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The Mudstone Se ries (Langsettian–Duckmantian) in the Up per Silesian Ba sin of Po land is con tem po ra ne ous with the main
coal-bear ing in ter val of trop i cal Pangea. The strata were de pos ited in a con ti nen tal set ting out side the di rect reach of
glacioeustatic sea-level os cil la tions. Fa cies and ar chi tec tural anal y ses of the unit pro vide ev i dence that the prin ci pal
depositional en vi ron ment of the Mudstone Se ries was a me an der ing flu vial sys tem with chan nel belts that fol lowed the
NNE-strik ing ba sin axis. Amal gam ation of these chan nel belts re sulted in lat er ally wide spread sheet-like sand stone bod ies
up to sev eral tens of metres thick with in ter nal ero sional sur faces, which are sandwiched within dom i nantly fine-grained
floodplain fa cies bear ing coal seams. About 24–71 coal seams of the Mudstone Se ries are at least lo cally >1 m thick and
eco nom i cally im por tant. Peat swamps formed by paludification of wide spread floodplains that were dis sected by ac tive
chan nels and upon which there were shal low lakes. Petrographic anal y sis in di cates that the pre cur sors of most coal beds
were wet for est to mixed peat swamps colo nised by arborescent – shrubby veg e ta tion, whereas her ba ceous peat-form ing
wetlands were sub or di nate and con cen trated in the east ern, less sub sid ing part of the ba sin. Coal seams de rived from for est
to mixed peat swamps are dom i nated by bright coal lithotypes com posed of vitrinite/vitrite which, to gether with in ter ca lated
clastic bands and an ash yield of 17 wt.%, sug gest a high de gree of waterlogging and a rheotrophic char ac ter for most peat
swamps. Lo cal coal bands rich in fusain lenses may re cord a tem po rarily low ered wa ter ta ble when the ex posed sur face was
prone to wild fires. Al though for est swamps gen er ally oc cu pied prox i mal parts of the floodplains, mixed peat swamps pre -
ferred dis tal ar eas that were less af fected by ac tive flu vial chan nels. Coal re sult ing from for est swamps is char ac ter ised by al -
ter nat ing bands of thick telinite and collotelinite de rived from arborescent veg e ta tion. Mixed peat swamps gen er ated coal
with a higher pro por tion of collodetrinite and inertodetrinite rich in sporinite de rived mostly from shrubby plants. Her ba ceous
veg e ta tion re sulted in dull coal lithotypes only: durain, clarain-durain and durain-clarain, com posed of de tri tal macerals,
mainly inertodetrinite, vitrodetrinite and sporinite.

Key words: Late Car bon if er ous, trop i cal Pangea, depositional en vi ron ment, coal-bear ing suc ces sion, strati graphic ar chi tec -
ture, coal fa cies.

INTRODUCTION

The Up per Silesian Ba sin, one of the larg est coal fields in
Eu rope, pro vides a valu able op por tu nity to study a va ri ety of
sed i men tary palaeoenvironments, in clud ing sea shores with
bar ri ers, flu vial sys tems, del tas and lakes (Podio and Wieja,
1960; Doktor and Gradziñski, 1985; Mastalerz and Smyth,
1988; Gradziñski and Doktor, 1996; Doktor et al., 1997, 1999;
Doktor and Gradziñski, 1999; Gmur et al., 1999; Kêdzior, 2001,

2008, 2016; Gmur and Kwieciñska, 2002; Doktor, 2007;
Opluštil et al., 2019, 2024). Un til now, the Mudstone Se ries
(Langsettian–Duckmantian) in the Up per Silesian Ba sin has
been stud ied sep a rately from the per spec tives of sedi men -
tology (Doktor and Gradziñski, 1985) and coal com po si tion and
its prop er ties (Krzeszowska, 2004; Gorol, 2004; Adamczyk et
al., 2014; Parzentny and Róg, 2020; Kêdzior and Teper, 2023;
Sosnowski and Jelonek, 2023). The sed i men tary en vi ron ment
is one of the key fac tors con trol ling peat ac cu mu la tion. Re cog -
nis ing the sed i men tary en vi ron ments of coal- bear ing se -
quences is thus im por tant for un der stand ing the ge om e try of
coal beds in clud ing seam thick ness, con ti nu ity, split ting, as well
as qual ity pa ram e ters such as ash yield and sul phur con tent.
This re search is one the first at tempts to char ac ter ise the clastic 
depositional sys tem of the Mudstone Se ries and its ef fect on
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peat ac cu mu la tion. The main ob jec tive of this study is to in te -
grate the re sults of anal y sis of the clastic (dom i nantly flu vial)
depositional sys tem with data on the com po si tion and ge om e try 
of the coal seams to char ac ter ise their peat swamp hy drol ogy
and pre vail ing type of veg e ta tion. This, in turn, will help to better
un der stand the spa tial vari abil ity and tem po ral dy nam ics of the
depositional sys tems rep re sented by the Mudstone Se ries.
This goal re quires study ing the in ter play be tween the peat
swamps and co-ex ist ing flu vial chan nels based on ex am i na tion
of the tran si tion be tween the phytogenic de pos its (coal) and the
clastic de pos its of con tem po ra ne ous chan nels. Achieve ment of 
those tar gets re quires care ful iden ti fi ca tion and cor re la tion of in -
di vid ual coal beds and ob ser va tions of their tran si tion to con -
tem po ra ne ous chan nel de pos its, which is not al ways eas ily ac -
com plished based on data from bore holes lo cated be tween
min ing fields. There fore, these anal y ses only fo cus on min ing
ar eas where the iden ti fi ca tion of coal seams was ver i fied by un -
der ground ob ser va tions yield ing a large con cen tra tion of data.
The re sults im prove our un der stand ing of the for ma tion of peat
swamps in the me an der ing flu vial sys tem of the Mudstone Se -
ries (Langsettian– Duck mantian), one of the prin ci pal coal-bear -
ing units in the Up per Silesian Ba sin.

GEOLOGICAL SETTING OF THE BASIN 
AND STRATIGRAPHIC POSITION 

OF THE MUDSTONE SERIES

The Up per Silesian Ba sin (USB), sit u ated along the Pol -
ish-Czech bor der (Fig. 1A, B), is an ero sional relic of a large
sed i men tary ba sin formed in the east ern part of the Variscan
fore land of the Moravo-Silesian thrust and fold belt on the
Brunovistulicum block (e.g., Kotas, 1995; Kalvoda and Bábek,
2010). The to tal com pos ite thick ness of the coal-bear ing suc -
ces sion in this fore land ba sin reaches 8500 m; how ever, due to
east ward mi gra tion of the depocentre and post-Car bon if er ous
ero sion, the max i mum thick ness in any one place does not ex -
ceed 4000 m (Kotas, 1995). A com plete suc ces sion of the
coal-bear ing strata is only pre served in the larger Pol ish sec tor
of the ba sin, where it is di vided into four large units (Fig. 1C),
tra di tion ally called “se ries” (Dembowski, 1972). With the ex cep -
tion of the old est Paralic Se ries, the over ly ing three units, the
Up per Silesian Sand stone, Mudstone, and Kraków Sand stone
se ries, lack ma rine fauna and are of con ti nen tal or i gin.

The con cept of the Mudstone Se ries, the tar get of our study, 
was in tro duced by Dembowski (1972) and fur ther de vel oped by 
Porzycki (1972). The lower bound ary of the Mudstone Se ries is
lo cated at the Hubert fresh wa ter fau nal ho ri zon (Porzycki,
1972), whereas the up per bound ary is marked by a lithological
change from a suc ces sion of dom i nantly floodplain fa cies to
coal-bear ing strata dom i nated by thick, poorly sorted sand -
stones of the Kraków Sand stone Se ries (Doktor, 2007). The
max i mum thick ness of the Mudstone Se ries ex ceeds 2000 m
near the west ern edge of its pres ent-day range, and re duces
sig nif i cantly to wards the east due to de creas ing sub si dence on
ap proach ing the east ern mar gin. The full orig i nal thick ness is
pre served only in the cen tral and east ern parts of the ba sin
where it is over lain by the Kraków Sand stone Se ries (Fig. 1C);
in other places, pres er va tion is in com plete due to post-Car bo n i -
f er ous ero sion. The Mudstone Se ries is di vided into the Za³ê¿e
Beds (Langsettian) and the Orzesze Beds (Duckmantian), with
the bound ary be tween them in the roof of the Stanislaw fresh -
wa ter fau nal ho ri zon ac com pa nied by a tuffogenic band. The
num ber of coal seams in the Mudstone Se ries var ies spa tially,
with a max i mum of 150 coal beds, of which up to  70 lo cally
reach eco nom i cal sig nif i cance and are mined. Num ber ing of

the coal seams in creases to wards the base of the se ries
(Doktorowicz-Hrebnicki and Bocheñski, 1952). The old est coal
seams are num bered 407–327 of the Za³ê¿e Beds and are
over lain by coal beds 326–301 of the Orzesze Beds.

The pre dom i nance of fine-grained (mudstone) siliciclastic
de pos its above coarse-grained sand bod ies and the pres ence
of nu mer ous sid er ite nod ules dis tin guish the Mudstone Se ries
from the un der ly ing and over ly ing units. A com po si tion and
prov e nance anal y sis of the sand stones by Œwierczewska
(1995) in di cate a re cy cled orogen as the source area, with a
dom i nance of meta mor phic rocks. The si der it ic nod ules, typ i -
cally sev eral centi metres in di am e ter, are com monly con cen -
trated in clus ters or ho ri zons a few to about ten centi metres
thick. In the coarse-grained de pos its, nod ules com monly oc cur
as re de pos ited intraclasts in con glom er ates in ter preted as
chan nel lags (Doktor and Gradziñski, 1985; Doktor et al., 1997). 
Plant macro- and microfossils are abun dant in the Mudstone
Se ries (cf. Kmiecik, 1995; Kotasowa and Migier, 1995). Fau nal
re mains are typ i cally sparse, ex cept in a few wide spread lac us -
trine ho ri zons (e.g., Hubert and Stanis³aw fresh wa ter fau nal ho -
ri zons). The fauna is rep re sented by the re mains of thin-shelled
bi valves ac com pa nied by phyl lo pods, ostracods, poly chaetes,
scales and bones of fish, and rare in sect wings (Musia³ et al.,
1995).

Un til the 1970s, in ter pre ta tion of the Mudstone Se ries was
lim ited to the very gen eral in ter pre ta tion of a flu vial or i gin for the
sand stone bod ies (Unrug and Dembowski, 1971), and for the
pos si ble ex is tence of large fresh wa ter lakes (Porzycki, 1972).
Later stud ies of Radomski and Gradziñski (1978, 1981), Kotas
(1977), and Doktor and Gradziñski (1985) in ter preted de po si -
tion of the Mudstone Se ries on an ex ten sive low-gra di ent al lu -
vial plain drained by high-sin u os ity me an der ing rivers, which
trans ported mainly sus pended fine-grained par ti cles. These au -
thors also in ter preted the ver ti cal changes in fa cies to be con -
trolled by autocyclic pro cesses. The fine-grained sed i ments
were pri mar ily de pos ited on veg e tated floodplains, with a
smaller pro por tion in shal low and short-lived floodbasin lakes.
Sand was mainly de pos ited in ma jor flu vial chan nels and in
overbank ar eas as cre vasse splays, i.e., in cre vasse chan nels
and prox i mal splay ar eas. Peat swamps formed in poorly
drained ar eas of dis tal floodplains, un der con di tions of con sid -
er ably re duced clastic sup ply (Doktor and Gradziñski, 1985).
The large-scale changes of the sand/mud ra tio are at trib uted to
an in ter play of the ba sin sub si dence rate and the rate of clastic
sed i ment sup ply from the Variscan orogen (Gradziñski, 1982),
with the lat eral and ver ti cal vari a tion in phytogenic ac cu mu la tion 
con trolled mainly by flu vial autogenic fac tors (Doktor and
Gradziñski, 2000).

DATA AND METHODS

The data used in this ar ti cle co mes from more than 230
bore holes, for mer brickyards and un der ground mine gal ler ies.
The in for ma tion was used to con struct geo log i cal cross-sec -
tions, maps and di a grams il lus trat ing the strati graphic ar chi tec -
ture and petrographic com po si tion of se lected coal seams. Sev -
eral study meth ods were em ployed. They are briefly de scribed
be low.

