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In the Bal tic-Podlasie-Lublin Ba sin, four po ten tial lower Pa leo zoic shale res er voirs are iden ti fied: the Piaśnica, Sasino and 
Jantar for ma tions, as well as the Mingajny shale. These units were diachronously de pos ited dur ing the starved stages of
Cal edo nian foredeep ba sin de vel op ment, in the course of ris ing or high eustatic sea level. Across most of the ba sin, the
shale for ma tions ana lysed are sat u rated with light oil and con den sate, and they are bur ied to depths of 2300–3500 m. The
shale res er voirs reach the wet gas win dow at burial depths of 2800–4000 m, while dry gas ac cu mu la tions oc cur at depths
ex ceed ing 3500–5000 m, ex cept in the Biłgoraj-Narol Zone. The shale ana lysed might be gen er ally clas si fied as a mod er -
ate to low qual ity, and lo cally high qual ity, un con ven tional res er voir. Within the shale net pay zones, the av er age TOC con -
tent is 2–5 wt.% TOC. The ex cep tions are the Piaśnica For ma tion, for which this is 5–12 wt.%, and the Mingajny shale,
which is TOC-lean (1.4–1.7 wt.%). The thick ness of the shale net pay in ter vals in the most fa vour able lo ca tions, mainly on
the Łeba Elevation, gen er ally reaches 20 m, and lo cally ex ceeds 35 m. The shale res er voirs are sat u rated with hy dro car -
bons of good qual ity. Their per me abil ity is low to mod er ate, of ten in the range of 150–200 mD, while to tal po ros ity av er age
per bore hole is com monly ex ceeds 6 %, reach ing  up to 10% at max i mum, which might be con sid ered as mod er ate to good.
The clay min er als con tent is mod er ate to high (30–50%), and geomechanical char ac ter is tics of the shale for ma tions are in -
ter me di ate be tween brit tle and duc tile. No overpressure oc curs in the ba sin, ex cept for a dry gas zone in the SW Bal tic Ba -
sin. In the Biłgoraj-Narol Zone, and to a lesser de gree also in the Lublin re gion, pro nounced tec tonic de for ma tion
sig nif i cantly lim its shale gas/oil po ten tial. Among 66 ex plo ra tion bore holes drilled in the ba sin so far, only 5 were lat eral
bore holes with rep re sen ta tive pro duc tion test re sults. Hy dro car bon flow from the best bore holes was low to mod er ate,
equal to 11.2 to 15.6 thou sand m3/day for gas, and 157 bbl/day (~21.4 ton/day) for oil. There is, how ever, high po ten tial to
im prove pro duc tion flow rates, con nected with the frac tur ing of two net pay in ter vals at one time, as well as with sig nif i cant
tech no log i cal prog ress in the ex ploi ta tion of shale bas ins dur ing the last 5 years. Com mer cially vi a ble pro duc tion might be
achieved for a sin gle bore hole with es ti mated ul ti mate re cov ery ex ceed ing 30–50 thou sand tons of oil, or 60–90 mil lion m3

of gas.
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INTRODUCTION

Since the 1990s a new hy dro car bon ex plo ra tion con cept,
re gard ing fine-grained sed i ments as gas res er voirs, be gan to
change the North Amer i can pe tro leum in dus try con sid er ably.
Af ter roughly a de cade of small-scale tests and in no va tive de -
vel op ments, shale gas pro duc tion in the USA ac cel er ated sig -
nif i cantly in 2005–2007 to a scale which on the one hand side
caused gas prices in North Amer ica to col lapse, but on the
other hand turned USA into a net gas ex porter (PPI En ergy and
Chem i cals Team, 2013; Wang and Krupnick, 2015; IEA, 2015,
2019; CEA, 2019). Due to the con se quences of this pro cess for
the pe tro leum in dus try, as well as its eco nomic and geopolitical
sig nif i cance, it is com monly re ferred to as the �shale gas rev o lu -

tion� (e.g., Middle ton et al., 2017). The sec ond phase of the
�shale rev o lu tion� was ini ti ated roughly in 2009, when eco nom i -
cally suc cess ful large-scale de vel op ment of oil and con den sate
pro duc tion from shale and hy brid res er voirs be gan (EIA, 2011;
Kuuskraa et al., 2013; IEA, 2015). As a con se quence of this, the 
USA is cur rently the big gest oil and gas pro ducer glob ally (CEA, 
2019). 

Suc cess ful de vel op ment of shale gas and shale oil pro jects
in the USA, and on a smaller scale in Can ada, brought with it in -
tense global at ten tion, and pre cip i tated at tempts to im ple ment
this con cept in pe tro leum bas ins across the world (EIA, 2013;
Boros, 2014; IEA, 2015; Zijp et al., 2017; Le, 2018). In the
course of this, Po land be came the first coun try out side North
Amer ica to host shale gas/oil ex plo ra tion, which dur ing the last
de cade has de liv ered for sci ence and in dus try a sig nif i cant
amount of new data. Since shale gas/oil ex plo ra tion in Po land
cur rently ceased, it seems now ap pro pri ate to sum ma rize its
ma jor out comes.

This pa per there fore over views the ex plo ra tion for shale
gas and shale oil in Po land, and to a lesser de gree also in sur -
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round ing coun tries, fo cus ing on the lower Pa leo zoic Bal -
tic-Podlasie -Lublin Ba sin (see Fig. 1 for lo ca tion), which at -
tracted the ma jor at ten tion of in dus try. The ex plo ra tion re -
sulted in 66 new bore holes (see Fig. 2 for lo ca tion), some of
which were tested, in ten sive cov er age of new 2D and 3D seis -
mic data (see Fig. 3 for lo ca tion), and sig nif i cant amounts of
new wire log and core data. The new dataset is of large vol -
ume, ex tend ing be yond the ca pac ity of an in di vid ual study.
There fore, the cur rent pa per over views only se lected key as -
pects of shale res er voir char ac ter is tics, with a de gree of gen -
er al iza tion. None the less, it al lows def i ni tion of el e ments of the

geo log i cal char ac ter is tics that are ad van tages and risk fac tors
for shale gas/oil ex plo ra tion in this re gion. 

PETROLEUM GEOLOGY OF THE
BALTIC-PODLASIE-LUBLIN BASIN

The area stud ied is the west ern slope of the East Eu ro pean
Craton (EEC), where a NW–SE elon gated set of ge net i cally
con nected bas ins de vel oped dur ing Ediacaran to early Pa leo -
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Fig. 1. Sim pli fied tec tonic map of Eu rope (af ter: Berthelsen, 1992; Jarosiński et al., 2009), 
with lo ca tion of the lower Pa leo zoic Bal tic-Dniester Ba sin af ter Poprawa (2019)

The other Eu ro pean un con ven tional shale/tight oil and/or gas bas ins af ter EIA (2013), Boros (2014), and Zijp et al. (2017); BB –
Bal tic Ba sin, BM – Bo he mian Mas sif; BV – Brunovistulian Block, CP – Carpathians, FM – Fore-Sudetic Monocline, LPB –
Lublin-Podlasie Ba sin, MB – Małopolska Block, MP – Moesian Plat form, OVA – Orsha-Volyn Aulacogen, RG – Rhein Graben,
STZ – Sorgenfrei-Tornquist Zone, TESZ – Trans-Eu ro pean Su ture Zone, TTZ – Teisseyre-Tornquist Zone, VPMB – Volyn -
-Podolia- Moldova Ba sin

https://gq.pgi.gov.pl/article/view/7502/6152
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Fig. 2. Lo ca tion of new shale gas/oil ex plo ra tion bore holes and leg acy lower Pa leo zoic bore holes
in the Bal tic-Podlasie-Lublin Ba sin, the Biłgoraj-Narol Zone, and sur round ing ar eas

BB – Bal tic Ba sin, BNZ – Biłgoraj-Narol Zone, KCZ – Koszalin-Chojnice Zone, LR – Lublin Re gion (re ferred to also as the Lublin slope of the
EEC), LT – Lublin Trough, ŁB – Łysogóry Block, MB – Małopolska Block, MH – Mazury High, PD – Podlasie De pres sion, PWT – Płock-War saw
Trough, RKE – Radom-Kraśnik El e va tion, RR – Rawa Ruska Zone, VB – Volyn Ba sin, WP – West ern Pomerania. New bore holes drilled dur ing
shale gas/oil ex plo ra tion. Bal tic Ba sin: 1 – Miszewo T-1 (v), 2 – Wytowno S-1 (v), 3 – Warblino 1H (h), 4 – Lębork S-1 (v), 5 – Łebień LE-1 (v), 6 –
Łebień LE-2H (h), 7 – Strzeszewo LE-1 (v), 8 – Lublewo LEP-1 (v), 9 – Lublewo LEP-1ST1H (h), 10 – Sławoszyno LEP-1 (v), 11 – Sławoszyno
LEP-1ST1H (h), 12 – Lubocino 1(v), 13 – Lubocino 2H (h), 14 – Lubocino 3H (h), 15 – Opalino 2 (v), 16 – Opalino 3 (v), 17 – Opalino 4 (v), 18 –
Kochanowo 1 (v), 19 – Tępcz 1 (v), 20 – Lewino 1 (v), 21 – Gapowo B-1 (v), 22 – Gapowo B-1A (h), 23 – Będomin 1 (v), 24 – Borcz 1 (v), 25 –
Miłowo 1 (v), 26 – Wysin 1 (v), 27 – Wysin 2H bis (h), 28 – Wysin 3H (h), 29 – Łęgowo LE-1 (v), 30 – Starograd S-1 (v), 31 – Kamionka 1 (v), 32 –
Bągart 1 (v), 33 – Stare Miasto 1 (v), 34 – KWI Prabuty 1 (v), 35 – Rogity 1 (v), 36 – Mingajny 1 (v), 37 – Babiak 1 (h), 38 – Rodele 1 (v);
Płock-War saw Trough: 39 – BRO NW Lubawskie 01 (v), 40 – Szymkowo 1 (v), 41 – RYP Lutocin 01 (v); Podlasie De pres sion: 42 – Pęclin OU1
(v), 43 – Siennica 1 (v), 44 – SOK Grębków 01 (v), 45 – SIE Domanice 01 (v), 46 – Stoczek OU1 (v), 47 – Stoczek OU1K (h), 48 – Goździk OU1
(v); Lublin Ba sin: 49 – Wojcieszków 1 (v), 50 – Berejów OU1 (v), 51 – Berejów OU2K (h), 52 – Uścimów OU1 (v), 53 – ORZ Cyców 01 (v), 54 –
Syczyn OU1 (v), 55 – Syczyn OU2K (h), 56 – Stręczyn OU1 (v), 57 – Stręczyn OU1K (h), 58 – Dobryniów OU1 (v), 59 – Krupe 1 (v), 60 –
Grabowiec 6 (v), 61 – Kościaszyn 1 (v); Biłgoraj-Narol Zone: 62 – Lubycza Królewska 1 (v), 63 – Majdan Sopocki 1 (v), 64 – Zwierzyniec 1 (v), 65
– Frampol 1 (v), 66 – Kraśnik 1 (v). (v) – ver ti cal or de vi ated bore hole, (h) – lat eral bore hole. Key leg acy bore holes (ver ti cal or de vi ated). Bal tic
Ba sin: 66 – A8-1/83, 67 – A23-1/88, 68 – Słupsk IG 1, 69 – Lębork IG 1, 70 – Łeba 8, 71 – Lubiny 1, 72 – Dębki 4, 73 – Żarnowiec IG 1, 74 – Hel
IG 1, 75 – Darżlubie IG 1, 76 – Kościerzyna IG 1, 77 – Gdańsk IG 1, 78 – Malbork IG 1, 79 – Prabuty IG 1, 80 – Pasłęk IG 1, 81 – Olsztyn IG 2, 82
– Młynary 1, 83 – Henrykowo 1, 84 – Dębowiec Warmiński 2, 85 – Bartoszyce IG 1, 86 – Kętrzyn IG 1, 87 – Gołdap IG 1; Płock-War saw Trough:
88 – Szczawno 1, 89 – Polik IG 1, 90 – Bodzanów IG 1; Podlasie De pres sion: 91 – Okuniew IG 1, 92 – Tłuszcz IG 1, 93 – Łochów IG 2, 94 –
Mielnik IG 1, 95 – Żebrak IG 1; Lublin Ba sin: 96 – Siedliska IG 1, 97 – Kaplonosy IG 1, 98 – Krowie Bagno IG 1, 99 – Busówno IG 1, 100 –
Bialopole IG 1, 101 – Terebin IG 5, 102 – Łopiennik IG 1; Biłgoraj-Narol Zone: 103 – Dyle IG 1, 104 – Narol PIG 2, 105 – Narol IG 1



zoic time (e.g., Gareckij et al., 1987; Poprawa, 2006a, b;
Šliaupa et al., 2006; Poprawa et al., 2018a; Fig. 1). This sys tem
of sed i men tary bas ins is re ferred to as the Peri-Tornquist Bas -
ins (Poprawa et al., 1999; Sliaupa et al., 2006), or al ter na tively
as the Bal tic-Dniester Bas ins (Poprawa, 2019). The cen tral part 
of this sys tem is com posed of the Bal tic Ba sin and the Lublin -
-Podlasie Ba sin, some times to gether al ter na tively re ferred to
as the Bal tic-Podlasie-Lublin Ba sin (Poprawa, 2010a; PGI,
2012), be ing a sub ject of the cur rent study. To the north-west it
passes into the Scan di na vian slope of the EEC (Vejb³k et al.,
1994; Greiling et al., 1999; Niel sen and Schovsbo, 2010), and
to the south-east into the Volyn-Podolia-Moldova Ba sin, al ter -
na tively re ferred to as the Dniester Ba sin (Gautier et al., 2012;
Sachsenhofer and Koltun, 2012; Radkovets, 2015; Poprawa et
al., 2018a). Far ther south the sys tem of lower Pa leo zoic bas ins
con tin ues into the Moesian Plat form (Fig. 1; Popescu and
Anastasiu, 2016; Schovsbo et al., 2017). 

From the south-west this large sys tem of sed i men tary bas -
ins is lim ited by the Trans-Eu ro pean Su ture Zone (TESZ), while 
their north east ern limit is usu ally of ero sional na ture. Within the
TESZ, other tec tonic blocks are de vel oped with the lower Pa -
leo zoic sed i men tary cover (Fig. 2). The po si tion ad ja cent to the
west of the Bal tic Ba sin is oc cu pied by the Koszalin-Chojnice
Zone (Podhalańska and Modliński, 2006; Poprawa, 2006b). To
the west of the Lublin-Podlasie Ba sin, the Biłgoraj-Narol Zone,
in Ukraine re ferred to as the Rava Ruska Zone, is lo cated
(Modliński and Szymański, 2005; Drygant et al., 2006; Radko -
vets, 2015; Poprawa, 2019). The north west ern ex ten sion of this 
unit is the Łysogóry Unit, and far ther west the Małopolska Block
is po si tioned (Fig. 2). Apart from the Bal tic Ba sin and the
Lublin-Podlasie Ba sin, this pa per cov ers also the de vel op ment
of the Biłgoraj-Narol Zone, while the Małopolska Block and the
Koszalin-Chojnice Zone are dis cussed here only mar gin ally. 

The Bal tic-Podlasie-Lublin Ba sin is di vided into two sep a -
rate pe tro leum prov inces: in the north the Bal tic Pe tro leum
Prov ince, and in the south the Lublin Pe tro leum Prov ince
(Karnkowski, 1997; Poprawa et al., 2018b). The Lublin Pe tro -
leum Prov ince com prises only a few small oil and gas fields, all
in clastic and car bon ate res er voirs of the Car bon if er ous and
De vo nian suc ces sion (Karnkowski, 1999; Niedbalec and Ra -
decki, 2007). None the less, biomarker stud ies in di cated oil or i -
gin from Si lu rian source rock (Klimuszko, 2002). No oil and gas
fields have been dis cov ered in the lower Pa leo zoic suc ces sion
of the Lublin Pe tro leum Prov ince, al though hy dro car bon shows
have been ob served there (Stolarczyk et al., 1997; Pacześna et 
al., 2005).

In the Bal tic Pe tro leum Prov ince nu mer ous small to mid-
 size hy dro car bon fields, mostly oil fields, and less com monly
con den sate fields, have been dis cov ered (Ulmishek, 1990;
Brangulis et al., 1993; Jacyna et al., 1997; Karnkowski, 1999;
Doornenbal and Stevenson, 2010). The key res er voir rock is
mid dle Cam brian sand stone, while Lower to Mid dle Or do vi cian
car bon ates, as well as Up per Or do vi cian to Si lu rian car bon ate
build-ups, are sub or di nate res er voirs (Fig. 4; Jacyna et al.,
1997; Domżalski et al., 2004; Stolarczyk et al., 2004; Kamin -
skas et al., 2015; Levendal et al., 2019). Res er voir prop er ties of
the mid dle Cam brian sand stone de pend solely on the de gree of 
quartz ce men ta tion (Sikorska, 1998; Molenaar et al., 2007;
Semyrka et al., 2010). The Cam brian con ven tional res er voir in
the cen tral and south west ern part of the Bal tic Ba sin passes
into tight res er voir de vel op ment (Poprawa and Kiersno wski,
2008; Wójcicki et al., 2014). In the Lublin Pe tro leum Prov ince,
the lower Pa leo zoic po ten tial con ven tional res er voir rock is the
mid dle Cam brian sand stone (Stolarczyk et al., 1997; Pacześna
et al., 2005). 

His tor i cally, the up per Cam brian and/or lower Trema do cian
shale (Piaśnica For ma tion) was re garded as the main hy dro car -

bon source rock in the Bal tic Pe tro leum Prov ince (Fig. 4; Kanev
et al., 1994; Karnkowski, 1999; Yang et al., 2017). How ever, re -
cent stud ies in di cate that the Up per Or do vi cian (Sasino For ma -
tion) and the lower Llandovery (Jantar For ma tion) shale also
have a sig nif i cant role as source rock (Po prawa, 2010a; Więcław
et al., 2010). More over, in the east ern Bal tic Ba sin, the Mingajny
shale (up per most Llandovery to lower Wen lock) might be re -
garded as a fair hy dro car bon source rock (Fig. 4). The lat eral
equiv a lents of the Sasino and Jantar for ma tions and the Min -
gajny shale are re garded as source rocks in the Lith u a nian and
Lat vian part of the ba sin (Kanev et al., 1994; KadñnienÅ, 2001;
Zdanaviciute and Lazauskiene, 2007; Zdanavi čiñtÅ and La -
zauskienÅ, 2009; Sliaupa et al., 2016; Cichon- Pupienis et al.,
2020). In the Lublin Pe tro leum Prov ince the po ten tial source
rocks com prise Caradoc and Llandovery shales, pres ent in the
north ern and/or cen tral part of the prov ince, as well as the lower
Wen lock Mingajny shale. The later one is char ac ter ized by lower
qual ity, though higher net thick ness as well as broader lat eral ex -
tent. Wen lock shale of such de vel op ment ex tends far ther to the
south-east to the Volyn -Podolia Ba sin (Sachsenhofer and Kol -
tun, 2012; Radkovets, 2015; Radkovets et al., 2017; Schovsbo et 
al., 2017). Apart from this, the up per most Edia caran black shale
may be re garded as a low qual ity po ten tial source rock in the
Lublin re gion (Pacześna et al., 2005), as well as in the Volyn-
 Podolia Ba sin (Radkovets et al., 2018). 

