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Abstract
The Variscan Externides in the area of south-western Poland (the basement of the Fore-Sudetic Monocline), are considered 
an extension of the Rheno-Hercynian Zone of the Variscan Orogen. The Externides are made of Carboniferous siliciclastic 
sediments, the exact stratigraphic age and provenance of which are not known in detail. To constrain the sedimentary evolu­
tion and detritus provenance of the Variscan external belt, eight sandstone samples from boreholes located in the area of SW 
Poland were selected for petrography, whole rock geochemistry and detrital zircon U -Pb dating. The results show abrupt 
change in detrital zircon U -Pb provenance, between strata that have been classified as Mississippian (L. Carboniferous) and 
Pennsylvanian (U. Carboniferous) based on previously published miospore zonation. The Pennsylvanian rocks (from the 
boreholes of Września-IG1 and Siciny IG1) bear a significant population of zircon grains with Lower Carboniferous ages 
(350-330 Ma), while such a zircon population is absent in Lower Carboniferous rocks (from the boreholes of Paproć-29 and 
Kobylin 1). The absence of Moscovian to Asselian zircons that are otherwise known from the adjacent areas with zircon- 
bearing volcanic activity, suggests that the studied Pennsylvanian sediments represent the lower part of Upper Carboniferous. 
The presented data indicate abrupt provenance change that occurred in the source areas at the Mississippian—Pennsylvanian 
turn, and that was probably caused by changes in the tectonic architecture of the Variscan Orogen. This tectonic changeover 
resulted in exhumation and erosion of the Lower Carboniferous rock complexes and manifested itself by recycling of the 
Lower Carboniferous zircon into Upper Carboniferous strata.
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Recent research describes the Variscan orogeny as a multi­
stage collisional process related to the Late Paleozoic closure 
of a number of oceanic basins between the colliding Lau- 
russia and Gondwana and resulting in the formation of the 
orogen stretching from Western to Central Europe (Franke 
et al. 2017; Mazur et al. 2010a). The easternmost part of 
the Variscan orogenic front in Europe occupies the SW ter­
ritory of Poland, while the foreland basin stretches further 
eastwards to Ukraine. The Polish part of the orogen consists 
of metamorphosed volcanic and sedimentary Internides, 
i.e. the Sudetes, and thrust-faulted Externides composed of 
sedimentary sequence deposited in a proximal part of then 
developing foreland basin (Mazur et al. 2006b) (Fig. 1). The 
Externides, (also called the Wielkopolska Externides) cur­
rently deeply buried under the Permo-Mesozoic sedimentary
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Fig. 1 The Variscan Externides in Europe. DFZ  Dolsk Fault Zone, 
M GCH  Mid-German Crystalline High, M O  Moldanubian, M S 
Moravo-Silesian, Rh-H  Rheno-Hercynian, ST  Saxothuringian, TB

Tepla-Barrandian, TTZ  Teisseyre-Tornquist Zone, W PH  Wolsztyn- 
Pogorzela High, Compiled after: Mazur et al. (2006b), Żelaźniewicz 
et al. (2011) and Krzywiec et al. (2017)

cover, gradually continue into the late Carboniferous rocks 
of foreland basin that are mostly undisturbed by Variscan 
tectonism.

The history of the Variscan orogen exhum ation and 
tectonic evolution cannot be easily reconstructed based 
only on the study of m etam orphic and m agm atic rocks, 
because of the high thermal overprint as well as the deep 
erosional cut in most of the accessible parts of the orogen. 
However, the crucial information can be obtained from the 
detrital material of the sedimentary rocks deposited in the 
coeval foreland basin developing along the rising m oun­
tain ridge. Orogenic processes in the eastern part of the 
Variscan belt are especially poorly recognised because of 
their complexity and lack of rock outcrops. Similarly the 
tectonics, provenance and age of the Variscan Externides 
rocks and the foreland basin rocks in the easternmost part 
of the orogen are still a matter of an ongoing discussion 
(Franke et al. 2017), as the rock material is only accessible 
from deep boreholes. The available geochronological data 
on the erosional history is scarce and does not allow to 
fully reconstruct the timing of provenance changes in the 
easternm ost parts of the Variscides (Żelaźniewicz et al. 
2003; Mazur et al. 2006a, 2010b). Besides the importance 
for the understanding of the geological evolution of the 
Variscan orogen, the Carboniferous rocks in the area of

SW Poland also represent significant source and reser­
voir rocks for hydrocarbon deposits exploited in the area 
nowadays.

A recent revision of the Carboniferous palynospore 
zones (Górecka-Nowak 2007, 2008) improved the strati- 
graphic subdivision in the area of the SW Poland (Variscan 
Externides and foreland) compared to earlier sketchy and 
very general classification (e.g. Krawczyńska-Grocholska 
1975). As the m aterial for biostratigrapic studies is not 
always available and palynospores are poorly preserved 
(Górecka-Nowak 2007, 2008; Fig. 3 -  stratigraphic pro­
files), the need has em erged to em ploy an alternative 
method of rock stratigraphic correlation for both scien­
tific and economic purposes. The aim of this study was to 
correlate the zircon U -Pb sedim entary provenance anal­
ysis with the results of palynological research, to track 
changes occurring over time in detritus provenance as well 
as to constrain timing of the Variscides exhumation in the 
eastern flank of the orogen. M oreover the discrimination 
between Lower and Upper Carboniferous strata would be 
particularly important for hydrocarbon exploration, allow­
ing the horizontal correlation between boreholes in cases 
where m onotonous sandstone form ations lack biostrati- 
graphic information.



Geological setting

The Variscan orogeny is a common term  for a set of the 
M iddle and Late Paleozoic tectonom etam orphic events 
(Kroner et al. 2008), associated with the amalgamation 
of paleocontinents of Laurussia (form ed from earlier: 
Laurentia and Baltica) and Avalonia with the Armorican 
Terrne Assemblage and northern part of Gondwana. (e.g. 
M atte 2001, W inchester 2002, Franke et al. 2017).