FACIES ANALYSIS

The de scrip tion of fa cies and their as so ci a tions is based on
the pre vi ous stud ies of Doktor and Gradziñski (1985), who doc -
u mented de pos its of the Mudstone Se ries in nu mer ous tem po -
rary ex po sures (mostly brick pits), bore holes, and mine gal ler -
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Fig. 1. Lo ca tion maps and stra tig ra phy of the study area, dis tri bu tion of bore holes, coal fields, and ex po sures yield ing data for
coal fa cies anal y sis, and lo ca tion of cor re la tive cross-sec tions over the Up per Silesia Coal Ba sin map of Kotas (1994)

A – lo ca tion of the Up per Silesia Coal Ba sin in Eu rope; B – sim pli fied geo log i cal map of the Up per Silesia Coal Ba sin (based on Bu³a and
¯aba, 2005); C – strati graphic cross-sec tion of the coal-bear ing suc ces sion of the Up per Silesia Coal Ba sin (af ter Kotas, 1995); I – area
mapped in Fig ures 14 and 15; II – area mapped in Fig ures 16–18; note, arabic num bers in di cate lo ca tion of Fig ures 7–12: 1 – Fig. 7, 2 – Fig. 8, 
3 – Fig. 9, 4 – Fig. 10, 5 – Fig. 11, 6 – Fig. 12



ies. Based on dis tinc tive lithological fea tures, in clud ing com po -
si tion, grain size, bed ding char ac ter is tics, sed i men tary struc -
tures, and the pres ence of coalified plant ma te rial, Doktor and
Gradziñski (1985) dis tin guished 12 lithofacies. They de ter -
mined the scale of an in di vid ual lithofacies by con sid er ing the
vari abil ity of the suc ces sion and con duct ing a de tailed lo cal
study, de scrib ing the lithofacies at a scale of 1:100. We pro vide
here a slightly mod i fied ver sion sup ple mented by data from de -
tailed de scrip tions (1:100 scale) of 22 bore holes (Fig. 1B) with
to tal core length >10,000 m. Fa cies are de fined based on: (i)
sed i ment grain-size and its vari a tion; (ii) sed i men tary struc -
tures; (iii) the shape and com po si tion of clasts and frame -
work/ma trix re la tion ships; (iv) the na ture of bed con tacts; and
(v) the pres er va tion and taphonomy of fos sils. The fa cies de -
scribed are grouped in fa cies as so ci a tions that are thought to
be ge net i cally or en vi ron men tally re lated (Collinson, 1969). Ac -
cord ing to Walther’s Law, as depositional en vi ron ments mi grate 
lat er ally, the sed i ments of one en vi ron ment come to lie on top of 
sed i ments of the ad ja cent en vi ron ment. Thus, a two-di men -
sional pic ture of the depositional ar chi tec ture can be built on the 
ba sis of the ver ti cal vari abil ity of the lithofacies.

STRATIGRAPHICAL ARCHITECTURE OF THE MUDSTONE SERIES

Strata of the Mudstone Se ries do not form suit able ex po -
sures, but a dense net work of bore holes cov ers their area of
pre served ex tent. Se lected bore holes were used to con struct
sev eral cross-sec tions to visu al ise the ar chi tec ture of the
coal-bear ing flu vial strata. In the Mudstone Se ries, there are
only a few eas ily iden ti fi able and wide spread cor re la tion mark -
ers. The most im por tant of these is the Hubert fresh wa ter fau nal 
ho ri zon, the top of which marks the base of the Mudstone Se -
ries. The sec ond marker is a tuffitic layer as so ci ated with the
Stanis³aw fresh wa ter fau nal ho ri zon, the lat ter de fin ing the
bound ary be tween the Za³ê¿e and Orzesze Beds. Us ing coal
seams as cor re la tion ho ri zons is prob lem atic be cause the
seams in each mine are num bered in de pend ently of those in
neigh bour ing mines. As a re sult, the same coal can have dif fer -
ent num bers in dif fer ent coal mines. Cor re la tion of coal seams
among min ing fields, there fore, re quires con fir ma tion by min ing
works (Gradziñski, 1994) or con struc tion of cor re la tion pan els
be tween neigh bour ing mines.

ANALYSIS OF COAL SEAM THICKNESS AND GEOMETRY

Data on the thick nesses of var i ous sed i men tary bod ies
(e.g., coal beds and sand stone lithosomes) were ex tracted
from min ing maps and bore holes and plot ted onto an Ex cel
spread sheet. The col lected data were, in turn, used to con struct 
thick ness maps for se lected coal seams, sup ple mented by
thick ness maps for clastic de pos its over ly ing or un der ly ing the
coal seams stud ied, or their strati graphic equiv a lent where coal
is not de vel oped (e.g., tuff in the coal seam 328). Thick ness
maps of clastic in ter vals in clude the pack age up to the first
prom i nent change in li thol ogy. In di vid ual pack ages thus rep re -
sent the thick ness of the fine-grained or coarse-grained clastic
fa cies be low/above a coal seam. For the pur pose of re con -
struct ing the ge om e tries of coal-bear ing strata based on ar chi -
val drill ing ma te ri als, a sim ple clas si fi ca tion of in-chan nel de -
pos its, based on their thick ness, was ap plied. Based on anal y -
sis of the thick ness range of sand stone chan nel bod ies by
Gibling (2006), it has been ar bi trarily as sumed for the pur pose
of this work that sand stone bod ies with a thick ness of at least
1.5 m are treated as flu vial chan nel de pos its, while those that
are thin ner rep re sent cre vasse chan nels or the prox i mal parts

of cre vasse splays. First-hand ob ser va tions in mine gal ler ies by 
the au thors and coal mine ge ol o gists pro vided ad di tional in for -
ma tion on thick ness changes of the coal seams re lated to dif fer -
en tial com pac tion and the in ter ac tion of coal with con tem po ra -
ne ous flu vial chan nel de pos its.

MACRO- AND MICROPETROGRAPHIC ANALYSIS OF THE COAL SEAMS

To re con struct the hy dro log i cal char ac ter of the peat
swamps (e.g., ombrotrophic/rheotrophic) rep re sented by the
Mud stone Se ries, and their pre vail ing veg e ta tion type (arbore -
scent/her ba ceous), lithotype, microlithotype and maceral anal y -
ses sup ple mented by sul phur and ash yield data of coal seams
from se lected bore holes and coal mines were car ried out.
These bore holes and mines were lo cated in (i) west ern; (ii); (iii)
cen tral; (iv) south ern, and (v) east ern re gions of the ba sin
(Fig. 1B).

Lithotype anal y ses of coal seams of the Orzesze and
Za³ê¿e beds were per formed on one bore hole for each of the
five above-men tioned re gions (Ta ble 1). The lithotype ter mi nol -
ogy pro posed by Lipiarski (1975) and fur ther re fined by
Pokroñski (1994) was used. The ver ti cal suc ces sion of the
lithotypes pro vided in for ma tion on the hy dro log i cal his tory of the 
peat swamp pre cur sors of the coal beds (Diessel, 1992; Tay lor
et al., 1998). Six hy dro log i cal types of peat swamps (see
Figs. 17, 18 and Sup. Fig. 5), char ac ter ised by their pre vail ing
type of veg e ta tion and de gree of waterlogging, were de fined as
as so ci a tions of lithotypes and their tex tural fea tures (Pokroñski, 
1994). The lithotype com po si tion and their ver ti cal or der roughly 
re flect the veg e ta tion com po nents. Bright and banded bright
coals com posed of vitrain are in ter preted as orig i nat ing from
for ested, con tin u ously wet swamps (telmatic swamps) whereas
bright coal with thin bands of durain with fusain lenses in di cate
rel a tively drier for est swamp. In con trast, dull coal va ri et ies
(banded and banded dull coals) are in ter preted as orig i nat ing
from her ba ceous swamps (Kalkreuth and Leckie, 1989).

De ter mi na tion of the mi cro scopic com po nents (macerals
and microlithotypes) of the coal sam ples was per formed with a
ZEISS Axioscope un der re flected light us ing im mer sion lenses
at 200x and 500x mag ni fi ca tion. Quan ti ta tive anal y sis of
macerals was car ried out ac cord ing to the rec om men da tions of
the In ter na tional Com mit tee on Coal Pe trol ogy (ICCP; Stach et
al., 1982). ICCP no men cla ture (Stach et al., 1982; Tay lor et al.,
1998) was used to de scribe the microlithotypes and macerals.
Maceral anal y sis was per formed on in di vid ual lithotypes from
two coal seams sam pled in mine gal ler ies (seam 403/1 in the
Pniówek coal mine and seam 330 in the Murcki coal mine) and
for the coal seam in the Koch³owice ex po sure. Both coal seams
sam pled in the Pniówek and Murcki coal mines were also stud -
ied for microlithotypes. This anal y sis was fur ther ap plied to
chan nel sam ples rep re sen ta tive of the full thick ness of par tic u -
lar coal seams sam pled from 22 bore holes lo cated in all parts of 
the USCB (Fig. 1B).

The maceral com po si tion of coal seams 403/1 (Pniówek
mine), 330 (Murcki mine), and from the Koch³owice ex po sure
was used to cal cu late the GI (Gelification In dex). This in di cates
the de gree of waterlogging of the peat swamp, and the TPI (Tis -
sue Pres er va tion In dex) as a proxy for iden ti fi ca tion of the type
of veg e ta tion and/or in ten sity of de com po si tion (Diessel, 1986,
1992). Plot ting these in di ces against the x- and y-axes de fines
the peat-form ing sub-en vi ron ments and char ac ter of the veg e -
ta tion.

The microlithotype com po si tion of coal beds was plot ted on
the fa cies di a gram of Hacquebard and Donaldson (1969). It de -
fines four types of peat-form ing en vi ron ments: (i) ombrotrophic
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T a  b l e  1

Fa cies and fa cies as so ci a tions of the Mudstone Se ries and their in ter pre ta tion



peat bog, which are purely rain-fed, not in flu enced by min -
eral-rich ground wa ter or sur face wa ter; (ii) for est-type peat bog
in telmatic and limnotelmatic zones; (iii) her ba ceous peat bog of 
telmatic and limnotelmatic zones; and (iv) open-wa ter zones.
Two other microlithotype-de rived fa cies in di ces were used and
based on mod i fied microlithotype as sem blages de fin ing the
tops of the Hacquebard-Donaldson fa cies di a gram. The For est
Fa cies In dex (FFI) is de fined as the ra tio be tween
microlithotypes (FFI = vitrite + inertite + clarite (spore-poor) +
vitrinertite/clarite (spore-rich) + clarodurite + duroclarite + durite
+ carbominerite) in di cat ing a for est-like char ac ter of the fen and
com po nents de rived from her ba ceous veg e ta tion. The Water -
logging In dex (WLI) ex presses the pro por tion of microlithotypes 
in di cat ing high ground wa ter level ver sus microlithotypes (WLI = 
clarodurite + durite + carbominerite/inertite + vitrinertite + durite
(spore-poor) in di cat ing peatland dry ing (see Figs. 17 and 18).
For the FFI, val ues >2 are in ferred to in di cate a peat bog dom i -
nated by arborescent veg e ta tion. Val ues be tween 0.5 and 2 in -
di cate peat ac cu mu la tion in a swamp with a mixed veg e ta tion

as sem blage, whereas val ues >0.5 sug gest a her ba ceous-type
swamp. A higher wa ter ta ble is re flected in in creased val ues of
the WLI, whereas val ues <1 in di cate a low or fluc tu at ing wa ter
ta ble in the peat swamp.

RESULTS

LITHOFACIES OF THE MUDSTONE SERIES

In their clas sic work, Doktor and Gradziñski (1985) dis tin -
guished 12 lithofacies in the Mudstone Se ries. These were
broadly sub di vided into three fa cies as so ci a tions, which cor re -
spond to three main sed i men tary zones rep re sented by river
chan nel, overbank and peat swamp de pos its, de scribed briefly
be low. Their fa cies scheme is here adopted and sup ple mented
by the fa cies as so ci a tion of lac us trine and lac us trine delta de -
pos its. In all, we de fine 14 fa cies grouped into three fa cies as so -
ci a tions (Ta ble 1).
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CHANNEL DEPOSITS

De scrip tion: De pos its that ac cu mu lated within flu vial chan -
nels are dom i nated by well-sorted, fine- to very fine-grained
sand stones, with sub or di nate me dium-grained sand stones and 
some interbeds of infraformational con glom er ate com posed of
re de pos ited sid er ite nod ules and mudstone clasts (see Doktor
and Gradziñski, 1985; Fig. 2). Chan nel de pos its form se -
quences up to 30 m thick, but their av er age thick ness is ~5 m.
The bases of the chan nel units are usu ally ero sional, com monly 
ac cen tu ated by the pres ence of intraclasts con cen trated in ho ri -
zons that may oc cur sev eral times in thicker se quences. Sand -
stones gen er ally dis play large scale cross-bed ding with sub or -
di nate asym met ri cal rip ple lam i na tion. The chan nel fa cies as so -
ci a tions are usu ally ar ranged into fin ing-up wards se quences
(Fig. 2). The thick ness, suc ces sion of lithofacies, and sed i men -
tary struc tures, which in clude lat eral ac cre tion sur faces, of the
chan nel bod ies show the great est sim i lar ity to de pos its of me -
an der ing (cf. Doktor and Gradziñski, 1985) and partly also of
anastomosing rivers (cf. Gradziñski et al., 2005; Kêdzior et al.,
2007).

