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De tailed pet ro graph i cal and min er al og i cal anal y ses are pro vided of tuffic ho ri zons iden ti fied for the first time in Up per Visean
de pos its (se quences 2 and 3) in 21 bore holes of the Lublin Ba sin, along with co-oc cur ring volcaniclastic rocks. The thick ness 
of the tuff ho ri zons var ies in the range of 0.2–8 m. Tuff 2.I reaches its max i mum thick ness in the NE re gion, and tuffs 2.II and
3.I in the cen tre of the ba sin. As these tuffs can be traced be tween dif fer ent parts of the ba sin, they pro vide good re gional cor -
re la tive ho ri zons. Tuff ho ri zons 2.I and 2.II have been iden ti fied within se quence 2, and tuff ho ri zon 3.I in se quence 3. The
rhyolitic pyroclastic ma te rial com pos ing the tuffs was sourced from the erup tive acidic vol ca nism that took place in the Lublin
Ba sin in the Late Visean. The pyroclastic ma te rial was de pos ited in var i ous en vi ron ments that co-oc curred in the ba sin area
at that time: flu vial floodplain, deltaic plain, shal low-wa ter delta, shal low clay-dom i nated shelf, and car bon ate shelf. Within
the ho ri zons stud ied, fine-ash vitric and vitric-crys tal tuffs, and coarse-ash vitric and vitric-lithic tuffs have been iden ti fied.
The main clay min eral in the tuffs is kaolinite, the con tent of which can ex ceed 80%. In some ar eas it is ac com pa nied by ser -
pen tine – berthierine, whereas in oth ers, mixed-lay ered illite/smectite min er als and illite pre dom i nate. Ana tase and car bon -
ate min er als of sid er ite, sideroplesite and Fe/Mn-cal cite are com mon. He ma tite, py rite and jarosite are also some times
found. The re cent com po si tion of the tuffs re sults mainly from the type of pyroclastic ma te rial, as well as from the fac tors it
has been sub jected to, in clud ing sed i men tary en vi ron ment, hypergenic weath er ing, and hy dro ther mal and diagenetic pro -
cesses. The de tri tal com po nents found in the volcaniclastic con glom er ates and sand stones were de rived mostly from ero -
sion and re work ing of rocks from se quences 1 and 2 oc cur ring within the sed i men tary ba sin, and to a lesser ex tent they came 
from out side of the ba sin. Pre lim i nary min eral re source stud ies have shown that the tuffic ho ri zons can con tain ~28-35% of
Al2O3, which is a pro spec tive quan tity for re frac tory raw ma te ri als. The volcaniclastic rocks, in which en rich ment in rare earth
el e ments is found, also show the po ten tial for be ing eco nomic raw ma te ri als. The con clu sions about the raw ma te rial po ten -
tial should be con sid ered pre lim i nary, re quir ing fur ther re search.

Key words: tuffs, volcaniclastic rocks, clay min er als, cor re la tion ho ri zons, Visean, Lublin Ba sin.

INTRODUCTION

In the Lublin Ba sin (Fig. 1), de pos its ad mixed with pyroclas -
tic ma te rial were first de scribed by Cebulak and Porzycki
(1966), from De vo nian-Car bon if er ous bound ary strata. Later,
they were dis tin guished along with co-oc cur ring vol ca nic rocks
by ̄ elichowski (1969, 1972) as the K³odnica Mem ber within the
Huczwa For ma tion (Fig. 2). De scrip tions of these rocks can be
found in an ar chi val study (Jackowicz, 1985) and in pub li ca tions 

(Depciuch, 1974; Popek, 1986; Cebulak, 1988a, b; Porzycki,
1988; Grocholski and Ryka, 1995; Porzycki and Zdanowski,
1995). Over the next few years, these rocks re mained out of re -
search fo cus. Re cently, petrographic and strati graphic stud ies
of rocks con tain ing vol ca nic ma te rial have re sumed (Koz³owska 
and Popek, 2018; Koz³owska and Waksmundzka, 2020, 2023;
Waksmundzka et al., 2021). They showed that the K³odnica
Mem ber de pos its span both the old est rocks in the Car bon if er -
ous suc ces sion, pre sum ably of Tournaisian age, and Visean
rocks, sep a rated by a strati graphic gap (Figs. 2 and 3). The
work re sulted in the iden ti fi ca tion of new cor re la tive tuffic ho ri -
zons in the Lublin Ba sin, as well as of the in ferred lo ca tion of
vol ca nic cones ac tive in Visean times. These pyroclastic lay ers
dem on strate that palaeovolcanism took place, and are the ba -
sis for its in ter pre ta tion given the ab sence of ef fu sive vol ca nic
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rocks in the Visean for ma tions stud ied. Such vol ca nic rocks
have been re cog nised in se quence 1 strata (Waksmundzka et
al., 2021) and are Tournaisian in age (Pañczyk and Nawrocki,
2015). Mis sis sip pian (mainly Tournaisian) vol ca nism is also
known in the West ern Pomerania (Muszyñski et al.,1996) and
the Holy Cross Moun tains (Migaszewski, 1995; Krzemiñski,
1999).

This pa per pro vides de tails on the pe trog ra phy and min er al -
ogy of these newly iden ti fied tuffic ho ri zons to gether with co-oc -
cur ring volcaniclastic rocks within the Visean de pos its. The re -
sults are tied to the re sults of sedimentological and se quence
strati graphic stud ies to re con struct the or i gin of the de pos its, as
well as their spa tial and age re la tion ships. These ho ri zons are
youn ger than the pre vi ously de scribed tuffs from se quence 1,
which are of Tournaisian age, as they oc cur within the Visean
se quences of 2 and 3. So far, only two tuffs of this age have
been pre vi ously de scribed from the NE part of the ba sin: one in
the Siedliska IG 1 bore hole (Koz³owska and Popek, 2018) and
the other in the Radzyñ IG 1 bore hole (Waksmundzka et al.,
2021). The ques tion of their re gional na ture and pos si ble cor re -
la tions, based on a larger num ber of bore hole sec tions from
var i ous parts of the ba sin, is im por tant to un der stand ing the re -
gional ge ol ogy.

GEOLOGICAL SETTING

The Lublin Ba sin (Fig. 1) cov ers an area of Car bon if er ous
subcrops at the basal sur face of the Perm ian-Me so zoic suc ces -
sion in SE Po land. Its con tin u a tion is the Lviv-Volhynia Ba sin,
lo cated in Ukraine. The Lublin Ba sin is a seg ment of the newly
de fined Car bon if er ous P³ock-Lublin Ba sin (Narkiewicz, 2023). It 
is sep a rated from the P³ock seg ment by the Grójec Fault. The
ba sin is filled with Up per Tournaisian-Up per Moscovian de pos -
its (Fig. 2), sep a rated from var i ous De vo nian, lower Pa leo zoic
and Ediacaran for ma tions, as well as from crys tal line base ment
rocks, by a strati graphic gap (Cebulak, 1988b). The de po si tion
of Car bon if er ous rocks was pre ceded by an ero sion event last -
ing in this area through the Early and Mid dle Tournaisian
(Waksmundzka et al., 2021), and in some ar eas con tin u ing into
the Mid dle Visean (Waksmundzka, 2010). There is a dis tinct
un con formity and a strati graphic gap at the top of the Car bon if -
er ous sec tion, as so ci ated with the Variscan orog eny
(Narkiewicz, 2023). The over ly ing Up per Perm ian de pos its rep -
re sent the Pol ish Zechstein Ba sin (Peryt, 2023), fol lowed by
rocks of the Me so zoic Ba sin of the Pol ish Low lands
(Leszczyñski, 2023), the Paleogene-Neo gene Ba sin of the Pol -
ish Low lands (Kasiñski, 2023), and the youn gest, Qua ter nary
de pos its.
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Fig. 1. Geo log i cal-struc tural map of the Lublin Ba sin with out strata youn ger than Car bon if er ous 
(mod i fied af ter Waksmundzka and Bu³a, 2020), with lo ca tion of the bore holes stud ied
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Fig. 2. Chronostratigraphic di vi sions, lithostratigraphy and se quence stra tig ra phy of the Car bon if er ous suc ces sion 
in some of the bore holes stud ied



Ac cord ing to in for mal lithostratigraphic di vi sion (Porzycki
and ¯elichowski, 1977, fide Porzycki, 1979), the old est part of
the Car bon if er ous sec tion rep re sents the Huczwa For ma tion
sub di vided into the K³odnica and So³okija mem bers (Fig. 2).
The age of these de pos its was con strained to the Up per
Visean, based on biostratigraphic stud ies (Musia³ and Ta bor,
1979, 1988; Porzycki and Zdanowski, 1995). How ever, the lat -
est re sults of se quence strati graphic stud ies by Waksmundzka
et al. (2021) in di cate an ear lier on set of Car bon if er ous de po si -
tion, pre sum ably in the Late Tournaisian. It was also found that
the bound aries of the K³odnica Mem ber are diachronous and its 
time span is vari able and dif fers from re gion to re gion in the ba -
sin. To the NE, the K³odnica Mem ber en com passes se quences 
1–3, and se quences 1–2 in the rest of the area. The age of se -
quence 1 has been as signed to the Up per Tournaisian, and of
se quences 2–3 to the Up per Visean (Waksmundzka et al.,
2021). The age of se quences 2–3 was based on many
biostratigraphic stud ies of fau nal (Musia³ and Ta bor, 1979,
1988; Skompski and Soboñ-Podgórska, 1980; Soboñ-Pod -
górska 1988; Soboñ-Podgórska and Tomaœ, 1995; Skompski
1996) and flo ral (Migier, 1988; Kmiecik, 1988) re mains.

In the study area, the K³odnica Mem ber is ~10–37 m thick,
the great est thick ness be ing re corded in the NE re gion in the
Parczew IG 10 bore hole, in the cen tral re gion in Œwidnik IG 1,
and in the SW re gion in Niedrzwica IG 1. In the NE re gion, the
unit is rep re sented by claystones, mudstones, volcaniclastic
sand stones and con glom er ates, lime stones, tuffs, bauxites and 
bas alts. Sim i lar rocks are found in the cen tral and SW re gions,
with the ex cep tion of lime stones and bauxites. In the SE, its li -
thol ogy is the least di verse and con sists of mudstones, sand -
stones, con glom er ates, tuffs and, in a sin gle sec tion, al tered
vol ca nic rocks.

Pre vi ous ra dio met ric dat ing of the K³odnica Mem ber vol ca -
nic rocks in di cate a Namurian and Late or Mid dle Visean age of
their for ma tion (Depciuch, 1974). Porzycki (1988) and
Grocholski and Ryka (1995) in ferred a Late Visean age for this
mem ber. Re cent dat ing (by the 40Ar/39Ar method) of bas alts
from the NE part of the ba sin in di cates they are older, cor re -
spond ing to the Up per Tournaisian (Pañczyk and Nawrocki,
2015). Tomaszczyk and Jarosiñski (2017) sug gested that vol -
ca nic ac tiv ity in the Tournaisian oc curred un der extensional
con di tions, whereas in the Visean, there was an evo lu tion of the 
stress re gime from compressional to extensional. Ac cord ing to
Narkiewicz (2007), Early Car bon if er ous vol ca nic ac tiv ity should
be as so ci ated with a hot spot.

The K³odnica Mem ber is over lain by de pos its of the up per
part of the Huczwa For ma tion, rep re sent ing the So³okija Mem -
ber dom i nated by claystones, mudstones, marls and lime -
stones, con tain ing a ma rine fauna. Stigmaria soil ho ri zons and
thin coal lay ers have been en coun tered in the claystones. The
max i mum thick ness of the So³okija Mem ber, ~400 m, is found
in the SW re gion. In the cen tral and SE re gions, it may be
~150–200 m thick.

MATERIAL AND METHODS

The sedimentological and se quence strati graphic stud ies
were based on geo log i cal and geo phys i cal data from 21 bore -
holes shown in Fig ure 1 and lo cated in the NE, SW, central and
SE re gions of the Lublin Ba sin. Among these bore holes, eight
sec tions (Ciecierzyn 1, Glinnik 2, £uków IG 4, £uków IG 5,
Krêpiec 1, Œwidnik 14, Œwidnik 22) were sub jected to a full litho -
facies- strati graphic anal y sis. New tuffic ho ri zons, so far un -
known, were iden ti fied in eight pre vi ously stud ied bore holes
(Korczmin IG 1, Korczmin IG 3, Lublin IG 1, Marynin 1, Nasutów 

1, Œwidnik IG 1, Terebin IG 1, Terebin IG 3) (Waksmundzka,
2010, 2018; Koz³owska and Waksmundzka, 2020;
Waksmundzka et al., 2021). The re main ing sec tions were used
to cor re late and por tray the re gional lithofacies pat tern of the
de pos its un der study. Eight of the bore holes (£uków IG 4,
£uków IG 5, Radzyñ IG 1, Parczew IG 10, Marynin 1, Korczmin
IG 1, Korczmin IG 3) pro vide com pletely cored sec tions, while
the oth ers are cored in part. Five of the bore holes (Korczmin IG
3, Nasutów 1, Nasutów 2, Œwidnik 22, Terebin IG 1) pro vide
long cored in ter vals, sev eral tens of metres thick, which fa cil i -
tated the de tailed study of tuffic ho ri zons found within them.

The sedimentological stud ies were based on lithofacies
anal y sis. In di vid ual lithofacies (Read ing, 1978; Walker, 1992)
were sep a rated and coded us ing a lithofacies cod ing sys tem
(af ter Miall, 1977, 1978; Rust, 1978; Zieliñski, 1992a, b, 1995;
Waksmundzka, 2012, 2013). Each lithofacies was as signed to
a lithofacies as sem blage, cor re spond ing to coars en ing-up -
wards, non-gradational, and fin ing-up wards cyclothems, us ing
the au thors’ clas si fi ca tion (Waksmundzka, 2013; Koz³owska
and Waksmundzka, 2020; Waksmundzka et al., 2021). The
orig i nal (decompacted) thick ness of tuff and sand stone
lithofacies (af ter Baldwin and But ler, 1985) was re con structed,
us ing a meth od ol ogy pre vi ously tested in sedimentological
stud ies of Car bon if er ous de pos its (Waksmundzka, 2013;
Waksmundzka et al., 2021).