The eastern flank of the European Variscides is by far 
the most com plicated part of the orogen. The apparent 
boundaries between tectonostratigraphic units of the Vari- 
scides correspond to the main sutures, transitional faults or 
shear zones. In the Polish part of the orogen, the follow­
ing zones are distinguished (Fig. 1): the Tepla-Barrandian, 
the Saxo-Turingia, the M id-German Crystalline High (all 
three zones can be traced in the Sudetes), and eventually, 
the Variscan Externides— mostly interpreted to be part of 
the Rheno-Hercynian Zone (Oberc 1987; Cwojdziński and 
Żelaźniewicz 1995) presumably underlain by phyllites of 
the Northern Phyllite Zone (NFZ) (Franke et al. 2017). It 
has not yet been fully confirmed whether zones identified 
in Germany have their continuation in the Polish part of 
the Variscan front (Żelaźniewicz et al. 2003).

Sedimentation of the Variscan Externides in this east­
ern part of the orogen was most probably controlled by 
tectonom etam orphic evolution as well as exhumation of 
igneous rocks within the contiguous Bohemian M assif and 
its NE margin, i.e. the Sudetes. The following lithotectonic 
units can be distinguished within the Bohemian Massif: 
the Saxo-Thuringian Zone, the Tepla-Barrandian Unit, 
the Moldanubian Zone, the Moravo-Silesian Zone and the 
Brunovistulicum. The Saxo-Thuringian Zone is composed 
of Neoproterozoic sedim entary rocks (interpreted as the 
back-arc/retro-arc Cadomian system; Kroner et al. 2007; 
Linneman and Romer 2002) intruded by Late Neoprote- 
rozic -  Early Cambrian granitoids. This rock sequence is 
unconform ably overlain by Late Paleozoic volcanic and 
sedimentary rocks of the passive margin (McCann 2008). 
Both units were metamorphosed during Variscan orogenic 
processes. The subduction of Saxo-Thuringian Zone under 
the Tepla-Barrandian Unit from the Late Devonian until 
the Early Carboniferous (Krawczyk et al. 2000) resulted 
in metamorphic changes and the formation of a magmatic 
arc (Zak et al. 2014). Carboniferous granite bodies are 
the youngest rocks in the Saxo-Thuringian Zone and mark 
the final stage of the orogeny and amalgam ation of the 
individual units of the Bohemian M assif. The Tepla-Bar- 
randian Zone is composed of Neoproterozoic basement, 
hosting Cambrian-Ordovician plutonic bodies. Cambrian 
to M iddle Devonian volcano-sedim entary rocks uncon- 
formably lie on top of this sequence. The NW  part of the

Tepla-Barrandian is interpreted as an active margin both 
during the Cadomian and Variscan orogeny (Dörr et al. 
2002; Zak et al. 2014; Hajna et al. 2017). South-eastern 
flank of the Tepla Barrandian is occupied by volum i­
nous igneous plutons (chiefly calc-alkaline granitoids) of 
the Central Bohemian Plutonic Complex. The Plutonic 
Complex evolved as a continental m agm atic arc in the 
Tournaisian-Visean times (Janousek et al 2010; Dörr and 
Z ulauf 2010). The M oldanubian Zone occupying the S 
and SE part of the Bohemian M assif is mainly composed 
of medium to high-grade metamorphic rocks of Neopro- 
terozoic to Early Palaeozoic origin, partially interpreted 
as orogenic roots (Schlumann et al. 2005). The main high­
grade metamorphic event affecting the Moldanubian rocks 
occurred at ~ 340 M a (e.g., Janousek and Holub 2007; 
Jastrzębski et al. 2019). The m etam orphic rocks of the 
M oldanubian Zone are intruded by numerous ultrapotas- 
sic melasyenitoids/melagranitoids (so-called durbachites) 
aged ~ 343-335 M a and M oldanubian Batholith granitoid 
bodies dated to Serpukhovian (331-323 Ma) Friedl et al.
( 1996) vide Franke (2000). Detailed descriptions of the 
geology of the Bohemian M assif can be found in articles 
by Dörr et al. (2002), Finger et al. (2007), Janousek and 
Holub (2007), Pertoldova et al. (2010), Zak et al (2014) 
and Jastrzębski et al. (2015).

This study focuses on Variscan Externides rocks repre­
senting a syn- to postorogenic sedimentary succession of 
Carboniferous age, often interpreted as turbidite sequence 
(e.g., Ricken et al. 2000; Mazur et al. 2006b) or Culm facies 
(W ierzchowska-Kicułowa 1984) and overlying molasses 
deposit. The Variscan Externides include fold-thrust belt 
developed NE from Odra Fault Zone (Fig. 2), as well as well 
as less or non-deformed rocks deposited further to NE in the 
area of the Variscan Fordeep (Żelaźniewicz et al. 2011). The 
foreland basin rocks continuing further to the north and east 
from the Variscan orogenic front are mostly undeformed by 
the Variscan orogeny. Orogenic front itself having gradual 
character is difficult to trace (Karnkowski 2008). The most 
distinct tectonic structure in the area of the Variscan Exter- 
nides is the Dolsk Fault Zone (Fig. 2), interpreted as the 
SW boundary of the Trans-European Suture Zone by Dadlez 
(2006).

The studied area represents a tectonically deformed part 
of the Variscan Externides, described as an external fold- 
thrust belt. Deformation of the Variscan external zone in 
Poland have presumably reached its peak intensity by the 
late Carboniferous (Westphalian C), (Mazur et al. 2003). 
This sedimentary complex consists of a thick (exceeding 
2.5 km) flysch sequence and a younger molasse association 
(Grocholski 1983). Flysch sequence depositional environ­
ment has been described as submarine alluvial fans produced 
by: “(1) density currents, (2) gravitational flows and (3) 
pelagic sedimentation” (Mazur et al. 2003). The underlying



