties in the Polish Lowlands (e.g., Dyjor et al., 1968; 
Wyrwicki & Wiewióra, 1981; Wagner, 1982; Cho-
ma-Moryl, 1988; Górniak et al., 2001; Bojakowska et 
al., 2010; Duczmal-Czernikiewicz, 2010, 2013; and 
references therein). However, the main purpose of 
those studies was not sediment colour, unlike the 
present paper. It can even be said that, until now, 
it was believed that their colour was solely due to 
their organic matter contents – grey, as well as de-
pended on variable oxidation states (Fe3+ and Fe2+) 
– red, flamy, green and blue (Piwocki et al., 2004).

Much emphasis has been placed on the miner-
al composition of the ‘Poznań Clays’, especially in 
the fraction smaller than 2 μm (Wiewióra & Wyr-
wicki, 1976; Wyrwicki & Maliszewska, 1977), and 
its chemical composition (Wichrowski, 1981). It has 
been repeatedly postulated in Polish literature that 
one of the main factors in the formation of the clay-
rich sediments examined here were soil processes 
that had an impact on their mineral composition 
(Różycki, 1972; Górniak et al., 2001; Piwocki et al., 
2004; Widera, 2007; Duczmal-Czernikiewicz, 2010, 
2013; Maciaszek et al., 2020; and references there-
in). Thus, their mineral composition was shown to 
include (in variable proportions) quartz, beidellite, 
kaolinite, illite, feldspar, chlorite and iron oxides/
oxyhydroxides such as, for example, hematite and 
goethite (Wiewióra & Wyrwicki, 1976; Wichrowski, 
1981). The chemical composition is dependent main-
ly of the mineral composition (Wichrowski, 1981) 
and reflects the process of chemical weathering that 
occurred both during and after sedimentation of the 
deposits studied (Duczmal-Czernikiewicz, 2010).

The main goal of the present paper is to verify 
the above-mentioned hypothesis of Piwocki et al. 
(2004) that the colour of the ‘Poznań Clays’ depend-
ed generally on organic matter and the content of 
iron (Fe3+, Fe2+) oxides and hydroxides. This will be 
achieved by answering the question of whether only 
those components listed by Piwocki et al. (2004) af-
fected the colour of the sediment, or not. Therefore, 
we have determined the mineral composition of 
chosen samples of different colours and specified 
the iron oxidation states in iron-containing minerals.

2. Geological outline

2.1. Lithostratigraphy of the upper Neogene

The fine-grained deposits studied here are assigned 
to the Wielkopolska Member, which is the upper 
unit of the Poznań Formation. This formation is the 
youngest Neogene unit in the area; it covers almost 
a quarter (~75,000 km2) of the territory of Poland 
(Areń, 1964; Piwocki et al., 2004). In fact, these 
levels include only the uppermost strata of the 
Wielkopolska Member, namely the ‘flamy clays’ 
(Ciuk, 1970; Dyjor, 1970). Together with the under-
lying ‘green clays’, these constitute the Wielkopol-
ska Member (Piwocki & Ziembińska-Tworzydło, 
1997).

The Wielkopolska Member overlies the Grey 
Clays Member, with the 1st Mid-Polish Lignite Seam 
and the ‘grey clays’ at the top (see Piwocki & Ziem-
bińska-Tworzydło, 1997, fig. 1; Widera, 2013, fig. 
2), and is itself overlain by Quaternary glaciogenic 
deposits. The time of deposition of the Wielkopol-
ska Member has been determined as late middle 
Miocene to earliest Pliocene (Piwocki & Ziembińs-
ka-Tworzydło, 1997; Troć & Sadowska, 2006; Kędzi-
or et al., 2021; Widera et al., 2021).

