
Geo log i cal Quar terly, 2023, 67:  8
DOI: http://dx.doi.org/10.7306/gq.1678

Vari a tion of coal quan tity ac cu mu lated in the Mis sis sip pian to Penn syl va nian 
coal seams (Up per Silesia and Lublin Coal bas ins, Po land): a re flec tion 

of changes in cli mate and CO2 avail abil ity 

Marek NIEÆ1, Edyta SERMET2, * and Ewa SALAMON1

1 Min eral and En ergy Econ omy Re search In sti tute, Pol ish Acad emy of Sci ences, Wybickiego 7, 31-261 Kraków, Po land;
ORCID: 0000-0001-6689-034X [M.N.]

2 AGH Uni ver sity of Sci ence and Tech nol ogy, Mickiewicza 30, 30-059 Kraków, Po land; ORCID: 0000-0002-0360-9642

Nieæ, M., Sermet E., Salamon, E., 2023. Vari a tion of coal quan tity ac cu mu lated in the Mis sis sip pian to Penn syl va nian coal
seams (Up per Silesia and Lublin Coal bas ins, Po land): a re flec tion of changes in cli mate and CO2 avail abil ity. Geo log i cal
Quar terly, 2023, 67: 8, doi: 10.7306/gq.1678

Many coal seams of var ied thick ness and ae rial ex tent oc cur in the Up per Silesia and Lublin bas ins within Mis sis sip pian and
Penn syl va nian coal-bear ing de pos its. Well-doc u mented data on coal quan tity in the seams iden ti fied al lows vi su al iza tion of
their vari a tion within the strati graphic suc ces sion and anal y sis of the time-de pend ent coal ac cu mu la tion pro cess. Some
char ac ter is tic fea tures of this vari a tion were ob served. Coal seams of the Mis sis sip pian age (Serpukhovian, Paralic Se ries),
formed within a near-shore en vi ron ment, most of ten con sti tute small re sources. There were only two in ter vals of in creased
coal ac cu mu la tion in seams of >100 mil lion tons, in the lower and up per most parts of the Paralic Se ries. Within the Penn syl -
va nian coal-bear ing suc ces sion of ter res trial fluvio-lac us trine or i gin, a spe cific, wave-like pat tern of seam re source vari a -
tions and four in ter vals of in creased coal ac cu mu la tion are ob served. In the Lublin Coal Ba sin, the Lublin Beds only,
de pos ited dur ing the Late Bashkirian, are coal-bear ing, in which a bell-shaped pat tern of seam re source vari a tion in the
strati graphic suc ces sion is ob served. The lo ca tion of en hanced coal ac cu mu la tion events in the strati graphic suc ces sion
sug gests their rep e ti tion at ~1–4 My in ter vals. The char ac ter is tic fea tures of the quan ti ta tive vari a tion in these coal seams
may be cor re lated with gla cial-inter gla cial and cli mate hu mid ity changes, and in ter preted as a re sponse to vari able
volcanogenic CO2 sup ply. 
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INTRODUCTION

Changes in the Earth’s cli mate even in the dis tant past have 
been of in ter est from the per spec tive of fore cast ing cli mate
change to day. For this rea son, much at ten tion has been paid to
the Car bon if er ous gla cial ep i sodes (Cleal and Thomas, 2005;
DiMichele, 2014; Pfefferkorn et al., 2017). These are well-doc u -
mented in Earth his tory (Veevers and Powell, 1987), but their
course is de bated. Ex ten sive re views of this topic were pro -
vided by Cal der and Gibling (1994), Field ing et al. (2008a, b),
MontaÔez and Paulsen (2013), Isbell et al. (2012), Eros et al.
(2012), MontaÔez (2022) and the ref er ences therein. 

In the area of Gond wana three main phases of con ti nen tal
gla ci ation have been dis tin guished, of ap prox i mate du ra tions
was 360–345, 326–312 and 298–285 Ma (Isbell et al., 2003).
Glaciations in the north ern hemi sphere are less marked, prob a -
bly due to the de vel op ment of sea ice cover only (Eros et al.,
2012). Much data in di cates that a num ber of shorter pe ri ods of

gla ci ation in ter spersed with inter gla cial warm ing can also be
dis tin guished, rang ing in du ra tion from 1 to a few mil lion years
(Field ing et al., 2008a, b; Eros et al., 2012).

Dur ing the late Mis sis sip pian and Penn syl va nian ice ages,
the Euro-Amer ica area, lo cated in what was then the equa to rial
zone, was an area of lush veg e ta tion, ex ten sive peat-bog de vel -
op ment and coal seam for ma tion (Cleal and Thomas, 2005;
DiMichele, 2014). How ever, es tab lish ing their re la tion ship to
gla ci ation phases is dif fi cult due to the re gional vari a tion and
time-vary ing po si tion of gla ci ation cen tres and for ested ar eas,
caused by the move ment of con ti nen tal plates (Cleal and
Thomas, 2005; Isbell et al., 2012). Sea level-de pend ent base -
-level and cli mate vari a tions are of most im por tance for the for -
ma tion of fa vour able con di tions for lush veg e ta tion and the for -
ma tion of ex ten sive peat-bogs, the sites of for ma tion of the
pres ent coal seams (Fal con-Lang, 2004; Cecil et al., 2014). Cli -
mate mod i fi ca tion is also re flected in the type of veg e ta tion
cover (DiMichele et al., 2010). 

Cy clic vari a tion of sed i men tary en vi ron ments is an im por -
tant fea ture of Car bon if er ous coal-bear ing suc ces sions. It is ex -
pressed by re peated suc ces sion of clastic sed i ments, of ten car -
bon ate sed i ments, coal seams and sed i men tary breaks. It is
thought to have been caused by global eustatic sea level fluc tu -
a tions due to the tem po rally vary ing ex tent of ice caps that tied
up sig nif i cant amounts of wa ter (Phillips and Pep pers, 1984;
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Heckel, 1990, 1994; Hampson et al., 1999). These in turn were
a re sponse to cli mate changes ex plained by vari a tions in pa -
ram e ters of the Earth’s or bit, de scribed by the Milankovitch cy -
cle, in par tic u lar with pe ri ods around 100 and 400 ky (Heckel,
1990, 1994; Davydov et al., 2010; Van den Belt et al., 2015;
Chesnel et al., 2016; Feulner, 2017; Jirasek et al., 2018). Pe ri -
odic fluc tu a tion of so lar ac tiv ity may also be ad mit ted (Crowley
and Baum, 1992). How ever, these views are con tested be -
cause the non-syn chro nous de vel op ment of glaciations and
their lim ited spread in dif fer ent ar eas does not ex plain the scale
of re corded eustatic move ments (Isbell et al., 2003). The rea -
sons for the cy clic changes in sed i ments com po si tion were not
only pe ri odic gen eral cli mate changes but also tec tonic move -
ments in the source ar eas (Haeckel, 1994; Castelltort and Van
den Driessche, 2003). On a re gional scale, cy clic vari a tions in
sed i men ta tion may also have been caused by palaeo geo -
graphic changes (Frank et al., 2008), linked to con ti nen tal plate
move ments and tec tonic pro cesses at their mar gins (Bruckshe -
na et al., 1999). These pro cesses also in flu enced changes in
the cir cu la tion of oce anic and at mo spheric cur rents. They are
thought to have caused long-term, few-mil lion-year-scale chan -
ges in cli mate and sed i men tary con di tions (Ross and Ross,
1987; Chesnut, 1994; Scheffler et al., 2003). 

The oc cur rence of fa vour able con di tions for the de vel op -
ment of peat-bog veg e ta tion and its per sis tence should be re -
flected in the vari a tion in the amount of ac cu mu lated car bon in
in di vid ual seams. This was noted by Phillips and Pep pers
(1984) and Scott and Stephens (2015). How ever, the study of
cyclicity of sed i men ta tion of coal-bear ing se ries and its causes

has not yet con sid ered changes in the amount of ac cu mu lated
coal over time. Van den Belt et al. (2015) dem on strated only the 
in creased coal ac cu mu la tion in the Westphalian B and C
(Duckmanian and Bolsovian stages) of the Neth er lands and
Ken tucky.

A de tailed in ven tory and com pi la tion of data on hard coal re -
sources in in di vid ual seams in the Up per Silesian and Lublin
Coal Bas ins in Po land make pos si ble the anal y sis of their dif fer -
en ti a tion in the strati graphic suc ces sion, as de scribed be low,
and al low its in ter pre ta tion in re la tion to global cli ma tic changes.

GEOLOGICAL LOCATION 
OF THE STUDY AREAS

The study area is the Pol ish part of the Up per Silesian Coal
Ba sin and Lublin Coal Ba sin (Fig. 1).

The Up per Silesian Coal Ba sin (USCB) is a foredeep of the
Moravian-Silesian Variscan fold belt and lo cated to the west of it 
(Kotas, 1995; Jureczka and Kotas, 1995; Kêdzior et al., 2007).
The ba sin is un der lain by Pre cam brian for ma tions cov ered by
Pa leo zoic sed i ments, in par tic u lar Car bon if er ous coal-bear ing
strata. The coal-bear ing for ma tions is >4000 m thick in the
west ern part of the ba sin and de creases to ~1000 m in its east -
ern part, out wards from the orogenic front (Fig. 2). The coal-
 bear ing strata are un der lain by Lower Car bon if er ous Flysch
sed i ments (Culm For ma tion). 

2 Marek Nieæ et al. / Geological Quarterly, 2023, 67: 8 

CHE£M

PARCZEW

    mining fields

    explored fields

    boundary of coal bearing basin

    state border

0 10 20 km

KATOWICE

RYBNIK

CZECH
REPUBLIC

CHRZANÓW

Warszawa

Studied areas
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Coal-bear ing for ma tions were formed at the end of the Mis -
sis sip pian Subperiod, in the Serpukhovian, and lower and mid -
dle Penn syl va nian (Bashkirian and Moskovian) stages. Coal
seams oc cur in four lithostratigraphic units. These are, from the
bot tom (Fig. 2 and Ta ble 1): “Paralic Se ries” formed in the Mis -
sis sip pian Subperiod, in which interbeds of clays with ma rine
fauna (ma rine bands) are pres ent, and suc ces sively in the
Penn syl va nian Subperiod: “Up per Silesian Sand stone Se ries”,
“Mudstone Se ries” and “Krakow Sand stone Se ries”, which
com prise ter res trial, al lu vial and lake sed i ments. Within these
“se ries”, based on palaeontological and palaeobotanical cri te -
ria, a num ber of “beds” are dis tin guished (Ta ble 2). The Paralic
Se ries is sep a rated from the youn ger ones by a strati graphic
gap re lated to tec tonic move ments of the orogenic Erzgebirge
phase around the Mis sis sip pian-Penn syl va nian bound ary and
lo cally oc cur ring unfossiliferous Jejkovice sand stones. Strati -
graphic gaps are also found in the Lower Penn syl va nian, Up per 
Silesian Sand stone Se ries, at the bound ary be tween the
Zabrze (Sad dle, An ti cli nal) and Ruda Beds, and within the
Krakow Sand stone Se ries at the bound ary be tween the £aziska 
and Libi¹¿ beds (Kêdzior et al., 2007). The bor der be tween the

£aziska and Libi¹¿ beds is also marked by a fun da men tal
change in the flo ral as sem blage (Kotasowa, 1979).