Fig. 2 Present day extent of Carboniferous strata on the area of 
Poland. Red dots show location of studied boreholes. W PH  Wolsz- 
tyn-Pogorzela High, BH  Bielawy High, M -S FTB  Moravian-Silesian 
Fold-and-Thrust Belt, TTFZ  Teisseyre-Tornquist Fault Zone, the

northern boundary of the Trans-European Suture Zone, DFZ  Dolsk 
Fault Zone, OFZ  Odra Fault Zone, KHFZ  Kraków-Hamburg Fault 
Zone, HCM FZ  Holly Cross Mountains Fault Zone, TM  Tatra M oun­
tains. After Żelaźniewicz et al. (2011) -  changed



sequence reached by the drills in the W olsztyn-Pogorzela 
High and the Bielawy High is represented by anchimetamor- 
phic rocks of probably the Upper Devonian age (Haydukie- 
wicz et al. 1999). The metamorphic overprint reached its 
peak at ~ 340 Ma (Żelaźniewicz et al. 2003). The occurrence 
of phyllites underlying Carboniferous strata led Franke et al. 
(2017) to link the area of the Wolsztyn-Pogorzela and Biel­
awy Highs with the Northern Phyllite Zone. Contrary to that, 
Żelaźniewicz et al. (2003) defined a separate Wielkopolska 
terrane as a discrete block belonging to the Armorican Ter- 
rane Assemblage.

The exact extent of foreland rocks and the Variscan oro- 
genic front (Fig. 2) are not known in detail (Karnkowski 
2008) especially because they were later affected by vari­
ous processes. The sedimentary foreland basin rocks were 
partially incorporated in the fold-thrust belt as well as tec- 
tonically deformed in the Upper Carboniferous and Permian 
times.

Studies conducted in the 70 s of the twentieth century 
describe Carboniferous rocks of Varican Externides as a 
Lower Carboniferous (mostly Visean and Lower Tour- 
naisian) flysch sequence in the eastern part of the Fore- 
Sudetic area and possibly Namurian in the area of Kalisz- 
Częstochowa (Deczkowski 1977; Krawczyńska-Grocholska 
and Grocholski 1976a). Later, the Upper Visean and Namu- 
rian (to Westphalian) rocks were identified in a few bore­
holes in the area between Wrocław and Poznań based on 
the occurrence of Goniatites and miospores, respectively 
(W ierzchowska-Kicułowa 1984 and pub. cited therein). 
The top of the flysch sequence is terminated by up to a 
500 m thick sequence of Westphalian B/C to Stephanian 
m olasse (W ierzchowska-Kicułowa 1984). Nevertheless, 
the palynostratigraphy often gave inconsistent age deter­
m inations (K rawczyńska-Grocholska 1979, 1980; vide 
W ierzchow ska-K icułow a 1984; G órecka et al. 1977a; 
Karnkowski and Rdzanek 1982a) and the earlier subdivision

of Carboniferous rocks of the Variscan Externides is now 
being revised.

Sample description

Analyses were conducted on 8 samples of medium- to very 
fine-grained sandstones from four boreholes: Siciny IG 1, 
Września IG 1, Paproć 29 and Kobylin 1. Sample depths 
and available stratigraphic position constraints are listed 
in Table 1 and Fig. 3 . The W rześnia IG 1 and Paproć 29 
wells are located NE of the Wolsztyn-Pogorzela High, while 
Siciny IG 1 is situated SW of this structure. The borehole 
Kobylin 1 is located in the SE part of the Pogorzela High 
(Fig. 2). Sampling in the well profile was determined by the 
availability of the core material and done as close as possible 
to the intervals with known palynostratigraphy.

Methods

Mineralogy and geochemistry

One thin section was prepared for each analysed sample. 
Microscopic observations of samples were carried out with 
the use of a NIKON ECLIPSE E600 POL polarising micro­
scope at the Institute of Geological Sciences of the Jagiel- 
lonian University in Kraków.

Q uantitative mineral analysis was conducted by the 
Rietveld method with the application of the SiroQuant pro­
gram, which is useful for analysing samples containing clay 
minerals. The quantitative measurements were done on a 
Panalytical X ’Pert Pro diffractometer with a fast detector 
(Real Time Ultra Strip X ’Celerator). The applied measure­
ment parameters were as follows: 40 kV voltage, 40 mA 
current, the step-width of 0.02° 2© and the angular range

Table 1 Sample list with depth and biostratigraphy (after Górecka-Nowak 2007, 2008)

Sample Borehole Depth [m] Sample macroscopic description Biostratigraphy constrains International chronostratigraphy

17336 Siciny IG 1 2263.50 Dark grey fine-grained sandstone Westphalian C (?)a Moscovian
17341 Siciny IG 1 2574.50 Dark grey very fine-grained sandstone 

laminated with blackish mudstone
Upper Namurian A (?)a Serpukhovian -  Bashkirian turn

17342 Siciny IG 1 2684.50 Grey fine-grained sandstone Upper Namurian A Serpukhovian -  Bashkirian turn
17352 Września IG 1 4952.50 Dark grey very fine-grained sandstone 

laminated with blackish mudstone
Not older than Westphalian D Not older than upper Moscovian

18268 Paproć 29 2926.00 Light grey medium to fine-grained 
sandstone

Lower Namurian A (?)a Lower Serpukhovian

18279 Paproć 29 3278.80 Light grey medium to fine-grained 
sandstone

Lower Namurian A Lower Serpukhovian

19686 Kobylin 1 2261.30 Grey fine-grained sandstone ? ?

19704 Kobylin 1 2857.25 Grey fine-grained sandstone ? ?

“Sampled outside given depth intervals in refereed paper



Fig. 3 Setting of chronostrati- 
graphical and lithological 
profiles with palynological data 
after Górecka-Nowak (2007, 
2008). Carboniferous miospore 
zonation based on Clayton et al. 
(1977) and Owens et al. (2004). 
The chronostratigraphy based 
on International Stratigraphic 
Chart, version 2020/01 https:// 
www.stratigraphy.org/ICSchart/ 
ChronostratChart2020-01 .pdf 
Sampling depths of six samples 
are marked by diamonds in 
lithologic profiles

from 5° to 65° 2©. Preparations were made according to the 
method introduced by Środoń et al. (2001). Prior to grind­
ing, zincite (ZnO) is added to samples as an internal stand­
ard to obtain full homogenisation. Samples are ground for 
5 min in a M cCrone micronising mill to reduce the grain 
size to < 10 pm. M easurements are conducted on random 
preparations prepared by side-loading.