Our pa per deals with se quences 2 and 3 from the NE and
cen tral re gions of the Lublin Ba sin, and se quence 2 from the SE 
re gion, in which new, so far un iden ti fied tuffic ho ri zons have
been found. Fa cies de vel op ment of the de pos its of these se -
quences, the spa tial and age re la tion ships within them, and, in
par tic u lar, the lat eral dis tri bu tion of the tuffic ho ri zons and ac -
com pa ny ing volcaniclastic rocks are char ac ter ized based on
lithological and fa cies cor re la tions, as well as on se quence
strati graphic data. The fol low ing three cor re la tion schemes
(Fig. 1) have been con structed us ing, as a ref er ence level, both
the tops of river chan nel sand stones and the cor re spond ing
max i mum re gres sion sur faces – ini tial trans gres sion sur faces.

In the study, we used the se quence strati graphic sub di vi -
sion in tro duced by Waksmundzka (2008, 2010, 2012, 2013)
and Waksmundzka et al. (2021) for Car bon if er ous de pos its of
the Lublin Ba sin, us ing the meth od ol ogy char ac ter ized in de tail
in her pre vi ous stud ies. The depositional se quences (af ter
Michum, 1977) iden ti fied are bounded by type I un con formi ties
(Vail and Todd, 1981). The max i mum re gres sion sur face – ini -
tial trans gres sion sur face (T), as well as the max i mum flood ing
sur face (MFS) oc cur within the se quences. They sep a rate (1) a
forced-re gres sive sys tems tract (FRST), (2) a transgressive
sys tems tract (TST), and (3) a nor mal-re gres sive (NR) sys tems
tract, which formed dur ing the highstand (HST) or lowstand
(LST) of rel a tive sea level (RSL). The sys tems tracts con sist of
parasequences (Van Wag oner, 1985), cor re spond ing to
coarsening-up wards, non-gradational and fin ing-up wards cyclo -
thems.

Thirty-four sam ples of se lected rocks were ana lysed mi cro -
scop i cally us ing a Nikon Optiphot 2 po lar iz ing mi cro scope. Thin
sec tions, con tain ing car bon ate min er als, were stained with
Evamy’s so lu tion for their iden ti fi ca tion. Ten rock sam ples were
sub jected to cathodoluminescence (CL) anal y sis us ing a cold
cath ode, model CITL MK5 equipped with EDX, from Cam bridge 
Im age Tech nol ogy Ltd. Scan ning elec tron mi cros copy (SEM)
stud ies were car ried out on a LEO 1430 type mi cro scope
equipped with an EDS ISIS en ergy microprobe from Ox ford In -
stru ments. The con di tions for microprobe mea sure ments were:
ac cel er at ing volt age – 20 kv and beam cur rent – 80 µA. Three
chips of rocks and 11 thin sec tions were ex am ined for chem i cal
anal y sis of the fol low ing min er als: car bon ates – 32, clay min er -
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als – 9, and ana tase – 7. SEM Quant soft ware was used for
quan ti ta tive X-ray anal y sis when ex am in ing the microareas.
X-ray dif frac tion (XRD) stud ies were car ried out on 10 sam ples
us ing a Bruker D8 X-ray diffractometer, with a Co lamp,
equipped with a Vantec-1 high-speed de tec tor. Each sam ple
was crushed gently to sieve through a 0.4 sieve, and then milled 
with meth a nol in a McCrone micronising mill. Ran dom ori en ta -
tion of pow der spec i mens was achieved by side-load ing. Quan -
ti ta tive min er al og i cal anal y sis was per formed by fit ting the
diffractograms of the sam ples stud ied us ing diffractograms of
pre vi ously re corded pure stan dards us ing a QMIN com puter
pro gram. The ac cu racy of quan ti ta tive XRD anal y sis largely de -
pends on the crystallinity of the phases stud ied. For ex am ple,
phases such as py rite or ana tase can be de tected at con cen tra -
tions be low 1%, while for clay min er als, this thresh old is around
3%. Ad di tion ally, kaolinite crystallinity was eval u ated based on
X-ray dif frac tion data us ing the Hinckley in dex (HI) (Hinckley,
1963).

The Al2O3 con tent in the rock was es ti mated (cal cu lated)
based on the % kaolinite con tent ob tained from the XRD anal y -
sis, as sum ing, based on pub lished data of Bolewski (1982), the
av er age Al2O3 con tent in kaolinite is equal to 65%.

In this study, we use the gen eral term for the group of
volcaniclastic rocks, which re fers to clastic rocks con tain ing
pyroclastic ma te rial, with out pro vid ing a more spe cific vol ume
pro por tion (af ter Ryka and Maliszewska, 1991). This group of
rocks com prises tuffs, which con tain >75% of pyroclastic ma te -
rial, and volcaniclastic con glom er ates, sand stones and
mudstones con sist ing of pyroclastic and epiclastic ma te rial in
vari able pro por tions. Clas si fi ca tion of pyroclastic rocks is based 
on type and size of ma te rial  (Le Maitre et al., 2002). The no -
men cla ture of sand stones is based on the mod i fied clas si fi ca -
tion by Pettijon et al. (1972), and of con glom er ates, by
Jaworowski (1987) and Ryka and Maliszewska (1991).

RESULTS

SEDIMENTOLOGICAL ANALYSIS AND SEQUENCE STRATIGRAPHY

LITHOFACIES AND CYCLICITY

In se quences 2 and 3, the most com mon rocks in terms of
thick ness are claystones and mudstones interbedded with lime -
stones. Volcaniclastic sand stones, mainly fine-grained, are rel -
a tively com mon, while me dium- to coarse-grained sand stones
and volcaniclastic con glom er ates are less fre quent.

Humic coals and car bo na ceous claystones are rare and oc -
cur as interbeds within the claystone-mudstone in ter vals. The
lithofacies anal y sis of cored sec tions en abled the dis tin guish ing 
of a num ber of lithofacies types, which have been coded, thor -
oughly char ac ter ized in Ta bles 1 and 2, and as signed to sub-
 en vi ron ments and en vi ron ments with in ter pre ta tion of bedforms 
and depositional pro cesses. The most dis tinc tive lithofacies,
with par tic u lar em pha sis on tuffs and ac com pa ny ing
volcaniclastic sand stones and con glom er ates, are il lus trated in
Fig ures 3 and 4.

The tuffic ho ri zons that are the sub ject of this study have
been iden ti fied in most of the bore hole sec tions ex am ined,
which points to their re gional char ac ter (Figs. 1 and 2). So far,
two new tuffs within se quence 2 and one within se quence 3
have been in ves ti gated. For un am big u ous iden ti fi ca tion, they
are marked with sym bols con sist ing of a se quence num ber and
an as signed Ro man nu meral, and char ac ter ized in de tail in Ta -

ble 3. In for ma tion on the re gional dis tri bu tion of the tuffs is in -
cluded there as well. Two tuffic ho ri zons (2.I, 2.II) have been
iden ti fied in se quence 2 in the SE re gion , while one of them has 
been found in the NE re gion (2.I) and in the cen tral re gion (2.II).
The tuffic ho ri zon (3.I) in se quence 3 has so far been in ves ti -
gated in the sec tions from the NE and cen tral re gions. Iden ti fi -
ca tion of fur ther tuffic ho ri zons is planned in the least ex plored
SW area, and in se quence 3 in the NW and SE re gions, where
they are also most likely to oc cur, as in di cated by the re con nais -
sance anal y sis of ar chived de scrip tions of bore hole cores.
How ever, con fir ma tion of this the sis re quires fur ther sedimento -
logical and petrographic-min er al og i cal stud ies.

Fin ing-up wards, non-gradational and coars en ing-up wards
cyclothems have been iden ti fied in the sec tions stud ied us ing
the clas si fi ca tion of Waksmundzka (2010, 2012, 2013). Fin -
ing-up wards cyclothems (Fig. 5) are com posed of two mem -
bers, the lower coarse-grained and the up per fine-grained.
These are type IIa cyclothems (cf. e.g., Waksmundzka, 2012;
Waksmundzka et al., 2021). Within the lower mem ber, high-en -
ergy sand stone lithofacies are the most com mon: Sm (Fig. 4A),
Sh2 and Sl; less fre quent are low-en ergy fa cies: Sr, Sf (Fig. 4F)
and Sx. High-en ergy con glom er atic lithofacies, Gm (Fig. 4B, D)
and GSm, are en coun tered at the bases of some cyclothems.
The up per mem bers are most com monly rep re sented by
lithofacies Fm or Fh de pos ited from sus pen sion, lo cally over lain 
by phytogenic lithofacies, i.e. mudstone and claystone
Stigmaria soil R, and coals and car bo na ceous claystones C. In
the up per mem bers, tuff lithofacies T lo cally oc curs in di vid u ally
or in co-oc cur rence with lithofacies Fm and/or Fh. This is a pe -
cu liar fea ture of the fin ing-up wards cyclothems, pre vi ously un -
des cribed. Among type IIa cyclothems, there is a lithofacies
suc ces sion with the par tic i pa tion of tuffs: Sm®Fm+T®C,
Sm®Fm®T, Sm®T, Sh2®T, or with out them:
Gm®Fm+Fh®R®C, SGm®Sm®Fm®C, Sm®Fm+Fh,
Sr®Sx®Fn, Sf®Fh.

The sec ond type of fin ing-up wards cyclothem – IIb with suc -
ces sive FSh®Fm, com posed of low-en ergy lithofacies, is rare.
Its thick ness is ~3 m.The pres ent-day thick ness of type IIa fin -
ing-up wards cyclothems is 0.4–7.3 m. This com prises a smaller 
thick ness of the lower mem ber, typ i cally reach ing 0.2–2.8 m
(max i mum 4.2 m), and a rel a tively larger thick ness of the up per
mem ber of 0.2–5.3 m, typ i cally >4.4 m.

Non-gradational cyclothems (Fig. 5), in which no grain size
gra da tion is pres ent, are rel a tively nu mer ous in the sec tions
stud ied. They are cat e go rized into a sep a rate, pre vi ously
uncoded type IIIb. This con sists of lithofacies Fm (Fig. 4G) or
Fh de pos ited from sus pen sion, lo cally over lain by phytogenic
lithofacies, i.e. mudstone and claystone Stigmaria soil R
(Fig. 4E), and/or coals (Fig. 4C) and car bo na ceous claystones
C. Also, tuff lithofacies T may oc cur within this type of
cyclothem. Type IIIb cyclothems are char ac ter ized by the
lithofacies suc ces sions Fm®R®C, Fm®C, Fm®T®C,
Fh+T+Fm®C, and their pres ent-day thick ness is 2.0–14.3 m.

Apart from those char ac ter ized above, there are also type Ic 
coars en ing-up wards cyclothems (Fig. 6) in the sec tions stud ied
(cf. Waksmundzka, 2013; Koz³owska and Waksmundzka,
2020), in which the up wards in crease in grain size is man i fested 
by the tran si tion of claystone lithofacies Fm1 (Fig. 4K) and Fh1
into mudstones Fn (Fig. 4H), sandy mudstones FSh, and then
into fine- and me dium-grained sand stones Sh1, Sm or Sd. At
the base of some coars en ing-up wards cyclothems, car bon ate
lithofacies – lime stones L and/or marls M – can oc cur, while
phytogenic lithofacies of coals C are found at the top. Type Ic
cyclothems are char ac ter ized by the most com plete lithofacies
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de vel op ment. Their cur rent thick ness is 2.2–23 m. Type IIc
coars en ing-up wards cyclothems, of in com plete lithofacies de -
vel op ment, lack ing claystone or sand stone lithofacies, can oc -
cur in the study area too. The pres ent-day thick ness of type IIc
cyclothems ranges from 2.2 to 22.0 m. The most abun dant
cyclothems in the bore holes are type IIIc non-gradational ones,
which con sist, from base to top, of lime stone lithofacies L
(Fig. 4L), and rarely marls M and claystones Fm1. A spe cific
fea ture of type IIIc cyclothems, pre vi ously un des cribed, is the
oc cur rence of tuff lithofacies T within them, which can oc cur as

interbeds within car bon ate lithofacies – lime stones L or marls
M, or within claystone lithofacies Fm1 and Fh1. There is also a
rare va ri ety of type IIIc cyclothem, com posed of lime stones L,
di rectly over lain by Stigmaria soil R (cf. Waksmundzka et al.,
2021).

