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The Anthracosia Shales are lac us trine de pos its within the vol cano-sed i men tary Penn syl va nian– Lower Perm ian suc ces sion
of the Intra-Sudetic Ba sin. Core from the Rybnica Leœna PIG 1 bore hole, which pen e trated the Lower Anthracosia Shales,
was ana lysed to ex plore the in flu ence of cli mate on the evo lu tion of the palaeolake, as dis tinct from tec tonic and vol ca nic
forc ing. This re con struc tion was made us ing min er al og i cal and geo chem i cal prox ies (el e men tal and min er al og i cal com po si -
tion, TOC val ues, pres ence of framboidal py rite and sid er ite). Based on the re sults, three chem i cally dif fer ent in ter vals pre vi -
ously in tro duced by Wójcik-Tabol et al. (2021) are de scribed. They rep re sent the fol low ing stages of lake evo lu tion:
trans gres sion (in ter val I), open lake (in ter val IIA and IIB), and ter mi na tion (in ter val IIC and III). The ini tial stage of the lake (in -
ter val I) was prob a bly re lated to a rise in hu mid ity in the Late Penn syl va nian, linked to a south ern Gond wana inter gla cial ep i -
sode. In ter val IIA rep re sents the deep est fa cies of the Anthracosia Ba sin, where lake-floor an oxia pre vailed. This stage was
fol lowed by a grad ual lake-level fall re corded in in ter val IIB, with doc u mented sea son al ity in hu mid and warm con di tions. In -
ter val IIC rep re sents a stepwise lake re gres sion at trib uted to aridification, as in di cated by prox ies show ing a de crease in
chem i cal weath er ing. Turbiditic sandy laminae in in ter val III re flect the ter mi nal stage of lake infill.

Key words: lac us trine de pos its, or ganic-rich de pos its, palaeoclimate, geo chem is try, Intra-Sudetic Ba sin.

INTRODUCTION

The Late Pa leo zoic is an ex am ple of the huge ice house
(Field ing et al., 2008) and re cords an im por tant green house
gas-forced tran si tion from a cold in ter val, in clud ing re peated
phases of gla ci ation and deglaciation of the south ern pole, to a
fully green house world (MontaÔez and Poulsen, 2013). Con se -
quently, this time pe riod is an ex cel lent an a logue for the pres ent 
cli mate state (Gastaldo et al., 1996). Sig nif i cant cli ma tic tran si -
tions are shown in the Up per Car bon if er ous and Lower Perm ian 
rocks in dif fer ent parts of Pangea. Palaeoclimatic re con struc -
tions of the sed i men tary suc ces sion from west ern trop i cal Pan -

gea in di cate the on set of sea son al ity in the Late Car bon if er ous
and gen eral aridification trend through the Early Perm ian. This
trend was in ter rupted by sev eral wet phases that might have
been linked to the wax ing and wan ing of the Gond wana ice cap
(Roscher and Schnei der, 2006).

To study palaeoenvironmental changes, in clud ing palaeo -
climate, lac us trine de pos its are com monly sought-af ter, be -
cause lakes ef fec tively ac cu mu late sed i men tary ar chives, with
sig nif i cant pres er va tion po ten tial in the geo log i cal re cord. Use -
ful deep lac us trine lithofacies in this resepect are  rec og nized in
the Penn syl va nian and Lower Perm ian se quences of cen tral
Eu rope: in Po land (Dziedzic, 1959, 1961; Mastalerz, 1990;
Masta lerz and Nehyba, 1997), the Czech Re pub lic (Martínek et
al., 2006; Lojka et al., 2009, 2010) and Ger many (Uffmann et
al., 2012).

We de scribe the pet ro log i cal and geo chem i cal re cord of the
Penn syl va nian–Lower Perm ian of the Intra-Sudetic Ba sin,
namely of the Lower Anthracosia Shales (LAS), in or der to con -
strain the in flu ence of cli ma tic fac tors on the sed i men tary sys -

* Corresponding author, e-mail: jolanta.dabek@doctoral.uj.edu.pl

Received: July 28, 2023; accepted November 20, 2023; first
published online: April 4, 2024  

https://doi.org/10.7306/2021.23
https://doi.org/10.1016/j.coal.2012.08.001
https://doi.org/10.1016/j.coal.2012.08.001
https://doi.org/10.1144/GSL.SP.2006.265.01.05
https://doi.org/10.1146/annurev.earth.031208.10011
https://doi.org/10.1016/j.palaeo.2005.07.009
https://doi.org/10.1016/j.palaeo.2005.07.009
https://doi.org/10.314/bull.geosci.1210
https://doi.org/10.1016/j.palaeo.2009.06.001
https://doi.org/10.1130/2008.2441(24)


tem, while also tak ing the con tri bu tion of tec tonic and vol ca nic
ac tiv ity into con sid er ation. The Anthracosia Shales have been
pre vi ously de scribed as re gards their strati graphic, palyno -
logical and sedimentological fea tures, and their or ganic pe trog -
ra phy (Dziedzic, 1959, 1961; Don, 1961; Miecznik, 1989; Lo -
renc, 1993; Bossowski and Ihnatowicz, 1994; Mastalerz and
Nehyba, 1997; Nowak, 1998, 2003, 2007; Nowak et al., 2022;
Kowalski and Furca, 2023).

This study ex plores the evo lu tion of the Anthracosia Ba sin
us ing in te grated pet ro log i cal and geo chem i cal prox ies: the size
dis tri bu tion of framboidal py rite, el e men tal com po si tion (Mo,
Co, Mn en rich ment; K/Ti, Ca/Ti, Zr/K ra tios; and el e men tal
trends of P, Al, Si, Ti and Zr), min er al og i cal com po si tion (sid er -
ite, cal cite) and TOC val ues. Based on the re sults, a tri par tite di -
vi sion pre vi ously es tab lished in the LAS in the Rybnica Leœna
PIG 1 based on li thol ogy (Wójcik-Tabol et al., 2021) is de tailed
and used to doc u ment dif fer ent stages of lake evo lu tion. 

GEOLOGICAL SETTING

The Intra-Sudetic Ba sin forms the east ern most part of the
intramontane ba sin sys tem of the Bo he mian Mas sif. The ba sin
formed in the Early Car bon if er ous as an in ter nal molasse ba sin
dur ing the Varicides de vel op ment. The Intra-Sudetic Ba sin con -
sti tutes a large fault-bounded struc ture, 70 km long and 35 km
wide, which ex tends WNW–ESE (Nemec et al., 1982; Dziedzic
and Teisseyre, 1990; Bossowski and Ihnatowicz, 1994, 2006;
Awdankiewicz et al., 2003; Mazur et al., 2006; Fig. 1). 

