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 As so ci ate Ed i tor: Stanis³aw Wo³kowicz

The pa per pres ents the lat est state of knowl edge on the ver ti cal and lat eral ranges and char ac ter is tics of pro spec tive zones
(PZ) within the Lower Pa leo zoic un con ven tional hy dro car bon sys tems in the Bal tic-Podlasie-Lublin Ba sin (Po land). The PZ
were iden ti fied within the pro spec tive for ma tions based on rig or ously de ter mined cri te ria with the ap pli ca tion of strati graphic,
sedimentological, min er al og i cal, petrographic, geo chem i cal, petrophysical, and geomechanical stud ies, and in ter pre ta tions
of bore hole logs. Ar chi val geo log i cal data and in for ma tion ac quired from bore holes drilled re cently in con ces sion ar eas have
also been ap plied in the in ter pre ta tions. Fol low ing these cri te ria, four pro spec tive zones have been dis tin guished. The de -
pos its en com pass partly or al most com pletely the Piaœnica, Sasino, and Jantar for ma tions and the lower part of the Pelplin
For ma tion. The char ac ter is tic fea ture of the Lower Pa leo zoic de pos its at the East Eu ro pean Craton (EEC) mar gin in Po land
is the diachronous ap pear ance of the Sasino and Jantar black shale for ma tions from west to east. The Bal tic area is most
pro spec tive for the oc cur rence of un con ven tional hy dro car bon res er voirs in shale for ma tions, spe cif i cally the £eba El e va -
tion, where all 4 pro spec tive zones have been dis tin guished. The oc cur rence of liq uid and gas eous hy dro car bons is ex -
pected in all zones. Due to the very high TOC con tent and geo chem i cal char ac ter is tics, the Piaœnica For ma tion within  PZ1 is
the main pe tro leum source rock in the Pol ish part of the Bal tic Ba sin. PZ2 (partly cor re spond ing to the Sasino For ma tion)
pres ent in a large part of the Bal tic Ba sin, is the next im por tant pro spec tive unit, de spite not be ing uni form. PZ3 within the
Jantar For ma tion was dis tin guished only on a lim ited area of the �eba El e va tion. Due to the low con tent of or ganic mat ter, the 
Lublin area is char ac ter ized by the low est hy dro car bon po ten tial. How ever, low val ues of that pa ram e ter are com pen sated by 
a greater thick ness and lat eral range of PZ4, partly cor re spond ing to the Pelplin For ma tion. Com par i son with other ar eas
within the Lower Pa leo zoic Bal tic Ba sin re veals the oc cur rence of shale de pos its that may con sti tute a po ten tial source of hy -
dro car bons, and that dem on strate diachronism. To wards the east and south-east, ever youn ger de pos its pos sess the po ten -
tial for hy dro car bon ac cu mu la tions. In Po land, in the west ern part of EEC, these are: the Furongian and the Lower
Tremadocian Piaœnica For ma tion, the Sandbian and Katian Sasino For ma tion and the Lower/Mid dle Llandovery
(Rhuddanian and Aeronian) Jantar For ma tion. In the cen tral part of the Bal tic Ba sin (Lith u a nia), these are the Up per Or do vi -
cian and Aeronian shale successions. In the south east ern part of the ba sin (Ukraine), the Lud low strata are con sid ered to be
the most prom is ing in terms of the po ten tial un con ven tional hy dro car bons ac cu mu la tions.
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INTRODUCTION

Ar eas with the high est po ten tial for hy dro car bon ex plo ra -
tion and pro duc tion among un con ven tional res er voirs in Po -
land are closely con nected with the oc cur rence of Cam brian,
Or do vi cian, and Si lu rian fine clastic de pos its, ex tend ing from

the north-west to the south-east of Po land in the East Eu ro -
pean Craton eastwards of the Teisseyre-Tornquist Zone. The
Lower Pa leo zoic rocks which oc cur in the Bal tic and Podlasie
De pres sions and the Lublin area rep re sent part of a much
more ex ten sive sed i men tary cover that was de pos ited in a
pericratonic ba sin de vel oped on the Pre cam brian base ment of 
the Baltica palaeocontinent (Fig. 1). The shelf stretched from
pres ent-day south ern Swe den, the is lands of Öland and
Gotland, the Bal tic States, the Kaliningrad re gion, north ern
and east ern Po land, Belarus, as far as west ern Ukraine. In the
Early Pa leo zoic it was lo cated in mid dle and low south ern lat i -
tudes (i.a. Cocks, 2000; Golonka et al., 2019) and in tem per -
ate and warm cli ma tic zones with a cold ep i sode in the lat est
Or do vi cian. The Bal tic Ba sin (Bal tic-Podlasie-Lublin Ba sin in
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the area of Po land) was a vast epicratonic sea sur rounded by
low-gra di ent shores with slow car bon ate and fine clastic sed i -
men ta tion, many bioclasts, and a belt-like fa cies dis tri bu tion
rep re sent ing deep-neritic set tings in the west and shal low ma -
rine en vi ron ments in the east, re spec tively. 