In ter pre ta tion: Ac cu mu la tion of the sand stone bod ies took
place un der gen eral aggradation of the al lu vial plain. The thick -
ness of the sand stone bod ies, the lithofacies se quence
(CGi/SM/SH-SL-SR), and the set of sed i men tary struc tures
(ep si lon cross-strat i fi ca tion, rip ple cross- and flaser bed ding)
are usu ally ar ranged as fin ing-up wards se quences, typ i cal of
sed i ments that ac cu mu lated within low-gra di ent river chan nels
of high sin u os ity. The sand stones mainly ac cu mu lated in the
form of side bars and, as a re sult of lat eral mi gra tion of the me -
an der belt, the lat er ally con tin u ous sand stone bod ies can be
traced in in di vid ual ex po sures up to a dis tance of al most 100 m,
while aban doned chan nel de pos its were also re cog nised
(Doktor and Gradziñski, 1985).

OVERBANK DEPOSITS

De scrip tion: Chan nel de pos its com prise only a small pro -
por tion of the Mudstone Se ries strata. The re main der are re -
ferred to as ‘overbank de pos its’. This group in cludes sand -
stones that are <1.5 m thick, as well as siltstones, mudstones
and phytogenic de pos its. Overbank de pos its can be sig nif i -
cantly thicker, lo cally ex ceed ing 100 m. Sand stones clas si fied
as overbank de pos its oc cur within thick pack ages of fine-
 grained de pos its and lack coarse grains. These are typ i cally
fine-grained SR lithofacies sand stones and heterolithic de pos -
its (HE) bear ing a va ri ety of cur rent struc tures. Fine-grained de -
pos its, mainly mudstones, are dom i nantly mas sive (FM
lithofacies), and can be bioturbated (FS lithofacies). Wavy lam i -
nated mudstones (FW lithofacies) and flat lam i nated mud -
stones (FH lithofacies) are less com mon. A char ac ter is tic fea -
ture of overbank de pos its is the wide spread oc cur rence of
gradational tran si tions be tween in di vid ual lithofacies. Anal y sis
of the ver ti cal suc ces sion of lithofacies in di cates the pres ence
of se quences with both nor mal and re verse grain-size gra da -
tion. Ver ti cal stack ing of overbank lithofacies (Fig. 3) in di cates
the ex is tence of four sub-en vi ron ments (Doktor and Gradziñski, 
1985):

– Cre vasse splays and cre vasse chan nels usu ally con sist
of 2–5 m-thick bod ies com posed of fine-grained sand -
stones with siltstone and mudstone interbeds, lo cally ar -
ranged into coars en ing-up wards se quences oc cur ring
within thicker fine-grained pack ages.

– Nat u ral lev ees rep re sented by as sem blages sev eral
tens of centi metres thick of heterolithic sand stones and
siltstones with rip ple and len tic u lar lam i na tion, com -
monly show ing bioturbation and root traces.

– Shal low floodplain lakes and ponds re corded as rel a -
tively thin and lat er ally re stricted suc ces sions of
mudstones. These de pos its lack roots but con tain
allochthonous plant re mains. In some cases, the lac us -
trine de pos its are over lain by coars en ing-up wards se -
quences, which usu ally be gin with mas sive mudstones
pass ing up wards into lam i nated mudstones, heterolithic
de pos its, rip ple-lam i nated sand stones, and fi nally by
mudstones with root-re worked mudstones.

– Dis tal floodplains are rep re sented by sev -
eral-metres-thick suc ces sions of al ter nat ing fine-grained 
fa cies, with di verse sed i men tary struc tures that in di cate
vari able but gen er ally weak cur rents (wavy, flaser, len -
tic u lar, and hor i zon tal lam i na tion, as well as mas sive
beds), com monly interfingering with splay de pos its.
Root traces of wet land veg e ta tion are typ i cal.

In ter pre ta tion: Nat u ral lev ees char ac ter ised by vari able to -
pog ra phy formed along the chan nels of low-gra di ent rivers.
Dur ing high wa ter lev els (floods), de pres sions in the lev ees
were the main routes for the dis per sion of sed i ment from chan -
nels and onto floodplains, where it was de pos ited as cre vasse
splays. De pos its of cre vasse chan nels and splays, and nat u ral
lev ees typ i cally dom i nate in prox i mal parts of floodplains. Dis tal
floodplains are de void of the sandy frac tion and are typ i cally
dom i nated by the de pos its of clastic swamps, dis tal cre vasse
splays, and pe ri odic lakes (see Doktor and Gradziñski, 1985;
their fig. 21). Where the dis tal part of a splay fed into a lake or
pond, it forms a cre vasse splay delta. Such sed i ments are as -
so ci ated with ter mi nal splay and char ac ter ised by in crease of
the grain size and ar ranged into coars en ing-up wards se -
quences (e.g., Elliott, 1974; Gersib and McCabe, 1981). Sed i -
men tary struc tures (or their mac ro scopic ab sence) in the
fine-grained de pos its (e.g., mas sive, hor i zon tally and wavy lam -
i nated mudstones, and thin ner lay ers of rip ple-lam i nated
fine-grained sand stones and siltstones) in di cate the pre dom i -
nance of de po si tion from sus pen sion, only subordinately ac -
com pa nied by weak trac tion cur rents. The oc cur rence of thick
(up to 7 m) pack ages com posed of a sin gle lithofacies (FM,
FW), or hy dro dy nam i cally closely re lated lithofacies, in di cates
the long-term prev a lence of sim i lar depositional con di tions. The 
clastic ma te rial was de pos ited as sus pended par ti cles in
overbank ar eas dur ing floods. De po si tion oc curred not only
dur ing floods, but also af ter flood waters had re ceded, such as
in flood bas ins and ephem eral ponds where the wa ter ta ble per -
sisted. Overbank de pos its typ i cally con tain carbonised roots,
but in some cases the mudstones lack root traces, which may
in di cate de po si tion in lac us trine en vi ron ments, small ponds, or
flood bas ins.

PALUSTRINE DEPOSITS

De scrip tion: These de pos its are rep re sented by sev eral
centi metres to >1 m thick beds of humic coal and/or in ter ca -
lated car bo na ceous mudstone oc cur ring within fine-grained
floodplain de pos its de rived from coarse-grained chan nel fa cies. 
Thin bands of sapropelic coal are in ter ca lated in the coal beds.
The de pos its un der ly ing coal beds are com monly densely
rooted by Stigmaria, the root ing or gan of lycopsid trees.
Fine-grained, thinly bed ded and lo cally lam i nated mudstones
above the coal seams, which are de void of roots and bear
abun dant plant re mains, in di cate that the ces sa tion of peat ac -
cre tion was due to drown ing of the peat swamp. Clastic part ings 
com pris ing rooted mudstones, with or with out a coaly ad mix -
ture, are pres ent in many coal beds. The coal seams also are
com monly split. Ma jor coal seams are lat er ally wide spread, al -
though their cor re la tion be tween bore holes is prob lem atic due
to the lim ited avail abil ity of cor re la tion mark ers. Such mark ers
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Fig. 2. Ex am ples of in-chan nel strata in the Mudstone Se ries

Paniowy IG1 bore hole with in ter pre ta tion of the sed i men tary en vi ron ment
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Fig. 3. Ex am ples of overbank strata in the Mudstone Se ries

A–C – Paniowy IG1 bore hole with in ter pre ta tion of the sed i men tary en vi ron ment; D – Warszowice-Paw³owice 43 (WP 43) bore hole



in clude sev eral tonsteins and tuff/tuffite beds (cf. Kuhl, 1955;
Porzycki, 1972; £apot, 1992), and the Stanislaw and Hubert
fau nal bands. In ad di tion, vari a tions in coal seam thick ness and
the ef fects of lo cal wedg ing re sult in the dis con tin u ous dis tri bu -
tion of seams and their con cen tra tion in iso lated patches (cf.
Figs. 5–7 and Sup.Figs. 1–3).

In ter pre ta tion: Peat for ma tion was typ i cally re stricted to ar -
eas of re duced clastic in put. Mech a nisms to re strict clastic ma -
te rial may have in cluded rel a tively high nat u ral lev ees or the
baf fling of flood wa ters by lush veg e ta tion sur round ing the river
banks. Long-term peat ac cre tion gen er at ing thick peat lay ers
was re lated to wa ter-ta ble rise likely driven by a com bi na tion of
var i ous mech a nisms. Be sides long-term ba sin sub si dence
(Doktor and Gradziñski, 1985), there would have been other
allogenic mech a nisms such as cli mate (Opluštil et al., 2013,
2019, 2022; Noorbergen et al., 2018) and autogenic fac tors
such as lo cal tec ton ics, avul sion or peat com pac tion (Doktor
and Gradziñski, 1985). Cited cli ma tic mod els sug gest that peat
ac cre tion was ini ti ated by the tran si tion from a sea sonal to
ever-wet cli mate mode, re sult ing in an up stream re duc tion of
clastic in put, a ris ing ground wa ter ta ble, and sub se quent
paludification and peat for ma tion. The ces sa tion of peat ac cu -
mu la tion could have been linked to in creas ing sea son al ity. Un -
der a sea sonal cli mate mode, higher aggradation of the flu vial
chan nels ex ceeded peat ac cre tion, which re sulted in chan nel
in sta bil ity and avul sion that in tro duced clastic sed i ments into
ad ja cent peat swamps (Noorbergen et al., 2018; Opluštil et al.,
2022). It can not be ex cluded also that base level changes re -
lated to sea level os cil la tions in the North Variscan Fore land
Ba sin played a role. How ever, this hy poth e sis is cur rently dif fi -
cult to test be cause con nec tion be tween the USB and North
Variscan Fore land Ba sin dur ing the Penn syl va nian is not
proven. Rooted mudstones in ter ca lated within coal seams rep -
re sent short-term ex traor di nary flood ing events at mil len nial or
lon ger scales, re sult ing in a tem po rary in ter rup tion of peat pro -
duc tion and its sub se quent re cov ery. Ma jor flood ing events
could also have re sulted in coal split ting. The dom i nantly
banded (humic) char ac ter of coals un der lain by rooted beds,
and the pres ence of roots in some clastic part ings, in di cate that
the pre cur sors of the coal seams were swamps where peat
formed by the humification and ac cu mu la tion of autochthonous
plant re mains (e.g., Teichmüller, 1989; Diessel, 1992; Tay lor et
al., 1998). The oc ca sional pres ence of sapropelic coals in di -
cates that peat swamps ei ther passed lat er ally from or grad u -
ally evolved into ponds, where plant de tri tus was de pos ited on
an anoxic bot tom. The lo cal pres ence of clastic part ings or in -
creased ash yield (gen er ally >10 wt.%) in the form of mud-sized 
clastic de pos its in di cates the co ex is tence of peat swamps with
clastic sources, prin ci pally ac tive flu vial chan nels. Some parts
of the coal beds, or in ter vals within them that have a high ash
yield and/or in ter ca lated clastic part ings, formed in rheotrophic
peat swamp sys tems. By con trast, in ner parts of the peat
swamps or in ter vals com posed of low-ash coal (<5 wt.%) may
have formed in ei ther pla nar rheotrophic sys tems with re duced
clastic in put, or in mesotrophic or ombrotrophic peat swamps
with a wa ter ta ble el e vated above the re gional ground wa ter ta -
ble (Smith, 1962; Littke, 1987; Diessel, 1992; Opluštil et al.,
2018, 2024; Zieger and Littke, 2019).