The his tory of the Intra-Sudetic Ba sin started in the Early
Car bon if er ous, when the ba sin ac cu mu lated non-ma rine, cla -
stic de pos its: mostly coarse-grained con glom er ates and brec -
cias. A Late Visean trans gres sion es tab lished ma rine con di -
tions in the ba sin while at the end of Visean, tec tonic up lift led to

ma rine re gres sion, ini ti at ing sed i men ta tion in con ti nen tal con di -
tions which lasted to the end of the Autunian age. The Up per
Car bon if er ous–Lower Perm ian suc ces sion is char ac ter ized by
a few in di vid ual fin ing-up wards megacyclothems (Awdankie -
wicz et al., 2003). Ma rine and con ti nen tal basinal de pos its are
in ter ca lated with volcaniclastic ma te rial, a res i due of vol ca nic
ac tiv ity that took place in the lat est Tournaisian/ear li est Visean,
the Mid dle and Late Penn syl va nian, and the Early Perm ian
(Awdankiewicz, 1999; Awdankiewicz et al., 2003).  

Lac us trine in or i gin, the Anthracosia Shales con sti tute the
up per most parts of two megacyclothems, these be ing: the
Lower Anthracosia Shales that be longs to the Ludwiko wice For -
ma tion and the Up per Anthracosia Shales (UAS) within the
Krajanów For ma tion (Fig. 1; Bossowski and Ihnatowicz, 1994).
The LAS are part of the first gen er ally bar ren suc ces sion fol low -
ing de po si tion of coal-bear ing strata. This sed i men tary suc ces -
sion starts with red dish sand stones and con glom er ates char ac -
ter is tic of al lu vial-flu vial set tings. The up per most part of this for -
ma tion con sists mostly of fine-grained dark grey lac us trine de -
pos its. Within these, two lithofacies of the Anthracosia Shales
can be dis tin guished: grey and green ish to dark brown mica -
ceous mudstones and sand stones in ter ca lated with thin lime -
stones; and bi tu mi nous dark shales in ter ca lated with thin coal
lay ers (Dziedzic, 1959). 

The term “Anthracosia” is re lated to the late Car bon if er ous
non-ma rine bi valve Anthraconaia (Eagar, 1987). Al though
these fos sils are not found in all sec tions of the LAS and UAS,
they are the ba sis for a re gional term used for several de cades.  

The ex act age of both Anthracosia Shale units re mains un -
known. Firstly, the bound ary be tween Penn syl va nian and Autu -
nian de pos its was placed ar bi trarily by Ger man ge ol o gists in the 
be gin ning of 20th cen tury, mostly by the dom i nant rock col our:
de pos its with a red dish col our ation were as signed to the Auto -
nian (Dziedzic, 1971). Us ing this as sump tion, the LAS and UAS 
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Fig. 1. Gen er al ized geo log i cal map of the Intra-Sudetic Ba sin (ac cord ing to Bossowski and Ihnatowicz, 2006; sim pli fied) 
with lithostratigraphic po si tion of the Anthracosia Shales
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are Autunian. Later, their age was con strained by palynological
stud ies by two re search teams: one in di cated a lat est Penn syl -
va nian (Stephanian age) (Górecka, 1981; Górecka-Nowak,
1989, 1995, 2008; Trzepierczyñska, 1994; Górecka-Nowak
and Nowak, 2008), the other sug gest ing the Autunian (to ear li -
est Cisuralian; Jerzykiewicz, 1987). In this study, the LAS is
con sid ered as Penn syl va nian/Autunian.

MATERIAL AND METHODS

Sam ples were col lected from the LAS drilled in the Rybnica
Leœna PIG 1 bore hole sit u ated in the NE part of the Intra- Sudetic
Ba sin (Fig. 1). The bore hole reached a depth of 200 m, the LAS
com pris ing a 61.5 m thick in ter val rang ing from 95.0 to 156.5 m.
Twenty four sam ples were taken from the LAS (Fig. 2) in ter val.

METHODS

X-ray dif frac tion (XRD) quan ti ta tive anal y sis of 7 LAS sam -
ples (Ta ble 1) was per formed to char ac ter ize the min eral com -
po si tion. To pre-crushed sam ples, 10% of ZnO were added,
then they were ground in a McCrone mill and slides made in
sideloaded cuvettes. They were ana lysed us ing a Philips X’Pert 
APD diffractometer, equipped with a PW3020 ver ti cal gonio -
meter and a graph ite mono chro ma tor. CuKa ra di a tion was ap -
plied with an ac cel er at ing volt age of 40 kV and a cath ode heat -
ing cur rent of 30 mA. Mea sure ment was made in the an gle
range of 2–65° 2Q with a speed of 0.02°/5s. Diffractograms
were ana lysed with the use of the ClayLab and AutoQuan pro -
grams. Profex soft ware (Döbelin and Kleeberg, 2015) was used 
to de ter mine quan ti ta tive min eral com po si tion.

To ana lyse the char ac ter is tics of the py rite, thin-sec tions
from 5 sam ples (Ta ble 1) from in ter vals IIA and IIB were ob -
served by op ti cal mi cros copy in re flected light at a mag ni fi ca tion 
of 1000 ´. A Nikon Eclipse E600-POL po lar iz ing mi cro scope
was used, and the py rite pho tos were re corded us ing a Canon
EOS 400 dig i tal cam era con trolled by the Canon EOS Util ity
pro gram. All forms of py rite pres ent were pho to graphed and
then, us ing the JMicroVision pro gram, the di am e ters of 100
framboids for each sam ple were mea sured. The min i mum/ma -
x i mum, mean and stan dard de vi a tion of the framboids’ di am e -
ters were doc u mented. Af ter op ti cal mi cro scope ob ser va tion,
the same 5 thin-sec tions were coated with car bon and pho to -
graphed us ing a HITACHI S-4700 mi cro scope with a NORAN
Van tage microanalysis sys tem. Ob ser va tion was made with the
YAGBSE de tec tor to ob tain framboidal py rite pho tos.
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Fig. 2. Lithological log of the Lower Anthracosia Shales
 in the Rybnica Leœna PIG 1 bore hole with sam pling
lo ca tions and dis tin guished rock in ter vals marked
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Seventeen sam ples (Ta ble 1) were se lected for el e men tal
com po si tion anal y sis with the use of in duc tively cou pled
plasma -op ti cal emis sion spec trom e try (ICP-OES) Ad di tion ally,
3 sid er ite sam ples were pre pared from laminae of yel low ish sid -
er ite. Pow dered sam ples were min er al ized in a mix ture of spec -
trally clean, con cen trated ni tric, hy dro chlo ric and hy dro flu oric
ac ids. El e men tal anal y ses were car ried out us ing an ICP-OES
Spectro Ar cos spec trom e ter (SPECTRO An a lyt i cal In stru -
ments GmbH, Kleve, Ger many) with the ra dial (side-on) viewed 
torch con fig u ra tion to mea sure the ma jor el e ments and with ax -
ial (end-on) torch con fig u ra tion to mea sure trace el e ments.
Cer ti fied ref er ence ma te rial OREAS 920 Cer ti fied ref er ence
ma te rial OREAS 920 (Oreas®, Mel bourne, Aus tra lia) was pro -
cessed and mea sured ev ery 10 sam ples in the same man ner
as the sam ples in the same an a lyt i cal cy cle to mon i tor the ac cu -
racy of the anal y ses. Val ues ob tained for the lat ter be tween 95
and 105% of the cer ti fied val ues were ac cepted.