Po ten tial source rocks and hy dro car bon oc cur rences in the
Bal tic re gion have been the sub ject of geo log i cal and geo chem -
i cal re search from the early 1990s. The pres ence of or ganic -
-rich shales has prompted oil com pa nies to ex plore their hy dro -
car bon po ten tial. From 2009, sev eral re ports about per spec -
tives for un con ven tional hy dro car bon re sources in Po land have 
been pub lished (e.g., Rystad En ergy, 2010; EIA, 2011; PIG-
 -PIB, 2012). How ever there are some is sues with those re ports
and es ti ma tions. 

First, there are res er va tions about the es ti ma tions in these
re ports be cause they based mainly on ar chi val bore holes that
were drilled from 1960s to 1990s. The qual ity of data from these 
bore holes (geo phys i cal logs, lab o ra tory anal y sis, con di tion of

ar chi val cores) is of ten in suf fi cient, so we have col lected data
from both these ar chi val bore holes and all avail able new ones
drilled from 2010 to 2015. 

An other im por tant prob lem atic is sue was that in most of
these anal y ses the to tal vol ume of pro spec tive black shale de -
pos its were taken into con sid er ation. Af ter 5 years of in ten sive
pros pect ing for “shale gas” in Po land, we had the unique op por -
tu nity to con duct de tailed anal y sis of a wide spec trum of data
ob tained mostly from new bore holes. Dur ing our re search it be -
came ob vi ous that these “pro spec tive” units are not high qual ity
source and res er voir rocks through out their whole vol ume. That
prompted us to ap ply ob jec tive cri te ria to in di cate the most pro -
spec tive zones and in ter vals of black shales within those suc -
ces sions, and in this study we have used the great est amount of 
new data from new bore holes to date. 

These in ves ti ga tions fo cused on the stra tig ra phy, li thol ogy,
sedimentology, min er al ogy, pe trog ra phy, geo chem is try, petro -
physics and in ter pre ta tions of bore hole log data, as well as geo -

Fig. 1. Lo ca tion map of the ar eas in ves ti gated in Po land against the ma jor 
re gional tec tonic units of the Bal tic re gion (Late Or do vi cian-Early Si lu rian

palaeogeography af ter Cocks, 2000)



chem i cal and pet ro log i cal anal y ses of or ganic mat ter. The stud -
ies were based on the re sults of lab o ra tory anal y ses, re view of
all avail able data from the doc u men ta tion of bore holes drilled
by the Pol ish Geo log i cal In sti tute – NRI and by oil com pa nies,
con veyed to the Na tional Geo log i cal Ar chives, as well as all
data ob tained and in ter preted dur ing the ear lier stud ies (Pod -
halañ ska et al., 2016a, b, c; 2018). Com ple ment ing this geo log -
i cal in for ma tion with data ob tained from newly drilled bore holes
in Po land has al lowed to con straint and re fine ment of the lat eral 

and ver ti cal ranges of ear lier de picted pro spec tive zones (Pod -
halañ ska et al., 2016b), of the ar eas of their oc cur rence, and of
pa ram e ters used to char ac ter ize them. Anal y sis of the geo -
chem i cal pa ram e ters char ac ter iz ing or ganic mat ter dis persed
in four pro spec tive for ma tions (the Piaœnica, Sasino, Jantar and 
Pelplin for ma tions) con sti tuted the ba sis of the maps com piled,
and this is at pres ent the most up-to-date re gional anal y sis of
Lower Pa leo zoic source rocks in Po land, due to the larg est rel e -
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Fig. 2. Lo ca tion of bore holes used in the re search



vant da ta base be ing held at the dis posal of the Pol ish Geo log i -
cal Sur vey.

The dis tri bu tion of bore holes from which the geo log i cal in -
for ma tion has been taken is il lus trated by the map in Fig ure 2. 

This pa per pro vides up dated ranges and de tailed char ac -
ter is tics of pro spec tive zones with the most fa vour able pa ram e -
ters for hy dro car bon ac cu mu la tion, dis tin guished ac cord ing to
ob jec tive cri te ria, within Lower Pa leo zoic shale for ma tions lo -
cated in the west ern part of the EEC in the Bal tic and Podlasie
de pres sions and in the Lublin area to gether with the Bi³goraj-
 Narol Zone in Po land. The in te grated data is shown as thick -
ness maps of pro spec tive zones and cor re la tion of bore hole
logs along se lected line, with pro spec tive zones marked. 

