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Detailed petrographical and mineralogical analyses are provided of tuffic horizons identified for the first time in Upper Visean
deposits (sequences 2 and 3) in 21 boreholes of the Lublin Basin, along with co-occurring volcaniclastic rocks. The thickness
of the tuff horizons varies in the range of 0.2—-8 m. Tuff 2.1 reaches its maximum thickness in the NE region, and tuffs 2.1l and
3.1in the centre of the basin. As these tuffs can be traced between different parts of the basin, they provide good regional cor-
relative horizons. Tuff horizons 2.1 and 2.1l have been identified within sequence 2, and tuff horizon 3.1 in sequence 3. The
rhyolitic pyroclastic material composing the tuffs was sourced from the eruptive acidic volcanism that took place in the Lublin
Basin in the Late Visean. The pyroclastic material was deposited in various environments that co-occurred in the basin area
at that time: fluvial floodplain, deltaic plain, shallow-water delta, shallow clay-dominated shelf, and carbonate shelf. Within
the horizons studied, fine-ash vitric and vitric-crystal tuffs, and coarse-ash vitric and vitric-lithic tuffs have been identified.
The main clay mineral in the tuffs is kaolinite, the content of which can exceed 80%. In some areas it is accompanied by ser-
pentine — berthierine, whereas in others, mixed-layered illite/smectite minerals and illite predominate. Anatase and carbon-
ate minerals of siderite, sideroplesite and Fe/Mn-calcite are common. Hematite, pyrite and jarosite are also sometimes
found. The recent composition of the tuffs results mainly from the type of pyroclastic material, as well as from the factors it
has been subjected to, including sedimentary environment, hypergenic weathering, and hydrothermal and diagenetic pro-
cesses. The detrital components found in the volcaniclastic conglomerates and sandstones were derived mostly from ero-
sion and reworking of rocks from sequences 1 and 2 occurring within the sedimentary basin, and to a lesser extent they came
from outside of the basin. Preliminary mineral resource studies have shown that the tuffic horizons can contain ~28-35% of
Al,O3, which is a prospective quantity for refractory raw materials. The volcaniclastic rocks, in which enrichment in rare earth
elements is found, also show the potential for being economic raw materials. The conclusions about the raw material poten-
tial should be considered preliminary, requiring further research.
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INTRODUCTION (Depciuch, 1974; Popek, 1986; Cebulak, 1988a, b; Porzycki,
1988; Grocholski and Ryka, 1995; Porzycki and Zdanowski,

1995). Over the next few years, these rocks remained out of re-

In the Lublin Basin (Fig. 1), deposits admixed with pyroclas-
tic material were first described by Cebulak and Porzycki
(1966), from Devonian-Carboniferous boundary strata. Later,
they were distinguished along with co-occurring volcanic rocks
by Zelichowski (1969, 1972) as the Ktodnica Member within the
Huczwa Formation (Fig. 2). Descriptions of these rocks can be
found in an archival study (Jackowicz, 1985) and in publications
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search focus. Recently, petrographic and stratigraphic studies
of rocks containing volcanic material have resumed (Koztowska
and Popek, 2018; Koztowska and Waksmundzka, 2020, 2023;
Waksmundzka et al., 2021). They showed that the Ktodnica
Member deposits span both the oldest rocks in the Carbonifer-
ous succession, presumably of Tournaisian age, and Visean
rocks, separated by a stratigraphic gap (Figs. 2 and 3). The
work resulted in the identification of new correlative tuffic hori-
zons in the Lublin Basin, as well as of the inferred location of
volcanic cones active in Visean times. These pyroclastic layers
demonstrate that palaeovolcanism took place, and are the ba-
sis for its interpretation given the absence of effusive volcanic
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Fig. 1. Geological-structural map of the Lublin Basin without strata younger than Carboniferous
(modified after Waksmundzka and Buta, 2020), with location of the boreholes studied

rocks in the Visean formations studied. Such volcanic rocks
have been recognised in sequence 1 strata (\Waksmundzka et
al., 2021) and are Tournaisian in age (Panczyk and Nawrocki,
2015). Mississippian (mainly Tournaisian) volcanism is also
known in the Western Pomerania (Muszynski et al.,1996) and
the Holy Cross Mountains (Migaszewski, 1995; Krzeminski,
1999).

This paper provides details on the petrography and mineral-
ogy of these newly identified tuffic horizons together with co-oc-
curring volcaniclastic rocks within the Visean deposits. The re-
sults are tied to the results of sedimentological and sequence
stratigraphic studies to reconstruct the origin of the deposits, as
well as their spatial and age relationships. These horizons are
younger than the previously described tuffs from sequence 1,
which are of Tournaisian age, as they occur within the Visean
sequences of 2 and 3. So far, only two tuffs of this age have
been previously described from the NE part of the basin: one in
the Siedliska IG 1 borehole (Kozlowska and Popek, 2018) and
the other in the Radzyn IG 1 borehole (\Waksmundzka et al.,
2021). The question of their regional nature and possible corre-
lations, based on a larger number of borehole sections from
various parts of the basin, is important to understanding the re-
gional geology.

GEOLOGICAL SETTING

The Lublin Basin (Fig. 1) covers an area of Carboniferous
subcrops at the basal surface of the Permian-Mesozoic succes-
sion in SE Poland. Its continuation is the Lviv-Volhynia Basin,
located in Ukraine. The Lublin Basin is a segment of the newly
defined Carboniferous Ptock-Lublin Basin (Narkiewicz, 2023). It
is separated from the Plock segment by the Gréjec Fault. The
basin is filled with Upper Tournaisian-Upper Moscovian depos-
its (Fig. 2), separated from various Devonian, lower Paleozoic
and Ediacaran formations, as well as from crystalline basement
rocks, by a stratigraphic gap (Cebulak, 1988b). The deposition
of Carboniferous rocks was preceded by an erosion event last-
ing in this area through the Early and Middle Tournaisian
(Waksmundzka et al., 2021), and in some areas continuing into
the Middle Visean (Waksmundzka, 2010). There is a distinct
unconformity and a stratigraphic gap at the top of the Carbonif-
erous section, associated with the Variscan orogeny
(Narkiewicz, 2023). The overlying Upper Permian deposits rep-
resent the Polish Zechstein Basin (Peryt, 2023), followed by
rocks of the Mesozoic Basin of the Polish Lowlands
(Leszczynski, 2023), the Paleogene-Neogene Basin of the Pol-
ish Lowlands (Kasinski, 2023), and the youngest, Quaternary
deposits.
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Fig. 2. Chronostratigraphic divisions, lithostratigraphy and sequence stratigraphy of the Carboniferous succession

in some of the boreholes studied
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According to informal lithostratigraphic division (Porzycki
and Zelichowski, 1977, fide Porzycki, 1979), the oldest part of
the Carboniferous section represents the Huczwa Formation
subdivided into the Ktodnica and Sotokija members (Fig. 2).
The age of these deposits was constrained to the Upper
Visean, based on biostratigraphic studies (Musiat and Tabor,
1979, 1988; Porzycki and Zdanowski, 1995). However, the lat-
est results of sequence stratigraphic studies by \Waksmundzka
et al. (2021) indicate an earlier onset of Carboniferous deposi-
tion, presumably in the Late Tournaisian. It was also found that
the boundaries of the Ktodnica Member are diachronous and its
time span is variable and differs from region to region in the ba-
sin. To the NE, the Klodnica Member encompasses sequences
1-3, and sequences 1-2 in the rest of the area. The age of se-
quence 1 has been assigned to the Upper Tournaisian, and of
sequences 2-3 to the Upper Visean (Waksmundzka et al.,
2021). The age of sequences 2-3 was based on many
biostratigraphic studies of faunal (Musiat and Tabor, 1979,
1988; Skompski and Sobon-Podgorska, 1980; Sobon-Pod-
gorska 1988; Sobon-Podgorska and Tomas, 1995; Skompski
1996) and floral (Migier, 1988; Kmiecik, 1988) remains.

In the study area, the Ktodnica Member is ~10-37 m thick,
the greatest thickness being recorded in the NE region in the
Parczew IG 10 borehole, in the central region in Swidnik IG 1,
and in the SW region in Niedrzwica IG 1. In the NE region, the
unit is represented by claystones, mudstones, volcaniclastic
sandstones and conglomerates, limestones, tuffs, bauxites and
basalts. Similar rocks are found in the central and SW regions,
with the exception of limestones and bauxites. In the SE, its li-
thology is the least diverse and consists of mudstones, sand-
stones, conglomerates, tuffs and, in a single section, altered
volcanic rocks.

Previous radiometric dating of the Ktodnica Member volca-
nic rocks indicate a Namurian and Late or Middle Visean age of
their formation (Depciuch, 1974). Porzycki (1988) and
Grocholski and Ryka (1995) inferred a Late Visean age for this
member. Recent dating (by the “°Ar/**Ar method) of basalts
from the NE part of the basin indicates they are older, corre-
sponding to the Upper Tournaisian (Panczyk and Nawrocki,
2015). Tomaszczyk and Jarosinski (2017) suggested that vol-
canic activity in the Tournaisian occurred under extensional
conditions, whereas in the Visean, there was an evolution of the
stress regime from compressional to extensional. According to
Narkiewicz (2007), Early Carboniferous volcanic activity should
be associated with a hot spot.

The Ktodnica Member is overlain by deposits of the upper
part of the Huczwa Formation, representing the Sotokija Mem-
ber dominated by claystones, mudstones, marls and lime-
stones, containing a marine fauna. Stigmaria soil horizons and
thin coal layers have been encountered in the claystones. The
maximum thickness of the Sotokija Member, ~400 m, is found
in the SW region. In the central and SE regions, it may be
~150-200 m thick.

MATERIAL AND METHODS

The sedimentological and sequence stratigraphic studies
were based on geological and geophysical data from 21 bore-
holes shown in Figure 1 and located in the NE, SW, central and
SE regions of the Lublin Basin. Among these boreholes, eight
sections (Ciecierzyn 1, Glinnik 2, tukow IG 4, tukéw IG 5,
Krepiec 1, Swidnik 14, Swidnik 22) were subjected to a full litho-
facies-stratigraphic analysis. New tuffic horizons, so far un-
known, were identified in eight previously studied boreholes
(Korczmin IG 1, Korczmin IG 3, Lublin IG 1, Marynin 1, Nasutow

1, Swidnik IG 1, Terebin IG 1, Terebin IG 3) (Waksmundzka,
2010, 2018; Koztowska and Waksmundzka, 2020;
Waksmundzka et al., 2021). The remaining sections were used
to correlate and portray the regional lithofacies pattern of the
deposits under study. Eight of the boreholes (Lukow IG 4,
tukéw IG 5, Radzyn IG 1, Parczew IG 10, Marynin 1, Korczmin
IG 1, Korczmin IG 3) provide completely cored sections, while
the others are cored in part. Five of the boreholes (Korczmin I1G
3, Nasutéw 1, Nasutéw 2, Swidnik 22, Terebin IG 1) provide
long cored intervals, several tens of metres thick, which facili-
tated the detailed study of tuffic horizons found within them.

The sedimentological studies were based on lithofacies
analysis. Individual lithofacies (Reading, 1978; Walker, 1992)
were separated and coded using a lithofacies coding system
(after Miall, 1977, 1978; Rust, 1978; Zielinski, 1992a, b, 1995;
Waksmundzka, 2012, 2013). Each lithofacies was assigned to
a lithofacies assemblage, corresponding to coarsening-up-
wards, non-gradational, and fining-upwards cyclothems, using
the authors’ classification (Waksmundzka, 2013; Koztowska
and Waksmundzka, 2020; Waksmundzka et al., 2021). The
original (decompacted) thickness of tuff and sandstone
lithofacies (after Baldwin and Butler, 1985) was reconstructed,
using a methodology previously tested in sedimentological
studies of Carboniferous deposits (VWaksmundzka, 2013;
Waksmundzka et al., 2021).