To es ti mate the trace metal en rich ment in the sam ples, the
Al-nor mal ized en rich ment fac tor was used and nor mal ized to
the av er age shale (Li and Schoonmaker, 2003). The val ues
were ob tained us ing the fol low ing equa tion:

EF X = [(X/Al) sam ple/(X/Al) av er age shale]

where: X and Al rep re sent the con tent of el e ment X and alu mi num,
re spec tively.

The Pearson co ef fi cient (r) was uti lized to ex press the re la -
tion ships be tween the chem i cal com po nents. The Pearson cor -
re la tion val ues were cal cu lated us ing TIBCO Statistica soft -
ware.

RESULTS

Based on the geo chem i cal re sults ob tained, the three rock
in ter vals iden ti fied by Wójcik-Tabol et al. (2021) were de scribed
in de tail, with the ad di tion of subintervals. They are as fol lows
(Fig. 2):

– In ter val I (from 145.5 to 156.5 m) is de vel oped as pale grey
me dium- and fine-grained lam i nated sand stones in ter ca -
lated with thin lay ers of mudstone and unfossiliferous shale
(Fig. 3A); the lami na tions here are em pha sized by changes
in grain size;

– In ter val II (from 111 to 145.5 m) is fur ther sub di vided into
subintervals IIA–IIC, ac cord ing to their min er al og i cal and
geo chem i cal fea tures;

– In ter val IIA (5 m thick) con sists of mas sive cal car e ous dark
grey shales lack ing, or with very sub tle, hor i zon tal lam i na -
tion (Fig. 3B). This in ter val is char ac ter ized by poorly de vel -
oped rhyth mic changes in the or ganic-rich clayey ma trix. A
sin gle Anthraconaia bi valve im pres sion was rec og nized in
one of the sam ples (Fig. 3C);

– In ter val IIB (8 m thick) con sists of dark or ganic-rich shales
with thin sand stone and sid er ite in ter ca la tions. Sid er ite is
pres ent here in the form of lay ers and lenses with a max i -
mum thick ness of 1 cm (Fig. 3D). In con trast to the shales
from in ter val IIA, in ter val IIB is char ac ter ized by well-de fined 
lam i na tion;

– In ter val IIC (21.5 m thick) is com posed of shales with a
greater num ber of fine-grained sand stone in ter ca la tions
and the pres ence of sid er ite con cre tions (Fig. 3E). Vis i ble
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lam i na tion is em pha sized by changes in grain size and the
dis tri bu tion of or ganic mat ter;

– In ter val III (from 98 to 111 m) is com posed of fine to me -
dium-grained sand stones with thin shale lay ers (Fig. 3F). 

MINERAL COMPOSITION

The min eral com po si tion of the sam ples ana lysed is shown
on Fig ure 4. All sam ples have es sen tially the same com po si -
tion, com pris ing quartz, feld spar, micas (mus co vite) and clay
min er als (illite, kaolinite and chlorite). The sam ples dif fer from
each other in the pres ence of car bon ates (sid er ite and cal cite)
and py rite. In the com po si tion of in ter val IIA, py rite and cal cite
ap pears. In in ter val IIB, cal cite is re placed by the sid er ite, which
forms lenses ~0.5 cm thick. In in ter vals IIC and III there is a
small amount of sid er ite in the form of con cre tions.  

FRAMBOID SIZE ANALYSIS

All py rite de tected py rite was within in ter vals IIA and IIB, in
dark grey claystone. It oc curs both within and out side the sid er -
ite lay ers. The  forms of py rite were de tected com prised fram -
boids (Fig. 5), ie. spher i cal ag gre gates of py rite grains re sem -
bling rasp ber ries (Rust, 1935), euhedral crys tals, and re place -

ments of or ganic mat ter. Euhedral crys tals are the most abun -
dant form of py rite found in all the sam ples ana lysed. They
strongly vary in size, from <0.5 up to 17 mm. They oc cur in a
clus tered form more fre quently than as sin gle crys tals, in con -
trast to the framboids, which usu ally oc cur sep a rately, lo cally in
the com pany of euhedral crys tals and least of ten in clus ters.
The framboids are built with microcrystals that are gen er ally not
larger than 1 mm, though their sizes can vary slightly within a
sin gle framboid, and they can be packed densely or loosely.
Microcrystals that build framboids are gen er ally well-formed
(Fig. 5A–E, H–I), though some of them have holes in side (Fig.
5F, G). Be sides per fectly spher i cal shapes (Fig. 5C, I), they also 
tend to oc cur as el lip soi dal (Fig. 5E, H) and ir reg u lar framboids
(Fig. 5D).

The char ac ter is tics of the framboid size among the sam ples 
and fre quency of framboid di am e ters are given in Ta ble 2 and
Fig ure 6.

Ac cord ing to the clas si fi ca tion of re dox con di tions based on
framboid size dis tri bu tion (Bond and Wignall, 2010; Liu et al.,
2021), we can dis tin guish 4 ranges: 

 1 – abun dant framboids up to 6 mm in di am e ter, which can
in di cate anoxic bot tom wa ter; 
 2 – framboids with a mean size of 6–10 mm that can in di -
cate dysoxic bot tom wa ter; 
 3 – framboids with a mean size of 10–20 mm, which can in -
di cate dysoxic-to-oxic con di tions; 
 4 – a lack of framboids, that can char ac ter ize oxic bot tom
wa ters. 