DEPOSITS OF LARGE PERMANENT LAKES

De scrip tion: In con trast to the floodplain pond de pos its,
large lakes bear a fresh-wa ter fauna, are of great lat eral ex tent
and thus are of strati graphic im por tance. The best ex am ples of
wide spread fresh wa ter fau nal ho ri zons are the Hubert and
Stanis³aw lev els (Musia³ et al., 1995), al though it should be

noted that fau nal re mains were not found in each bore hole. The
Hubert fau nal ho ri zon is com posed of var i ous fine-grained
lithologies, which host a rel a tively poor bi valve as sem blage with 
Curvirimula belgica (Hind) (with the longa, triangularis and alta
mor pho log i cal forms), C. tesselata (Jones), C. orbiculata Ta bor, 
Anthraconaia lenisulcata (Trueman), Naiadites rudensis Ta bor, 
and Carbonicola sp. The Stanis³aw fresh wa ter fau nal ho ri zon
as sem blage is even more sparse, with Curvirimula belgica
(Hind), C. orbiculata Ta bor, and a sin gle Carbonicola silesiaca
Ta bor only (Musia³ et al., 1995). Fauna in this ho ri zon, sit u ated
at the Za³ê¿e/Orzesze Beds bound ary (Westphalian A/B
bound ary), is not com mon and is only re corded in a few bore -
holes. The bi valve re mains oc cur within mas sive mudstones of
vari able thick ness, rang ing from 10–330 cm. Mudstones bear -
ing the fresh wa ter fauna (termed here as ‘shells-con tain ing’)
are usu ally dark grey, hor i zon tally lam i nated with varve-like al -
ter na tions in col our, con tain scat tered sol i tary silty laminae, and
break with a char ac ter is tic conchoidal frac ture. The al ter na tion
of the col our bands and in dis tinct lam i na tion in the mudstones
re flect changes in or ganic mat ter con tent and sub tle grain-size
vari a tions, re sult ing in conchoidal and slab by split ting. The
mudstones lack root traces and only sol i tary carbonised plant
frag ments were ob served. In gen eral, the shell-con tain ing beds
do not form a sin gle layer, but in stead are interbedded with silty
mudstones, siltstones, and heterolithic and other fine-grained
de pos its. The col our band ing as so ci ated with conchoidal frac -
ture are de ci sive fea tures for re cog nis ing such shell-con tain ing
mudstones, even if fau nal re mains them selves have not been
noted. An in ter val con tain ing sev eral shell-con tain ing ho ri zons
can reach up to 8 m in thick ness. In most cases, humic coal
beds of vari able thick ness un der lie the shell-con tain ing beds.
These un der ly ing coals are mostly com posed of thin-banded
bright lithotypes, in some cases with fusain lenses, and are
interbedded with thin ner in ter vals of mi cro- to me dium-banded
dull lithotypes. Above a shell-con tain ing layer, grey mudstones,
with dis tinct pla nar lam i na tion transitioning up wards to in dis tinct 
len tic u lar and flaser bed ding, have of ten been noted. These
over ly ing strata con tain sol i tary or sparse plant de tri tus and ax -
ial frag ments, and in some cases si der it ic nod ules up to 5 cm in
di am e ter.

In ter pre ta tion: The lake de pos its were mainly de pos ited
from sus pended load trans ported by rivers, whereas wind-
 blown dust and vol ca nic ash were lim ited. The pre dom i nance of 
sus pended load oc curred be cause the land scape was prob a bly 
cov ered by dense veg e ta tion, whereas vol ca nic ash beds are
nearly ab sent in lac us trine de pos its of the Mudstone Se ries.
Quiet-wa ter de po si tion of sus pended mud and silt oc curred dur -
ing nor mal river dis charge, with interbeds of coarser sed i ment
sup plied dur ing large flood events, when cre vasse splays
formed. The grain size of sed i ment within cre vasse splays re -
flects that car ried by the pa ren tal river tract, and can in clude
coarse sands (Orton, 1995).

For the lac us trine de pos its of the Mudstone Se ries, the oc -
cur rence of a humic coal bed di rectly be low shell-con tain ing
mudstones is in dic a tive of drown ing of the peat swamp by flood
wa ters. In other cases, the shell-con tain ing de pos its have been
re cog nised as hav ing cov ered a densely veg e tated floodplain
(mudstones with well-de vel oped coalified root traces, leaves
and stems), sug gest ing a tran si tion from a dis tal floodplain to
floodbasin en vi ron ment. In only a few cases, sapropelic de pos -
its were noted be low lac us trine fa cies, and are in ter preted as
rep re sent ing a flood ba sin with bot tom anoxic con di tions and
lim ited clastic sup ply. An in creased sup ply of coarser-grained
sed i ment, in clud ing fine-grained sand, caused the ba sin to be -
come shal lower, which in turn al lowed veg e ta tion to colo nise
the area. Ev i dence for this pro gres sion is shown by the pres -
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Fig. 4. Pro por tion of phytogenic and clastic strata in the Mudstone Se ries in the Main Syncline area

A – coal con tent; B – fine-grained clastic de pos its; C – sand stone con tent. See Figure 2 for bore hole dis tri bu tion in the Main Syncline area
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Fig. 6. Cor re la tive cross-sec tion C–C’

Orzesze/Za³ê¿e Beds bound ary. Murcki coal mine, north ern part of the Main Syncline
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Fig. 7. Cor re la tive cross-sec tion F–F’

Orzesze/Za³ê¿e Beds bound ary. Czeczott and Ziemowit coal mines, south ern part of the Main Syncline



ence of siltstones and heterolithic de pos its with root-dis turbed,
pri mar ily pla nar lam i na tion. Mi nor and lat er ally impersistent
lakes prob a bly rep re sented small ponds formed on the near est
poorly drained parts of the floodplain. The or i gin of large
near-ba sin scale lakes rep re sented by shell-con tain ing de pos -
its of the Hubert and Stanis³aw fau nal ho ri zons can be only
spec u lated. These are cor re lated with the base and top of the
Langsettian substage. It sug gests a hy poth e sis that they may
rep re sent a dis tal re sponse to the ma jor ma rine trans gres sions
used in the west Eu ro pean belt of paralic coal fields to de fine re -
gional substage bound aries (e.g., Owens et al., 1985).

BASIN-SCALE FLUVIAL ARCHITECTURE OF THE MUDSTONE SERIES

The Mudstone Se ries is char ac ter ised by the al ter na tion of
two lithosome groups: one fine-grained and the other coarse-
 grained. The coarse-grained lithosomes in clude chan nel fa cies
form ing thick sandbodies, whereas the fine-grained lithosomes
con sist of lat er ally per sis tent de pos its of the overbank,
palustrine and lac us trine fa cies as so ci a tions. The pro por tion of
both groups var ies spa tially. In west ern parts of the ba sin,
fine-grained rocks typ i cally con sti tute 60–80 vol.% of the whole
suc ces sion, whereas sub or di nate coarse-grained de pos its rep -
re sent ~20–30 vol.% and coal beds make up 3–9 vol.%. To -
wards the east, the pro por tion of coarse-grained fa cies in -
creases to 54 vol.%, whereas fine-grained fa cies in clud ing coal
de crease to 46 vol.% (Fig. 4).

The thick ness of in di vid ual sand stone bod ies in creases
from <10 m in the west ern part of the ba sin to 15–20 m (rarely
up to 35 m) in the east ern part. Thicker bod ies con sist of amal -
gam ated chan nel-fills. Based on the width/thick ness ra tio de -
fined by Friend (1983) and Gibling (2006), cross-sec tions and
maps of sand stone thick nesses were used to iden tify rib bon-
and sheet-like sand stone bod ies in the Mudstone Se ries
(Figs. 5–7, 12, 13 and Sup.Figs. 1–3). The rib bon-like
(channelised) sand stone bod ies have width/depth (W/T) ra tios
of <15 and are usu ally multi-sto ried, re flect ing the multi-stage
fill ing of flu vial chan nels. Each storey is sep a rated by an ero -
sional sur face, sug gest ing cy cli cally re peated phases of ero sion 
of pre vi ously ac cu mu lated sand stones and the de po si tion of
sed i ments within the same me an der belt. Sim ple fills formed
dur ing a sin gle depositional act oc cur oc ca sion ally. These sim -
ple fills have a lesser thick ness and smaller lat eral ex tent com -
pared to multi-storey bod ies (Fig. 7).

The cu mu la tive thick ness of fine-grained strata, com pris ing
overbank, lac us trine fa cies as so ci a tions, and phytogenic de -
pos its var ies from a few tens of metres to about 150 m, with typ i -
cal val ues be tween 30 and 100 m. Mean val ues change both
spa tially and stratigraphically. Pack ages 15–80 m thick are typ i -
cal of the lower part of the Mudstone Se ries (Fig. 5 and
Sup.Figs. 1, 2), whereas those in the mid dle part are thin ner
(Figs. 6, 7 and Sup.Fig. 3). The mudstone-dom i nated suc ces -
sions are typ i cally com posed of lithosomes sev eral metres thick 
that are stacked in 15–20 m (<30 m) thick suc ces sions sep a -
rated by mud-sand heterolithic de pos its, thin sand stone bod ies, 
or coal seams (Fig. 7). Heterolithic strata are com posed of hor i -
zon tally lam i nated sandy mudstones with thin interbeds of pla -
nar and rip ple-lam i nated fine-grained sand stones. In ter ca lated
in the mudstone-dom i nated pack ages are <3 m-thick fine- to
me dium-grained sand stone bod ies de pos ited as cre vasse
chan nels or cre vasse splays (Fig. 3). Based on cross-sec tions
(Figs. 6, 7 and Sup.Figs. 1, 2), a lat eral change from chan nel to
overbank de pos its can be ob served, which is typ i cal of me an -
der ing rivers. These tran si tions start with a thick pack age of
sand stone bod ies pass ing lat er ally into heterolithic de pos its

and sandy mudstones (lev ees), and then to mudstones and lo -
cally to claystones de pos ited on a floodplain. On the op po site
bank, a sand stone body passes into siltstone or claystone
(Fig. 5 – bore holes Kc 28 and Kc 6, depth 120–140 m; Fig. 6 –
bore hole Mik-9, depth 120 m and bore hole Mik-3, depth
150 m). This ob ser va tion sug gests bank ero sion on one side of
the chan nel and si mul ta neous de po si tion of clastic sed i ments
on a point bar and floodplain on the other side.

Coal seams are im por tant ar chi tec tural el e ments in the
Mudstone Se ries. Coal seam thick ness var ies from a few centi -
metres in most cases to >6 m (Fig. 5 and Sup.Fig. 1). Changes
in coal seam thick nesses are only ex cep tion ally re lated to
post-sed i men tary ero sion, and in these in stances are marked
by a re duced thick ness or even com plete re moval, and also by
the pres ence of flu vial chan nel de pos its in the roof of the seam
(Figs. 6, 7 and Sup.Fig. 1). Most thick ness vari a tions are re -
lated to depositional pro cesses dur ing peat ac cu mu la tion
(Fig. 8). Ma jor coal seams (>1.5 m thick) are of rel a tively large
(at least 10 km) lat eral ex tent, whereas thin ner seams usu ally
oc cur as dis con tin u ous ir reg u lar lenses. The con ti nu ity of coal
seams can be lo cally dis rupted by con tem po ra ne ous flu vial
chan nels that dis turbed peat ac cu mu la tion in zones that are
sev eral kilo metres wide and de vel oped due to the flat re lief of
the flood plain area (Porzycki, 1972; Doktor and Gradziñski,
1985). Such in stances are marked by the pres ence of clastic
bands/interbeds that com monly re sult in a coal bed be ing split
into two or more benches (Fig. 5 and Sup.Figs. 1, 2). How ever,
cor re la tion of in di vid ual benches be tween bore holes is of ten dif -
fi cult (Fig. 7). Less com mon is X-shaped split ting, which oc curs
where a coal seam is split in op po site di rec tions over a short
dis tance, usu ally to wards the east and west (Sup.Fig. 1).