The coal-bear ing for ma tions within the bound aries of the
Up per Silesian Ba sin are cut by nu mer ous faults and in the
west ern part they are folded. In the south ern and cen tral parts of 
the ba sin the coal-bear ing for ma tions are over lain by Neo gene
de pos its, mostly clayey, up to sev eral hun dred metres thick,
and in the south east ern part of it ad di tion ally by overthrusted,
folded Paleogene-Cre ta ceous flysch de pos its. In the north ern
part of the ba sin, only a dis con tin u ous over bur den of Tri as sic
sand stones, lime stones and dolomites is pres ent above the
Car bon if er ous for ma tions. Qua ter nary gla cial and flu vio gla cial
de pos its up to some tens of metres oc cur through out the area.

His tor i cally doc u mented coal min ing es ca lated in the sec -
ond de cade of the 18th cen tury. Ap prox i mately 20 bil lion tons
have been mined to mod ern times. In the last de cade of the
20th cen tury a num ber of old mines, where coal min ing was no
lon ger eco nom i cally vi a ble, were closed. The to tal proven and
es ti mated (dem on strated, in di cated and in ferred) coal re -
sources, in clud ing those mined to a depth of 1000 m, amount to
~100 bil lion tons (Nieæ and M³ynarczyk, 2014), with ad di tional
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hy po thet i cal re sources, to the depth of 1300 m, of ~25 bil lion
tons (Jureczka et al., 2020). The to tal orig i nal re sources of the
ba sin, in clud ing those at depths be low 1,300 m, can be es ti -
mated at 150 bil lion tons, not ac count ing those eroded be fore
the Neo gene-Qua ter nary.

The Lublin Coal Ba sin (LCB) was dis cov ered in the sec ond
half of the 20th cen tury. It com prises an elon gated syncline
within the Pa leo zoic sed i ments that over lie the Pre cam brian
base ment in the mar ginal zone of the East Eu ro pean Plat form.
They are ar ranged al most the main coalbearing for ma -
tion,100–400 m thick. Their strati graphic po si tion sim i lar to that
of the Mudstone Se ries in the USCB. In the lower part of the
coal-bear ing Lublin For ma tion there is a mudstone bed with
brack ish-in di cat ing Dunbarella fos sils (Krzeszowska, 2015),
which marks the bound ary be tween the Westphalian A and B.
In the older Car bon if er ous strata only a few in sig nif i cant coal
seams are pres ent and lime stone interbeds oc cur. Their pres -
ence makes it pos si ble to dis tin guish eleven se quences (cyclo -
thems) in the Serpukhovian and lower Penn syl va nian, up to the
be gin ning of the Westphalian B, (Porzycki and Zdanowski,
1995). Across the whole ba sin, the coal-bear ing for ma tions are
over lain by Ju ras sic and Cre ta ceous  sed i ments, mainly marls
and lime stones with a thick ness of 700 to 800 m. In di cated and
in ferred coal re sources in the LCB, in clud ing mined coal, are
~12 bil lion tons (Sermet, 2018).

Within the bas ins stud ied, nu mer ous coal seams of vary ing
thick ness and area of oc cur rence are pres ent. The coal seams
iden ti fied that oc cur across the whole area of each ba sin are

con sis tently marked with a three-digit sym bol (Doktorowicz -
-Hrebnicki and Bocheñski, 1952; Dembowski et al., 1964). The
first digit in di cates the strati graphic po si tion of the seam (ac -
cord ing to the tra di tional Eu ro pean di vi sion of the Car bon if er -
ous). The re main ing two dig its in di cate the lo ca tion of the seam
in each strati graphic unit from its roof to the floor (Ta ble 1). 

DATA AND STUDY METHODS

The as sess ments of coal quan tity herein i.e. coal ton nage,
named here as re sources with out any eco nomic des ig na tion,
within in di vid ual seams in the Pol ish part of the Up per Silesian
and Lublin Coal Bas ins, are based on their de tailed eval u a tion
within the bound aries of all coal-min ing fields and ex plored ar -
eas, de fined as sep a rate “coal de pos its” (Fig. 1). Bi tu mi nous,
black coal re sources in both bas ins have been well-rec og nized,
doc u mented and sys tem at i cally re ported. The data used in this
study were those pro vided by geo log i cal doc u men ta tion of min -
ing fields and ar eas where coal re sources were de scribed in re -
ports of bore hole-based ex plo ra tion re sults, stored in by the
Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute in the
Na tional Geo log i cal Ar chive in War saw.

The term “coal seam” here means a unit com pris ing coal
lay ers with bar ren interlayers of claystone or mudstone, the
thick ness of which does not ex ceed that of the in di vid ual coal
lay ers. The term “seam re sources” re fers to the amount of coal,
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in clud ing bar ren part ings, which is not >5 cm thick and the to tal
ash con tent does not ex ceed 20% (on av er age it is be tween few 
and ten or so %).

The re sources of each seam, iden ti fied by a three-digit sym -
bol, were cal cu lated sep a rately within the bound aries of in di vid -

ual min ing fields and ex plored ar eas. The ba sic cri te rion
adopted for de fin ing the bound aries of the area in which the re -
sources were cal cu lated was the thick ness of coal in the seam
ex ceed ing 0.6 m. The es ti ma tion of re sources was based on
the re sults of mea sure ments of seam thick ness in mine work -
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ings and in cored ex plor atory bore holes, drilled with at spac ings 
of 500–4,000 m, to a depth >1000 m, ar ranged in a more or less 
reg u lar grid. The area of oc cur rence of each seam was di vided
into a num ber of blocks, lim ited by min ing or geo log i cal bound -
aries. The re sources of each block were cal cu lated as: 

Qb =Fb × mb × g

where: Fb – block area, mb – av er age thick ness of coal in seam,
which was based on mea sure ments in bore holes and mine work ings 

lo cated within and ad ja cent to the block bound aries, g – coal bulk
den sity (usu ally 1.3 t/m3). 

The to tal re sources of each seam are the sum of the re -
sources of all blocks lo cated within the bound aries of the seam
oc cur rence. Pre vi ously ex ploited re sources were not in cluded.
They mostly came from the thick est seams. The vari a tion in ini -
tial re source amount was there fore prob a bly more pro nounced
than cur rently de scribed.

The re sources ana lysed dif fer from those cur rently re ported 
due to con tin ued min ing and the clo sure of a num ber of mines.
How ever, the pur pose of the study is the in ter re la tion ship of re -
sources of in di vid ual coal seams, re gard less of their de clin ing
quan tity. 

The data on re sources of in di vid ual seams iden ti fied across
the whole area of the ba sin make it pos si ble to de scribe their
dif fer en ti a tion de pend ing on their lo ca tion in the strati graphic
suc ces sion. This was vi su al ized by means of ap pro pri ately
scaled bars ar ranged in a strati graphic se quence. The ac tual
dis tance be tween the seams has been ne glected be cause it
changes within the ba sin, in creas ing to wards its cen tral part
(Fig. 2). Such pre sen ta tion shows the trend of changes in the
coal ac cu mu la tion pro cess (anthracogenesis, by Stopa, 1968)
dur ing the for ma tion of the whole coal-bear ing suc ces sion.

Coal re sources were es ti mated to a depth of 1,000 ±100 m
within the bound aries of in di vid ual min ing fields and ex plored
ar eas. These are not the to tal re sources of the seams, which
also oc cur at greater depth, but it can be as sumed that the in ter -
re la tion ship of seam re sources within the deeper parts of the
ba sin will be sim i lar. 

RESULTS OF THE SEAM RESOURCE
ASSESSMENT

UPPER SILESIAN COAL BASIN (USCB)

In the Pol ish part of the USCB there are ~520 coal seams
and lay ers, with a to tal thick ness of ~339 m. Of these, 242
seams were marked (named) with a three-digit num ber and
among these 234 are con sid ered mineable in some area (Ta ble 
1). Split ting of seams can lo cally in crease their num ber. Split
seams are iden ti fied by an ad di tional digit, e.g., 358/1, 358/2.

The iden ti fi ca tion and strati graphic po si tion of the seams
across the whole area of the ba sin is un ques tion able in the case 
of those that are dis tin guished by their out stand ing thick ness
and those that are lo cated in the vi cin ity of rock lay ers with spe -
cific char ac ter is tic lithological fea tures, which con sti tute marker
ho ri zons. Such marker ho ri zons are pyroclastic or fauna-rich
(es pe cially ma rine) rocks. The iden ti fi ca tion and con ti nu ity of
such seams through out the ba sin is cor rob o rated by min ing
data.

Splits, wash outs and pinch ing of seams dis rupt and hin der
their cor re la tion, es pe cially those that are thin or oc cur close to -

gether. Iden ti fi ca tion of such seams can be un cer tain. This is
ev i dent at the bound aries of min ing fields or ex plored ar eas,
where the same seam may be marked with a dif fer ent but usu -
ally close nu mer i cal sym bol. Such dif fi cul ties par tic u larly af fect
seams 301–364 (in the Orzesze and Za³ê¿e Beds), which of ten
oc cur over a lim ited area (Doktor and Gradziñski, 1985). For
this rea son, gen eral data on the re sources of in di vid ual
low-thick ness seams not lo cated in the vi cin ity of marker ho ri -
zons should be con sid ered as ap prox i mate.

Coal seams are un evenly dis trib uted in the coal-bear ing se -
ries. Their thick ness var ies from <0.6 to ~20 m. The most com -
mon are seams <1.5 m thick. Thicker seams oc cur mainly in the 
Up per Silesian and Krakow Sand stone Se ries and also in the
lower part of the Mudstone Se ries. Only 19 seams are >3 m
thick, and only 5 of these >5 m thick. The Zabrze (Sad dle) Beds
are char ac ter ized by out stand ing, large re sources, with seam
510 up to 24 m thick in the northeast ern part of the USCB. To -
wards the cen tre of the ba sin it grad u ally splits into a bun dle of
seams of smaller thick ness, sep a rately num bered 501-510.
The re ported to tal re sources of in di vid ual seams eval u ated up
to the depth of 1000 m vary from ~1 to 2700 mil lion tons.

The var ied area of oc cur rence of par tic u lar lithostratigraphic 
units of the coal-bear ing se ries (Figs. 2 and 3) af fects the to tal
re sources of the en closed seams, but not the gen eral pic ture of
their mu tual dif fer en ti a tion.

There is a dis tinct dif fer ence in the seam re sources in the
Mis sis sip pian (Serpukhovian) Paralic Se ries, formed un der
coastal-ma rine, deltaic con di tions, and those formed in the
Penn syl va nian flu vial-lake en vi ron ment of an al lu vial plain
(Figs. 4 and 5).

In the Paralic Se ries, the coal seams formed in a deltaic en -
vi ron ment are usu ally thin and have rel a tively small dem on -
strated re sources, due to a lim ited area of oc cur rence at up to
1000 m depth in the Pol ish part of the USCB (Fig. 3). Coal
seams with re sources >100 mil lion tons are scarce and in di cate
an ep i sodic in crease in coal ac cu mu la tion. Two such pe ri ods
can be dis tin guished: the for ma tion of seam 816 at the base of
up per part of the Hrušov Beds, and of seams 610, 615 and 620
in the up per most part of the Paralic Se ries, within the Poruba
Beds (Fig. 4). 
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In the Penn syl va nian coal-bear ing se ries formed in the flu -
vial-lake en vi ron ment of an al lu vial plain (Kêdzior et al., 2007),
against the back ground of ran dom os cil la tory fluc tu a tions in coal
seam re sources, long-term trends and spe cific reg u lar i ties of
their di ver si fi ca tion are no tice able (Fig. 5). This con sists of the
ap pear ance of seams with in creas ing re sources up to the cli max
value, re spec tively in seams 405–404, 326 and 209, and then
their grad ual re duc tion. Pe ri ods of in creased coal ac cu mu la tion
oc cur within the Up per Silesian Sand stone Se ries, at the bound -
ary be tween this se ries and the Mudstone Se ries and in the
Krakow Sand stone Se ries. In a less pro nounced man ner such a
pe riod is marked within the Mudstone Se ries (Fig. 5).