It was found that type Ic coars en ing-up wards and type IIIc
non-gradational cyclothems com monly in clude bioturbated
claystone lithofacies Fd (Fig. 4I) and sandy mudstones FSd
(Fig. 4J). These lithofacies types are ob served in the bot tom
por tions of the cyclothems and co-oc cur with claystone Fm1
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T a  b l e  1

Char ac ter is tics of the lithofacies oc curred within fin ing-up wards and non-gradational cyclothems, and in ter pre ta tion of their
depositional en vi ron ments
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T a  b l e  2

Char ac ter is tics of the lithofacies oc curred within coars en ing-up wards and non-gradational cyclothems
 and in ter pre ta tion of their depositional en vi ron ments
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Fig. 3. Ex am ples of tuff lithofacies; cor re la tion ho ri zons: 2.I – A, B, D, G, I; 2.II – Figs J, K; 3.I – C, E, F, H, L; fine-ash tuffs – A, B, 
D-L; coarse-ash tuff – C

A – £uków IG 5 bore hole; depth 1206.75 m; B – Korczmin IG 1 bore hole; depth 1333.0 m; C – Radzyñ IG 1 bore hole; depth 927.7 m; D –
Marynin 1 bore hole; depth 1354.2 m; E – Radzyñ IG 1 bore hole; depth 925.4 m; F – Glinnik 2 bore hole; depth 2257.37 m; nu mer ous sid er ite
spheru lites (ar rows); G – Terebin IG 1 bore hole; depth 1337.8 m; brachi o pod shells (ar rows); H – £uków IG 4 bore hole; depth 1539.95 m ; I –
Korczmin IG 1 bore hole; depth 1337.8 m; J – Terebin IG 1 bore hole; depth 1273.77 m; K – Nasutów 1 bore hole; depth 2186.2 m; bub bly tex -
ture ar rowed); L – Nasutów 2 bore hole; depth 2295.45 m; units on scale bar = 1 cm
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Fig. 4. Ex am ples of the most dis tinc tive lithofacies

A – Lithofacies Sm: fine-grained mas sive sand stone; in places there is a con cen tra tion of tuff ma te rial (ar row); Korczmin IG 3 bore hole; depth 
1350.70 m; LST of se quence 2; B – Lithofacies SGm: mas sive grav elly sand stone; Nasutów 1 bore hole; depth 2162.35 m; LST of se quence
3; C – Lithofacies C: coal; £uków IG 4 bore hole; depth 1538.01 m; TST of se quence 3; D – Lithofacies Gm: mas sive con glom er ate; £uków IG
4 bore hole; depth 1546.7 m; LST of se quence 2; E – Lithofacies R: clayey Stigmaria soil; slick en sides-re lated com pac tion (ar rowed); £uków
IG 4 bore hole; depth 1538.8 m; TST of se quence 3; F – Lithofacies Sf: fine-grained flaser-lam i nated sand stone; lam i na tion high lighted with
brown tuff ma te rial; Marynin 1 bore hole; depth 1359.32 m; LST of se quence 2; G – Lithofacies Fh: hor i zon tal lam i nated mudstone with
coalified frag ment of cala mite; Nasutów 2 bore hole; depth 2288.63 m; TST of se quence 3; H – Lithofacies FSh: hor i zon tal lam i nated sandy
siltstone; up wards it be comes lithofacies Sh: fine-grained hor i zon tally lam i nated sand stone; £uków IG 5 bore hole; depth 1195.11 m; HST of
se quence 3; I – Lithofacies Fd: dis turbed mudstone with com mon bioturbation (ar rows); Korczmin IG 1 bore hole; depth 1332.3 m; cor re la tion
ho ri zon 2.B; TST of se quence 2; J – Lithofacies FSd: dis turbed sandy siltstone with com mon bioturbation; brown col our re lated to the con -
cen tra tion of tuff ma te rial (ar rows); Marynin 1 bore hole; depth 1350.55 m; cor re la tion ho ri zon 2.B; TST of se quence 2; K – Lithofacies Fm1:
black mas sive claystone with brachi o pods; Nasutów 2 bore hole; depth 2284.64 m; TST of se quence 3; L – Lithofacies L: lime stone with fau -
nal de tri tus; Korczmin IG 3 bore hole; depth 1316.3 m; TST of se quence 2; units on scale bar = 1 cm
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T a  b l e  3

Char ac ter is tics of tuffic cor re la tion ho ri zons 2.I, 2.II, 3.I and bioturbated ho ri zon 2.B

+ pres ence; ? not rec og nized; – ab sence

Fig. 5. Ex am ple lithofacies, fin ing-up wards and non-gradational cyclothems (parasequences) de pos ited in anastomosing flu vial
sys tem and flu vial floodplain en vi ron ments with a pyroclastic ep i sode of tuffic ho ri zon 2.II, Nasutów 1 bore hole

* – ero sional top of the lithofacies suc ces sion



and mudstone Fm3 lithofacies. Due to the wide spread oc cur -
rence of these bioturbated lithofacies, just above the 2.I tuff ho -
ri zon within se quence 2 in the SE area, they too have been con -
sid ered as a cor re la tive ho ri zon, and la belled 2.B. The pres -
ent-day thick ness of this ho ri zon is 0.3–1.2 m (Ta ble 3).

TUFF LITHOFACIES

Three ho ri zons of re gional sig nif i cance (Ta ble 3), in which
the tuff T lithofacies (Fig. 3) oc curs, have been iden ti fied within
de pos its of se quences 2 and 3: (1) fine-ash tuffs, (2) coarse-ash 
tuffs, and (3) one tuffic ho ri zon with a fin ing-up wards trend and
tran si tion from coarse-ash to fine-ash tuff. They are char ac ter -
ized by mas sive struc tures and may rarely be hor i zon tally lam i -
nated (Ta bles 1 and 2).

In the basal parts of se quence 2, there is the lower tuffic ho -
ri zon, marked 2.I. It has been iden ti fied in cored sec tions of
bore holes drilled in the NE (Fig. 7) and SE (Fig. 9) re gions, and
is rep re sented by two types. The first type is char ac ter ized by
di verse, dis tinct, var ie gated colours: creamy-dark red-yel low,
yel low-dark red, yel low-black, creamy-yel low, grey-dark red,
light grey-dark red, dark red, creamy, yel low, and brown, as well 
as by the pres ence of ir reg u lar ag gre ga tions of py rite or sid er ite. 
This type is en coun tered, for ex am ple, in the £uków IG 4 and
£uków IG 5 bore holes (Fig. 3A) in the NE, and in the Korczmin
IG 1 (Fig. 3B, I) and Korczmin IG 3 bore holes in the SE. The
pres ent-day thick ness of tuff 2.I is 0.4-4.8 m, and af ter
decompaction it is ~2-22 m.

The other type of tuff, 2.I, with a pres ent thick ness of 0.5 m
(decompacted thick ness about 2.5 m), oc cur ring in the SE in
the Marynin 1 (Fig. 3D), Terebin IG 1 (Fig. 3G) and Terebin IG 3
bore holes, is char ac ter ized by a uni form dark grey or
green-grey col our and the pres ence of bioclasts: sin gle brachi o -
pod shells or fish scales.

The sec ond, up per tuffic ho ri zon, marked 2.II, which oc curs
in the up per part of se quence 2 in the bore holes lo cated in the
cen tral (Fig. 8) and SE (Fig. 9) re gions, is also rep re sented by
two types. The first type is found in the cen tral re gion, e.g. in the
Nasutów 1 (Fig. 3K), Nasutów 2, Glinnik 2 and Œwidnik 22 bore -
holes, and is less var ied in col our (creamy, brown, green,
grey-green or grey-red). Rel a tively com mon coalified plant de -
tri tus or larger frag ments of cala mites, and in places scat tered
sid er ite or sid er ite spheru lites, are found in this type. Its pres -
ent-day thick ness is 0.8–6 m and a decompacted thick ness is
~4–30 m. This ho ri zon can be iden ti fied also on well logs
(gamma ray, sonic EL03) in the form of char ac ter is tic max ima,
es pe cially when it is thick, e.g. in the Nasutów 1 bore hole
(Fig. 5). How ever, where it is less thick or con sists of two thin
lay ers sep a rated by lithofacies Fm2 (Œwidnik 22 bore hole;
Fig. 6), it can not be clearly iden ti fied on well logs.

The other type of tuffic ho ri zon, 2.II, has been iden ti fied in
the up per part of se quence 2, in the Korczmin IG 1, Korczmin
IG 3, Terebin IG 1 (Fig. 3J) and Terebin IG 3 bore holes from the 
SE re gion (Fig. 9). Its po si tion is re mark able as it oc curs as an
interbed within a thick (sev eral metres) layer of grey or dark
grey organodetrital lime stone and marl, con tain ing ma rine
echinoderm, brachi o pod, foraminifer and coral re mains. The
lithological char ac ter is tics and col our of tuff 2.II, which can be
green-grey, yel low-grey, brown or light brown-green, dis tin -
guish it clearly from the un der ly ing and over ly ing car bon ates.
In fre quent brachi o pod shells, coalified plant de tri tus and py rite
im preg na tions are lo cally pres ent within the tuff. Its pres ent-day
thick ness is 0.2–2.5 m and a decompacted thick ness is
~1.0–11.5 m.

An other tuffic ho ri zon lo cated in the lower part of se quence
3 is marked with the sym bol 3.I. So far, it has been found in the
£uków IG 4, £uków IG 5, Radzyñ IG 1 and Siedliska IG 1 bore -
holes from the NE re gion (Fig. 7), and in the Nasutów 2 and
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Fig. 6. Ex am ple lithofacies, coars en ing-up wards and non-gradational cyclothems
(parasequences) de pos ited in a shal low-wa ter delta en vi ron ment with a pyroclastic ep i sode,

Œwidnik 22 bore hole

dp – delta plain; * – ero sional top of the lithofacies suc ces sion



12 Aleksandra Koz³owska et al. / Geo log i cal Quar terly, 2025, 69, 19

ni
 s

a
B 

nil
b

u
L 

e
ht f

o 
n

oi
 g

er 
E

N 
e

ht f
o )

n
a

e
si

V r
e

 p
p

U( 
3 

d
n

a 
2 

s
e

c
n

e
u

 q
e

s f
o 

y
h

 p
a r

gi t
art

s 
e

c
n

e
u

 q
e

s 
d

n
a 

s
ei

c
af

o
htil 

– I 
e

m
e

h
c

s 
n

oi t
a l

e rr
o

C .
7 .

gi
F



Aleksandra Koz³owska et al. / Geo log i cal Quar terly, 2025, 69, 19 13

ni
 s

a
B 

nil
b

u
L 

e
ht f

o 
n

oi
 g

er l
ar t

n
e

c 
e

ht f
o )

n
a

e
si

V r
e

 p
p

U( 
3 

d
n

a 
2 

s
e

c
n

e
u

 q
e

s f
o 

y
h

 p
a r

gi t
art

s 
e

c
n

e
u

 q
e

s 
d

n
a 

s
ei

c
af

o
htil 

– II 
e

m
e

h
c

s 
n

oi t
a l

e rr
o

C .
8 .

gi
F



14 Aleksandra Koz³owska et al. / Geo log i cal Quar terly, 2025, 69, 19

ni
 s

a
B 

nil
b

u
L 

e
ht f

o 
n

oi
 g

er 
E

S 
e

ht f
o )

n
a

e
si

V r
e

 p
p

U( 
2 

e
c

n
e

u
 q

e
s f

o 
y

h
 p

a r
gi t

art
s 

e
c

n
e

u
 q

e
s 

d
n

a 
s

ei
c

af
o

htil 
– III 

e
m

e
h

c
s 

n
oi t

a l
e rr

o
C .

9 .
gi

F



Glinnik 2 bore holes from the cen tral re gion (Fig. 8). In the re -
main ing sec tions in ves ti gated, its pre sumed pres ence is in ter -
preted on gamma ray and elec tri cal re sis tiv ity curves at the site
of clear max ima.

In the NE re gion, tuff 3.I oc curs in a pe cu liar po si tion, di -
rectly be neath a sev eral-metres-thick layer of organodetrital
and, in places, nod u lar lime stones, which is the only one in se -
quence 3 (Fig. 7). The tuff is char ac ter ized by creamy-dark
red-yel low, creamy-dark red, creamy yel low, dark red-var ie -
gated, grey-red-var ie gated or creamy colours (Fig. 3C, E, H). It
con tains a small amount of brachi o pod and bi valve shell ma te -
rial, coalified plant de tri tus, and scat tered he ma tite. Cal ci fi ca -
tion of the tuff (re ac tion with HCl) is its char ac ter is tic fea ture. In
the Radzyñ IG 1 bore hole, a fin ing-up wards trend is ob served
within this tuff. The thick ness of the tuff is ~1–5 m
(decompacted ~5.6–23 m).

In the cen tral re gion, tuffic ho ri zon 3.I oc curs in the lower
part of se quence 3, sev eral metres be low the first lime stone
layer in the se quence (or in one case di rectly be low it; Fig. 8).
The tuff and lime stone are sep a rated by ho mo ge neous
claystones and/or mudstones. Tuff 3.I is char ac ter ized by a
grey-dark red, grey-cream or grey-green col our, the pres ence
of sparse coalified plant de tri tus, scat tered he ma tite, and sid er -
ite spheru lites (Fig. 3F, L). The thick ness of ho ri zon 3.I is 1-8 m
(decompacted ~5–40 m).

DEPOSITIONAL ENVIRONMENTS AND SEQUENCE STRATIGRAPHY

The lithological and fa cies char ac ter is tics, along with el e -
ments of se quence stra tig ra phy of se quences 2 and 3 in the NE
and cen tral re gions, are shown in Fig ures 7 and 8, and of se -
quence 2 in the SE re gion in Fig ure 9.

SEQUENCE 2

Se quence 2 is found across most of the Lublin Ba sin area,
ex cept in the NW re gion (Waksmundzka, 2010). Its pres ent
thick ness is ex tremely small (~1–5 m) in the NE (Fig. 7). The
area was char ac ter ized by a low sub si dence rate due to both
the shal low oc cur rence of crys tal line rocks of the East Eu ro -
pean Craton and the pres ence of thick ba salt bod ies in the im -
me di ate base ment, be long ing to se quence 1 of Tournaisian
age (Waksmundzka et al., 2021). The rel a tively small thick ness
in the cen tre of the ba sin in the area of the Nasutów 2, Œwidnik
IG 1, Œwidnik 14 and Œwidnik 22 bore holes (Fig. 8) can pre sum -
ably also be re lated to the pres ence of ba saltic rocks in the im -
me di ate base ment. The small thick ness could re sult also from
ero sional re duc tion of near-top strata of se quence 2 dur ing the
next fall ing and RSL lowstand of se quence 3. The thick ness of
se quence 2 in the ba sin gen er ally in creases to wards the S and
SE. In the area of the Lublin IG 1 bore hole, it reaches ~55 m,
and the great est thick nesses, at tain ing ~92 m, are re corded in
the SE (Fig. 9), where the great est sub si dence rate took place
(Koz³owska and Waksmundzka, 2021).