Doktor and Gradziñski (1985) ex plic itly de scribed the sed i -
men tary ac cu mu la tion en vi ron ments of the Mudstone Se ries
as be ing as so ci ated with me an der ing river sys tems, while not -
ing that some rivers or river sec tions may be as so ci ated with
anastomosing rivers. While it is dif fi cult to rule out the pres -
ence of an anastomosing sys tem based on anal y sis of
cross-sec tions, the large quan tity of sed i ment and its thick -
ness on the floodplain may have been the re sult of an in crease 
in ac com mo da tion space, which would have re sulted in the
pres ence of iso lated and con fined chan nels. Flood ing be came 
more fre quent due to ris ing sea lev els (Wright and Marriott,
1993). The ob ser va tions sug gest that only im ma ture soils are
pres ent, which may sup port the idea that the im age ob tained
from the cross-sec tions is re lated to the ac tiv ity of low-gra di ent 
rivers of anastomosing type. The change in the pro por tion and 
thick ness of sand stone bod ies at the bound ary of the
Za³ê¿e/Orzesze beds may be re lated to the vary ing rate of ba -
sin sub si dence. A com par i son of the Langsettian and
Bolsovian suc ces sions in the Neth er lands and Ken tucky
(USA) in di cates that the rate of ba sin sub si dence in flu ences
strati graphic ar chi tec ture (van den Belt et al., 2015). In gen -
eral, ar eas with a high rate of sub si dence show a suc ces sion
dom i nated by mudstone with a small amount of sand stone,
while ar eas with a mod er ate rate of sub si dence re cord sand -
stone bod ies 10–20 m thick. How ever, at this stage of the re -
search, it is not pos si ble to dem on strate whether ac com mo da -
tion space was tec toni cally con trolled on a re gional scale or re -
lated to re gional or lo cal changes in the ero sional base. Sim i -
larly, it is not pos si ble to as sess whether the pre dom i nance of
fine-grained de pos its is re lated to the type of source area, the
gra di ent of the al lu vial val ley (and thus the com pe tence of the
flow), cli ma tic fac tors (the amount and dis tri bu tion of pre cip i ta -
tion over time) or a com bi na tion of these fac tors.
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FLUVIAL ARCHITECTURE OF SELECTED STRATIGRAPHIC INTERVALS

A better un der stand ing of lat eral changes in the ar chi tec ture 
of the Mudstone Se ries is pro vided by a com par i son of cross-
 sec tions made at two strati graphic in ter vals. The first in cludes
the bound ary be tween the Za³ê¿e and Orzesze beds at two dif -
fer ent lo ca tions: in the Murcki and Czeczott coal mines. The
sec ond in cludes the low est part of the Za³ê¿e Beds in the area
of the Pniówek mine (Fig. 1B).

In the Murcki coal mine, lo cated in the north ern part of the
Main Syncline, the in ter val is dom i nated by coarse-grained
chan nel de pos its. These strata form thick pack ages char ac ter -
ised by a com plex in ter nal struc ture and are of large lat eral ex -
tent. Overbank de pos its are ei ther as equally rep re sented as, or 
are slightly sub or di nate to, abun dant heterolithic fa cies. Coal
seams are rare and usu ally thin, and lo cally may be partly or
com pletely washed out due to post-sed i men tary ero sion
(Figs. 5–8 and Sup.Figs. 1–3). As a re sult, coal seams rarely
form lat er ally per sis tent ho ri zons that can be trace able be tween 
bore holes over large dis tances. The high pro por tion of
coarse-grained rocks sug gests close prox im ity to, or even a lo -
ca tion within, the main chan nel zone that was sit u ated in the
most sub sid ing part of the ba sin. In the Czeczott coal mine,

~25 km to the south-east, this in ter val is dom i nated by overbank 
de pos its, mainly mudstones with sub or di nate hetero lithic de -
pos its (Fig. 7). Here, coal beds are nu mer ous, some of them
be ing up to 2.5 m thick, rarely eroded, and thus of much greater
lat eral ex tent than in the Murcki mine.

More de tails of the ar chi tec ture of coal seams and their re la -
tion ship with en tomb ing clastic de pos its can be de duced from
cross-sec tions con structed for the in ter val con tain ing coals
405–404/4 and for the stratigraphically youn ger in ter val of coal
328.

The in ter val of the lower Langsettian coals 405–404/4 is lo -
cated ~80–100 m above the base of the Mudstone Se ries. In
the area stud ied of the Pniówek coal mine (Fig. 1B), coal 404/4 
ini tially splits into two benches (cf. Sup.Figs. 1 and 2). The
thick ness of the clastic in ter val be tween the benches (Fig. 9A)
and net con tent of sand stones (Fig. 9B) point to the close
prox im ity of a SW–NE-strik ing chan nel tract zone that is
broadly par al lel to the axis of max i mum sub si dence. The zone
of max i mum sand stone thick ness is <2 km across, and the
sand stone con tent gen er ally ex ceeds 50 vol.%, with a max i -
mum reach ing 90 vol.%. Sand stones are es sen tially ab sent
out side of this zone.
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Fig. 8. Ero sive fea tures in coal seam No. 359/1 (Za³ê¿e Beds) ob served in un der ground gal ler ies
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Fig. 9. Thick ness and pro por tion of sand stone in the in ter val be tween the top of coal seam 405/1 and the base of coal seam 404/4

A – map of sand stone thick ness (in m); B – map of sand stone pro por tion (in %). The mapped area is shown in Fig ure 2, as the rect an gle 
marked with the let ter A



Overbank de pos its en tomb ing coals 405/1 and 404/4 lo -
cally con tain in ter ca lated bod ies of chan nel sand stone. Bod ies
found be low coal 405/1 form an arc-shaped zone sev eral
metres thick ex tend ing N–S (Fig. 10A). West of this bend, there
are smaller sand stone bod ies, which in size and shape re sem -
ble ox bow lakes. In con trast, a sand stone body up to 35 m thick
be tween seams 405/1 and 404/4 is straight and trends NNE
(Fig. 10B, cf. Figs. 7, 9B and Sup.Fig. 2).

An other sand stone body sit u ated above coal 404/4 re sem -
bles a sin u ous chan nel zone  up to 12 m thick en tombed in
overbank fa cies up to 30 m thick (cf. Figs. 5 and 10C). This lat -
ter sand stone body is prob a bly a sim ple rib bon-type chan -
nel-fill, re sem bling a nar row me an der belt that prob a bly trends
eastwards, then turns to wards the south be fore chang ing di rec -
tion again to the east and north-east. Fi nally, maps of sand -
stone thick ness prob a bly show a por tion of a me an der belt run -
ning SSW–NNE and fol low ing the ba sin axis. The me an der belt 
ap pears to be sur rounded by a zone of cre vasse splays, an in -
ter pre ta tion sup ported by the de creas ing thick ness of sand -
stone de pos its and their grad ual re place ment by fine-grained
overbank de pos its. Clastic sup ply from the flu vial chan nel
formed a broad zone where coal 404/4 splits into a se ries of
benches, in con sis tently num bered dur ing min ing work (cf.
Sup.Fig. 2).

The youn ger study in ter val in cludes coal seam 328 and an
as so ci ated tuffite layer (Figs. 6, 7 and Sup.Fig. 3), which marks
the bound ary be tween the Orzesze and Za³ê¿e beds
(Langsettian/Duckmantian bound ary). Al though dis con tin u -
ously pre served (Fig. 11), em place ment in a geo log i cal in stant
im plies that the spa tial dis tri bu tion of fa cies di rectly be low and
above the tuffite re cords the po si tion of sed i men tary en vi ron -
ments at the mo ment of ash fall and im me di ately af ter its de po -
si tion. Anal y sis of strata di rectly over ly ing the pyroclastic bed
show the pres ence of a fine- to me dium-grained sand stone
body up to 5 m (max. 10 m) thick with a me an der ing pat tern,
broadly fol low ing a sub-N–S course (Fig. 12A). A coal seam up
to 1.5 m thick is lo cated mainly in the south part of the area near
the me an der belt, which cor rob o rates the co ex is tence of ac tive
river chan nels and peat swamps. The co ex is tence of both en vi -
ron ments im plies that mi grat ing river chan nels un der cut the
peat swamps on their con cave banks, while de pos it ing point
bar sed i ments on their con vex banks at the same time.

Be neath the pyroclastic ho ri zon, and en tombed in
fine-grained siliciclastic de pos its, a me an der ing sand stone
body that is ~2–3 km wide (Fig. 13B) and mostly <7 m (max.
30 m) thick trends in a sub-N–S course. Coal seams are scat -
tered into sev eral iso lated ar eas and their thick ness typ i cally
var ies be tween 0.5 m and 2 m (max. 3.4 m). The tem po ral evo -
lu tion of the me an der belt and as so ci ated floodplain can be de -
duced from three suc ces sive fa cies maps con structed for in ter -
vals 1, 3, and 5 m be low the tuffite (Fig. 13). These maps not
only show changes in the po si tion of the me an der belt, but also
its grad ual wid en ing at the ex pense of floodplain clastics and
as so ci ated peat swamps.

LITHOFACIES ANALYSIS AND PETROGRAPHIC COMPOSITION 
OF COAL SEAMS OF THE MUDSTONE SERIES

Coal lithofacies anal y ses were per formed on 431 coal
seams from the Za³ê¿e Beds (388 coal seams) and Orzesze
Beds (43 coal seams) en coun tered in five bore holes lo cated
across the study area: Paniowy IG1 (Pn IG1), Krzy¿owice IG1
(Kc IG1), Piasek IG1 (Pia IG1), Porêba Wielka IG1 (PoW IG1),
and Drogomyœl IG1 (Dr IG1) (Fig. 1B). The re sults are given in
the Sup ple men tary ma te rial (Sup.Figs. 1–4, 5) and sum ma -
rised in Ta ble 2.

The Za³ê¿e Beds in the north ern, cen tral and west ern sec -
tors (see Fig. 1B) are char ac ter ised by an al most equal per cent -
age of for est- and mixed-type peat swamps. Only a mi nor num -
ber of coals rep re sent the her ba ceous type, whereas for -
est-type peat swamps pre dom i nate in the south ern part of the
ba sin. The east ern sec tor is mark edly dif fer ent, with a rel a tively
high num ber of the coals rep re sent ing her ba ceous-type peat
swamps and only a mi nor pro por tion of for est-type peat
swamps (Ta ble 2).

There are fewer anal y ses of the coals from the Orzesze
Beds, these be ing only per formed on three bore holes from the
north ern (Pn IG1), cen tral (Pia IG1), and east ern (PoW IG1)
sec tor. In bore hole Pn IG1, the ma jor ity (63 vol.%) of the coals
rep re sent for est-type peat swamps. Phytogenic ma te rial from
the bore hole Pia IG1 mainly ac cu mu lated in mixed-type peat
swamps and only 5 vol.% rep re sent the for est type. The east ern 
sec tor (bore hole PoW IG1) is char ac ter ised by a high num ber of 
coals from mixed-type peat swamps, with mi nor con tents of for -
est (22 vol.%) and her ba ceous (11 vol.%) types (Ta ble 2). Com -
par i son of the Za³ê¿e and over ly ing Orzesze beds shows a shift
to wards a greater pro por tion of mixed-type peat swamps in the
north ern, cen tral, and east ern sec tors. An in crease in her ba -
ceous-type peat swamps in the cen tral re gion, and a de crease
in her ba ceous-type swamps in the east ern re gion, can be ob -
served.

LITHOTYPES

Coal seams stud ied in the Mudstone Se ries con sist of ir reg -
u larly al ter nat ing bands of bright and dull coal lithotypes. Bright
coal lithotypes (vitrain to clarain) pre dom i nate, with tran si tional
vitroclarain (>35%) and clarovitrain (28%) be ing most abun dant 
(Fig. 14). Duroclarain and clarodurain make ~18% and 12 %,
re spec tively, whereas the re main ing microlithotypes com prise
<5%. In ter ca lated clastic part ings are mainly car bo na ceous
shale or mudstone, which to gether make up 7% of the sec tions
of the coals stud ied.

MICROLITHOTYPE-BASED COAL FACIES ANALYSIS

Among the microlithotypes, all coal seams stud ied of the
Mudstone Se ries are vol u met ri cally dom i nated by vitrite, at 45% 
on av er age, whereas the re main ing monomaceral micro -
lithotypes, inertite (8%) and liptite (<1%), are sub or di nate.
Among the bimaceral microlithotypes, clarite vol u met ri cally pre -
dom i nates (al most 7%), while vitrinertite (5%) and durite (3%)
are less fre quent. Trimacerites are dom i nated by duroclarite
(17%), with less clarodurite (4%) and vitrinertoliptite (<1%). The
av er age carbominerite con tent is 7%. Plot ting the micro -
lithotype com po si tion of coal seams in the 22 bore holes stud ied
on the fa cies di a gram de vel oped by Hacquebard and
Donaldson (1969) shows that the coal seams mostly orig i nated
from peat that ac cu mu lated in wet for est peat swamps of the
telmatic and limnotelmatic zones (Fig. 15).