A spe cial case is the seam “510” which has the larg est re -
sources in the USCB. It oc curs at the base of the Penn syl va -
nian se ries, and was formed af ter a sed i men tary gap caused by 
orogenic move ments (the Erzgebirge phase of the Hercynian
orog eny) at the Mis sis sip pian-Penn syl va nian bound ary. The
higher-ly ing, youn ger seams in the Zabrze (Sad dle) Beds have
pro gres sively lower re sources.

LUBLIN COAL BASIN (LCB)

Across the whole Lublin Coal Ba sin 17 coal seams with
thick nesses of 0.6–3.8 m were iden ti fied (Porzycki and Zda -

nowski, 1995). Only eight of them are suf fi ciently con tin u ous
and have a thick ness of 1.3–1.8 m in dif fer ent parts of the LCB.
Five seams have re sources of >1 bil lion ton (Fig. 6). In the vari -
a tion of coal seam re sources, two phe nom ena can be noted: 

– al ter nat ing oc cur rence of seams with smaller and larger re -
sources;

– the trend of the seam re sources changes, with small re -
sources in the old est seams, then their rapid growth un til
they reach the high est value, and then their grad ual de -
crease in the youn ger and youn ger seams.
This is sim i lar to the pat tern of seam re sources vari a tion

seen at a sim i lar strati graphic po si tion in the Mudstone Se ries of 
the USCB, at the Orzesze and Za³ê¿e beds bound ary.

DISCUSSION

The lo ca tion of coal seams in the strati graphic suc ces sion
of the coal-bear ing se ries, their hor i zon tal spread and thick -
ness, and there fore the amount of ac cu mu lated or ganic mat ter
(re sources) de pend on autogenic (intra-basinal) and allogenic
(ex tra-basinal) fac tors (Cal der and Gibling, 1994; Cecil, 2003).
Con di tions nec es sary for the for ma tion of coal seams, es pe -
cially those with large re sources, are (Stopa, 1968; Dembowski

Marek Nieæ et al. / Geological Quarterly, 2023, 67: 8 9

0 0,5 1,0 1,5 2,0  [Bln ton]  

se
a

m
 n

u
m

b
e

r

397

391

389

385

382

379

377

375

A
B

- tonsteins

STRATIGRAPHY ACCUMULATION TREND

Fig. 6. Coal re sources in the LCB (the true dis tance be tween seams, which is vari able
within the ba sin bound aries, has not been taken into ac count); only the num bers 

of se lected seams are shown; vol ca nic prod ucts ac cord ing to Lipiarski et al. (1993); coal 
re sources vari a tion trend is marked by dashed line

https://doi.org/10.1016/0031-0182(94)90002-7
https://doi.org/10.2110/pec.03.77.0013
https://doi.org/10.1017/S001675680700341X


and Unrug, 1970; Aitken, 1996; Bohacs and Suter, 1997;
Hampson et al., 1999; Kêdzior, 2008; Probierz et al., 2012):

– ter rain mor phol ogy suit able for the for ma tion of ex ten sive
peat bogs;

– sta ble hy dro log i cal con di tions, and a high wa ter ta ble, nec -
es sary for long-term ex is tence of the peat bogs; 

– hu mid cli mate and CO2 con cen tra tions in the at mo sphere
fa vour able to lush veg e ta tion;

– sub si dence of the area on which the peat bog ex ists, but
slow enough that there was no fun da men tal change in the
sed i men tary en vi ron ment and in the con di tions of the peat
bog for ma tion;

– neg li gi ble ero sion pro cesses re lated to chang ing lay out of
the river chan nel net work dur ing and af ter peat bog cre -
ation.

Sedimentological stud ies of the coal-bear ing suc ces sion in
the USCB (Doktor and Gradziñski, 1985; Kêdzior et al., 2007)
in di cate that two types of seam can be dis tin guished:

– those oc cu py ing a well-de fined po si tion in the pro file of a
coal-bear ing se ries and iden ti fi able over an ex ten sive area,
of sub stan tial thick ness rang ing from a few to >10 metres,
in di cat ing the pres ence of ex ten sive long-term peat bogs;
these seams are there fore dis tin guished by their con sid er -
able re sources;

– those oc cur ring in a lim ited area, dis con tin u ous, usu ally
thin; found in dif fer ent ar eas, in di cat ing a patchy dis tri bu tion
of orig i nal peat bogs; sev eral such seams, sit u ated in a sim -
i lar strati graphic po si tion, can be iden ti fied as the same one
and marked with the same sym bol (num ber). 

In creased ba sin sub si dence in the west ern part of the
USCB caused the split ting of many seams in that di rec tion
(Kotas, 1995; Probierz et al., 2012). In ad di tion, the split ting of
seams and their lo cal wash outs were also caused by the mi gra -
tion of riverbeds (Kêdzior, 2008 and cited lit er a ture). Such fea -
tures of the seams mean that the data on re sources as signed to 
seams iden ti fied by a spe cific num ber are of ten re lated to their
bun dle lo cated in a sim i lar strati graphic po si tion (Doktor and
Gradziñski, 1985; Gradziñski, 1994).

The de scribed vari a tion of coal quan tity ac cu mu lated in in -
di vid ual seams ar ranged in strati graphic suc ces sion in di cates
the oc cur rence of long-term trends dur ing their for ma tion.
These ap pear against a back ground of ir reg u lar and short-term
changes, which are in ter preted as the ef fect of lo cal vari a tions
of the sed i men tary en vi ron ment within the ba sin that fa vour
peat bog for ma tion (Dembowski and Unrug, 1970; Gradziñski
et al., 1995; Valero Garces, 1997). This is de ter mined by lo cal
land scape fea tures, drain age pat terns (Cal der and Gibling,
1994) and mi gra tion of riverbeds that may re sult in lo cal
short-term sed i men tary changes and ir reg u larly oc cur ring vari -
a tions in the re sources of suc ces sive coal seams (Tucker,
1997; Doktor, 2007; Kêdzior, 2008). Cy cli cal changes in the se -
quence of coal-bear ing sed i ments re flect cli ma tic changes over 
lon ger time pe ri ods and di a strophic pro cesses as so ci ated with
tec tonic events (Klein and Wil lard, 1989; Izart and Vauchard,
1994; Heckel, 1994; Ta bor and Poulsen, 2008). The con nec -
tion be tween cy cli cal changes in sed i men tary pro cesses and
tec tonic move ments was a fo cus of par tic u lar at ten tion in ear lier 
stud ies (Bubnoff, 1960).

The sed i men tary cyclicity of Car bon if er ous coal-bear ing for -
ma tions is usu ally con sid ered in terms of se quence stra tig ra phy 
(Gastaldo et al., 1993; Aitken, 1996; Hampson et al., 1999;
Waksmundzka, 2010; Koz³owska and Waksmundzka, 2020), in 
turn as tro nom i cally driven. This is most clearly ev i dent in a
deltaic en vi ron ment via pe ri odic ma rine trans gres sions and is
doc u mented by transgressive-re gres sive sed i men tary se -

quences, among which coal seams ap pear. Se quence bound -
aries are also de fined by depositional gaps (Eros et al., 2012). It
is also thought (Ham il ton and Tadros, 1994) that in nonmarine
bas ins the bound aries of sed i men tary suc ces sions may be de -
fined by thick coal seams that oc cur over a wide area, which are
formed in the ab sence of clastic de po si tion.

Dur ing the Car bon if er ous ice house pe riod, cy cli cal cli mate
changes were marked by ice cap ex tent changes in the po lar re -
gions, par tic u larly in Gond wana. The ob served cyclicity of sed i -
men ta tion, in par tic u lar with pe ri ods of around 100 and 400 ky,
is ex plained as the re sult of glacio-eustatic pro cesses fol low ing
cli mate changes as so ci ated with cy clic vari a tion of the Earth’s
or bital pa ram e ters de scribed by the Milankovich cy cle (Heckel,
1990, 1994; Wright and Vanstone, 2001; Feulner, 2017; Van
den Belt et al., 2015 and lit er a ture cited). Cli mate os cil la tions re -
sulted in pe ri odic ap pear ance of con di tions fa vour ing the for ma -
tion of ex ten sive peat bogs in deltaic ar eas and on al lu vial plains 
dur ing gla cial re ces sion and pe ri ods of high wa ter lev els (Fal -
con-Lang, 2004; Fal con-Lang and DiMichele, 2010). The
changes in cli mate and wa ter level de ter mine the in ten sity of
veg e ta tion and the rate of coal ac cu mu la tion in the seams (Van
den Belt et al., 2015).

In the Lublin Ba sin, cy clic sed i men ta tion in paralic de pos its
ac cu mu lated dur ing the Serpukhovian is clearly marked
(Skompski, 1996, 2003; Waksmundzka, 2010). Based on lime -
stone in ter ca la tions Skompski (1996) sug gested 500 ky sed i -
men tary cy cles. Waksmundzka (2010) found 11 depositional
se quences from the Namurian A up to Westphalian B, as so ci -
ated with eustatic sea level changes. Their roughly es ti mated
du ra tion is ~15 My, con sid er ing the gen eral age frame work.
The Lublin For ma tion pre sent ing one depositional se quence
(Waksmundzka, 2010), prob a bly de pos ited dur ing ~1 My. Geo -
chem i cal study of this for ma tion sug gests a warm cli mate dur -
ing its de po si tion but with some arid ep i sodes (Krzeszowska,
2019) of some hun dreds of kiloyear prob a ble pe ri od ic ity. 

In the Up per Silesian Coal Ba sin, peat bog de vel op ment oc -
curred in a coastal-ma rine, deltaic en vi ron ment dur ing the Mis -
sis sip pian (Gradziñski and Doktor, 1996; Kêdzior et al., 2007).
Within the Paralic Se ries the cy cli cal changes of sed i men tary
con di tions are marked by the oc cur rence of claystones with a
ma rine fauna (ma rine ho ri zons) with non-ma rine mudstone
interbeds (Matl, 1971; Gastaldo et al., 2007). This al lows the
rec og ni tion of five mega cy cles (Kotas and Malczyk, 1972) and
as many as 54 shorter cy cles (Gastaldo et al., 2009), of ~100 ky
du ra tion (Jirásek et al., 2018). Dur ing the Penn syl va nian, de po -
si tion of the coal-bear ing se ries took place far from the
sea-shore, on an al lu vial plain (Gradziñski et al., 2005; Kêdzior
et al., 2007), but in the var ied sed i men tary frame work. The de -
po si tion of the Up per Silesian and Krakow Sand stone se ries is
con sid ered to have been dom i nated by a braided river en vi ron -
ment, whereas the de po si tion of the Mudstone Se ries was dom -
i nated by me an der ing and anastomosing rivers and shal low
ephem eral lakes (Doktor and Gradziñski, 1985, 2000; Doktor et 
al., 1997; Kêdzior et al., 2007). In the case of both sand stone
se ries, in creased clastic ma te rial in put was caused by tec tonic
move ments in the source area lo cated at the ba sin mar gin
(Gradziñski et al., 1995; Paszkowski et al., 1995). The cy cli cal
changes of sed i men tary con di tions in the Penn syl va nian is less
clear, but is marked by re peated sed i men tary se quences
(Dembowski and Unrug, 1970) and changes in grain size and
depositional en vi ron ment of the clastic sed i ments (Doktor et al., 
1997). Clear se quence bound aries also mark strati graphic gaps 
(Ta ble 1; Kêdzior, 2016).