Most of the oil and con den sate fields in the Bal tic Prov ince
are de vel oped in struc tural traps, be ing anticlines re lated to re -
verse faults (faulted anticline play) (Jacyna et al., 1997; Po -
prawa et al., 2006; Karnkowski et al., 2010). The faults de vel -
oped dur ing two phases of com pres sion and/or transpression:
the late Cal edo nian (Lochkovian) and the late Variscan (late
Car bon if er ous; Fig. 4; Poprawa et al., 2006). Less com monly,
oil fields oc cur in strati graphic traps (pinch-out play, drape/onlap 
play, deeply weath ered crys tal line base ment play), as well as in
lithological traps (reef play, and inter-reef/back-reef play) (Jacy -
na et al., 1997; Lapinskas, 2000; Kaminskas et al., 2015). The
re gional seal is a thick unit of Up per Or do vi cian and Si lu rian
shale, and in the cen tral and south west ern part of the ba sin also 
Zechstein evaporites (Fig. 4). The struc tural and strati graphic
traps are lo cally sealed by mid dle Cam brian mudstone, while
the cap rock for the strati graphic traps is Up per Or do vi cian and
Si lu rian shale (Fig. 4). Sim i lar for ma tions act as a po ten tial seal
also in the Lublin Pe tro leum Prov ince, ex cept for the Zechstein
evaporites, pres ent there only in the north west ern part of that
re gion (Wag ner, 1994).

The burial his tory of the Bal tic Prov ince is char ac ter ized by
three phases of sig nif i cant sub si dence: in the late Si lu rian, De vo -
nian to early Car bon if er ous, and Perm ian-Me so zoic (Fig. 4), in -
ter spersed with late Cal edo nian and late Variscan tec tonic up lift
and de nu da tion (Poprawa et al., 2010). The max i mum burial is
ei ther of Variscan age, mainly De vo nian, or of late Me so zoic to
re cent age (Poprawa and Grotek, 2005). Ini tial hy dro car bon gen -
er a tion took place dur ing late Si lu rian burial, while its main phase
oc curred ei ther in the De vo nian to early Car bon if er ous (Kosa -
kowski et al., 2010), or in the late Me so zoic (Poprawa and
Grotek, 2005; Fig. 4). The De vo nian to early Car bon if er ous and
the late Me so zoic are al ter na tive times for crit i cal mo ment to oc -
cur. De vel op ment of pe tro leum traps and hy dro car bon gen er a -
tion in gen eral pre dates the crit i cal mo ment. The ex cep tion is hy -
dro car bons gen er ated dur ing the De vo nian to early Car bon if er -
ous, mi grat ing prior to de vel op ment of the late Variscan traps
(Fig. 4). This part of the hy dro car bon load might there fore be lost.

The burial his tory of the Lublin-Podlasie Ba sin is more com -
plex. De pend ing on lo ca tion, the max i mum burial time might be
of lat est De vo nian, late Car bon if er ous or late Me so zoic age
(Poprawa and Żywiecki, 2005). How ever, the main phase of hy -
dro car bon gen er a tion took place dur ing De vo nian or Car bon if er -
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ous time (Botor et al., 2002; Prugar, 2013), par tic u larly in the
case of a lower Pa leo zoic source rock. The crit i cal mo ment in this 
ba sin is, there fore, ei ther lat est De vo nian, or late Car bon if er ous. 

Apart from con ven tional hy dro car bon plays, the to tal pe tro -
leum sys tem of the Bal tic and Lublin prov inces com prises also
an un con ven tional lower Pa leo zoic shale play (e.g., Poprawa
and Kiersnowski, 2008; Zdanavi èiñtÅ and LazauskienÅ, 2009;
Poprawa, 2010a, b; Gautier et al., 2012; Kiersnowski, 2013;
Kiersnowski and Dyrka, 2013; Porêbski et al., 2013; Wójcicki,
2015; Podhalañska et al., 2016; Tari et al., 2016; Papiernik et
al., 2017; Cichon-Pupienis et al., 2020). This play is de vel oped
in the Cal edo nian foredeep ba sin (Poprawa, 2010a), be ing a
typ i cal tec tonic set ting for un con ven tional oil/gas fields – fore -
deep bas ins ac count for roughly 55% of the global to tal un con -
ven tional oil/gas re sources (Wang et al., 2016). The lower Pa -

leo zoic shale play in the Bal tic-Podlasie-Lublin Ba sin and the
ad ja cent area is a sub ject of in ter est for the cur rent pa per, and
is dis cussed be low.

SHALE OIL/GAS EXPLORATION 
IN THE BALTIC-PODLASIE-LUBLIN BASIN

Shale gas and shale oil ex plo ra tion in Po land has been con -
cen trated solely on the lower Pa leo zoic Bal tic-Podlasie-Lublin
Ba sin. Since 2007 un til 2013, dur ing the Pol ish �shale rush�, a
to tal of 95 ex plo ra tion con ces sion blocks were granted to 19 op -
er a tors, cov er ing nearly the whole area ana lysed (Fig. 5). Within 
the Bal tic-Podlasie-Lublin Ba sin, the acre age which missed
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Fig. 3. Lo ca tion of leg acy 2D and 3D seis mic data, and of new 2D and 3D seis mic data ac quired 
dur ing shale gas and shale oil ex plo ra tion in the Bal tic-Podlasie-Lublin Ba sin, 

the Bi³goraj-Narol Zone, and sur round ing ar eas

Ex pla na tions to tec tonic units as in Fig ure 2; 2D ION pro ject – re gional, deep re flec tion high-end seis mic sur vey 
of PolandSPAN™ pro ject op er ated by ION 
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Fig. 4. Pe tro leum sys tem chart for the lower Pa leo zoic Bal tic Ba sin

Mio – Mio cene, Ol – Oligocene, Eoc – Eocene, Pa – Paleocene, K – Cre ta ceous, J – Ju ras sic, T – Tri as sic, Lo –
Lopingian, Gu – Guadalupian, Ci – Cisuralian, Pe – Penn syl va nian, Mi – Mis sis sip pian, D – De vo nian, Silur. – Si lu rian, Pr 
– Pridoli, Lu – Lud low, We – Wen lock, La – Llandovery, O – Or do vi cian, Fu – Furongian, Mi – Miaolingian, S2 – Se ries 2,
Te – Terreneuvian, Ediacar. – Ediacaran. Nu mer i cal ages af ter Co hen et al. (2013)



shale gas/oil ex plo ra tion was the north east ern Lublin re gion,
the east ern part of the Podlasie De pres sion and parts of the
east ern lim its of the on shore Bal tic Ba sin, all char ac ter ized by a
low ther mal ma tu rity. More over, ex plo ra tion was not con ducted
in the south west ern lim its of the Bal tic Ba sin and the Podlasie
De pres sion, or in the Lublin Trough to the west of Kock Fault
Zone, these be ing overmature. A ma jor part of the off shore Bal -
tic Ba sin also avoided ex plo ra tion for un con ven tional oil/gas
due to highly chal leng ing eco nomic con di tions. The op er a tors
were roughly equally di vided be tween Pol ish na tional oil com -
pa nies, the ma jors and mid-size com pa nies, and the in de pend -
ents (Fig. 5). 

The sig nif i cant amount and di ver sity of the op er a tors ac tive
in this re gion re sulted in a sub stan tial amount of new geo log i cal
data be ing pro duced, and with a va ri ety of ex plo ra tion strat e gies 
ap plied. The key out come of the ex plo ra tion was many new
bore holes (Figs. 2 and 6), high qual ity wire logs, and core/cut -
ting sam ples, be ing sub ject to a broad programme of lab o ra tory
anal y sis. This data al lowed for sig nif i cant prog ress of pe tro leum 
ge ol ogy in the area dis cussed area, but also pro moted ad -
vances in the pure geo log i cal sci ences. 

Drill ing ac tiv ity in the lower Pa leo zoic shale pros pect in Po -
land, ini ti ated in mid-2010, ac cel er ated sig nif i cantly dur ing
2011–2014, and ceased there af ter (Fig. 6). In 2010 – 5 shale
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Fig. 5. Shale gas and shale oil ex plo ra tion con ces sions in the Bal tic-Podlasie-Lublin Ba sin, 
the Biłgoraj-Narol Zone, the Łysogóry Block, and sur round ing ar eas

Na tional Oil Com pa nies (NOC): 1 – POGC, 2 – Orlen Up stream, 3 – Lotos Petrobaltic. Ma jors: 4 – ExxonMobil, 5 – Chev -
ron, 6 – ConocoPhillips, 7 – ENI. Mid-size in ter na tional com pa nies: 8 – Tal is man, 9 – Mar a thon, 10 – CIOC. In de pend -
ents: 11 – BNK, 12 – Wi sent, 13 – San Leon, 14 – Lane, 15 – Cuadrilla, 16 – EurEnergy, 17 – Realm, 18 – Petrolinvest, 19
– DPV
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gas/oil ex plo ra tion bore holes were spud ded, in 2011 this was
13 bore holes, in 2012 – 18 bore holes, in 2013 – 15 bore holes,
in 2014 – 13 bore holes, and the last 2 bore holes were spud ded
in 2015. Ex plo ra tion ceased in 2016, when the last hy drau lic
frac tur ing and well tests were com pleted (Fig. 6). The early pi o -
neers of drill ing were the in de pend ents, fol lowed by the ma jors,
and af ter wards by the na tional oil com pa nies (Fig. 6). New ex -
plo ra tion bore holes were spread across the whole area ana -
lysed; how ever, their high est con cen tra tion was in the Bal tic
Ba sin, while the Podlasie De pres sion was an area of the low est
ac tiv ity (Fig. 2). In the Lublin re gion ex plo ra tion ac tiv ity con cen -
trated in its cen tral part. 

The new data ow ing to shale gas/oil ex plo ra tion in many
cases filled blank spots in geo log i cal map of the study area. In
the Bal tic Ba sin, the ma jor ity of the 38 new ex plo ra tion bore -
holes were lo cated in the cen tral, west ern and south west ern
part of the ba sin, pre vi ously char ac ter ized by sparse cov er age
of deep bore holes (Fig. 2). The same is true for the Płock-War -
saw Trough, where three new bore holes dou bled the amount of 
leg acy deep key bore holes, as well as for the west ern Podlasie
De pres sion, where seven new bore holes were drilled. In the
Lublin re gion, al to gether thir teen shale gas/oil ex plo ra tion bore -
holes were sited, which filled sig nif i cant gaps be tween the leg -
acy deep bore holes, par tic u larly in the south ern part of the re -
gion. In the Biłgoraj-Narol Zone, the lower Pa leo zoic suc ces -
sion was rec og nized pre vi ously with three deep key bore holes,
while shale gas ex plo ra tion in that zone re sulted in five new
bore holes (Fig. 2). Some of new bore holes con sid er ably up -
dated knowl edge of the geo log i cal set ting of the area. An ex am -
ple is the BRO Nowe Miasto Lubawskie 01 bore hole, the out -
come of which was a sig nif i cant west wards shift of the limit of
the Mazury High (Fig. 2; Poprawa, 2019). An other is the
Kraśnik 1 bore hole, which doc u mented 454 m of Visean strata
in the south ern part of the Radom-Kraśnik El e va tion, which in
gen eral is char ac ter ized by an ab sence of Car bon if er ous de -
pos its (Poprawa, 2019).

The shale gas/oil ex plo ra tion also con sid er ably changed
the seis mic cov er age of the Bal tic-Podlasie-Lublin Ba sin and
the Biłgoraj-Narol Zone. This is in par tic u lar true for the Bal tic
Ba sin (Fig. 3). New 2D seis mic lines densely cover the area of
the east ern, south ern and west ern part of the ba sin, pre vi ously
nearly de void of seis mic data. More over, in the cen tral and
west ern parts of the ba sin, 5 new 3D sur veys were ac quired.
Con sid er able prog ress in seis mic cov er age was ob tained also
in the cen tral and west ern Podlasie De pres sion (Fig. 3). Apart
from the 2D seis mic data, three 3D sur veys were ac quired
there. The Lublin re gion was char ac ter ized by a very dense grid 
of 2D seis mic prior to shale gas/oil ex plo ra tion, none the less,
four new 3D sur veys, some of which are very large, brought fur -
ther prog ress in re veal ing the subsurface geo log i cal struc ture
(Fig. 3). High qual ity, up-to-date 2D seis mic data was ac quired
also along sev eral lines in the Narol-Biłgoraj Zone. 

Of par tic u lar value was the re gional, deep re flec tion high-
 end seis mic sur vey of the PolandSPAN™ pro ject, op er ated by
ION (Fig. 3). This dataset was mea sured with long re cord ing
time – 12 s, high nom i nal fold – 480, long off sets – 12 km, tight
re ceiver/shot spac ing – 25 m, and broad band sweep –
2–150 Hz (Krzywiec et al., 2014). It al lowed fine-tun ing of the
re con structed evo lu tion of the Cal edo nian foredeep ba sin at the 
west ern slope of the EEC (Krzywiec et al., 2014; Poprawa,
2019). More over, it re vealed the pres ence of a large, up per
Ediacaran extensional, rift-re lated half-graben in the Lublin re -
gion (Krzy wiec et al., 2018), as well as the pres ence of Variscan 
thrust sheets in the Biłgoraj-Narol Zone (Krzywiec et al., 2017). 

Dur ing the shale gas/oil ex plo ra tion, al to gether 66 new
bore holes were drilled in the area dis cussed, al though most of

them were ver ti cal bore holes. Among this num ber only 13 bore -
holes were lat eral ones, while 10 lat eral bore holes were used
for mul ti stage hy drau lic frac tur ing and re lated pro duc tion tests
(Fig. 7). In ad di tion, hy drau lic frac tur ing and pro duc tion tests
were per formed in 16 ver ti cal bore holes, and in a fur ther 3 bore -
holes the com ple tion was lim ited to microfracturing (DFIT). 

Sta tis tics of hy drau lic frac tur ing and microfracturing of ver ti -
cal and lat eral bore holes are given in Fig ure 6. A sig nif i cant pro -
por tion of the ex plo ra tion bore holes ex pe ri enced con sid er able
me chan i cal prob lems dur ing drill ing and/or frac tur ing, typ i cal of
the early stage of an ex plo ra tion/pro duc tion learn ing curve. As a 
con se quence, across the area ana lysed there are only 5 lat eral
bore holes with multi-frac tur ing, which were not junked, or at
least avoided sig nif i cant dam age, and gave re li able re sults of
pro duc tion tests (Fig. 7). There fore, de spite a de cade of in ten -
sive ex plo ra tion, the shale gas/oil play in the Bal tic-Podlasie -
-Lublin Ba sin could still be re garded as sig nif i cantly under -
explored. 

TECTONIC AND FACIES FRAMEWORK 
OF THE UNCONVENTIONAL PETROLEUM PLAY

Tec tonic pro cesses gov ern ing the de vel op ment of the Edia -
caran to lower Pa leo zoic bas ins on the west ern slope of the
EEC con trolled to a large ex tent the key el e ments of the un con -
ven tional hy dro car bon play, in par tic u lar the fa cies ar chi tec ture,
lat eral and ver ti cal dis tri bu tion of to tal or ganic car bon (TOC)
con tent, as well as the ther mal ma tu rity and hy dro car bon gen er -
a tion his tory. The tec tonic evo lu tion of the area is dis cussed
here briefly, based on pub lished data (e.g., Poprawa, 2019),
only to the ex tent nec es sary to con strain the shale gas/oil po -
ten tial of the ana lysed area. 

The evo lu tion of the Bal tic-Dniester sys tem of sed i men tary
bas ins, cov er ing the west ern slope of the EEC, ini ti ated with late 
Ediacaran rift ing (Fig. 8). The rift ing is ex pressed with the in dic -
a tive pat tern of tec tonic sub si dence and the pres ence of a sub -
se quent post-rift ba sin (Poprawa et al., 1999, 2018a; Poprawa
and Pacześna, 2002; Poprawa, 2006a, b; Eriksson, 2012).
More over, it is shown by the de vel op ment of the large -scale
extensional half-grabens (Lassen et al., 2001; Krzywiec et al.,
2018), and rift-re lated mag matic ac tiv ity (Fig. 8B; Bakun- -
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Fig. 7. Sta tis tics of new shale gas/oil ex plo ra tion bore holes
drilled in the lower Pa leo zoic Bal tic-Podlasie-Lublin Ba sin and
the Biłgoraj- Narol Zone, with di vi sion into lat eral and ver ti cal
bore holes, as well as into me chan i cally suc cess ful ver sus
junked bore holes (af ter Poprawa et al., 2018b, mod i fied)

https://gq.pgi.gov.pl/article/view/25877/pdf
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Fig. 8. Sim pli fied lithostratigraphic sec tions of the Neoproterozoic and lower Pa leo zoic in (A) the Bal tic Ba sin, 
and (B) the Lublin re gion, with po si tion of or ganic-rich shale (af ter: Poprawa, 2010a, mod i fied)

Sub si dence mech a nisms af ter Poprawa and Pacześna (2002) and Poprawa (2006a, b). Dev. – De vo nian, Tre – Tremadocian, 
Wn – Wen lock, Lla – Llandovery, Ed – Ediacaran, M-N Prot – Mesoproterozoic and Neoproterozoic, 

P-M Prot – Paleoproterozoic and Mesoproterozoic



Czubarow et al., 2002; Emetz et al., 2004; Krzemińska, 2005;
Poprawa et al., 2020). The rift or i gin of the ba sin ana lysed is
sup ported also by char ac ter is tic Ediacaran to low er most Cam -
brian fa cies de vel op ment, with evo lu tion from con ti nen tal con -
glom er ates to ma rine clastic sed i ments, and grain size gen er -
ally fin ing up-sec tion (Fig. 8B; Poprawa and Pacześna, 2002;
Pacześna, 2006, 2014). 

The lat est Ediacaran to Late Or do vi cian tec tonic sub si -
dence pat tern of the area ana lysed is typ i cal of the ther mal sag
stage of extensional bas ins (Fig. 8; Poprawa et al., 1999,
2018a; Poprawa and Pacześna, 2002; Poprawa, 2006a;
Sliaupa et al., 2006; Eriksson, 2012). This con clu sion is sup -
ported by a grad ual lat eral ex pan sion of the sed i men tary ba sin
at the west ern slope of the EEC dur ing the time span dis cussed
(Poprawa and Pacześna, 2002). Fol low ing the rift ing, the
break -up of the Pre cam brian supercontinent and the de vel op -
ment of the Tornquist Ocean, the south west ern mar gin of the
newly formed Baltica be came the lat est Ediacaran to Mid dle
Or do vi cian pas sive con ti nen tal mar gin (Poprawa, 2006a). It
was a site of shal low ma rine siliciclastic, and later car bon ate
sed i men ta tion (Paškevičius, 1997; Modliński et al., 2010; Figs.
9 and 10).

Dur ing the lat est Cam brian and ear li est Or do vi cian, the
ther mal sag stage was in ter rupted by a phase of up lift and ero -
sion along the Lublin-Podlasie Ba sin and the Volyn-Podolia-
 Moldova Ba sin (Figs. 9 and 11A, B), in con sis tent with the model 
of a pas sive mar gin (Poprawa, 2006a; Poprawa et al., 2018a).
This pro cess was in ter preted as be ing a re sult of compressional 
stress, re lated to oblique dock ing of the Małopolska Block to
Baltica (Poprawa, 2006a). Fol low ing that, the up per Cam brian
and low er most Or do vi cian ba sin at the Biłgoraj-Narol Zone and
the Łysogóry Block could be re garded as a small-scale nar row
flex ural foredeep. In this tec tonic con text, the Tremadocian
Goraj Mem ber shale (Modliński and Szymański, 2005), one of
the po ten tial shale gas res er voirs, was de pos ited in the
Biłgoraj- Narol Zone (Figs. 9E and 11B; Poprawa et al., 2016).
Far ther north, in the north west ern part of the Bal tic Ba sin, or -
ganic-rich shale of up per Cam brian–Tremadocian age, re ferred 
to as the Piaśnica For ma tion (Figs. 9A and 11A; Szymański,
2008), was de pos ited in a re stricted ba sin. This for ma tion is
both one of the ma jor con ven tional hy dro car bon source rocks
(Kanev i in., 1994; Więcław et al., 2010; Yang et al., 2017) and a 
po ten tial shale gas/oil res er voir. More over, dur ing the early
Tremadocian the or ganic-rich shale of the Białowieża For ma -
tion was de pos ited in the north east ern part of the Podlasie De -
pres sion (Figs. 9C and 11B; Modliński and Szymański, 2008;
Kosakowski et al., 2016). An im por tant fac tor sup port ing the de -
vel op ment of high or ganic mat ter con tent in shales of the
Piaśnica For ma tion, the Białowieża For ma tion and the Goraj
shale Mem ber, was the late Cam brian and Tremadocian
eustatic sea level rise (Fig. 8). 