In or der to re con struct hy dro log i cal changes in the peat
swamps through out the sec tions stud ied of the Mudstone Se -
ries, sev eral microlithotype-based in di ces and an a lytic pa ram e -
ters were ap plied. These in clude the: (i) For est Fa cies In dex
(FFI); (ii) Waterlogging In dex (WLI); and (iii) ash and sul phur
con tents. These pa ram e ters were de ter mined sep a rately for
the Za³ê¿e and Orzesze beds in the bore hole sec tions, which
are con cen trated in five dif fer ent re gions of the ba sin (see
Fig. 1B).

Fa cies of the Za³ê¿e Beds coal seams
In the north ern re gion, coal seams of the Za³ê¿e Beds were

ana lysed in seven bore holes: Szczyg³owice IG1 (Sz IG1),
Paniowy IG1 (Pn IG1), K³odnica 1 (Kl 1), Miko³ów 5 (Mik 5),
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Fig. 10. Thick ness of the stra tal pack ages un der ly ing and over ly ing coal seam405/1 and over ly ing coal seam 404/4

 A – map of the thick ness and li thol ogy of de pos its be neath coal seam 405/1; B – map of the thick ness and li thol ogy of de pos its above
coal seam 405/1; C – thick ness of the sec ond sed i men tary pack age over ly ing coal seam 404/4. The mapped area is shown in Fig ure 2,

as the rect an gle marked with the let ter A. Thick ness of fine-grained de pos its are in blue, sand stones in yel low



Brzezinka 6 (Bz 6), Maczki Bór Biskupi 7 (MaB 7) and Jaworzno 
6405 (Jaw 6405). How ever, com plete sec tions of the Za³ê¿e
Beds were only found in the bore holes Pn IG1 and Bz 6. In the
west ern re gion, de pos its of the Za³ê¿e Beds were stud ied in the
bore holes Niedobczyce IG1 (Ne IG1), Krzy¿owice IG1 (Kc
IG1), Woszczyce IG1 (Wos IG1) and Studzionka IG1 (St IG1).
Ne IG1, Kc IG1 and St IG1 only en coun tered the lower part of
the beds (406/3–349/1 seams), while Wos IG1 pen e trated the
in ter val be tween coals 347/2 and 328 in the up per part. In the
cen tral re gion, the coal seams of the Za³ê¿e Beds were ex am -
ined in the bore holes £¹ka IG1 (La IG1), Piasek IG1 (Pia IG1)
and Wyry IG1 (Wy IG1). The La IG1 sec tion rep re sents the
lower part of this unit. The bore holes Wy IG1 and Pia IG1 con -
tain com plete sec tions of the beds. De pos its of the Za³ê¿e Beds 
in the east ern re gion were ana lysed in the bore holes Che³mek
IG1 (Che IG1) and Porêba Wielka IG1 (PoW IG1). The bore -
hole Che IG1 con tains coal seams 406–334, whereas the coal
seams in the bore hole PoW IG1 could not be pre cisely iden ti -
fied. In the south ern re gion, coal seams of the Za³ê¿e Beds
were ana lysed in the bore holes Drogomyœl IG1 (Dr IG1),
Dêbowiec IG1 (Db IG1), Chybie IG1 (Ch IG1), Czechowice IG1
(Cz IG1) and Bestwina IG1 (Be IG1). A com plete sec tion of this
unit is found in bore holes Dr IG1 and Be IG1. In the re main ing
bore holes, coal seams could not be iden ti fied with pre ci sion.

For est Fa cies In dex (FFI): In the north ern re gion, the high -
est FFI val ues (>2) were re corded in coals from bore holes Pn
IG1, Kl 1 and Bz 6. These val ues in di cate for est-type peat
swamps. In the other bore holes in this re gion, con di tions fa -
voured mixed-type peat swamps (Sup.Fig. 6A). FFI val ues in
the north ern re gions are gen er ally higher than in the south ern
re gions, es pe cially in the lower part of the Za³ê¿e Beds, where

most of the coals prob a bly formed in for est-type peat swamps
(Sup.Fig. 6B). How ever, in bore hole Ws IG1, FFI val ues in di -
cate mixed-type peat swamp con di tions dur ing the de po si tion of 
the up per part of the Za³ê¿e Beds. The high est FFI val ues have
been cal cu lated in the cen tral re gions (Sup.Fig. 6C), with small
ex cur sions in the curves to wards val ues in dic a tive of mixed
peat swamps. The east ern and south ern re gions are char ac ter -
ised by lower FFI val ues, gen er ally be low 2 (Sup.Fig. 6D, E),
which is typ i cal of mixed peat swamps and some her ba ceous
peat swamps. No uni form trend in change val ues’ has been ob -
served; how ever, in creas ing or de creas ing val ues over time
have been noted in some cases, as in bore hole Kc IG1, where
FFI val ues de crease up wards, while the op po site trend has
been ob served in bore hole Ne IG1 (Sup.Fig. 6B).

Waterlogging In dex (WLI): In the north ern re gion, the east -
ern part (bore holes BZ 6, MaB 7 and Jaw-6405; see Fig. 1B for
lo ca tion) was char ac ter ised by a low or fluc tu at ing wa ter ta ble in 
the peat swamp (WLI val ues <1). To the west, ev i dence of a
higher wa ter ta ble in the peat swamps can be ob served
(Sup.Fig. 7A). The west ern and cen tral re gions were char ac ter -
ised by a rel a tively sta ble, low wa ter ta ble, with only short ex cur -
sions to wards a higher wa ter ta ble. One ex cep tion is the up per
part of the Za³ê¿e Beds in bore holes Ws IG1 and Wy IG1, which 
show that WLI val ues were higher (Sup.Fig. 7B, C). The WLI is
high and cor re sponds with lower FFI val ues. In the east ern re -
gion, only two bore holes in the west yielded data for WLI cal cu -
la tion. Ev i dence of a higher de gree of waterlogging was only
found in the bore hole Che IG1 (Sup.Fig. 7D). In the south ern re -
gion, WLI val ues in di cate in creased waterlogging in peat
swamps in the up per part of the Za³ê¿e beds (Sup.Fig. 7E), sim -
i larly to the west ern and cen tral re gions.
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Fig. 11. Thick ness map of the pyroclastic layer at the Orzesze/Za³ê¿e Beds bound ary

The mapped area is shown in Fig ure 2, as the rect an gle marked with the let ter B
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Fig. 12. Thick ness of the first stra tal pack age un der ly ing and over ly ing the pyroclastic layer

 A – map of the thick ness and li thol ogy of de pos its above the pyroclastic layer; B – map of the thick ness and li thol ogy of the de pos its
be neath the pyroclastic layer. The mapped area is shown in Fig ure 2, as the rect an gle marked with the let ter B. Thick ness of fine-grained 

de pos its in blue, sand stones in yel low, coals in grey
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Fig. 13. Dis tri bu tion of sed i men tary en vi ron ments around the pyroclastic layer

A – cut 5 m be low the base of the pyroclastic ho ri zon; B – cut 3 m be low the base of the pyroclastic ho ri zon; C – cut 1 m be low the base of the
pyroclastic ho ri zon. Yel low in di cates the area of sand stone ac cu mu la tion (in-chan nel sed i ments), green the area of sed i men ta tion of thin
interbeds of siltstone and sand stone (prox i mal floodplain), blue the area of siltstone ac cu mu la tion (dis tal floodplain), grey the area of
peatland. The red line marks the course of the me an der belt. The mapped area is shown in Fig ure 2, as the rect an gle marked with the let ter B
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T a  b l e  2

Coal seam thick ness and peat swamp char ac ter is tics based on the coal lithofacies anal y sis of the coal seams of the Orzesze
and Za³ê¿e beds



Ash yield and sul phur con tent: The ash yield and sul phur
con tent var ies con sid er ably and shows no clear pat tern or
trends. In many cases, it does not cor re late with FFI or WLI. Ex -
cep tions have been ob served in the north ern re gion, where high 
ash yield is typ i cal of coal seams with low FFI val ues
(Sup.Fig. 6), and in the cen tral re gion, where an in crease in ash
yield (Sup.Fig. 8C) is as so ci ated with higher WLI val ues in the
up per most part of the Za³ê¿e Beds (Sup.Fig. 7C). In most
cases, the ash yield does not ex ceed 20 wt.% (Sup.Fig. 8A–E),
with ex cep tions in bore holes Mik 5 in the north ern re gion
(Sup.Fig. 8A) and WS IG1 in the west ern re gion (Sup.Fig. 8B).
Sul phur con tent is low, rarely ex ceed ing 2 wt.%, and does not
usu ally show sig nif i cant vari a tion in the bore holes stud ied
(Sup.Fig. 8A–E).
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Fig. 14. Petrographic com po si tion of the coal seams ana lysed 
of the Mudstone Se ries

A – lithotypes; B – mean microlithotypes; C – mean maceral
groups

Fig. 15. Haquebard and Donaldson’s (1969) fa cies di a gram for
coals of the Mudstone Se ries



The fa cies of the Orzesze Beds coal seams
Microfacies anal y sis: This was per formed on coal sam ples

taken from bore holes at the fol low ing lo ca tions: Paniowy IG1
(Pn IG1) and Miko³ów 5 (Mik 5) in the north ern re gion;
Brzezinka 6 (Bz 6) in the west ern re gion; and Woszczyce 1 (Ws
IG1), Piasek IG1 (Pia IG1) and Wyry IG1 (WyIG1) in the cen tral
re gion. Che³mek IG1 (Che IG1), Porêba ¯egoty (PoZ IG1) and
Porêba Wielka IG1 (PoW IG1) in the east, and Drogomyœl IG1
(Dr IG1), Dêbowiec IG1 (Db IG1), Chybie IG1 (Ch IG1),
Czechowice IG1 (Cz IG1) and Bestwina IG1 (Be IG1) in the
south. No data from the south ern re gion were used for the FFI
and WLI cal cu la tions. The Orzesze Beds have only been com -
pletely re corded in bore holes Ws IG1 and Wy IG1 in the west -
ern and cen tral re gions (the area of max i mum thick ness of the
Orzesze Beds). Bore holes in the east ern re gion re corded a re -
duced thick ness of this unit, and in the case of the bore holes
Che³mek IG1 and Porêba ¯egoty IG1, the Mudstone Se ries re -
mains un di vided. In the re main ing bore holes, the thick ness of
the Orzesze Beds de creased due to post-Car bon if er ous ero -
sion.

The For est Fa cies In dex (FFI): Val ues of the FFI in di cate
that the coals of the Orzesze Beds formed al most ex clu sively in
for est and mixed peat swamps. The vari a tion in peat swamp
types is best ex em pli fied in the bore holes Ws IG1 and Wy IG1
in the west ern and cen tral re gions (Sup.Fig. 9A). In bore holes
char ac ter ised by an in com plete thick ness of this unit, the coals
in bore hole Pn IG1 were formed in for est peat swamps,
whereas the bore hole Mik 5 only con tains mixed peat swamp
fa cies. Coals from bore hole Bz 6 orig i nated in both for est and
mixed peat swamps, with the lat ter be ing dom i nant
(Sup.Fig. 9A). In the west ern re gion, coals mainly formed in
mixed peat swamps, ex cept in the up per part of the unit, where
for est peat swamps were more prev a lent (Sup.Fig. 9A). In the
cen tral re gion, coals formed pri mar ily in for est peat swamps
(Sup.Fig. 9A). In the east ern re gion, the coals sug gest an or i gin
in mixed peat swamps (Sup.Fig. 9A). No ev i dent trend in the
change of peat swamp types can be de duced based on the
spa tial dis tri bu tion of the bore holes.

Waterlogging In dex (WLI): WLI val ues were cal cu lated for
bore holes Ws IG1 and Wy IG1, where the max i mum thick ness
of the Orzesze Beds is re corded. This al lows ver ti cal changes in 
the wa ter ta ble level in peat swamps to be tracked
(Sup.Fig. 9B). These coals mainly formed in mixed peat
swamps, ex cept in the up per part of the unit, where for est peat
swamps were more prev a lent. The change in the up per sec tion
of the Orzesze Beds is ac com pa nied by a de crease in WLI val -
ues and an in crease in ash yield and sul phur con tent
(Sup.Fig. 9C). Com par ing the shape of the curves shows that
there were al most no syn chro nous changes in these two bore -
holes. In re gions where the thick ness of the Orzesze Beds is re -
duced (in the north and east), the WLI val ues are gen er ally low
(Sup.Fig. 9B), in di cat ing a low or fluc tu at ing wa ter ta ble in the
peat swamp.