2.2. Origin of the Wielkopolska Member

For less than two decades it was assumed that the 
clay-rich sediments of the Wielkopolska Member 
were of fluvial origin (Badura & Przybylski, 2004; 
Piwocki et al., 2004). Previously, for a century (be-
tween the mid-1900s and mid-2000s) the clay-rich 
deposits, which constitute the dominant part of the 
originally called ‘Poznań Clays’, were attributed 
mainly to a ‘Pliocene lake’ (e.g., Areń, 1964). Later, 
between 1960 and 1970, it was suggested that the la-
custrine basin (lake) was occasionally influenced by 
marine ingressions from the Carpathian Foredeep 
area (e.g., Dyjor et al., 1968; Dyjor, 1970).

In fact, the levels of the Wielkopolska Mem-
ber studied accumulated in the overbank zone of 
a late Neogene river system. This is confirmed, 
among others, by the presence of numerous sandy 
and sandy-muddy bodies that represent river pal-
aeochannels, surrounded by the above-mentioned 
vari-coloured clayey silts. Based on sedimentolog-
ical studies it has been concluded that these strata 
formed in an environment of a late Neogene anasto-
mosing (Widera, 2013; Widera et al., 2017, 2019; Ma-
ciaszek et al., 2020) or anastomosing to meandering 
river system (Zieliński & Widera, 2020; Kędzior et 
al., 2021).



	 Iron-bearing phases affecting the colour of upper Neogene clayey sediments from Dymaczewo Stare...	 131

The terrestrial/fluvial origin of the Wielkopol-
ska Member is additionally supported by mineral-
ogical and geochemical studies, which have been 
conducted in various parts of the sedimentary basin 
(e.g., Wyrwicki & Wiewióra, 1981; Wagner, 1982; 

Choma-Moryl, 1988; Górniak et al., 2001; Ducz-
mal-Czernikiewicz, 2010, 2013). Among other sites, 
Duczmal-Czernikiewicz (2010, 2013) conducted her 
research at the Dymaczewo Stare outcrop (Fig. 1), 
the same exposure which we have examined for the 
present study. She focused mainly on clay miner-
alogy and determined that pedogenetic processes 
had affected these sediments.

3. Material and methods

3.1. Field data and sampling

In the spring of 2021, fieldwork was carried out at 
the Dymaczewo Stare outcrop, which is located in 
west-central Poland, ~15 km south of the city of 
Poznań and <3 km west of the town of Mosina (Fig. 
1). This outcrop is a former pit in which the ‘Poznań 
Clays’ were excavated for the production of red 
bricks until 1994. Thus, the quarry face of clays (up 
to 4 m in height and >15 m in length) has been ex-
posed for at least 35 years (Fig. 2A).

During the fieldwork, macroscopic observa-
tions, descriptions and photographic documen-
tation of sediments were carried out first. Subse-

Fig. 1. Locality map of Dymaczewo Stare. A, B – Study 
area in the background of Poland and Poznań, respec-
tively; C – Detailed location of the outcrop studied 
(co-ordinates 52°13'49.8"N, 16°47'28.7"E).

Fig. 2. Vari-coloured ‘Poznań Clays’ at Dymaczewo Stare. A – Broad north view of the outcrop section, with the first 
author (JK, 1.93 m tall) as scale; B – Clear zonation of colours in the vertical section of strata; C – Close-up, showing 
different colours of the clayey silts; note the vertical orange strings and sampling sites D1–D6.
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quently, six samples, of clearly different colours 
(Fig. 2B, C), were collected for further analyses in 
the laboratory.

3.2. Colour determination

The colours described in the field and laboratory 
differ from those shown in the illustrations (e.g., in 
graphical and PDF files) or in the printed version 
of scientific papers. Thus, on account of subjective 
perceptions of colours, we have here additionally 
included a description of colours of samples meas-
ured on the basis of the RGB (Red–Green–Blue) val-
ues (Fig. 3). The CorelDRAW X8 computer program 
was used to digitise sediment colours.

3.3. Powder X-ray diffraction (PXRD)

A Rigaku SmartLab 3kW diffractometer, located 
at the Łukasiewicz Research Network – Institute 
of Microelectronics and Photonics (Warsaw), was 
used for powder X-ray diffraction analysis under 
the following conditions: Bragg-Brentano geome-
try, filtered CuKα radiation, 5–90° 2θ range, 0.02° 
2θ step, and a linear position-sensitive detector. The 
results were evaluated using the EVA software of 
Bruker.