GEOLOGICAL BACKGROUND

The re search fo cused on Lower Pa leo zoic shales from
north ern and east ern Po land oc cur ring in the Bal tic De pres sion
– a Variscan tec tonic unit lo cated in the EEC – as well as in the
Podlasie De pres sion and the Lublin area (Fig. 1).

The Pro tero zoic crys tal line base ment in the study area gen -
er ally lies be tween sev eral hun dred and 5,000 m depth with a
dip to the west and south-west. Three struc tural stages are dis -
tin guished within the craton cover: Lower Pa leo zoic cover,
Perm ian-Me so zoic cover and Ce no zoic cover, all of which
show al most no de for ma tion (Fig. 3).

The rocks ana lysed were formed within a broad pericratonic 
sed i men tary Bal tic Ba sin (Bal tic-Podlasie-Lublin Ba sin in Po -
land)  lo cated along the south west ern mar gin (in pres ent-day
co or di nates) of the Baltica palaeocontinent at low south ern lat i -
tudes. It evolved on a deeply eroded crys tal line Pro tero zoic
base ment and is filled with de pos its dated from the Ediacaran to 
the Si lu rian, lo cally De vo nian, in age.

The or i gin of the ba sin is re lated to the Neoproterozoic
break-up of the supercontinent Rodinia/Pannotia (Poprawa et
al., 1999; Poprawa, 2019; Jaworowski, 2002; Poprawa and
Paczeœna, 2002). The first depositional se quence in the Pol ish
part of the Bal tic Ba sin (Jaworowski, 2002) con tains ter res trial
and shal low ma rine strata re lated with the syn-rift sub si dence of 
the ba sin (Poprawa and Paczeœna, 2002; Poprawa, 2006). Af -
ter this stage, the ac com mo da tion space in the ba sin was con -
trolled by low, ther mal, post-rift sub si dence in a pas sive mar gin
re gime (Poprawa and Paczeœna, 2002); such con di tions lasted
un til the Mid dle Or do vi cian. In the Late Or do vi cian, col li sion be -
tween Baltica and Avalonia caused that the Bal tic Ba sin be -
came the dis tal part of the Cal edo nian foredeep ba sin where
sub si dence was con trolled by flex ural bend ing of the south -
west ern (in pres ent-day co or di nates) mar gin of Baltica. The rate 
of sub si dence reached its max i mum in the Late Si lu rian (Lud low 
and Pridoli, see Poprawa et al., 1999; Jaworowski, 2000, 2002;
Poprawa and Paczeœna, 2002; Poprawa, 2006, 2019).

De po si tion in the Bal tic Ba sin was con trolled by geo -
tectonic evo lu tion of the south-west ern mar gin of Baltica. The
peri cratonic po si tion of the ba sin in duced a dis tinct lithofacies
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Fig. 3. Sche matic geo log i cal cross-sec tion of the west ern part of the Bal tic Ba sin 
(af ter Modliñski, 2007, 2011; up dated) and a lo ca tion map of bore holes

Cm – Cam brian, O – Or do vi cian, Sw-Sla – Silurian: Wen lock-Llandovery, Sld – Silurian: Lud low, Sp – Silurian: Pridoli, P – Perm ian,
T – Tri as sic, J – Ju ras sic, Cr – Cre ta ceous, Cn – Ce no zoic 

https://gq.pgi.gov.pl/article/view/8078/pdf_200
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zonation (e.g., Modliñski, 1973, 2010; Jaanusson, 1976;
Modli ñski and Podhalañska, 2010). In gen eral, the east ern
part of the ba sin was dom i nated by car bon ate sed i men ta tion,
which was re placed to wards the west by pre vail ing siliciclastic
de po si tion. The sec ond fac tor that con trolled fa cies de vel op -
ment were eustatic sea level changes. From the Cam brian to
the Mid dle Or do vi cian, the in flu ence of siliciclastic sed i men ta -
tion to wards the east and car bon ate sed i men ta tion to wards
the west were con trolled by their po si tion in the trans gressive -
-re gres sive cy cles.