Since the Late Or do vi cian, a grad ual change to a collisional
tec tonic set ting is in ferred across the south west ern mar gin of
Baltica, be ing a con se quence of the oblique col li sion of
Avalonia and Baltica (e.g., McKerrow and Cocks, 1986; Cocks,
2000). The col li sion led to de vel op ment of the Late Or do vi cian
to Si lu rian (-Lochkovian?) Cal edo nian flex ural foredeep on the
west ern slope of the EEC (Fig. 7; Poprawa et al., 1999, 2018a;
LazauskienÅ et al., 2002, 2003; Poprawa, 2006b; Tari et al.,
2016; Mazur et al., 2018). Dur ing this time span, the key or -
ganic rich shale for ma tions were de pos ited in the Bal tic Ba sin,
the Lublin-Podlasie Ba sin and the Biłgoraj-Narol Zone (Figs. 8
and 9). Tec tonic pro cesses gov erned both de vel op ment of the
plate west wards flex ure (Fig. 10) and the sed i ment sup ply to the 
ba sin from the col li sion zone, there fore, and con trolled fa cies

dis tri bu tion within the ba sin (Fig. 11C–H) and also the qual ity of
the oil/gas shale res er voir. 

The Cal edo nian flex ural foredeep on the SW slope of the
EEC evolved in a way typ i cal of foredeep bas ins. In the first
stage of flex ure, a starved ba sin de vel oped (Poprawa, 2019),
pro mot ing or ganic-rich shale de po si tion (Fig. 11C, E). With
time, in creas ing de tri tus sup ply brought the ba sin into an over -
filled stage, in this case char ac ter ized by the de vel op ment of or -
ganic-lean shale and marl (Fig. 11G, H). 

In the Bal tic-Podlasie-Lublin Ba sin, there is a clear re la tion
be tween the rate of sed i ment de po si tion and the av er age TOC
con tent (Fig. 12; Poprawa, 2010a). Dur ing the Late Or do vi cian
and early Si lu rian, the rate of de po si tion of fine-grained sed i -
ments in creased grad u ally with time. In the Bal tic Ba sin, the de -
po si tion rate dur ing the Caradoc and Llandovery was gen er ally
<5–10 m/My. In the Wen lock it in creased to 40–50 m/My, ex -
cept for the west ern part of the Bal tic Ba sin which had a very
high de po si tion rate and a lack of or ganic-rich shale. Sig nif i -
cantly higher de po si tion rates are ob served in the Lud low
(200–300 m/My), while in the Pridoli they reach ex treme val ues
lo cally ex ceed ing 1500 m/My (Fig. 12; Poprawa, 2006b). Grad -
ual sig nif i cant de crease of TOC con tent in the fine-grained
clastic sed i ments, co eval with in creas ing de po si tion rate, was
caused pri mar ily by di lu tion of or ganic mat ter within in creas ing
vol umes of de tri tus brought to the ba sin. Due to this, the zones
with high TOC con tent gen er ally co in cide with fa cies dom i nated 
by fine- grained claystone and mudstone, slowly de pos ited in a
deeper, poorly ox y gen ated en vi ron ment (Figs. 10 and 11). To -
wards the west, where in flux of de tri tus from the Cal edo nian col -
li sion zone re sulted in the de vel op ment of mudstone fa cies, and 
rarely siltstone and sand stone fa cies, the TOC con tent sig nif i -
cantly de creases (Fig. 11C–F). 

Oblique char ac ter of the col li sion in duced a prom i nent
diachronism of the foredeep ba sin de vel op ment. This re fers to 
the tim ing of ini ti a tion of plate bend ing, the on set of rapid sub -
si dence, the first der i va tion of de tri tus from the eroded col li sion 
zone, as well as the ini ti a tion of post-collisional up lift and ero -
sion, with their gen er ally ear lier ap pear ance in the north -west
of the Bal tic Ba sin, and a sys tem atic mi gra tion to wards the
south -east, to the Lublin-Podlasie Ba sin and the Volyn-
 Podolia - Moldova Ba sin (Poprawa, 2019). More over, the
diachronism re fers to the starved and the over filled stages of
the foredeep ba sin de vel op ment, and there fore caused prom i -
nent dia chro nism of or ganic-rich shale de po si tion in the study
area (Fig. 13; Poprawa, 2010a; Kiersno wski and Dyrka, 2013). 
In the cen tral and north west ern parts of the Bal tic Ba sin, de po -
si tion of a shale en riched in or ganic mat ter be gun dur ing the
lat est Mid dle Or do vi cian and con tin ued un til the early Ashgill,
while by the Llando very the TOC con tent of the shale de clined
(Figs. 11C–E and 13). No Wen lock shale with el e vated TOC
con tent is ob served in this area (Fig. 11F). To wards the east,
in the vi cin ity of Gdańsk, the on set of or ganic-rich shale de po -
si tion took place dur ing the Caradoc, while the high est TOC
con tent is ob served there in the lower Llandovery (Rhudda -
nian) shale (Fig. 13). Far ther east and south-east, in the east -
ern Bal tic Ba sin and in the west ern Podlasie De pres sion, or -
ganic-rich shale de po si tion be gan in the late Rhuddanian, and
con tin ued to the early Wen lock, while in the Lublin re gion and
the Volyn-Podolia-Moldova Ba sin, de po si tion of sed i ments of
this type was re stricted to the Wen lock, and in the later re gion
also to the ear li est Lud low (Fig. 13). 

In the Cal edo nian foredeep ba sin on the south west ern
slope of the EEC, a char ac ter is tic gen eral fa cies zonation de -
vel oped (Fig. 11C–H; Modliński et al., 2010; Dziadzio et al.,
2017; Porębski and Podhalańska, 2017). The zonation was
per sis tent long-term, though cer tain fa cies zones shifted in time
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Fig. 9. Strati graphic po si tion of the main or ganic-rich shale for ma tions within the strati graphic sec tion 

A – cen tral part of the Bal tic Ba sin, B – east ern Bal tic Ba sin (Po land), C – east ern Bal tic Ba sin (Lith u a nia), D – Podlasie De pres sion, E – 
(1997, 2005, 2008), Drygant et al. (2006), Szymański (2008), Dziadzio et al. (2017), and Porębski and Podhalańska (2017, 2019), mod i fied
Cichon-Pupienis et al. (2020). Eustatic sea level changes af ter Haq and Schutter (2008). Nu mer i cal ages af ter Co hen et al. (2013). Prid. – 
Da – Dapingian. Ab bre vi a tions in C: Min. – Minija Fm., Pa. – Pagegiai Fm., Ru. – RusnÅ Fm, Dub. – Dubysa Fm., Sies. – Siesartis Fm.
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of the lower Pa leo zoic on the west ern slope of the East Eu ro pean Craton

Lublin Ba sin, F – Biłgoraj-Narol Zone. A and B – af ter Poprawa (2010a), mod i fied. Based on Modliński et al. (2006), Modliński and Szymański

and sup ple mented. C – based on data from Jacyna et al. (1997), Paškevičius (1997), LazauskienÅ et al. (2003), Baltrñnas (2004), and 
Pridoli, Ludf. – Ludfordian, Gor. – Gorstian, Hom. – Homerian, She. – Sheinwoodian, Aeron. – Aeronian, Rhud. – Rhuddanian, Hi – Hirnantian,
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Fig. 11A, B – zonation of lithofacies within the Up per Or do vi cian and Si lu rian of the Bal tic Ba sin, 
the Lublin-Podlasie Ba sin, the Biłgoraj-Narol Zone, with po si tion of or ganic-rich shale

Af ter Poprawa (2019), based mainly on Modliński et al. (2010), Spaw and Hlava (2014), sup ple mented with data from the cur rent
study, as well as from LazauskienÅ et al. (2003), Baltrñnas (2004), Bičkauskas et al. (2016), Kosakowski et al. (2016), Sliaupa et al.
(2016), Tari et al. (2016), Podhalańska et al. (2016), Papiernik et al. (2017) and Poprawa et al. (2018c)
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Fig. 11C, D

For ex pla na tions see Fig ure 11A, B 
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Fig. 11E, F 

For ex pla na tions see Fig ure 11A, B
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Fig. 11G, H

For ex pla na tions see Fig ure 11A, B



to wards the north-east or south-west, due to the bal ance be -
tween tec tonic sub si dence, de tri tus sup ply and eustatic sea
level changes (Poprawa, 2019). Through out the Late Or do vi -
cian and Si lu rian, the ba sin was rimmed to the east by a broad
el e vated zone, that was sub ject to ero sion. Far ther west and
south-west, the ma rine ba sin be came sys tem at i cally deeper,

and the fa cies changed from lime stone, partly
organodetrital, oc ca sion ally with do lo mite,
through marls and marly shale, to dark grey or
black shale (Figs. 10 and 11C–H). Av er age TOC 
con tent tends to in crease west wards, ac cord ing
to the re spec tive fa cies changes. Even tu ally, the
zone of or ganic-rich dark grey or black shale de -
po si tion was lim ited to the west by rapid sed i -
men ta tion of de tri tus de rived from the Cal edo -
nian col li sion zone, re sult ing in the de po si tion of
mudstone, siltstone and sand stone fa cies (Figs.
10 and 11C–H). That fa cies change was ac com -
pa nied by a sharp west wards drop in the av er age 
TOC con tent. 

Dur ing the ear li est stage of the foredeep ba -
sin de vel op ment, in the Caradoc (Sandbian and
lower Katian), the zone of shale and mudstone
de po si tion de vel oped along the west ern mar gin
of the Bal tic-Podlasie-Lublin Ba sin (Fig. 11C), re -
plac ing pre vi ous Mid dle Or do vi cian car bon ate
de po si tion (Fig. 10; Modliński and Szymański,
1997; Paškevičius, 1997; Modliński et al., 2010).
This fa cies tran si tion re sulted from a lo cal in -
crease in rel a tive sea depth due to the start of
ba sin flex ure (Poprawa, 2006b), as well as from
eustatic sea level rise (Fig. 9; Haq and Schutter,
2008). In the north west ern part of the area ana -
lysed, be ing more prox i mate to the tec tonic load,
i.e. in the cen tral and north ern parts of the Bal tic
Ba sin, the zone of shale de po si tion in the starved 
ba sin wid ened sig nif i cantly to wards the east dur -
ing the Caradoc (Fig. 11C). This zone was char -
ac ter ized by the most fa vour able con di tions for
the de vel op ment of or ganic-rich sed i ments. This
is also due to the fact that there was hardly any
de tri tus sup ply from the west to the ba sin at that
time. The pres ence of or ganic-rich shale is char -
ac ter is tic of the Sasino For ma tion (Fig. 9A, D;
Poprawa, 2010a; Porębski and Pod halańska,
2017). To wards the east, the shale de po si tion
was re placed by or ganic-lean marl and marly
lime stone sed i men ta tion (Figs. 10 and 11C;
Modliński et al., 2010). How ever, to the north -
-east of the study area, in west ern Lith u a nia and
south west ern Lat via, a car bon ate-dom i nated
Up per Or do vi cian sec tion con tains two or ganic-
 rich shale for ma tions of up per Cara docian (lower 
Katian) age; these are the Fjacka For ma tion and
the Mossen For ma tion (Fig. 9C; Kanev et al.,
1994; Zdana viciute and Lazau skiene, 2007;
Zdanavi čiñtÅ and Lazau skienÅ, 2009; Cichon -
-Pupienis et al., 2020). 

A de crease in eustatic sea level dur ing
Ashgill time, re lated to Gond wana gla ci ation
(Fig. 9; Haq and Schutter, 2008), in duced sig nif i -
cant changes in the fa cies ar chi tec ture of the
Bal tic-Podlasie-Lublin Ba sin (Poprawa et al.,
1999; Podhalańska, 2009; Porębski et al., 2019). 
It caused a prom i nent shift of the car bon ate fa -
cies to wards the west, as well as re stric tion of the 

shale de po si tion zone to the north west ern part of the Bal tic Ba -
sin, the only zone where de po si tion of or ganic-rich sed i ments
was pre served, and to lesser de gree also to the Biłgoraj-Narol
Zone (Figs. 10 and 11D; Modliński and Szymański, 1997;
Modliński et al., 2010). The max i mum sea level de crease, and
max i mum car bon ate fa cies ex pan sion in the ba sin, took place
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Fig. 12. Re la tion be tween the sed i ment depositional rate and the av er age 
to tal or ganic car bon con tent of the Up per Or do vi cian and Si lu rian shales

Af ter Poprawa (2010a) mod i fied
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dur ing the Hirnantian (Podhalańska, 2009; Porębski et al.,
2019). 

Post-gla cial global sea level rise dur ing the early Llandovery 
(Fig. 9; Haq and Schutter, 2008) re con fig ured fa cies zonation in 
the ba sin again, and the zone of shale de po si tion ex panded

eastwards sig nif i cantly (Figs. 10 and 11E; Modliński et al.,
2010). This was most prom i nent in the Bal tic Ba sin, while to -
wards the south-east lat eral scale of ex pan sion decreas (Fig.
11E). Due to this, or ganic-rich shales of that age were de pos -
ited mainly in the Bal tic Ba sin and the west ern Podlasie De pres -
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T a  b l e  1

Char ac ter is tics of clas sic US shale res er voirs ver sus char ac ter is tics of the lower Pa leo zoic shale 
in the Bal tic-Podlasie-Lublin Ba sin and the Biłgoraj-Narol Zone

Gas shale pa ram e ter US shale range Pol ish shale range

TOC con tent >2–10% 1.5–5 (10)%

Gamma ray API >150 100–250

Kerogen ge netic type II or I type II type (mixed II/III)

Hy dro gen in dex (orig i nal HI) >250 300–600

Res er voir net thick ness >15-20 m 10–35 (40) m

Gas-filled po ros ity >2–8% 1.0–6%

Min er al ogy – quartz and car bon ate 
con tents >15–60%, vari able, mostly mod er ate (up to 50%)

Min er al ogy – clay con tents < 40 (30) % vari able, of ten >30%

Res er voir pres sure
pres sure gra di ent 1.0–1.56

(0.45–0.7 psi/ft)
pres sure gra di ent mostly 1.0 (~0.45 psi/ft),

lo cally 1.16–1.34 (0.52–0.6 psi/ft)

Depth 1000–3000 m (5000 m) 1500–5000 m

Gas sat u ra tion con tents 2–10 m3/ton 1.5 (2.0) m3/ton in the con den sate win dow

Ma trix per me abil ity >150 nD ~100–200 nD or less (300 max)

Ther mal ma tu rity

oil – 0.6–1.1% Ro
mostly fa vour able 

(dom i nance of oil and liq uids win dow)liq uids – 1.1–1.4% Ro

dry gas – 1.4–3.0% Ro 

De gree of tec tonic de for ma tion low; pres ence 
of nat u ral frac ture sys tems

mostly low (Bal tic Ba sin), lo cally high
(Lublin re gion and Biłgoraj-Narol Zone)

Up lift and ero sion >1000 m; <2000–3000 m 500–2500 m

Tim ing of gas/oil gen er a tion young young (Me so zoic), or old (Variscan), 
de pend ing on lo ca tion

Con tents of non HC gas com po nents:

H2S; N2, CO2
low low

Fig. 13. Diachronism of or ganic-rich shale de po si tion on the west ern slope
 of the East Eu ro pean Craton

Af ter Poprawa (2010a), mod i fied and sup ple mented; com pare Kiersnowski and Dyrka (2013)



sion, and to a lesser de gree also in the north west ern part of the
Lublin re gion (Klimuszko, 2002). The high est TOC con tent is
ob served within the lower part of the Llandovery sec tion
(Poprawa, 2010a), equiv a lent to the Rhuddanian, rep re sented
by the Jantar For ma tion (Figs. 8 and 9; Porębski and Pod -
halańska, 2017). The Jantar For ma tion was de pos ited in a late
stage of the starved foredeep ba sin de vel op ment. In the east -
ern part of the Bal tic Ba sin, in the low er most part of the Llando -
very sec tion, the bi tu mi nous shale is lo cally re placed by dark
nod u lar lime stone of the Barciany For ma tion (Fig. 9B). This
sed i men ta tion de vel oped on a sea floor el e va tion, which might
be in ter preted in terms of a fore-bulge, lo cated in a dis tal part of
the fore land of Cal edo nian orogen (Fig. 11E). Its axis be ing
oblique to the west ern mar gin of the ba sin might re flect the
oblique na ture of the col li sion. Sim i lar re place ment of car bon ate 
de po si tion by or ganic-rich shale oc curred later in time, i.e. dur -
ing the Aeronian, in west ern Lith u a nia and south west ern Lat via, 
where the Dobele For ma tion de vel oped (Fig. 9C; Kanev et al.,
1994; Zdanaviciute and Lazauskiene, 2007; Zdanavi čiñtÅ and
LazauskienÅ, 2009; Cichon-Pupienis et al., 2020). Far ther
south - east in the Bal tic Ba sin, the lower part of the Llandovery
is rep re sented by a sys tem at i cally broader hi a tus, and in the
south ern part of the Lublin re gion, as well as in the Volyn-
 Podolia- Moldova Ba sin, the Llandovery is miss ing (Radkovets,
2015; Podhalańska, 2017; Poprawa et al., 2018a). 

Since the Wen lock, the sup ply of de tri tus from the Cal edo -
nian col li sion zone to the ba sin in creased sig nif i cantly, par tic u -
larly in the west ern part of the Bal tic Ba sin (Figs. 10A and 11F).
This caused a de crease in the av er age TOC con tent within the
diachronously de pos ited Kociewie For ma tion (Fig. 9). Pro gres -
sive flex ure of the base ment cre ated sig nif i cant ac com mo da -
tion space, the prox i mal zone be ing, how ever, filled with mud -
stone, and oc ca sion ally with sand stone in ter ca la tions, due to
tec tonic up lift and in tense ero sion of the sed i ment source area
(Figs. 10A and 11F). As a re sult of this, the Wen lock de pos its in
that zone have also very thick. To wards the east and south-east 
of the west ern Bal tic Ba sin, the Wen lock strata pass into shaley
and marly fa cies (Figs. 10A and 11F), char ac ter ized by slightly
el e vated TOC con tents. This is par tic u larly true for the east ern
Bal tic Ba sin (Fig. 9B), the west ern Podlasie De pres sion (Fig.
9D), the Lublin re gion (Fig. 9E), and the Biłgoraj-Narol Zone
(Fig. 9F). The Wen lock shale en riched in TOC was de pos ited
also far ther south-east, in the north ern part of the Volyn-
 Podolia-Moldova Ba sin (Gautier et al., 2012; Sachsenhofer and 
Koltun, 2012). El e vated TOC con tents, rang ing be tween 1.4
and 1.7 wt.% (with 2.0 wt.% at max i mum), are typ i cal of the
lower Wen lock (some times also of the top part of Llandovery),
here re ferred to as the in for mal Mingajny shale (Fig. 9). The
name re fers to the Mingajny 1 bore hole, lo cated in the east ern
Bal tic Ba sin (bore hole 36 on Fig. 2), where the geo chem i cal
char ac ter is tics of this part of the Si lu rian sec tion have been
doc u mented in de tail. 