The lower bound ary of se quence 2 is an ero sional sur face
formed dur ing the fall ing of RSL. It forms the base of the Visean
de pos its and runs be low a bed of volcaniclastic sand stones and 
con glom er ates de pos ited in shal low (~0.5–0.8 m), highly
aggradational, high-en ergy river chan nels dur ing a lowstand
and a slow ini tial rise of RSL. This is in di cated by the dom i nance 
of the high-en ergy lithofacies Sm, Sh2 and Sl. These are over -
lain by the thick up per mem bers of type IIa fin ing-up wards
cyclothems, com posed of Fm and Fh lithofacies de pos ited on a
flu vial floodplain. It should be as sumed that these chan nels op -

er ated in an anastomosing sys tem, and that their fill ing and
wan ing were re lated to a RSL rise. Sim i lar flu vial en vi ron ments
de scribed by Koz³owska and Waksmundzka (2020) also ex -
isted in the Lublin Ba sin in the Serpukhovian and Bashkirian.
Else where in the world they are known from the Car bon if er ous
in Can ada (Rust, 1984; Nadon, 1994).

Only in the area of the Lublin IG 1 and Marynin 1 bore holes
were large in cised val leys formed, at tain ing depths of ~25 m
and ~40 m, re spec tively. In the cen tral re gion, the in cised val ley
was filled mainly by high-en ergy volcaniclastic sand stones and
con glom er ates that formed as a re sult of hyperconcentrated
flow (Waksmundzka, 2010; Waksmundzka et al., 2021). By
con trast, the in cised val ley in the area of Marynin 1 bore hole
was filled by braided river sed i ments (Koz³owska and Waks -
mundzka, 2020).

In the NE and SE re gions, the lower tuffic ho ri zon 2.I, which
reaches the great est thick ness in the £uków IG 5 and Korczmin
IG 1 bore holes, oc curs at the top of LST de pos its. Tuff
lithofacies T over lies chan nel sand stones and con glom er ates
or co-oc curs with lithofacies de pos ited on the floodplain. The
pyroclastic de pos its ac cu mu lated on the al lu vial plain and the
ma te rial was de rived from vol ca nic cones ac tive in these ar eas
since at least the Late Tournaisian (Waksmundzka et al.,
2021).

In part of the SE re gion, tuff 2.I was de pos ited on a flu vial
floodplain, while in the vi cin ity of the Terebin IG 1 and Terebin
IG 3 bore holes, in a ma rine en vi ron ment, in prodelta or shal low
clay-dom i nated shelf set tings, as in di cated by the pres ence of
brachi o pods and fish scales within the tuff. A ma rine res er voir
ex isted in this area al ready at the time of the RSL lowstand and
prob a bly en com passed also the area of the Ruskie Piaski IG 2
and Zubowice IG 5 bore holes, lo cated far ther to the SW. The
pres ence of the sea in this area can be as so ci ated with a high
sub si dence rate and the for ma tion of large ac com mo da tion
space in the Late Visean, as in di cated by the ex is tence of a
depocentre pre vi ously al ready in ter preted to oc cur here (Waks -
mundzka, 2010).

The ini tial trans gres sion sur face, which is de fined by the
base of deltaic and ma rine de pos its, runs above tuffic ho ri zon 2.I. 
The de pos its are rep re sented mainly by claystone and mudstone 
lithofacies Fm1, Fm3 and Fh1, de pos ited on a shal low clay-dom -
i nated shelf and in prodelta set tings of a shal low-wa ter delta, as
well as by the interbedded lithofacies of lime stones L and marls
M that ac cu mu lated on a shal low car bon ate shelf (Flügel, 2004).
These de pos its form the TST and HST that com pose the up per
part of se quence 2. The most com mon cyclothems among these 
de pos its are type IIIc non-gradational ones, in di cat ing the dom i -
nance of aggradation. Com plete type Ic coars en ing-up wards
cyclothems are rare. The cyclothems amid sed i men tary
aggradation and progra dation. A MFS has been iden ti fied within
the shal low shelf claystones. In the NE re gion, only thin (a few
metres) TST de pos its are pres ent, and the HST is ab sent due to
ero sion and/or nondeposition dur ing the sub se quent RSL fall.
The char ac ter is tics of these en vi ron ments from the Lublin Ba sin,
to gether with the de scrip tion of cyclicity, were pre vi ously de -
scribed by Skompski (1988, 1995a, b) and Waksmundzka
(1998, 2010, 2013).

In most of the sec tions from the SE re gion (Fig. 9), biotur -
bated lithofacies (Fig. 4I, J) are en coun tered di rectly above tuff
2.I, which are marked in the cor re la tive ho ri zon 2.B. This oc curs 
im me di ately above the ini tial trans gres sion sur face, within the
prodelta or shal low clay shelf de pos its, and, like this sur face,
may be con sid ered an isochronous cor re la tive ho ri zon. The
strong bioturbation of the bot tom sed i men tary layer in di cates in -
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creased ac tiv ity of ben thic or gan isms, pre sum ably trig gered by
nu tri ent abun dance. Pos si bly, af ter vol ca nic erup tion, or ganic
de bris along with pyroclastic ma te rial en tered the sea, pro vid ing 
a rich food source for benthos (Carrillo and Diaz-Villanueva,
2021).

The sec ond, up per tuffic ho ri zon 2.II oc curs in the up per
part of se quence 2 that com prises the HST. Its po si tion in the
sec tions from the cen tral re gion is pe cu liar, as it oc curs only a
few metres above the MFS, i.e. at the base of HST de pos its. In
the sec tions lo cated far ther to the NW (Nasutów 1, Fig. 5;
Nasutów 2; Glinnik 2 bore holes), it was de pos ited on a flu vial
floodplain, and far ther to the SE, in the prodelta and shal low
clay shelf en vi ron ments and, in places, on a delta plain (Œwidnik 
IG 1, Œwidnik 22 bore holes). In the SE re gion, tuffic ho ri zon 2.II
oc curs in the up per part of the HST as a char ac ter is tic interlayer 
within a lime stone and marl bed. Af ter vol ca nic erup tion,
pyroclastic ma te rial formed a thick layer, in places reach ing up
to ~12 m (decompacted thick ness in the Korczmin IG 1 bore -
hole), on a car bon ate ramp, which prob a bly caused a tem po -
rary ex tir pa tion of or gan isms liv ing there (cf. Si mon et al., 2017). 
How ever, the eco sys tem re cov ered, as shown by the re turn of
sed i men ta tion of car bon ate or ganic re mains, also above tuff
2.II, which are com po nents of the over ly ing car bon ate bed.
Diagenetic al tered vol ca nic ashes are quite of ten found in Mis -
sis sip pian car bon ate de pos its, such as in the Namur-Dinant
Ba sin in Bel gium (cf. Pointon et al., 2018).

SEQUENCE 3

Se quence 3 is pres ent through out the Lublin Ba sin
(Waksmundzka, 2010). It has an ex tremely small thick ness in
the NE (Fig. 7), rang ing from 4 to 10 m, and, like the thick ness
of se quence 2, in creases to wards the S and SE. In the cen tral
part (Fig. 8) its thick ness is 80–110 m, and a max i mum value of
~180 m is found in the SE re gion. The thick ness vari a tion is
prob a bly re lated to a greater rate of base ment sub si dence in
the cen tre of the ba sin and in the SE re gion, as well as to the
for ma tion of large ac com mo da tion space. The thick ness of se -
quence 3 has been re duced to some ex tent at the top dur ing the 
sub se quent fall ing and lowstand of RSL of se quence 4.

The lower bound ary of se quence 3, co in cid ing with the up -
per bound ary of se quence 2, is an ero sional sur face that
formed dur ing the RSL fall. Above the sur face, there are flu vial
de pos its rep re sent ing the LST. In the cen tral re gion, the se -
quence bound ary is placed be low a volcaniclastic sand stone
bed that oc curs at the base of an in cised val ley. This val ley
seems to have stretched from the area of the Glinnik 2 bore -
hole, through the re gion of the Nasutów 1, Ciecierzyn 1 and
Œwidnik 14 bore holes, to the vi cin ity of Œwidnik 22. Its great est
depth of ~34 m is found in the Ciecierzyn 1 and Œwidnik 14
bore holes. It is filled al most ex clu sively with sand stones. The
sparse core ma te rial does not pro vide a ba sis for re con struc tion 
of the flu vial en vi ron ments that ex isted in this area. One can
only sup pose, based on the pres ence of sand stone lithofacies
Sm in the 5-m-long core sec tion of the Œwidnik 14 bore hole,
that sed i men ta tion took place from high-en ergy, highly
aggradational hyperconcentrated flow (cf. Martinsen, 1994;
Svendsen et al., 2003). Anal o gous pro cesses of in cised val ley
fill ing in the area of the nearby Lublin IG 1 bore hole had op er -
ated also ear lier, dur ing the for ma tion of se quence 2. In the
area of the Glinnik 2, Nasutów 1 and Œwidnik 22 bore holes, the
in cised val ley was filled with flu vial sed i ments, in clud ing both
chan nel sand stone lithofacies and overbank claystone-mud -
stone and phytogenic lithofacies. The pres ence of type IIa fin -

ing-up wards cyclothems and the ex treme thick ness of flood -
plain de pos its in di cate an anastomosing chan nel sys tem en vi -
ron ment. Only in the north ern most part of the cen tral re gion did
no in cised val leys form. Sed i men ta tion took place ex clu sively
on a flu vial floodplain, within peat swamps (lithofacies coals C).

In the NE re gion, the LST-form ing de pos its in clude sand -
stones of shal low-wa ter (~0.8–1 m) braided chan nels (Siedliska 
IG 1, £uków IG 5 bore holes), and a thin (0.1 m) coal layer that
formed as peat bogs on a flu vial floodplain (Nasutów 2 bore -
hole). Far ther to the E, around the Radzyñ IG 1 and Parczew IG
10 bore holes, bauxites were de pos ited dur ing the lowstand of
se quence 3 (Waksmundzka et al., 2021).

The ini tial trans gres sion sur face in the cen tral re gion runs at 
the top of flu vial deposis or at the base of the coal and car bo na -
ceous claystone C lithofacies, or within the baux ite bed
(Waksmundzka et al., 2021). Above, there are TST de pos its
that formed dur ing a RSL rise. In the cen tral re gion, these are
rep re sented mainly by claystone and mudstone lithofacies de -
pos ited on a shal low clay shelf and the prodelta of a shal low-wa -
ter delta. Less com mon are sand stones de pos ited in ei ther
mouth bars or deltaic distributary chan nels. Lime stones and
marls, lo cally reach ing con sid er able thick nesses (~12 m), are
found as interbeds and were de pos ited in a shal low car bon ate
shelf en vi ron ment. As in se quence 2, most com mon are type
IIIc non-gradational cyclothems, and less com mon are com -
plete type Ic coars en ing-up wards cyclothems. This de po si tion
oc curred with mainly dur ing the aggradation and, to a lesser ex -
tent, the progradation of sed i ments. The MFS is in ter preted to
oc cur at the max i mum ex cur sion on gamma ray logs within
claystones of the shal low clay shelf. Above it are HST de pos its
rep re sented by fa cies very sim i lar to those of the TST. In the NE 
re gion, the TST and HST de pos its are very thin. These were
de pos ited in sim i lar en vi ron ments to those de vel oped in the
cen tral area: deltaic, shal low clay shelf, and car bon ate shelf.

Tuffic ho ri zon 3.I in the cen tral re gion oc curs within TST de -
pos its – shal low-shelf and prodelta claystones and mudstones
– ex cept in the area of the Nasutów 2 bore hole, where it is as so -
ci ated with flu vial floodplain de pos its. The thick est layer of
post-erup tion vol ca nic pyroclastic ma te rial, at ~15–40 m
(decompacted thick ness), is found in the area of the Glinnik 2
and Nasutów 1 bore holes (Fig. 8). In these bore holes, tuff 2.II
also at tains its max i mum thick ness, in di cat ing that the erup tive
cen tre was lo cated not far away, and pre sum ably had been ac -
tive in the area since at least the Late Tournaisian (Waks -
mundzka et al., 2021).

Tuff 3.I in the NE re gion (Fig. 7) was prob a bly de pos ited on
a flu vial floodplain (Siedliska IG 1, £uków IG 4, £uków IG 5
bore holes), and in the area of the Radzyñ IG 1 bore hole, in the
prodelta of a shal low-wa ter delta. The fin ing-up wards trend ob -
served in the tuff cre ated dur ing de po si tion in the ma rine ba sin.
Lithological and fa cies cor re la tion in di cates that tuff ho ri zon 3.I
cor re sponds to the baux ite bed found in se quence 3 in the
Radzyñ IG 1 and Parczew IG 10 bore holes, and that both may
have a sim i lar pyroclastic or i gin. This con clu sion should be re -
garded as pre lim i nary and needs con fir ma tion by fur ther stud -
ies. To date, no baux ite rocks have been found in the ex ist ing
bore hole cores, and their anal y sis has been so far based on ar -
chived data (Waksmundzka et al., 2021).