The larg est group of framboids in the LAS rep re sents that
with a di am e ter up to 6 mm. Framboids with a di am e ter rang ing
be tween 6 and 10 mm form the sec ond-most-nu mer ous group,
and the larg est framboids, of di am e ter >10 mm, make up the
small est per cent age of the framboids mea sured. The con tri bu -
tion of framboidal py rite up to 6 mm var ies from 72% in the lower
part of the py rite oc cur rence in ter val (in ter val IIA) to 39% at its
up per part (in ter val IIB) (Fig. 5). The dis tri bu tion of the sizes
shows that in in ter val IIA we have gen er ally smaller framboids
and their size slightly in creases on go ing up wards to in ter val IIB.

MAJOR AND TRACE ELEMENTS AND TOC VALUES

The chem i cal com po si tion of the sam ples stud ied is shown
in Ta ble 3.

Alu mi num, po tas sium and sil i con have an af fin ity for
phyllosilicates and quartz. The Zr con tent is re lated to de tri tal
heavy min er als. Ti can be com bined with both heavy min er als
and phyllosilicates. The el e ments of the siliciclastic group (Al,
Si, K, Ti, Zr) are pos i tively cor re lated with each other (Ta ble 4).
Their con tent dis plays a slight fall in the cal car e ous in ter val IIA
be fore in creas ing to wards the top of the sec tion (Fig. 7). The rel -
a tive change in K is ex pressed by the K/Ti and Zr/K ra tios that
fluc tu ate from 5.3 to 9 and from 0.023 to 0.049, re spec tively
(Ta ble 3). The pro files of the K/Ti and Zr/K ra tios show a K min i -
mum in the si der it ic black claystones (in ter val IIB). The rel a tive
con tent of K rises grad u ally up wards in the sec tion to wards in -
ter val III. A pos i tive ex cur sion in Zr con tent oc curs in the up per
part of the sec tion (Fig. 7).

These lithogenic el e ments re veal strong neg a tive cor re la -
tion with Fe, Ca and Mn (Ta ble 4), in di cat ing that the lat ter are
mostly sit u ated in the car bon ate phase (cal cite and sid er ite). El -
e vated Ca/Ti ra tios in in ter val IIA (Ta ble 3) in di cate a min i mum
of siliciclastic sed i men ta tion in in ter val IIA. The Ca/Ti ra tios are
mod er ately high in the si der it ic in ter val IIB, while in the rest of
the in ter vals Ca/Ti is rather low (Fig. 7).
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Fig. 4. Min eral com po si tion of se lected sam ples
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The Fe con tent is mod er ately high and strongly fluc tu at ing in
in ter val IIB. These val ues re flect si der it ic interlayers. The Fe con -
tent drops in in ter val IIC, and then de creases stepwise up wards
in the sec tion. The con tent of Mn re veals max i mum ex cur sions in 
the si der it ic lay ers that show the high est Mn/Fe ra tios. The si der -
it ic lay ers are also en riched in P and Co. Cal car e ous claystones
in In ter val IIA show the high est con tents of Ca and TOC. An en -
rich ment in P, S and Mo (Fig. 7) was also noted here. 

INTERPRETATION

TERRIGENOUS INPUT AND CLIMATE CHANGE

El e ments such as Al, Si, Ti and Zr are com monly used as a
proxy of de tri tal in put (Tay lor and McLennan, 1985; Rachold
and Brumsack, 2001). As weath er ing and/or diagenetic pro -
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I
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A

E

H

G

Fig. 5. Morphologies of py rite that oc cur in the LAS

A – round framboid from RL26; B – group of 3 round framboids from RL30; C – round framboid from RL30; D – small framboid with ir reg u lar
shape from RL26; E – framboid with ir reg u lar shape from RL24; F – clus ter of py rite crys tals that dif fer in size from RL27, where larger crys tals
are char ac ter ized with pores in their cen tral parts; G – clus ter of py rite crys tals that are ap prox i mately the same in size from RL30, with crys -
tals also char ac ter ized by pores in their cen tral parts; H – 3 el lip soi dal framboids from RL26; I – round framboid from RL37; pho tos from re -

flected light (A–E, G) and scan ning elec tron mi cro scope (SEM) with YAGSBE de tec tor (F, H, I); scale bar: 10 mm
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cesses barely af fect their con cen tra tion (Calvert and Pedersen, 
1993), they can be used as a re li able in di ca tor of terrigenous
flux in the LAS. Ad di tion ally, min er al og i cal data can also be
use ful here and sup port the geo chem i cal data.

X-ray dif frac tion re sults of the LAS (Fig. 4) re veal that the
cal car e ous claystones of in ter val IIA con tain the low est amo -
unts of siliciclastics (clay min er als and quartz) and the ap pear -
ance of cal cite. The min eral com po si tion is mir rored in chem i cal 
fea tures such as the low con tent of lithogenic el e ments (Al, Si,

K, Ti, Zr) and high Ca/Ti ra tio (Fig. 7). Up wards in the sec tion,
the ter res trial in put in creases, as ex pressed by el e vated con -
tents of Al, Si, K, Ti and Zr. El e vated Zr val ues in the up per part
of the sec tion may also in di cate some con tri bu tion of fel sic
volcanoclastic rocks.

Cli mate is one of the fac tors that may be re spon si ble for the
in ten sity of chem i cal weath er ing in the source re gion. This
might be es tab lished by com par i son of the con tent of wa ter-sol -
u ble (e.g., K) and less mo bile (e.g., Al and Ti) el e ments, which
are dif fer en ti ated dur ing min eral de cay in a warm and hu mid en -
vi ron ment. The palaeoclimatic in di ces used are as fol lows: the
K/Ti ra tio, show ing the de gree of chem i cal al ter ation; the Ca/Ti
ra tio, re flect ing changes in de tri tal in put; and the Zr/K ra tio, be -
ing a mea sure of in flow en ergy (Dypvik and Har ris, 2001;
Arnaud et al., 2012; Bassetti et al., 2016).