From the Late Or do vi cian, sed i men ta tion was pre dom i -
nantly con trolled by flex ural bend ing of the craton dur ing the
Avalonia-Baltica col li sion, which caused an in crease in sub si -
dence and sed i men ta tion rates, and the spread of siliciclastic
de po si tion to wards the east (Poprawa et al., 1999; Jaworowski,
2000; Porêbski et al., 2013; Mazur et al., 2018). How ever, the
in flu ence of global sea level changes at that time is still vis i ble in 
fa cies de vel op ment. In the up per part of the Up per Or do vi cian,
the Hirnantian, marly and car bon ate de po si tion can be dis tin -
guished over most of the ba sin (Prabuty For ma tion and its
equiv a lents). This was caused by global sea level fall and re -
flected the Hirnantian Gla ci ation on the Gond wana palaeo -
continent (Podhalañska, 2009). In the Si lu rian, the mi grat ing
Cal edo nian col li sion front de ter mined shale de po si tion in the
ba sin, and shale and siltstone in the up per part of the suc ces -
sion (e.g., Jaworowski, 2002; Modliñski and Podhalañska,
2010; Porêbski et al., 2013; Mazur et al., 2018). 

PROSPECTIVE ORGANIC-RICH SHALES IN THE BALTIC
AND PODLASIE DEPRESSIONS AND LUBLIN AREA

Four main units of dark or ganic-rich shales are rec og niz -
able within the Lower Pa leo zoic of the Bal tic Ba sin in Po land
(Fig. 4). They be long to four shale for ma tions and three out of
four depositional se quences (Jaworowski, 2002; Modliñski and
Podhalañska, 2010).

Piaœnica Mudstone For ma tion. This for ma tion oc curs in
north ern Po land on the £eba El e va tion and con tin ues off shore
un der the Bal tic Sea. De pos its of this unit are pres ent in the
west ern part of the Bal tic Ba sin, for ex am ple in Swe den and on
Born holm, where they are known as the Alum Shales. Pres -
ently, the Piaœnica For ma tion in Po land (Furongian and Lower
Tremadocian) has a nar row lat eral ex tent and small thick ness
due to pre-Arenigian ero sion. The larg est thick nesses, ex ceed -
ing 30 m, oc cur off shore to the north of ¯arno wiec (Fig. 5). The
lithostratigraphic equiv a lents of this for ma tion in Born holm,
Scania and Öland are Lower Tremadocian bi tu mi nous mud -
stones, re ferred to the Dictyonema Shale and de scribed also by 
Szymañski (1984) from a small area in the north ern part of the
Podlasie De pres sion. This rock in ter val is the ba sic pe tro leum
source rock in the Bal tic Ba sin (Kosako wski et al., 2017). The
max i mum thick nesses of the in ter val were noted near the bore -
holes B21-1/95 and B16-1/85. The thick ness di min ishes to -
wards the west and east. On shore, the thick ness is much
smaller and reaches from 10 to 15 m near £eba and ̄ arnowiec, 
to di min ish to wards the south and east. 

Sasino Mudstone For ma tion. This for ma tion ear lier dis -
tin guished as the Sasino Claystone For ma tion (Modliñski and
Szymañski, 1997; Modliñski and Szymañski, 2008), the Udal
For ma tion in the Lublin area, the Cieszanów For ma tion in the
Bi³goraj-Narol Zone (Modliñski, 1984; Modliñski and Szymañ -
ski, 2005) and at pres ent uni fied in the Sasino For ma tion
(Porêbski and Podhalañska, 2019) is the next lithostratigraphic
unit, com posed of shales of Darriwilian and Early Katian age
(Up per Llanvirn and Caradoc). This is the only Or do vi cian black 

shale unit widely dis trib uted in all ba sin-like struc tural units on
the EEC in Po land. The rocks in clude black mudstones, of ten
with py rite, dark grey, bi tu mi nous, lo cally cal car e ous, si lici fied,
in the mid dle part com monly paler, grey-green and bioturbated.
Tuffite and ben ton ite interbeds and laminae oc cur within the
mudstones. The Sasino For ma tion con tains fre quent grapto -
lites, with sub or di nate ben thic fauna. The graptolite as sem -
blages iden ti fied in the unit in di cates that in the west ern part of
the ba sin (e.g., Koœcierzyna IG 1 bore hole), in its max i mum
range the Sasino For ma tion en com passes the Up per
Darriwilian, Sandbian and Lower Katian (Llanvirn to up per most
Caradoc), i.e. from the Didymograptus murchisoni to the Clima -
co graptus styloideus (= Pleurograptus linearis) graptolite bio -
zones. The thick ness of the for ma tion reaches ~35 m in on -
shore suc ces sions and ~70 m in off shore suc ces sions of the
Bal tic De pres sion (Fig. 6). The Sasino For ma tion is one of the
most pro spec tive units for un con ven tional hy dro car bon ac cu -
mu la tions in shales in the study area (Podhalañska et al.,
2016b). The fa cies de vel op ment of this unit is vari able. Its lower
and up per parts are darker in col our, en riched in or ganic mat ter; 
while its mid dle part is dis tinctly lighter col oured, bioturbated,
with a lower con tent of dis persed or ganic mat ter. 