PETROGRAPHIC CHARACTERISTICS

The tuffs and volcaniclastic rocks (con glom er ates, sand -
stones and mudstones) iden ti fied in se quences 2 and 3 are il -
lus trated in Fig ures 10 and 11.
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Fig. 10. Mi cro pho to graphs taken by po lar iz ing mi cro scope

A – strongly al tered fine-ash vitric tuff; vol ca nic glass al tered to kaolinite (Kl); hematitization (He); £uków IG 5 bore hole; depth 1206.75 m; se -
quence 2; ho ri zon 2.I; crossed polars; B – fine-ash vitric tuff with a bub bly tex ture; Nasutów 1 bore hole; depth 2186.2 m; se quence 2; ho ri zon
2.II; with out analyser; C – fine-ash vitric tuff with a perlitic tex ture; vol ca nic glass al tered to clay min er als; sid er ite (Sd); Glinnik 2 bore hole;
depth 2257.37 m; se quence 3; ho ri zon 3.I; crossed polars; D – fine-ash vitric tuff; vol ca nic glass al tered to clay min er als; nu mer ous sid er ite
(Sd); Marynin 1 bore hole; depth 1354.2 m; se quence 2; ho ri zon 2.I; crossed polars; E – fine-ash vitric-crys tal tuff; quartz grains in part of vol -
ca nic or i gin; Korczmin IG 1 bore hole; depth 1333.0 m; se quence 2; ho ri zon 2.I; crossed polars; F – coarse-ash vitric-lithic tuff; vol ca nic glass
frag ments (Vg); abun dant ana tase (ar rows); Radzyñ IG 1 bore hole; depth 927.7 m; se quence 3; ho ri zon 3.I; with out analyser; G –
fine-grained volcaniclastic polymictic orthoconglomerate; vol ca nic rock frag ments (Lv) mainly rhy o lite bonded by sandy-clay ma trix; £uków
IG 4 bore hole; depth 1546.7 m; se quence 2; with out analyser; H – very fine-grained volcaniclastic polymictic orthoconglomerate; vol ca nic
rock frag ments (Lv); feld spar (Fs), vol ca nic quartz (Q) bonded by sandy-clay ma trix; Niedrzwica IG 1 bore hole; depth 2190.0 m; se quence 2,
crossed polars
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Fig. 11. Mi cro pho to graphs taken in po lar iz ing mi cro scope, cathodoluminescence (CL) and scan ning elec tron mi cro scope (SEI, BSE)

A – coarse-grained volcaniclastic lithic arenite; nu mer ous vol ca nic rock frag ments (Lv); vol ca nic quartz grains (Q), sid er ite (Sd); Nasutów 1
bore hole; depth 2162.35 m; se quence 3; with out analyser; B – fine-grained volcaniclastic sublithic arenite ce mented by cal cite (Ca); vol ca nic 
rock frag ments (Lv) type of rhy o lite and vol ca nic glass (Vg); Zubowice IG 5 bore hole; depth 1937.3 m; se quence 2; crossed polars; C –
kaolinite (Kl) in the volcaniclastic sand stone; £uków IG 5 bore hole; depth 1203.5 m; se quence 3; SEI im age; D – fi brous illite/smectite (It/Sm)
mixed-layer min er als in volcaniclastic con glom er ate; Niedrzwica IG 1 bore hole; depth 2190.0 m; se quence 2; SEI im age; E – fine-ash
vitric-crys tal tuff; oval forms like spheru lites com posed of berthierine (Brh); Korczmin IG 1 bore hole; depth 1337.8 m; se quence 2; ho ri zon 2.I; 
with out analyser; F – car bon ate min er als: cal cite (Ca) and sid er ite (Sd) in fine-ash crys tal tuff; 1-5 num bers – chem i cal anal y sis points (Ta -
ble 7). Radzyñ IG 1 bore hole; depth 925.4 m; se quence 3; ho ri zon 3.I, BSE im age; G – car bon ate min er als: cal cite (Ca) with or ange-yel low
lu mi nes cence and lan tha num – neo dym ium car bon ate (ar row) with brown-red lu mi nes cence in volcaniclastic sand stone; Korczmin IG 3
bore hole, depth 1350.7 m, se quence 2, CL im age; H – cal cite (Ca) and lan tha num – neo dym ium car bon ate (ar row) from Fig ure 11G;1, 2
num bers – chem i cal anal y sis points (Ta ble 7); obraz BSE
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SEQUENCE 2

Among the tuffs of se quence 2 (ho ri zon 2.I and
2.II; Ta ble 4), fine-ash vitric and vitric-crys tal tuffs
and coarse-ash vitric tuffs have been rec og nized
(Figs. 10A, B, D, E and 11E). They are ac com pa -
nied by volcaniclastic con glom er ates, sand stones
and mudstones (Figs. 10G, H and 11B, D, G, H).

TUFFS

Fine- and coars-ash vitric tuffs have been found 
in ho ri zon 2.I in the NE re gion (£uków IG 4, £uków
IG 5, Radzyñ IG 1 bore holes) (Fig. 10A) and the SE 
re gion (Marynin 1 bore hole) (Fig. 10D), and in ho ri -
zon 2.II in the Nasutów 1 bore hole (cen tral re gion)
(Fig. 10B). The fab ric of the rock is unoriented or
slightly di rec tional, fluidal. The groundmass, orig i -
nally glassy silt-grade, is com posed of clay min er -
als, mainly kaolinite and mi nor mixed-lay ered
illite/smectite min er als and ser pen tine, as con -
firmed by XRD. Some of the tuff has a sig nif i cant
pro por tion of chal ce dony (Nasutów 1, depth
2188.20 m). It con tains vol ca nic quartz grains (an -
gu lar, embayed), whose con tent var ies from a few
to 20% by rock vol ume (Radzyñ IG 1, Nasutów 1
bore holes), frag ments of pum ice – fiamme (black,
flat tened) (2I, NE re gion), vol ca nic glass al tered
into clay min er als and sin gle vol ca nic rock clasts,
and sig nif i cant amounts of ana tase and zir con.
Additionaly some mus co vite flakes and or ganic
mat ter are also ob served (2I, NE re gion). Oval
forms com posed of kaolinite, oc ca sion ally with ser -
pen tine in their outer parts, are vis i ble in places
(Nasutów 1, depth 2186.30 m). Tuff from the
Marynin 1 bore hole con tains elon gated, flat tened
frag ments of vol ca nic glass that has un der gone
argillitization and sili ci fi ca tion. The amount of sid er -
ite and sideroplesite is vari able, and it is rep re -
sented mainly by ra dial spheru lites with an av er age
size of ~0.05–3 mm, or ir reg u lar forms. In the
£uków IG 4 bore hole, the tuff is sideritized. Cal cite,
mainly Fe/Mn-cal cite, is pres ent in smaller amounts 
and ei ther forms nested clus ters or fills frac tures.
The rock is cut by a net work of ir reg u lar, dense frac -
tures filled with iron ox ides and hy drox ides. Tuffs,
which con tain he ma tite and iron hy drox ides, give
the rock a red and in places yel low col our
(Fig. 10A).

Fine-ash vitric-crys tal tuff has been iden ti fied in
ho ri zon 2.I in the SE re gion in the fol low ing bore -
holes: Terebin IG 1, Korczmin IG 1 and Korczmin IG
3 (Fig. 10E and 11E) and in ho ri zon 2.II from the
Œwidnik 22 bore hole (cen tral re gion). The rock ex -
hib its a di rec tional, fluidal fab ric ac cen tu ated by the
ar range ment of clay min eral and mica flakes, clus -
ters of or ganic mat ter, py rite and, ad di tion ally,
bioclast frag ments in the Terebin IG 1 bore hole, or
an unoriented fab ric (Œwidnik 22 bore hole). The rock 
is com posed of vol ca nic ash and glass al tered into
clay min er als: kaolinite, mixed-lay ered illite/smectite
min er als, illite, and ser pen tine or chlorites. The con -
tent of silt-grade (lo cally psam mit ic) de tri tal ma te rial
is vari able and ranges from a few to 40 vol.% of the
rock. This ma te rial is an gu lar and subrounded,
poorly sorted. Monocrystalline quartz grains, sin gle
feld spar grains, mus co vite flakes, and ac ces sory
min er als (zir con and ana tase) are found. Or ganic
mat ter forms small lenses (2.II, cen tral re gion). Tuff
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from the Terebin IG 1 bore hole con tains bioclasts (bi valve shells,
echinoderm skel e tal frag ments). Some voids within the bioclasts
are filled with kaolinite, and pyritization is vis i ble in places. Tuff
from the Korczmin IG 1 bore hole re veals the pres ence of amyg -
da loid al, ir reg u lar forms, slightly flat tened, bent, and filled with
quartz or, on the out side, with chlorite and, on the in side, with
Fe/Mn-cal cite and quartz. In ad di tion, there are nu mer ous oval
ooid-like forms of slightly con cen tric struc ture, com posed of a
brown clay min eral (ser pen tine – berthierine) (Fig. 11E) and ir -
reg u lar dark clus ters of he ma tite. In places, py rite is pres ent in
the tuffs (Terebin IG 1, Korczmin IG 1 bore holes). Car bon ates
are rep re sented by sid er ite show ing ir reg u lar forms (Œwidnik 22
bore hole). Cal cite fills veins or has formed by re place ment of
other min er als (Korczmin IG 1 bore hole).

VOLCANICLASTIC ROCKS

Fine-grained volcaniclastic polymictic orthoconglomerates
have been found in NE re gion (lithofacies Gm; £uków IG 4 bore -
hole) (Fig. 10G) and the SW re gion (lithofacies GSm;
Niedrzwica IG 1 bore hole) (Fig. 10H). The fab ric of the rock is
unoriented or ori ented, emphasised by the ar range ment of rock
clasts, or ganic mat ter and clay min er als. The con tent of ma te -
rial with di am e ter >2 mm (20 mm and 2.2 mm re spec tively most
fre quent) is ~ 35–80%. These are rounded and subrounded
clasts of vol ca nic rock, largely of rhy o lite type, frag ments of vol -
ca nic glass and vol ca nic quartz grains (Ta ble 4). The vol ca nic
rocks and glass ex hibit com mon ef fects of argillitization, sili ci fi -
ca tion and carbonatization pro cesses. Psephitic de tri tal ma te -
rial is bonded by a sand-mud-clay ma trix and by ce ment. In the
sand-silt frac tion, there are poorly rounded, an gu lar (mainly
monocrystalline) quartz grains. The ad di tional con stit u ents are
rock clasts (vol ca nic rocks, quartzites, very fine-grained sand -
stone, mudstones, granitoid) and feld spars. Ana tase is com -
mon; lo cally zir con is pres ent. The con tent of mus co vite flakes
(mus co vite) and or ganic mat ter is low. The ef fects of calciti -
zation, kaolinitization and hematitization pro cesses are com -
mon in the feld spars. Clay min er als are rep re sented by
kaolinite, mixed-lay ered illite/smectite min er als (Fig. 11D), illite,
ser pen tine and chlorite. Car bon ate min er als are rep re sented by 
sid er ite and sideroplesite; fine ra dial spheru lites with an av er -
age size of ~0.08 mm are pres ent in the £uków IG 4 bore hole. In 
ad di tion to those, sulphides, mainly py rite, are also pres ent.

Very fine- to me dium-grained volcaniclastic quartz wackes
have been iden ti fied in the NE re gion (£uków IG 5 bore hole)
and the SE re gion (Korczmin IG 1, Korczmin IG 3 bore holes).
They be long to lithofacies Sm (£uków IG 5, Korczmin IG 1 bore -
holes) and lithofacies Sh2 (Korczmin IG 3 bore hole). De tri tal
ma te rial is subrounded and an gu lar, and the sort ing is vari able.
The main com po nent of the grain frame work is monocrystalline
quartz, many grains be ing of vol ca nic or i gin (an gu lar,
embayed). There are also frag ments of vol ca nic glass, feld spar
grains and mus co vite flakes. Some of these have un der gone
pro cesses of kaolinitization, argillitization, chloritization and
carbonatization. Ac ces sory min er als com prise ana tase, rutile
and zir con. Sand stone from the Korczmin IG 1 bore hole con -
tains ir reg u larly shaped, slightly flat tened, bent amyg da loid al
forms filled with sil ica, or with chlorite on the out side and with
Fe/Mn-cal cite and quartz on the in side. The binder is rep re -
sented by clay min er als: kaolinite, mixed-lay ered illite/smectite
min er als, chlorites and car bon ate min er als (sid er ite and cal cite) 
(Fig. 11G, H). The other con stit u ents found in the sand stone
from the Korczmin IG 3 bore hole are lan tha num and ni o bium
car bon ate, form ing rims on de tri tal grains (Fig. 11G, H). This
min eral could be long to the bastnäsite or hydroxylbastnäsite

min eral group. Fur ther more, in the sand stone from the
Korczmin IG 1 bore hole, overgrowths of quartz ce ment are vis i -
ble on quartz grains.

Fine-grained volcaniclastic sublithic arenite (lithofacies
Sm), has been iden ti fied (Fig. 11B) in the Zubowice IG 5 bore -
hole. The rock ex hib its an unoriented fab ric. The main min eral
com po nent of the grain frame work com prises subrounded and
an gu lar quartz grains (some of volcaniclastic or i gin). Feld spars
are rep re sented by plagioclase and po tas sium feld spars, which
show the ef fects of pro cesses of argillitization, albitization, and
re place ment by cal cite. The most com mon mica min eral in the
rocks is bi o tite. Lithoclasts are dom i nated by pieces of vol ca nic
acidic rock of rhy o lite type and de formed and stretched frag -
ments of vol ca nic glass (argillitization, calcitization). The sand -
stones are ce mented by car bon ates (Fe/Mn-cal cite, an ker ite),
clay min er als (kaolinite, illite, ser pen tine) and chal ce dony. Py -
rite forms larger ag gre ga tions. The sand stone is cut by thin cal -
cite veins.