Our paper deals with sequences 2 and 3 from the NE and
central regions of the Lublin Basin, and sequence 2 from the SE
region, in which new, so far unidentified tuffic horizons have
been found. Facies development of the deposits of these se-
quences, the spatial and age relationships within them, and, in
particular, the lateral distribution of the tuffic horizons and ac-
companying volcaniclastic rocks are characterized based on
lithological and facies correlations, as well as on sequence
stratigraphic data. The following three correlation schemes
(Fig. 1) have been constructed using, as a reference level, both
the tops of river channel sandstones and the corresponding
maximum regression surfaces — initial transgression surfaces.

In the study, we used the sequence stratigraphic subdivi-
sion introduced by Waksmundzka (2008, 2010, 2012, 2013)
and Waksmundzka et al. (2021) for Carboniferous deposits of
the Lublin Basin, using the methodology characterized in detail
in her previous studies. The depositional sequences (after
Michum, 1977) identified are bounded by type | unconformities
(Vail and Todd, 1981). The maximum regression surface — ini-
tial transgression surface (T), as well as the maximum flooding
surface (MFS) occur within the sequences. They separate (1) a
forced-regressive systems tract (FRST), (2) a transgressive
systems tract (TST), and (3) a normal-regressive (NR) systems
tract, which formed during the highstand (HST) or lowstand
(LST) of relative sea level (RSL). The systems tracts consist of
parasequences (Van Wagoner, 1985), corresponding to
coarsening-upwards, non-gradational and fining-upwards cyclo-
thems.

Thirty-four samples of selected rocks were analysed micro-
scopically using a Nikon Optiphot 2 polarizing microscope. Thin
sections, containing carbonate minerals, were stained with
Evamy’s solution for their identification. Ten rock samples were
subjected to cathodoluminescence (CL) analysis using a cold
cathode, model CITL MK5 equipped with EDX, from Cambridge
Image Technology Ltd. Scanning electron microscopy (SEM)
studies were carried out on a LEO 1430 type microscope
equipped with an EDS ISIS energy microprobe from Oxford In-
struments. The conditions for microprobe measurements were:
accelerating voltage — 20 kv and beam current — 80 pA. Three
chips of rocks and 11 thin sections were examined for chemical
analysis of the following minerals: carbonates — 32, clay miner-
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als — 9, and anatase — 7. SEM Quant software was used for
quantitative X-ray analysis when examining the microareas.
X-ray diffraction (XRD) studies were carried out on 10 samples
using a Bruker D8 X-ray diffractometer, with a Co lamp,
equipped with a Vantec-1 high-speed detector. Each sample
was crushed gently to sieve through a 0.4 sieve, and then milled
with methanol in a McCrone micronising mill. Random orienta-
tion of powder specimens was achieved by side-loading. Quan-
titative mineralogical analysis was performed by fitting the
diffractograms of the samples studied using diffractograms of
previously recorded pure standards using a QMIN computer
program. The accuracy of quantitative XRD analysis largely de-
pends on the crystallinity of the phases studied. For example,
phases such as pyrite or anatase can be detected at concentra-
tions below 1%, while for clay minerals, this threshold is around
3%. Additionally, kaolinite crystallinity was evaluated based on
X-ray diffraction data using the Hinckley index (HI) (Hinckley,
1963).

The Al,O; content in the rock was estimated (calculated)
based on the % kaolinite content obtained from the XRD analy-
sis, assuming, based on published data of Bolewski (1982), the
average Al,O; content in kaolinite is equal to 65%.

In this study, we use the general term for the group of
volcaniclastic rocks, which refers to clastic rocks containing
pyroclastic material, without providing a more specific volume
proportion (after Ryka and Maliszewska, 1991). This group of
rocks comprises tuffs, which contain >75% of pyroclastic mate-
rial, and volcaniclastic conglomerates, sandstones and
mudstones consisting of pyroclastic and epiclastic material in
variable proportions. Classification of pyroclastic rocks is based
on type and size of material (Le Maitre et al., 2002). The no-
menclature of sandstones is based on the modified classifica-
tion by Pettijon et al. (1972), and of conglomerates, by
Jaworowski (1987) and Ryka and Maliszewska (1991).

RESULTS

SEDIMENTOLOGICAL ANALYSIS AND SEQUENCE STRATIGRAPHY

LITHOFACIES AND CYCLICITY

In sequences 2 and 3, the most common rocks in terms of
thickness are claystones and mudstones interbedded with lime-
stones. Volcaniclastic sandstones, mainly fine-grained, are rel-
atively common, while medium- to coarse-grained sandstones
and volcaniclastic conglomerates are less frequent.

Humic coals and carbonaceous claystones are rare and oc-
cur as interbeds within the claystone-mudstone intervals. The
lithofacies analysis of cored sections enabled the distinguishing
of a number of lithofacies types, which have been coded, thor-
oughly characterized in Tables 1 and 2, and assigned to sub-
environments and environments with interpretation of bedforms
and depositional processes. The most distinctive lithofacies,
with particular emphasis on tuffs and accompanying
volcaniclastic sandstones and conglomerates, are illustrated in
Figures 3 and 4.

The tuffic horizons that are the subject of this study have
been identified in most of the borehole sections examined,
which points to their regional character (Figs. 1 and 2). So far,
two new tuffs within sequence 2 and one within sequence 3
have been investigated. For unambiguous identification, they
are marked with symbols consisting of a sequence number and
an assigned Roman numeral, and characterized in detail in Ta-

ble 3. Information on the regional distribution of the tuffs is in-
cluded there as well. Two tuffic horizons (2.1, 2.11) have been
identified in sequence 2 in the SE region , while one of them has
been found in the NE region (2.1) and in the central region (2.11).
The tuffic horizon (3.1) in sequence 3 has so far been investi-
gated in the sections from the NE and central regions. Identifi-
cation of further tuffic horizons is planned in the least explored
SW area, and in sequence 3 in the NW and SE regions, where
they are also most likely to occur, as indicated by the reconnais-
sance analysis of archived descriptions of borehole cores.
However, confirmation of this thesis requires further sedimento-
logical and petrographic-mineralogical studies.

Fining-upwards, non-gradational and coarsening-upwards
cyclothems have been identified in the sections studied using
the classification of Waksmundzka (2010, 2012, 2013). Fin-
ing-upwards cyclothems (Fig. 5) are composed of two mem-
bers, the lower coarse-grained and the upper fine-grained.
These are type lla cyclothems (cf. e.g., Waksmundzka, 2012;
\Waksmundzka et al., 2021). Within the lower member, high-en-
ergy sandstone lithofacies are the most common: Sm (Fig. 4A),
Sh2 and S|; less frequent are low-energy facies: Sr, Sf (Fig. 4F)
and Sx. High-energy conglomeratic lithofacies, Gm (Fig. 4B, D)
and GSm, are encountered at the bases of some cyclothems.
The upper members are most commonly represented by
lithofacies Fm or Fh deposited from suspension, locally overlain
by phytogenic lithofacies, i.e. mudstone and claystone
Stigmaria soil R, and coals and carbonaceous claystones C. In
the upper members, tuff lithofacies T locally occurs individually
or in co-occurrence with lithofacies Fm and/or Fh. This is a pe-
culiar feature of the fining-upwards cyclothems, previously un-
described. Among type lla cyclothems, there is a lithofacies
succession with the participation of tuffs. Sm—Fm+T—C,
Sm—-Fm—T, Sm-—T, Sh2-T, or without them:
Gm—-Fm+Fh—R—-C, SGmMm—-Sm—Fm—C, Sm—>Fm+Fh,
Sr—»Sx—Fn, Sf>Fh.

The second type of fining-upwards cyclothem — lIb with suc-
cessive FSh—Fm, composed of low-energy lithofacies, is rare.
Its thickness is ~3 m.The present-day thickness of type lla fin-
ing-upwards cyclothems is 0.4—7.3 m. This comprises a smaller
thickness of the lower member, typically reaching 0.2—2.8 m
(maximum 4.2 m), and a relatively larger thickness of the upper
member of 0.2-5.3 m, typically >4.4 m.

Non-gradational cyclothems (Fig. 5), in which no grain size
gradation is present, are relatively numerous in the sections
studied. They are categorized into a separate, previously
uncoded type llIb. This consists of lithofacies Fm (Fig. 4G) or
Fh deposited from suspension, locally overlain by phytogenic
lithofacies, i.e. mudstone and claystone Stigmaria soil R
(Fig. 4E), and/or coals (Fig. 4C) and carbonaceous claystones
C. Also, tuff lithofacies T may occur within this type of
cyclothem. Type llIb cyclothems are characterized by the
lithofacies successions Fm—R—-C, Fm—-C, Fm—>T-C,
Fh+T+Fm—C, and their present-day thickness is 2.0-14.3 m.

Apart from those characterized above, there are also type Ic
coarsening-upwards cyclothems (Fig. 6) in the sections studied
(cf. Waksmundzka, 2013; Koztowska and Waksmundzka,
2020), in which the upwards increase in grain size is manifested
by the transition of claystone lithofacies Fm1 (Fig. 4K) and Fh1
into mudstones Fn (Fig. 4H), sandy mudstones FSh, and then
into fine- and medium-grained sandstones Sh1, Sm or Sd. At
the base of some coarsening-upwards cyclothems, carbonate
lithofacies — limestones L and/or marls M — can occur, while
phytogenic lithofacies of coals C are found at the top. Type Ic
cyclothems are characterized by the most complete lithofacies
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Characteristics of the lithofacies occurred within fining-upwards and non-gradational cyclothems,

Table 1

and interpretation of their

depositional environments

2
Q 2
§ ks 5 |2E i
2 c © z |22 | &
>s | = = |eg |3
Lithofacies Structure Colour Flora Process 28 g E S o8
S5 5| ¢ |g5|¢2
o e o &2 |5
: | & z
I
creamy-dark red-yellow, yellow-
T massive, dark red, yellow-black, creamy- fall of pyroclastic material and
horizontal yellow, grey-dark red, light grey- | lack/plant chaff ! Py l l
Tuff S deposition on the ground surface
lamination dark red, grey-red, dark red,
creamy, yellow, brown, green
C - L
Coall/carbonaceous massive black veurzlzggem;n dEpOS't's%:a?Tf] placr;;:%rzaatlir; in peat l
claystone p.
R Stigmaria, lack of flow deposition of clayey and
Stigmaria nodular light grey, dark grey, grey, black appendixes silty suspension deposition of plant l
claystone/mudstone plant chaff remains, pedogenic
Fm light grey, grey, dark grey, dark
Massive massive grey-yellow, grey-green, grey- .
claystone and red, green, green-red, beige,
mudstone bronze standing water — deposition of clayey
Fh and silty suspension
Horizontal laminated horizontal grey, dark grey, grey-yellow, .
claystone and lamination grey-red
mudstone
F rhythmic bed load transport in ripples
n . .
Lenticular laminated Lenltlcullar dark grey, grey (lower part of lower flpw regime) and .
siltstone lamination ! lant chaff/lack lack of flow — deposition from muddy
plant chattilac and silty suspension
SFh . L
. . Horizontal deposition in upper plane bed (upper
Hor'zon.tal laminated stratification grey flow regime) .
sandy siltstone
Sf rhythmic bed load transport in ripples
. flaser (lower part of lower flow regime) and
Flaser laminated o= o [ | [ |
sandstone lamination lack of flow — deposition from muddy
and silty suspension
Sr . . L
" = B ripple cross- rhythmic bed load transport in ripples
Ripple cross-strafified lamination (lower part of lower flow regime) .
sandstone
fx bedload transport in transverse bars
arge-scale cross- cross- or megaripples (lower or upper part of [ |
stratified stratification = garipp r upper p
Qo lower flow regime)
sandstone . X . =
beige, beige-dark grey, light g
Sh2 . grey, grey, grey-bronze, grey- 0 I
Horizontal stratified horizontal red, grey-beige-red 3 deposition in upper plane bed (upper | ] ] ]
stratification @ flow regime)
sandstone e
c
S| low-angle 8
Low-angle cross- Crossg_ § bedload transport in transition [
stratified stratification = from lower to upper flow regime
sandstone o
Sm ° ]
Massive sandstone &
SGm massive o hyperconcentrated flow
Massive gravelly ']
sandstone
GSm
Massive sandy ) [ | [ |
conglomerate light grey, grey, grey-cream, diffuse gravel sheet
Gm massive grey-beige, grey-bronze, grey- lack or longitudinal bar, transition from
) beige-pink, grey-green-bronze, ’ -
Massive bronze lower to upper flow regime .
conglomerate

development. Their current thickness is 2.2—23 m. Type llc
coarsening-upwards cyclothems, of incomplete lithofacies de-
velopment, lacking claystone or sandstone lithofacies, can oc-
cur in the study area too. The present-day thickness of type lic
cyclothems ranges from 2.2 to 22.0 m. The most abundant
cyclothems in the boreholes are type llic non-gradational ones,
which consist, from base to top, of limestone lithofacies L
(Fig. 4L), and rarely marls M and claystones Fm1. A specific
feature of type llic cyclothems, previously undescribed, is the
occurrence of tuff lithofacies T within them, which can occur as

interbeds within carbonate lithofacies — limestones L or marls
M, or within claystone lithofacies Fm1 and Fh1. There is also a
rare variety of type lllc cyclothem, composed of limestones L,
directly overlain by Stigmaria soil R (cf. Waksmundzka et al.,
2021).