The re source vari a tions of coal seams in the Up per Silesian
Coal Ba sin, de scribed in the strati graphic suc ces sion from the
Mis sis sip pian to Penn syl va nian, re veal 6 pe ri ods of in creased
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coal ac cu mu la tion in de pend ently of short and ep i sodic chan -
ges. Dis tinctly in creased coal ac cu mu la tion events oc curred in
the early and de clin ing stages of the Serpukhovian (late
Pendleian and late Arnsbergian re spec tively). Dur ing the Penn -
syl va nian, in creased coal ac cu mu la tion and for ma tion of high -
-re source seams oc curred dur ing the for ma tion of the lower part 
of the Up per Silesian Sand stone Se ries (Namurian B-Kinders -
co utian), at the bound ary of that se ries and the lower part of the
Mudstone Se ries (upper Namurian C, Yeadonian and lower
Westphal A, lower Langesetian), and within the Krakow Sand -
stone Se ries (Westphalian C, up per Duckmantian). Less
clearly, an ep i sode of in creased coal ac cu mu la tion is also
marked in the Mudstone Se ries, at the Westphalian A and B
(Langesatian and Duckmantian) bound ary.

In the Lublin Ba sin, within the Lublin Beds formed dur ing the 
Mid dle Penn syl va nian (at the Westphalian A and B bound ary),
a sin gle in ter val of in creased coal ac cu mu la tion is vis i ble. It may 
be com pared with a  less well-de fined in ter val in the Mudstone
Se ries in the USCB at the same time. 

The ex act age of in di vid ual coal seams is not known, but a
gen eral age frame work of their for ma tion can be es ti mated. In
the lower part of the Paralic Se ries, at the bot tom of the Hrušov
Beds there is a whet stone ho ri zon level whose age is 327.3 Ma
(Jirásek et al., 2013). The age of de pos its formed in the ma rine
en vi ron ment at the end of the Mis sis sip pian is ~324 Ma
(Davydov et al., 2010; Pointon et al., 2012; Jirásek et al., 2018).
The time of de po si tion of Penn syl va nian coal-bear ing for ma -
tions (Bashkirian and Moscovian) is be tween 323.4 and
307.02 Ma (Lucas et al., 2022). How ever, in the USCB, it is
shorter due to a depositional gap at the Mis sis sip pian-Penn syl -
va nian bound a ry which, ac cord ing to Kêdzior (2016), oc curred
dur ing the Chokerian and Alportian in ter val (up per Namurian
A). Ba sed on the time scale of Davydov et al. (2010) and
Pointon et al. (2012) it can be es ti mated that this gap lasted
~2–3 My. The clos ing age of the sed i men ta tion of the coal-
 bear ing se ries is not de ter mined, but it prob a bly oc curred be -
fore the end of the Moscovian Stage. The up per most mem ber
of the coal-bear ing se ries, the Libi¹¿ Beds, formed dur ing the
Westphalian D (Asturian), are sep a rated from the older mem -
bers by a depo sitional gap cov er ing the up per most part of the
Westphalian C, as ev i denced by a marked change in flo ral as -
sem blages (Kotasowa, 1979). Sed i men ta tion dur ing the older
part of Penn syl va nia (up to Westphalian C), took place there -
fore, roughly be tween 320 and ~310 Ma. Within the pre sented
age frame work, the dis tin guished two pe ri ods of in creased coal
ac cu mu la tion in the Serpukhovian and four in the Penn syl va -
nian pe ri ods were re peated ev ery 1 to 4 My or so (Fig. 7).

Long-term, 106 year, sed i men tary cy cles are found in many
ar eas where Up per Car bon if er ous strata oc cur. In the USCB,
de tailed pre vi ous sedimentological stud ies have iden ti fied
short-term cyclicity in the lithofacies changes of clastic sed i -
ments of the Mudstone and Krakow Sand stone Se ries, and
long-term trends in their vari a tion (Doc tor et al., 1997). Sta tis ti -
cal anal y sis of vari a tion of sed i men tary fea tures shows that the
pe riod of their long-term changes was 2.5–2.7 My in the
Mudstone Se ries and 1.25–2 My in the Krakow Sand stone Se -
ries. Within the Mis sis sip pian coal-bear ing Paralic Se ries
(Ostrava For ma tion) stud ied in the Czech part of  USCB Jirásek 
et al. (2018) found 0.7 and to ~1.0 My du ra tions of mega cy cles
marked by prin ci pal ma rine bands.   

Long-term com plex transgressive-re gres sive cy cles of
2–3 My de fined by sed i men tary se quences have been rec og -
nized in Namurian and Westphalian suc ces sions in NW Eu rope 
and the Mos cow Ba sin (Izart and Vachard, 1994), and in the
Donetsk Ba sin with a pe riod av er ag ing ~1.6 My (Eros et al.,
2012). In North Amer ica, cy cles of 1.2–4 My and an av er age of

2 My have been ob served (Ross and Ross, 1987), and in the
Ap pa la chians in the Lower and Mid dle Penn syl va nian for ma -
tions with an av er age of 2.5 My (Chesnut, 1994; Aitken 1996).
These are in ter preted as the re sult of cli mate change and
eustatic move ments as so ci ated with changes in po lar ice caps
and sub si dence from tec tonic pro cesses (Izart and Vachard,
1994; Heckel, 1994; Haq and Shut ter, 2008). Tec tonic move -
ments are con sid ered a most likely cause of re gional vari a tion
in eustatic pro cesses (Ruban, 2012). The long-term cyclicity of
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cli mate vari a tion can be re lated to long-term changes in the
Earth’s or bit: ec cen tric ity with a pe riod of 2.6 My and in cli na tion
with a pe riod of 1.3 My (Crampton et al., 2018). It is also sup -
posed to be re lated to changes in cos mic ra di a tion as the so lar
sys tem moves through the gal axy (Shaviv, 2002). The causes
of long-term cli mate and eustatic pro cess change, how ever, are 
still puz zling. 

Dur ing the well-doc u mented ice house in the Late Car bon if -
er ous (Veevers and Powell, 1987), gla cial and inter gla cial pe ri -
ods are dis tin guished based on sedimentological and iso to pic
data (d13C, d18O) (MontaÔez et al., 2007, 2016; Field ing et al.,
2008a, b; Gulbranson et al., 2010). Their lo ca tion in time and
du ra tion are var i ously pre sented (Gulbranson et al., 2010; Eros
et al., 2012; Isbell et al., 2012) but in di cate long-term cli mate
change over pe ri ods of 106 years and the oc cur rence of a hu -
mid cli mate in trop i cal ar eas dur ing the glacials, and a dry cli -
mate dur ing interglacials (DiMichele, 2014). In the low lat i tude
(equa to rial) belt en com pass ing pres ent-day North Amer ica and 
Eu rope, in tense veg e ta tion de vel op ment took place, par tic u -
larly when the cli mate was hu mid (Gastaldo et al., 1996; Cleal
and Thomas, 2005).

Palaeobotanical data cor rob o rate that dur ing the Mis sis sip -
pian and Penn syl va nian there were re peated pe ri ods of hu mid
and drier cli mate. Phillips and Pep pers (1984) ob served that
these find re sponse in coal re source vari a tions. A hu mid cli -
mate pre vailed from the late Mis sis sip pian (Namurian A) to Mid -
dle Penn syl va nian (Westphalian A) and in the Mid dle Penn syl -
va nian-Moscovian (Westphalian C and D), while a less wet cli -
mate pre vailed from the end of the Westphalian A and in the
Westphalian B (Phillips and Pep pers, 1984; Cecil et al., 1985).
At the same time, 2 gla cial pe ri ods are dis tin guished (MontaÔez 
and Poulsen, 2013), whose peak oc curred at the Serpukho -
vian -Bashkirian bound ary, and at the be gin ning of the Mosco -
vian. Field ing et al. (2008a, b), based on stud ies in Aus tra lia,
dis tin guished four gla cial pe ri ods dur ing the Serpukhovian and
Penn syl va nian: in the Lower Serpukhovian (low est Namurian);
the fi nal Serpukhovian and Lower Bashkirian (mid dle Namur);
the Mid dle Bashkirian (high est Namurian-low est Westphalian);
and the Lower Moskovian (up per Westphalian). In Ar gen tina,
two gla cial pe ri ods were de ter mined at that time in the lower
Bashkirian and lower Moscovian (Gulbranson et al., 2010). Gla -
cial sed i ments re corded in dif fer ent ar eas of Gond wana at dif -
fer ent times, sug gest that these were moun tain glaciations
(Isbell et al., 2012). Their lo ca tion and equi lib rium line al ti tude
were de ter mined by orogenic pro cesses.

A char ac ter is tic fea ture of the vari a tion in the Penn syl va nian 
coal seam re sources formed in the ter res trial en vi ron ment of
the USCB and LCB is the ten dency for their pe ri odic in crease
and, af ter reach ing a lo cal max i mum, to grad u ally de crease. A
sim i lar or ga ni za tion of the suc ces sion of seam re sources in the
pro file of a coal-bear ing se ries, that is, vari a tions in their thick -
ness and ex tent, have been ob served in other coal bas ins: the
cen tral Ap pa la chian (Aitken, 1996); the Black War rior in Al a -
bama (Gastaldo et al., 1993); and the Gennedah in Aus tra lia
(Ham il ton and Tadros, 1994). The ob served trends in coal
seam re source changes in the USCB and LCB sug gest that
they are driven by long-term grad ual changes in cli mate, as
they oc cur in de pend ently of both gen eral changes in sed i men -
tary con di tions and in their cy clic short-term vari abil ity. 

The vari a tion of coal seam re sources in the USCB in the
Serpukhovian and lower and mid dle Penn syl va nian and the ob -
served trend of grad ual changes in coal seam re sources in the
Penn syl va nian in di cate com plex, grad ual, long-term cli mate
change and the oc cur rence of 6 cli mate pe ri ods in this area, fa -
vour ing lush veg e ta tion and the for ma tion of ex ten sive peat
bogs and coal seams. Dur ing the pe riod of a less hu mid cli -

mate, for ma tion of the Mudstone Se ries took place, in which nu -
mer ous coal seams with smaller re sources are pres ent. 

The changes de scribed in coal ac cu mu la tion in ten sity in the
USCB and LCB are gen er ally con sis tent with global changes in
cli mate and gla ci ation (Fig. 7). These changes were nearly si -
mul ta neous in the trop i cal equa to rial zone in which the two bas -
ins were lo cated dur ing the Car bon if er ous and in the po lar ar -
eas of Gond wana. The vari a tion in their du ra tion may re flect the
ob served changes in the lo ca tion of gla ci ation cen tres and their
ex tent (Isbell et al., 2012; MontaÔez and Poulsen, 2013).