The Sasino For ma tion oc curs in the west ern part of the
Podlasie De pres sion and in the Lublin area. Its age cor re -
sponds here to the lat est Sandbian and Early Katian (Late
Caradoc). 

Jantar Mudstone For ma tion. The old est Si lu rian shale
unit, can be dis tin guished along the west ern mar gin of the EEC
and in the Bi³goraj-Narol Zone. It is sep a rated from the un der ly -
ing Sasino For ma tion by Up per Or do vi cian car bon ate-marl de -
pos its, the Prabuty For ma tion in the west ern part of the Bal tic
De pres sion and its equiv a lents in the east ern part of the Bal tic,
Podlasie and Lublin re gions (Fig. 4). 

The Jantar Mudstone For ma tion (Porêbski and Podhalañ -
ska, 2019), ear lier dis tin guished as the Jantar Bi tu mi nous Black 
Claystone Mem ber (Modliñski et al., 2006), is de vel oped as
black bi tu mi nous mudstones with a graptolite fauna. The for ma -
tion rep re sents transgressive de pos its pass ing into highstand
strata in a transgressive-re gres sive (T-R) cy cle. Its thick ness is
vari able, the larg est be ing in the Bal tic part of the EEC mar gin,
where it ex ceeds 25 m (Fig. 7). In the Podlasie De pres sion and
Lublin ar eas, the thick ness of the Jantar For ma tion is from 0 to
sev eral metres. Graptolites de ter mine the age of this unit mostly 
as Rhuddanian–Aeronian. In some bore holes, e.g. Lêbork IG 1, 
and £eba 8 on the £eba El e va tion, sed i men ta tion of dark
mudstones with graptolites be gan ear lier, in the Hirnantian
Glyptograptus persculptus Biozone, whereas in other sites the
O/S bound ary is ero sive with ev i dence of con den sa tion
(Podhalañska, 2009). A typ i cal suc ces sion with an ero sive Or -
do vi cian/Si lu rian bound ary is in the Koœcierzyna IG 1 bore hole,
where the bound ary is pyritized. Lower Llandovery strata de vel -
oped as black shales oc cur also in the west ern part of the
Podlasie De pres sion and west ern part of the Lublin Ba sin and
in the Bi³goraj-Narol Zone. 

No ta bly, thin lay ers of mudstones en riched in or ganic mat -
ter oc cur also in the east ern part of the ba sin as a thin unit which 
be gins the Si lu rian sed i men ta tion in this area or within youn ger
shal low-ma rine de pos its of the Up per Llandovery (Telychian).
Ac cord ing to geo chem i cal anal y sis of or ganic mat ter (Rock-
 Eval anal y sis), they at tain el e vated TOC val ues. 

Pelplin Mud stone For ma tion. De pos its of the sub se -
quent, or ganic-en riched Pelplin Mud stone For ma tion ex tend
across al most the en tire area of the Pol ish Bal tic, Podlasie and
Lublin ar eas. The for ma tion reaches ~400 m in thick ness
(¯arnowiec IG 1 and Prabuty IG 1 bore holes).

https://gq.pgi.gov.pl/article/view/8078/pdf_200
https://gq.pgi.gov.pl/article/view/8078/pdf_200
https://gq.pgi.gov.pl/article/view/8233/pdf_325
https://gq.pgi.gov.pl/article/view/8233/pdf_325
https://gq.pgi.gov.pl/article/view/7561/6196
https://gq.pgi.gov.pl/article/view/7561/6196
https://gq.pgi.gov.pl/article/view/7561/6196
https://gq.pgi.gov.pl/article/view/7561/6196
https://gq.pgi.gov.pl/article/view/7561/6196
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The strati graphic range of the for ma tion and its thick ness
change from west to east: in the Koœcierzyna IG 1 bore hole it rep -
re sents the Lower Wen lock (up per bound ary be low the Gotho -
graptus nassa Biozone), in the Gdañsk IG 1 bore hole it en com -
passes the en tire Wen lock and Gorstian (Lower Lud low), and in

the ¯arnowiec IG 1 bore hole it ranges from the low er most Wen -
lock to the Ludfordian Bohemograptus prae cornu tus Biozone.

The lower part of the Pelplin For ma tion is con sid ered pro -
spec tive, de vel oped mainly as grey and dark grey mud sto -
nes/claystones, with a graptolite fauna, and usu ally cor re spon -
d ing to the base of Sheinwoodian Cyrtograptus lundgreni
Biozone. The up per part of the Pelplin For ma tion is rep re -
sented by grey and green ish mudstones with lime stone nod -
ules and in ter ca la tions in clud ing a smaller con tent of non-ox i -
dized or ganic mat ter; its pro spec tive po ten tial is much lower. 