The gen eral dis tri bu tion of the Zr/K ra tio (Fig. 7) sug gests an 
in crease in trans port en ergy up wards in the LAS sec tion. Some
fluc tu a tion of the Zr/K ra tio is re vealed, and this may cor re spond 
to vari a tions in of Zr con tents, which might re flect chang ing
grain size in the terrigenous frac tion. Zr car rier min er als are
usu ally as so ci ated with gen er ally tur bu lent silt-sand sed i men ta -
tion, and thus the Zr en rich ment in the de pos its may be re lated
to more hu mid con di tions (with in tense pre cip i ta tion and flu vial
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T a  b l e  2

Size char ac ter is tics of framboids from the LAS

Sam ple n
Min di am e ter

 [mm] 
Max di am e ter 

[mm] 
Mean
[mm]

Stan dard
de vi a tion

[mm]

RL24 100 2.62 16.49 7.58 3.42 

RL26 100 1.86 42.08 7.32 5.42 

RL27 100 1.99 22.59 5.79 3.18 

RL30 100 1.67 21.19 6.96 3.29 

RL33 100 1.82 13.97 5.25 2.42 

RL 24 

<6 

6-10

>10

RL 26

<6 6-10

>10

RL 27

<6 
6-10

>10
RL 30

<6 
6-10

>10

RL 33

<6 

6-10

>10

Fig. 6. Graphs with fre quen cies of framboid di am e ters
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 deniarge-nif hs ineerg
enot sdnas 5.99 01LR dn 78.51 22.0 28.1  21.6 86 60.0  20.0 03.32 19.0 632  95.1 01 57.6 93.0  52.0 930.0 510.0 400.0

deniarg-enif yerg
enot sdnas 9.501  21LR 62.0 76.01 13.0 53.2  12.4 415 70.0  40.0 08.62 76.0 702  45.1 21 03.6 93.0  74.0 940.0 910.0 220.0

enotsdum yerg 3.801  31LR 8.0 74.21 95.0 28.3  55.5 216 80.0  40.0 01.32 26.0 541  43.1 71 79.8 44.0  59.0 620.0 210.0 610.0

enotsdum yerg 53.801  41LR 70.1 * 73.41 73.0 52.2  67.5 871 80.0  80.0 07.42 86.0 151  96.1 31 54.8 04.0  45.0 620.0 110.0 800.0

CII

deniarg-enif yerg
enot sdnas 2.311  61LR 84.0 * 73.41 42.0 05.3  29.5 673 50.0  80.0 09.32 76.0 541  65.1 91 09.8 14.0  63.0 420.0 010.0 110.0

deniarg-enif yerg
enot sdnas 9.121  81LR 2.0 71.31 82.0 00.2  60.5 841 50.0  20.0 04.72 07.0 281  05.1  8 91.7 83.0  04.0 630.0 410.0 700.0

deniarg-enif yerg
 htiw enot sdnas

snoi ter cnoc et ir edis
5.521  91LR 42.0 72.21 63.0  21.3  67.4 495 50.0  30.0 08.52 56.0 351  99.0 41 53.7 93.0  65.0 230.0 210.0 910.0

deniarg-enif yerg
enot sdnas 5.921  12LR 40.1 79.01 73.0 94.3  56.3 894 80.0  90.0 02.62 36.0 261  49.2 91 48.5 33.0  95.0 440.0 510.0 410.0

BII

enotsdum yerg 6.431  32LR 1.1 * 74.31 13.0  07.3  83.4 523 70.0  70.0 01.52 86.0 851  70.2 52 04.6 33.0  54.0 630.0 210.0 900.0

htiw enotsyalc yerg
snoi ta nimal et ir edis 7.731

 42LR
99.0 *

71.31 83.0 39.4  90.4 836 80.0  81.0 07.52 56.0 841  81.1 42 72.6 13.0  85.0 630.0 110.0 310.0

42LR
 DYS  53.8 19.0 08.61  86.2 2214 90.0  52.0 09.81 54.0 79  50.0 91 39.5 23.0  10.2 630.0 210.0 520.0

htiw enotsyalc yerg
snoi ta nimal et ir edis 7.831

 52LR
98.0

78.31 33.0 91.4  80.4 664 70.0  60.0 01.52 56.0 641  69.1 62 42.6 92.0  15.0 630.0 110.0 110.0

52LR
 DYS 70.01 36.0 03.11  80.3 9643 01.0  71.0 01.12 94.0 011  50.0 32 03.6 13.0  82.1 630.0 110.0 130.0

htiw enotsyalc yerg
snoi ta nimal et ir edis 52.041  62LR 1* 79.21 03.0 20.4  29.3 144 70.0  80.0 02.62 17.0 861  66.1 22 55.5 03.0  24.0 340.0 310.0 110.0

htiw enotsyalc yerg
snoi ta nimal et ir edis 3.041

 72LR 19.0 75.11 75.0 24.7 07.3 6541 01.0  31.0 00.42 06.0 431  58.0 12 71.6 23.0  59.0 630.0 210.0 020.0

72LR
 DYS 84.7 62.1 04.51 73.2 0253 90.0  70.0 00.02 54.0 59  50.0 11 33.5 23.0  38.2 040.0 310.0 320.0

AII

enotsyalc yerg krad 58.241  92 LR 25.0 * 79.01 06.5 82.5 05.3 887 90.0  42.2 00.02 25.0 411  53.2 12 08.6 23.0 78.01 330.0 010.0 510.0

enotsyalc yerg krad 9.341  13LR 31.2 * 66.7 00.91 97.3 76.2 359 21.0  39.1 04.41 73.0 68  14.3 31 03.7 53.0 19.15 230.0 110.0 520.0

enotsyalc yerg krad 2.441  23LR 52.2 * 73.01  45.7 16.4 46.3 329 41.0  01.2 06.91 84.0 801  24.9 71 66.7 53.0 78.51 030.0 110.0 020.0

enotsyalc yerg krad 5.541  43LR 64.1 70.21  68.4 60.4 18.3 537 80.0  87.1 04.02 74.0 001 08.26 71 11.8 23.0 43.01 620.0 800.0 810.0

 I

enotsyalc yerg 7.641  53LR 92.0 73.51  69.0 14.3 85.4 822 01.0  40.0 08.42 65.0 561  27.1 01 51.8 03.0  17.1 630.0 110.0 700.0

deniarg-enif yerg
enot sdnas 6.051  63LR 12.0 * 75.31  36.0  46.4  32.4 593 80.0  40.0 01.52 07.0 951  79.1 02 60.6 13.0  19.0 830.0 210.0 900.0

deniarg-enif yerg
enot sdnas 8.451  73LR 50.0 * 76.61  94.0  23.4  97.4 733 50.0  35.0 06.32 65.0 901  05.3 03 85.8 92.0  88.0 320.0 700.0 800.0

*  yb debirc sed dna desy lana –  )2202( .la te kawoN
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trans por ta tion) (Dypvik and Har ris, 2001). In this in ter pre ta tion,
in ter vals IIB and III were in flu enced by more hu mid con di tions. If 
fall ing Zr con tent sug gests a re duc tion of sed i men tary trans port
(Bassetti et al., 2016; Grabowski et al., 2021a), the tran si tion
from in ter val IIC to in ter val III would rep re sent a more arid en vi -
ron ment. By com par i son, in ter val IIA is over all poor in far-trav -
elled com po nents due to the hemipelagic open-lake de po si tion
it rep re sents. The K/Ti ra tio can be ad di tion ally used as an in di -
rect palaeoclimate proxy (Arnaud et al., 2012; Clift et al., 2014;
Grabowski et al., 2021b), in di cat ing an in crease in chem i cal al -
ter ation to wards in ter val IIB.