A sim i lar fa cies ar chi tec ture char ac ter izes the Lud low sec -
tion, al though de tri tus sup ply to the ba sin from the west in ten si -
fied at that time, and the Kociewie For ma tion mudstone fa cies
prograded eastwards (Figs. 9 and 11G). A high de po si tion rate
re sulted, with low av er age TOC con tents of these sed i ments
(Fig. 12). Tec toni cally-driven in crease in ac com mo da tion space,
and in creased sup ply of de tri tus, re sulted in a very large thick -
ness of the Lud low de pos its, par tic u larly in the west ern Bal tic Ba -
sin (Fig. 8). A prom i nent thick ness de crease in the Lud low de -
pos its to wards the south-east is ob served, as so ci ated with tran -
si tion into a dis tal fa cies (Fig. 11G; Modliński et al., 2010). 

Dur ing the Pridoli, the main depocentre of the Bal tic-
 Podlasie-Lublin Ba sin shifted to the Lublin re gion (Modliński et

al., 2010; Poprawa, 2019). In the Bal tic Ba sin, marly shale dom -
i nated at that time, while in the Lublin re gion mudstone and
claystone pre vailed (Fig. 11H). As in the case of the Lud low,
also dur ing the Pridoli, a very high sed i ment depositional rate
re duced the av er age TOC con tent of the fine-grained sed i -
ments (Fig. 12). Nei ther the Lud low nor the Pridoli suc ces sions
show any shale oil/gas ex plo ra tion po ten tial. 

CHARACTERISTICS OF THE LOWER PALEOZOIC
OIL AND GAS SHALE

Sev eral years of in tense ex plo ra tion and pro duc tion of
shale gas and shale oil in USA and Can ada, and to a lesser
de gree in the other parts of the world, has re sulted in con sid er -
able prac ti cal ex pe ri ence and al lowed def i ni tion of the char ac -
ter is tics re quired for a shale for ma tion so it be comes an un -
con ven tional res er voir with com mer cial po ten tial (Ta ble 1;
e.g., Gasparik et al., 2013; Kuuskraa et al., 2013; Zou et al.,
2013; Hackley and Cardott, 2016). Among the key shale res er -
voir pa ram e ters is a high con tent of TOC, de ter min ing both the 
amount of hy dro car bons gen er ated and the vol ume of sec ond -
ary or ganic po ros ity, as well as af fect ing the pos si bil ity of de -
vel op ing high res er voir pres sure (e.g., Pollastro et al., 2007;
Passey et al., 2010; Whitelaw et al., 2019). Apart from TOC,
the qual ity of shale source rock might be de ter mined by its
type of kerogen and orig i nal hy dro gen in dex (Jarvie et al.,
2007; Jarvie, 2012a, b; Hackley and Cardott, 2016). Ther mal
ma tu rity de fines the po ten tial of shale to gen er ate hy dro car -
bons, the type of hy dro car bons sat u rat ing the shale res er voir,
and the risk of over matu ration (Hill et al., 2007; Ber nard and
Horsfield, 2014; Agrawal and Sharma, 2018). In creas ing ther -
mal ma tu rity re sults also in a rise of sec ond ary, or ganic po ros -
ity (Passey et al., 2010; Jarvie, 2012a, b; Hackley and Cardott, 
2016). The net thick ness of a shale pro duc tive in ter val de ter -
mines the key con straints for com mer cial shale gas/oil pro duc -
tion, such as the ini tial pro duc tion, es ti mated ul ti mate re cov ery 
and oil and/or gas re sources and re serves (EIA, 2011, 2013;
Charpentier and Cook, 2013; Sandrea and Sandrea, 2014;
Smith and Lee, 2017). As in the case of con ven tional fields,
the com po si tion of hy dro car bons re mains one of the com mer -
cially im por tant fea tures of shale gas or oil ac cu mu la tion. A
high con tent of non-hy dro car bon com po nents, such as ni tro -
gen or car bon di ox ide, might con sid er ably lower the en er getic
and com mer cial value of the gas. The pres ence of hy dro gen
sul phide in gas or oil in con sid er able amounts might also be
dis ad van ta geous for the eco nomic vi a bil ity of a field’s ex ploi ta -
tion, since it might cre ate en vi ron men tal and health risk.

From the oil/gas pro duc tion point of view, the petrophysical
and min er al og i cal char ac ter is tics of a shale res er voir is of key
im por tance (Ta ble 1). The com po si tion of the min er als form ing
a shale res er voir, in par tic u lar the con tent of brit tle min er als
such as quartz, car bon ates and feld spar, and the con tent of
duc tile ones, mainly clay min er als, de ter mines the ef fec tive -
ness of hy drau lic frac tur ing of a res er voir. Of sim i lar im por tance
are geomechanical pa ram e ters, i.e. the Pois son’s ra tio and
Young’s modulus (Sone and Zoback, 2013a, b; Gao et al.,
2019; Zoback and Kohli, 2019). 

Shale res er voirs dif fer from con ven tional res er voirs as  their
petrophysical char ac ter is tics (Passey et al., 2010; Bohacs et al.,
2013; Song et al., 2016): the po ros ity of a shale res er voir is up to
an or der of mag ni tude lower, while per me abil ity is lower by sev -
eral or ders of mag ni tude. None the less, both pa ram e ters are im -
por tant to the un der stand ing of oil/gas re sources and re serves,
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as well as to pre dict flow rates from pro duc tion bore holes and
pro duc tion de cline. More over, po ros ity de fines the gas/oil sat u ra -
tion of a shale res er voir, be ing a fun da men tal char ac ter is tic of
the shale hy dro car bon field, whereas per me abil ity de ter mines
the re cov ery fac tor. The lat ter pa ram e ter in a shale res er voir may 
be as low as 1–10% for oil and 5–30% for gas, there fore, it sig nif -
i cantly af fects tech ni cally re cov er able gas/oil re sources (Tella,
2011; EIA, 2013; McGlade et al., 2013). 

The po ros ity of a shale res er voir has a sig nif i cant im pact on
its gas sat u ra tion. The lat ter is one of the most im por tant pa -
ram e ters de fin ing shale com mer cial po ten tial, since it af fects
the scale of gas flow rate from a bore hole, as well as gas ul ti -
mate re cov ery. The shale for ma tions pro duc ing gas in the US
typ i cally have gas sat u ra tion at lev els of 2–10 m3/ton (Ta ble 1).

Fur ther as pects of shale oil/gas field char ac ter is tics are
burial depth, burial his tory, de gree of tec tonic de for ma tion, and
res er voir pres sure (Ta ble 1). Re cent burial depth re mains an el -
e ment of the shale gas/oil pro duc tive for ma tion char ac ter is tics
which greatly de ter mines the com mer cial, and to a lesser de -
gree also tech no log i cal, abil ity to de velop a pros pect. The high
de pend ence of bore hole drill ing and hy drau lic frac tur ing costs
on burial depth sets, within a given ba sin, a cer tain depth
cut-off, lim it ing ex plo ra tion ac tiv ity (EIA, 2011, 2016; Smith and
Lee, 2017). The ex act max i mum burial depth ac cept able for
shale gas/oil pro jects is hard to de fine prior to pro duc tion, since
higher pro duc tion costs re sult ing from deep res er voir burial
might be com pen sated by a high hy dro car bon flow rate and a
high bore hole ul ti mate re cov ery. This is, how ever, a con straint
avail able for bas ins with on go ing shale oil/gas pro duc tion.
None the less, the USA ex pe ri ences in di cate that re cent burial
depth of shale res er voir in the range of 3500–4500 m is a cost
limit for cur rent-stage tech nol ogy (e.g., EIA, 2011, 2016;
Bohacs et al., 2013; Anthonsen et al., 2016). 

The burial and ther mal his tory al lows us to de fine the tim -
ing of oil and gas gen er a tion (e.g., Tissot and Welte, 1984;
Dem bicki, 2017). More over, it im pacts res er voir pres sure,
since hy dro car bon gen er a tion early in ba sin his tory of ten re -
sults in sub se quent par tial de ple tion of gas or oil. The same ef -
fect is re lated to large-scale ex hu ma tion and de nu da tion. The
prac ti cal ob ser va tion in USA shale bas ins is that with up lift
greater than (2 000?–)3 000 m overpressures are not pre -
served (Cander, 2013). Tec tonic de for ma tion is an other fac tor 
which im pacts the com mer cial po ten tial of a shale ba sin. The
higher the tec tonic de for ma tion, the more dif fi cult it is to nav i -
gate a de vi ated or lat eral sec tion of a bore hole, and the less
ef fec tive is hy drau lic frac tur ing. More over, in tense tec tonic de -
for ma tion raises a risk of hy dro car bon re lease from the shale
res er voir. The lat ter risk is equally re lated to mag matic ac tiv ity
in the ba sin (Pool et al., 2012; De Kock et al., 2017). How ever,
the ex is tence of a dense, pen e tra tive sys tem of nat u ral frac -
tures, e.g. a joint sys tem, con sid er ably in creases the ef fec tive
per me abil ity of the rock ma trix, feed ing gas into hy drau lic frac -
tures and, there fore, to the bore hole (Gale and Holder, 2010;
Gale et al., 2014; Patzek et al., 2014). 

Due to new data from the shale gas/oil ex plo ra tion, and to
lesser de gree also leg acy data, all the above cri te ria could cur -
rently be ap plied to de fine char ac ter is tics of the lower Pa leo zoic 
shale in the Bal tic-Podlasie-Lublin Ba sin (Ta ble 1 and Fig. 14).

CHARACTERISTICS OF ORGANIC MATTER

Hav ing in mind that the TOC con tent cut-off, which dis tin -
guishes the shale with and with out un con ven tional oil/gas po -
ten tial, is usu ally set ei ther at 2 or at 1.5 wt.%, and that a pro lific

shale for ma tion might have an av er age TOC con tent up to 10
wt.% or more, the lower Pa leo zoic shale in the Bal tic- Podlasie -
-Lublin Ba sin could be gen er ally con sid ered as of mostly mod -
er ate to low qual ity, and lo cally of good qual ity. The TOC con -
tent var ies con sid er ably, both lat er ally and in strati graphically.
In gen eral, the high est av er age TOC is ob served in the cen tral
Bal tic Ba sin, where it reaches on av er age roughly 3–5 wt.%
(Fig. 14 comp. Karcz and Janas, 2016). To wards the east and
the south the av er age TOC con tent de creases, and in the east -
ern part of the Bal tic Ba sin, as well as in the Lublin re gion, it
gen er ally falls be low 2 wt.% (Fig. 14), be com ing there one of the 
key ex plo ra tion risk fac tors. 

Very high av er age TOC con tent char ac ter izes the up per
Cam brian to Tremadocian Piaśnica For ma tion, equiv a lent to the
Alum shale (Fig. 9A). It can be as high as 5 to 12 wt.%, and, due
to co eval high RockEval S1+S2, the shale might be of ten qual i -
fied as a good, very good or ex cel lent source rock (Fig. 15A).
Lower source rock qual ity of the Piaśnica For ma tion is re lated to
the south ern lim its of its lat eral ex tent, as well as to the west ern
off shore Bal tic Ba sin, where the shale has high ther mal ma tu rity.
The lower Tremadocian shale in the Podlasie Ba sin (Białowieża
For ma tion) is also clas si fied as a very good to an ex cel lent po ten -
tial source rock (Figs. 9A and 15A). The pres ence of or ganic-rich
shale of up per Cam brian to Tremadocian age is lim ited to the
west ern off shore Bal tic Ba sin, the north ern part of the cen tral on -
shore Bal tic Ba sin in Po land (north ern Łeba El e va tion), and to
the east ern part of the Podlasie De pres sion (Fig. 11A, B). The
Piaśnica and Białowieża for ma tions are char ac ter ized by  the
type II kerogen, fa vour able for the de vel op ment of shale gas and
oil ac cu mu la tions (Figs. 16A and 17A). 

The next or ganic-rich shale for ma tion up-sec tion, the
Sasino For ma tion (Fig. 9), is char ac ter ized by lat er ally highly
vari able source rock qual ity char ac ter is tics. It is de vel oped
across a large area, cov er ing the Bal tic Ba sin, ex cept for its
south west ern and south east ern part, the west ern Podlasie De -
pres sion, and the north west ern Lublin re gion (Fig. 11C). It ex -
tends also into the west ern Kaliningrad re gion and into west ern
Lith u a nia (Fig. 11C), where it is lim ited, how ever, to the up per
Caradoc (lower Katian; Fig. 9C; Zdanavi čiñtÅ and Bojesen -
-Koefoed, 1997; ZdanavičiñtÅ et al., 1998; LazauskienÅ et al.,
2003; Cichon-Pupienis et al., 2020). In the cen tral and west ern
Bal tic Ba sin it is usu ally a good to fair source rock, while in the
east ern Bal tic Ba sin, the cen tral and east ern Podlasie De pres -
sion, and across most of the Lublin re gion, it is a poor source
rock (Fig. 15A). The up per most Or do vi cian Prabuty marl, over -
ly ing the Sasino For ma tion (Fig. 9), has no source rock po ten tial 
(Fig. 15A). In the kerogen type dis crim i na tion di a gram, il lus trat -
ing the Rock-Eval hy dro gen in dex (HI) ver sus ox y gen in dex
(OI), both the Sasino and the Prabuty marl re veals char ac ter is -
tics of the mixed II and III type of kerogen (Fig. 16A). How ever,
in the kerogen type dis crim i na tion di a gram, il lus trat ing the
Rock-Eval hy dro gen in dex (HI) ver sus Tmax tem per a ture, data
for both the for ma tions in di cate a dom i nance of type II kerogen
(Fig. 17A). 

The lower Llandovery, mainly Rhuddanian, Jantar shale
For ma tion and its equiv a lents (Fig. 9; Porębski and Pod -
halańska, 2019) has a higher lat eral ex tent than other or -
ganic-rich shale for ma tions in the Bal tic-Podlasie-Lublin Ba sin
(Fig. 11E). It is very broadly de vel oped across the Bal tic Ba sin,
in clud ing its Pol ish, Rus sian, Lith u a nian and Lat vian parts
(Kanev et al., 1994; Zdanavi čiñtÅ and Swadowska, 2002;
Modliński et al., 2006; Skręt and Fabiańska, 2009; Filar et al.,
2015; Cichon-Pupienis et al., 2020). How ever, in the east ern
part of the Bal tic Ba sin, it is mainly of up per Rhuddanian (Fig.
9B) or Aeronian age (Fig. 9C – Dobele For ma tion). To wards the 
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Fig. 14. Geo log i cal and geo chem i cal shale gas ex plo ra tion risk as sess ment

Spi der di a grams for the Sasino and Jantar shale in the cen tral Bal tic Ba sin (A), the Mingajny shale in the east ern Bal tic Ba sin (B), the Jantar
and Mingajny shale in the west ern Podlasie De pres sion (C), the Mingajny shale in the cen tral part of the Lublin re gion (D), and the Jantar and 
Mingajny shale in the Biłgoraj-Narol Zone (E). Com pare Poprawa (2010), Poprawa and Kiersnowski (2008), Kiersnowski and Dyrka (2013)
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Fig. 15. Source rock qual ity di a gram for the lower Pa leo zoic or ganic mat ter

A – up per Cam brian and Or do vi cian shale, B – Llandovery shale, C – Wen lock, Lud low and Prodoli shale; 
clas si fi ca tion af ter Pe ters and Cassa (2002); each data point rep re sents an av er age value in an in di vid ual bore hole
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Fig. 16. Pre vail ing kerogen type based on the Rock-Eval 
hy dro gen in dex (HI) ver sus ox y gen in dex (OI)

 A – up per Cam brian and Or do vi cian shale, B – Llandovery shale, 
C – Wen lock, Lud low and Prodoli shale; each data point rep re -

sents an av er age value in an in di vid ual bore hole
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Fig. 17. Pre vail ing kerogen type based on the Rock-Eval hy -
dro gen in dex (HI) ver sus Tmax tem per a ture. Each data point

rep re sents an av er age value in an in di vid ual bore hole

A – up per Cam brian and Or do vi cian shale, B – Llandovery shale,
C – Wen lock, Lud low and Prodoli shale



south-east, the zone of the lower Llandovery or ganic-rich shale
de po si tion nar rows, and is re stricted to the west ern lim its of the
EEC (Fig. 11E). In the west ern and cen tral Bal tic Ba sin, the
lower Llandovery shale is de vel oped as a good, fair to poor
source rock, de pend ing on lo ca tion, whereas the up per Llando -
very shale is mostly a poor source rock (Fig. 15B). In the east -
ern Bal tic Ba sin and the Podlasie De pres sion, the lower Llando -
very shale and the up per Llandovery shale have char ac ter is tics
of an ex cel lent to fair source rock, and a fair to poor source rock, 
re spec tively (Fig. 15B). The Rock-Eval HI ver sus OI di a gram in -
di cates for the lower and up per Llandovery shales are of mixed
type II and III kerogen (Fig. 16B), while a HI ver sus Tmax plot
sug gests the dom i nance of type II kerogen (Fig. 17B).

The lower part of the Wen lock sec tion lo cally con tains shale 
with an el e vated TOC con tent, here re ferred to as the Mingajny
shale (Fig. 9). This type of de posit is de vel oped in the east ern
part of the Bal tic Ba sin and within the Lublin-Podlasie Ba sin
(Fig. 11F). In the cen tral and west ern Bal tic Ba sin, the lower
Wen lock shale is a poor source rock, whereas in the east ern
Bal tic Ba sin and the Lublin-Podlasie Ba sin it can be clas si fied
as a fair to poor source rock, de pend ing on lo ca tion (Fig. 15C).
Across the whole study area, the Lud low and Pridoli shales are
poor source rocks (Fig. 15C). Or ganic mat ter of the Wen lock,
Lud low and Pridoli is char ac ter ized by a higher pro por tion of OI
to HI, in re la tion to the pre vi ously dis cussed shale for ma tions
(Fig. 16C). And, a di a gram il lus trat ing HI ver sus Tmax for these
de pos its in di cates mixed type II and III kerogen (Fig. 17C), con -
firm ing their low qual ity as hy dro car bon source rocks. 

All these data in di cate that the lower Pa leo zoic or ganic-rich
shales of the Bal tic-Podlasie-Lublin Ba sin ana lysed con tain or -
ganic mat ter with mainly oil-prone kerogen of type II, typ i cal of
most of the North Amer i can shale pe tro leum prov inces. A gen -
eral dom i nance of type II kerogen is re lated to the depositional
en vi ron ment, as well as to the lack of plant veg e ta tion on Earth
dur ing most of the early Pa leo zoic, re sult ing in the ab sence of
humic or ganic mat ter of con ti nen tal or i gin in sed i men tary bas -
ins of that age. Type I kerogen is, in this case, ex cluded due to
the typ i cal ma rine en vi ron ment. Ap par ent mix ture of type II and
III kerogen within some of the shale for ma tions ana lysed re sults 
from an el e vated Rock-Eval ox y gen in dex, and re flects the
chem i cal com po si tion of the or ganic mat ter, rather than its or i -
gin. The orig i nal hy dro gen in dex of the lower Pa leo zoic shale in
the study area in the net pay in ter vals might have var ied be -
tween 300–600 (Ta ble 1). 