METHODOLOGY

Var i ous study meth ods, i.e. strati graphic, sedimentological,
geo phys i cal, geo chem i cal, petrophysical and geomechanical,
con ducted on data from the bore holes shown in Fig ure 2 were
used to de ter mine the ranges of pro spec tive zones and their
char ac ter is tics. More than 4000 lab o ra tory anal y ses on rock
sam ples from sev eral dozen ar chi val bore holes have been ap -
plied. They in clude: min eral/pe trog ra phy anal y ses (op ti cal mi cro -
scope and SEM ob ser va tions, XRD anal y ses, fluid in clu sion ob -
ser va tions), or ganic geo chem is try (TOC anal y ses, or ganic mat -
ter ther mal ma tu rity anal y ses, kerogen anal y ses) and petro -
physical anal y ses (po ros ity, per me abil ity). The petrophysical
anal y ses as well as the quan ti ta tive de ter mi na tions of or ganic
mat ter, po ros ity and min eral com po si tion cal cu lated from geo -
phys i cal logs, from 21 ar chi val bore holes, have been made by
the Oil and Gas In sti tute – Na tional Re search In sti tute in Kraków. 
The de tailed re sults of the lab o ra tory anal y ses and their in ter pre -
ta tion as well as strati graphic, sedimentological and geo phys i cal
in ter pre ta tions are pre sented in sev eral pa pers and re ports
(Dyrka, 2016; Feldman-Olszewska and Roszkowska-Remin,
2016; G¹sior et al., 2016; Grotek, 2016; Karcz and Janas, 2016;
Nowak, 2016; Podhalañska et al., 2016a, b, c, 2018; Ro man,
2016; Sikorska-Jaworowska et al., 2016). 

STRATIGRAPHY

The re sults of bore hole log ging, based on which rock suc -
ces sions cor re spond ing to par tic u lar lithostratigraphic for ma -
tions were dis tin guished, were ana lysed. Lithostratigraphic
units were de fined based on gamma-ray log (GR), neu tron po -
ros ity (NPHI), bulk den sity (RHOB), and in some cases acous tic 
P-wave ve loc ity log (Vp) and re sis tiv ity log (Rt) in for ma tion.

Fig. 4. Lithostratigraphic sub di vi sion of the Up per Cam brian, Or do vi cian and Si lu rian suc ces sion of the East Eu ro pean Craton
(from Porêbski and Podhalañska, 2019, com pleted)

Or do vi cian-Si lu rian chronostratigraphy, graptolite zonation and cor re la tion of the Or do vi cian and Si lu rian stan dard stages to the Bal tic re -
gional stages af ter Coo per et al. (2012) and Melchin et al. (2012); the stan dard graptolite zonation is mod i fied to in clude the lo cal zones of
Urbanek and Teller (1997) and Porêbska et al. (2004); Hirnant. – Hirnantian; Lst – lime stone; Mdst – mudstone; Mrst – marlstone, Mbr. –
mem ber

Fig. 5. Thick ness map of the Piaœnica For ma tion

Bia³ogóra 1 – Bi-1, Borcz 1 – B-1, Dar¿lubie IG 1 – Da-IG1, Gapowo
B1 – Ga-B1, Gdañsk IG 1 – G-IG1, Hel IG 1 – He-IG1, Kochanowo 1
– Ko-1, Koœcierzyna IG 1 – K-IG1, Lewino-1 – Le-1, Lubiny 1 – Lu-1,
Lublewo LEP 1 – Lu-LEP1, Lubocino 1 – Lb-1, £eba 8 – £e-8,
Miszewo T-1 – Mi-T1, Niestêpowo 1 – Ni-1, Opalino 2 – O-2, Opalino 
3 – O-3, S³awoszyno LEP1 – S³-1, S³upsk IG 1 – S-IG1, Smo³dzino 1
– Sm-1, Strzeszewo LE-1 – S-LE1, Warblino 1H – W-1H, Wysin 1 –
W-1, Wytowno S1 – W-S1, ̄ arnowiec 6K – ̄ a-6K, ̄ arnowiec IG 1 –

¯a-IG1
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When avail able, the stra tig ra phy and depths of bound aries be -
tween lithostratigraphic units were dis tin guished based on the
de scrip tion and anal y sis of bore hole cores. Af ter se lec tion of
bore holes and depth in ter vals, the core sec tions were mea -
sured to de scribe rock suc ces sions, and to de ter mine and con -
strain the chronostratigraphic lev els based mainly on the
graptolite biostratigraphy. The stra tig ra phy and depth ranges of
the lithostratigraphic for ma tions and pro spec tive zones were
de ter mined and checked. 