It was found that type Ic coarsening-upwards and type llic
non-gradational cyclothems commonly include bioturbated
claystone lithofacies Fd (Fig. 41) and sandy mudstones FSd
(Fig. 4J). These lithofacies types are observed in the bottom
portions of the cyclothems and co-occur with claystone Fm1
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Characteristics of the lithofacies occurred within coarseni
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8]

Fig. 3. Examples of tuff lithofacies; correlation horizons: 2.1 - A, B, D, G, I; 2.1l - Figs J, K; 3.1 - C, E, F, H, L; fine-ash tuffs — A, B,
D-L; coarse-ash tuff - C

A — tukéw IG 5 borehole; depth 1206.75 m; B — Korczmin IG 1 borehole; depth 1333.0 m; C — Radzyn |G 1 borehole; depth 927.7 m; D —
Marynin 1 borehole; depth 1354.2 m; E — Radzyn IG 1 borehole; depth 925.4 m; F — Glinnik 2 borehole; depth 2257.37 m; numerous siderite
spherulites (arrows); G — Terebin IG 1 borehole; depth 1337.8 m; brachiopod shells (arrows); H —tukéw IG 4 borehole; depth 1539.95m ; I -
Korczmin IG 1 borehole; depth 1337.8 m; J — Terebin IG 1 borehole; depth 1273.77 m; K — Nasutéw 1 borehole; depth 2186.2 m; bubbly tex-
ture arrowed); L — Nasutéw 2 borehole; depth 2295.45 m; units on scale bar = 1 cm
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= e

Fig. 4. Examples of the most distinctive lithofacies

A - Lithofacies Sm: fine-grained massive sandstone; in places there is a concentration of tuff material (arrow); Korczmin IG 3 borehole; depth
1350.70 m; LST of sequence 2; B — Lithofacies SGm: massive gravelly sandstone; Nasutéw 1 borehole; depth 2162.35 m; LST of sequence
3; C — Lithofacies C: coal; Lukéw IG 4 borehole; depth 1538.01 m; TST of sequence 3; D — Lithofacies Gm: massive conglomerate; tukéw I1G
4 borehole; depth 1546.7 m; LST of sequence 2; E — Lithofacies R: clayey Stigmaria soil; slickensides-related compaction (arrowed); tukéw
IG 4 borehole; depth 1538.8 m; TST of sequence 3; F — Lithofacies Sf: fine-grained flaser-laminated sandstone; lamination highlighted with
brown tuff material; Marynin 1 borehole; depth 1359.32 m; LST of sequence 2; G — Lithofacies Fh: horizontal laminated mudstone with
coalified fragment of calamite; Nasutéw 2 borehole; depth 2288.63 m; TST of sequence 3; H — Lithofacies FSh: horizontal laminated sandy
siltstone; upwards it becomes lithofacies Sh: fine-grained horizontally laminated sandstone; tukéw IG 5 borehole; depth 1195.11 m; HST of
sequence 3; | - Lithofacies Fd: disturbed mudstone with common bioturbation (arrows); Korczmin IG 1 borehole; depth 1332.3 m; correlation
horizon 2.B; TST of sequence 2; J — Lithofacies FSd: disturbed sandy siltstone with common bioturbation; brown colour related to the con-
centration of tuff material (arrows); Marynin 1 borehole; depth 1350.55 m; correlation horizon 2.B; TST of sequence 2; K — Lithofacies Fm1:
black massive claystone with brachiopods; Nasutéw 2 borehole; depth 2284.64 m; TST of sequence 3; L — Lithofacies L: limestone with fau-
nal detritus; Korczmin IG 3 borehole; depth 1316.3 m; TST of sequence 2; units on scale bar =1 cm
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Table 3
Characteristics of tuffic correlation horizons 2.1, 2.11, 3.1 and bioturbated horizon 2.B
. Thickness interval of . .
Sequence Stratigraphy ) Lublin Basin
. horizon [m]
Chronostratigraphy Correlation
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+ presence; ? not recognized; — absence
32 EES P 5 3 GAMMA RAY SONIC ELO3 EXPLANATIONS TO FIGS. 5, 6
58 [2ES a1 8
$2 (285 25| = [m] 000 4000 6000 8000 [0 100| LITHOLOGY
2g asa = =
o5 |825g 33| 3 21520 | ! | APHPIG ohmm - |
T | coal
© .
“6% : ‘ carbonaceous claystone
o~
g% t | _ Stigmaria soil
g $ E Fm1
8% & f A
oo J
© ~~~~ erosional surface
ﬁ i
T T === cl claystone
£
N O Fm 2160 m/si  mudstone/siltstone
tt i
£ E Sm I fs fine-grained sandstone
§ @ lla, e
9 SGm i BT ms  medium-grained sandstone
Tk Ik
3 g R T
n ¥ & * cs  coarse-grained sandstone
T | X J
g t co  conglomerate
; = Fm ]
= | 0w STRUCTURE
o| | —
< £ | l:l massive
B | D gy
g ”a 1 E horizontal lamination
e} 2170 = —
b IE | ] flaser lamination
T 71
5: % Fm | E horizontal stratification
+
o Sm 7 CYCLOTHEM-PARASEQUNCE
9D [she ” e —
e E e
5 Sf a ORIy A fining-upwards
.-.2 kS Fm 4
g |- b
8_ >} e non-gradational
c S i
o | ==
S| & el ———
<=° C — — —] coarsening-upwards
"'6 2180
= | ”a type of cyclothem
8 Fm
Té) SEQUENCE STRATIGRAPHY
o 4
2 a (?) i:l highstand systems tract HST
_-'E- ': l:l transgressive systems tract TST
2 E I:l forced-regressive systems tract FRST
% and lowstand systems tract LST
°a = Sequence boundary
_8 maximum regression -
Ke] ] initial transgression surface T
:_; Fm I”b 2190 = = = maximum flooding surface MFS
T g %) c =4 2 number of sequence
[T E [Fm I”b y153 C-_ — 2.|| correlation tuffic horizon

cl i
m/si fg
ms
cS o

Fig. 5. Example lithofacies, fining-upwards and non-gradational cyclothems (parasequences) deposited in anastomosing fluvial
system and fluvial floodplain environments with a pyroclastic episode of tuffic horizon 2.1l, Nasutéw 1 borehole

* — erosional top of the lithofacies succession
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Fig. 6. Example lithofacies, coarsening-upwards and non-gradational cyclothems
(parasequences) deposited in a shal!ow-water delta environment with a pyroclastic episode,
Swidnik 22 borehole

dp — delta plain; * — erosional top of the lithofacies succession

and mudstone Fma3 lithofacies. Due to the widespread occur-
rence of these bioturbated lithofacies, just above the 2.1 tuff ho-
rizon within sequence 2 in the SE area, they too have been con-
sidered as a correlative horizon, and labelled 2.B. The pres-
ent-day thickness of this horizon is 0.3—1.2 m (Table 3).

TUFF LITHOFACIES

Three horizons of regional significance (Table 3), in which
the tuff T lithofacies (Fig. 3) occurs, have been identified within
deposits of sequences 2 and 3: (1) fine-ash tuffs, (2) coarse-ash
tuffs, and (3) one tuffic horizon with a fining-upwards trend and
transition from coarse-ash to fine-ash tuff. They are character-
ized by massive structures and may rarely be horizontally lami-
nated (Tables 1 and 2).

In the basal parts of sequence 2, there is the lower tuffic ho-
rizon, marked 2.1. It has been identified in cored sections of
boreholes drilled in the NE (Fig. 7) and SE (Fig. 9) regions, and
is represented by two types. The first type is characterized by
diverse, distinct, variegated colours: creamy-dark red-yellow,
yellow-dark red, yellow-black, creamy-yellow, grey-dark red,
light grey-dark red, dark red, creamy, yellow, and brown, as well
as by the presence of irregular aggregations of pyrite or siderite.
This type is encountered, for example, in the tukéw IG 4 and
tukéw IG 5 boreholes (Fig. 3A) in the NE, and in the Korczmin
IG 1 (Fig. 3B, I) and Korczmin IG 3 boreholes in the SE. The
present-day thickness of tuff 2.I is 0.4-4.8 m, and after
decompaction it is ~2-22 m.

The other type of tuff, 2.1, with a present thickness of 0.5 m
(decompacted thickness about 2.5 m), occurring in the SE in
the Marynin 1 (Fig. 3D), Terebin IG 1 (Fig. 3G) and Terebin IG 3
boreholes, is characterized by a uniform dark grey or
green-grey colour and the presence of bioclasts: single brachio-
pod shells or fish scales.

The second, upper tuffic horizon, marked 2.1I, which occurs
in the upper part of sequence 2 in the boreholes located in the
central (Fig. 8) and SE (Fig. 9) regions, is also represented by
two types. The first type is found in the central region, e.g. in the
Nasutéw 1 (Fig. 3K), Nasutéw 2, Glinnik 2 and Swidnik 22 bore-
holes, and is less varied in colour (creamy, brown, green,
grey-green or grey-red). Relatively common coalified plant de-
tritus or larger fragments of calamites, and in places scattered
siderite or siderite spherulites, are found in this type. Its pres-
ent-day thickness is 0.8—6 m and a decompacted thickness is
~4-30 m. This horizon can be identified also on well logs
(gamma ray, sonic EL03) in the form of characteristic maxima,
especially when it is thick, e.g. in the Nasutéw 1 borehole
(Fig. 5). However, where it is less thick or consists of two thin
layers separated by lithofacies Fm2 (Swidnik 22 borehole;
Fig. 6), it cannot be clearly identified on well logs.

The other type of tuffic horizon, 2.1I, has been identified in
the upper part of sequence 2, in the Korczmin IG 1, Korczmin
IG 3, Terebin IG 1 (Fig. 3J) and Terebin |G 3 boreholes from the
SE region (Fig. 9). Its position is remarkable as it occurs as an
interbed within a thick (several metres) layer of grey or dark
grey organodetrital limestone and marl, containing marine
echinoderm, brachiopod, foraminifer and coral remains. The
lithological characteristics and colour of tuff 2.11, which can be
green-grey, yellow-grey, brown or light brown-green, distin-
guish it clearly from the underlying and overlying carbonates.
Infrequent brachiopod shells, coalified plant detritus and pyrite
impregnations are locally present within the tuff. Its present-day
thickness is 0.2-2.5 m and a decompacted thickness is
~1.0-11.5m.