In shale for ma tions, the gamma ray log read ings are usu ally 
closely re lated to the TOC con tent dis tri bu tion, since both an el -
e vated nat u ral ra dio ac tiv ity and an el e vated con cen tra tion of or -
ganic mat ter are com monly re lated to sed i men tary con den sa -
tion (e.g., Leventhal, 1981; Luening and Kolonic, 2003). More -
over, or ganic mat ter might act as a re dox trap, al low ing for ura -
nium ad sorp tion (Spirakis, 1996; Puskarczyk, 2019). The
gamma ray log is, there fore, of ten used as a sub sti tute for TOC
mea sure ments, par tic u larly where there is a lack of core sam -
ples for lab o ra tory anal y sis. In the Bal tic-Podlasie-Lublin Ba sin,
there is a gen er ally close cor re la tion be tween gamma ray in ten -
sity, con tent of ra dio ac tive min er al og i cal com po nents, and TOC 
con tent (Kosakowski et al., 2016; Krakowska et al., 2016;
Jarzyna et al., 2017). A par tic u larly high con tent of ra dio genic
com po nents, mainly ura nium, is char ac ter is tic of the or -
ganic-rich Alum shale in south west ern Scan di na via, which for
that rea son is of ten re ferred to as a “hot shale” (Lewan and
Buchardt, 1989; Schovsbo, 2002; Schovsbo et al., 2018). Very
high gamma ray read ings are typ i cal also of the lower part of the 
Jantar For ma tion (lower Rhuddanian). The Up per Or do vi -

cian-lower Si lu rian shales in the Bal tic-Podlasie-Lublin Ba sin
are char ac ter ized by the gamma ray val ues pre dom i nately of
~100–200 API, which in di cate mod er ate to low qual ity shale
(Ta ble 1). 

NET THICKNESS OF ORGANIC-RICH SHALE

In the lower Pa leo zoic Bal tic-Podlasie-Lublin Ba sin, the net
or ganic-rich shale res er voir thick ness var ies across the ba sin,
al though in gen eral re mains mod er ate to low, and is one of the
main ex plo ra tion risk fac tors. Its lat eral changes are il lus trated
for in di vid ual or ganic-rich shale for ma tions in Fig ure 18, with the 
use of a 2 wt.% TOC con tent cut-off, ex cept for Fig ure 18E,
where an al ter na tive 1.5 wt.% cut-off was ap plied. The up per
Cam brian to lower Tremadocian Piaśnica For ma tion is char ac -
ter ized by a very high net-to-gross ra tio (Więcław et al., 2010).
The thick ness of or ganic-rich shale in this for ma tion is very high
in the west ern off shore Bal tic Ba sin, where it ex ceeds 35 m at
most (Fig. 18A; Więcław et al., 2010). How ever, the off shore
zone has no com mer cial po ten tial due to the high costs of drill -
ing and com ple tion. Across the ma jor part of the on shore Bal tic
Ba sin, the Piaśnica For ma tion is miss ing, or is very thin. None -
the less, in the north west ern part of the on shore Bal tic Ba sin in
Po land, roughly an equiv a lent of the north west ern Łeba El e va -
tion, the net thick ness of the or ganic-rich Piaśnica For ma tion
shale in creases to 24 m at most (Fig. 18A). The net thick ness of 
the for ma tion is lat er ally highly vari able there, and it is greater in
small, lo cal depocentres. Sig nif i cant lat eral changes of its thick -
ness over very lim ited dis tances are par tic u larly well-doc u -
mented in nu mer ous bore holes in the vi cin ity of the Żarnowiec -
-Dębki and Białogóra oil and con den sate fields. Far ther west,
bore hole con trol on the thick ness of the Piaśnica For ma tion is
sparse. Tak ing into ac count the very high TOC con tent of the
Piaśnica For ma tion (Fig. 15A), on the north west ern Łeba El e -
va tion it could be an in di vid ual shale gas/oil ex plo ra tion tar get.
Far ther south-east, in the north east ern Podlasie De pres sion,
the lower Tremadocian Białowieża For ma tion, also very rich in
TOC (Fig. 15A), is char ac ter ized by a very low net thick ness, <2 
m (Fig. 18A; Kosakowski et al., 2016), and there fore has no po -
ten tial as an un con ven tional res er voir. 

The or ganic-rich shale of the Sasino For ma tion is de vel -
oped across a broader area. Its net thick ness var ies greatly lat -
er ally. Gen er ally a high net thick ness char ac ter izes or ganic -rich 
shale of this for ma tion in the west ern off shore Bal tic Ba sin,
where it is mostly >10 m, while it may lo cally reach 25 m (Fig.
18B). How ever, the net thick ness of the Sasino shale in this
zone is poorly con strained, since lit tle core data or wire logs are
avail able in pub lic do main. In the ap proach adopted here, its
off shore net thick ness was de ter mined by re duc tion of its gross
thick ness in pro por tion to the net-to-gross ra tio adopted from
the better con strained on shore part of the ba sin. This re sults in
con sid er able er ror bars in the anal y sis. None the less, as in the
case of the Piaśnica For ma tion, the off shore zone of the Sasino
For ma tion has no com mer cial po ten tial for shale gas/oil ex plo -
ra tion. 

In the on shore Bal tic Ba sin, the high est net thick ness of the
or ganic-rich Sasino For ma tion shale is char ac ter is tic of the
north ern Łeba El e va tion, where its max i mum value reaches 24 m 
(Fig. 18B). In that zone the Sasino For ma tion, is char ac ter ized
also by a high TOC con tent of 3–5 wt.% on av er age per bore -
hole (Fig. 15A), might be an in di vid ual shale gas/oil ex plo ra tion
tar get. Far ther west, south and eastwards within the Pol ish part
of the Bal tic Ba sin, the net thick ness of this for ma tion de creases
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sig nif i cantly. An el e vated thick ness of its lat eral equiv a lents is
doc u mented in west ern Lith u a nian on shore, where for the Up per
Or do vi cian or ganic-rich shale of the Fjacka For ma tion and the
Mossen For ma tion it typ i cally ranges be tween 6–10 m (Fig. 18B;
Zdanavi èiñtÅ and Bojesen-Koefoedet, 1997; Bièkauskas et al.,
2016; Cichon- Pupienis et al., 2020). An other zone with el e vated
net thick ness of the or ganic-rich Sasino For ma tion shale is the
base ment of the P³ock-War saw Trough, where is reaches 16 m

at most (Fig. 18B). Far ther south-east its thick ness de creases,
and in the west ern Podlasie De pres sion the or ganic-rich Sasino
For ma tion shale is only a few metres thick. The lat eral equiv a -
lents of the Sasino For ma tion in the Lublin Ba sin, i.e. the Udal
shale and the W³odawka marl, are or ganic-lean. 

The lower Llandovery (~Rhuddanian) Jantar For ma tion, is
com posed mainly of or ganic-rich shale. Its high net thick ness is
iden ti fied in the cen tral part of the on shore Bal tic Ba sin in the
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Fig. 18. Thick ness of or ganic-rich shale in the Bal tic-Podlasie-Lublin Ba sin

A – up per Cam brian to lower Tremadocian shale (Piaœnica and Bia³owie¿a For ma tions). In Fig ure B and C, the
data for Lith u a nia af ter Zdanaviciute and Lazauskiene (2007), Zdanavi èiñtÅ and LazauskienÅ (2009),
Bièkauskas et al. (2016), Sliaupa et al. (2016), Cichon-Pupienis et al. (2020). Off shore net thick ness de ter mined
by re duc tion of gross thick ness in pro por tion of the net-to- gross ra tio adopted from the better con strained on -
shore part of the ba sin, sup ported with data of Wiêc³aw et al. (2010) and Podhalañska et al. (2016). Data for Alum 
Shale in Scan di na via af ter Andersson et al. (1985), Schovsbo (2002), Schovsbo et al. (2011), Ras mus sen et al.
(2017). TOC con tent cut-off for A to D is 2%, while for E it is 1.5%
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zone lo cated to the west of city of Gdañsk (Fig. 18C). There, the 
or ganic-rich shale net thick ness ex ceeds 16 m at most. Tak ing
into ac count its high TOC con tent av er age per bore hole of 
3–4 wt.% (Fig. 15B), it al lows con sid er ation of the Jantar For -
ma tion at this lo ca tion as an in di vid ual shale gas/oil ex plo ra tion
tar get. Ac cord ing to Podhalañska et al. (2016), the zone of in -
creased thick ness of the Jantar For ma tion shale con tin ues to
the south, to wards the Koœcierzyna IG 1 bore hole, as well as to
the north, to wards the ¯arnowiec IG 1 bore hole, and far ther
north into the off shore ba sin. In the west ern and south ern Bal tic
Ba sin, the net thick ness of the Jantar For ma tion shale is con -
sid er ably lower, and in the wes tern most Bal tic Ba sin the Jantar
For ma tion in such a de vel op ment is miss ing. In the east ern part 
of the Pol ish on shore Bal tic Ba sin, there are small lo cal
depocentres with el e vated net thick ness of the Jantar For ma -
tion or ganic-rich shale, which reaches 10 m at most (Fig. 18C).

At that lo ca tion the Llandovery or ganic-rich shale is de pos ited
on top of the Barciany Lime stone (Fig. 9B), a po ten tial tight oil
res er voir. 

An other zone char ac ter ized by el e vated thick nesses of the
Llandovery or ganic-rich shale is lo cated in the west ern Lith u a -
nia, where it reaches roughly 10 m at most (Fig. 18C; Bièka -
uskas et al., 2016; Cichon-Pupienis et al., 2020). The Llando -
very Dobele For ma tion, to gether with the up per Cara docian
Fjacka and Mossen for ma tions, are re garded as ma jor shale
oil/gas tar gets in Lith u a nia (Zdanavi èiñtÅ and Lazauskie nÅ,
2009; Sliaupa et al., 2016; Cichon-Pupienis et al., 2020). In the
off shore Bal tic Ba sin of Kaliningrad re gion, the net thick ness of
the strata ana lysed is poorly con strained. As in the case of
Sasino For ma tion, it is de ter mined here by re duc tion of its gross 
thick ness in pro por tion to the net-to-gross ra tio adopted from
nearby, better stud ied zones. 
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B – up per Or do vi cian (Sasino For ma tion); for other ex pla na tions see Fig ure 18A



To the south-east of the Bal tic Ba sin, the net thick ness of
the lower Llandovery Jantar For ma tion or ganic-rich shale
slightly in creases, and in the P³ock-War saw Trough it reaches
8 m at most (Fig. 18C). A zone with con sid er able el e vated
thick ness of these strata is lo cated also in the north west ern
part of the Podlasie De pres sion, where it lo cally it ex ceeds
12 m (Fig. 18C). The Jantar For ma tion shale there is very rich
in TOC, the av er age con tent of which might be as high as 7%
or more (Fig. 15B). Tak ing this into con sid er ation, the Jantar
For ma tion in the north west ern part of the Podlasie De pres sion 
might be con sid ered as an in di vid ual shale gas/oil ex plo ra tion
tar get, al though of lim ited po ten tial due to its mod er ate thick -
ness. The ex tent of the or ganic-rich fa cies of the Jantar For -
ma tion con tin ues into the north-west ern part of the Lublin re -

gion. Far ther south-east it is re placed by or ganic-lean fa cies,
and sub se quently by a hi a tus. 

An other po ten tial shale res er voir of the Bal tic-Podlasie -
-Lublin Ba sin is the up per most Llandovery and lower Wen lock
Mingajny shale. The av er age TOC con tent of this shale is, how -
ever, con sid er ably lower than that of the other for ma tions dis -
cussed. The net thick ness of the or ganic-rich Mingajny shale,
con sid ered as shale ex ceed ing 2 wt.% TOC, is usu ally <10 m,
ex cept for the north west ern Podlasie De pres sion and the west -
ern part of the cen tral Lublin re gion, where is reaches 16 and
12 m, re spec tively (Fig. 18D). None the less, a sig nif i cant part of
the gross Mingajny shale sec tion is com posed of strata with
TOC con tents within a range of 1.5–2% (Fig. 15C). There fore,
an al ter na tive cut-off of or ganic-rich shale, equal to 1.5 wt.%
TOC, might better char ac ter ize the shale gas/oil po ten tial of the
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C – lower Llandovery (Jantar For ma tion); for other ex pla na tions see Fig ure 18A



Mingajny shale. Its ap pli ca tion re sults with iden ti fi ca tion of the
zones of par tic u larly high net thick ness in the east ern part of the 
Bal tic Ba sin, the west ern part of the Podlasie De pres sion, and
the cen tral part of the Lublin re gion, where its max i mum thick -
nesses reach 42, 36, and 30 m, re spec tively (Fig. 18E). In those 
zones, there fore, the low TOC con tent is to some ex tent com -
pen sated by the high gross thick ness of the shale res er voir. In
gen eral, both with ap pli ca tion of the TOC con tent cut-off of
2 wt.%, as well as with one of 1.5 wt.%, the net thick ness maps
il lus trate a sig nif i cant eastwards and south-eastwards shift of
or ganic-rich shale de po si tion in re la tion to the Jantar For ma tion
and the Sasino For ma tion. It sup ports the con cept of dia -
chronism of the starved ba sin de vel op ment, as dis cussed in
pre vi ous sec tions (Fig. 13; Poprawa, 2010a).

The zones of the best de vel op ment of the four above-dis -
cussed po ten tial shale res er voir for ma tions partly over lap. Fur -
ther more, the strata sep a rat ing them in a sec tion, which could
be po ten tial frac bar ri ers, are of ten of lim ited thick ness. There -
fore, shale oil/gas po ten tial might be con sid ered for a com bi na -
tion of two or three for ma tions, rather than in di vid u ally. The
Jantar For ma tion and the Sasino For ma tion might be con sid -
ered as one com bined ex plo ra tion tar get. Their net or ganic-rich
shale cu mu la tive thick ness is rel a tively high in the cen tral part of 
the Pol ish on shore Bal tic Ba sin, par tic u larly on the £eba El e va -
tion, where it reaches 35 m (Figs. 14 and 18A, B). In the cen tral
part of the Bal tic Ba sin and in the P³ock-War saw Trough, the
sub ject for shale gas/oil ex plo ra tion might be the Piaœnica and
Sasino for ma tions to gether. Their cu mu la tive thick ness of or -
ganic-rich shale usu ally ex ceeds 20 m there. In the north ern
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D – lower Wen lock (Mingajny shale); for other ex pla na tions see Fig ure 18A



and east ern parts of the £eba El e va tion it is up to 35 m, while in
the cen tral part of the P³ock-War saw Trough it reaches 25 m
(Fig. 18B, C). 

The other zone char ac ter ized by a rel a tively high cu mu la -
tive thick ness of net or ganic-rich shale for ma tions is the west -
ern part of the Podlasie De pres sion and the north west ern part
of the Lublin re gion, where the or ganic-rich shale of the Jantar
For ma tion and Mingajny shale could be con sid ered as a com -
mon shale oil/gas ex plo ra tion tar get. In the north west ern part of
the Podlasie De pres sion, the cu mu la tive thick ness of shale with 
TOC con tent >2 wt.% within the two for ma tions lo cally ex ceeds
25 m (Fig. 18C, D). How ever, if one was to ap ply an al ter na tive

TOC con tent cut-off, of 1.5%, the cu mu la tive thick ness of or -
ganic-rich in ter vals of both the for ma tions is lo cally up to 50 m. 

Apart from the Lublin-Podlasie Ba sin, sim i lar net pay strati -
graphic in ter vals are rec og nized in the Bi³goraj-Narol Zone.
These are the Tremadocian Goraj Mem ber, the lower Llando -
very Jantar For ma tion, and the up per most Llandovery to lower
Wen lock Mingajny shale (Fig. 9F). The net thick ness of the
Goraj Mem ber is equal to 17–41 m (Poprawa et al., 2016), al -
though the num ber of lab o ra tory TOC con tent mea sure ments is 
here lim ited. This re mains a sep a rate ex plo ra tion tar get, since
the Mid dle and Up per Or do vi cian strata di vid ing it from the po -
ten tial pay in ter vals above have high thick ness, ex ceed ing 100
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m. The up per most Llandovery to lower Wen lock Mingajny or -
ganic-rich shale in ter vals, di vided from each other by some 30
m of or ganic-lean shale, could be re garded as a com mon po -
ten tial ex plo ra tion tar get. The net or ganic-rich thick ness of
shale of the Jantar For ma tion and the Mingajny shale in the
Biłgoraj-Narol Zone, is 10–15 m and 30–50 m, re spec tively
(Fig. 14; Poprawa et al., 2016). 

BURIAL DEPTH AND THERMAL MATURITY

In the Bal tic-Podlasie-Lublin Ba sin, the burial depth of the
shale for ma tions ana lysed var ies greatly lat er ally. In gen eral,
the burial depth in creases from the north-east to the south -
-west, from <500 to >8000 m (Fig. 19; Poprawa, 2010a, 2019).
This lat eral change of burial depth re flects both the west ward
flex ure of the Cal edo nian foredeep ba sin, as well as the lat eral
changes in thick ness of the up per Perm ian and Me so zoic suc -
ces sion. In the Lublin re gion, the burial depth of the lower Pa -
leo zoic shale is ad di tion ally in flu enced by the thick ness of the
up per Pa leo zoic suc ces sion. 

A high lat eral gra di ent of burial depth of the lower Pa leo zoic
suc ces sion in a rel a tively nar row zone is char ac ter is tic of the
Lublin re gion (Poprawa, 2019). In the north east ern part of the
re gion the burial depth is <1000 m, while in its south west ern
part it ex ceeds 5000 m (Fig. 19). The south west ern lim its of the
Lublin re gion are, there fore, too deep for shale gas/oil ex plo ra -
tion and pro duc tion. Ex cep tion ally high burial depth, in the
range of roughly 5000–7000 m, char ac ter izes the lower Pa leo -
zoic suc ces sion in the Lublin Trough, al though it has never
been con firmed by deep enough bore holes. Far ther west, in the 
Biłgoraj-Narol Zone, the burial depth of the Up per Or do vi cian to
lower Si lu rian shale is much lower, in most of the area equal to
1000–3000 m (Fig. 19; Poprawa, 2019). A low burial depth in
this zone is a re sult of Variscan thrust ing and up lift (Krzywiec et
al., 2017). On the ad ja cent Małopolska Block the burial depth of 
the ero sional patches of the Up per Or do vi cian and lower Si lu -
rian shale in creases from the north and north-west to wards the
south and south-east, from ~1000–2000 to >5000 m, re spec -
tively (Poprawa, 2019). This is mainly due to lat eral changes in
thick ness of the Mio cene sed i men tary fill of the Carpathian
Foredeep Ba sin, as well as, in the south ern part of the area, to
burial be neath the Outer Carpathians. In the south ern part of
the Małopolska Block, the high burial depth of the un con ven -
tional res er voir is be yond the depth range ac cept able from the
shale gas/oil point of view. 

In the Podlasie De pres sion, a smooth west wards in crease
of the lower Pa leo zoic shale burial depth is ob served (Fig. 19).
In the east ern part of the Podlasie De pres sion, around the Po -
land and Belarus bor der, the burial depth of the Up per Or do vi -
cian and lower Si lu rian shale is very low, and does not ex ceed
1000 m. The cen tral part of Podlasie De pres sion is also char ac -
ter ized by a low burial depth of the shale res er voirs ana lysed, of
roughly 1000–2000 m, while in the west ern mar gins of this unit,
to the west of the Okuniew IG 1 bore hole, the burial depth sig -
nif i cantly in creases to 5000–6000 m (Poprawa, 2019). The lat -
ter depth range is too high for shale gas/oil ex plo ra tion and pro -
duc tion. In the most pro spec tive zone of the Podlasie De pres -
sion, lo cated north-east of War saw, the burial depth of the tar -
get for ma tion is ~3000 m (Fig. 19). A large burial depth of the
shale ana lysed, rang ing be tween 3500 and 5500 m, is char ac -
ter is tic of the base ment of the Płock-War saw Trough, the tec -
tonic unit lo cated west of the Mazury High (Fig. 19). 