The samples were prepared in the way de-
scribed by Kruszewski (2013) and Mederski et al. 

(2021). They were ground in a mortar into a pow-
der, in portions of 1–2 g (depending on sample 
density). Subsequently, samples were placed in 
standard perforated cuvettes (to minimise the phe-
nomenon of preferential orientation) and irradiat-
ed in the diffractometer. The preparation typical of 
clay-rich sediments, i.e., Johnson’s method, was not 
used, because the aim of the present work was to 
characterise mineral pigments, rather than study 
clay minerals.

3.4. 57Fe Mössbauer spectroscopy (57Fe-MS)

The 57Fe-MS measurements were performed at 
room temperatures in transmission geometry ap-
plying the RENON MsAa-4 spectrometer (Gór-
nicki et al., 2007; Błachowski et al., 2008), which 
operates in the round-corner triangular mode and 
is equipped with the LND Kr-filled proportional 
detector. A He-Ne laser-based interferometer was 
applied to calibrate a velocity scale. A commercial 
57Co(Rh) source, made by RITVERC GmbH, was 
used. The source line-width Γs = 0.106(5) mm/s was 
derived from the fit of the Mössbauer spectrum of a 
10μm-thick α-Fe foil. The transmission integral ap-
proximation was applied to fit the Mössbauer spec-
tra using the MOSGRAF data processing software 
suite. All line widths reported stand for the absorb-
er line width Γa within the transmission integral. Re-
ferring to the Lorentzian-shaped spectral peak line 

Fig. 3. The colour names of the samples identified in the computer RGB system. Note the RGB values (ranging from 0 
to 255) in 24-bit colour system; D1–D6 correspond to sample numbers.
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width with FWHM (full width at half maximum), 
it may be assumed, with some approximation, that 
FWHM = Γa + Γs. The spectral isomer (centre) shifts 
IS are reported with respect to the isomer (centre) 
shift of room temperature α-Fe. The absorbers for 
Mössbauer measurements were prepared using 
40  mg/cm2 of the samples studied, as previously 
described by Górnicki et al. (2007) and Błachowski 
et al. (2008).

57Fe-MS hyperfine parameters were used to iden-
tify Fe-bearing minerals. The values of the isomer 
shift, quadrupole splitting and hyperfine magnetic 
field were compared with standard literature val-
ues (Dyar et al., 2006; Murad, 2010), which allowed 
for the assignment of a given spectrum component 
to a specific mineral or group of minerals. Some of 
the minerals have been identified as nanomaterials 
with an estimated particle size below c. 10 nm (Mu-
rad, 2010). Mössbauer spectra of these minerals are 
characterised by a significant broadening of the line 
width Гa, which is caused by the superparamagnet-
ic relaxation of electron spins in a magnetic domain 
of nanoparticles. The phenomenon of superpara-
magnetism depends on particle size (crystallinity) 
and is a function of temperature. The limit size of 
nanocrystals below which superparamagnetism 
manifests at room temperature is about 10 nm (Mu-
rad, 2010).

4. Results

4.1. Field and laboratory observations of 
sediment colour

The clayey silts studied do not occur in their pri-
mary sedimentary position because they are clearly 
glaciotectonically disturbed. Their motley colours 
are their most distinctive feature. At the Dymacze-
wo Stare outcrop, sediment colour does not show 
any zonal order (Fig. 2A, B), with exception of ver-
tical orange strings, which are most likely associat-
ed with infiltrating water and precipitation of iron 
minerals in the fractures and on surfaces exposed 
(Fig. 2C).

In the field, the colours of samples (D1–D6) tak-
en for further study was defined as follows: cherry 
(dark-red) – D1, pinkish brown – D2, orange – D3, 
yellow – D4, light grey – D5 and dark grey – D6 (Fig. 
2). In the laboratory, however, the colour names 
of the same samples, digitised by computer in the 
RGB system, differed from those listed above. The 
following colours correspond to these: brown – D1, 

gold – D2, sand – D3, pale yellow – D4, 20% black – 
D5, and 60% black – D6, respectively (compare Figs. 
2, 3). In order not to create additional terminological 
confusion, the colours that have been macroscopi-
cally determined in the field are used consistently 
throughout the remainder of the present paper.