Changes in at mo spheric CO2 con tent are thought to be the 
main rea son for cli mate change and gla ci ation, caused by coal 
cap ture in car bon ate sed i ments in the Visean (Dyer et al.,
2015), and sub se quently in the Serpukhovian and Penn syl va -
nian in ex ten sive peat bogs (MontaÔez et al., 2007, 2016;
Frank et al., 2008; MontaÔez and Poulsen, 2013; Wil son et al., 
2017). How ever, this re la tion ship ap pears more com plex. The
abun dant veg e ta tion de vel op ment may have re sulted from the 
in put of sig nif i cant amounts of vol ca nic CO2 into the at mo -
sphere (Cal der and Gibling, 1994; Oyarzun et al., 1999). Nu -
mer ous signs of con cur rent vol ca nic ac tiv ity dur ing the sed i -
men ta tion of the coal-bear ing se ries have been found in the
USCB (Figs. 4 and 5). These in clude (Ryszka and Gabzdyl,
1986; Martinec and Dopita, 1997) tuffites, whet stones, bento -
nites, ig ne ous in tru sions, “tonsteins” (trans formed-argillitized
vol ca nic ash interbedded with coal seams), and ad mix ture of
pyroclastic ma te rial in sand stones (Kowalski and Matl, 1971;
Œwierczewska, 1995). Signs of vol ca nic ac tiv ity have also
been found in the LCB (Lipiarski et al., 1993). The ex cep tional, 
spec tac u lar for ma tion of seams “510”–“506” of very high thick -
ness, in the USCB, oc curred af ter a pe riod of moun tain-form -
ing move ments on the Mis sis sip pian-Penn syl va nian bound ary 
(“Erzge birge” phase). These may have been fa cil i tated and
sup ported by high CO2 con tents of vol ca nic or i gin. The find ing
of low d13C val ues near the end of the Mis sis sip pian and ep i -
sodic re duc tion to ~–5‰ leads to such a con clu sion
(Brucksche na et al., 1999; Grossman et al., 2002; Saltzman,
2003), as volcanogenic CO2  is char ac ter ized by low d13C val -
ues, <0‰ (Chiodini et al., 2011). Sub se quent car bon fix a tion
by veg e ta tion cover dur ing the Penn syl va nian caused an in -
crease in d13C (Mii et al., 2001). The abun dant for est cover in
the low lat i tude belt, in turn, caused the bind ing of sig nif i cant
amounts of at mo spheric CO2 (Berner, 2003; Cleal and
Thomas, 2005; Monta Ôez and Poulsen, 2013) and re duced
the “green house ef fect”. This fa voured the de vel op ment of an
ice cap in the po lar zone (Cleal and Thomas, 2005; Frank et
al., 2008; Feulner, 2017). 

CONCLUSIONS

The vari abil ity of coal seam re sources in the USCB sug -
gests cy cli cal long-term, grad ual cli ma tic changes in the
Serpukho vian and early and mid dle Penn syl va nian in the area
now en com pass ing cen tral Eu rope. Pe ri od i cally, ev ery 1–4 My,
there were con di tions al low ing for lush veg e ta tion de vel op ment
and the cre ation of ex ten sive peat bogs. These over lapped with
short-term cli mate changes re sult ing from Milankovitch cyclicity
and lo cal autocyclic, intra-basinal changes in sed i men tary con -
di tions. The for ma tion of coal seams with large re sources could
have been fa voured in par tic u lar by high cli mate hu mid ity, and
pe ri odic changes in the rate of di a strophic move ments, as well
as the abun dance of at mo spheric CO2, the source of which may 
have been vol ca nic pro cesses.

Pe ri ods of in creased coal ac cu mu la tion in ten sity in the
USCB and LCB in the Serpukhovian and Penn syl va nian pe ri -
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ods oc curred dur ing the de vel op ment of glaciations across
Gond wana, in di cat ing that global cli mate change was a com -
mon cause. The sim i lar tim ing of in tense veg e ta tion de vel op -
ment in equa to rial trop i cal ar eas and gla ci ation in po lar ar eas
also in di cates that the re duc tion of at mo spheric CO2 by its bind -
ing by veg e ta tion was prob a bly com pen sated by its volcano -
genic in put.

Ac knowl edge ments. Au thors thanks the re view ers for cor -
rec tions, and for valu able com ments and sug ges tions which im -
proved this pa per. This re search was fi nanced from the stat u -
tory sub sidy of the Min eral and En ergy Econ omy Re search In -
sti tute, Pol ish Acad emy of Sci ences and AGH Uni ver sity of Sci -
ence and Tech nol ogy 16.16.140.315.

REFERENCES

Aitken, J.F., 1996. Coal in a se quence strati graphic frame work. The
Pro fes sional Ge ol o gist, 33: 5–9.

Berner, R.A., 2003. The long-term car bon cy cle, fos sil fu els, and at -
mo spheric com po si tion. Na ture, 426: 323–326.

       https://doi.org/10.1038/nature02131

Bohacs, K.M., Suter, J.R., 1997. Se quence strati graphic dis tri bu -
tion of coaly rock: fun da men tal con trols and paralic com plexes.
AAPG Bul le tin, 81: 1612–1639.
https://doi.org/10.1306/3B05C3FC-172A-11D7-8645000102C1
865D

Bruckschena, P., Oesmanna, S., Veizerab, J., 1999. Iso tope stra -
tig ra phy of the Eu ro pean Car bon if er ous: proxy sig nals for ocean 
chem is try, cli mate and tec ton ics. Chem i cal Ge ol ogy, 161:
127–163. https://doi.org/10.1016/S0009-2541(99)00084-4

Bubnoff, S.N., 1960. Ba sic Prob lems of Ge ol ogy (in Rus sian).
Izdatelstvo Moskovskogo Universiteta.

Cal der, J.H., Gibling, M.R., 1994. The Euramerican coal prov ince:
con trols on Late Pa leo zoic peat ac cu mu la tion. Palaeo ge ogra -
phy, Palaeoclimatology, Palaeo ec ol ogy, 106: 1–21.
https://doi.org/10.1016/0031-0182(94)90002-7

Castelltort, S., Van den Driessche, J., 2003. How plau si ble are
high-fre quency sed i ment sup ply-driven cy cles in the strati -
graphic re cord? Sed i men tary Ge ol ogy, 157: 3–13.
https://doi.org/10.1016/S0037-0738(03)00066-6

Cecil, C.B., 2003. The con cept of autocyclic and allocyclic con trols
on sed i men ta tion and stra tig ra phy, em pha siz ing the cli ma tic
vari able. Jour nal of Sed i men tary Re search, 77: 13–20.
https://doi.org/10.2110/pec.03.77.0013

Cecil, C.B., Stanton, R.W., Neuzil, S.G., Dulong, F.T., Ruppert,
L.F., Pierce, B.S., 1985. Paleoclimate con trols on Late Pa leo -
zoic sed i men ta tion and peat for ma tion in the Cen tral Ap pa la -
chian Ba sin (U.S.A.). In ter na tional Jour nal of Coal Ge ol ogy, 5:
195–230. https://doi.org/10.1016/0166-5162(85)90014-X

Cecil, C.B., DiMichele, W.A., Elrick, S.D., 2014. Mid dle and Late
Penn syl va nian cyclothems, Amer i can Midcontinent: Ice-age en -
vi ron men tal changes and ter res trial bi otic dy nam ics. C. R.
Geoscience, 346: 159–168.

       https://doi.org/10.1016/j.crte.2014.03.008

Chesnel, V., Me rino-Tomè, Ó., Fernandez, L.P., Villa, E.,
Samankassou, E., 2016. Iso to pic fin ger prints of Milankovitch
cy cles in Penn syl va nian car bon ate plat form-top de pos its: the
Valdorria re cord, North ern Spain. Terra Nova, 28: 364–373.
https://doi.org/101111/ter.12229

Chesnut, D.R., Jr., 1994. Eustatic and tec tonic con trol of de po si tion 
of the Lower and Mid dle Penn syl va nian Strata of the Cen tral Ap -
pa la chian Ba sin. SEPM Con cepts in Sedimentology and Pa le -
on tol ogy, 4: 51–64. https://doi.org/10.2110/csp.94.04.0051

Chiodini, G., Caliro, S., Aiuppa, A., Avino, R., Granieri, D.,
Moretti, R., Parello, F., 2011. First 13C/12C iso to pic char ac teri -
sa tion of vol ca nic plume CO2. Bul le tin of Vol ca nol ogy, 73:
531–542. https://doi.org/10.1007/s00445-010-0423-2

Cleal, C.J., Thomas, B.A., 2005. Pa leo zoic trop i cal rain forests and
their ef fect on global cli mates: is the past the key to the pres ent?
Geobiology, 3: 13–31.

       https://doi.org/10.1111/j.1472-4669.2005.00043.x

Cleal, C.J., Opluštil, S., Thomas, B.A., Tenchov, Y. eds., 2009.
Late Moscovian ter res trial biotas and palaeoenvironments of
Variscan Euramerica. Neth er lands Jour nal of Geosciences, 88:
181–278. http://dx.doi.org/10.1017/S0016774600000846

Crampton, J.S., Meyers, S.R., Coo per, A., Sadler, P.M., Foote,
M., Harte, D., 2018. Pac ing of Pa leo zoic macroevolutionary
rates by Milankovitch grand cy cles. PANAS, 115: 5686–5691.
https://doi.org/10.1073/pnas.1714342115

Crowley, T.J., Baum, S.K., 1992. Mod el ing late Pa leo zoic gla ci -
ation. Ge ol ogy, 20: 507–510. https://doi.org/10.1130/0091-
7613(1992)020%3C0507:MLPG%3E2.3.CO;2

Dai, S., Bechtel, A., Eble, C.F., Flores, R.M., French, D., Gra ham,
I.T., Hood, M.M., Hower, J.C., Korasdis, V.A., Moore, T.A.,
Puttmann, W., Wei, Q., Zhao, L., O’Keefe, J.M.K., 2020. Rec -
og ni tion of peat depositional en vi ron ments in coal: a re view. In -
ter na tional Jour nal of Coal Ge ol ogy, 219: 2–67.
https://doi.org/10.coal2019.103383.

Davydov, V.I., Crowley, J.L., Schmitz, M.D., Poletaev, V.I., 2010.
High-pre ci sion U-Pb zir con age cal i bra tion of the global
Carbonifereous time scale and Milankovitch bad cyclicity in the
Donetrs Ba sin, east ern Ukraine. Geo chem is try, Geo phys ics,
Geosystems, 11: 1–22. https://doi.org/10.1029/2009GC 002736

Dembowski, Z., 1972. Gen eral in for ma tion on the Up per Silesian
Coal Ba sin (in Pol ish with Eng lish sum mary). Prace Instytutu
Geologicznego, 61: 9–22.  

Dembowski, Z., Kotas, A., Malczyk, W., 1964. Iden ti fi ca tion of coal 
seams in the Up per Silesian Coal Ba sin (in Pol ish with Eng lish
sum mary). Prace Instytutu Geologicznego, (not num bered)
1–72.

Dembowski, Z., Unrug, R., 1970. A sta tis ti cal study of cy clic sed i -
men ta tion in the £aziska beds, Up per Silesia Coal Ba sin (in Pol -
ish with Eng lish sum mary). Annales de la Societe Geologique
de Pologne, 40: 63–110.