Graptolites, which are fre quent in the sam ples, are the ba sis 
of the biostratigraphic zonations of the Or do vi cian and Si lu rian
sys tems. That for the Si lu rian in Po land cor re sponds to the tra -
di tional zonation de scribed in clas si cal ex po sures in Eng land
and Wales. With mod i fi ca tions, this is ap plied to day as the Gen -
er al ized Graptolite Zonation (GGZ), es tab lished by the Sub -
commission for the Stra tig ra phy of the Si lu rian Sys tem (Koren
et al., 1996). The chronostratigraphic scheme for the Si lu rian
ac cord ing to Melchin et al. (2012) is based on the bio strati -

Fig. 6. Thick ness map of the Sasino For ma tion

Bachus 1 – Ba-1, Barciany 3 – Bar-3, Bartoszyce IG 1 – Bt-IG1, B¹gart-1 – Bg-1, Bia³opole IG 1 – B-IG1, Bêdomin 1 –
Be-1, Bodzanów IG 1 – Bo-IG1, BRO-NM Lubawskie-01 – B-NML-01, Busówno IG 1 – Bu-IG1, ORZ Cyców 01 – Cy-01,
Dêbki 2 – Db-2, Dêbowiec Warmiñski 1 – DW-1, Dêbowiec Warmiñski 3 – DW-3, Dobre 1 – D-1, Dobre Miasto 1 – DM-1,
Dyle IG 1 – Dy-IG1, Ga³ajny 2 – G-2, Gl¹dy 1 – Gd-1, G³êbock 1 – G³-1, Henrykowo1 – H-1, Horod³o IG 1 – H-IG5,
Ka³uszyn 1 – Ka-1, Kamionka 1 – Km-1, Klewno 1 – Kl-1, Krowie Bagno IG 1 – KB-IG1, Krupe 1 – K-1, Krynica Morska 2 – 
KM-2, Kock 5 – K-5, KWI Prabuty 01 – KWI-P-01, Lubycza Królewska – LK-1, Lesieniec 1 – L-1, Lêbork IG 1 – Le-IG1,
Lêbork S-1 – Le-S1, £aniewo 1 – £-1, £ebieñ Le 1 – £b-LE1, £êgowo LE-1 – £-LE1, £ochów IG 1 – £o-IG1, £ochów IG 2 –
£o-IG2, £opiennik IG 1 – £-IG1, Majdan Sopocki1 – MS-1, Malbork IG 1 – M-IG1, Mi³owo 1 – Mi-1, M³ynary 1 – M-1,
M³ynary 3 – M-3, Narol IG 1 – N-IG1, Narol PIG 2 – N-IG2, Nowa Koœcielnica 1 – NK-1, Niwa 1 – N-1, Okuniew IG 1 –
O-IG1, Olsztyn IG 2 – Ol-IG2, Pas³êk IG 1 – Pa-IG1, P³oñsk IG2A – P-IG2A, Polaki 1 – P-1, Polik IG 1 – Po-IG1, Prabuty
IG 1 – Pr-IG1, Radzymin 1 – Ra-1, Rogity 1 – Rg-1, Rówce 1 – R-1, RYP-Lutocin-01 – R-L-01, Siedliska IG 1 – S-IG1,
Siennica 1 – S-1, Soko³ów Podlaski 1 – SP-1, Stare Miasto 1 – SM-1, Szczawno 1 – Sz-1, Tarkawica 1 – T-1, Tarkawica 2 
– T-2, Tarkawica 3 – T-3, Terebin IG 5 – T-IG5, Têpcz 1 – Te-1, T³uszcz IG 1 – T³-IG1, Zwierzyniec 1 – Z-1, ̄ ebrak IG 1 –
¯-IG1, ¯elazna Góra 1 – ¯G-1, ¯elazna Góra 5 – ¯G-5; other ex pla na tions as on Fig ure 5  
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graphic sub di vi sion by Koren et al. (1996) tak ing into ac count
the graptolite zonation for the Wen lock, Lud low and Pridoli pre -
sented by Urbanek and Teller (1997). Tax o nomic de ter mi na -
tions and biostratigraphy of the Si lu rian by Tomczyk (1990),
Porêbska et al. (2004) and Podhalañska (2019) were ap plied in
the biostratigraphic anal y sis. 

Strati graphic units of the Or do vi cian and Si lu rian and their
bound aries were de ter mined based on the lithostratigraphic
scheme for the fa cies zones of the Bal tic-Podlasie-Lublin Ba sin
(Modliñski, 1984; Modliñski and Szymañski, 1997, 2008; Szy -
mañski and Modliñski, 2003; Modliñski et al., 2006; Podhalañ -
ska et al., 2010). Fig ure 4 shows the lat est lithostratigraphic
sub di vi sion for the Or do vi cian and Si lu rian of the EEC area in
Po land (Porêbski and Podhalañska, 2019).