Another tuffic horizon located in the lower part of sequence
3 is marked with the symbol 3.I. So far, it has been found in the
tukow IG 4, Lukéw IG 5, Radzyn IG 1 and Siedliska IG 1 bore-
holes from the NE region (Fig. 7), and in the Nasutéw 2 and
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Glinnik 2 boreholes from the central region (Fig. 8). In the re-
maining sections investigated, its presumed presence is inter-
preted on gamma ray and electrical resistivity curves at the site
of clear maxima.

In the NE region, tuff 3.1 occurs in a peculiar position, di-
rectly beneath a several-metres-thick layer of organodetrital
and, in places, nodular limestones, which is the only one in se-
quence 3 (Fig. 7). The tuff is characterized by creamy-dark
red-yellow, creamy-dark red, creamy yellow, dark red-varie-
gated, grey-red-variegated or creamy colours (Fig. 3C, E, H). It
contains a small amount of brachiopod and bivalve shell mate-
rial, coalified plant detritus, and scattered hematite. Calcifica-
tion of the tuff (reaction with HCI) is its characteristic feature. In
the Radzyn IG 1 borehole, a fining-upwards trend is observed
within this tuff. The thickness of the tuff is ~1-5 m
(decompacted ~5.6—-23 m).

In the central region, tuffic horizon 3.1 occurs in the lower
part of sequence 3, several metres below the first limestone
layer in the sequence (or in one case directly below it; Fig. 8).
The tuff and limestone are separated by homogeneous
claystones and/or mudstones. Tuff 3.1 is characterized by a
grey-dark red, grey-cream or grey-green colour, the presence
of sparse coalified plant detritus, scattered hematite, and sider-
ite spherulites (Fig. 3F, L). The thickness of horizon 3.l is 1-8 m
(decompacted ~5—40 m).

DEPOSITIONAL ENVIRONMENTS AND SEQUENCE STRATIGRAPHY

The lithological and facies characteristics, along with ele-
ments of sequence stratigraphy of sequences 2 and 3 in the NE
and central regions, are shown in Figures 7 and 8, and of se-
quence 2 in the SE region in Figure 9.

SEQUENCE 2

Sequence 2 is found across most of the Lublin Basin area,
except in the NW region (Waksmundzka, 2010). Its present
thickness is extremely small (~1-5 m) in the NE (Fig. 7). The
area was characterized by a low subsidence rate due to both
the shallow occurrence of crystalline rocks of the East Euro-
pean Craton and the presence of thick basalt bodies in the im-
mediate basement, belonging to sequence 1 of Tournaisian
age (Waksmundzka et al., 2021). The relatively small thickness
in the centre of the basin in the area of the Nasutow 2, Swidnik
IG 1, Swidnik 14 and Swidnik 22 boreholes (Fig. 8) can presum-
ably also be related to the presence of basaltic rocks in the im-
mediate basement. The small thickness could result also from
erosional reduction of near-top strata of sequence 2 during the
next falling and RSL lowstand of sequence 3. The thickness of
sequence 2 in the basin generally increases towards the S and
SE. In the area of the Lublin IG 1 borehole, it reaches ~55 m,
and the greatest thicknesses, attaining ~92 m, are recorded in
the SE (Fig. 9), where the greatest subsidence rate took place
(Koztowska and Waksmundzka, 2021).

The lower boundary of sequence 2 is an erosional surface
formed during the falling of RSL. It forms the base of the Visean
deposits and runs below a bed of volcaniclastic sandstones and
conglomerates deposited in shallow (~0.5-0.8 m), highly
aggradational, high-energy river channels during a lowstand
and a slow initial rise of RSL. This is indicated by the dominance
of the high-energy lithofacies Sm, Sh2 and SI. These are over-
lain by the thick upper members of type lla fining-upwards
cyclothems, composed of Fm and Fh lithofacies deposited on a
fluvial floodplain. It should be assumed that these channels op-

erated in an anastomosing system, and that their filling and
waning were related to a RSL rise. Similar fluvial environments
described by Koztowska and Waksmundzka (2020) also ex-
isted in the Lublin Basin in the Serpukhovian and Bashkirian.
Elsewhere in the world they are known from the Carboniferous
in Canada (Rust, 1984; Nadon, 1994).

Only in the area of the Lublin IG 1 and Marynin 1 boreholes
were large incised valleys formed, attaining depths of ~25 m
and ~40 m, respectively. In the central region, the incised valley
was filled mainly by high-energy volcaniclastic sandstones and
conglomerates that formed as a result of hyperconcentrated
flow (Waksmundzka, 2010; Waksmundzka et al., 2021). By
contrast, the incised valley in the area of Marynin 1 borehole
was filled by braided river sediments (Kozlowska and Waks-
mundzka, 2020).

In the NE and SE regions, the lower tuffic horizon 2.1, which
reaches the greatest thickness in the Lukéw IG 5 and Korczmin
IG 1 boreholes, occurs at the top of LST deposits. Tuff
lithofacies T overlies channel sandstones and conglomerates
or co-occurs with lithofacies deposited on the floodplain. The
pyroclastic deposits accumulated on the alluvial plain and the
material was derived from volcanic cones active in these areas
since at least the Late Tournaisian (\Waksmundzka et al.,
2021).

In part of the SE region, tuff 2.| was deposited on a fluvial
floodplain, while in the vicinity of the Terebin IG 1 and Terebin
IG 3 boreholes, in a marine environment, in prodelta or shallow
clay-dominated shelf settings, as indicated by the presence of
brachiopods and fish scales within the tuff. A marine reservoir
existed in this area already at the time of the RSL lowstand and
probably encompassed also the area of the Ruskie Piaski IG 2
and Zubowice IG 5 boreholes, located farther to the SW. The
presence of the sea in this area can be associated with a high
subsidence rate and the formation of large accommodation
space in the Late Visean, as indicated by the existence of a
depocentre previously already interpreted to occur here (Waks-
mundzka, 2010).

The initial transgression surface, which is defined by the
base of deltaic and marine deposits, runs above tuffic horizon 2.1.
The deposits are represented mainly by claystone and mudstone
lithofacies Fm1, Fm3 and Fh1, deposited on a shallow clay-dom-
inated shelf and in prodelta settings of a shallow-water delta, as
well as by the interbedded lithofacies of limestones L and marls
M that accumulated on a shallow carbonate shelf (Fligel, 2004).
These deposits form the TST and HST that compose the upper
part of sequence 2. The most common cyclothems among these
deposits are type lllc non-gradational ones, indicating the domi-
nance of aggradation. Complete type Ic coarsening-upwards
cyclothems are rare. The cyclothems amid sedimentary
aggradation and progradation. A MFS has been identified within
the shallow shelf claystones. In the NE region, only thin (a few
metres) TST deposits are present, and the HST is absent due to
erosion and/or nondeposition during the subsequent RSL fall.
The characteristics of these environments from the Lublin Basin,
together with the description of cyclicity, were previously de-
scribed by Skompski (1988, 1995a, b) and Waksmundzka
(1998, 2010, 2013).

In most of the sections from the SE region (Fig. 9), biotur-
bated lithofacies (Fig. 41, J) are encountered directly above tuff
2.1, which are marked in the correlative horizon 2.B. This occurs
immediately above the initial transgression surface, within the
prodelta or shallow clay shelf deposits, and, like this surface,
may be considered an isochronous correlative horizon. The
strong bioturbation of the bottom sedimentary layer indicates in-
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creased activity of benthic organisms, presumably triggered by
nutrient abundance. Possibly, after volcanic eruption, organic
debris along with pyroclastic material entered the sea, providing
a rich food source for benthos (Carrillo and Diaz-Villanueva,
2021).

The second, upper tuffic horizon 2.1I occurs in the upper
part of sequence 2 that comprises the HST. Its position in the
sections from the central region is peculiar, as it occurs only a
few metres above the MFS, i.e. at the base of HST deposits. In
the sections located farther to the NW (Nasutow 1, Fig. 5;
Nasutéw 2; Glinnik 2 boreholes), it was deposited on a fluvial
floodplain, and farther to the SE, in the prodelta and shallow
clay shelf environments and, in places, on a delta plain (Swidnik
IG 1, Swidnik 22 boreholes). In the SE region, tuffic horizon 2.11
occurs in the upper part of the HST as a characteristic interlayer
within a limestone and marl bed. After volcanic eruption,
pyroclastic material formed a thick layer, in places reaching up
to ~12 m (decompacted thickness in the Korczmin IG 1 bore-
hole), on a carbonate ramp, which probably caused a tempo-
rary extirpation of organisms living there (cf. Simon etal., 2017).
However, the ecosystem recovered, as shown by the return of
sedimentation of carbonate organic remains, also above tuff
2.1, which are components of the overlying carbonate bed.
Diagenetic altered volcanic ashes are quite often found in Mis-
sissippian carbonate deposits, such as in the Namur-Dinant
Basin in Belgium (cf. Pointon et al., 2018).

SEQUENCE 3

Sequence 3 is present throughout the Lublin Basin
(Waksmundzka, 2010). It has an extremely small thickness in
the NE (Fig. 7), ranging from 4 to 10 m, and, like the thickness
of sequence 2, increases towards the S and SE. In the central
part (Fig. 8) its thickness is 80—110 m, and a maximum value of
~180 m is found in the SE region. The thickness variation is
probably related to a greater rate of basement subsidence in
the centre of the basin and in the SE region, as well as to the
formation of large accommodation space. The thickness of se-
quence 3 has been reduced to some extent at the top during the
subsequent falling and lowstand of RSL of sequence 4.

The lower boundary of sequence 3, coinciding with the up-
per boundary of sequence 2, is an erosional surface that
formed during the RSL fall. Above the surface, there are fluvial
deposits representing the LST. In the central region, the se-
quence boundary is placed below a volcaniclastic sandstone
bed that occurs at the base of an incised valley. This valley
seems to have stretched from the area of the Glinnik 2 bore-
hole, through the region of the Nasutéw 1, Ciecierzyn 1 and
Swidnik 14 boreholes, to the vicinity of Swidnik 22. Its greatest
depth of ~34 m is found in the Ciecierzyn 1 and Swidnik 14
boreholes. It is filled almost exclusively with sandstones. The
sparse core material does not provide a basis for reconstruction
of the fluvial environments that existed in this area. One can
only suppose, based on the presence of sandstone lithofacies
Sm in the 5-m-long core section of the Swidnik 14 borehole,
that sedimentation took place from high-energy, highly
aggradational hyperconcentrated flow (cf. Martinsen, 1994;
Svendsen et al., 2003). Analogous processes of incised valley
filling in the area of the nearby Lublin IG 1 borehole had oper-
ated also earlier, during the formation of sequence 2. In the
area of the Glinnik 2, Nasutéw 1 and Swidnik 22 boreholes, the
incised valley was filled with fluvial sediments, including both
channel sandstone lithofacies and overbank claystone-mud-
stone and phytogenic lithofacies. The presence of type lla fin-

ing-upwards cyclothems and the extreme thickness of flood-
plain deposits indicate an anastomosing channel system envi-
ronment. Only in the northernmost part of the central region did
no incised valleys form. Sedimentation took place exclusively
on a fluvial floodplain, within peat swamps (lithofacies coals C).

In the NE region, the LST-forming deposits include sand-
stones of shallow-water (~0.8—1 m) braided channels (Siedliska
IG 1, Lukéw IG 5 boreholes), and a thin (0.1 m) coal layer that
formed as peat bogs on a fluvial floodplain (Nasutow 2 bore-
hole). Farther to the E, around the Radzyn IG 1 and Parczew IG
10 boreholes, bauxites were deposited during the lowstand of
sequence 3 (Waksmundzka et al., 2021).