4.2. Mineral composition of bulk samples

Sample D1.
The cherry (dark-red) sample D1 has quartz, hema-
tite and goethite as major minerals, with smaller 
amounts of microcline, illite, kaolinite, smectite and 
orthoclase. Muscovite cannot be ruled out in this 
dark-red sample (Fig. 4; Table 1).

Sample D2.
The pinkish brown sample D2 comprises mainly 
quartz, with calcite as an additional major compo-
nent. The calcite is magnesian, as suggested by the 
position of its main reflection (d = 3.026Å). Another 
important, albeit minor, constituent is plagioclase, 
best-fittable to albite. Minor minerals include 
K-feldspar (microcline, orthoclase), muscovite, il-
lite, kaolinite, smectite and goethite (Fig. 4; Table 1).

Sample D3.
The orange sample D3 contains quartz and calcite 
as major minerals, with calcite most likely slight-
ly prevailing over quartz. It also contains small 
amounts of plagioclase, K-feldspar (microcline, or-
thoclase), goethite, kaolinite, illite and smectite (Fig. 
4; Table 1).

Sample D4.
The yellow sample D4 stands out because jarosite 
is its major component (Fig. 4). The second most 
important constituent is quartz, with traces of gyp-
sum, kaolinite, illite, smectite and, possibly, ortho-
clase (Fig. 4; Table 1).

Sample D5.
The light grey sample D5 is quartz rich. Its subordi-
nate components are gypsum, and minor amounts 
of jarosite, illite, kaolinite and smectite. In addition, 
trace amounts of anatase (titanium dioxide, tetrag-
onal) are seen in this sample. A weak reflection at 
3.40 probably represents aragonite (Fig. 4; Table 1).

Sample D6.
The dark grey sample D6 is also quartz rich, and 
also contains gypsum. Illite, kaolinite, smectite, 
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muscovite, plagioclase, microcline, jarosite and 
possibly anatase and orthoclase occur as minor 
components (Fig. 4; Table 1). It is worth mentioning 
that this sample contained macroscopically deter-
mined organic matter in the form of tiny roots. This 

is manifested in the uneven grey to black colour of 
this sample (see Fig. 3).

Fig. 4. Powder X-ray diffraction (PXRD) results and peaks. A – anatase, C – calcite, G – goethite, Gp – gypsum, H – he-
matite, IL – illite, J – jarosite, K – kaolinite, M – muscovite, Mc – microcline, Q – quartz, O – orthoclase, P – plagi-
oclase, Sm – smectite. Compare with data from Table 1; the main colouring minerals (pigments) are marked in red.

Table 1. Mineral composition of samples from Dymaczewo Stare. Main colouring minerals (pigments) are in bold; 
sample numbers as in Figure 3.

Sample
(colour)

In this paper After Duczmal-Czernikiewicz (2010, 
2013)

Bulk sample Bulk  sample Fraction <2 μm
D1
(cherry, dark-
red)

major minerals: quartz, hematite, goethite; 
minor minerals: microcline, illite, kaolinite, smectite, ortho-
clase, muscovite

major minerals: 
quartz, calcite, 
gypsum;

major miner-
als: smectite, 
illite-smectite, 
illite, kaolinite, 
quartz, feldspar; 

D2
(pink-brown)

major minerals: quartz, calcite;
minor minerals: plagioclase (albite), microcline, orthoclase, 
muscovite, kaolinite, illite, smectite, goethite

D3
(orange)

major minerals: calcite, quartz;
minor minerals: plagioclase, microcline, orthoclase, goethite, 
kaolinite, illite, smectite