Geochemical analysis of major and trace elements was 
commissioned from the certified Actlabs Laboratory (Can­
ada). The applied ICP-MS and ICP-OES methods were 
preceded by fusion with lithium borate. The samples were 
milled to a powder fraction in agate milling bowls.

LA-ICP-MS U-Pb zircon dating

Zircon grains for U-Pb age determination were separated by 
standard procedure of magnetic and heavy liquid separation 
in the Well Log Department of Oil and Gas Institute -  NRI, 
Kraków, Poland. Grains were handpicked without preference 
to ensure analysis of random population, then mounted in 
epoxy resin and polished to ca. half-thickness.

Cathodoluminescence images of zircons were obtained 
using an electron probe microanalyzer (EPMA) with field 
emission gun (FEG) electron source JXA-8530F by Jeol 
equipped with a cathodolum inescence detector (CL) at 
the Institute of Petrology and Structural Geology, Charles 
University in Prague, the Czech Republic. M orphology of 
selected zircon grains is mostly subrounded to rounded, 
rarely prismatic. Analysis of CL images allowed to choose 
suitable areas of zircon surface for laser ablation, free from 
cracks, inclusions etc. and to avoid mixed ages acquisition. 
Prior to U -Pb analysis, the carbon coating was removed and 
the sample surfaces were cleaned with 2% HNO3, deionized 
water, and ethanol.

About 100 points per sample were analysed to get statis­
tically robust data showing full spectrum of material prov­
enance. Samples were analysed at the Institute of Geology of 
the Czech Academy of Sciences, Prague, the Czech Republic 
using Thermo Scientific Element 2 sector field ICP-MS cou­
pled to a 213 nm NdYAG NewWave laser The LA conditions 
of two separate analytical sessions were set to 25-30 pm spot 
size (depending on the grain size in the analysed samples), 
laser energy of ca 5.7 J/cm2, repetition rate of 5 Hz, flow of

https://www.stratigraphy.org/ICSchart/ChronostratChart2020-01.pdf
https://www.stratigraphy.org/ICSchart/ChronostratChart2020-01.pdf
https://www.stratigraphy.org/ICSchart/ChronostratChart2020-01.pdf


the He carrier gas at 765 ml/min. The in-house glass signal 
homogenizer (design of Tunheng and Hirata 2004) was used 
for mixing all the gases and aerosol resulting in smooth, 
spike-free signal. The timing of the individual analyses was 
set to 15 s of gas blank and 35 s of zircon ablation followed 
by 35 s of cell wash-out.

The dead-time correction of the instrument was done 
prior to the analysis using a suite of variably concentrated 
U solutions. The U and Pb signals from the ablated zircon 
grains were acquired in time resolved -  peak jumping -  pulse 
counting/analogue mode with 1 point measured per peak 
for masses 204Pb +  Hg, 206Pb, 207Pb, 208Pb, 232Th, 235U, 235U, 
and 238U. Due to a non-linear transition between the count­
ing and analogue (attenuated) acquisition modes of the ICP 
instruments, the raw data were pre-processed using a pur­
pose-made Excel macro. As a result, the intensities of 238U 
were left unchanged if measured in a counting mode and 
recalculated from 235U intensities if the 238U was acquired in 
analogue (attenuated) mode. Data reduction was then carried 
out off-line using the Iolite data reduction package version 
3.0 with VizualAge utility (Petrus and Kamber 2012). Full 
details of the data reduction methodology can be found in 
Paton et al. (2010). The data reduction included correction 
for gas blank, laser-induced elemental fractionation of Pb 
and U and instrument mass bias. For the data presented here, 
blank intensities and instrumental bias were interpolated 
using an automatic spline function while down-hole inter­
element fractionation was corrected using an exponential 
function. No common Pb correction was applied to the data 
due to the high Hg contamination of the commercially avail­
able He carrier gas, which precludes accurate correction of 
the interfering 204Hg on the very small signal of 204Pb (com­
mon lead). Primary concentrations of common Pb in zircon 
are considered very low and were controlled by observing 
the 206Pb/204Pb (radiogenic/common lead) ratio. Analyses 
with low values were examined (if present) in more detail.

Residual elemental fractionation and instrumental mass 
bias were corrected by norm alization to the natural zir­
con reference material Plesovice (Slama et al. 2008). Zir­
con reference m aterials 91500 (W iedenbeck et al. 1995) 
and GJ-1 (Jackson et al. 2004) were periodically analysed 
during the measurements for quality control. The mean 
Concordia age values of 1066 ±  5 M a (2o) for 91500 (con­
cordance MSWD =  1.03, probability =  0.53) and slightly 
discordant (concordance MSWD =  2.5, probability =  0.11) 
Concordia age of 603 ±  4 Ma (2o) for GJ-1 obtained from 
analyses perform ed over the courses of different ana­
lytical sessions correspond perfectly and are less than 1% 
within the published reference values (91500: 207Pb/206Pb 
age of 1065.4 ±  0.3 Ma, W iedenbeck et al. 1995; GJ-1: 
206Pb/238U age of 600.5 ±  0.4 Ma, Schaltegger et al. 2015 
and 207Pb/206Pb age of 608.53 ±  0.4 Ma, Jackson et al. 
2004 respectively). The zircon U -Pb ages are presented as

probability density plots generated with the ISOPLOT pro­
gram v. 3.70 (Ludwig 2008).

Results

Sandstone mineralogy and geochemistry

Representative microphotographs of all eight samples are 
compiled in Fig. 4 . According to classification of Folk 
(1974), the studied sandstones are lithic or feldspathic 
(arkosic) greywacke, litharenite and sublitharenite. In all 
the studied samples, the grains of the particle size skele­
ton are poorly-rounded and, in general, moderately-sorted. 
Both in samples no. 17336 and 17341 (lithic greywackes) 
as well as in samples no. 17342 and 17352 (feldspathic/ 
arkosic greywackes), the grain skeleton is dispersed, and the 
intergrain contact straight. The particle size skeleton usually 
consists predominantly of lithoclasts and feldspar (potassium 
feldspar and plagioclase) but in addition includes monocrys­
talline quartz (Siciny IG 1, 17341) and sometimes, in some 
samples—biotite and carbonates (Września IG 1, 17352). 
Zircon and opaque minerals occur in trace amounts. In both, 
lithic and feldspathic greywackes, the cement is made of clay 
or silty-carbonate matrix and sometimes of pure carbonates.