The initial transgression surface in the central region runs at
the top of fluvial deposis or at the base of the coal and carbona-
ceous claystone C lithofacies, or within the bauxite bed
(Waksmundzka et al., 2021). Above, there are TST deposits
that formed during a RSL rise. In the central region, these are
represented mainly by claystone and mudstone lithofacies de-
posited on a shallow clay shelf and the prodelta of a shallow-wa-
ter delta. Less common are sandstones deposited in either
mouth bars or deltaic distributary channels. Limestones and
marls, locally reaching considerable thicknesses (~12 m), are
found as interbeds and were deposited in a shallow carbonate
shelf environment. As in sequence 2, most common are type
Illc non-gradational cyclothems, and less common are com-
plete type Ic coarsening-upwards cyclothems. This deposition
occurred with mainly during the aggradation and, to a lesser ex-
tent, the progradation of sediments. The MFS is interpreted to
occur at the maximum excursion on gamma ray logs within
claystones of the shallow clay shelf. Above it are HST deposits
represented by facies very similar to those of the TST. In the NE
region, the TST and HST deposits are very thin. These were
deposited in similar environments to those developed in the
central area: deltaic, shallow clay shelf, and carbonate shelf.

Tuffic horizon 3.1 in the central region occurs within TST de-
posits — shallow-shelf and prodelta claystones and mudstones
—except in the area of the Nasutow 2 borehole, where it is asso-
ciated with fluvial floodplain deposits. The thickest layer of
post-eruption volcanic pyroclastic material, at ~15-40 m
(decompacted thickness), is found in the area of the Glinnik 2
and Nasutéw 1 boreholes (Fig. 8). In these boreholes, tuff 2.11
also attains its maximum thickness, indicating that the eruptive
centre was located not far away, and presumably had been ac-
tive in the area since at least the Late Tournaisian (Waks-
mundzka et al., 2021).

Tuff 3.1'in the NE region (Fig. 7) was probably deposited on
a fluvial floodplain (Siedliska 1G 1, tukéw IG 4, tukow IG 5
boreholes), and in the area of the Radzyn IG 1 borehole, in the
prodelta of a shallow-water delta. The fining-upwards trend ob-
served in the tuff created during deposition in the marine basin.
Lithological and facies correlation indicates that tuff horizon 3.1
corresponds to the bauxite bed found in sequence 3 in the
Radzyn IG 1 and Parczew IG 10 boreholes, and that both may
have a similar pyroclastic origin. This conclusion should be re-
garded as preliminary and needs confirmation by further stud-
ies. To date, no bauxite rocks have been found in the existing
borehole cores, and their analysis has been so far based on ar-
chived data (Waksmundzka et al., 2021).

PETROGRAPHIC CHARACTERISTICS

The tuffs and volcaniclastic rocks (conglomerates, sand-
stones and mudstones) identified in sequences 2 and 3 are il-
lustrated in Figures 10 and 11.
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Fig. 10. Microphotographs taken by polarizing microscope

A —strongly altered fine-ash vitric tuff; volcanic glass altered to kaolinite (Kl); hematitization (He); tukow IG 5 borehole; depth 1206.75 m; se-
quence 2; horizon 2.1; crossed polars; B — fine-ash vitric tuff with a bubbly texture; Nasutéw 1 borehole; depth 2186.2 m; sequence 2; horizon
2.11; without analyser; C — fine-ash vitric tuff with a perlitic texture; volcanic glass altered to clay minerals; siderite (Sd); Glinnik 2 borehole;
depth 2257.37 m; sequence 3; horizon 3.1; crossed polars; D — fine-ash vitric tuff; volcanic glass altered to clay minerals; numerous siderite
(8d); Marynin 1 borehole; depth 1354.2 m; sequence 2; horizon 2.1; crossed polars; E — fine-ash vitric-crystal tuff; quartz grains in part of vol-
canic origin; Korczmin IG 1 borehole; depth 1333.0 m; sequence 2; horizon 2.1; crossed polars; F — coarse-ash vitric-lithic tuff; volcanic glass
fragments (Vg); abundant anatase (arrows); Radzyn IG 1 borehole; depth 927.7 m; sequence 3; horizon 3.I; without analyser; G —
fine-grained volcaniclastic polymictic orthoconglomerate; volcanic rock fragments (Lv) mainly rhyolite bonded by sandy-clay matrix; tukow
IG 4 borehole; depth 1546.7 m; sequence 2; without analyser; H — very fine-grained volcaniclastic polymictic orthoconglomerate; volcanic
rock fragments (Lv); feldspar (Fs), volcanic quartz (Q) bonded by sandy-clay matrix; Niedrzwica IG 1 borehole; depth 2190.0 m; sequence 2,
crossed polars
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Fig. 11. Microphotographs taken in polarizing microscope, cathodoluminescence (CL) and scanning electron microscope (SEIl, BSE)

A — coarse-grained volcaniclastic lithic arenite; numerous volcanic rock fragments (Lv); volcanic quartz grains (Q), siderite (Sd); Nasutow 1
borehole; depth 2162.35 m; sequence 3; without analyser; B — fine-grained volcaniclastic sublithic arenite cemented by calcite (Ca); volcanic
rock fragments (Lv) type of rhyolite and volcanic glass (Vg); Zubowice |G 5 borehole; depth 1937.3 m; sequence 2; crossed polars; C —
kaolinite (KI) in the volcaniclastic sandstone; tukéw IG 5 borehole; depth 1203.5 m; sequence 3; SEl image; D —fibrous illite/smectite (1t/Sm)
mixed-layer minerals in volcaniclastic conglomerate; Niedrzwica IG 1 borehole; depth 2190.0 m; sequence 2; SEIl image; E — fine-ash
vitric-crystal tuff; oval forms like spherulites composed of berthierine (Brh); Korczmin IG 1 borehole; depth 1337.8 m; sequence 2; horizon 2.1;
without analyser; F — carbonate minerals: calcite (Ca) and siderite (Sd) in fine-ash crystal tuff; 1-5 numbers — chemical analysis points (Ta-
ble 7). Radzyn IG 1 borehole; depth 925.4 m; sequence 3; horizon 3.1, BSE image; G — carbonate minerals: calcite (Ca) with orange-yellow
luminescence and lanthanum — neodymium carbonate (arrow) with brown-red luminescence in volcaniclastic sandstone; Korczmin IG 3
borehole, depth 1350.7 m, sequence 2, CL image; H — calcite (Ca) and lanthanum — neodymium carbonate (arrow) from Figure 11G;1, 2
numbers — chemical analysis points (Table 7); obraz BSE
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SEQUENCE 2

Among the tuffs of sequence 2 (horizon 2.l and

Tabl. 4 cont.

2.1l; Table 4), fine-ash vitric and vitric-crystal tuffs
|+ + and coarse-ash vitric tuffs have been recognized

(Figs. 10A, B, D, E and 11E). They are accompa-
nied by volcaniclastic conglomerates, sandstones
+ + + and mudstones (Figs. 10G, Hand 11B, D, G, H).

TUFFS

+
+
+
+
+
+
+
+

Fine- and coars-ash vitric tuffs have been found

in horizon 2.1 in the NE region (Lukéw IG 4, Lukow
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sented mainly by radial spherulites with an average
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matter forms small lenses (2.11, central region). Tuff
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from the Terebin IG 1 borehole contains bioclasts (bivalve shells,
echinoderm skeletal fragments). Some voids within the bioclasts
are filled with kaolinite, and pyritization is visible in places. Tuff
from the Korczmin IG 1 borehole reveals the presence of amyg-
daloidal, irregular forms, slightly flattened, bent, and filled with
quartz or, on the outside, with chlorite and, on the inside, with
Fe/Mn-calcite and quartz. In addition, there are numerous oval
ooid-like forms of slightly concentric structure, composed of a
brown clay mineral (serpentine — berthierine) (Fig. 11E) and ir-
regular dark clusters of hematite. In places, pyrite is present in
the tuffs (Terebin IG 1, Korczmin IG 1 boreholes). Carbonates
are represented by siderite showing irregular forms (Swidnik 22
borehole). Calcite fills veins or has formed by replacement of
other minerals (Korczmin IG 1 borehole).

VOLCANICLASTIC ROCKS

Fine-grained volcaniclastic polymictic orthoconglomerates
have been found in NE region (lithofacies Gm; tukoéw IG 4 bore-
hole) (Fig. 10G) and the SW region (lithofacies GSm;
Niedrzwica IG 1 borehole) (Fig. 10H). The fabric of the rock is
unoriented or oriented, emphasised by the arrangement of rock
clasts, organic matter and clay minerals. The content of mate-
rial with diameter >2 mm (20 mm and 2.2 mm respectively most
frequent) is ~ 35-80%. These are rounded and subrounded
clasts of volcanic rock, largely of rhyolite type, fragments of vol-
canic glass and volcanic quartz grains (Table 4). The volcanic
rocks and glass exhibit common effects of argillitization, silicifi-
cation and carbonatization processes. Psephitic detrital mate-
rial is bonded by a sand-mud-clay matrix and by cement. In the
sand-silt fraction, there are poorly rounded, angular (mainly
monocrystalline) quartz grains. The additional constituents are
rock clasts (volcanic rocks, quartzites, very fine-grained sand-
stone, mudstones, granitoid) and feldspars. Anatase is com-
mon; locally zircon is present. The content of muscovite flakes
(muscovite) and organic matter is low. The effects of calciti-
zation, kaolinitization and hematitization processes are com-
mon in the feldspars. Clay minerals are represented by
kaolinite, mixed-layered illite/smectite minerals (Fig. 11D), illite,
serpentine and chlorite. Carbonate minerals are represented by
siderite and sideroplesite; fine radial spherulites with an aver-
age size of ~0.08 mm are present in the Lukéw IG 4 borehole. In
addition to those, sulphides, mainly pyrite, are also present.

Very fine- to medium-grained volcaniclastic quartz wackes
have been identified in the NE region (Lukéw IG 5 borehole)
and the SE region (Korczmin IG 1, Korczmin IG 3 boreholes).
They belong to lithofacies Sm (Lukow I1G 5, Korczmin IG 1 bore-
holes) and lithofacies Sh2 (Korczmin IG 3 borehole). Detrital
material is subrounded and angular, and the sorting is variable.
The main component of the grain framework is monocrystalline
quartz, many grains being of volcanic origin (angular,
embayed). There are also fragments of volcanic glass, feldspar
grains and muscovite flakes. Some of these have undergone
processes of kaolinitization, argillitization, chloritization and
carbonatization. Accessory minerals comprise anatase, rutile
and zircon. Sandstone from the Korczmin IG 1 borehole con-
tains irregularly shaped, slightly flattened, bent amygdaloidal
forms filled with silica, or with chlorite on the outside and with
Fe/Mn-calcite and quartz on the inside. The binder is repre-
sented by clay minerals: kaolinite, mixed-layered illite/smectite
minerals, chlorites and carbonate minerals (siderite and calcite)
(Fig. 11G, H). The other constituents found in the sandstone
from the Korczmin IG 3 borehole are lanthanum and niobium
carbonate, forming rims on detrital grains (Fig. 11G, H). This
mineral could belong to the bastnasite or hydroxylbastnasite

mineral group. Furthermore, in the sandstone from the
Korczmin IG 1 borehole, overgrowths of quartz cement are visi-
ble on quartz grains.

Fine-grained volcaniclastic sublithic arenite (lithofacies
Sm), has been identified (Fig. 11B) in the Zubowice IG 5 bore-
hole. The rock exhibits an unoriented fabric. The main mineral
component of the grain framework comprises subrounded and
angular quartz grains (some of volcaniclastic origin). Feldspars
are represented by plagioclase and potassium feldspars, which
show the effects of processes of argillitization, albitization, and
replacement by calcite. The most common mica mineral in the
rocks is biotite. Lithoclasts are dominated by pieces of volcanic
acidic rock of rhyolite type and deformed and stretched frag-
ments of volcanic glass (argillitization, calcitization). The sand-
stones are cemented by carbonates (Fe/Mn-calcite, ankerite),
clay minerals (kaolinite, illite, serpentine) and chalcedony. Py-
rite forms larger aggregations. The sandstone is cut by thin cal-
cite veins.