An other palaeoclimate clue in the lac us trine fa cies is sid er -
ite oc cur rence. Sid er ite is an autochthonous com po nent of
mod ern and an cient trop i cal lakes that pre cip i tates by synsed i -
men tary or very early diagenetic re duc tion of fer ric (oxyhydr)ox -
ides, orig i nat ing from ter res trial weath er ing fa voured by a hu -
mid and warm cli mate (Irion et al., 2006; Lojka et al., 2009). Sid -
er ite oc cur ring in par tic u lar laminae can in di cate the lim i ta tion of 
its crys tal li za tion to cer tain pe ri ods when fa vour able con di tions
pre vailed, and this may have been be re lated to sea son al ity at
the lake bot tom (Bahrig, 1989). Sid er ite oc cur rence in the LAS
is re flected in the Fe con tent. It is in ferred that the high est Fe
ac cu mu la tion in in ter val IIB re cords the weath er ing max i mum,
be fore this weak ened, and Fe lev els fell in in ter val IIC.

The min er al og i cal and geo chem i cal data ob tained from the
LAS in di cate that changes in terrigenous in flux might be at trib -
uted to global cli ma tic fac tors, while tec tonic up lift and vol ca nic
ac tiv ity can not be ex cluded. 

REDOX CONDITIONS

Re dox anal y sis is a stan dard fea ture of palaeoenviron mental 
stud ies, and var i ous sed i men tary geo chem i cal prox ies have
been de vel oped. Be sides the mac ro scopic fea tures such as vis i -
ble lam i na tion and grey-black colours caused by OM ac cu mu la -
tion, the pres ence of py rite, es pe cially framboidal py rite, can be
used as an in di ca tor of re dox con di tions. The for ma tion of py rite
re quires the pres ence and avail abil ity of iron and sul phur in the
sed i men tary ba sin; there fore, or ganic-rich sed i ments are usu ally
en vi ron ments en cour ag ing py rite growth (Saw³owicz, 1993,
2000). Py rite can be found in sed i men tary rocks in the form of in -
di vid ual euhedral crys tals, spher i cal framboids built with micro -
crystals, and sub sti tut ing or ganic mat ter.  

Be sides the pres ence of py rite, framboid mor phol ogy and
size char ac ter is tics can also be use ful to in fer en vi ron men tal
con di tions in the ba sin (Wilkin et al., 1996; Bond and Wignall,
2010). The lack of sed i ment within framboid voids from the LAS
sug gests that they are not diagenetic in or i gin and so can be
used as a re dox proxy (Wei and Jiang, 2019). The hol low
microcrystals shown on Fig ure 5F and H can in di cate rapid
growth in a highly su per sat u rated en vi ron ment (Berg, 1938).
Re gard ing the framboid shape, el lip soi dal forms (Fig. 5C, D)
may be a re sult of de for ma tion of pri mar ily sphe roi dal framboids 
(Rickard, 2021).

It has been com monly ob served that py rite framboids found
in re cent anoxic en vi ron ments are on av er age smaller and less
vari able in size than those framboids col lected from sed i ments
un der ly ing oxic or dysoxic wa ter col umns. It has also been sug -
gested that syngenetic framboid size does not sig nif i cantly in -
crease with time post-de po si tion (Wilkin et al., 1996); there fore,
the size dis tri bu tion of framboidal py rite in sed i men tary rocks
might be rec og nized as a re dox in di ca tor (Wilkin et al., 1996;
Yuan et al., 2017). Framboid size dis tri bu tion in the LAS sug -
gests anoxic-dysoxic con di tions in the wa ter mass dur ing py rite
for ma tion (black claystones of in ter val IIA and IIB). Ad di tion ally,
changes in framboid size – es pe cially framboids up to 6 mm and
big ger than 10 mm – show the tran si tion from the more anoxic
con di tions in in ter val IIA to dysoxic con di tions in in ter val IIB (Fig. 
6). In ter vals I, IIC and III are bar ren of py rite, which may in di cate 
more ox y gen ated con di tions dur ing their for ma tion (Liu et al.,
2021). 

An other in di ca tor of re dox con di tions used in this pa per is
an ac cu mu la tion of some trace el e ments (e.g., Mo, Co, Mn, Fe)
that are re dox-sen si tive (e.g., Algeo and Maynard, 2004; Liu et
al., 2021). The LAS are rather poor in trace el e ments in com par -
i son with av er age shale (Li and Schoonmaker, 2003). How ever, 
the black claystones of in ter val IIA are en riched in Mo (Fig. 7),
sug gest ing anoxic con di tions. Mo lyb de num is here ac com pa -
nied by TS and TOC. This is an ob vi ous as so ci a tion be cause
the trans fer of MoO4

2– to the sed i ment is likely pro moted
through ad sorp tion onto or ganic or min eral par ti cles. In anoxic
sed i ments, Mo (VI) is re duced to Mo (V) (e.g., MoO2+) or Mo
(IV) spe cies (e.g., thiomolybdate) (Calvert and Pedersen,
1993). They can be de pos ited as or ganic thiomolybdates or, af -
ter fur ther re duc tion, in solid so lu tion with Fe-sulphides (Helz et
al., 1996; Tribovillard et al., 2006). Mo dis plays lit tle af fin ity to a
CaCO3 sur face, but Mo im mo bi li za tion re quires a re duc tion
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T a  b l e  4

Pearson cor re la tion ma trix for se lected el e ments in sam ples (p <0.05, n = 23)