Samples from the boreholes of Paproć 29 and Koby­
lin 1 represent litharenite and sublitharenite. The particle 
size skeleton in these samples is generally compact and the 
contacts between the grains are convex or straight-convex 
(Paproć 29, 18268). The composition of the grain frame­
work is dominated by monocrystalline quartz with addition 
of muscovite, potassium feldspar, lithoclasts and partially 
chloritised biotite (Kobylin 1, 19704) as well as traces of 
zircon and tourmaline. Cement (< 15%) is of a contact cor­
rosion type with mineralogical composition being carbonate- 
clay and carbonate-quartz-clay (Paproć 29, 18268).

According to the results of quantitative X-ray diffrac­
tion data (Table 2), Siciny IG 1 samples and especially the 
W rześnia IG 1 sample show high amount of clay miner­
als from the mica and illite group, accompanied by ~ 5-9% 
of chlorites. The quartz content varies from ~ 27% in the 
Września IG 1 sample to almost 38% in sample no. 17336 
from the Siciny IG 1 borehole. Potassium feldspar is also 
present in all samples ranging from ~ 9 to 19% of the total 
volume.

The Paproć 29 and Kobylin 1 samples are characterised 
by strong domination of quartz (~ 66-82%) and subordinate 
micas and illitic material (~ 10 to ~ 25%). The Paproć 29 
samples and sample no. 19686 from Kobylin 1 also con­
tain up to 3.5% of kaolinite, while 19704 contains ~ 9% of 
chlorite.

The concentrations of major elements (Table 3) were 
used for a basic lithological classification of all samples. In



Fig. 4 Microphotographs of 
thin sections in cross-polarized 
light. Siciny IG 1: a— 17336, 
b— 17341, c— 17342; W rześnia 
IG 1: d— 17352; Paproć 29: 
e— 18268, f— 18279; Kobylin 
1: g— 19686, h— 19704. Scale 
bar size is 100 pm

the sandstone-classification ternary diagram Fe2O3 +  MgO 
-  Na2O -  K2O (Blatt et al. 1980), almost all the samples 
from the boreholes plot in the lithic sandstone field (Fig. 5). 
Only one sample from Siciny IG 1 fall in the arkose field.

In the log (Fe2O3/K 2O) vs. log (SiO2/A l2O3) diagram 
(Herron 1988), sandstone samples from the Paproć 29 and 
Kobylin 1 boreholes fall in the sublitharenite and litharenite 
fields (Fig. 5). The Siciny IG 1sandstones plot in the wacke 
field. The classification of the Września IG 1 sandstone into

the shale field is in line with the presence of a thin shale 
laminae in this particular sample.

The trace element composition of studied sandstones 
(Supplement 1) was used to define the tectonic setting of 
the source rocks. The discrimination diagrams of Bhatia 
and Crook (1986), show difference between the groups of 
samples from Siciny IG 1 and Września IG 1 as compared 
to those from Paproć 29 and Kobylin 1 (Fig. 6). The samples 
from Siciny IG 1 and W rześnia IG 1 predominantly plot



Table 2 Quantitative X-ray diffraction results

Sample Borehole Depth
[m]

Qtz

[%]

Pl

[%]

K-Fs

[%]

Cal

[%]

Dol

[%]

Ank

[%]

Hem

[%]
Py
[%]

g p

[%]

Ms + Ill

[%]

Ill/Sme

[%]

Chl

[%]

Kln

[%]

Sum

[%]

Eclay

[%]

17336 Siciny IG 1 2263.50 37.7 11.3 0.4 3.0 35.3 1.6 8.3 2.4 100.0 47.6
17341 Siciny IG 1 2574.50 30.5 9.3 2.0 0.5 1.1 45.5 1.7 7.7 1.7 100.0 56.6
17342 Siciny IG 1 2684.50 31.3 19.0 5.3 0.6 9.3 1.1 27.9 0.7 4.8 100.0 33.4
17352 Września IG 1 4952.50 26.8 12.1 1.0 1.7 48.1 1.5 8.8 100.0 58.4
18268 Paproć 29 2926.00 81.8 2.0 1.3 1.9 9.7 3.3 100.0 13.0

18279 Paproć 29 3278.80 81.8 1.6 0.8 12.3 3.5 100.0 15.8
19686 Kobylin 1 2261.30 87.0 0.9 10.1 2.0 100.0 12.1

19704 Kobylin 1 2857.25 66.4 24.7 8.9 100.0 33.6

Qtz, quartz, Pl plagioclase, K-Fs potassium feldspar, Cal calcite, Dol dolomite, Ank  ankerite, Hem  hematite, Py  pyrite, Gp gypsum, M s micas, Ill 
illite, Ill/Sme illite-sm ectite mixed layer, Chl Fe-chlorite, Kln  kaolinite, Zclay  sum of clay minerals

close to the boundary between the active continental margin 
and the continental island arc field. The sandstones from 
Paproć 29 and Kobylin 1 on the adopted diagrams mostly 
fall outside the defined tectonic setting fields but tend to 
group close to the passive margin field in the Ti/Zr vs. La/ 
Sc diagram.

All the analysed samples show enrichment in LREE rela­
tive to HREE on the chondrite normalised spider diagram 
(Fig. 7). The LREE values decrease from La to Eu, where a 
negative anomaly is observed. The HREE pattern is gener­
ally flat, except for the sample no. 19686 from the Kobylin 
1 borehole that shows a minor Tm, Yb, Lu increase. Two 
groups of samples can be observed on the chondrite nor­
malised pattern. The group enriched in REE represented by 
samples from Września IG1 and Siciny IG1, and group with 
lower REE concentrations made up by Paproć 29 and Koby­
lin 1 samples. This division is also visible on other classi­
fication charts (Figs. 5, 6). One Kobylin 1 sample (19704) 
groups together with the Siciny IG1 and Września IG1 sam­
ples, which indicates the dissimilarity of this sample with 
the other Kobylin 1 and Paproć 29 samples, with regard to 
their composition of rare earth elements.