Volcaniclastic sandy mudstone (Stigmaria soil, lithofacies R)
has been recognized in SE region (Marynin 1 borehole). The
rock is characterized by a slightly oriented fabric accentuated by
the arrangement of irregular lenses enriched in clay minerals, or-
ganic matter and pyrite. The grains are angular and poorly
sorted. The grain framework is composed of quartz (mainly
monocrystalline), feldspars, fragments of volcanic rock and vol-
canic glass, micas (muscovite, biotite) and accessory minerals:
anatase, rutile and zircon. The rock fragments and feldspars
show the effects of argillitization. The groundmass is made up of
clay minerals, among which there are, in similar amounts,
kaolinite and mixed-layered illite/smectite minerals, and small
quantities of serpentine and illite. Pyrite crystals are concentrated
in the form of laminae, lenses and irregular bodies.

SEQUENCE 3

Sequence 3 hosts fine-ash vitric and coarse-ash vitric-lithic
tuffs (Figs. 10C, F and 11F) in the NE and central regions (Ta-
ble 4). They are accompanied by volcaniclastic rocks: sand-
stones and mudstones (Fig. 11A, C).

TUFFS

Fine-ash vitric tuffs have been found in horizon 3.1 in the NE
region (Lukow IG 5, Radzyn IG 1 boreholes) and in the central
region (Glinnik 2 borehole; Fig. 10C). Their fabric is unoriented
or slightly directional and fluidal, manifested by the linear ar-
rangement of organic matter and hematite. The rocks are com-
posed of ash and volcanic glass altered into clay minerals,
mainly kaolinite, mixed-layered illite/smectite minerals, illite
(muscovite 2M1) and serpentine (Table 5). The content of detri-
tal material varies from a few to 20 vol.% of the rock (Lukow IG 5
borehole). There are also angular volcanic quartz grains of the
silty or sandy fractions, volcanic glass, sparse feldspar grains,
muscovite flakes, as well as anatase and apatite, locally found
in significant amounts (Radzyn IG 1, depth 925.4 m, Table 5).
Fragments of bioclasts (including bivalve shells, depths
926.7-925.4 m), whose frequency decreases upwards, are vis-
ible in tuffs from the Radzyn IG 1 borehole. Carbonate minerals
are represented by siderite and calcite (Figs. 10C and 11F).
Siderite occurs as radial spherulites with an average size of
~0.7-0.12 mm or irregular, oval specimens. Fe/Mn-calcite cre-
ates fine rhombohedral and other forms. In places, the tuffs are
cut by irregular calcite veinlets. In tuffs from the NE region he-
matite and iron hydroxides are present, which give the rock red
and in places yellow colours.
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Coarse-ash vitric-lithic tuff from the Radzyn IG 1 borehole
(NE region) occurs below the fine-ash vitric tuffs (Fig. 10F); both
together form the fining-upwards horizon 3.I. The fabric of the
rock is slightly directional, manifested by the linear arrangement
of grains. The rock is composed mainly of fragments of volcanic
rock (andesite, trachyte, basalt, rhyolite) and glass, in which the
effects of kaolinization, serpentinization and silicification pro-
cesses are visible. Anatase and zircon are also present. The
grain material is cemented by kaolinite and serpentine, which
are products of alteration of volcanic dust and glass, and by
Fe/Mn-calcite and hematite.

VOLCANICLASTIC ROCKS

Fine-grained volcaniclastic quartz wacke (lithofacies Sh2)
has been identified in the NE region (Lukéw IG 5 borehole). The
rock is characterized by an unoriented fabric. The detrital mate-
rial is subrounded and angular. Predominant are quartz grains,
mainly monocrystalline, commonly angular, of volcanic origin.
There are also frequent fragments of volcanic glass, stretched,
deformed and altered into mainly kaolinite and less commonly
into mixed-layered illite/smectite minerals, potassium feldspar
grains, and muscovite flakes. Accessory minerals are repre-
sented by anatase, rutile and zircon. The binder is composed of
kaolinite (Fig. 11C) (being a product of alteration of volcanic
glass), siderite cement forming nested and locally oval concen-
trations, and calcite.

Medium-grained (Sm) and coarse-grained volcaniclastic
lithic arenite (lithofacies SGm) (Fig. 11A) has been identified in
the central region (Nasutéw 1 borehole). The rock exhibits an
unoriented fabric. Detrital material is poorly rounded and poorly
sorted. The grain framework is composed of lithoclasts, feld-
spars and quartz. Rock fragments represent effusive rocks
mainly of rhyolite type, less frequently of trachyte or andesite
types, fragments of volcanic glass, and tuff. The effects of silici-
fication, argillitization, chloritization and carbonatization are
commonly observed. Feldspars are represented by potassic
feldspars and plagioclases, which commonly show the effects
of kaolinitization, argillitization, albitization and carbonatization.
Quartz grains are predominantly of volcanic origin (embayed,
angular). Single flakes of biotite are visible. Anatase and zircon
are present in abundance. Granular material is cemented by
siderite, which is represented by very finely crystalline and mas-
sive forms, and by fine spherulites, ~0.02 mm in size. In addi-
tion, there are clay minerals being the product of alteration of
volcanic glass. These are mainly kaolinite, mixed-layered
illite/smectite minerals, and chlorite. Iron hydroxides and pyrite
are present in dispersed form.

Volcaniclastic sandy mudstone (lithofacies FSm) is present
in the central region (Swidnik 22 borehole). Its directional fabric
is accentuated by the arrangement of micritic siderite, laminae
or fragments of organic matter, and mica flakes. Most of the silt-
and sand-grade detrital material is represented by subrounded
and angular (volcaniclastic) quartz grains. Quartz is mostly
monocrystalline. The other constituents are feldspars, some of
which are completely altered into kaolinite (kaolinite pseudo-
morphs). Volcanic rock clasts are sparse, while fragments of
volcanic glass are abundant. They show the effects of
argillitization and silicification. Muscovite and biotite flakes are
present in small amounts. Sulphides (probably pyrite) occur in
association with organic matter; zircon and anatase were also
observed. The cement consists of clay minerals and siderite.

MINERALOGY

CLAY MINERALS

Clay minerals are the main component of the tuffs and form
part of the cements in the volcaniclastic sandstones and con-
glomerates. Among the clay minerals, kaolinite, muscovite
2M1, mixed-layered illite/smectite minerals, and serpentine
have been distinguished (Table 5). Kaolinite is the most com-
mon mineral in the rocks studied (Figs. 10A and 11C) and was
found by XRD in amounts from 19 to 88%. Vermiform kaolinite
shows oval forms in places, which likely either developed as a
result of gas bubble filling or are the product of alteration of feld-
spar grains and fragments of volcanic glass. Mixed-layered
illite/smectite minerals (containing >75% of illite — having basal
spacing close to 10 A) commonly co-occur with kaolinite and
can be found at up to 33%. lllite (muscovite 2M1) and serpen-
tine are found in much smaller amounts (up to 16 and 9%, re-
spectively). Locally, oval forms composed of serpentine —
berthierine were observed (Fig. 11E). Trioctahedal structure is
confirmed by positions of the (020) and (060) reflections, at
4.68 A and 1.55 A, respectively. Berthierine presence is sug-
gested by polytype 1M visible as a reflection at 2.67—2.69 A
(Toth and Fritz, 1997; Fig. 12). Chrysotile is predominantly
monoclinic, but it lacks a reflection at 2.67-2.69 A (Falini et al.,
2004), while lizardite crystallises as polytypes 1T and 2H1, and
also it lacks this reflection. Chemical analyses performed on
several samples of this mineral confirm that this is berthierine
(Table 6), as it shows substantial amount of iron relative to
magnesium.

The volcaniclastic sandstones and conglomerates contain
vermiform kaolinite, fibrous illite, mixed-layered illite/smectite
minerals (Fig. 11D), and pseudohexagonal chlorite crystals.
These minerals crystallized in pore voids or formed by the alter-
ation of feldspar grains, fragments of volcanic glass, and
lithoclasts.

The X-ray diffraction data was used to calculate the
Hinckley index (HI), used to evaluate kaolinite disorder. It is cal-
culated based on the equation:

HI:(B+C)
A

where: A — the height of the (1-10) reflection, measured from the
general background; (B + C) — the sum of intensities of the (1-10)
and (11-1) peaks measured from the inner-peak background
(Fig. 13).

According to Zadvernyuk et al. (2021) HI = 0.7 can be con-
sidered as a boundary between kaolinite of dominantly primary
origin, and secondarily formed via destruction of crystals due to
transportation and deposition. A similar observation was made
by Oyebanjo et al. (2018), who found that kaolinite from sand-
stones has a lower HI than from pure kaolin. Moreover, Liu et al.
(2022) reported that kaolinite crystallinity correlates positively
with its clay mineral content, purity and particle size.

Analysis of the HI results obtained indicates that there is no
spatial correlation between HI and location. For example, sam-
ples from the tukéw IG 5 and Radzyn IG 1 boreholes, despite
being located close to each other, have significantly different HI
values. Similarly, there is also no correlation between HI and
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Fig. 12. XRD diagram of tuff with characteristic reflections of berthierine;
Radzyn IG 1 borehole; depth 925.40 m; sequence 3; correlation horizon 3.1

the stratigraphic position of these samples in the profile. This
suggests that the degree of ordering of kaolinite in the samples
analysed should be related to local transformation of kaolinite,
due to interaction with hydrothermal fluids and limited transport
and sedimentation. In fluvial floodplain and deltaic plain set-
tings, reworking and lateral transport of fine volcanic material
could occur, potentially leading to partial redeposition (e.g.,
samples from the tukoéw IG 5 borehole). By contrast, shal-
low-water delta and clay shelf environments more likely pre-
serve tuffaceous material close to its original depositional posi-
tion, with diagenetic alteration occurring in situ, as in the case of
the Radzyn IG 1 sample, which has the highest HI. This sample
contains also the highest content of siderite and apatite, and
could not have been redeposited. In the remaining samples,
less advanced weathering or minor redeposition could explain
the lower degree of kaolinite disorder.

CARBONATE MINERALS

Carbonate minerals (Table 7) are represented by siderite
and sideroplesite (minerals of the siderite-magnesite isomor-
phic series), and by calcite; ankerite and a carbonate that con-
tains lanthanide group elements are found locally.

Siderite and sideroplesite occur as spherulites, incom-
pletely developed forms resembling spherulites or
rhombohedral crystals, and as very finely crystalline cement.
Spherulites and spherulite-like forms are common in the tuffs
(Figs. 10C, F and 11F). The average size of the spherulites
ranges from 0.02 to 3 mm. Central parts of the spherulites and
rhombohedral crystals are often composed of siderite, while
their outer parts consist of sideroplesite. Very finely crystalline
siderite and sideroplesite most often form cement in the
volcaniclastic sandstones (Fig. 11A) and conglomerates. The