Ash yield and sul phur con tent: The in creased ash yield and
sul phur con tent in the west ern and cen tral re gions is ac com pa -
nied by a shift to wards a low or fluc tu at ing wa ter ta ble in the peat 
swamp. This up-sec tion change in the Orzesze Beds is ac com -
pa nied by a de crease in the waterlogging in dex and an in crease 
in ash yield and sul phur con tent (Sup.Fig. 9C). Ash yield gen er -
ally in creases with el e va tion in the sec tions stud ied. The high est 
sul phur con cen tra tions were found in seams of the lower part of
the sec tion in the bore hole Wy IG1 (Sup.Fig. 9C). In the east ern 
re gion, WLI val ues (Sup.Fig. 9B) and ash yield val ues
(Sup.Fig. 9C) are low in all three bore holes (Che IG1, PoW IG1, 
Po¯ IG1), ex cept in the up per part of the Orzesze Beds in bore -
hole PoW IG1 (Sup.Fig. 9C). In the north ern re gion, the high est
de gree of waterlogging (Sup_Fig. 9B) and a high ash yield were 
ob served in the coal in bore hole Mik 5 (Sup.Fig. 9C).

In ter pre ta tion of fa cies anal y sis
Gen er ali sa tion of the re sults of the microlithotype-based fa -

cies anal y sis out lined above shows that coal seams de rived
from for est peat swamps in the Mudstone Se ries were mostly
con cen trated in the cen tral and west ern re gions and in the
west ern part of the north ern re gion (Fig. 16). Mixed peat
swamps pre vailed in the east ern part of the north ern re gion and
in the east ern and south ern ar eas. Peat swamps dom i nated by
her ba ceous veg e ta tion were mostly ob served in small iso lated
patches in the south ern most and north-east ern parts of the
Main Syncline area (Fig. 16). Higher lev els of waterlogging
broadly cor re late with mixed and her ba ceous peat swamps. In -
creased ash yield is con nected to a higher value of water -
logging in dex in the peat swamps, and is more fre quent in coals
formed in mixed peat swamps. Rel a tively small changes in sul -
phur con tent in the coal seams ana lysed do not show any sig nif -
i cant cor re la tion with the peatland types iden ti fied in the
Orzesze Beds. These low sul phur val ues are in agree ment with
the con ti nen tal lo ca tion of the peat swamps out side the reach of 
ma rine in cur sions (e.g., Diessel, 1992).

MACERAL-BASED COAL FACIES ANALYSIS

Two coal seams of the Mudstone Se ries, coal 403/1 from
the Pniówek mine and coal 330 from the Murcki mine, were se -
lected for de tailed maceral anal y sis. In both sec tions, macerals
of the vitrinite group com prise vol u met ri cally over 50% on av er -
age (Figs. 17 and 18). Collotelinite and collodetrinite are most
com mon. The av er age con tent of inertinite is >30% and liptinite
is 14%. Inertinite is mainly rep re sented by fusinite and semi -
fusinite, whereas liptinite is dom i nantly sporinite. In both coal
seams, the vitrinite con tent in creases up the pro files (Figs. 17A
and 18A). In seam 403/1, a higher collodetrinite con tent was
found in the mid dle part of the sec tion. The con tent of inertinite
and liptinite gen er ally de creases in the up per parts of the sec -
tions (Fig. 17A).

The Gelification In dex (GI) in creases, al though ir reg u larly,
up the coal seam sec tions, which in di cates an in creas ing de -
gree of waterlogging dur ing peat swamp evo lu tion. The Tis sue
Pres er va tion In dex (TPI) also in creases to wards the top of the
coal seams, which re fers to an in creas ing pro por tion of for est
veg e ta tion, or to a lower in ten sity of de com po si tion of plant tis -
sues (Diessel, 1992). The TPI in crease fur ther im plies that
plants of tree habit were better adapted to growth in con di tions
of ris ing ground wa ter level. Only in the cen tral part of the sec -
tion of coal seam 403/1 is there an in creased pro por tion of her -
ba ceous veg e ta tion, which in di cates a mixed swamp char ac ter
(Fig. 17B).

The petrographic com po si tion of the coals, cal cu lated
TPI/GI in di ces, and their po si tion within the fa cies di a gram of
Diessel (1986, 1992), point to the con clu sion that these coals
pri mar ily formed in wet for est peat swamps (Figs. 17 and 18).
This in ter pre ta tion is sup ported by the high de gree of
waterlogging and gelification (GI), as well as by the pre dom i -
nance of tree-like veg e ta tion and of macerals of the vitrinite
group. The mid dle part of seam 403/1 prob a bly formed in a
mixed peat swamp, as sug gested by interbedded laminae com -
posed of macerals typ i cal of for est type peat swamps (e.g.,
telinite and collotelinite lay ers) and those rep re sent ing her ba -
ceous peat swamp com mu ni ties (e.g., collodetrinite with
inertodetrinite and sporinite). In the lower part of seam 330, a
thin band of coal de rived from a her ba ceous peat bog was iden -
ti fied. This band is dom i nantly com posed of collodetrinite and
de tri tal macerals such as inertodetrinite, vitrodetrinite and
sporinite. At the top of seam 403/1, in ter vals of car bo na ceous
shale were de pos ited in a clastic swamp. The char ac ter is tic mi -
cro scopic fea tures of this clastic swamp de posit are the oc cur -
rence of coal laminae com posed mainly of telinite and collo -
telinite, and laminae of claystone.
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Fig. 16. Dis tri bu tion of peatswamp types in the Mudstone Se ries in the Main Syncline of the Up per Silesia Coal Ba sin

A – pro por tion of her ba ceous type peatswamps; B – pro por tion of mixed type peatswamps; C – pro por tion of for est type peatswamps
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Fig. 17. Coal  seam 403/1 in the Pniówek coal mine (SW part of the Main Syncline)

A – petrographic com po si tion; B – con di tions of coal for ma tion
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Fig. 18. Coal seam 330 in the Murcki coal mine (N part of the Main Syncline)

A – petrographic com po si tion; B – con di tions of coal for ma tion



Maceral anal y sis of a coal seam ex posed in the Koch³owice
brickyard was per formed on sam ples from the unsplit coal and
from both benches (Fig. 19A). The dom i nant group of macerals
in all three sec tions is vitrinite (~50% of petrographic com po si -
tion in all sam ples), rep re sented mainly by collotelinite. Fusinite
is the most abun dant maceral in the inertinite group, whereas
liptinite is the least rep re sented maceral group. Cal cu lated GI
and TPI plot ted on a Diessel (1992) fa cies di a gram shows that
the unsplit coal and its benches formed in wet for est peat
swamps (Fig. 19B). The unsplit coal (Koch 17–19 sam ples), as
well as its benches show a sim i lar trend of in crease in the de -
gree of waterlogging, which is marked by in creas ing GI. This is
in agree ment with in creas ing ash yield and de creas ing pro por -
tion of inertinite in the same di rec tion in all three sec tions, point -
ing to ris ing wa ter ta ble, in tro duc tion of clay sus pen sion and
drown ing of peat swamp, as in di cated by up right lycopsid
stumps in the roof of the coal. A si mul ta neous mi nor de crease
in the TPI val ues may likely in di cate re duced “tree den sity”.
How ever, all the TPI val ues are ex tremely high, ex ceed ing the
lim its of the orig i nal Diessel (1992) fa cies di a gram. Sim i larly,
high val ues were cal cu lated for con tem po ra ne ous (=Duckman -
tian) coal seams in the Lower Silesian (=Intra-Sudetic) Ba sin by
Opluštil et al. (2013). This may be po ten tially ex plained by the
or i gin of TPI and GI fa cies in di ces de fined for Perm ian coals of
Gond wana Prov ince char ac ter ised by dif fer ent types of veg e ta -
tion (Dai et al., 2020). Anal y sis of the coal in the Koch³owice
brickyard also in di cates that the bur ied part of the peat swamp
was recolonised by a veg e ta tion type sim i lar to that in the up per
part of the unsplit peat swamp.

DISCUSSION ON DEPOSITIONAL SETTING 
AND DYNAMICS OF PEAT ACCRETION

In the Up per Silesian Ba sin, the Mudstone Se ries (Lang -
settian–Duckmantian) rep re sents a strati graphic in ter val bear -
ing ~150 coal seams. This unit is con tem po ra ne ous with the
main coal-bear ing units in other ma jor coal bas ins in Eu rope
and North Amer ica, which were lo cated in the equa to rial re gion
of Pangea (e.g., Nádaskay et al., 2025).

The coal-bear ing suc ces sion was de pos ited in a flu vial set -
ting with sub or di nate shal low lakes. Chan nel fills com posed of
fine- to me dium-grained sand stone up to 35 m thick are en -
tombed in pre dom i nantly claystone and mudstone floodplain
de pos its. In ter pre ta tion of a me an der ing flu vial sys tem as the
prin ci pal depositional en vi ron ment is based not only on the
dom i nance of floodplain strata, but also is ev i dent from the rib -
bon-like ge om e try of some thick sand stone bod ies. These me -
an der belts are usu ally 4–5 km wide and fol low the NNE-strik ing 
ba sin axis. Where me an der ing flu vial chan nels mi grated lat er -
ally, sheet-like sand stone bod ies of sig nif i cant (at least 5 km)
lat eral ex tent were formed. Such bod ies are char ac ter ised by a
com plex in ter nal struc ture, with ero sional sur faces com monly
marked by thin con glom er ate interbeds. By con trast, sand stone 
lithosomes not ex ceed ing 1,5 m in thick ness are mostly in ter -
preted as cre vasse chan nels or splays de pos ited within the
prox i mal floodplain. This lat eral mi gra tion may be re lated to
changes in sed i ment sup ply up stream, such as pe ri ods of in -
creased clastic in put re lated to tec tonic events or cli mate
change, as hy poth es ised by Opluštil et al. (2019) and Laurin et
al. (2024). Al ter na tively, it could be linked to changes in the
base level down stream, re lated to sea level changes. This
would sug gest that the ba sin is not high above sea level, sup -
port ing the hy poth e sis that ma jor lac us trine ho ri zons in Up per
Silesia are a dis tal re sponse to sea level rise. The lower bound -
ary of the Mudstone Se ries is placed at the top of a fresh wa ter
fau nal ho ri zon, which is also Namurian/Westphalian bound ary.

This bound ary in the west ern part of the Variscan fore land is
marked by the Subcrenatum (=Sarnsbank) ma rine band
(Owens et al., 1985).

The coal seams of the Mudstone Se ries are typ i cally be -
tween a few centi metres and 1 m thick, but ex cep tion ally may
ex ceed 6 m. Peat swamps de vel oped on ex ten sive floodplains
that were dis sected by ac tive chan nels and in ter spersed with
shal low lakes. Most peat swamps were es tab lished by
paludification of the floodplain as wet for est swamps, and
stigmarian ho ri zons be neath al most all coal seams point to their 
autochthonous or i gin. The rare oc cur rence of sapropelic coals
in di cates that phytogenic sed i men ta tion in floodplain ponds
only took place oc ca sion ally. Changes in thick ness within in di -
vid ual seams are re lated to floodplain to pog ra phy, the in ter ac -
tion be tween peat swamps and ac tive flu vial chan nels, or are
as so ci ated with early post-sed i men tary ero sion of com pacted
peat/coal. Lake de pos its usu ally oc cur di rectly on or just above
peat swamp (coal) or clastic swamp de pos its (car bo na ceous
mudstone), which in di cate the flood ing of the peat swamp area
and the de vel op ment of sed i men ta tion in lake con di tions. The
oc cur rence of coars en ing-up wards se quences (FH-FW-HE-SR 
lithofacies) above lake de pos its in di cates the de vel op ment of a
cre vasse splay delta/ter mi nal splay as so ci ated with flood-wa ter
con di tions. As a re sult, coal seams or coal zones com posed of
sev eral benches of split coal are usu ally dis con tin u ous and con -
sist of iso lated ‘patches’. Dur ing ex traor di nary flood ing events,
sandy bands were de pos ited in parts of the for est peat swamp
ad ja cent to the chan nel, while the finer frac tion was car ried by
flood wa ters to dis tal parts of the swamp and in ter cepted there
by her ba ceous veg e ta tion. Such a mech a nism may ex plain the
pres ence of nu mer ous clastic part ings and the oc cur rence of
car bo na ceous shales in the coals.