The Bal tic Ba sin is a re gional syneclise, well-ex pressed by
the map of re cent burial depth to the top of the Up per Or do vi -
cian (Fig. 19). In the east ern and north ern parts of the Bal tic Ba -

sin it is <500–1000 m (Paškevičius, 1997; Sakalauskas, 2001;
Zdanavi čiñtÅ and LazauskienÅ, 2009; Sopher et al., 2016), and
in creases to wards the west and south-west. Within the on shore
ter ri tory of Po land the burial depth of the strata ana lysed var ies
from roughly 1000–2500 m in its east ern part, to 2500–3500 m
in the cen tral part (Poprawa, 2010a, 2019). A rel a tively low
burial depth char ac ter izes, in par tic u lar, the north ern part of
Łeba El e va tion (Fig. 19). A large burial depth of the Up per Or -
do vi cian and lower Si lu rian shale in the west ern and south-
 west ern parts of the Bal tic Ba sin, rang ing from roughly 4000 m
to >8000 m (Poprawa, 2019), is con strained by bore holes, and
in the wes tern most mar gin of the ba sin also by new deep seis -
mic data (Krzywiec et al., 2014; Mazur et al., 2016; Tari et al.,
2016). With the re cent tech no log i cal and com mer cial con -
straints, such shale res er voir burial depths sig nif i cantly limit
com mer cial po ten tial for shale gas/oil ex plo ra tion there. 

In the Bal tic-Podlasie-Lublin Ba sin, the burial depth of the
lower Pa leo zoic suc ces sion is closely re lated to its ther mal ma -
tu rity (cf. Figs. 19 and 20). The lat ter is con strained by nu mer -
ous stud ies (e.g., Grotek, 1999, 2005, 2006, 2016; Klimuszko,
2002; Zdanavi čiñtÅ and LazauskienÅ, 2009; Poprawa, 2010a;
Więc ław, 2010; Caricchi et al., 2015; Cichon-Pupienis et al.,
2020), the re sults of which, how ever, are not en tirely con sis tent. 
Some de gree of un cer tainty is re lated in par tic u lar to vitrinite
reflectance stud ies due to a gen eral lack of humic or ganic mat -
ter in early Pa leo zoic rocks. For this rea son ther mal ma tu rity
anal y ses were con ducted on other, sub sid iary or ganic com po -
nents, such as alginite, bi tu men, acritarchs or graptolites, and
as a con se quence of this there are broad er ror bars on the mea -
sure ments. 

In the cur rent con tri bu tion the ther mal ma tu rity of the Bal -
tic-Podlasie-Lublin Ba sin is shown in Fig ure 20 with the map of
vitrinite reflectance for the top Caradoc. This is, how ever,
roughly rep re sen ta tive for other here ana lysed shale for ma tions 
ana lysed here, since the top Caradoc struc tural level is sep a -
rated from the deep est and shal low est po ten tial shale res er -
voirs by a few tens of metres of or ganic-lean de pos its only.
Within each re gion of the study area, the ther mal ma tu rity is
gen er ally low in the east ern and north east ern lim its of the bas -
ins, and con sid er ably in creases to wards the south west (Fig.
20), as the burial depth does (Fig. 19). 

Within the Lublin re gion, the ther mal ma tu rity of the lower
Pa leo zoic shale var ies sig nif i cantly from the north-east to the
south-west over a small lat eral dis tance (Fig. 20). In its north ern
and north east ern lim its, the or ganic-rich shale is im ma ture. The
ther mal ma tu rity in creases south wards and west wards, al -
though in the cen tral and north west ern part of the re gion it does
not reach a dry gas win dow, and the tar get shale is ma tured to
the oil or con den sate (wet gas) win dow only (Figs. 20 and 21).
The ma jor hy dro car bon prod uct which could be pro duced from
the Wen lock shale res er voir in this part of the ba sin is, there -
fore, oil and con den sate. In the south ern part of the Lublin re -
gion and in the north ern part of the Volyn-Podolia-Moldova Ba -
sin, a smooth in crease of the lower Pa leo zoic shale ther mal ma -
tu rity to wards the south-west is ob served, and its ma tu rity
changes in this di rec tion form the equiv a lent of the oil win dow,
through the liq uids win dow and dry gas win dow, to overmature
(Figs. 20 and 21). To the west of the Kock Fault Zone, in the
Lublin Trough, the lower Pa leo zoic shale is within the dry gas
win dow, or is overmature. 

In the Biłgoraj-Narol Zone, the Up per Or do vi cian and lower
Si lu rian shale are ma tured to the dry gas win dow, with the mea -
sured val ues of ther mal ma tu rity be ing mostly in the range of 1.3 
to 2.0% Ro (Figs. 20 and 21). Ther mal ma tu rity at the level of
the dry gas win dow char ac ter izes also the lower Pa leo zoic suc -
ces sion in the south ern part of the Łysogóry Block, al though ex -
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act val ues of ther mal ma tu rity are higher than in the pre vi ous
zone, and equal to 1.5–3.0% Ro. On the Ma³opolska Block, the
ther mal ma tu rity of the Up per Or do vi cian and lower Si lu rian
shale is con sid er ably lower. It in creases from the north and
north-west to wards the south and south-east, from 0.9 to 1.5%
Ro, re spec tively. How ever, no tice ably lower max i mum ther mal
ma tu rity val ues for that zone, equal to 0.9% Ro, are re ported by
Kotarba et al. (2011). 

Within the Podlasie De pres sion, the ther mal ma tu rity of the
shale for ma tions ana lysed in creases from the north-east to the
south-west, from zone of im ma ture shale, through the oil and
con den sate win dows, to the dry gas win dow (Figs. 20 and 21).
The Bia³owie¿a shale For ma tion, lo cated in the north east ern
part of the Podlasie De pres sion, which is char ac ter ized by very
high av er age TOC con tent, re mains im ma ture. In the most pro -
spec tive zone of this re gion, lo cated north-east of War saw, the
shale is sat u rated with light oil, con den sate and wet gas (Fig.
21). At the wes tern most lim its of the Podlasie De pres sion, and

far ther north-west within the P³ock-War saw Trough, the ther mal 
ma tu rity of the lower Pa leo zoic shale is higher, be ing equiv a lent 
to ei ther the dry gas win dow, or the shale is overmature (Figs.
20 and 21). 

In the Bal tic Ba sin, there are sim i lar lat eral trends of ther mal
ma tu rity change as in the cases dis cussed above. The Up per
Or do vi cian to lower Si lu rian shale in west ern Lith u a nia is char -
ac ter ized by ther mal ma tu rity typ i cally in the range of 0.6–1.1%
Ro, al though a lo cal anom aly with el e vated ther mal ma tu rity is
iden ti fied in south west ern Lith u a nia (Zdanavi èiñtÅ and Laza -
uskienÅ, 2009; Sliaupa et al., 2016; Cichon-Pupienis et al.,
2020). Sim i lar ther mal ma tu rity is ob served in the Kaliningrad
re gion and the east ern off shore Bal tic Ba sin (Fig. 20), al though
in these re gions it is poorly con strained by data. There fore, in
the east ern part of the Bal tic Ba sin the up per Or do vi cian to
lower Si lu rian or ganic-rich shale is mostly in the black oil win -
dow (Fig. 21), pre sum ably too heavy for pro duc tion from an un -
con ven tional res er voir. The ex cep tion is a re gion in south west -
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Fig. 19. Re cent burial depth to the top of the Caradoc in the Bal tic-Podlasie-Lublin 
Ba sin, the Bi³goraj-Narol Zone, the Ma³opolska Block, and sur round ing ar eas

Af ter Poprawa (2019). Data for Lith u a nia af ter Sakalauskas (2001); BB – Bal tic Ba sin, PWT – P³ock-War saw
Trough, PD – Podlasie De pres sion, LR – Lublin re gion (re ferred to also as the Lublin slope of the EEC), 

LT – Lublin Trough, BNZ – Bi³goraj-Narol Zone, MB – Ma³opolska Block



ern Lith u a nia near the Curonian Bay, where the shale is in a vol -
a tile oil win dow, suit able for shale oil ex plo ra tion. In the Pol ish
part of the east ern Bal tic Ba sin the ther mal ma tu rity de creases
south wards, and in a zone neigh bour ing the Mazury Up lift to the 
north, the up per Or do vi cian to lower Si lu rian shale re mains im -
ma ture (Fig. 21). This might in di cate also, that the re cently ob -
served ther mal ma tu rity in that zone de vel oped af ter up lift and
de nu da tion of the Mazury High.

Far ther to the west and south-west in the Bal tic Ba sin, the
ther mal ma tu rity of the up per Or do vi cian to lower Si lu rian shale
sys tem at i cally in creases to wards the EEC mar gin (Grotek,
1999, 2006; Poprawa, 2010a). In the cen tral part of the Pol ish
on shore Bal tic Ba sin, the un con ven tional shale res er voirs are
char ac ter ized by ther mal ma tu rity in the range of roughly
0.7–0.8 to 1.2–1.3% Ro (Fig. 20), be ing equiv a lent to the vol a -
tile oil to wet gas (con den sate) win dow (Fig. 21). On the north -
ern part of the £eba El e va tion, i.e. the zone of the high est net
pay thick ness of the lower Pa leo zoic un con ven tional shale res -

er voirs (Fig. 18A–C), the ther mal ma tu rity of the shale for ma -
tions var ies be tween 0.95% Ro in its north east ern lim its and
1.2–1.3% Ro in the south ern and south west ern parts (Fig. 20).
There fore, the zone most pro spec tive for shale oil/gas ex plo ra -
tion is mostly within the vol a tile oil to wet gas (con den sate) win -
dow (Fig. 21). Far ther to the south-west, the ther mal ma tu rity of
the shale for ma tions ana lysed sys tem at i cally in creases, and
across most of the west ern and south ern part of the ba sin they
are in the dry gas win dow (Fig. 21). At the south west ern lim its of 
the ba sin, i.e. the zone ad ja cent to the TESZ, the Or do vi cian
and lower Si lu rian shale is overmature. 

Across the whole Bal tic-Podlasie-Lublin Ba sin, there is a
co her ence be tween ther mal ma tu rity of the lower Pa leo zoic
shale and the types of hy dro car bons sat u rat ing the con ven -
tional and un con ven tional lower Pa leo zoic res er voirs (Fig. 21).
This in de pend ently con firms that the cur rent model of ther mal
ma tu rity shown in Fig ure 20 is cor rect. Some lo cal in con sis ten -
cies be tween ther mal ma tu rity and the type of hy dro car bon flu -
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Fig. 20. Ther mal ma tu rity map for the top Caradoc in the Bal tic-Podlasie-Lublin Ba sin,
the Bi³goraj-Narol Zone, the Ma³opolska Block, and sur round ing ar eas

Data for Lith u a nia af ter Zdanavi èiñtÅ and LazauskienÅ (2009) and Sliaupa et al. (2016)
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ids at a given lo ca tion are re lated to lat eral mi gra tion of hy dro -
car bons within a con ven tional res er voir on a lim ited lat eral
scale. At some lo ca tions, this re sults in the hy dro car bon flu ids
be ing lighter than might be ex pected from the ther mal ma tu rity
of the lo cal source rock. This is rep re sented in par tic u lar by oil
shows in im ma ture zones, and to lesser de gree by the pres -
ence of con den sate in the oil win dow. 

In the zone of mat u ra tion be ing equiv a lent to the oil win dow, 
a gen eral dom i nance of oil fields and shows is ob served (Fig.
21). The pres ence of con den sate fields in the Pol ish off shore
Bal tic Ba sin at a con sid er able dis tance from the con den sate
kitchen re sults from lat eral mi gra tion ei ther along per me able
mid dle Cam brian sand stone, or along the con duc tive

Smo³ dzino (£eba) Fault Zone. The pres ence of gas shows in
the vol a tile oil win dow rep re sents as so ci ated gas, typ i cal for
that ther mal ma tu rity range. In the wet gas win dow, shows of
con den sate, or com bined gas and oil shows, are doc u mented
(Fig. 21). Nei ther oil nor con den sate shows are iden ti fied within
the dry gas win dow, be ing in stead char ac ter ized by ex clu sive
shows of gas with a very high meth ane con tent. 

In the Bal tic-Podlasie-Lublin Ba sin, a cer tain burial depth
range of the lower Pa leo zoic shale res er voirs is char ac ter is tic
for each type of hy dro car bon. At burial depths <1000 m, the
shale for ma tions are too im ma ture to gen er ate hy dro car bons
(cf. Figs. 19 and 21). In the zone where the shale res er voirs are
within the black oil win dow, their burial depth usu ally does not
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Fig. 21. Hy dro car bon gen er a tion win dows for the top Caradoc, as well as lat eral dis tri bu tion of hy dro car bon
fields and shows, in the Bal tic-Podlasie-Lublin Ba sin, the Bi³goraj-Narol Zone, 

the Ma³opolska Block, and sur round ing ar eas

Hy dro car bon gen er a tion win dows af ter Jarvie (2016); hy dro car bon gen er a tion win dows based on data from 
Fig ure 20; data for Lith u a nia and Kaliningrad af ter Ulmishek (1990), Jacyna et al. (1997) and Baltrñnas (2004);

DG – dry gas win dow, IM – im ma ture, OM – overmature, WG – wet gas (con den sate), UKR. – Ukraine



ex ceed 2300–2700 m. The po ten tial shale oil ac cu mu la tions,
re lated to the shale res er voir ther mal ma tu rity be ing equiv a lent
to the vol a tile oil win dow and the lower wet gas win dow, are lo -
cated mostly at depths of 2300–3000 m (cf. Figs. 19 and 21).
The zone with the shale res er voirs ana lysed that po ten tially
con tain con den sate ac cu mu la tions is lo cated at the depth
range of 2700–3500 m, while the wet gas zone oc curs at depths 
of 2800–4000 m. Po ten tial dry gas ac cu mu la tions are iden ti fied
at depths of 3500–5000 m, ex cept for the west ern part of the
Łeba El e va tion and the north west ern part of the Podlasie De -
pres sion, where the zone of dry gas-sat u rated shale res er voir
could be as shal low as 2700–3000 m, as well as in the Bigoraj-
 Narol Zone, where it oc curs at depths of 1000–3000 m (cf. Figs. 
19 and 21). At burial depths ex ceed ing 5000 m, the shale res er -
voir is gen er ally overmatured. There fore, in the Bal tic-Podlasie -
-Lublin Ba sin, the shale oil, the con den sate and the gas ac cu -
mu la tions are gen er ally bur ied deeper than in the case of their
equiv a lents in clas sic USA shale bas ins. 

In the case of the dry gas and wet gas win dow, the con tent
of non-hy dro car bon com po nents of gas, such as N2, CO2, or
H2S, might af fect the qual ity of the shale pe tro leum play con sid -
er ably. Based on leg acy data from con ven tional lower Pa leo -
zoic res er voirs, a high ni tro gen con tent (up to 80%) was re -
ported in the Bal tic-Podlasie-Lublin Ba sin, mainly in its east ern
parts, char ac ter ized by low ther mal ma tu rity (Poprawa, 2010a).
There fore, the gen er a tion of the ni tro gen from highly ma ture or -
ganic mat ter or clay min er als, be ing a com mon mech a nism of
its or i gin in a sed i men tary ba sin (e.g., Gras and Clay ton, 1998;
Mingram et al., 2005), in this case might be ex cluded. In stead,
the or i gin of ni tro gen in the Bal tic-Podlasie-Lublin Ba sin has
been re lated to early Car bon if er ous mag matic ac tiv ity (Po -
prawa, 2010a). A con se quence of this is that ni tro gen could mi -
grate into per me able con ven tional res er voirs, where it is iden ti -
fied, but not into im per me able shale res er voirs. This con clu sion
is con sis tent with the re sults of last de cade’s shale gas/oil ex -
plo ra tion in the ba sin. In gen eral, desorption anal y sis and pro -
duc tion tests have re vealed, apart from hy dro car bon gases,
only a few pres ent of N2 and CO2, as well as traces of he lium
and hy dro gen. There fore, both gas and oil in the Bal tic-
 Podlasie- Lublin Ba sin shale res er voirs, might be re garded as of 
very good qual ity.

PETROPHYSICAL, MINERALOGICAL 
AND GEOMECHANICAL CHARACTERISTICS

To tal po ros ity, gas/oil filled po ros ity and ma trix per me abil ity
of the lower Pa leo zoic shale res er voirs in the study area are typ i -
cally mod er ate to low, as re ported from anal y sis of new ex plo ra -
tion bore holes (Ta ble 1 and Fig. 14; e.g., Dyrka, 2016; Sowiżdżał 
et al., 2016; Ma et al., 2017; Schovsbo et al., 2017; Wawrzyniak -
-Guz, 2019). The po ros ity of the shale res er voirs ana lysed is re -
lated to the pres ence of nanopores and micropores. Apart of
intragranular and frac ture po ros ity, a sig nif i cant con tri bu tion of
or ganic po ros ity is ob served (Ma et al., 2017).

In the study area, the to tal po ros ity var ies sig nif i cantly, both
lat er ally and stratigraphically, and its av er age val ues per bore -
hole range be tween 1.5 and 15%. Gas-filled po ros ity also var -
ies in a broad range of 1–6%, al though in the most pro spec tive
part of the ba sin, mainly within the oil and con den sate win dow,
this pa ram e ter is of lower rel e vance. High to tal po ros ity of the
shale for ma tions ana lysed, ex ceed ing 10%, is ob served ex clu -
sively in the east ern part of the ba sin. This is be cause in such
zones a low max i mum burial depth re sulted in lim ited me chan i -
cal com pac tion of the shale, which did not re duce its intra-gran -

u lar po ros ity to the de gree ob served far ther to the south-west in
the more deeply bur ied part of the ba sin. On the north ern part of 
the Łeba El e va tion, be ing the po ten tial light oil and con den sate
pro duc ing zone, the av er age shale res er voir to tal po ros ity is in
the range of 6–10%. In the cen tral part of the Lublin re gion, an
area pro spec tive mostly for con den sate, the av er age to tal po -
ros ity of the shale res er voir is slightly lower, at 4–6%. Few data
are avail able for the north west ern Podlasie De pres sion, pro -
spec tive for light oil and con den sate. In the Bal tic-Podlasie -
-Lublin Ba sin, the shale res er voir ma trix per me abil ity typ i cally
does not ex ceed 150–200 nD (Ta ble 1). The above char ac ter is -
tics de fine the shale for ma tions ana lysed as a mostly mod er ate
to low, lo cally good qual ity un con ven tional res er voir. 

The gas sat u ra tion of the lower Pa leo zoic shale res er voir in
the Bal tic-Podlasie-Lublin Ba sin, re ported by in dus try as typ i -
cally 1.5–2.0 m3/ton, could be re garded as rel a tively low and
might be con sid ered as an ex plo ra tion risk fac tor (Ta ble 1).
None the less, these data rep re sent mostly the shale res er voir in
the wet gas (con den sate) and oil win dow, and are there fore not
rep re sen ta tive. Some data from the south west ern part of the
Bal tic Ba sin, i.e. from the dry gas win dow, in di cate higher gas
sat u ra tion, in the range of 2–3.5 m3/ton in the case of the
Wytowno S-1 bore hole, and 1–11 m3/ton in the case of the
Lębork S-1 bore hole (BNK, 2011). 

In a case of the shale res er voirs ana lysed here, the con tent
of brit tle min er als is mod er ate to low, of ten rang ing be tween 40
and 50%, while the clay min eral con tent is rel a tively high, be ing
roughly 30–50% (Fig. 22). Such a min er al og i cal com po si tion
might be re garded as a chal lenge for shale res er voir hy drau lic
stim u la tion. None the less, some of the USA shale for ma tions
pro duc ing gas and oil have a com pa ra ble min er al og i cal com po -
si tion (Fig. 22). In the Bal tic Ba sin, a high clay con tent is typ i cal
of the up per Si lu rian shale, that has no shale oil/gas po ten tial.
The lower Si lu rian and Up per Or do vi cian shale is gen er ally
char ac ter ized by a higher con tent of brit tle min er als (Fig. 22). In
the Lublin Ba sin, the shale for ma tions have higher clay con -
tents, and in some cases also higher car bon ate con tents than
have their equiv a lents in the Bal tic Ba sin (Fig. 22). The brit tle -
ness of the lower Pa leo zoic shale in the Bal tic-Lublin-Podlasie
Ba sin was also de fined us ing Pois son’s ra tio and Young’s
modulus (Kaczmarek et al., 2015; Jarzyna et al., 2017; Bała,
2017; Słota-Valim et al., 2017). Ex em plary data, shown in Fig -
ure 23, in di cate a broad spec trum of shale geomechanical char -
ac ter is tics, al though a de vel op ment in ter me di ate be tween brit -
tle and duc tile dom i nates. 