Table 6
Chemical composition of berthierine based on microprobe analyses
BOREHOLE
TYPE OF ROCK/ DEPTH SiO; AlLO; FeO MNO CaO MgO K20 TiO, Total
CORRELATION [m] (Wt. %) (Wt. %) (Wt. %) (Wt. %) (Wt. %) (Wt. %) (Wt. %) (Wt. %) (Wt. %)
HORIZON
NE REGION
Radzyn IG 1 927.70 22.42 21.10 30.53 0.27 0.40 2.02 0.00 2.29 79.03
coarse-ash vitric-
lithic tuff/ 22.58 22.46 29.95 0.14 0.22 2.22 0.00 1.12 78.65
3.
CENTRAL REGION
Glinnik 2 2257.35 28.34 21.29 34.00 0.09 0.28 2.55 0.77 0.01 87.33
fine-ash vitric tuff/ 29.19 21.44 33.81 0.13 0.17 2.38 0.67 0.11 87.90
3. 35.37 23.66 23.72 0.00 9.29 1.80 2.24 0.44 87.53
34.76 23.08 24.54 0.00 0.37 1.69 1.65 0.35 86.44
SE REGION
Korczmin IG 1 1337.80 27.88 21.13 31.64 0.00 0.19 7.61 0.07 0.13 88.65
fine-ash t‘l’J'tﬁ[}C'CWSta' 2846 | 2141 | 3115 | 0.00 0.18 7.45 0.00 0.11 88.75
2.1 27.28 20.55 31.17 0.00 0.03 7.41 0.00 0.22 86.67
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Fig. 13. Diffractograms of the samples studied with peaks of kaolinite, for which the Hinckley Crystallinity Index was calculated
(methodology of calculations is shown in small inset in upper-right part)

average chemical composition of the siderite is as follows:
97.2-99.9 mol% FeCOj3, 0-3.4 mol% MgCOs3;, 0.1-1.4 mol%
CaCOj3;, and 0-1.4 mol% MnCOs, and of the sideroplesite:
71.1-93.3 mol% FeCO3, 3.4-18.9 mol% MgCOs3, 0.9-7.4 mol%
CaCOs, and 0.2-5.8 mol% MnCQO; (Table 7).
Calcite occurs as cement; it fills voids in the rock (fractures,
amygdaloidal forms) and replaces grains (Fig. 11B, F—H). Oc-
casionally, calcite is developed as rhombohedral crystals. This
mineral represents varieties enriched in iron and manganese,
with different ratios of one element to the other. This affects the
colour of calcite (ranging from yellow and orange to red) in
cathodoluminescence (Fig. 11G). When manganese predomi-
nates over iron, the colour is closer to yellow, while in the oppo-
site situation it is closer to red. The average chemical composi-
tion of the calcite is as follows: 93.4-99.3 mol% CaCOs3;,
0.7-3.4 mol% FeCOj3, 0—-1.9 mol% MgCQOs3;, and 0—1.8 mol%
MnCO; (Table 7).
Ankerite is present in volcaniclastic sandstone from the
Zubowice IG 5 borehole, as one of the cement components in
the rock. Its presence was confirmed by cathodoluminescence
(itis non-luminescent) and by spot chemical analysis (Table 7).
Rare earth carbonate, containing elements of the
lanthanide group, has been identified in volcaniclastic sand-
stone of the Korczmin IG 3 borehole (depth 1350.7 m)
(Fig. 11G, H). The mineral forms rims on detrital grains, in
places filling the pore space completely. Spot chemical analy-
ses, performed by microprobe of a scanning electron micro-
scope, show the following contents:
— point2—-42.60 wt.% CO,, 24.12 wt.% La,03, 16.96 wt.%
Nd;O03, 4.71 wt.% Pry03, 0.84 wt.% Y203, 0.46 wt.%
Ca0;

— point3—-41.71 wt.% CO,, 13.89 wt.% La,03, 12.14 wt.%
Nd;03, 5.37 wt.% Cey03, 3.40 wt.% Pr,03, 2.44 wt.%
Y203, 15.57 wt.% CaO.

ANATASE AND RUTILE

Anatase is a common mineral whose average content in the
rocks is ~1%, maximally ~10 % (Table 5). It forms subhedral and
euhedral crystals dispersed in the clay groundmass or precipi-
tates in empty spaces (e.g., gas bubbles; Fig. 10F). Analyses of
the chemical composition of anatase from tuff in the Radzyn I1G 1
borehole (depth 927.7 m) indicate its enrichment in zircon, iron
and niobium. The ZrO, content ranges from 1.13 to 3.51 wt.%,
the maximum is >13 wt.%, while the FeO and Nb,Os contents
reach 1 wt.%. In places, anatase is accompanied by rutile.

APATITE

Large amounts of apatite (~12 wt.%; Table 5) have been
identified in one tuff sample. It forms very small subhedral and
euhedral crystals dispersed in the clay and carbonate
groundmass.

PYRITE AND JAROSITE

In considerable quantities of up to ~6% (Table 5), pyrite oc-
curs in tuffs of the south-eastern region. It usually forms cubic
crystals that occasionally comprise larger aggregations (nests,
lenses). Pyritization of bioclast fragments was observed locally.
Pyrite is often accompanied by jarosite (up to ~ 5%, Table 5), a
sulphate that is a product of pyrite oxidation.

HEMATITE

The tuffs contain hematite and poorly crystalline iron hy-
droxides. These minerals give the yellow-red-brown colour to
the rocks and are dispersed or form lenticular clusters
(Fig. 10A). In the volcaniclastic rocks, hematite replaces feld-
spar grains and rock clasts.
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DISCUSSION

REGIONAL AND STRATIGRAPHIC VARIABILITY OF COMPOSITION
OF ROCKS

In the Carboniferous section of the Lublin Basin, tuffs have
been previously identified in a few boreholes, being reported
from the Tournaisian and Visean by Popek (1986), Koztowska
and Popek (2018), Waksmundzka et al. (2021), Kozlowska and
Waksmundzka (2023), and from the Bashkirian by Kozlowska
(2023). The present study, based on data from many bore-
holes, has identified three new tuff horizons within the Upper
Visean deposits (sequences 2 and 3). Because of their regional
nature, as well as the possibility of correlation in borehole sec-
tions located in different parts of the Lublin Basin, they are con-
sidered good correlative horizons and designated with the sym-
bols 2.1, 2.1 and 3.1 (Figs. 7-9 and Table 3).

Two tuff layers have been characterized within sequence 2:
the lower tuff 2.1 found in the NE and SE regions, and the upper
tuff 2.1l reported from the central and SE regions. Tuff 3.1 occurs
in sequence 3 and has been found so far in the NE and central
regions. The dominant mineral in the composition of the tuffs is
kaolinite, and its content can exceed 80% (Table 5). The aver-
age content of Al,O3 in tuffs 2.1, 2.1l and 3.] was estimated at
28-35% (Lukéw IG 5, Nasutéw 1 boreholes), which is a pro-
spective amount for the production of refractory materials
(Szczerba, 2006). Searches for bauxite conducted in the 1970s
and 1980s led to the documentation of a balance layer in the NE
region of the basin (Parczew IG 10 borehole), but this was not
pursued (Cebulak, 1978; Cebulak et al., 2011). Our preliminary
pilot results indicate that tuff horizons may contain significant
Al,O3, which indicates their bauxite prospectivity. These esti-
mates should be regarded as preliminary and require further
studies in terms of the raw material potential of the deposits in
sequences 2 and 3.

Volcaniclastic conglomerates occur in the NE and SW re-
gions, in sequence 2 immediately below tuff 2.I. Compared to
the volcaniclastic conglomerates of sequence 1 (Tournaisian),
previously characterized in publications by \Waksmundzka et al.
(2021) and Koztowska and Waksmundzka (2023), in which
clasts of volcanic rocks, i.e. rhyolite, trachyte, andesite, basalt
and dacite, are present, the conglomerates of sequence 2 are
conspicuous by a lower diversity of clast types. A similar rela-
tionship was also found both as regards the type of clay miner-
als, which are additionally represented by chlorite and illite in
the conglomerates from sequence 1, and as regards the chemi-
cal composition of carbonates among which calcite and
rhodochrosite are also present.

Volcaniclastic sandstones and sandy mudstones (including
Stigmaria palaeosoil) occur in sequence 2 in the NE and SE re-
gions, and in sequence 3 in the NE and central regions. In the
borehole sections under study, the position of the sandstones is
the same as that of the conglomerates, occurring beneath tuffs
2.1 or 3.I. One of the mudstones developed as a Stigmaria
palaeosoil directly underlies tuff 2.1., while the other occurs as
an interbed within a thick claystone-mudstone interval in the
lower part of sequence 3.

For the first time in the history of petrographic-mineralogical
studies of the Carboniferous deposits in the Lublin Basin, rare
earth minerals — lanthanum and neodymium carbonates — were
identified in the cement of sandstone of sequence 2 from the SE
region. Compared to the volcaniclastic sandstones of se-
quence 1 (Tournaisian) described in Waksmundzka et al.
(2021) and Koztowska and Waksmundzka (2023), quartz
wackes were also identified among the sandstones of se-
quences 2 and 3, which do not contain clasts of volcanic rocks,
but only fragments of volcaniclastic glass. The grain and min-

eral compositions of the sublithic and lithic arenites of se-
quences 2 and 3 correspond to those of sequence 1 sand-
stones.

Deposition of the volcaniclastic conglomerates and sand-
stones that fill the river channels and incised valleys located at
the bottom of sequences 2 and 3 was preceded by erosion that
took place during a forced regression and RSL lowstand. The
eroded bedrock that underlies sequence 2 was represented by
lithologies including basalts, tuffs, conglomerates and volcani-
clastic sandstones included in sequence 1. The erosion pre-
ceding the accumulation of sequence 3 affected the deposits of
sequence 2, including conglomerates and volcaniclastic sand-
stones and tuffs that are present in the bedrock. Therefore, it
appears that the detrital components of the above-described
volcaniclastic rocks were derived mostly from erosion and re-
working of rocks composing sequences 1 and 2 within the sedi-
mentary basin, and to a lesser extent from outside of the basin.

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

The original source of the pyroclastic material, which is the
main component of the tuffic horizons characterized in the pre-
vious sections, was the explosive activity of at least three volca-
nic cones that existed in the NE, central and SE regions of the
Lublin Basin area at least since the Late Tournaisian. These
operated in the area of the Lublin-Baltic early Carboniferous Ig-
neous Province, and the rhyolitic nature of the tuffs indicates
that the character of this province was not solely alkaline, as de-
scribed by Poprawa et al. (2024). The composition of both lavas
and tuffs indicates the bimodal — alkaline and acidic character
of volcanism in the Lublin Basin during the Late Tournaisian
and Late Visean (Waksmundzka et al., 2021; Koztowska and
Waksmundzka, 2023).

The presence of tuff 2.1 in the NE and SE regions, which is
the lowest one in sequence 2, indicates an intense explosive
eruption that took place at the end of the RSL lowstand in this
sequence. It seems that a volcano erupted in the NE region, as
indicated by the presence of the coarse-ash fraction among the
components of tuff 2.1 (Radzyn IG 1 borehole; Fig. 7). This frac-
tion fell to the ground surface relatively close to the volcanic
cone, at a maximum distance of ~20-30 km or closer (cf. Fran-
cis and Oppenheimer, 2004). By contrast, the fine-ash fraction
can be transported in air over considerable distances before
deposition. Subsequently, the pyroclastic material was depos-
ited in various environments that existed in the Lublin Basin at
that time. In most areas of the NE and SE regions, tuff 2.1 was
deposited on the fluvial floodplain, covering it with a thick layer
that could reach ~22 m in thickness (Korczmin IG 1 borehole).
The rapid delivery of large amounts of pyroclastic material can
strongly modify fluvial and lake sedimentary environments (cf.
Di Capua and Scasso, 2019). However, in this case, after some
time, the deposition of facies typical of the floodplain returned
due to the RSL rising.

A calm, terrestrial depositional environment of the pyroclastic
material, without the influence of erosional processes, contrib-
uted to its behaviour over much of the basin, and affected its col-
our and petrographic-mineralogical composition. The character-
istic mottled yellow, red and beige colours of the first type of tuff
2.l indicate a terrestrial environment favouring intense kaolini-
tization and oxidation of iron compounds (Kosciowko and Kural,
1982). Kaolinitization could have probably occurred in the
pyroclastic material under the influence of hydrothermal pro-
cesses and hypergene weathering in a tropical climate. After the
tuff was overlain by the sediments of a transgressing sea, alter-
ation continued under diagenetic conditions.
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The second type of tuff 2.1, which is characterized by a dark
grey or green-grey colour and contains bioclasts, was deposited
across the rest of the NE (Fig. 7) and SE (Fig. 9) regions, in a ma-
rine environment: a shallow clay shelf and a prodelta. The colour
of the tuffs indicates a less oxygenated sedimentary environ-
ment, in which kaolinitization and iron oxidation occurred less in-
tensely (Kosciowko and Kural, 1982). The conditions were also
less favourable for tuff preservation due to the erosive action of
waves and sea currents that partly washed out the deposited
pyroclastic material and partly reworked and enriched it in the re-
mains of marine organisms. Possibly for this reason, tuff 2.l has a
relatively small thickness of ~ 2.5 metres here.