D4
(yellow)

major minerals: jarosite, quartz;
minor minerals: gypsum, kaolinite, illite, smectite, orthoclase

minor minerals: 
smectite, 
illite-smectite, illite, 
kaolinite, musco-
vite, feldspar, hal-
loysite, hematite, 
goethite, jarosite

minor minerals: 
chlorite, hal-
loysiteD5

(light grey)
major minerals: quartz, gypsum;
minor minerals: jarosite, illite, kaolinite, smectite, anatase, 
aragonite 

D6
(dark grey)

major minerals: quartz, gypsum;
minor minerals: illite, kaolinite, smectite, muscovite, plagi-
oclase, microcline, jarosite, anatase, orthoclase
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4.3. Oxidation state of iron atoms

The results of Mössbauer spectroscopy (57Fe-MS), 
relating to iron atoms, are presented in Figure 5 and 
Table 2. Thus, in the case of sample D1, iron atoms 
are mainly in hematite in a bulk-crystallised form 
(36% – percentage of Fe atoms in the sample) and a 
nano-crystallised form (36%) [see Section 3.4 for ter-
minological explanation]. In sample D2, iron atoms 
are present in goethite in a bulk-crystallised form 
(22%) and a nano-crystallised form (59%).

Surprisingly, in sample D3, iron atoms are in a 
mixture of goethite, mainly in the form of nanocrys-
tals (45%), and jarosite (21%). This result is some-
what incompatible with the PXRD analysis due to 
non-homogeneity of the material under study and 
simultaneous 57Fe-MS and PXRD measurements of 

two subsamples D3 extracted from it (compare Figs. 
2C, 4, 5).

In sample D4, iron atoms occur in jarosite, and it 
is this mineral that definitely determines the yellow 
colour of the sample. The last two samples studied 
(D5 and D6) contain negligible amounts of iron, 
possibly in silicates (Fig. 5; Table 2). Due to the very 
small amounts of iron in these samples, the57Fe-MS 
method does not allow to determine definitively in 
which silicates Fe is present.

Based on 57Fe-MS data, it may be concluded that 
in the material studied, iron atoms are present al-
most exclusively in the state of trivalent ions (Fe3+). 
On the other hand, between samples of different 
colours, there is significant variation in the compo-
sition of iron-bearing minerals and their crystalline 
form (Fig. 5; Table 2).

Fig. 5. 57Fe Mössbauer spectra of the Dymaczewo Stare samples. The percentages shown correspond to the relative dis-
tribution of Fe atoms into respective iron-bearing minerals. The sample numbers are the same as in Figures 3 and 
4, but due to the non-homogeneity of the material under study, the PXRD and 57Fe-MS results obtained may not be 
identical and should be treated only for comparative purposes. See Table 2 for more details of spectral components.
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5. Interpretation and discussion

The ‘Poznań Clays’ in the Polish Lowlands have 
been examined mineralogically in detail many 
times, both at the Dymaczewo Stare outcrop (Ducz-
mal-Czernikiewicz, 2010, 2013), as in other parts of 
the sedimentary basin (e.g., Wiewióra & Wyrwicki, 
1976; Wyrwicki & Maliszewska, 1977; Wichrowski, 
1981; Wyrwicki & Wiewióra, 1981; Wagner, 1982; 
Choma-Moryl, 1988; Górniak et al., 2001; Wide-
ra, 2007; Bojakowska et al., 2010). All studies have 
shown that smectite and illite-smectite are the dom-
inant phases among clay minerals in all colour vari-
eties of the sediments studied. Within the context of 
the present research, this statement was best docu-
mented by Górniak et al. (2001, fig. 2), who proved 
a similar composition of minerals in the clay frac-
tion for samples of the ‘Poznań Clays’ of different 
colour.

The fine-grained and vari-coloured sediments at 
Dymaczewo Stare examined are strongly disturbed 
glaciotectonically, creating the axial zone of termi-
nal moraine. They were uplifted to the present land 
level during the Pleistocene, facilitating both their 

exploitation and weathering. Thus, the currently 
observed colour of these sediments is a result of 
their original Neogene colour, plus overlapping 
mineral transformations, including contemporary 
soil processes and oxidation by external factors 
such as air, water, micro-organisms, etc. (see Fig. 
2). In consideration of this, it is impossible to deter-
mine when exactly the currently observed colour of 
the strata studied was formed.