DiMichele, W.A., 2014. Wet land-dryland vegetational dy nam ics the
Penn syl va nian ice age trop ics. In ter na tional Jour nal of Plant
Sci ences, 175: 123–164. https://doi.org/10.1086/675235

DiMichele, W.A., Cecil, C.B., MontaÔez, I.P., Fal con-Lang, H.J.,
2010. Cy clic changes in Penn syl va nian paleoclimate and ef -
fects on dy nam ics in trop i cal Pangea. In ter na tional Jour nal of
Coal Ge ol ogy, 83: 329–344.

      https://doi.org/10.1016/j.coal.2010.01.007

Doktor, M., 2007. Con di tions of ac cu mu la tion and sed i men tary ar -
chi tec ture of the Up per Westphalian Krakow Sand stone se ries
(Up per Silesian Coal Ba sin, Po land). Annales Societatis
Geologorum Poloniae, 77: 219–268.

Doktor, M., Gradziñski, R., 1985. Al lu vial depositional en vi ron ment 
of coal-bear ing „Mudstone se ries” (Up per Car bon if er ous, Up per
Silesian Coal Ba sin) (in Pol ish with Eng lish sum mary). Studia
Geologica Polonica, 82: 5–67.

Doktor, M., Gradziñski, R., 2000. Œrodowiska sedymentacji i
systemy depozycyjne wêglonoœnej sukcesji Zag³êbia Górno -
œl¹skiego (in Pol ish). XXIII Sympozjum Geologia Formacji
Wêglonoœnych Polski: 29–52.

Doktor, M., Gradziñski, R., S³omka, T., 1997. Cyclicity of Up per
Car bon if er ous coal-bear ing flu vial sed i ments: ex am ple from the

Marek Nieæ et al. / Geological Quarterly, 2023, 67: 8 13

https://doi.org/10.1130/0091-7613(1992)020%3C0507:MLPG%3E2.3.CO;2
https://doi.org/10.1016/S0009-2541(99)00084-4
http://dx.doi.org/10.1017/S0016774600000846
https://doi.org/10.1111/j.1472-4669.2005.00043.x
https://doi.org/10.1007/s00445-010-0423-2
https://doi.org/10.2110/csp.94.04.0051
https://doi.org/101111/ter.12229
https://doi.org/10.1016/j.crte.2014.03.008
https://doi.org/10.1016/0166-5162(85)90014-X
https://doi.org/10.2110/pec.03.77.0013
https://doi.org/10.1016/S0037-0738(03)00066-6
https://doi.org/10.1016/j.coal.2010.01.007
https://doi.org/10.1086/675235
https://doi.org/10.1029/2009GC 002736
https://doi.org/10.coal2019.103383
https://doi.org/10.1038/nature02131
https://doi.org/10.1306/3B05C3FC-172A-11D7-8645000102C1865D


Up per Silesia, Po land. Prace Pañstwowego Instytutu Geolo -
gicznego, 157 (part 2): 53–61.

Doktorowicz-Hrebnicki, S., Bocheñski, T., 1952. Podstawy i
wyniki paralelizacji pok³adów wêgla w Zag³êbiu Górnoœl¹skim
(in Pol ish). Geologiczny Biuletyn Informacyjny, 1: 13–14

Dyer, B., Maloof, A.C., Hig gins, J.A., 2015. Glacioeustasy, me te -
oric diagenesis, and the car bon cy cle dur ing the Mid dle Car bon -
if er ous. Geo chem is try, Geo phys ics, Geosystems, 16:
3383–3399. https://doi.org/10.1002/2015/GC006002

Eros, J.M., MontaÔez, I.P., Osleger, D.A., Davydov, V.I.,
Nemyrovska, T.I., Poletaev, V.I., Zhykalya, M.V., 2012. Se -
quence stra tig ra phy and onlap his tory of Donets Ba sin, Ukraine: 
in sight into Car bon if er ous Ice house dy nam ics. Palaeo ge o gra -
phy, Palaeoclimatology, Palaeo ec ol ogy, 313–314: 1–25.
https://doi.org/10.1016/j.paleo.2011.08.019.

Fal con-Lang, H.J., 2004. Penn syl va nian trop i cal rain for ests re -
spond to gla cial-inter gla cial rhythms. Ge ol ogy, 32: 689–692.
https://doi.org/10.1130/G20523.1

Fal con-Lang, H.J., DiMichele, W.A., 2010. What hap pened to the
coal for ests dur ing Penn syl va nian dur ing Penn syl va nian gla cial
phases? Palaios, 25: 611–617.

       https://doi.org/10.2110/palo.2009.p09-162r

Feulner, G., 2017. For ma tion of most of our coal brought Earth
close to global gla ci ation. PANAS, 114: 11333–11337. 
https://doi.org/10.1073/pnas.1712062114

Field ing, Ch.R., Frank, T.D., Isbell, J.L., 2008a. The late Pa leo zoic 
ice age – a re view of cur rent un der stand ing and syn the sis of
global cli mate pat terns. GSA Spe cial Pa per, 441: 343–354,
https://doi.org/10.1130/2008.2441(23)

Field ing, Ch.R., Frank, T.D., Birgenheier, L.P., Rygel, M.C.,
Jones, A.T., Rob erts, J., 2008b. Strati graphic im print of the
Late Pa leo zoic ice age in east ern Aus tra lia: a re cord of al ter nat -
ing gla cial and nonglacial cli mate re gime. Jour nal of the Geo log -
i cal So ci ety, 165: 129–140.

      https://doi.org/10.1144/0016-76492007-036

Frank, T.D., Birgenheier, L.P., MontaÔez, I.P., Field ing, C.R.,
Rygel, M.C., 2008. Late Pa leo zoic dy nam ics re vealed by com -
par i son of ice-prox i mal strati graphic and ice-dis tal iso to pic re -
cords. GSA Spe cial Pa per, 441: 1–12.

      https://doi.org/10.1130/2008.2441(23) 

Gastaldo, R.A., Demko, T.M., Liu, Y., 1993. Ap pli ca tion of se -
quence and ge netic strati graphic con cepts to Car bon if er ous
coal-bear ing strata: an ex am ple from Black War rior ba sin, USA.
Geologisches Rundschau, 82: 212–226.

      http://dx.doi.org/10.1007/BF00191827

Gastaldo, R.A., DiMichele, W.A., Pfefferkorn, H.W., 1996. Out of
the ice house into the green house: a Late Pa leo zoic an a log for
mod ern global vegetational change. GSA To day, 10: 1–7.

Gastaldo, R.A., Purkynova, E., Šimùnek, Z., 2007. Megafloral per -
tur ba tion across the Enna ma rine zone in the Up per Silesian Ba -
sin at tests to late Mis sis sip pian (Serpukhovian) deglaciation
and cli mate change. Palaios, 24: 351–366.
https://doi.org/10.2110/palo.2007.p07-027r

Gastaldo, R.A., Purkynova, E., Šimùnek, Z., Schmitz, M.D.,
2009. Eco log i cal per sis tence in the Late Mis sis sip pian
(Serpukho vian, Namurian A) megafloral re cord in the Up per
Silesian Ba sin, Czech Re pub lic. Palaios, 24: 336–350.
https://doi.org/10.2110/palo.2008.p08.084r

Gradziñski, R., 1994. O systemie numeracji pok³adów wêgla w
Górnoœl¹skim Zag³êbiu Wêglowym i jego stosowaniu (in Pol -
ish). Przegl¹d Geologiczny, 42: 347–348.

Gradziñski, R., Doktor, M., 1996. Heterolithic tidal de pos its in the
Paralic Se ries, Up per Car bon if er ous of the Up per Silesia Coal
Ba sin, south ern Po land (in Pol ish with Eng lish sum mary).
Przegl¹d Geologiczny, 44: 1089–1094.

Gradziñski, R., Doktor, M., S³omka, T., 1995. Depositional en vi -
ron ments of the coal bear ing Krakow Sand stone Se ries (Up per
Westphalian), Up per Silesia, Po land. Studia Geologica
Polonica, 108: 149–170.

Gradziñski, R., Doktor, M., Kêdzior, A., 2005. Sed i men ta tion of
the coal-bear ing suc ces sion in the Up per Silesia Coal Ba sin: re -

search trends and the cur rent state of knowl edge (in Pol ish with
Eng lish sum mary). Przegl¹d Geologiczny, 53: 734–741.

Grossman, E.L., Bruckschen, P., Mii, H-S., Chuvashov, B., Yac
Yacey, T.E., Veizer, J., 2002. Car bon if er ous paleoclimate and
car bon if er ous paleoclimate and global change: iso to pic ev i -
dence from Rus sian Plat form. In: Car bon if er ous Stra tig ra phy
and Paleogeography in Eur asia. In sti tute of Ge ol ogy and Geo -
chem is try, Rus sian Acad emy of Sci ence, Urals Branch,
Ekaterinburg: 61–71.

Gulbranson, E.L., MontaÔez, I.P., Schmitz, M.D., Limarino, C.O.,
Isbell, J.L., Marenssi, S.A., Crowley, J.L., 2010. High-pre ci -
sion U-Pb cal i bra tion of Car bon if er ous gla ci ation and cli mate
his tory, Paganzo Group, NW Ar gen tina. GSA Bul le tin, 122:
1480–1498. http://dx.doi.org/10.1130/B30025.1

Ham il ton, D.S., Tadros, N.Z., 1994. Util ity of coal seams as ge netic
strati graphic se quence bound aries in nonmarine bas ins: an ex -
am ple from the Gunnedah Ba sin, Aus tra lia. AAPG Bul le tin, 78:
267–286.
https://doi.org/10.1306/BDFF9082-1718-11D7-8645000102C1
865D

Hampson, G., Stollhofen, H., Flint, S., 1999. A se quence strati -
graphic model for the Lower Coal Mea sures (Up per Car bon if er -
ous) of the Ruhr dis trict, north-west Ger many. Sedimentology,
46: 1199–1231.

       https://doi.org/10.1046/j.1365-3091.1999.00273.x

Haq, B.U., Schutter, S.R., 2008. A chro nol ogy of Pa leo zoic
sea-level changes. Sci ence, 322: 64–68.

       http://dx.doi.org/10.1126/sci ence.1161648

Heckel, P.H., 1990. Ev i dence for global (gla cial–eustatic) con trol
over Up per Car bon if er ous (Penn syl va nian) cyclothemes in
midcontinent North Amer ica. Geo log i cal So ci ety Spe cial Pub li -
ca tions, 55: 35–47.

       https://doi.org/10.1144/GSL.SP.1990.055.01.02

Heckel, P.H., 1994. Eval u a tion of ev i dence for glacio-eustatic con -
trol over ma rine Penn syl va nian cyclothems in North Amer ica
and con sid er ation of pos si ble tec tonic ef fects. SEPM Con cepts
in Sedimentology and Pa le on tol ogy, 4: 65–87.

      https://doi.org/10.2110/csp.94.04.0065

Hor ton, D.E., Poulsen, Ch.J., Pol lard, D., 2010. In flu ence of
high-lat i tude veg e ta tion feed backs on late Pa leo zoic gla cial cy -
cles. Na ture Geoscience, 3: 577.

      https://doi.org/10.1038/NGEO922

Isbell, J.L., Miller, M.F., Wolfe, K.L., Lenaker, P.A., 2003. Tim ing of 
late Pa leo zoic gla ci ation in Gond wana: was gla ci ation re spon si -
ble for the de vel op ment of north ern hemi sphere cyclothems?
GSA Spe cial Pa per, 370: 5–24.

        https://doi.org/10.1130/0-8137-2370-1.5 

Isbell, J.L., Henry, L.C., Gulbrason, E.L., Limarino, C.O., Fraiser,
M.L., Koch, Z.J., Ciccioli, P.L., Dineen, A.A., 2012. Gla cial par -
a doxes dur ing the late Pa leo zoic ice age: eval u at ing the equi lib -
rium line al ti tude as a con trol on gla ci ation. Gond wana Re -
search, 22: 1–19. https://doi.org/10.1016/j.gr.2011.11.005

Izart, A., Vachard, D., 1994. Sub si dence tectonique, eustatisme et
contrfile des se quences dans les bassins namuriens et
westphaliens de l’Europe de l’ouest, de la CEI et des USA. Bul -
le tin de la Soci¾t¾ Géologique de France, 165: 499–514.