U-Pb detrital zircon dating

Before U -Pb dating, the analysis of zircon internal structure 
was conducted based on the Atlas of Zircon Textures (Corfu 
et al. 2003). The majority of zircon grains from all eight 
samples are characterised mainly by oscillatory and sector 
zoning, interpreted as a strong domination of zircon of mag­
matic origin (Fig. 8). Very few grains show a xenocrystic 
core-mantle structure and some grains lack visible texture, 
which may indicate a metamorphic or magmatic origin. 
Metamorphic bright rims are sparsely present, as well as the 
whole grains with very bright cathodoluminescence, induced 
by a high uranium content.

The results of U -Pb dating are presented in the Concor­
dia diagram (Wetherill 1956a), available in Supplement 3, 
as well as in the probability density plots (PDPs) -  Fig. 9. 
The data were filtered with the use of a common threshold 
of 10% discordance (Spencer et al. 2016). For ages younger 
than 1 Ga, the 206Pb/238U dates were used, whereas for dates 
older than 1 Ga, we adopted the 207Pb/206Pb ages.

There is a clear distinction in the PDPs between the sam­
ples from the Siciny IG1 and W rześnia IG1 boreholes as 
compared to the samples from Paproć 29 and Kobylin 1. 
The first two boreholes are characterised by the dom ina­
tion of a distinct population with ages of ca. 350-330 Ma 
(the Tournaisian to Visean). The Siciny IG1 samples show 
only few older grains (~ 503 Ma, ~ 415 Ma, ~ 368-362 Ma). 
On the contrary, the Września IG1 sample contains a more 
significant input of older detrital material, in which Upper- 
Cambrian -  Ordovician grains constitute a major population 
in the range between ca. 491-467 Ma, accompanied by two 
groups of the Neoproterozoic age of ca. 563 Ma (3 grains) 
and 632 Ma (3 grains) overlapping with each other on the 
Concordia plot (Supplement 3).

The distribution of detrital zircon ages significantly dif­
fers in the samples from Paproć 29 and Kobylin 1. In both 
boreholes, a broad Proterozoic age population 2200-900 Ma 
dominates in varying proportions. All four samples also con­
tain a narrow age population of ~ 445-440 Ma (the Ordovi­
cian -  Silurian turn), being their youngest age population, 
accompanied by a few grains with ages between ~ 621 and 
496 Ma. Single grains of Archean age are also present in the 
Paproć 29 and Kobylin 1 samples.

The youngest zircon grains found in sample no.18268 
from Paproć 29 form a homogenous cluster with the early 
Silurian age of ca. 440 Ma. The grains aged ~ 500-440 Ma 
also occur in the 18279 Paproć 29 sample. Both samples 
yielded abundant bim odal population ranging from ca. 
1800 to 1400 Ma and 1200-1100 to 950 Ma. The young­
est grains found in the Kobylin 1 samples (19,686 and



Fig. 5 Sandstone classification diagrams after Blatt et al. (1980) 
upper diagram; lower diagram after Herron (1988)

19,704) are equivalent to those from Paproć 29, with pooled 
ages ~ 441 Ma and 445 Ma, respectively. In general the zir­
con spectra from Kobylin 1 samples are very similar to 
Paproć 29 with abundant Proterozoic zircon grains in the 
range ~ 2000-900 Ma that can roughly be separated to two 
populations between ca. 1900 and1300 Ma and 1200-950. 
The complete LA-ICP-MS U -Pb data are available in Sup­
plement 2.

Discussion

Sediment provenance and stratigraphy

To link the U -Pb data with the deposition age (Fig. 3), we 
have selected three boreholes with defined stratigraphic posi­
tion (palynostratigraphy by Górecka-Nowak 2007, 2008). 
Only one of the analysed boreholes— Kobylin 1, recently 
drilled, has provided no biostratigraphic data.
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Fig. 6 Sandstone discrimination diagrams after Bhatia and Crook (1986) presenting detritus provenance according to tectonic setting. OIA Oce­
anic island arc, CIA Continental island arc, ACM  Active continental margin, PM  Passive margin

The palynostratigraphic age of the Carboniferous profile 
drilled in the Paproć 29 borehole is assigned to the Pend- 
leian (the Namurian A), i.e. the Serpukhovian (Górecka- 
Nowak 2007). However, G órecka-N ow ak stresses the 
abundance of poorly preserved m iospores and points to 
contamination with miospores from older rocks with ages 
spanning from the Upper Devonian to the M iddle Missis- 
sippian. The detrital zircon U -P b spectra show a dom i­
nance of Proterozoic ages between ca 2.0 and 1.0 Ga along 
with a subordinate zircon population from the Ordovician 
-  Silurian turn. The Kobylin 1 samples are characterized 
by very similar zircon age spectra to those of the Paproć

29 samples, therefore we suppose they represent the same 
stratigraphic position.

The Siciny IG 1 and Września IG 1 samples provided dif­
ferent zircon U -Pb age spectra from those characteristic for 
Paproć 29 and Kobylin 1. Two samples (17341 and 17342) 
from Siciny IG 1 come from an interval assigned to the 
Upper Arnsbergian -  Alportian by Górecka-Nowak (2008), 
which corresponds to the Serpukhovian -  Bashkirian turn 
(the Namurian A-B). This indicates a rapid switch in detrital 
material sources that occurred between the sedimentation of 
Carboniferous rocks drilled in the Siciny IG1-Września IG1 
boreholes as compared to Paproć 29 and Kobylin 1. The



Fig. 7 Chondrite normalised 
diagram. Chondrite values after 
Taylor and McLennan (1985)

third sample (17336) with identical U -Pb zircon age spec­
trum, is biostratigraphycally equivalent to the younger Mos- 
covian -  Bolsovian miospore zone (the Westphalian C). The 
biozone interpretation was based on the youngest miospores 
present in the sample despite of examining abundant older 
taxa -  Upper Devonian-Tournaisian and Upper Visean-Ser- 
pukhovian (Górecka-Nowak 2008).