The high de gree of waterlogging, dem on strated by a high
vitrinite con tent, the pres ence of clastic bands, and a mean ash
yield of 17 wt.%, point to the rheotrophic char ac ter of most peat
swamps, al though some low-ash in ter vals with in creased inerti -
nite con tent may also rep re sent ombrotrophic types (Diessel,
1992). Petrographic (lithotype, maceral and microlithotype)
com po si tion and cal cu lated fa cies in di ces show that the pre cur -
sors of most coal beds of the Mudstone Se ries formed in wet
for est to mixed, i.e., arborescent- to shrubby-dom i nated veg e -
ta tion swamps, whereas peat-form ing wetlands with purely her -
ba ceous veg e ta tion were sub or di nate. The higher rate of sub si -
dence in the west ern part of the ba sin ad ja cent to the orogenic
belt re sulted in gen er ally higher waterlogging of the peat
swamps, which were pre dom i nantly colo nised by for est to
mixed swamp veg e ta tion. In con trast, mixed and sub or di nate
her ba ceous swamps were typ i cal of the less sub sid ing east ern
and south ern parts of the ba sin, which were sit u ated on more
sta ble base ment (see Fig. 16). Bright coal lithotypes (vitrain,
clarain-vitrain and thick-banded vitrain-clarain) rich in vitrinite,
mainly colotelinite, dom i nate coal seams formed in wet for est
peat swamps. The veg e ta tion of these swamps was pri mar ily
com posed of arborescent/woody lycopsids (Gradziñski and
Doktor, 1995). Mudstone, car bo na ceous shale, and bands of
high-ash coal in ter ca lated in the coal beds sug gest a high wa ter 
ta ble and peat swamp in un da tion from con tem po ra ne ous ac -
tive flu vial chan nels on cen ten nial and mil len nial scales. The
pres ence of lepidodendrid lycopsid-dom i nated wet for ests in
prox im ity to ac tive flu vial chan nels has also been doc u mented
in the Herrin Coal in the Il li nois Ba sin (e.g., Phillips and Pep -
pers, 1984; DiMichele and Phillips, 1994). How ever, dur ing pro -
longed pe ri ods of low ered wa ter ta ble, the wet for est peat
swamp was lo cally re placed by rel a tively dry for est swamp
prone to wildfires (Scott and Glasspool, 2006; Glasspool and
Scott, 2010), as in di cated by fusain lenses and laminae em bed -
ded in bright coal lithotypes (vitrain, clarain).
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Mixed peat swamps mainly oc cu pied dis tal parts of flood -
plains less af fected by ac tive flu vial chan nels, as in di cated by
less fre quent clastic part ings. These swamps rep re sented a
tran si tion be tween for est and her ba ceous types, as their veg e -
ta tion con tained a higher pro por tion of subarborescent and her -
ba ceous plants. Mixed veg e ta tion is in di cated by the pres ence
of clarain with thin vitrain laminae. Mi cro scop i cally, such coals
are char ac ter ised by an al ter na tion of thick telinite and
collotelinite bands gen er ated from arborescent veg e ta tion and
lay ers of collodetrinite and inertodetrinite rich in sporinite de -
rived mostly from her ba ceous veg e ta tion. These mixed peat
swamps were more abun dant in the east ern part of the Up per
Silesian Ba sin. On el e vated ar eas within the mixed swamps
(ombrotrophic stage), or dur ing lon ger pe ri ods of a low ered wa -
ter ta ble, a dry mixed plant com mu nity lo cally formed. The re -
sult ing coal bands are low in ash yield but rich in fusain lenses
and laminae ex pressed as hav ing in creased fusinite and
semifusinite con tents. Least nu mer ous were her ba ceous
swamps dom i nated by her ba ceous veg e ta tion that grew along
the lake coast or in the floodbasin sit u ated in ar eas of lim ited

clastic in put. The re sult ing coal seams are rich in dull coal
bands con sist ing of de tri tal macerals, mainly inertodetrinite,
vitrodetrinite and sporinite.

CONCLUSIONS

The lower Mid dle Penn syl va nian Mudstone Se ries in the
Up per Silesian Ba sin is con tem po ra ne ous with the main coal
win dow of trop i cal Pangea. How ever, apart from ma jor paralic
bas ins, the Mudstone Se ries was de pos ited out side the reach
of glacioeustatic sea-level os cil la tions in a con ti nen tal set ting.
This study of the sed i men tary ge ol ogy and anal y ses of coal pe -
trol ogy has im proved our un der stand ing of the palaeoenviron -
ments in which the Mudstone Se ries and its coal seams formed. 
The re sults can be sum ma rised as fol lows:

– The prin ci pal depositional en vi ron ment of the Mudstone
Se ries was a me an der ing flu vial sys tem with the pre -
dom i nance of floodplain sed i ments.

30 Artur Kêdzior et al. / Geo log i cal Quar terly, 2025, 69, 52

Fig. 19. Petrographic com po si tion and con di tions of coal for ma tion of the Koch³owice ex po sure (N part of the Main Syncline)

A – lo ca tion of sam ples and their petrographic com po si tion; B – fa cies di a gram for the seam stud ied



– Me an der belts of ma jor flu vial chan nels were com monly
4–5 km wide, fol lowed the NNE-strik ing ba sin axis, and
were con cen trated along the west ern ba sin mar gin,
where the great est sub si dence oc curred along the
Moravo-Silesian thrust and fold belt. Lat eral mi gra tion
and/or avul sion re sulted in the for ma tion of lat er ally
wide spread sheet-like sand stone bod ies up to 35 m thick 
with in ter nal ero sional sur faces.

– Iso lated nar row chan nel-fills were amal gam ated into a
broad belt of sand bod ies, and tran si tional forms be -
tween these end-mem ber types. In all cases, avul sion
was an im por tant pro cess dur ing de po si tion of all of
these ar chi tec tural types, with sig nif i cant changes likely
de pend ent on lo cal sub si dence rate. Higher sub si dence
rates re sulted in a ver ti cal stack ing (aggradational) pat -
tern, whereas lower rates tended to re sult in lat eral mi -
gra tion and the for ma tion of sheet-like chan nel bod ies.

– Vari a tion in thick ness of in di vid ual seams was re lated to
floodplain to pog ra phy, peat swamp and flu vial chan nel
in ter ac tions or to post-sed i men tary ero sion.

– The peat swamps evolved on wide spread floodplains
dis sected by ac tive chan nels and shal low lakes. Coal
seams are there fore dis con tin u ous, al though in di vid ual
groups may con sist of lat er ally wide spread ho ri zons.

– For the most of the peat swamps, a high de gree of
waterlogging and a rheotrophic char ac ter is sug gested,
with tem po rarily low ered wa ter ta bles when the ex posed
sur face was prone to wildfires.

– Pre cur sors of most coal beds were wet for est to mixed
(arborescent/woody- and shrubby veg e ta tion-dom i -
nated) peat swamps, whereas her ba ceous peat
swamps were sub or di nate and more com mon in the
east ern less sub sid ing part of the ba sin. Mixed peat
swamps mainly oc cu pied dis tal parts of floodplains that
were less af fected by ac tive flu vial chan nels. Her ba -
ceous swamps were dom i nated by shrubby to her ba -
ceous veg e ta tion grow ing along the lake coast or in the
floodbasin.
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Sup ple men tary Fig. 1. Cor re la tive cross-sec tion A–A’

Base of the Mudstone Se ries. Pniówek coal mine, south west ern part of the Main Syncline
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Sup ple men tary Fig. 2. Cor re la tive cross-sec tion B–B’

Base of the Mudstone Se ries. Pniówek coal mine, south west ern part of the Main Syncline
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Sup ple men tary Fig. 3. Cor re la tive cross-sec tion E–E’

Orzesze/Za³ê¿e Beds bound ary. Murcki coal mine, north ern part of the Main Syncline
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Sup ple men tary Fig. 5. Ex am ples of lithofacies pro files of se lected coal seams from the Mudstone Se ries

A – coals formed un der for est-type peatland con di tions; B – coals formed un der mixed-type peatland con di tions; C – coals formed un der
her ba ceous-type peatland con di tions



Artur Kêdzior et al. / Geo log i cal Quar terly, 2025, 69, 52 39

Sup ple men tary Fig. 6. Vari abil ity of for est fa cies (FFI) and waterlogging (WLI) in dex val ues in the Za³ê¿e Beds coal seams

A – north ern re gion: SzIG1 – Szczyg³owice IG1 bore hole, PnIG1 – Paniowy IG1 bore hole, Kl 1 – Klodnica 1 bore hole, Mik 5 – Miko³ów 5 bore -
hole, Bz 6 – Brzezinka 6 bore hole, MaB 7 – Maczki Bór Biskupi 7 bore hole, Jw-6405 – Jaworzno 6405 bore hole; B – the west ern re gion:
NeIG1 – Niedobczyce IG1 bore hole, KcIG1 – Krzy¿owice IG1 bore hole, Wos IG1 – Woszczyce IG1 bore hole, St IG1 – Studzionka IG1; C –
cen tral re gion: La IG1 – £¹ka IG1, Pia IG1 – Piasek IG1, Wy IG1 – Wyry IG1; D – east ern re gion: Che IG1 – Che³mek IG1, PoW IG1 – Porêba
Wielka IG1; E – south ern re gion: Dr IG1 – Drogomyœl IG1, Db IG1 – Dêbowiec IG1, Ch IG1 – Chybie IG1, Czc IG1 – Czechowice IG1, Be IG1
– Bestwina IG1
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Sup ple men tary Fig. 7. Vari abil ity in the val ues of the waterlogging in dex (WLI) in coal seams of the Za³ê¿e Beds

A – north ern re gion: SzIG1 – Szczyg³owice IG1 bore hole, PnIG1 – Paniowy IG1 bore hole, Kl 1 – Klodnica 1 bore hole, Mik 5 – Miko³ów 5 bore -
hole, Bz 6 – Brzezinka 6 bore hole, MaB 7 - Maczki Bór Biskupi 7 bore hole, Jw-6405 – Jaworzno 6405 bore hole; B – west ern re gion: NeIG1 –
Niedobczyce IG1 bore hole, KcIG1 – Krzy¿owice IG1 bore hole, Wos IG1 – Woszczyce IG1 bore hole, St IG1 – Studzionka IG1; C – cen tral re -
gion: La IG1 – £¹ka IG1, Pia IG1 – Piasek IG1, Wy IG1 – Wyry IG1; D – east ern re gion: Che IG1 – Che³mek IG1, PoW IG1 – Porêba Wielka
IG1; E – south ern re gion: Dr IG1 – Drogomyœl IG1, Db IG1 – Dêbowiec IG1, Ch IG1 – Chybie IG1, Czc IG1 – Czechowice IG1, Be IG1 –
Bestwina IG1
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Sup ple men tary Fig. 8. Vari abil ity of ash and sul phur con tent in the coal seams of Za³ê¿e Beds

A – north ern re gion: SzIG1 – Szczyg³owice IG1 bore hole, PnIG1 – Paniowy IG1 bore hole, Kl 1 – Klodnica 1 bore hole, Mik 5 – Miko³ów 5 bore -
hole, Bz 6 – Brzezinka 6 bore hole, MaB 7 - Maczki Bór Biskupi 7 bore hole, Jw-6405 – Jaworzno 6405 bore hole; B – west ern re gion: NeIG1 –
Niedobczyce IG1 bore hole, KcIG1 – Krzy¿owice IG1 bore hole, Wos IG1 – Woszczyce IG1 bore hole, St IG1 – Studzionka IG1; C – cen tral re -
gion: La IG1 – £¹ka IG1, Pia IG1 – Piasek IG1, Wy IG1 – Wyry IG1; D – east ern re gion: Che IG1 – Che³mek IG1, PoW IG1 – Porêba Wielka
IG1; E – south ern re gion: Dr IG1 – Drogomyœl IG1, Db IG1 – Dêbowiec IG1, Ch IG1 – Chybie IG1, Czc IG1 – Czechowice IG1, Be IG1 –
Bestwina IG1
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Sup ple men tary Fig. 9. Vari abil ity of microlithotype-de rived fa cies in di ces and ash and sul phur con tent of the Orzesze Beds

A – for est fa cies in dex (FFI) val ues; B – waterlogging in dex (WLI) val ues and C – ash and D – sul phur con tent in coal seams of the Orzesze
Beds in the north ern re gion: PnIG1 – Paniowy IG1 bore hole, Mik 5 – Miko³ów 5 bore hole, Bz 6 – Brzezinka 6 bore hole; west ern re gion: Wos
IG1 – Woszczyce IG1 bore hole; cen tral re gion: Pia IG1 – Piasek IG1 bore hole, Wy IG1 – Wyry IG1 bore hole; east ern re gion: Che IG1 –
Che³mek IG1 bore hole, PoW IG1 – Porêba Wielka IG1 bore hole, Po¯ IG1 – Porêba ¯egoty IG1 bore hole