Volcaniclastic sandy mudstone (Stigmaria soil, lithofacies R)
has been rec og nized in SE re gion (Marynin 1 bore hole). The
rock is char ac ter ized by a slightly ori ented fab ric ac cen tu ated by
the ar range ment of ir reg u lar lenses en riched in clay min er als, or -
ganic mat ter and py rite. The grains are an gu lar and poorly
sorted. The grain frame work is com posed of quartz (mainly
monocrystalline), feld spars, frag ments of vol ca nic rock and vol -
ca nic glass, micas (mus co vite, bi o tite) and ac ces sory min er als:
ana tase, rutile and zir con. The rock frag ments and feld spars
show the ef fects of argillitization. The groundmass is made up of
clay min er als, among which there are, in sim i lar amounts,
kaolinite and mixed-lay ered illite/smectite min er als, and small
quan ti ties of ser pen tine and illite. Py rite crys tals are con cen trated 
in the form of laminae, lenses and ir reg u lar bod ies.

SEQUENCE 3

Se quence 3 hosts fine-ash vitric and coarse-ash vitric-lithic
tuffs (Figs. 10C, F and 11F) in the NE and cen tral re gions (Ta -
ble 4). They are ac com pa nied by volcaniclastic rocks: sand -
stones and mudstones (Fig. 11A, C).

TUFFS

Fine-ash vitric tuffs have been found in ho ri zon 3.I in the NE
re gion (£uków IG 5, Radzyñ IG 1 bore holes) and in the cen tral
re gion (Glinnik 2 bore hole; Fig. 10C). Their fab ric is unoriented
or slightly di rec tional and fluidal, man i fested by the lin ear ar -
range ment of or ganic mat ter and he ma tite. The rocks are com -
posed of ash and vol ca nic glass al tered into clay minerals,
mainly kaolinite, mixed-lay ered illite/smectite min er als, illite
(mus co vite 2M1) and ser pen tine (Ta ble 5). The con tent of de tri -
tal ma te rial var ies from a few to 20 vol.% of the rock (£uków IG 5 
bore hole). There are also an gu lar vol ca nic quartz grains of the
silty or sandy frac tions, vol ca nic glass, sparse feld spar grains,
mus co vite flakes, as well as ana tase and ap a tite, lo cally found
in sig nif i cant amounts (Radzyñ IG 1, depth 925.4 m, Ta ble 5).
Frag ments of bioclasts (in clud ing bi valve shells, depths
926.7–925.4 m), whose fre quency de creases up wards, are vis -
i ble in tuffs from the Radzyñ IG 1 bore hole. Car bon ate min er als
are rep re sented by sid er ite and cal cite (Figs. 10C and 11F).
Sid er ite oc curs as ra dial spheru lites with an av er age size of
~0.7–0.12 mm or ir reg u lar, oval spec i mens. Fe/Mn-cal cite cre -
ates fine rhombohedral and other forms. In places, the tuffs are
cut by ir reg u lar cal cite veinlets. In tuffs from the NE re gion he -
ma tite and iron hy drox ides are pres ent, which give the rock red
and in places yel low colours.
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Coarse-ash vitric-lithic tuff from the Radzyñ IG 1 bore hole
(NE re gion) oc curs be low the fine-ash vitric tuffs (Fig. 10F); both 
to gether form the fin ing-up wards ho ri zon 3.I. The fab ric of the
rock is slightly di rec tional, man i fested by the lin ear ar range ment 
of grains. The rock is com posed mainly of frag ments of vol ca nic 
rock (an de site, trachyte, ba salt, rhy o lite) and glass, in which the
ef fects of kaolinization, serpentinization and sili ci fi ca tion pro -
cesses are vis i ble. Ana tase and zir con are also pres ent. The
grain ma te rial is ce mented by kaolinite and ser pen tine, which
are prod ucts of al ter ation of vol ca nic dust and glass, and by
Fe/Mn-cal cite and he ma tite.

VOLCANICLASTIC ROCKS

Fine-grained volcaniclastic quartz wacke (lithofacies Sh2)
has been iden ti fied in the NE re gion (£uków IG 5 bore hole). The 
rock is char ac ter ized by an unoriented fab ric. The de tri tal ma te -
rial is subrounded and an gu lar. Pre dom i nant are quartz grains,
mainly monocrystalline, com monly an gu lar, of vol ca nic or i gin.
There are also fre quent frag ments of vol ca nic glass, stretched,
de formed and al tered into mainly kaolinite and less com monly
into mixed-lay ered illite/smectite min er als, po tas sium feld spar
grains, and mus co vite flakes. Ac ces sory min er als are rep re -
sented by ana tase, rutile and zir con. The binder is com posed of
kaolinite (Fig. 11C) (be ing a prod uct of al ter ation of vol ca nic
glass), sid er ite ce ment form ing nested and lo cally oval con cen -
tra tions, and cal cite.

Me dium-grained (Sm) and coarse- grained volcaniclastic
lithic arenite (lithofacies SGm) (Fig. 11A) has been iden ti fied in
the cen tral re gion (Nasutów 1 bore hole). The rock ex hib its an
unoriented fab ric. De tri tal ma te rial is poorly rounded and poorly
sorted. The grain frame work is com posed of lithoclasts, feld -
spars and quartz. Rock frag ments rep re sent ef fu sive rocks
mainly of rhy o lite type, less fre quently of trachyte or an de site
types, frag ments of vol ca nic glass, and tuff. The ef fects of sili ci -
fi ca tion, argillitization, chloritization and carbonatization are
com monly ob served. Feld spars are rep re sented by potassic
feld spars and plagioclases, which com monly show the ef fects
of kaolinitization, argilliti zation, albitization and carbonatization.
Quartz grains are pre dom i nantly of vol ca nic or i gin (embayed,
an gu lar). Sin gle flakes of bi o tite are vis i ble. Ana tase and zir con
are pres ent in abun dance. Gran u lar ma te rial is ce mented by
sid er ite, which is rep re sented by very finely crys tal line and mas -
sive forms, and by fine spheru lites, ~0.02 mm in size. In ad di -
tion, there are clay min er als be ing the prod uct of al ter ation of
vol ca nic glass. These are mainly kaolinite, mixed-lay ered
illite/smectite min er als, and chlorite. Iron hy drox ides and py rite
are pres ent in dis persed form.

Volcaniclastic sandy mudstone (litho facies FSm) is pres ent
in the cen tral re gion (Œwidnik 22 bore hole). Its di rec tional fab ric
is ac cen tu ated by the ar range ment of micritic sid er ite, laminae
or frag ments of or ganic mat ter, and mica flakes. Most of the silt-
and sand-grade de tri tal ma te rial is rep re sented by subrounded
and an gu lar (volcaniclastic) quartz grains. Quartz is mostly
monocrystalline. The other con stit u ents are feld spars, some of
which are com pletely al tered into kaolinite (kaolinite pseudo -
morphs). Vol ca nic rock clasts are sparse, while frag ments of
vol ca nic glass are abun dant. They show the ef fects of
argillitization and sili ci fi ca tion. Mus co vite and bi o tite flakes are
pres ent in small amounts. Sulphides (prob a bly py rite) oc cur in
as so ci a tion with or ganic mat ter; zir con and ana tase were also
ob served. The ce ment con sists of clay min er als and sid er ite.

MINERALOGY

CLAY MINERALS

Clay min er als are the main com po nent of the tuffs and form
part of the ce ments in the volcaniclastic sand stones and con -
glom er ates. Among the clay min er als, kaolinite, mus co vite
2M1, mixed-lay ered illite/smectite min er als, and ser pen tine
have been dis tin guished (Ta ble 5). Kaolinite is the most com -
mon min eral in the rocks stud ied (Figs. 10A and 11C) and was
found by XRD in amounts from 19 to 88%. Ver mi form kaolinite
shows oval forms in places, which likely ei ther de vel oped as a
re sult of gas bub ble fill ing or are the prod uct of al ter ation of feld -
spar grains and frag ments of vol ca nic glass. Mixed-lay ered
illite/smectite min er als (con tain ing >75% of illite – hav ing basal
spac ing close to 10 �) com monly co-oc cur with kaolinite and
can be found at up to 33%. Illite (mus co vite 2M1) and ser pen -
tine are found in much smaller amounts (up to 16 and 9%, re -
spec tively). Lo cally, oval forms com posed of ser pen tine –
berthierine were ob served (Fig. 11E). Trioctahedal struc ture is
con firmed by po si tions of the (020) and (060) re flec tions, at
4.68 � and 1.55 �, re spec tively. Berthierine pres ence is sug -
gested by polytype 1M vis i ble as a re flec tion at 2.67–2.69 �
(Toth and Fritz, 1997; Fig. 12). Chryso tile is pre dom i nantly
monoclinic, but it lacks a re flec tion at 2.67–2.69 � (Falini et al.,
2004), while lizardite crystallises as polytypes 1T and 2H1, and
also it lacks this re flec tion. Chem i cal anal y ses per formed on
sev eral sam ples of this min eral con firm that this is berthierine
(Ta ble 6), as it shows sub stan tial amount of iron rel a tive to
mag ne sium.

The volcaniclastic sand stones and con glom er ates con tain
ver mi form kaolinite, fi brous illite, mixed-lay ered illite/smectite
min er als (Fig. 11D), and pseudohexagonal chlorite crys tals.
These min er als crys tal lized in pore voids or formed by the al ter -
ation of feld spar grains, frag ments of vol ca nic glass, and
lithoclasts.

The X-ray dif frac tion data was used to cal cu late the
Hinckley in dex (HI), used to eval u ate kaolinite dis or der. It is cal -
cu lated based on the equa tion:

( )
HI

B C

A
=

+

where: A – the height of the (1–10) re flec tion, mea sured from the
gen eral back ground; (B + C) – the sum of in ten si ties of the (1–10)
and (11–1) peaks mea sured from the in ner-peak back ground
(Fig. 13). 

Ac cord ing to Zadvernyuk et al. (2021) HI = 0.7 can be con -
sid ered as a bound ary be tween kaolinite of dom i nantly pri mary
or i gin, and sec ond arily formed via de struc tion of crys tals due to
trans por ta tion and de po si tion. A sim i lar ob ser va tion was made
by Oyebanjo et al. (2018), who found that kaolinite from sand -
stones has a lower HI than from pure ka olin. More over, Liu et al. 
(2022) re ported that kaolinite crystallinity cor re lates pos i tively
with its clay min eral con tent, pu rity and par ti cle size.

Anal y sis of the HI re sults ob tained in di cates that there is no
spa tial cor re la tion be tween HI and lo ca tion. For ex am ple, sam -
ples from the £uków IG 5 and Radzyñ IG 1 bore holes, de spite
be ing lo cated close to each other, have sig nif i cantly dif fer ent HI
val ues. Sim i larly, there is also no cor re la tion be tween HI and
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the strati graphic po si tion of these sam ples in the pro file. This
sug gests that the de gree of or der ing of kaolinite in the sam ples
ana lysed should be re lated to lo cal trans for ma tion of kaolinite,
due to in ter ac tion with hy dro ther mal flu ids and lim ited trans port
and sed i men ta tion. In flu vial floodplain and deltaic plain set -
tings, re work ing and lat eral trans port of fine vol ca nic ma te rial
could oc cur, po ten tially lead ing to par tial redeposition (e.g.,
sam ples from the £uków IG 5 bore hole). By con trast, shal -
low-wa ter delta and clay shelf en vi ron ments more likely pre -
serve tuffaceous ma te rial close to its orig i nal depositional po si -
tion, with diagenetic al ter ation oc cur ring in situ, as in the case of 
the Radzyñ IG 1 sam ple, which has the high est HI. This sam ple
con tains also the high est con tent of sid er ite and ap a tite, and
could not have been re de pos ited. In the re main ing sam ples,
less ad vanced weath er ing or mi nor redeposition could ex plain
the lower de gree of kaolinite dis or der.

CARBONATE MINERALS

Car bon ate min er als (Ta ble 7) are rep re sented by sid er ite
and sideroplesite (min er als of the sid er ite-magnesite iso mor -
phic se ries), and by cal cite; an ker ite and a car bon ate that con -
tains lanthanide group el e ments are found lo cally.

Sid er ite and sideroplesite oc cur as spheru lites, in com -
pletely de vel oped forms re sem bling spheru lites or
rhombohedral crys tals, and as very finely crys tal line ce ment.
Spheru lites and spherulite-like forms are com mon in the tuffs
(Figs. 10C, F and 11F). The av er age size of the spheru lites
ranges from 0.02 to 3 mm. Cen tral parts of the spheru lites and
rhombohedral crys tals are of ten com posed of sid er ite, while
their outer parts con sist of sideroplesite. Very finely crys tal line
sid er ite and sideroplesite most of ten form ce ment in the
volcaniclastic sand stones (Fig. 11A) and con glom er ates. The
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Chem i cal com po si tion of berthierine based on microprobe anal y ses

Fig. 12. XRD di a gram of tuff with char ac ter is tic re flec tions of berthierine; 
Radzyñ IG 1 bore hole; depth 925.40 m; se quence 3; cor re la tion ho ri zon 3.I



av er age chem i cal com po si tion of the sid er ite is as fol lows:
97.2–99.9 mol% FeCO3, 0–3.4 mol% MgCO3, 0.1–1.4 mol%
CaCO3, and 0–1.4 mol% MnCO3, and of the sideroplesite:
71.1–93.3 mol% FeCO3, 3.4–18.9 mol% MgCO3, 0.9–7.4 mol% 
CaCO3, and 0.2–5.8 mol% MnCO3 (Ta ble 7).

Cal cite oc curs as ce ment; it fills voids in the rock (frac tures,
amyg da loid al forms) and re places grains (Fig. 11B, F–H). Oc -
ca sion ally, cal cite is de vel oped as rhombohedral crys tals. This
min eral rep re sents va ri et ies en riched in iron and man ga nese,
with dif fer ent ra tios of one el e ment to the other. This af fects the
col our of cal cite (rang ing from yel low and or ange to red) in
cathodoluminescence (Fig. 11G). When man ga nese pre dom i -
nates over iron, the col our is closer to yel low, while in the op po -
site sit u a tion it is closer to red. The av er age chem i cal com po si -
tion of the cal cite is as fol lows: 93.4–99.3 mol% CaCO3,
0.7–3.4 mol% FeCO3, 0–1.9 mol% MgCO3, and 0–1.8 mol%
MnCO3 (Ta ble 7).