Following PXRD and 57Fe-MS, the ‘warmest’ 
colours (cherry and pinkish brown) in our samples 
result from relatively high contents of hematite or 
goethite in samples D1 and D2, respectively. The 
yellow colour is caused by the presence of jaros-
ite (sample D4), while a mixture of jarosite with a 
small amount of goethite renders the sediment or-
ange (sample D3). In the case of sample D3 of the 
same colour, but tested in PXRD, the orange colour 
derives from the presence of goethite, rather than 
jarosite, which was found using the57Fe-MS (com-
pare Figs. 4, 5). Finally, light grey and dark grey 
colours (samples D5 and D6) indicate the very low 
contents of iron in the sediments studied, with in 
both cases, a negligible quantity of iron cations in 

Table 2. Hyperfine parameters for 57Fe Mössbauer spectra shown in Figure 5. Symbols stand for: A (%) – area of the 
spectral component corresponding to the relative distribution of Fe atoms into respective iron-bearing minerals; IS 
– isomer (centre) shift relative to room temperature α-Fe; QS – quadrupole splitting; Гa – absorber line width (within 
transmission integral approximation); B – hyperfine magnetic field. Errors are in the order of unity for the last digit 
shown or are shown in brackets. The colours of the samples are related to Figure 3. The spectral component marked 
as Fe3+ may correspond to nano-(Fe-oxide or hydroxide). (*) For samples D5 and D6 with traces of Fe-bearing min-
erals, the spectrum is assigned to silicates and their distinction using the MS method is uncertain (Hawthorne, 1988; 
Murad & Cashin, 2004; Stevens et al., 2005; Dyar et al., 2006; Murad, 2010). Sample numbers as in Figure 3.

Sample (colour) Fe-bearing mineral/Fe-valence A (%) IS 
(mm/s)

QS 
(mm/s)

Гa 
(mm/s)

B 
(Tesla)

D1
(cherry, dark-red/brown)

hematite 20(2)
0.37 −0.21

0.21 50.8
16(2) 0.45 48.9

nano-hematite 36(3) 3.7 16
Fe3+ 28(1) 0.36 0.57 0.56 –

D2
(pink-brown/gold)

goethite 22(2)
0.38 −0.28

0.9 32.0
nano-goethite 26(3) 1.2 26.5

33(4) 1.7 17
Fe3+ 11(1) 0.38 0.57 0.39 –
unidentified 8(1) 0.45 1.31 0.31 –

D3
(orange/sand)

goethite 6(1)
0.37 −0.22

0.60 33.5
nano-goethite 16(3) 1.5 27

29(5) 2.5 13
Fe3+ 28(3) 0.39 0.93 0.84 –
jarosite 21(1) 0.37 1.23 0.17 –

D4
(yellow/pale yellow)

jarosite 73(3) 0.37 1.21 0.18 –
27(4) 0.37 1.13 0.54 –

D5
(light grey/20% black)

silicate* 90(3) 0.36 0.50 0.41 –
10(2) 1.1 2.7 0.5 –

D6
(dark grey/60% black) silicate* 100 0.36 0.57 0.32 –
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silicates present (Fig. 5; Table 2). In such a case, oth-
er researchers would not exclude the presence of 
organic matter in the sediment (e.g., McBride, 1974; 
Myrow, 1990). This is evidently confirmed in the 
case of sample D6, in which the organic matter (tiny 
roots) is macroscopically visible.

PXRD and 57Fe-MS analyses show beyond doubt 
that hematite imparts a cherry (dark red) colour 
to sample D1. Any yellow, brown or intermediate 
colour coming from goethite is here masked by he-
matite. Samples D2 and D3 bear the comparatively 
smallest amounts of minerals (goethite) as potential 
pigments. The pinkish and brownish hue of these 
samples results from trace goethite, both bulk- and 
nano-crystallised, as confirmed by 57Fe-MS (see 
Fig. 5). A probably poorly crystalline goethite was 
the sole colourant detected in samples D2 and D3. 
Due to the low-crystalline nature of the goethite, 
one may also expect the presence of amorphous Fe 
oxyhydroxides in this and other goethite-bearing 
samples studied (Tobia et al., 2014; Laureijs et al., 
2021). On the other hand, the presence of jarosite in 
sample D3 is most likely due to the fact that the D3 
subsamples, studied using 57Fe-MS and PXRD, dif-
fered mineralogically, although they had the same 
colour, i.e., orange (see Fig. 2C).