 Al K Ti Si Zr Co Mo S Ca P Fe Mn 

Al   1.00   0.82   0.70   0.62   0.55   0.19 –0.01 –0.36 –0.49 –0.56 –0.63 –0.71 

K   0.82   1.00   0.76   0.56   0.66 –0.15 –0.08 –0.38 –0.43 –0.56 –0.68 –0.69 

Ti   0.70   0.76   1.00   0.77   0.91 –0.08 –0.27 –0.60 –0.61 –0.62 –0.56 –0.59 

Si   0.62   0.56   0.77   1.00   0.75   0.05 –0.23 –0.71 –0.78 –0.64 –0.47 –0.52 

Zr   0.55   0.66   0.91   0.75   1.00 –0.33 –0.27 –0.57 –0.51 –0.48 –0.58 –0.57 

Co   0.19 –0.15 –0.08   0.05 –0.33  1.00 –0.02   0.03 –0.16 –0.14   0.12   0.04 

Mo –0.01 –0.08 –0.27 –0.23 –0.27 –0.02   1.00   0.47   0.21   0.06 –0.11 –0.09 

S –0.36 –0.38 –0.60 –0.71 –0.57   0.03   0.47   1.00   0.79   0.55 –0.05   0.00 

Ca –0.49 –0.43 –0.61 –0.78 –0.51 –0.16   0.21   0.79   1.00   0.62 –0.05   0.02 

P –0.56 –0.56 –0.62 –0.64 –0.48 –0.14   0.06   0.55   0.62   1.00   0.28   0.34 

Fe –0.63 –0.68 –0.56 –0.47 –0.58   0.12 –0.11 –0.05 –0.05   0.28   1.00   0.97 

Mn –0.71 –0.69 –0.59 –0.52 –0.57   0.04 –0.09   0.00   0.02   0.34   0.97   1.00 
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step. Thus, Mo ac cu mu la tion in the cal car e ous
rocks of in ter val IIA in di cates the oc cur rence of
rel a tively reductive (ano xic) con di tions. The low
rate of sed i men ta tion could have fa voured the in -
cor po ra tion of Mo into the sed i ment. 

The dis tri bu tion of Mo is op po site to and in de -
pend ent that of Fe and Mn in in ter vals IIB and IIC.
A slightly higher Mo con tent oc curs in the sam ples 
that are poor in Fe-Mn (Fig. 7). In con trast, the Co
dis tri bu tion shows a lit tle en rich ment in the si der it -
ic sam ples. Co balt is fluvially de liv ered as the dis -
solved cat ion, or com ple xed with soil or ganic ac -
ids. In ano xic con di tions, Co forms the in sol u ble
sul phide CoS, which can be in cor po rated as a mi -
nor con stit u ent in Fe-sulphides (Huerta-Diaz and
Morse, 1992). 

Mo and Co are strongly as so ci ated with the
sul phide frac tion, but oxyanion -form ing el e ments
(e.g., Mo) are trapped in syngenetic py rite, whe -
reas diagenetic py rite con tains rel a tively more
heavy met als (e.g., Co) (Berner et al., 2013).
Thus, Co ac cu mu la tion in the si der it ic lay ers of in -
ter val IIB is re lated to sed i ment an oxia and diage -
netic pyritization.

A suboxic or “manganous” re dox re gime is
also in di cated by the Mn con cen tra tions (Can field
and Thamdrup, 2009; Wirth et al., 2013), where
Mn en rich ment might be taken as an in di ca tor of
oc ca sional wa ter-col umn ven ti la tion dur ing ano -
xic con di tions (Calvert and Peder sen, 1996). The
Mn/Fe ra tio has been widely em ployed as a proxy
for past lake ox y gen a tion (Naeher et al., 2013;
Makri et al., 2021), with the as sump tion that low
Mn/Fe ra tios may in di cate re duc ing con di tions,
whereas high Mn/Fe ra tios are likely re lated to in -
creased O2 con cen tra tions (Mackereth, 1966;
We rsin et al., 1991). How ever, Fe and Mn con tent 
and the el e men tal ra tio were con trolled by many
fac tors other than re dox con di tions dur ing times of 
high de tri tal in put, and/or higher sup ply of dis -
solved or ganic car bon and diagenetic pro cesses
(Makri et al., 2021). In ter vals IIA and IIB re veal the 
co-oc cur rence of Fe-Mn-P and TOC, as well as
TS that can be mainly re lated to an oxia and
diagenetic pro cesses of Mn up take in the sed i -
ments as car bon ate, phos phate and/or sul phide
min er als. Fe and Mn car bon ates are readily for -
med un der re duc ing con di tions (H¯kanson and
Jansson, 1983). Phos phate min eral such as vivi -
an ite or phosphoferrite can pre cip i tate in the sed i -
ment from re duc ing pore-wa ter (Nriagu and Dell,
1974; H¯kan son and Jansson, 1983). Their pres -
ence in all sam ples sug gests that the rocks were
sat u rated with re duc ing so lu tions.

DISCUSSION

Our min er al og i cal-geo chem i cal study of the
Rybnica Leœna PIG 1 bore hole core sec tion
shows sig nif i cant vari a tions in terrigenous sup ply
to the sed i men tary ba sin through out the Late Car -
bon if er ous/Early Perm ian. The vari a tions ex pre s -
sed by min er al og i cal-geo chem i cal in di ces and li -
thol ogy were pri mar ily con trolled by cli ma tic chan -
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ges. The Penn syl va nian wit nessed a ma jor gla ci ation on set
prob a bly re lated to the fi nal as sem bly of Pangea as a re sult of
the Variscan orog eny (e.g., Crowley and Baum, 1992; Field ing
et al., 2008). Global sea level fluc tu a tion could have caused hu -
mid-arid changes on land; there fore, sed i men ta tion in the con ti -
nen tal bas ins was prob a bly con trolled by a com plex in ter play of
cli ma tic and tec tonic forc ing (Stollhofen et al., 1999; Fal con-
 Lang, 2004; Izart et al., 2005). 

The Rybnica Leœna PIG 1 sec tion re cords the lake evo lu tion 
in flu enced by tec ton ics and a hu mid cli mate phase. The Intra-
 Sudetic Ba sin was a place where wet pe ri ods oc curred re peat -
edly, ac com pa nied by the ac cu mu la tion of black claystones or
coal seams (Wo³kowicz, 1988; Mastalerz, 1990; Mastalerz and
Nehyba, 1997; Bossowski and Ihnatowicz, 2006). The suc ces -
sion con tains a few volcanoclastic lay ers, sug gest ing the en -
hanced vol ca nic ac tiv ity of the Sudetic area re lated to the
Varicides de vel op ment (Awdankiewicz et al., 2003; Awdan -
kiewicz, 2022). 

An anal o gous com bi na tion of cli mate and tec ton ics has
been dis cussed re gard ing the lac us trine sys tem of the Saar-
 Nahe and Bo he mian bas ins (Stollhofen et al., 1999; Lojka et al., 
2009). Pe ri odic humidification at the Kasimovian-Gzhelian
(Ste phanian) has been cor re lated to the Gond wana degla -
ciation cy cle, with a wet in ter val in Cen tral Eu rope (Roscher and 
Schnei der, 2006).

In the sec tion stud ied, the cal car e ous black claystones re -
cord the max i mum depth of the Anthracosia Ba sin, which would 
have de vel oped stepwise and later be came sup plied by ter res -
trial ma te rial, as pro posed by Mastalerz and Nehyba (1997);
there fore, in ter val I rep re sents the be gin ning of trans gres sion,
in ter val IIA re fers to the lake highstand fol lowed by a grad ual
lake-level fall ac com pa nied by in tense in put of ter res trial ma te -
rial (IIB), re gres sion (IIC), and fi nally, lake ter mi na tion (III). 