TECTONIC DEFORMATION 
AND RESERVOIR PRESSURE REGIME

A dense grid of 2D and 3D seis mic data (Fig. 3), and the
deep bore holes within the Bal tic-Podlasie -Lublin Ba sin (Fig. 2),
al low con straint of the de gree of tec tonic de for ma tion within the
ba sin with high con fi dence. The Bal tic Ba sin is char ac ter ized by
a low de gree of tec tonic de for ma tion and a near-ab sence of tec -
tonic dips or folds of the sed i men tary strata (Poprawa, 2010a).
The pat tern of faults within the ba sin is sparse (Poprawa, 2019), 
and faults are com monly of small off set, typ i cally in the range
from tens of metres to >100 m (Domżalski et al., 2004; Poprawa 
et al., 2006; Krzywiec, 2011, 2012; Cichostępski et al., 2019).
Such a tec tonic set ting, which might be re garded as fa vour able
for shale gas/oil ex plo ra tion and pro duc tion (Fig. 14), is shown
in Fig ure 24A, B with ex am ples of seis mic sec tions from the
cen tral Bal tic Ba sin. A sim i lar tec tonic set ting char ac ter izes the
Podlasie De pres sion (Fig. 14).
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How ever, in the Lublin re gion, the de gree of tec tonic de for -
ma tion is sig nif i cantly higher, and less fa vour able from the
shale gas/oil point of view (Fig. 14; Poprawa, 2010a). This is ex -
pressed by a dense net work of faults, and by sig nif i cant com -
part men tali sation of the ba sin into in di vid ual small tec tonic
blocks (e.g., Żelichowski and Porzycki, 1983; Poprawa, 2019).
How ever, within this struc tur ally com plex area there are in di vid -

ual blocks with tec toni cally sim ple in ter nal struc ture, as shown
on the seis mic sec tion in Fig ure 24C. 

The Biłgoraj-Narol Zone is an ex am ple of the re gion where
a high de gree of tec tonic de for ma tion is a ma jor con cern for
shale gas/oil ex plo ra tion and pro duc tion (Fig. 14). The com -
plex pat tern of folds re lated to Variscan thrust ing, doc u mented 
with the seis mic data of Krzywiec et al. (2017), re sults in a tec -
tonic en vi ron ment very dif fi cult for shale gas/oil drill ing and
res er voir stim u la tion. More over, thrust ing and fold ing, as well
as as so ci ated up lift and de nu da tion, im pose high risks of de -
struc tion of pre vi ously gen er ated hy dro car bons, or at least de -
struc tion of res er voir pres sure.

New ex plo ra tion bore holes, drilled so far in the lower Pa -
leo zoic Bal tic-Podlasie-Lublin Ba sin, gave no in di ca tions of
shale res er voir overpressure. In most of the bore holes, res er -
voir pres sure was re corded as close to, or slightly higher than
hy dro static pres sure (Fig. 14). A lack of con sid er able res er voir 
overpressure might sig nif i cantly limit rates of hy dro car bon flow 
from ex plo ra tion or pro duc tion bore holes, and there fore im -
pacts the com mer cial po ten tial of the Lower Pa leo zoic shale
play in the study area. An ex cep tion is the dry gas win dow in
the south west ern part of the Bal tic Ba sin, where in the
Gapowo B-1 and Lębork S-1 bore holes an el e vated pres sure
gra di ent was ob served, of 1.34 (0.6 psi/ft) and 1.16 (0.52
psi/ft), re spec tively (BNK, 2014). 

A lack of overpressure within a shale res er voir of ten re -
sults from sig nif i cant tec tonic up lift and de nu da tion. How ever,
this is pre sum ably not the case in the Bal tic-Podlasie-Lublin
Ba sin, for which there is no ev i dence sug gest ing that Variscan
up lift and ero sion ex ceeded 3000 m. Al ter na tively, an ap par -
ent lack of overpressure may be re lated to early hy dro car bon
gen er a tion, which could have taken place dur ing Variscan
burial (Botor et al., 2002; Kosakowski et al., 2010), and lo cally
could have been re ac ti vated in late Me so zoic time (Poprawa
and Grotek, 2005). None the less, with few ex plo ra tion bore -
holes lo cated so far in sweet spots, the shale res er voir pres -
sure re gime might be re garded as poorly con strained. 

WELL TEST RESULTS AND CONSTRAINTS 
ON COMMERCIAL OIL/GAS PRODUCTION

The most rep re sen ta tive and valu able mea sure of ex plo ra -
tion po ten tial of a shale res er voir are the re sults of pro duc tion
tests in sta tis ti cally rep re sen ta tive amounts. In the lower Pa -
leo zoic Bal tic-Podlasie-Lublin Ba sin, hy drau lic frac tur ing
and/or mi cro-frac tur ing (DFIT) tests of the shale res er voir were 
ap plied to al to gether 29 ex plo ra tion bore holes (Fig. 6). The
bore holes tested were dis trib uted be tween in di vid ual zones of
the ba sin in the fol low ing way: 20 bore holes in the Bal tic Ba sin, 
one bore hole in the Płock-War saw Trough, two bore holes in
the Podlasie De pres sion, five bore holes in the Lublin re gion,
and one bore hole in the Biłgoraj-Narol Zone. How ever, some
of the well tests were not de signed to give rep re sen ta tive hy -
dro car bon flow rates, and were rather a low-cost prep a ra tion
for even tual proper test ing in a sub se quent lat eral bore hole.
This is true for hy drau lic frac tur ing and pro duc tion tests in ver -
ti cal bore holes (16 bore holes in the area stud ied), and to an
even higher de gree for ver ti cal bore holes with tests lim ited to

DFIT (3 bore holes in the area stud ied). On the other hand, the
most rep re sen ta tive well tests were in multi-frac tured lat eral in -
ter vals, per formed in the area stud ied in 10 bore holes, roughly
half of which, how ever, were junked (Fig. 7). 

Ex am ples of re sults of the well tests are shown in Fig ure 25,
which il lus trates ini tial pro duc tion (IP) rate per bore hole and per
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Fig. 22. Ter nary plots dis play ing ex am ples of bulk rock min er -
al og i cal com po si tion of the lower Pa leo zoic shale res er voirs

in (A) the Bal tic Ba sin, and (B) the Lublin-Podlasie Ba sin

A – af ter Jarzyna et al. (2017), sup ple mented;
 B – af ter Zacharski (2015), sup ple mented

https://gq.pgi.gov.pl/article/view/7566/6201


stage, as well as the amount of stages per formed in a given
bore hole. In most cases the test flow was sup ported by ni tro gen 
lift. For the ma jor ity of these tests the land ing zone was the
Sasino For ma tion, and a few tests were per formed also for the
Piaśnica For ma tion and the Jantar For ma tion. The re sults of
pro duc tion tests in lat eral bore holes which ex pe ri enced me -
chan i cal dif fi cul ties are not rep re sen ta tive (e.g., Warblino
LE-1H, Lubocino 2H, Gapowo B-1). In the case of the Gapowo
B-1 bore hole, only 8 out of to tal of 20 stages were ef fec tively
stim u lated (BNK, 2014). Even so, this bore hole pro duced dry
gas dur ing the test at a rate of 12.6 thou sand m3 per day (Fig.
25A). The best gas IP’s ob tained from the multifractured well
tests were in the range of 11.2 thou sand m3/day (Lublewo
LEP-1ST1H) and 15.6 thou sand m3/day (Łebień LE-2H), with
25 and 13 stages, re spec tively (Fig. 25A; NCPL, 2013; Lehr
and Keeley, 2016; Poprawa et al., 2018b). In the case of the
Lublewo LEP-1ST1H, dur ing the test, in ad di tion to gas, light oil
was also pro duced at an amount of 157 bbl/day (~21.4 ton/day)
(BNK, 2014), which is the equiv a lent of 23.5 thou sand m3 of gas 
per day (Fig. 25A). None the less, the flow rates were in gen eral
low, con sid er ably lower than IP which could be re garded as an
in di ca tor of com mer cially vi a ble pro duc tion (Fig. 25).

How ever, the flow rates per one suc ces sive stage of hy -
drau lic frac tur ing might be re garded as a better mea sure of the
test re sults, since the bore holes ana lysed dif fer in stage num -
ber, and in some bore holes part of the stages ex pe ri enced me -
chan i cal dif fi cul ties, and their re sults are barely rep re sen ta tive.
With this ap proach, the best re corded IP per stage are at the
level of 1.1–1.6 thou sand m3/day, which might be re garded as
roughly half or one-third of IP, in di cat ing com mer cially vi a ble
pro duc tion (Fig. 25B). An un an tic i pated out come of such a
com par i son is that the av er age flow rates from an in di vid ual
suc cess ful stage are sim i lar for ver ti cal and lat eral bore holes,

whilst for tech no log i cal rea sons one should ex pect sig nif i cantly
better IP in the sec ond case. This in di cates an up-scale po ten -
tial of fu ture hy drau lic frac tur ing tests, which, if hav ing a de sign
be ing better ad justed to lo cal res er voir spe cif ics, might pos si bly
give better hy dro car bon flows. Tak ing this into ac count, and
con sid er ing the re sults of the well tests per formed, in the two
cases where the op er a tors con ducted mod el ling of an ex pected 
IP for a prop erly de signed and com pleted well test (marked on
Fig ure 25A in grey) they con cluded that com mer cially vi a ble
pro duc tion in this re gion is a re al is tic goal. 

The tests per formed in the Bal tic-Podlasie-Lublin Ba sin
mostly in 2011–2014 (Fig. 6), are not of the re cent tech no log i cal
state-of-the-art. Dur ing the time pe riod fol low ing the de cline of
ex plo ra tion ac tiv ity in Po land, the pe tro leum in dus try in the USA
ex pe ri enced sig nif i cant tech no log i cal prog ress, clearly ex -
pressed by an in crease of av er age IP in all clas sic shale oil and
shale gas bas ins. Since 2012 to 2018 ini tial shale oil pro duc tion
(av er age of the first month) in creased at least 2 to 3 times (Fig.
26A). The good ex am ple of this is the Utica shale gas play, where 
av er age IP in creased from 35,000 m3/day in 2012, be ing at that
time roughly twice the IP of the wells tested in Po land, to
370,000 m3/day in 2018 (Fig. 26B). Dur ing the same time pe riod,
an av er age IP at the Marcellus shale gas play in creased from
95,000 to  340,000 m3/day, while at the Havnesville shale gas
play it in creased from 170,000 to 385,000 m3/day (Fig. 26B). 

The in crease in ini tial pro duc tion, and as so ci ated in crease
in es ti mated ul ti mate re cov ery, led to con sid er ably higher fi nan -
cial in comes from shale gas/oil pro duc tion. More over, in the
USA dur ing the last five years yet an other key con straint for
com mer cial vi a bil ity of shale oil/gas fields ex ploi ta tion, i.e. its
av er age pro duc tion cost, has changed. Prior to late 2014, i.e.
dur ing a pe riod of oil prices as high as 100 USD/bbl at av er age,
the break-even price for shale oil pro duc tion was at a level of
70–80 USD/bbl (Fig. 26C). This re quired a high ini tial pro duc -
tion and es ti mated ul ti mate re cov ery of an in di vid ual bore hole,
to re tain the eco nom ics of shale oil pro duc tion. Tak ing this into
ac count, the col lapse of oil prices in late 2014 and early 2015,
temporalily to a level as low as 25–30 USD/bbl, was ex pected to 
pre clude eco nomic pro duc tion from shale bas ins. None the less,
since 2015, in the USA a sig nif i cant re duc tion in oil/gas ex ploi ta -
tion costs was ob served, re lated mainly to a re duc tion in drill ing
and com ple tion ex penses. This pro cess was driven by tech no -
log i cal prog ress and cost op ti mi sa tion. Due to this, the break -
-even price for shale oil pro duc tion in USA dropped to
35–40 USD/bbl on av er age, i.e. roughly by half (Fig. 26C). 

A sig nif i cant in crease in av er age bore hole pro duc tiv ity and
a de crease in break-even price has en tirely changed the eco -
nomic en vi ron ment of shale oil/gas in dus try. This is cur rently re -
ferred to as a third phase of the �shale rev o lu tion�, while the first
and the sec ond were the large-scale de vel op ments of shale
gas and shale oil pro jects, since 2007 and 2009, re spec tively.
Much higher in comes, owed to both higher pro duc tion per bore -
hole and the grad ual oil price rise since 2016 to roughly 60
USD/bbl on av er age, be ing at the same time charged with
much lower pro duc tion costs, im proved con sid er ably the eco -
nomic profit at each shale ba sin. Due to this, many pro jects,
pre vi ously re garded as un eco nomic, have re cently been re-
 eval u ated. This has also af fected the lower Pa leo zoic Bal -
tic-Podlasie-Lublin Ba sin, where shale gas/oil ex plo ra tion re -
sulted in geo log i cal suc cess, mean ing that the pres ence of an
ef fec tive un con ven tional pe tro leum sys tem was dem on strated,
al though com mer cial suc cess was not achieved. 

Re-eval u a tion of the com mer cial vi a bil ity of shale gas/oil
pro duc tion in Bal tic-Podlasie-Lublin Ba sin re quires in par tic u lar
an anal y sis of drill ing and com ple tion costs. These costs were
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Fig. 23. Ex am ples of data char ac ter iz ing brit tle ness of lower
Pa leo zoic shale in the Bal tic-Lublin-Podlasie Ba sin; 

pois son’s ra tio ver sus Young’s modulus

Af ter Kaczmarek et al. (2015), Jarzyna et al. (2017), Bała (2017),
Słota-Valim et al. (2017), sup ple mented and mod i fied
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Fig. 24. Ex am ples of seis mic sec tions il lus trat ing tec tonic style and de gree of de for ma tion of the area ana lysed

Cen tral part of the Bal tic Ba sin: A – WO060189 (af ter Krzywiec, 2012), and B – 13-9-03K (af ter Krzywiec, 2011); south ern part 
of the Lublin re gion: C – (af ter Zacharski, 2015); see Fig ure 2 for lo ca tion of the sec tions



con sid er ably higher than on av er age in USA shale bas ins at
that time (Fig. 27). The high cost of ex plo ra tion bore holes drilled 
in Po land was re lated mainly to a lack of a proper scale of drill -
ing ac tiv ity, which is a con di tion for de vel op ment of a com pet i -
tive ser vice en vi ron ment, and con se quent cost op ti mi sa tion.
Drill ing and com ple tion costs vary be tween the bas ins, and also 
vary lat er ally within each ba sin, since they de pend con sid er ably 
on drill ing depth. The em pir i cal re la tion be tween the av er age
depth of a shale gas pro duc tion bore hole and its av er age cost
in the USA for 2011 is shown in Fig ure 27. The range of drill ing
and com ple tion prices in USA might be re garded as a ref er ence 
point for po ten tial re duc tion of shale gas/oil ex plo ra tion and pro -
duc tion costs in Po land. 

In each ex plo ra tion pros pect, drill ing and com ple tion costs
and bore hole pro duc tiv ity are strongly in ter re lated in eco nomic
anal y sis. To re tain com mer cial ex ploi ta tion, high pro duc tion
costs must be com pen sated by a high enough av er age bore -
hole pro duc tiv ity, or its con verse, a low av er age bore hole pro -
duc tiv ity might be ac cept able if the drill ing and com ple tion costs 
are low enough. In the Bal tic-Podlasie-Lublin Ba sin, the drill ing
and com ple tion costs in crease lat er ally from the north-east to
the south-west due to an in crease in burial depth (Fig. 19). The
last de cade’s ex pe ri ence in this ba sin for bore hole cost should
not be re garded as rep re sen ta tive. How ever, it is dif fi cult to con -
strain any pos si ble re duc tion of drill ing and com ple tion ex -
penses for the case of re ac ti va tion of ex plo ra tion, or even more
so for the case of pro duc tion. None the less, it is pos si ble to de -
ter mine, for a given pro duc tion bore hole cost, the min i mum
bore hole pro duc tiv ity al low ing for com mer cial ex ploi ta tion.

For the Bal tic-Podlasie-Lublin Ba sin, the re la tion be tween
the av er age shale gas/oil bore hole cost and the min i mum es ti -
mated ul ti mate re cov ery to ob tain break-even point, is shown in
Fig ure 28 with two al ter na tive sce nar ios of fu ture long-term gas
prices, i.e. 200 and 250 USD/1000m3. These anal y ses are
based on an as sump tion that on av er age 70% of pro duc tion
costs are re lated to drill ing and com ple tion. The re main ing 30%
of pro duc tion costs in clude gov ern ment take, con sist ing of a hy -
dro car bon pro duc tion fee of 6.5 USD/1000 m3, a usufruct
agree ment fee at a flat rate of roughly 1100 USD per bore hole,
and a cor po rate in come tax of 19%. More over, it in cludes also
an av er age bank dis count rate of 15%, as well as gath er ing and
trans por ta tion in fra struc ture costs, and op er at ing ex pen di tures.
The anal y sis in cor po rates also the costs of neg a tive bore holes,
as sumed to be 5% of all bore holes drilled. Sim i lar as sump tions
are made for the re la tion be tween the av er age shale oil bore -
hole cost and the min i mum es ti mated ul ti mate re cov ery to ob -
tain break-even point, ex cept that the hy dro car bon pro duc tion
fee in this case is 14.5 USD per ton of oil, and fu ture long-term
oil prices are de fined in two al ter na tive sce nar ios as 50 and
60 USD/bbl (Fig. 29).

In the case of shale gas ex ploi ta tion in the lower Pa leo zoic
Bal tic-Podlasie-Lublin Ba sin (Fig. 27), pro duc tion bore holes
were drilled with av er age to tal cost within the range of roughly
10 to 20 mil lion USD. With such a bore hole cost, a min i mum es -
ti mated ul ti mate re cov ery to achieve break-even point with a
gas price of 250 USD/1000 m3, is roughly 70 to 140 mil lion m3 of 
gas (Fig. 28). With lower gas prices, of 200 USD/1000 m3, and
the same bore hole costs, a min i mum es ti mated ul ti mate re cov -
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Fig. 25. Re sults of shale has/oil ex plo ra tion well tests per formed in the Bal tic Ba sin for the lower Pa leo zoic 
un con ven tional res er voir

Af ter Poprawa et al. (2018b), mod i fied. Sup ple mented with data from NCPL (2013), BNK (2014), and Lehr and Keeley, (2016). A
– ini tial pro duc tion per bore hole; B – ini tial pro duc tion per stage. The ini tial pro duc tion rate in di cat ing com mer cially vi a ble pro -
duc tion is col oured yel low. Flow rates ex pected to be achieved from prop erly com pleted bore holes which avoided me chan i cal
prob lems, con strained by mod el ling based on ver ti cal or junked bore hole data, are marked in grey. Note that in most cases the
test flow was sup ported with ni tro gen lift. st – stage



ery re quired for com mer cial pro duc tion is higher, equal roughly
to 90 to 170 mil lion m3, re spec tively. How ever, for the rea sons
dis cussed above, these bore hole costs should not be re garded
as rep re sen ta tive. An al ter na tive ref er ence point might be the

USA shale gas bore hole cost, drilled to a depth sim i lar to those
in the Bal tic-Podlasie-Lublin Ba sin, which as for 2011 was
roughly 4 to 8 mil lion USD (Fig. 28). With such drill ing costs, a
min i mum es ti mated ul ti mate re cov ery to achieve break-even
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Fig. 26. Re cent in crease in pro duc tiv ity of an av er age bore hole at shale oil and gas fields
 in USA, as well as de crease of av er age shale oil/gas pro duc tion costs

Ini tial pro duc tion rates (av er age of the first month) of (A) av er age shale oil bore hole, (B) av er age
shale gas bore hole. Data af ter Enverus/Drillinginfo (www.enverus.com); bbl – bar rels, Mcm – thou -
sand cu bic metres. Mcf – thou sand cu bic feet. C – US shale av er age breakeven oil price. Data af ter
En ergy in Depth (www.energyindepth.org)



point is roughly 30 to 40 mil lion m3, with a gas price of
250 USD/1000 m3. As sum ing al ter na tive gas prices of
200 USD/1000 m3 and the same bore hole costs, a min i mum
es ti mated ul ti mate re cov ery re quired for com mer cial pro duc tion 
is 50–70 mil lion m3. These two al ter na tive sce nar ios of the
bore hole costs might be re garded as end mem bers. In the case 
of gas pro duc tion from the lower Pa leo zoic shale in the Bal -
tic-Podlasie-Lublin Ba sin, a rep re sen ta tive av er age bore hole
cost would fall into this range, be ing pre sum ably closer to the
USA ref er ence bore hole cost. Tak ing into ac count these con -
straints, it might be as sumed that an es ti mated ul ti mate re cov -
ery of a shale gas bore hole in the Bal tic-Podlasie-Lublin Ba sin
ex ceed ing a range of 60–90 mil lion m3 of gas, would most prob -
a bly al low for com mer cial pro duc tion. 