The W rześnia IG 1 sample, bearing very similar detri- 
tal zircon age spectra to those of Siciny IG 1 samples with 
abundant zircon population of 350-330 Ma, is located in 
the part of the profile defined by Górecka-Nowak (2008) 
as being “not older than the Asturian” (the Westphalian D) 
equivalent to the Moscovian. However, the Września IG 1 
sample also contains a significant admixture of older detritus 
(ca. 450-650 Ma), indicating a slightly different position 
which allowed supplies from different sources. The occur­
rence of these older zircon ages in detrital material can be 
related to the borehole location, closer to the edge of Bal- 
tica. Based on this correlation, we can assume that since 
the beginning of the Lower Pennsylvanian, detrital material 
resulting from an erosion of ca 350-330 Ma (Lower-Middle 
Mississippian) old rocks was the dominating source of sedi­
mentary material for the part of the external basin where 
these two boreholes are located.

Compared to earlier U -Pb dating (Mazur et al. 2010b, 
Fig. 10) of rock samples from Siciny IG 1 (based on 22 
zircon grains), the late Devonian age population is m iss­
ing in our data. The youngest grain population obtained 
by M azur et al. (2010b) gave weighted mean average of 
345.4 ±  3.2 Ma (for 10 grains), and was interpreted as the 
maximum depositional age for the Siciny IG1 sandstone. 
In this study we have analysed ~ 100 grains per sample

and obtained a broader age range, i.e. 350-330  M a for 
the youngest grains. There does not seem to be a single 
youngest population in the LA ICP-MS data and therefore 
we avoided defining the maximum depositional age. A few 
zircon grains of ca. 300 M a found in the W rześnia IG1 
sample (of 29 grains analysed in total) encouraged Mazur 
et al. (2010b, Fig. 10) to set its maximum depositional age 
to Westphalian D (Moscovian). In our dataset the concord­
ant grains younger than 330 M a are absent. The distinct 
age population 350-330 Ma present in both the Siciny IG1 
and the W rześnia IG1 samples is interpreted as the record 
of intensive magmatic activity period in the source area.

The exact location of the analysed samples in the strati- 
graphic profile may be uncertain, particularly because of a 
low quality of miospore material available for the studies 
of Górecka-Nowak (2007, 2008), as stated therein. Espe­
cially questionable is the lack of younger U -Pb zircon ages 
in Upper Carboniferous (M oscovian/W estphalian) rocks, 
coeval to the stratigraphic position.

Oplustil et al. (2016) showed the occurrence of abun­
dant volcanic m aterial in their studied W estphalian and 
Stephanian rocks of the Bohemian M assif, including zir­
con grains allowing to define the rock stratigraphic posi­
tion and calibration of biozones. Tuff beds, analysed by 
Oplustil et al. (2016), gave 15 precise age determinations 
ranging from 314.2 to 297.1 Ma (the M oscovian to the 
Asselian). Hereby, in the examined samples, Upper Car­
boniferous zircons are surprisingly absent. This might 
imply that rocks drilled in the Siciny IG1 and W rześnia 
IG1 boreholes belong only to the lower part of Upper Car­
boniferous though igneous rocks of the Uppermost Car­
boniferous are also found in the Sudetes.



Fig. 8 Examples of zircon 
grains internal structure 
(EMPA-CL) with correspond­
ing U -P b  ages. Rows from the 
top: Siciny IG1, W rześnia IG 1, 
Paproć 29, Kobylin 1

Implications for regional geology

The new data show a significant provenance change in 
Carboniferous strata of the Variscan foreland basin which 
occurred at the M ississippian -  Pennsylvanian boundary 
(the Serpukhovian), in line with the division based on the 
miospore zonation. Although earlier petrographic studies 
indicated that the provenance changed in the Goniatites 
Zone, Goß i.e. late Visean (Krzemiński 2005), we assume

that the main provenance change probably took place in the 
late Serpukhovian.

Lower Carboniferous rocks contain mainly a detrital zir­
con age population characteristic of Baltican origin with 
prevailing Proterozoic ages between ca. 2100 and 900 Ma 
(Friedl et al. 2000; Bogdanova et al. 2008). The closest part 
of the East European Platform need not have been solely the 
source for this material (Krzemińska et al. 2017), but the 
detritus might have also been derived from the Małopolska



Fig. 9 Probability density plots of analysed samples. Few older grains were omitted for readability

Massif, where the Precambrian and Cambrian sequences 
bear a population of detrital zircon with similar age range 
(Żelaźniewicz et al. 2009, 2020). As yet, the age of the base­
ment of the Variscan Basin in the Sudetes Foreland has not 
been documented either. Due to a high thickness of Late 
Paleozoic and Mesozoic rocks, the basement has not been 
drilled in any of the boreholes. Thinned Baltica’s/East Euro­
pean Platform ’s margin could reach the Trans-European 
Suture Zone (TESZ) towards SW as far as the Odra Fault

(Żelaźniewicz et al. 2016). The possibility of a farther extent 
of Baltica’s basement was proposed by Żelaźniewicz et al.
(1997) and recently that model is further refined (Bayer 
et al. 2002; M alinowski et al. 2005; Żelaźniewicz et al. 
2016; Mazur et al. 2015b, 2018). Provided that the south­
ern limit of Baltica is further south, the detrital zircons of 
age ca. 2100-900 Ma might as well be recycled from the 
basement of the Variscan Foreland Basin.Upper Carbon­
iferous rocks were fed mainly with Lower Carboniferous



Fig. 10 Probability density plots of Siciny and W rześnia samples ana­
lysed by Mazur et al. (2010b) -  for comparison

(350-330 Ma) detrital material of Variscan magmatic ori­
gin. Differences in provenance of detrital material are also 
reflected in mineralogy and geochemistry (e.g. Fig. 5) of 
the analysed sandstones. The Lower Carboniferous samples 
from Paproć 29 and Kobylin 1 have arenitic composition, 
while the Upper Carboniferous samples from Siciny IG 1 
and Września IG 1 were classified as graywackes. Trace ele­
ment geochemistry places the Września IG1 and Siciny IG 1 
sandstones in the geotectonic setting of an active continental 
or island arc, in contrast with Paproć 29 and Kobylin 1, the 
samples, which show affinity with passive margin geotec- 
tonic settings (Fig. 6). Continental magmatic arc origin of 
the Siciny IG 1 and Września IG 1 sandstones (as well as of 
rock material from neighbouring boreholes), was indicated 
in other petrography and geochemistry provenance studies 
(Krzemiński 2005; Mazur et al. 2010b).