Jirásek, J., Hylova, L., Sivek, M., Jureczka, J., Martinek, K.,
Sykorova, I., Schmitz, M., 2013. The Main Ostrava Whet stone:
com po si tion, sed i men tary pro cesses, paleogeography and geo -
chron ol ogy of ma jor Mis sis sip pian volcaniclastic unit of the Up -
per Silesian Ba sin (Po land and Czech Re pub lic). In ter na tional
Jour nal of Earth Sci ences, 102: 989–1006.

      https://doi.org/10.1038/NGEO922

Jirásek, J., Opluštil, S., Sivek, M., Schmitz, M., Abels, H.A., 2018. 
As tro nom i cal forc ing of Car bon if er ous paralic sed i men tary cy -
cles in the Up per Silesian Ba sin, Czech Re pub lic (Ser -
pukhovian, lat est Mis sis sip pian): new ra dio met ric ages af ford an 
as tro nom i cal age model for Eu ro pean biozonation and sub -
stages. Earth-Sci ence Re views, 177: 715–741.

      https://doi.org/10.1016/j.earscirev.2017.12.005

14 Marek Nieæ et al. / Geological Quarterly, 2023, 67: 8 

https://doi.org/10.1046/j.1365-3091.1999.00273.x
https://doi.org/10.2110/csp.94.04.0065
https://doi.org/10.1038/NGEO922
https://doi.org/10.1016/j.gr.2011.11.005
https://doi.org/10.1002/2015/GC006002
https://doi.org/10.1016/j.paleo.2011.08.019.
https://doi.org/10.1130/G20523.1
https://doi.org/10.2110/palo.2009.p09-162r
https://doi.org/10.1130/2008.2441(23)
https://doi.org/10.1144/0016-76492007-036
http://dx.doi.org/10.1130/B30025.1
https://doi.org/10.1306/BDFF9082-1718-11D7-8645000102C1865D
https://doi.org/10.1038/NGEO922
https://doi.org/10.1130/2008.2441(23)
http://dx.doi.org/10.1007/BF00191827
https://doi.org/10.2110/palo.2008.p08.084r
https://doi.org/10.2110/palo.2007.p07-027r
https://doi.org/10.1016/j.earscirev.2017.12.005


Jureczka, J., 2020. Up per Silesian Coal Ba sin In: Geo log i cal At las
of Po land (eds. J. Nawrocki and A. Becker): 91. PIG-BIP,
Warszawa.

Jureczka, J., Kotas, A., 1995. Up per Silesian Coal Ba sin. Prace
Pañstwowego Instytutu Geologicznego, 148: 164–173.

Jureczka, J., Ihnatowicz, A., Kotlarek, P., Krieger, W.,
M³ynarczyk, M., 2020. Wêgiel kamienny (hard coal) (in Pol ish).
In: Szama³ek K., Szuflicki M., Mizerski W. (eds.). 2020. Bilans
perspektywicznych zasobów kopalin Polski. Pañstwowy Instytut 
Geologiczny, Warszawa, 99–112.

Kêdzior, A., 2008. Depositional ar chi tec ture of the Zabrze Beds
(Namurian B) within the Main Anticline of the Up per Silesia Coal
Ba sin, Po land. Studia Geologica Polonica, 129: 131–156 

Kêdzior, A., 2016. Re con struc tion of an early Penn syl va nian flu vial
sys tem based on ge om e try of sand stone bod ies and coal
seams: the Zabrze beds of the Up per Silesia Coal Ba sin, Po -
land. Annales Societatis Geologorum Poloniae, 86: 437–472.
https://doi.org/10.14241/asgp.2016.020

Kêdzior, A., Opluštil, S., 2009. Up per Silesia. Neth er lands Jour nal
of Geosciences, 88: 198–199.

      https://doi.org/10.1017/s0016774600001232

Kêdzior, A., Gradziñski, R., Doktor, M., Gmur, D., 2007. Sed i men -
tary his tory of Mis sis sip pian to Penn syl va nian coal-bear ing suc -
ces sion: an ex am ple from the Up per Silesia Coal Ba sin, Po land. 
Geo log i cal Mag a zine, 144: 487–496.

       https://doi.org/10.1017/S001675680700341X

Klein, G.Dev., Wil lard, D.A., 1989. Or i gin of the Penn syl va nian
coal-bear ing cyclothems of North Amer ica. Ge ol ogy, 17:
152–155.
https://doi.org/10.1130/0091-7613(1989)017<0152:OOTPCB>
2.3.CO;2 

Kotas, A., 1985. Struc tural evo lu tion of the Up per Silesian Coal Ba -
sin (Po land). X Con gress In ter na tional on Struc tural Ge ol ogy of
Car bon if er ous, C.R. 3: 459–469.

Kotas, A., 1995. Up per Silesian Coal Ba sin lithostratigraphy and
sedimentologic-paleogeographic de vel op ment. Prace Pañstwo -
wego Instytutu Geologicznego, 148: 124–134.

Kotas, A., Malczyk, W., 1972. The Paralic Se ries of the Lower
Namurian Stage of the Up per Silesian Coal Ba sin (in Pol ish with
Eng lish sum mary). Prace Instytutu Geologicznego, 61:
329–426.

Kotasowa, A., 1979. Phytostratigraphy of the up per most part of
coal mea sures sec tion in the Up per Silesian Coal Ba sin (in Pol -
ish with Eng lish sum mary). Geo log i cal Quar terly, 23 (4):
525–532.

Kowalski, W.M., Matl, K., 1971. Char ac ter is tics of sand stones of
the Jaklovec Beds in the Rybnik re gion of the Up per Silesian
Coal Ba sin (Po land) (in Pol ish with Eng lish sum mary). Prace
Geologiczne, 69: 1–83.

Koz³owska, A., Waksmundzka, M.I., 2020. Diagenesis, se quence
stra tig ra phy and res er voir qual ity of the Car bon if er ous de pos its
of the south east ern Lublin Ba sin (SE Po land). Geo log i cal Quar -
terly, 64 (2): 422–429. https://doi.org/10.7306/gq.1532

Krzeszowska, E., 2015. New data on the de vel op ment of the
Dunbarella ma rine marker ho ri zon in the Lublin Coal Ba sin (Po -
land). In ter na tional Jour nal of Coal Ge ol ogy, 150–151:
170–180. https://doi.org/10.1016/j.coal.2015.08.010

Krzeszowska, E., 2019. Geo chem is try of the Lublin For ma tion from 
the Lublin Coal Ba sin: Im pli ca tions for weath er ing in ten sity,
paleoclimate and prov e nance. In ter na tional Jour nal of Coal Ge -
ol ogy, 216: 103306,  https://doi.org/10.1016/j.coal.2019.103306

Lipiarski, I., Muszyñski, M., Stolecki, J., 1993. Tonstein from the coal 
seam no. 385 in the Lublin For ma tion (Lower Westphalian) from
the Lublin Coal Ba sin. Geo log i cal Quar terly, 37 (4): 537–564. 

Lucas, S.G., Schnei der, J.W., Nikolaeva, S., Wang, X., 2022. The
Car bon if er ous timescale: an in tro duc tion. Geo log i cal So ci ety
Spe cial Pub li ca tions, 512: 1–17.

       https://doi.org/10.1144/SP512-2021-160

Martinec, P., Dopita, M., 1997. Up per Car bon if er ous coal tonsteins
and re lated pyroclastic rocks in the Up per Silesian coal ba sin
(Czech Re pub lic). Prace Pañstwowego Instytutu Geolo -
gicznego, 157: 275–280. 

Matl K., 1971. Fau nal ho ri zons in the Poruba and Jaklovec beds
(Up per namurian A) of the west ern part of the Up per Silesian
Coal Ba sin (in Pol ish with Eng lish summary). Prace Geolo -
giczne Oddzia³u PAN Kraków-Warszawa, 67.

Mii, H.S., Grossman, E.L., Yancey, T.E., Chuvashov, B., Egorov,
A., 2001. Iso to pic re cords of brachi o pod shells from the Rus sian 
Plat form-ev i dence for the on set of mid-Car bon if er ous gla ci -
ation. Chem i cal Ge ol ogy, 175: 133–147.

       https://doi.org/10.1016/S0009-2541(00)00366-1

MontaÔez, I.P., 2022. Cur rent syn the sis of the pen ul ti mate ice house 
and its im print  on the Up per De vo nian through Perm ian strati -
graphic re cord. Geo log i cal So ci ety Spe cial Pub li ca tions, 512:
233–245. https://doi.org/10.1144/SP512-2021-124

MontaÔez, I.P., Poulsen, Ch.J., 2013. The late Pa leo zoic ice age:
An evolv ing par a digm. An nual Re view of Earth and Plan e tary
Sci ence, 41: 629–656.

       https://doi.org/10.1146/ANNUREV.EARTH.031208.100118

MontaÔez, I.P., Ta bor, N.J., Niemeier, D., DiMichele, W.A., Frank,
T.D., Field ing, Ch., R., Isbell, J.L., Birgenheier, L.P., Rygel,
M.C., 2007. CO2 forced cli mate and veg e ta tion in sta bil ity dur ing
Late Pa leo zoic deglaciation. Sci ence, 315: 87–91.
https://doi.org/10.1126/sci ence.1134207

MontaÔez, I.P., McElwain, J.C., Poulsen, Ch.J., White, J.D.,
DiMichele, W.A., Wil son, J.P., Griggs, G., Hren, M.T., 2016.
Cli mate, pCO2 and ter res trial car bon cy cle link ages dur ing late
Pa leo zoic gla cial-inter gla cial cy cles. Na ture Geosciences, 9:
824–828. https://doi.org/10.1038/NGEO2822

Nieæ, M., M³ynarczyk, M., 2014. Man age ment of hard coal re -
sources and re serves in Po land (in Pol ish with Eng lish sum -
mary). Studia, Rozprawy, Monografie MEERI PAS, 187, Kraków.

Oyarzun, R., Doblas, M., Ruiz, J.L., Cebria, J.M., Youbi, N., 1999.
Tec toni cally in duced ice house-green house cli mate os cil la tions
dur ing the tran si tion from Variscan to the Al pine cy cle (Car bon if -
er ous to Tri as sic). Bul le tin de la Société Geologique de France,
170: 3–11.