The cost of an av er age shale oil bore hole in the Bal -
tic-Podlasie-Lublin Ba sin may be re garded as slightly lower
than in the case of shale gas, since shale oil ac cu mu la tions oc -
cur at lower burial depths (Figs. 19 and 21). His tor i cally, such
ex plo ra tion bore hole costs in this ba sin were in a broad range of 
8 to 18 mil lion USD per bore hole. With this con straint, and as -
sum ing a fu ture oil price of 60 USD per bar rel, the min i mum es -
ti mated ul ti mate re cov ery to achieve break-even point might be
es ti mated at 30 to 70 thou sand tons of oil per bore hole (Fig. 29). 
With an al ter na tive as sump tion of a fu ture oil price of

50 USD/bbl, the min i mum es ti mated ul ti mate re cov ery al low ing
com mer cial pro duc tion might be es ti mated at 40 to 90 thou sand 
tons of oil. Sim i larly as in the case of shale gas, the shale oil
bore holes in USA bas ins are drilled con sid er ably more cheaply
than in Po land, in most of the bas ins for 4 to 10 mil lion USD
(Fig. 29). Adopt ing this range of bore hole costs, and an oil price
of 60 USD/bbl, the min i mum es ti mated ul ti mate re cov ery to
achieve break-even point ranges be tween 20 to 40 thou sand
tons of oil per bore hole (Fig. 29). A de creased in oil price to
50 USD re sults in an in crease of min i mum es ti mated ul ti mate
re cov ery re quired for com mer cial pro duc tion to 20–50 thou sand 
tons of oil. Even if the lat ter range of bore hole costs might be
un re al is tic to achieve in the Bal tic-Podlasie-Lublin Ba sin due to
a dif fer ent eco nomic and reg u la tory re gime and lack of com pet i -
tive ser vice sec tor, a fu ture sig nif i cant re duc tion of costs in re la -
tion to those spent on an in di vid ual bore hole dur ing the ex plo ra -
tion phase in 2010–2016 may be an tic i pated. With these con -
straints, an es ti mated ul ti mate re cov ery of shale oil bore hole in
the Bal tic-Podlasie-Lublin Ba sin ex ceed ing the range of 30–50
thou sand tons of oil could pre sum ably be re garded as of com -
mer cial level.

More over, the ini tial pro duc tion rates achieved dur ing shale
gas/oil ex plo ra tion in the Bal tic-Podlasie-Lublin Ba sin should
not be cur rently re garded as rep re sen ta tive, due to the tech no -
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Fig. 27. Av er age true ver ti cal depth of lat eral pro duc tion bore hole ver sus av er age bore hole cost,
for the USA shale gas and shale oil bas ins (based on data from EIA, 2011), com pared to the depth
and cost range of lat eral multi-frac tured ex plo ra tion bore holes drilled in the Bal tic-Podlasie-Lublin 
Ba sin (Po land)

Note that data are rep re sen ta tive for 2011



log i cal prog ress in stim u la tion of un con ven tional res er voirs, as
ex pe ri enced by the pe tro leum in dus try dur ing the last few
years. Apart from this global fac tor, there are also lo cal cir cum -
stances that may im prove pro duc tion test re sults. Among these
are lon ger hor i zon tal bore hole sec tions, which cur rently have
2000–2800 m as a stan dard. 

How ever, the key po ten tial for sig nif i cant im prove ment of
the well test re sults re lates also to a dif fer ent de sign of frac tur -
ing. So far, hy drau lic frac tur ing has been de signed to stim u late
one in di vid ual shale for ma tion, which in the cen tral part of the
Bal tic Ba sin was mainly the Sasino For ma tion, less com monly
the Jantar For ma tion or the Piaśnica For ma tion (Figs. 6 and
30). At tempts to frac the Sasino For ma tion and Jantar net pay
zones si mul ta neously have so far been un suc cess ful, be cause
the marl of the Prabuty For ma tion di vid ing the two acts as a frac 
bar rier. How ever, the thick ness of this frac bar rier is very small,
in the cen tral part of the Bal tic Ba sin equal to 5–10 m (Fig. 30),
while in the Płock-War saw Trough it is in the range of 7 to 17 m.
Con sid er ing a typ i cal ver ti cal ex tent of hy drau lic frac tures in
shale gas/oil pro duc ing bas ins of roughly 50–70 m or more,
break ing that frac bar rier should not be re garded as a ma jor
tech no log i cal chal lenge. 

More over, in the west ern and north ern parts of the Łeba El -
e va tion, it might be pos si ble to frac ture the Sasino For ma tion
and the Piaśnica For ma tion si mul ta neously (see Fig. 9A for
their strati graphic po si tions), since the thick ness of the
Słuchowo shale For ma tion and Kopalino lime stone For ma tion,
di vid ing the two net pay zones, is in the range of 15–25 m (Fig.
30). In the north west ern part of the Podlasie De pres sion and in
the Biłgoraj-Narol Zone, com mon frac tur ing of the Jantar For -
ma tion and the Mingany shale might also be con sid ered. How -
ever, in this case the two tar get in ter vals are di vided by the or -
ganic-lean shale of the mid dle and/or up per Llandovery, typ i -
cally of thick ness in the range 15–30 m, which might be a chal -
lenge for their com mon stim u la tion.

Frac tur ing of the two net pay in ter vals si mul ta neously would
al low an in crease in the vol ume of the stim u lated res er voir (Fig.
30). Such an ap proach, if ap plied suc cess fully, has a po ten tial
to in crease the ef fec tive ness of well tests sig nif i cantly, and in
most pro spec tive zones might pre sum ably al low one to roughly
dou ble pre vi ous gas/oil test flow rates. 
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Fig. 28. Av er age bore hole cost ver sus av er age es ti mated ul ti mate re cov ery (EUR) for the US shale
gas bas ins (based on data from EIA, 2011), in re la tion to min i mum EUR re quired for com mer cial
shale gas pro duc tion in the Bal tic-Podlasie-Lublin Ba sin (Po land)

Note that data are rep re sen ta tive for 2011; FNC – Floyd-Neal and Conasauga, 
DBSS – De vo nian Big Sandy Shale, BPLB – Bal tic-Podlasie-Lublin Ba sin



CONCLUSIONS

The Bal tic-Podlasie-Lublin Ba sin is an un com mon, at a
global scale, ex am ple of a lower Pa leo zoic ba sin with shale
gas/oil po ten tial. There are four in di vid ual shale for ma tions in
the ba sin that are re garded as a tar get for shale gas/oil ex plo ra -
tion: the Piaśnica For ma tion (up per Cam brian and/or lower
Tremadocian), the Sasino For ma tion (Caradoc, in some lo ca -
tions also up per most Darrivillian or low er most Ashgill), the
Jantar For ma tion (lower Llandovery, mainly Rhuddonian), and
the lower Wen lock shale (in some lo ca tions with up per most
Llandovery), here re ferred to as the Mingajny shale. 

De po si tion of the or ganic-rich shale in the ba sin was con -
trolled mainly by tec tonic pro cesses and eustatic seal level
changes, as well as by or ganic pro duc tiv ity. Oblique col li sion of
Avalonia and Baltica re sulted in diachronous de vel op ment of
the starved stage of the Cal edo nian foredeep on the west ern
slope of the EEC (from north-west to south-east), fa vour able for 
sed i men ta tion of con densed fine-grained sed i ments with el e -
vated TOC con tent. Since Wen lock time, a tec toni cally driven
in crease of de tri tus sup ply from the Cal edo nian col li sion zone
lim ited the lat eral ex tent of or ganic-rich shale de po si tion from
the west. The flex ure-in duced east-west asym me try of the
foredeep ba sin caused, in its east ern, shal lower part, a re place -
ment of shale de po si tion by car bon ate-rich and or ganic-lean
sed i men ta tion. De po si tion of each of the four shale for ma tions
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Fig. 29. Av er age bore hole cost ver sus av er age es ti mated ul ti mate re cov ery (EUR) for the US shale 
oil bas ins (based on data from Smith and Lee, 2017), in re la tion to min i mum EUR re quired for
com mer cial shale oil pro duc tion in the Bal tic-Podlasie-Lublin Ba sin (Po land)

Note that data are rep re sen ta tive for 2017. Anadarko Ba sin/MidContinent; play: 1 – Springer, 2 –
Marmaton, 3 – Tonkawa, 4 – Cana Wood ford, 5 – SCOOP Oil, 6 – SCOOP Con den sate, 7 – STACK, 8 –
Meramec, 9 – Mis sis sip pian, 10 – Gran ite Wash, 11 – Cleve land. Bakken Shale; play: 12 – Bakken Core,
13 – Bakken Non Core; Den ver/Julesburg Ba sin; play: 14 – N Wattenberg, 15 – N Wattenberg Core, 16 –
S Wattenberg; Ea gle Ford Ba sin; play: 17 – Ea gle Ford Oil, 18 – Ea gle Ford Con den sate, 19 – Ea gle
Ford Combo; Perm ian Ba sin; play: 20 – Mid land Spraberry, 21 – N Del a ware Bone Spring, 22 – S Del a -
ware Wolfcamp, 23 – Mid land Wolfcamp, 24 – Culberson LL Wolfcamp, 25 – S Mid land Ba sin Wolfcamp;
Uinta Ba sin; play: 26 – Greater Mon u ment Butte, 27 – Wasatch SXL, 28 – Uteland Butte SXL; Ap pa la -
chian Ba sin; play: 29 – SW PA Wet Gas, 30 – SW PA Super Rich, 31 – Utica Wet Gas, 32 – Utica Con -
den sate. San Juan Ba sin; play: 33 – Gal lup; Tuscaloosa Ba sin; play: 34 – Ma rine Shale



ana lysed co in cided with ris ing or high global sea level. In ter rup -
tion of the Late Or do vi cian to Si lu rian de po si tion of or ganic-rich
sed i ments dur ing the Ashgill was caused by global seal level fall 
re lated to the Hirnantian gla ci ation. 

The shale for ma tions ana lysed are mostly con den sate and
oil-sat u rated, as in di cated by their ther mal ma tu rity be ing com -
monly in the range of 0.6 to 1.3% Ro. The dry gas zone
(>1.4–1.5% Ro) is lim ited to the west ern and south west ern Bal -
tic Ba sin, the south west ern Lublin re gion, and the Bi³goraj-Narol 
Zone. The first two of these zones, how ever, are char ac ter ized
by rel a tively high re cent burial depths, usu ally ex ceed ing
3500–5000 m. For this rea son, eco nom i cally vi a ble shale gas
pro duc tion in the ba sin ana lysed is con sid er ably more dif fi cult
than pro duc tion of shale oil and shale con den sate in shal lower
parts of the ba sin. Shale res er voirs sat u rated with light oil and
con den sate oc cur at cur rent burial depths of 2300–3000 m and
2700–3500 m, re spec tively, while the wet gas zone oc curs at

depths of 2800–4000 m. In the ba sin ana lysed, un con ven tional
shale res er voirs bur ied to depths of <2000 m, typ i cal of many
USA shale bas ins, are lo cated ei ther within the early oil win dow, 
or are im ma ture, and there fore have no shale oil/gas po ten tial. 

The lower Pa leo zoic un con ven tional shale res er voirs in the
Bal tic-Podlasie-Lublin Ba sin are sat u rated with hy dro car bons of 
good qual ity. Nei ther gas nor oil con tains any com po nents un fa -
vour able from the eco nomic or safety point of view. The oil is
light and con tains no sul phur. Gas is com posed mostly of hy -
dro car bons, ex cept of a few per cent of N2 and CO2. 

The shale for ma tions ana lysed are char ac ter ized by a dom i -
nance of type II, oil-prone kerogen, and mostly mod er ate to low, 
al though lo cally high, or ganic mat ter con tent. The lat ter, within
the shale net pay zones, equals on av er age per bore hole
2–5 wt.% TOC. The ex cep tions are the Piaœnica For ma tion and
the Mingajny shale. In the first case the av er age TOC is very
high, 5–12 wt.% at av er age, while the lat ter is TOC-lean, with its 
con tent be ing in a range of 1.4–1.7 wt.%. Thick ness of the shale 
net pay in the most fa vour able lo ca tions reaches at most 35 m,
mainly on the £eba El e va tion, and to lesser de gree in the
P³ock-War saw Trough and in the north west ern Podlasie De -
pres sion. How ever, in the re main ing part of the study area it
does not ex ceed 15 m. A higher net thick ness, of ten in the
range of 30–40 m, char ac ter izes the Mingajny shale, al though
only if  a lower TOC con tent cut-off, of 1.5 wt.%, is ap plied. 

Apart from the cen tral part of the Bal tic Ba sin, the P³ock-
 War saw Trough and the north west ern Podlasie De pres sion, the 
rel a tively low TOC con tent as re gards a shale res er voir, as well
as the low net pay thick ness, are among the most im por tant ex -
plo ra tion risk fac tors. The other risk fac tors are the low to mod -
er ate shale res er voir per me abil ity (of ten in the range of
150–200 mD), and ap par ent lack of res er voir overpressures
across the ma jor part of the study area. Res er voir overpressure
(a pres sure gra di ent of 1.34, equiv a lent of 0.6 psi/ft) was re -
ported only for the dry gas zone in the south west ern part of the
Bal tic Ba sin. In the Bi³goraj-Narol Zone, and to a lesser de gree
also in the Lublin re gion, a high de gree of tec tonic de for ma tion
sig nif i cantly lim its shale gas/oil po ten tial. More over, low res er -
voir gas sat u ra tion is com monly re ported, al though this con cern 
is of lim ited sig nif i cance, since it of ten re fers to the oil and con -
den sate win dow. 

To tal po ros ity of the shale net pay in ter val is usu ally in the
range of 6–10%, which might be con sid ered as mod er ate to
good. How ever, the clay min eral con tent is rel a tively high, at
roughly 30–50%. For that rea son, the brit tle ness fac tor for the
lower Pa leo zoic shale in the Bal tic-Podlasie-Lublin Ba sin is
com monly mod er ate. The geomechanical char ac ter is tics of the
shale res er voirs stud ied, be ing in ter me di ate be tween brit tle and 
duc tile, is con sis tent with mod er ate val ues of the Pois son’s ra tio 
and Young’s modulus. 

In the cen tral and west ern parts of the Pol ish off shore Bal tic
Ba sin, the Piaœnica and Sasino for ma tions have geo log i cal
char ac ter is tics highly fa vour able for the de vel op ment of shale
oil/gas fields. None the less, due to off shore eco nomic con -
straints, com mer cially vi a ble pro duc tion of oil or gas from a
shale res er voir is not pos si ble there at the cur rent stage of tech -
nol ogy. 

Dur ing the last de cade, shale gas/oil ex plo ra tion in the Bal -
tic-Podlasie-Lublin Ba sin has re sulted in 66 new bore holes, 29
of which were sub ject to hy drau lic frac tur ing or mi cro-frac tur ing
tests. How ever, only 10 lat eral bore holes were sub ject to multi-
 frac tur ing tests so far, among which only 5 avoided sig nif i cant
me chan i cal dif fi cul ties which would af fect their rep re sen ta tive -
ness. There fore, the ba sin might be re garded as highly under -
explored from a shale gas/oil point of view. The best hy dro car -
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Fig. 30. Po si tion of the net pays, be ing key pro duc tion tar gets,
and the frac bar ri ers within a sec tion of the lower Pa leo zoic in
the cen tral part of the Bal tic Ba sin (£eba El e va tion, re gion NW
of Gdañsk)

Im prove ment of gas/oil pro duc tion rate re quires com mon frac tur ing
of two net pays at the same time, e.g. the Jantar and the Sasino for -
ma tions on the north east ern £eba El e va tion, or the Sasino and the
Piaœnica for ma tions on the north west ern £eba El e va tion



bon test flows ob tained so far were in the range of 11.2 to 15.6
thou sand m3/day, and might be re garded as con sid er ably lower 
than IP, in di cat ing com mer cially vi a ble pro duc tion. How ever, in
some cases an oil flow was ob tained in ad di tion to gas, the
high est re corded rate of which was 157 bbl/day (21.4 ton/day),
equiv a lent to 23.5 thou sand m3 of gas per day. More over, the
best flow rates per each suc ces sive stage were at the level of
1.1–1.6 thou sand m3/day, which might be con sid ered as
roughly half or one-third of IP value, which would in di cate com -
mer cially vi a ble pro duc tion. 

The up-scale po ten tial for fur ther ex plo ra tion in the Bal -
tic-Podlasie-Lublin Ba sin is re lated to ad just ment of frac tur ing
de sign to lo cal con di tions, to ap pli ca tion of lon ger lat eral bore -
hole in ter vals, as well as to larger ver ti cal ex pan sion of frac -
tures, so they would cover two tar get for ma tions. Com mon frac -
tur ing of two net pay in ter vals at one time would al low a con sid -
er able in crease in the vol ume of stim u lated res er voir, and is ex -
pected to roughly dou ble pre vi ous test flow rates. On the north -
ern and east ern Łeba El e va tion and in the Płock-War saw
Trough, the Sasino and the Jantar for ma tions might be frac -
tured to gether, while on the north ern and west ern Łeba El e va -
tion these might be the Piaśnica and Sasino for ma tions. Sig nif i -
cant im prove ment in flow rates from the lower Pa leo zoic shale
res er voir in the Bal tic-Podlasie-Lublin Ba sin is pos si ble also
due to gen eral tech no log i cal prog ress. Dur ing the last five

years, this has led to in crease in ini tial pro duc tion from an in di -
vid ual bore hole in the USA shale bas ins by roughly 300% on
av er age, with co eval av er age bore hole cost de cline by ap prox i -
mately half. 

Shale gas/oil ex plo ra tion in the lower Pa leo zoic Bal tic-
 Podlasie-Lublin Ba sin has dem on strated the pres ence of un -
con ven tional hy dro car bon ac cu mu la tions, though com mer cially 
vi a ble pro duc tion was not ob tained. The anal y sis pre sented
here in di cates that this might be achieved for shale oil bore -
holes with av er age es ti mated ul ti mate re cov ery ex ceed ing
30–50 thou sand tons of oil, and in the case of shale gas with av -
er age bore hole es ti mated ul ti mate re cov ery ex ceed ing 60-90
mil lion m3. The high est ex plo ra tion po ten tial is re lated to the
north ern part of the Łeba El e va tion. Sec ond ary ex plo ra tion tar -
get zones might be the re main ing parts of the cen tral Bal tic Ba -
sin, south west ern Lith u a nia, the cen tral part of the Płock-War -
saw Trough, and the north west ern Podlasie De pres sion. 
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