An ker ite is pres ent in volcaniclastic sand stone from the
Zubowice IG 5 bore hole, as one of the ce ment com po nents in
the rock. Its pres ence was con firmed by cathodoluminescence
(it is non-lu mi nes cent) and by spot chem i cal anal y sis (Ta ble 7).

Rare earth car bon ate, con tain ing el e ments of the
lanthanide group, has been iden ti fied in volcaniclastic sand -
stone of the Korczmin IG 3 bore hole (depth 1350.7 m)
(Fig. 11G, H). The min eral forms rims on de tri tal grains, in
places fill ing the pore space com pletely. Spot chem i cal anal y -
ses, per formed by microprobe of a scan ning elec tron mi cro -
scope, show the fol low ing con tents:

– point 2 – 42.60 wt.% CO2, 24.12 wt.% La2O3, 16.96 wt.% 
Nd2O3, 4.71 wt.% Pr2O3, 0.84 wt.% Y2O3, 0.46 wt.%
CaO;

– point 3 – 41.71 wt.% CO2, 13.89 wt.% La2O3, 12.14 wt.% 
Nd2O3, 5.37 wt.% Ce2O3, 3.40 wt.% Pr2O3, 2.44 wt.%
Y2O3, 15.57 wt.% CaO.

ANATASE AND RUTILE

Ana tase is a com mon min eral whose av er age con tent in the
rocks is ~1%, max i mally ~10 % (Ta ble 5). It forms subhedral and
euhedral crys tals dis persed in the clay groundmass or pre cip i -
tates in empty spaces (e.g., gas bub bles; Fig. 10F). Anal y ses of
the chem i cal com po si tion of ana tase from tuff in the Radzyñ IG 1
bore hole (depth 927.7 m) in di cate its en rich ment in zir con, iron
and ni o bium. The ZrO2 con tent ranges from 1.13 to 3.51 wt.%,
the max i mum is >13 wt.%, while the FeO and Nb2O5 con tents
reach 1 wt.%. In places, ana tase is ac com pa nied by rutile.

APATITE

Large amounts of ap a tite (~12 wt.%; Ta ble 5) have been
iden ti fied in one tuff sam ple. It forms very small subhedral and
euhedral crys tals dis persed in the clay and car bon ate
groundmass.

PYRITE AND JAROSITE

In con sid er able quan ti ties of up to ~6% (Ta ble 5), py rite oc -
curs in tuffs of the south-east ern re gion. It usu ally forms cu bic
crys tals that oc ca sion ally com prise larger ag gre ga tions (nests,
lenses). Pyritization of bioclast frag ments was ob served lo cally. 
Py rite is of ten ac com pa nied by jarosite (up to ~ 5%, Ta ble 5), a
sul phate that is a prod uct of py rite ox i da tion.

HEMATITE

The tuffs con tain he ma tite and poorly crys tal line iron hy -
drox ides. These min er als give the yel low-red-brown col our to
the rocks and are dis persed or form len tic u lar clus ters
(Fig. 10A). In the volcaniclastic rocks, he ma tite re places feld -
spar grains and rock clasts.
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Fig. 13. Diffractograms of the sam ples stud ied with peaks of kaolinite, for which the Hinckley Crystallinity In dex was cal cu lated
(meth od ol ogy of cal cu la tions is shown in small in set in up per-right part)
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DISCUSSION

REGIONAL AND STRATIGRAPHIC VARIABILITY OF COMPOSITION 
OF ROCKS

In the Car bon if er ous sec tion of the Lublin Ba sin, tuffs have
been pre vi ously iden ti fied in a few bore holes, be ing re ported
from the Tournaisian and Visean by Popek (1986), Koz³owska
and Popek (2018), Waksmundzka et al. (2021), Kozlowska and
Waksmundzka (2023), and from the Bashkirian by Koz³owska
(2023). The pres ent study, based on data from many bore -
holes, has iden ti fied three new tuff ho ri zons within the Up per
Visean de pos its (se quences 2 and 3). Be cause of their re gional
na ture, as well as the pos si bil ity of cor re la tion in bore hole sec -
tions lo cated in dif fer ent parts of the Lublin Ba sin, they are con -
sid ered good cor re la tive ho ri zons and des ig nated with the sym -
bols 2.I, 2.II and 3.I (Figs. 7–9 and Ta ble 3).

Two tuff lay ers have been char ac ter ized within se quence 2:
the lower tuff 2.I found in the NE and SE re gions, and the up per
tuff 2.II re ported from the cen tral and SE re gions. Tuff 3.I oc curs 
in se quence 3 and has been found so far in the NE and cen tral
re gions. The dom i nant min eral in the com po si tion of the tuffs is
kaolinite, and its con tent can ex ceed 80% (Ta ble 5). The av er -
age con tent of Al2O3 in tuffs 2.I, 2.II and 3.I was es ti mated at
28–35% (£uków IG 5, Nasutów 1 bore holes), which is a pro -
spec tive amount for the pro duc tion of re frac tory ma te ri als
(Szczerba, 2006). Searches for baux ite con ducted in the 1970s
and 1980s led to the doc u men ta tion of a bal ance layer in the NE 
re gion of the ba sin (Parczew IG 10 bore hole), but this was not
pur sued (Cebulak, 1978; Cebulak et al., 2011). Our pre lim i nary
pi lot re sults in di cate that tuff ho ri zons may con tain sig nif i cant
Al2O3, which in di cates their baux ite prospectivity. These es ti -
mates should be re garded as pre lim i nary and re quire fur ther
stud ies in terms of the raw ma te rial po ten tial of the de pos its in
se quences 2 and 3.

Volcaniclastic con glom er ates oc cur in the NE and SW re -
gions, in se quence 2 im me di ately be low tuff 2.I. Com pared to
the volcaniclastic con glom er ates of se quence 1 (Tournaisian),
pre vi ously char ac ter ized in pub li ca tions by Waksmundzka et al. 
(2021) and Koz³owska and Waksmundzka (2023), in which
clasts of vol ca nic rocks, i.e. rhy o lite, trachyte, an de site, ba salt
and dacite, are pres ent, the con glom er ates of se quence 2 are
con spic u ous by a lower di ver sity of clast types. A sim i lar re la -
tion ship was also found both as re gards the type of clay min er -
als, which are ad di tion ally rep re sented by chlorite and illite in
the con glom er ates from se quence 1, and as re gards the chem i -
cal com po si tion of car bon ates among which cal cite and
rhodochrosite are also pres ent.

Volcaniclastic sand stones and sandy mudstones (in clud ing
Stigmaria palaeosoil) oc cur in se quence 2 in the NE and SE re -
gions, and in se quence 3 in the NE and cen tral re gions. In the
bore hole sec tions un der study, the po si tion of the sand stones is 
the same as that of the con glom er ates, oc cur ring be neath tuffs
2.I or 3.I. One of the mudstones de vel oped as a Stigmaria
palaeosoil di rectly un der lies tuff 2.I., while the other oc curs as
an interbed within a thick claystone-mudstone in ter val in the
lower part of se quence 3.

For the first time in the his tory of petrographic-min er al og i cal
stud ies of the Car bon if er ous de pos its in the Lublin Ba sin, rare
earth min er als – lan tha num and neo dym ium car bon ates – were 
iden ti fied in the ce ment of sand stone of se quence 2 from the SE 
re gion. Com pared to the volcaniclastic sand stones of se -
quence 1 (Tournaisian) de scribed in Waksmundzka et al.
(2021) and Koz³owska and Waksmundzka (2023), quartz
wackes were also iden ti fied among the sand stones of se -
quences 2 and 3, which do not con tain clasts of vol ca nic rocks,
but only frag ments of volcaniclastic glass. The grain and min -

eral com po si tions of the sublithic and lithic arenites of se -
quences 2 and 3 cor re spond to those of se quence 1 sand -
stones.

De po si tion of the volcaniclastic con glom er ates and sand -
stones that fill the river chan nels and in cised val leys lo cated at
the bot tom of se quences 2 and 3 was pre ceded by ero sion that
took place dur ing a forced re gres sion and RSL lowstand. The
eroded bed rock that un der lies se quence 2 was rep re sented by
lithologies in clud ing bas alts, tuffs, con glom er ates and volcani -
clastic sand stones in cluded in se quence 1. The ero sion pre -
ced ing the ac cu mu la tion of se quence 3 af fected the de pos its of
se quence 2, in clud ing con glom er ates and volcaniclastic sand -
stones and tuffs that are pres ent in the bed rock. There fore, it
ap pears that the de tri tal com po nents of the above-de scribed
volcaniclastic rocks were de rived mostly from ero sion and re -
work ing of rocks com pos ing se quences 1 and 2 within the sed i -
men tary ba sin, and to a lesser ex tent from out side of the ba sin.

INFLUENCE OF THE DEPOSITIONAL ENVIRONMENT ON THE TUFF
COMPOSITION, AND THEIR CORRELATORY POTENTIAL

The orig i nal source of the pyroclastic ma te rial, which is the
main com po nent of the tuffic ho ri zons char ac ter ized in the pre -
vi ous sec tions, was the ex plo sive ac tiv ity of at least three vol ca -
nic cones that ex isted in the NE, cen tral and SE re gions of the
Lublin Ba sin area at least since the Late Tournaisian. These
op er ated in the area of the Lublin-Bal tic early Car bon if er ous Ig -
ne ous Prov ince, and the rhyolitic na ture of the tuffs in di cates
that the char ac ter of this prov ince was not solely al ka line, as de -
scribed by Poprawa et al. (2024). The com po si tion of both lavas 
and tuffs in di cates the bi modal – al ka line and acidic char ac ter
of vol ca nism in the Lublin Ba sin dur ing the Late Tournaisian
and Late Visean (Waksmundzka et al., 2021; Koz³owska and
Waksmundzka, 2023).

The pres ence of tuff 2.I in the NE and SE re gions, which is
the low est one in se quence 2, in di cates an in tense ex plo sive
erup tion that took place at the end of the RSL lowstand in this
se quence. It seems that a vol cano erupted in the NE re gion, as
in di cated by the pres ence of the coarse-ash frac tion among the
com po nents of tuff 2.I (Radzyñ IG 1 bore hole; Fig. 7). This frac -
tion fell to the ground sur face rel a tively close to the vol ca nic
cone, at a max i mum dis tance of ~20–30 km or closer (cf. Fran -
cis and Oppenheimer, 2004). By con trast, the fine-ash frac tion
can be trans ported in air over con sid er able dis tances be fore
de po si tion. Sub se quently, the pyroclastic ma te rial was de pos -
ited in var i ous en vi ron ments that ex isted in the Lublin Ba sin at
that time. In most ar eas of the NE and SE re gions, tuff 2.I was
de pos ited on the flu vial floodplain, cov er ing it with a thick layer
that could reach ~22 m in thick ness (Korczmin IG 1 bore hole).
The rapid de liv ery of large amounts of pyroclastic ma te rial can
strongly mod ify flu vial and lake sed i men tary en vi ron ments (cf.
Di Capua and Scasso, 2019). How ever, in this case, af ter some 
time, the de po si tion of fa cies typ i cal of the floodplain re turned
due to the RSL ris ing.

A calm, ter res trial depositional en vi ron ment of the pyroclastic 
ma te rial, with out the in flu ence of ero sional pro cesses, con trib -
uted to its be hav iour over much of the ba sin, and af fected its col -
our and petrographic-min er al og i cal com po si tion. The char ac ter -
is tic mot tled yel low, red and beige colours of the first type of tuff
2.I in di cate a ter res trial en vi ron ment fa vour ing in tense kaolini -
tization and ox i da tion of iron com pounds (Koœciówko and Kural,
1982). Kaolinitization could have prob a bly oc curred in the
pyroclastic ma te rial un der the in flu ence of hy dro ther mal pro -
cesses and hypergene weath er ing in a trop i cal cli mate. Af ter the
tuff was over lain by the sed i ments of a trans gress ing sea, al ter -
ation con tin ued un der diagenetic con di tions.
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The sec ond type of tuff 2.I, which is char ac ter ized by a dark
grey or green-grey col our and con tains bioclasts, was de pos ited
across the rest of the NE (Fig. 7) and SE (Fig. 9) re gions, in a ma -
rine en vi ron ment: a shal low clay shelf and a prodelta. The col our
of the tuffs in di cates a less ox y gen ated sed i men tary en vi ron -
ment, in which kaolinitization and iron ox i da tion oc curred less in -
tensely (Koœciówko and Kural, 1982). The con di tions were also
less fa vour able for tuff pres er va tion due to the ero sive ac tion of
waves and sea cur rents that partly washed out the de pos ited
pyroclastic ma te rial and partly re worked and en riched it in the re -
mains of ma rine or gan isms. Pos si bly for this rea son, tuff 2.I has a 
rel a tively small thick ness of ~ 2.5 metres here.