Another massive explosive eruption, which resulted in the
deposition of tuff 2.1l in the central (Fig. 8) and SE (Fig. 9) re-
gions, took place during the RSL highstand of sequence 2. In-
ferring from the variability of the original thickness of the tuff,
which can be up to ~30 m (Glinnik 2 borehole), a volcano in the
central region or from the SE region could have been the
source of this eruption. At that time, there was a fluvial
floodplain in the central area of the Lublin Basin, which farther
to the SE graded into a delta plain, the submarine part of a shal-
low-water delta, and then into a shallow carbonate and clay
shelf. The pyroclastic material, like that of tuff 2.1, found its most
favourable conditions for both preservation and kaolinitization
in the calm, terrestrial environment of a fluvial floodplain, with-
out any influence of erosional processes (Nasutéw 2, Glinnik 2
and Nasutow 1 boreholes). However, in the central
(Ciecierzyn 1, Swidnik 14 boreholes) and SE (Marynin 1,
Ruskie Piaski IG 2, Zubowice |G 5 boreholes) regions, tuff hori-
zon 2.1l was evidently subjected to post-depositional erosional
reduction during a forced regression and RSL lowstand of se-
quence 3.

The youngest tuff horizon 3.1 in the studied section (Figs. 7
and 8) was deposited during a transgressive rise of RSL of se-
quence 3. Explosive eruption presumably took place in the NE
(coarse-ash tuff in the Radzyn IG 1 borehole), and the
pyroclastic material was deposited in the NE and central re-
gions, mainly on an extensive area of prodelta and shallow clay
shelf, and on a small area of fluvial floodplain. In the central re-
gion (Glinnik 1 borehole), tuff 3.I reached its greatest original
thickness of ~40 m, suggesting that this eruption may have
been the most massive, compared to previous ones. Tuff 3.1
shows varied colours, i.e., mottled, creamy, red and yellow
colours indicating an environment conducive to kaolinitization
and iron oxidation, as well as grey and green colours indicating
less favourable conditions (Kosciowko and Kural, 1982). This is
also reflected in the mineralogical composition of tuff 3.1, in
which, unlike in the tuffs of sequence 2, kaolinite alone does not
dominate, but occurs accompanied by berthierine that crystal-
lizes using reduced iron (Fe*") of volcanic origin in shallow ma-
rine environments (Odin, 1988).

The present-day mineralogical composition of tuffs 2.1 and
2.1l of sequence 2, as well as of tuff 3.1 of sequence 3, was influ-
enced mainly by the rhyolitic type of pyroclastic material
(Osborn et al., 1994), indicating acidic volcanism in the Lublin
Basin in the Late Visean, in contrast to the Tournaisian deposits
of sequence 1, which host volcanic rocks being products of both
alkaline and acidic volcanism (\Waksmundzka et al., 2021;
Kozlowska and Waksmundzka, 2023).

A number of factors also had a fundamental impact, i.e.
sedimentary environment, its oxygenation, and hydrothermal,
weathering and diagenetic processes. According to the current
state of knowledge suggesting that the Tournaisian deposits
are the oldest in the Lublin Basin, no manifestations of proven
alkaline volcanism have been so far recognized within the Up-
per Visean deposits, but only acidic volcanism. This issue re-
quires further research, as “’Ar/*°Ar dating indicates the possi-

bility of alkaline volcanism also occurring in the Middle Visean
(Panczyk and Nawrocki, 2015). Due to the coarse tuff fraction,
considerable thickness and regional nature of tuff horizons, it
seems that the main source of pyroclastic material was in the
NE region of the Lublin Basin, and not outside it, as suggested
by Poprawa et al. (2024).

DIAGENETIC HISTORY

After deposition, the volcanic material in the sediment was
transformed by hydrothermal, weathering and diagenetic pro-
cesses (Fisher and Schmincke, 1984). Volcanic glass is ther-
modynamically unstable and is easily recrystallized. Reaction
with water results in the release of ions, silica and aluminum into
the pore solutions.

In the rocks studied, the main products of volcanic glass
transformation are clay minerals. The dominant clay mineral is
kaolinite, which forms at low temperatures (25-50°C) from
acidic volcanic rocks (Osborn et al., 1994). Its formation in-
volves the supply of H" and the removal of K* from the system in
which the reaction takes place (Bjarlykke, 1989). Kaolinite, as a
product of rhyolitic glass transformation, is formed at an early
stage of diagenesis. Higher weathering intensity (Liu et al.,
2022), as well as post-sedimentation circulation of hydrother-
mal fluids can lead to recrystallization of kaolinite, and thus to
better ordering. Conversely, redeposition and transport de-
creases kaolinite ordering (Zadvernyuk et al., 2021). These ef-
fects may be seen through variations of the Hinckley Index
measured for kaolinites in the samples studied (Table 5).

Berthierine also formed in the rocks at the early stages of
diagenesis in a temperature range of 25-45°C (Hornibrook and
Longstaffe, 1996). It crystallizes, using reduced iron (Fe?") of
volcanic origin, in the methanogenic zone under conditions of
very slow sedimentation (Odin, 1988). Its formation is related to
a low activity of silica in solution, as kaolinite would otherwise
precipitate (Toth and Fritz, 1997). Berthierine has also been
found in nonmarine sediments: mostly laterites (Toth and Fritz,
1997), floodplains and estuarine/deltaic sediments (Taylor,
1990; Hornibrook and Longstaffe, 1996). During diagenesis,
berthierine undergoes polymorphic alteration into chamosite
(chlorite) in temperatures of ~70°C (Jahren and Aagaard, 1989;
Hornibrook and Longstaffe, 1996) or it can be replaced by sider-
ite (Morad, 1998).

At the early stage of diagenesis, siderite crystallized.
Spherulitic forms of siderite indicate that it formed before me-
chanical compaction intensified. It crystallizes under hypoxic
conditions, at low concentrations of dissolved sulphates, in sed-
iments rich in reactive iron-rich minerals (Morad, 1998). Early
diagenetic spherulitic siderite in the tuffs contains > 90% mol.
FeCOs;. Syderoplesite precipitated from magnesium-enriched
pore solutions circulating within volcaniclastic sandy and grav-
elly sediments.

Locally, pyrite crystallized. Its formation requires that the
amount of H,S produced by sulphate-reducing bacteria is
higher than that of reduced iron (Postma, 1982). It is a
post-depositional mineral because it fills voids inside bioclasts
and forms concentrations in the form of laminae, lenses and ir-
regular forms.

Feldspar grains were being dissolved under acidic condi-
tions, taking up H" from pore solutions and releasing K* and
Na’. Secondary silica was precipitated in the form of chalce-
dony. This is shown by the observed effects of argillitization,
albitization, and replacement by calcite.

Over time, the pH of pore solutions may have changed from
acidic to alkaline. Calcite crystallized from calcium-containing
pore solutions, which could have originated from dissolution of
volcaniclastic detrital grains or calcium-rich plagioclases
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(Milliken, 1989; Morad, 1989). Mixed-layered illite/smectite min-
erals and illite, which in places predominate over kaolinite,
formed probably under such conditions. The illite content of
>75% in mixed-layered illite/smectite minerals indicates that
they could have formed from smectite at a temperature of
~120°C (Srodon, 1996), although lower temperatures of
70-90°C can be also suggested (Derkowski et al., 2020). These
minerals can also form by illitization of kaolinite during burial,
with the simultaneous bonding of potassium derived from disso-
lution of potassium feldspars (Huggett, 2005).

Anatase is a primary mineral, or is precipitated from solu-
tions enriched in titanium ions, which were released likely from
volcanic glass. Altered volcanic glass usually contains also high
concentrations of phosphorus, which could be a source for apa-
tite crystallization. Possibly, the apatite may also be related to
bioclasts, the shells of which contain phosphorus, found in
some tuffs. Local enrichment of the fluids in rare earth elements
brought about the formation of carbonates containing mainly
lanthanum and neodymium and smaller amounts of cerium,
praseodymium and yttrium. The presence of volcaniclastic
rocks enriched in rare earth elements in the SE region indicates
a mineral resource potential of the deposits in sequence 2,
which should be examined further. Such research should also
cover the remaining sequences 1 and 3, 4, which are part of the
Kilodnica Member, in which volcanic, pyroclastic and
volcaniclastic rocks occur in abundance.

CONCLUSIONS

1. The feasibility of correlating the tuffs between different ar-
eas of the Lublin Basin indicates their regional nature, and thus
they can be considered as good correlation horizons, here
marked by the symbols 2.1, 2.1l and 3.1.

2. There are two tuffic horizons within sequence 2. In the NE
and SE regions, the lower tuffic horizon 2.1 is found at the top of
LST deposits. It directly overlies sandstones and volcaniclastic
conglomerates of fluvial channels or co-occurs with fluvial
floodplain lithofacies. In the central and SE regions, the upper
tuffic horizon 2.1l is encountered within the HST deposits. It was
deposited in various environments, on a fluvial floodplain,
deltaic plain, prodelta, shallow clay-dominated shelf, and shal-
low carbonate shelf.

3. The basic petrographic-mineralogical compositions of
tuffs 2.1 and 2.11 of sequence 2 are generally similar, and the ob-
served differences lie in the details. These are fine-ash vitric
and vitric-crystal tuffs, occasionally coarse-ash vitric tuffs. The
main clay mineral is kaolinite, the amount of which can exceed
80%. llite and mixed-layered illite/smectite minerals are also
present. Carbonate minerals are represented by siderite,
sideroplesite and calcite. Hematite is found in greater amounts
in tuffs from the NE and central regions, while greater accumu-
lations of pyrite and jarosite were encountered in tuffs from the
SE region.

4. Another tuffic horizon 3.1 within the TST of sequence 3 in
the NE and central regions is associated with the sediments of
fluvial floodplain and of prodelta of a shallow-water delta. It is
represented by fine-ash vitric tuffs and coarse-ash vitric-lithic
tuffs. In the NE region, the predominant clay mineral is kaolinite,
accompanied in places by serpentine — berthierine, while in the
central region, mixed-layered illite/smectite and illite minerals
predominate. The common minerals are anatase and, among
carbonate minerals, siderite, sideroplesite and Fe/Mn-calcite.
Hematite is found in the NE region.

5. The source of rhyolitic pyroclastic material for the deposi-
tion of the tuffic horizons was the explosive acidic volcanic ac-
tivity that took place in the Lublin Basin in the Late Visean. The
present-day mineralogical composition of the tuffs results from
the type of pyroclastic material and from a number of factors
that affected it after deposition. The most favourable environ-
ment for the preservation of the tuffs and for the intense
kaolinitization and oxidation of iron compounds during
hypergene weathering in a tropical climate was the terrestrial
environment of a fluvial floodplain. Other factors included hy-
drothermal and diagenetic processes that interacted with the
pyroclastic material for the longest time and affected its alter-
ation the most.

6. Deposition of fine-grained and very fine-grained
volcaniclastic polymictic orthoconglomerates (sequence 2 in
the NE and SW regions) and volcaniclastic sandstones (quartz
wackes, sublithic and lithic arenites) (sequence 2 in the NE,
central and SE regions) that fill the river channels and incised
valleys was preceded by bedrock erosion in the sedimentary
basin hosting the deposits of sequences 1 and 2. Detrital com-
ponents of the volcaniclastic rocks, therefore, were derived
mostly from erosion and reworking of deposits of older se-
quences, and to a lesser extent from outside of the basin.

7. The study of tuffs and volcaniclastic rocks occurring in the
Upper Visean deposits of sequences 2 and 3 is important not
only from a scientific, but also from a utilitarian point of view. A
preliminary estimate shows that the Al,O3 content in tuffic hori-
zons 2.1, 2.1 and 3.1 from the NE and central regions of the
Lublin Basin can reach ~28-35%, which is a prospective
amount for refractory raw materials. Enrichment in rare earth el-
ements (carbonates containing lanthanum and neodymium)
was also encountered in the volcaniclastic rocks of sequence 2
from the SE region of the Lublin Basin.
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