As proposed by Mazur et al. (2010b), the Sudetes could 
be a potential source of Turnaisian -  Visean detrital mate­
rial (350-330 Ma). There is a number of such U -Pb ages 
known from this part of Variscan orogen, e.g. the granitoids 
in the Kłodzko-Złoty Stok Region with ages 340-331 Ma 
(Mikulski et al. 2013), granitoids from the Niemcza Region

dated at ~ 342-336 Ma (Pietranik et al. 2013) or the age of 
338 M a obtained from a rhyolite from the Kłodzko Massif 
(Mazur et al. 2015a). However, similar dates are common 
within the entire Bohemian M assif. If material transport 
was possible from a wider area to the sedimentary basin 
formed in the Sudetes Foreland (the Variscan Externides of 
W ielkopolska), then the number of potential source rocks 
is very large. For example the age of the Central Bohemian 
Plutonic Complex zircon is very similar (ca. 350-330 Ma; 
Holub et al. 1997; Janousek and Gerdes 2003; Dörr and 
Zulauf 2010) to the ones obtained from the studied Late 
Carboniferous rocks. It is related to the succession of pluton 
emplacement processes operating continuously between ca. 
347 and 328 M a (Dörr and Zulauf 2010; Żak et al. 2005). 
Also in some parts of the Moldanubian Unit similar zircon 
ages ~ 334 Ma and ~ 340 Ma can be found (Siebel et al. 2005; 
Kosler et al. 2013). However, at that time, the Sudetes may 
have already acted as an orographic barrier precluding such 
far transport. For this reason, the Sudetes should be primar­
ily considered as potential source terrain.

The detrital zircons of Ordovician and Silurian age found 
in Lower Carboniferous samples (Paproć 29 and Kobylin 
1 boreholes) could have been sourced from the Rheno- 
Hercynian Zone of the Variscan Orogen. Similar Silurian 
(to Devonian) ages (440-400 Ma), found in the Northern 
Phyllite Zone in Germany, were assigned to “the Silurian 
arc” by Franke and Onceken (1995). “The Silurian arc” was 
formed as a result of subduction of the Rheic Ocean crust 
and is interpreted as the Rheic Ocean suture. The remnants 
of the Silurian arc must have been eroded away at least by 
the end of the Lower Carboniferous and deposited in parts 
of the foreland basin, now building the Variscan Externides. 
The minor occurrence of ~ 440 Ma detrital zircon in the stud­
ied foreland rocks indicate that the Northern Phyllite Zone 
could have also continued to the Polish part of the orogen 
and might be represented by fyllites found in the basement 
of the Wolsztyn-Pogorzela High (Żelaźniewicz et al. 2003).

Research application in hydrocarbon exploration

The studied part of the Variscan Externides was affected by 
moderate to intense tectonic processes including thrusting, 
folding and formation of sedimentary sequence repetitions 
(Mazur et al. 2006b; Górecka-Nowak 2004). A complicated 
tectonic architecture causes difficulties in identifying hori­
zons for hydrocarbon exploration purposes. The part of the 
Variscan Externides, the area under examination, is one of 
the most important regions of natural gas exploration in 
Poland, therefore, a reliable method for stratigraphic identi­
fication of rocks to be drilled is in need.

Reservoir rocks, being drilling targets, are mostly sand­
stone sequences, often poor in microfossils suitable for 
biostratigraphy. The employment of detrital zircon U -Pb



dating proved to be a very useful method for stratigraphic 
discriminations between the Lower and the Upper Carbon­
iferous and opens up a new possibility for exploration. The 
identification of Upper Carboniferous strata is based on the 
occurrence of Lower Carboniferous zircon grains, while 
Lower Carboniferous rocks carry no Carboniferous imprint.

Conclusions

1 The East European Platform (Baltica; ca. 2000-950 Ma) 
and Upper Devonian to Lower Silurian (445-440 Ma) 
rocks, possibly coming from “the Silurian arc”, were the 
primary sources of sediments for Lower Carboniferous 
rocks deposited in the foreland basin of the eastern part 
of the Variscides.

2 The Upper Carboniferous Externide rocks in the studied 
area were mainly sourced (since the Uppermost Sepurk- 
hovian) with detrital material coming from a magmatic 
rocks of a Variscan affinity, the location of which is still 
uncertain. Applying the law of parsimony, we consider 
Sudetes as the most probable source of Mississippian 
zircon in the studied samples.

3 U -Pb detrital zircon age spectra indicate a significant 
change in the source of sedimentary material between 
the Lower and Upper Carboniferous rocks in the Vari- 
scan Externides.

4 The change in provenance occurred in a relatively short 
period of time limited to (a part of?) the Sepurkhovian.

5 The shift in detritus source is most likely related to the 
rearrangement of the Variscan Orogen, i.e. the exhuma­
tion and massive erosion of Lower Carboniferous mag­
matic rocks since the Mississippian to the Pennsylvanian 
boundary.

6 Differences in the U -Pb zircon age spectra allow to 
discriminate between Lower and Upper Carboniferous 
rocks in the area of SW Poland, which is a significant 
region for hydrocarbon exploration.

7 The age of the Upper Carboniferous rocks drilled in the 
boreholes of Siciny IG 1 and W rześnia IG 1 could be 
determined as lower part of Upper Carboniferous, owing 
to the lack of zircons younger than 320 Ma, ubiquitous 
in Uppermost Carboniferous sediments.
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