The ini tial stage of the lake was prob a bly re lated to ris ing
hu mid ity, con se quently ac com pa nied by flu vial trans port. In ter -
val I is rich in siliciclastic ma te rial, whose oc cur rence in trop i cal
lac us trine sed i ments can mir ror huge floods (Giresse et al.,
1991). Gen er ally, wet con di tions fa voured pro gres sive weath -
er ing that trig gered a stepwise in crease in the sup ply of weath -
er ing prod ucts (e.g., Fe-Mn com pounds) to the lake (Irion et al.,
2006; Lojka et al., 2009) through out in ter vals I and IIA. The
black claystones of in ter val IIA rep re sent the deep est fa cies of
the Anthracosia Ba sin with lim ited de tri tal in put and dom i nant
cal cite sed i men ta tion. For that rea son, Zr ac cu mu la tion is low.
The K/Ti ra tio tends to be lower, in di cat ing chem i cal weath er -
ing. Dur ing the highstand of the lake, well-de fined lam i na tion
was scarcely formed. In com par i son with mod ern an a logues of
a trop i cal lake (Giresse et al., 1991), or ganic-rich poorly lam i -
nated claystone is a de posit of a gen er ally sta ble en vi ron ment
(low sea son al ity). A hu mid cli mate could have re sulted in ef fec -
tive nu tri ent sup ply, and max i mum pro duc tiv ity, linked with per -
ma nent wa ter col umn strat i fi ca tion pro duc ing lake-floor an oxia.
The anoxic (sulphidic) con di tion of the black claystones of in ter -
val IIA have been dem on strated by the en rich ment in Mo, TS
and small, abun dant framboids. This in ter pre ta tion is con sis tent 
with the re sults of anal y sis of or ganic mat ter from the Anthra -
cosia Shales. The maceral com po si tion, miospore as sem bla -
ges and palynofacies oc cur ring in the fine-grained li thol ogy en -
riched in OM were clas si fied as bi tu mi nous as so ci a tions typ i cal
of a deep-wa ter zone near the cen tre of the LAS. It re cords high
bio-pro duc tiv ity of the sur face wa ter and re duc ing depositional
con di tions (Nowak et al., 2022). 

The highstand was fol lowed by a grad ual lake-level fall re -
corded in in ter val IIB. Well-pro nounced lam i na tion with silt
laminae and sid er ite in di cates rhyth mic sea son al ity ac com pa -
nied by in creased sed i ment sup ply. The lam i na tion of the LAS
re lated to sea sonal changes was also pos tu lated based on or -
ganic pe trol ogy (Nowak et al., 2022). De tri tus de liv ered to the
lake had been pre vi ously af fected by in tense chem i cal de cay in
hu mid and warm con di tions, shown by the high Fe-Mn con tent
and low K/Ti ra tio in the rocks of in ter val IIB. The si der it ic lay ers
may re cord per ma nent an oxia in the sed i ments and early
diagenetic pro cesses, and sea son ally chang ing ox y gen a tion of
bot tom wa ter as sug gested by Co con cen tra tions, fluc tu a tions
of the Mn/Fe ra tio and the larger py rite framboids. The lack of
fos sils to gether with un dis turbed lam i na tion sug gest that the en -
vi ron ment was not hos pi ta ble to liv ing or gan isms.

The in creased thick ness of silt laminae in in ter val IIC in di -
cates sea son al ity, per haps re lated to mon soonal cir cu la tion,
and a stepwise re gres sion. The drop in Fe-Mn con tent and in -
creas ing K/Ti ra tio sug gest de creas ing chem i cal weath er ing
due to aridification. Dur ing the lake stage rep re sented by in ter -
val IIC, the lake-floor con di tions turned oxic with the dis ap pear -
ance of py rite. 

Fre quent in ter rup tions of turbiditic sandy laminae in in ter val
III sug gest the ter mi nal stage of lake infill, char ac ter ized by
more pro nounced sed i ment flux. A de cline in kaolinite con tent in 
the up per part of the sec tion (Wójcik-Tabol et al., 2021) may in -
di cate less in tense chem i cal weath er ing in the drain age ba sin at 
the time when in ter val III was formed. How ever, the low K/Ti ra -
tio an d high Zr may also re cord a volcanoclastic con tri bu tion.
Or ganic mat ter of this in ter val rep re sents a humic as so ci a tion
de pos ited in a coastal zone. Terrigenous or ganic mat ter was
usu ally not trans ported over long dis tances. Some mi cro scop i -
cally vis i ble or ganic frag ments (inertinite) in di cate a high- tem -
per a ture or i gin, most likely caused by for est fires (Nowak et al.,
2022), which may in di cate dry con di tions dur ing the Anthra -
cosia lake’s ex is tence. 

Evap o ra tion was not an ex clu sive rea son for the Anthra -
cosia Ba sin’s ter mi na tion. The in ten sity of pre cip i ta tion sig nif i -
cantly in flu enced the lake’s de vel op ment, stim u lat ing pro duc tiv -
ity, strat i fi ca tion and sed i ment sup ply, while the sys tem was
also af fected by the tec tonic evo lu tion of the drain age ba sin and 
vol ca nic ac tiv ity.

CONCLUSIONS

The Anthracosia Ba sin de pos its rep re sent a valu able en vi -
ron men tal re cord of the Penn syl va nian and the Early Perm ian
within the Variscan orogenic belt in east ern equa to rial Pan -
gaea. The Rybnica Leœna PIG 1 sec tion dem on strates lac us -
trine sys tem evo lu tion within the Intra-Sudetic Ba sin that may
have been con trolled by the in ter play of cli ma tic and tec tonic
forc ing. 

The cli mate was hu mid dur ing the start of the Anthracosia
Ba sin sed i men ta tion. The black claystones of in ter val IIA are fa -
cies of an open lake formed un der an al most non-sea sonal cli -
mate, linked with per ma nent wa ter col umn strat i fi ca tion and an -
oxia. The highstand grad u ally shifted into a sea son ally hu mid
cli mate and in tense chem i cal weath er ing. In ter val IIB with si der -
it ic lay ers may re cord per ma nent an oxia in the sed i ments and
early diagenetic pro cesses, and sea son ally chang ing ox y gen a -
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tion of the bot tom wa ter. The later lake re gres sion (in ter val IIC)
may be re lated to cli mate aridification, fol lowed by in ter val III of
the ter mi nal infill of the ba sin. The cli mate in ter val rep re sented
in this work cor re sponds with a Late Penn syl va nian wet phase,
likely linked to a south ern Gond wana inter gla cial ep i sode.
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