An other mas sive ex plo sive erup tion, which re sulted in the
de po si tion of tuff 2.II in the cen tral (Fig. 8) and SE (Fig. 9) re -
gions, took place dur ing the RSL highstand of se quence 2. In -
fer ring from the vari abil ity of the orig i nal thick ness of the tuff,
which can be up to ~30 m (Glinnik 2 bore hole), a vol cano in the
cen tral re gion or from the SE re gion could have been the
source of this erup tion. At that time, there was a flu vial
floodplain in the cen tral area of the Lublin Ba sin, which far ther
to the SE graded into a delta plain, the sub ma rine part of a shal -
low-wa ter delta, and then into a shal low car bon ate and clay
shelf. The pyroclastic ma te rial, like that of tuff 2.I, found its most
fa vour able con di tions for both pres er va tion and kaolinitization
in the calm, ter res trial en vi ron ment of a flu vial floodplain, with -
out any in flu ence of ero sional pro cesses (Nasutów 2, Glinnik 2
and Nasutów 1 bore holes). How ever, in the cen tral
(Ciecierzyn 1, Œwidnik 14 bore holes) and SE (Marynin 1,
Ruskie Piaski IG 2, Zubowice IG 5 bore holes) re gions, tuff ho ri -
zon 2.II was ev i dently sub jected to post-depositional ero sional
re duc tion dur ing a forced re gres sion and RSL lowstand of se -
quence 3.

The youn gest tuff ho ri zon 3.I in the stud ied sec tion (Figs. 7
and 8) was de pos ited dur ing a transgressive rise of RSL of se -
quence 3. Ex plo sive erup tion pre sum ably took place in the NE
(coarse-ash tuff in the Radzyñ IG 1 bore hole), and the
pyroclastic ma te rial was de pos ited in the NE and cen tral re -
gions, mainly on an ex ten sive area of prodelta and shal low clay
shelf, and on a small area of flu vial floodplain. In the cen tral re -
gion (Glinnik 1 bore hole), tuff 3.I reached its great est orig i nal
thick ness of ~40 m, sug gest ing that this erup tion may have
been the most mas sive, com pared to pre vi ous ones. Tuff 3.I
shows var ied colours, i.e., mot tled, creamy, red and yel low
colours in di cat ing an en vi ron ment con du cive to kaolinitization
and iron ox i da tion, as well as grey and green colours in di cat ing
less fa vour able con di tions (Koœciówko and Kural, 1982). This is 
also re flected in the min er al og i cal com po si tion of tuff 3.I, in
which, un like in the tuffs of se quence 2, kaolinite alone does not 
dom i nate, but oc curs ac com pa nied by berthierine that crys tal -
lizes us ing re duced iron (Fe2+) of vol ca nic or i gin in shal low ma -
rine en vi ron ments (Odin, 1988).

The pres ent-day min er al og i cal com po si tion of tuffs 2.I and
2.II of se quence 2, as well as of tuff 3.I of se quence 3, was in flu -
enced mainly by the rhyolitic type of pyroclastic ma te rial
(Osborn et al., 1994), in di cat ing acidic vol ca nism in the Lublin
Ba sin in the Late Visean, in con trast to the Tournaisian de pos its 
of se quence 1, which host vol ca nic rocks be ing prod ucts of both 
al ka line and acidic vol ca nism (Waksmundzka et al., 2021;
Koz³owska and Waksmundzka, 2023).

A num ber of fac tors also had a fun da men tal im pact, i.e.
sed i men tary en vi ron ment, its ox y gen a tion, and hy dro ther mal,
weath er ing and diagenetic pro cesses. Ac cord ing to the cur rent
state of knowl edge sug gest ing that the Tournaisian de pos its
are the old est in the Lublin Ba sin, no man i fes ta tions of proven
al ka line vol ca nism have been so far rec og nized within the Up -
per Visean de pos its, but only acidic vol ca nism. This is sue re -
quires fur ther re search, as 40Ar/39Ar dat ing in di cates the pos si -

bil ity of al ka line vol ca nism also oc cur ring in the Mid dle Visean
(Pañczyk and Nawrocki, 2015). Due to the coarse tuff frac tion,
con sid er able thick ness and re gional na ture of tuff ho ri zons, it
seems that the main source of pyroclastic ma te rial was in the
NE re gion of the Lublin Ba sin, and not out side it, as sug gested
by Poprawa et al. (2024).

DIAGENETIC HISTORY

Af ter de po si tion, the vol ca nic ma te rial in the sed i ment was
trans formed by hy dro ther mal, weath er ing and diagenetic pro -
cesses (Fisher and Schmincke, 1984). Vol ca nic glass is ther -
mo dy nam i cally un sta ble and is eas ily recrystallized. Re ac tion
with wa ter re sults in the re lease of ions, sil ica and alu mi num into 
the pore so lu tions.

In the rocks stud ied, the main prod ucts of vol ca nic glass
trans for ma tion are clay min er als. The dom i nant clay min eral is
kaolinite, which forms at low tem per a tures (25–50°C) from
acidic vol ca nic rocks (Osborn et al., 1994). Its for ma tion in -
volves the sup ply of H+ and the re moval of K+ from the sys tem in 
which the re ac tion takes place (BjÝrlykke, 1989). Kaolinite, as a
prod uct of rhyolitic glass trans for ma tion, is formed at an early
stage of diagenesis. Higher weath er ing in ten sity (Liu et al.,
2022), as well as post-sed i men ta tion cir cu la tion of hy dro ther -
mal flu ids can lead to recrystallization of kaolinite, and thus to
better or der ing. Con versely, redeposition and trans port de -
creases kaolinite or der ing (Zadvernyuk et al., 2021). These ef -
fects may be seen through vari a tions of the Hinckley In dex
mea sured for kaolinites in the sam ples stud ied (Ta ble 5).

Berthierine also formed in the rocks at the early stages of
diagenesis in a tem per a ture range of 25–45°C (Hornibrook and
Longstaffe, 1996). It crys tal lizes, us ing re duced iron (Fe2+) of
vol ca nic or i gin, in the methanogenic zone un der con di tions of
very slow sed i men ta tion (Odin, 1988). Its for ma tion is re lated to
a low ac tiv ity of sil ica in so lu tion, as kaolinite would oth er wise
pre cip i tate (Toth and Fritz, 1997). Berthierine has also been
found in nonmarine sed i ments: mostly laterites (Toth and Fritz,
1997), floodplains and estuarine/deltaic sed i ments (Tay lor,
1990; Hornibrook and Longstaffe, 1996). Dur ing diagenesis,
berthierine un der goes poly mor phic al ter ation into chamosite
(chlorite) in tem per a tures of ~70°C (Jahren and Aagaard, 1989; 
Hornibrook and Longstaffe, 1996) or it can be re placed by sid er -
ite (Morad, 1998).

At the early stage of diagenesis, sid er ite crys tal lized.
Spherulitic forms of sid er ite in di cate that it formed be fore me -
chan i cal com pac tion in ten si fied. It crys tal lizes un der hypoxic
con di tions, at low con cen tra tions of dis solved sulphates, in sed -
i ments rich in re ac tive iron-rich min er als (Morad, 1998). Early
diagenetic spherulitic sid er ite in the tuffs con tains > 90% mol.
FeCO3. Syderoplesite pre cip i tated from mag ne sium-en riched
pore so lu tions cir cu lat ing within volcaniclastic sandy and grav -
elly sed i ments.

Lo cally, py rite crys tal lized. Its for ma tion re quires that the
amount of H2S pro duced by sul phate-re duc ing bac te ria is
higher than that of re duced iron (Postma, 1982). It is a
post-depositional min eral be cause it fills voids in side bioclasts
and forms con cen tra tions in the form of laminae, lenses and ir -
reg u lar forms.

Feld spar grains were be ing dis solved un der acidic con di -
tions, tak ing up H+ from pore so lu tions and re leas ing K+ and
Na+. Sec ond ary sil ica was pre cip i tated in the form of chal ce -
dony. This is shown by the ob served ef fects of argillitization,
albitization, and re place ment by cal cite.

Over time, the pH of pore so lu tions may have changed from
acidic to al ka line. Cal cite crys tal lized from cal cium-con tain ing
pore so lu tions, which could have orig i nated from dis so lu tion of
volcaniclastic de tri tal grains or cal cium-rich plagioclases
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(Milliken, 1989; Morad, 1989). Mixed-lay ered illite/smectite min -
er als and illite, which in places pre dom i nate over kaolinite,
formed prob a bly un der such con di tions. The illite con tent of
>75% in mixed-lay ered illite/smectite min er als in di cates that
they could have formed from smectite at a tem per a ture of
~120°C (Œrodoñ, 1996), al though lower tem per a tures of
70–90oC can be also sug gested (Derkowski et al., 2020). These 
min er als can also form by illitization of kaolinite dur ing burial,
with the si mul ta neous bond ing of po tas sium de rived from dis so -
lu tion of po tas sium feld spars (Huggett, 2005).

Ana tase is a pri mary min eral, or is pre cip i tated from so lu -
tions en riched in ti ta nium ions, which were re leased likely from
vol ca nic glass. Al tered vol ca nic glass usu ally con tains also high 
con cen tra tions of phos pho rus, which could be a source for ap a -
tite crys tal li za tion. Pos si bly, the ap a tite may also be re lated to
bioclasts, the shells of which con tain phos pho rus, found in
some tuffs. Lo cal en rich ment of the flu ids in rare earth el e ments 
brought about the for ma tion of car bon ates con tain ing mainly
lan tha num and neo dym ium and smaller amounts of ce rium,
pra seo dym ium and yt trium. The pres ence of volcaniclastic
rocks en riched in rare earth el e ments in the SE re gion in di cates
a min eral re source po ten tial of the de pos its in se quence 2,
which should be ex am ined fur ther. Such re search should also
cover the re main ing se quences 1 and 3, 4, which are part of the
K³odnica Mem ber, in which vol ca nic, pyroclastic and
volcaniclastic rocks oc cur in abun dance.

CONCLUSIONS

1. The fea si bil ity of cor re lat ing the tuffs be tween dif fer ent ar -
eas of the Lublin Ba sin in di cates their re gional na ture, and thus
they can be con sid ered as good cor re la tion ho ri zons, here
marked by the sym bols 2.I, 2.II and 3.I.

2. There are two tuffic ho ri zons within se quence 2. In the NE 
and SE re gions, the lower tuffic ho ri zon 2.I is found at the top of
LST de pos its. It di rectly over lies sand stones and volcaniclastic
con glom er ates of flu vial chan nels or co-oc curs with flu vial
floodplain lithofacies. In the cen tral and SE re gions, the up per
tuffic ho ri zon 2.II is en coun tered within the HST de pos its. It was
de pos ited in var i ous en vi ron ments, on a flu vial floodplain,
deltaic plain, prodelta, shal low clay-dom i nated shelf, and shal -
low car bon ate shelf.

3. The ba sic petrographic-min er al og i cal com po si tions of
tuffs 2.I and 2.II of se quence 2 are gen er ally sim i lar, and the ob -
served dif fer ences lie in the de tails. These are fine-ash vitric
and vitric-crys tal tuffs, oc ca sion ally coarse-ash vitric tuffs. The
main clay min eral is kaolinite, the amount of which can ex ceed
80%. Illite and mixed-lay ered illite/smectite min er als are also
pres ent. Car bon ate min er als are rep re sented by sid er ite,
sideroplesite and cal cite. He ma tite is found in greater amounts
in tuffs from the NE and cen tral re gions, while greater ac cu mu -
la tions of py rite and jarosite were en coun tered in tuffs from the
SE re gion.

4. An other tuffic ho ri zon 3.I within the TST of se quence 3 in
the NE and cen tral re gions is as so ci ated with the sed i ments of
flu vial floodplain and of prodelta of a shal low-wa ter delta. It is
rep re sented by fine-ash vitric tuffs and coarse-ash vitric-lithic
tuffs. In the NE re gion, the pre dom i nant clay min eral is kaolinite, 
ac com pa nied in places by ser pen tine – berthierine, while in the
cen tral re gion, mixed-lay ered illite/smectite and illite min er als
pre dom i nate. The com mon min er als are ana tase and, among
car bon ate min er als, sid er ite, sideroplesite and Fe/Mn-cal cite.
He ma tite is found in the NE re gion.

5. The source of rhyolitic pyroclastic ma te rial for the de po si -
tion of the tuffic ho ri zons was the ex plo sive acidic vol ca nic ac -
tiv ity that took place in the Lublin Ba sin in the Late Visean. The
pres ent-day min er al og i cal com po si tion of the tuffs re sults from
the type of pyroclastic ma te rial and from a num ber of fac tors
that af fected it af ter de po si tion. The most fa vour able en vi ron -
ment for the pres er va tion of the tuffs and for the in tense
kaolinitization and ox i da tion of iron com pounds dur ing
hypergene weath er ing in a trop i cal cli mate was the ter res trial
en vi ron ment of a flu vial floodplain. Other fac tors in cluded hy -
dro ther mal and diagenetic pro cesses that in ter acted with the
pyroclastic ma te rial for the lon gest time and af fected its al ter -
ation the most.

6. De po si tion of fine-grained and very fine-grained
volcaniclastic polymictic orthoconglomerates (se quence 2 in
the NE and SW re gions) and volcaniclastic sand stones (quartz
wackes, sublithic and lithic arenites) (se quence 2 in the NE,
cen tral and SE re gions) that fill the river chan nels and in cised
val leys was pre ceded by bed rock ero sion in the sed i men tary
ba sin host ing the de pos its of se quences 1 and 2. De tri tal com -
po nents of the volcaniclastic rocks, there fore, were de rived
mostly from ero sion and re work ing of de pos its of older se -
quences, and to a lesser ex tent from out side of the ba sin.

7. The study of tuffs and volcaniclastic rocks oc cur ring in the 
Up per Visean de pos its of se quences 2 and 3 is im por tant not
only from a sci en tific, but also from a util i tar ian point of view. A
pre lim i nary es ti mate shows that the Al2O3 con tent in tuffic ho ri -
zons 2.I, 2.II and 3.I from the NE and cen tral re gions of the
Lublin Ba sin can reach ~28–35%, which is a pro spec tive
amount for re frac tory raw ma te ri als. En rich ment in rare earth el -
e ments (car bon ates con tain ing lan tha num and neo dym ium)
was also en coun tered in the volcaniclastic rocks of se quence 2
from the SE re gion of the Lublin Ba sin.
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