Paszkowski, M., Jachowicz, M., Michalik, M., Teller, L., Uchman,
A., Urbanek, Z., 1995. Com po si tion, age and prov e nance of
gravel-sized clastics from the Up per Car bon if er ous of Up per
Silesia Coal Ba sin (Po land). Studia Geologica Polonica, 108:
45–127.

Pfefferkorn, H.W., Gastaldo, R.A., DiMichele, W.A., 2017. Im pact
of an ice house cli mate in ter val on trop i cal veg e ta tion and plant
evo lu tion. Stra tig ra phy, 14: 365–376.

      https://doi.org/10.2904/strat.14.1-4.365-376

Phillips, T.L., Pep pers, R.A., 1984. Chang ing pat terns of Penn syl -
va nian coal-swamp veg e ta tion and im pli ca tions of cli ma tic con -
trol on coal oc cur rence. In ter na tional Jour nal of Coal Ge ol ogy, 3: 
205–255. https://doi.org/10.1016/0166-5162(84)90019-3

Pointon, M.A., Chew, D.M., Ovtcharova, G., Sevastopulo, D.,
Crowley, Q.G., 2012. New high-pre ci sion U-Pb dates from
West ern Eu ro pean Car bon if er ous tuffs; im pli ca tions for time
scale cal i bra tion, the pe ri od ic ity of late Car bon if er ous cy cles
and strati graphi cal cor re la tion. Jour nal of the Geo log i cal So ci -
ety, 169: 713–721. https://doi.org/10.1144/jgs2011-092

Porzycki, J., Zdanowski, A., 1995. Lublin Coal Ba sin. Prace
Pañstwowego Instytutu Geologicznego, 148: 157–164.

Probierz, K., Marcisz, M., Sobolewski, A., 2012. Od torfu do wêgli
koksowych monokliny Zofijówki w obszarze Jastrzêbia (po³u -
dniowo -zachodnia czêœæ Górnoœl¹skiego Zag³êbia Wêglowego)
(in Pol ish). Instytut Chemicznej Przeróbki Wêgla, Zabrze. 

Rich ards, B.C., 2013. Cur rent sta tus of the in ter na tional Car bon if -
er ous time scale. New Mex ico Mu seum of Nat u ral His tory and
Sci ence Bul le tin, 60: 348–353. http://car bon if er ous.stra tig ra -
phy.org/files/20130823124207476.pdf

Ross, Ch.A., Ross, J.R.P., 1985. Late Pa leo zoic depositional se -
quences are syn chro nous and world wide. Ge ol ogy, 13: 194–197.
https://doi.org/10.1130/0091-7613(1985)13<194:LPDSAS>2.0.
CO;2 

Ross, Ch.A., Ross, J.R.P., 1987. Late Pa leo zoic sea lev els and
depositional se quences. West ern Wash ing ton Uni ver sity Ge ol -
ogy Fac ulty Pub li ca tions, 61: 136–149.

      https://ce dar.www.edu./ge ol ogy - facpuibs/61

Marek Nieæ et al. / Geological Quarterly, 2023, 67: 8 15

https://doi.org/10.14241/asgp.2016.020
https://doi.org/10.1017/s0016774600001232
https://doi.org/10.1017/S001675680700341X
https://doi.org/10.1130/0091-7613(1989)017<0152:OOTPCB>2.3.CO;2
https://doi.org/10.1130/0091-7613(1985)13<194:LPDSAS>2.0.CO;2
https://cedar.www.edu./geology-facpuibs/61
http://carboniferous.stratigraphy.org/files/20130823124207476.pdf
https://doi.org/10.1016/0166-5162(84)90019-3
https://doi.org/10.1144/jgs2011-092
https://doi.org/10.1144/jgs2011-092
https://doi.org/10.1038/NGEO2822
https://doi.org/10.1126/science.1134207
https://doi.org/10.1146/ANNUREV.EARTH.031208.100118
https://doi.org/10.1144/SP512-2021-124
https://doi.org/10.1016/S0009-2541(00)00366-1
https://doi.org/10.1144/SP512-2021-160
https://doi.org/10.1016/j.coal.2015.08.010
https://doi.org/10.7306/gq.1532


Ruban, D.A., 2012. Com ment on, 2012 “Se quence stra tig ra phy and 
onlap his tory of the Donets Ba sin, Ukraine: in sight into Car bon if -
er ous Ice house dy nam ics” by J.M. Eros, I.P. MontaÔez, D.A.
Osleger, V.I. Davydov, T.I. Nemyrovska, V.I. Poletaev and M.V.
Zhykalyak [Paleogeography, Paleoclimatology, Paleoecology,
313–314: 1–25]. Palaeo ge ogra phy, Palaeoclimatology, Palaeo -
ec ol ogy, 363–364: 184–186.
https://doi.org/10.1016/j.palaeo.2011.08.019

Ryszka, J., Gabzdyl, W., 1986. Tonsteins and other tufogenic rocks
as the in di ca tors, their sig nif i cance for the rec og ni tion and min -
ing of coal beds in the Up per Silesian Ba sin (in Pol ish with Eng -
lish sum mary). Zeszyty Naukowe Politechniki Œl¹skiej,
Górnictwo, 149: 519–533.

Saltzman, M.R., 2003. Late Pa leo zoic ice age: oce anic gate way or
pCO2? Ge ol ogy, 31: 151–154.
https://doi.org/10.1130/0091-7613(2003)031%3C0151:LPIAO
G%3E2.0.CO;2

Scheffler, K., Hoemes, S., Schwark, L., 2003. Global changes dur -
ing Car bon if er ous-Perm ian gla ci ation of Gond wana: Link ing po -
lar and equa to rial cli mate evo lu tion by geo chem i cal prox ies.
Ge ol ogy, 31: 605–608.
https://doi.org/10.1130/0091-7613(2003)031%3C0605:GCDC
GO%3E2.0.CO;2

Scott, A.C., Stephens, R.S., 2015. Brit ish Penn syl va nian (Car bon -
if er ous) coal-bear ing se quences: where is the time? Geo log i cal
So ci ety Spe cial Pub li ca tions, 404: 283–302.

       https://doi.org//10.1144/SP404.14

Sermet, E. (ed.), 2018. Baza zasobowa wêgla kamiennego w
Polsce dla podziemnego zgazowania (in Pol ish). Wyd. GIG,
Katowice.

Shaviv, N.J., 2002. Cos mic ray dif fu sion from the ga lac tic spi ral
arms, iron me te or ites and pos si ble cli ma tic con nec tions. Phys i -
cal Re view Let ters, 89: 1–4.

      https://doi.org/10.1103/PhysRevLett.89.051102

Skompski, S., 1996. Strati graphic po si tion and fa cies sig nif i cance
of the Lime stone beds in the subsurface Car bon if er ous suc ces -
sion of the Lublin Up land. Acta Geologica Polonica, 46:
171–268.

Skompski S., 2003. On set of the late Palaeozoic Gondwanan gla ci -
ation and its sed i men tary re cord in the Pol ish Car bon if er ous
suc ces sion (in Pol ish with Eng lish sum mary). Przegl¹d
Geologiczny, 51: 658–662 

Stopa, S.Z., 1968. Une clas si fi ca tion anthracogénetique des for ma -
tions houilleféres (in Pol ish with French sum mary). Prace
Geologiczne, 49.

Œwierczewska, A., 1995. Com po si tion and prov e nance of Car bon -
if er ous sand stones from the Up per Silesia Coal Ba sin (Po land).
Studia Geologica Polonica, 108: 27–43.

Ta bor, N.J., Poulsen, Ch.J., 2008. Paleoclimate across the Late
Penn syl va nian-Early Perm ian trop i cal paleolatitudes: A re view
of cli mate in di ca tors, their dis tri bu tion, and re la tion to paleo -
physiographic cli mate fac tors. Palaeo ge ogra phy, Palaeo -
climatology, Palaeo ec ol ogy, 268: 293–310.

      https://doi.org/10.1016/j.paleo.2008.03.052

Tucker, G.E., 1997. Drain age ba sin re sponses to cli mate change.
Wa ter Re sources Re search, 33: 2031–2047.

Valero Garces, B.L., Gierlowski-Kordesch, E., Brago, W.A.,
1997. Penn syl va nian con ti nen tal cyclothem de vel op ment: no
ev i dence of di rect cli ma tic con trol in the Up per Freeport For ma -
tion (Al le gheny Group) of Penn syl va nia (north ern Ap pa la chian
Ba sin. Sed i men tary Ge ol ogy, 109: 305–319.

      https://doi.org/10.1016/S0037-0738(96)00071-1

Van den Belt, F.J.G., Van Hoof, T.B., Pagnier, H.J.M., 2015. Re -
veal ing the hid den Milankovitch re cord from Penn syl va nian
cyclothem suc ces sions and im pli ca tions re gard ing late Pa leo -
zoic chro nol ogy ter res trial-car bon (coal) stor age. Geosphere,
11: 1062–1076. https://doi.org/10.1130/GES01177.1

Veevers, I.J., Powell, C.Mca., 1987. Late Pa leo zoic gla cial ep i -
sodes in Gond wana land re flected transgressive-re gres sive
depositional se quences in Euramerica. GSA Bul le tin, 98:
475–487.
https://doi.org/10.1130/0016-7606(1987)98%3C475:LPGEIG%
3E2.0.CO;2

Wag ner, R. ed., 2008. The Strati graphic Ta ble of Po land.
Pañstwowy Instytut Geologiczny, Warszawa.

Waksmundzka, M.I., 2010. Se quence stra tig ra phy of Car bon if er -
ous paralic de pos its in the Lublin Ba sin (SE Po land). Acta
Geologica Polonica, 60: 557–597.

Waksmundzka, M., Ptak, A., Kêdzior, A., Opluštil, S., 2009.
Lublin-Volhynia. Neth er lands Jour nal of Geosciences, 88:
190–191. https://doi.org/10.1017/S0016774600000846

Wil son, J.P., MontaÔez, I.B., White, J.D., DiMichele, W.A.,
McElvain, J.C., Poulsen, Ch.J., Hren, M.T., 2017. Dy namic
Car bon if er ous trop i cal for ests: new views of plant func tion and
po ten tial for phys i o log i cal forc ing cli mate. New Phytologist, 215: 
1333–1353. https://doi.org/10.1111/nph.14700

Wright, V.P., Vanstone, S.D., 2001. On set of Late Palaeozoic
glacio-eustasy and the evolv ing cli mates of low lat i tude ar eas: a
syn the sis of cur rent un der stand ing. Jour nal of the Geo log i cal
So ci ety, 158: 579–582. https://doi.org/10.1144/jgs.158.4.579

16 Marek Nieæ et al. / Geological Quarterly, 2023, 67: 8 

https://doi.org/10.1144/jgs.158.4.579
https://doi.org/10.1111/nph.14700
https://doi.org/10.1017/S0016774600000846
https://doi.org/10.1130/0016-7606(1987)98%3C475:LPGEIG%3E2.0.CO;2
https://doi.org/10.1016/S0037-0738(96)00071-1
https://doi.org/10.1016/j.paleo.2008.03.052
https://doi.org/10.1103/PhysRevLett.89.051102
https://doi.org//10.1144/SP404.14
https://doi.org/10.1130/0091-7613(2003)031%3C0605:GCDCGO%3E2.0.CO;2
https://doi.org/10.1130/0091-7613(2003)031%3C0151:LPIAOG%3E2.0.CO;2
https://doi.org/10.1016/j.palaeo.2011.08.019