Both research methods used (PXRD, 57Fe-MS) 
have confirmed that the yellow colour of sample D4 
stems exclusively from jarosite (compare Figs. 4, 5). 
The iron-rich members of the alunite supergroup 
are typically yellow or orange-yellow and brownish 
yellow (Anthony et al., 2003). Samples D5 and D6 
(see Fig. 4), which are light grey and dark grey, bear 
only trace jarosite. Such insignificant amounts of 
jarosite are too low to impart a yellow/brown col-
ouration. To sum up, the sediments studied contain 
almost exclusively Fe3+ in such colouring minerals 
(pigments) as hematite, goethite and jarosite (com-
pare Figs. 4, 5). This can be explained by the fact 
that the clayey silts at Dymaczewo Stare had been 
exposed to post-depositional oxidising agents for a 
long time (see Fig. 2).

Finally, the role of organic matter in colouring 
of sedimentary rocks needs to be briefly discussed 
here. The total amount of organic matter in the sed-
iment may determine its colour. Based on empiri-
cal data supplied by Myrow (1990), it may be con-
cluded that even small amounts of organics (0–0.3 
wt.%) can give the sediment a grey shade. In turn, 
>0.3 wt.% of organic matter already shields other 
colours, giving the sediment a grey to black colour 
(Myrow, 1990). This is most likely the case for sam-
ple D5 and certainly (visible plant roots) for sample 
D6.

6. Conclusions

X-ray diffraction (PXRD) has allowed the mineral 
composition of the entire sediment sample to be 
determined, and additionally 57Fe Mössbauer spec-
troscopy (57Fe-MS) has provided the exact iron oxi-
dation state in the minerals in which it was present. 
Thus, the results of the PXRD method show that 
quartz dominates in the multi-coloured samples 
studied. Other major minerals varied from sample 
to sample: goethite, hematite – sample D1; calcite 
(calcite<quartz) – sample D2; calcite (calcite>quartz) 
– sample D3; jarosite (jarosite>quartz) – sample D4; 
and gypsum (gypsum<quartz) – samples D5 and 
D6. Moreover, our analysis proves that hematite, 
goethite and jarosite have the greatest influence on 
colour in samples D1–D4. Traces of jarosite were 
also found in samples D5 and D6, but they have a 
grey shade which would be linked to the presence 
of organic matter, both in trace (sample D5) and sig-
nificant (sample D6) amounts.

The colour of the clayey silts studied results 
from the occurrence of iron phases, as shown by 
the 57Fe-MS method. In samples D1–D4, Fe3+ dom-
inates, which is interpreted to have resulted from 
post-depositional oxidation. A more or less ‘warm’ 
colour is not influenced by the total content of Fe3+ 
cations, but by their presence in certain mineral 
phases, such as hematite, goethite and jarosite. It 
should be emphasised, however, that in addition to 
the pigments (colouring minerals) mentioned, the 
contents of organic matter also have an impact on 
the colour of clay-rich sediments. Samples D5 and 
D6, which contain very low amounts of iron-bear-
ing minerals, are a good example.

Summing up, the colour of the clayey strata ex-
amined depends on the contents of organic matter 
and Fe oxides (e.g., hematite), which means that the 
hypothesis put forward by Piwocki et al. (2004) is 
verified. However, it may be influenced by Fe hy-
droxides and hydrous Fe oxides (e.g., goethite). Fe 
and K hydrous sulphates (e.g., jarosite) can also 
give a characteristic yellow colour to the sediments 
studied. The macroscopically defined orange colour 
may derive from the presence of both jarosite and 
goethite.
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