LITHOLOGY, SEDIMENTOLOGY 
AND FACIES ANALYSIS

The fa cies anal y sis in cluded lithological-sedimentological
log ging of se lected (con sid ered as po ten tially pro spec tive) rock
suc ces sions in bore holes thought to be the most rep re sen ta tive 
re gard ing lithological vari abil ity in the study area. The log ging
was made on a centi metre scale and in cluded the fol low ing vari -
ables: li thol ogy, grain size, pres ence and types of sed i men tary
struc tures, de gree of bioturbation, col our, car bon ate con tent,
macrofaunal con tent, state of pres er va tion and mode of oc cur -
rence, tex ture, pres ence of veins, and tec tonic de for ma tion. 

Lithofacies char ac ter is tics of se lected rock suc ces sions
were based on the vari abil ity of these pa ram e ters. They were

Fig. 7. Thick ness map of the Jantar For ma tion

Ab bre vi a tions of bore holes not cited on Fig ures 5 and 6: Dêbki 3 – Db-3, Go³dap IG 1 – Gd-IG1,
Jezioro Okr¹g³e IG 2 – JO-IG2, Siedliska 2 – S-2; other ex pla na tions as on Fig ures 5 and 6

https://gq.pgi.gov.pl/article/view/8233/pdf_325


as sem bled in lithofacies as so ci a tions which, ac cord ing to the
au thors, best char ac ter ize the pro spec tive Or do vi cian and Si lu -
rian lithostratigraphic for ma tions. Full char ac ter is tics of litho -
facies were pro vided in Feldman-Olszewska and Roszkowska -
-Remin (2016). 

ORGANIC MATTER GEOCHEMISTRY, PETROLOGY
AND THERMAL MATURITY

Geo chem i cal anal y sis of or ganic mat ter pyrolytic meth ods
cou pled with or ganic mat ter pet ro log i cal and ther mal ma tu rity
stud ies, as well as ar chi val data and data from newly drilled 
bore holes (re sults of Rock-Eval – R-E, LECO and sim i lar
meth ods: Source Rock An a lyzer – SRA, TOC an a lyzer, S1-S2 
an a lyzer), were used to cre ate re gional maps of the To tal Or -
ganic Car bon con tent (TOC), Oil Sat u ra tion In dex (OSI), and
maps of or ganic mat ter ther mal ma tu rity shown as Vitrinite
Reflectance Equiv a lent (VRE) val ues from op ti cal mi cros copy
stud ies and pyrolytic anal y ses (Tmax). Other R-E pa ram e ters,
in clud ing free hy dro car bon con tent (S1), hy dro car bon gen er a -
tion po ten tial (S2), hy dro gen in dex (HI) and ox y gen in dex (OI), 
were also ana lysed in terms of source rock qual ity and shale
formational prospectivity but do not con sti tute the main cri te ria 
and there fore are not the sub ject of this pa per. The pyrolytic
R-E method is the most com mon of the pre lim i nary geo chem i -
cal source rock eval u a tion meth ods. It is used to de ter mine the 
hy dro car bon po ten tial, type of kerogen oc cur ring in the rocks,
and ther mal ma tu rity (e.g., Espitalié et al., 1985; Behar et al.,
2001). Large num ber of R-E anal y ses (Janas, 2016, 2018;
Karcz, 2016; Karcz and Janas, 2016) and dis persed or ganic
mat ter mi cros copy stud ies (Grotek, 2016) have been per -
formed. 

To cre ate gen er al ized re gional maps of par tic u lar pa ram e -
ters, based on which the ranges of pro spec tive zones were de -
ter mined, me dian val ues of par tic u lar pa ram e ters rep re sent -
ing each of the pro spec tive for ma tions were cal cu lated. The
OSI, which is an in di ca tion of ther mal ma tu rity, but also a mea -
sure of the in di rect oil con tent in dex (also known as NOC –
nor mal ized oil con tent), is in ter preted as a func tion of pa ram e -
ter S1 from the R-E pyrolytic anal y sis and TOC (Jarvie and
Baker, 1984):

OSI = 100 × S1 / TOC 

Due to the lack of vitrinite macerals in Lower Pa leo zoic
rocks, the re sults of re flec tivity of solid bi tu men (BRo) were re -
cal cu lated into VRE ac cord ing to the for mula of Ja cob (1989):

VRE = 0.618 × (BRo) + 0.4

whilst the re sults of re flec tivity of graptolites and other
vitrinite-like par ti cles (Rvitr-like) were re cal cu lated to VRE ac -
cord ing to the for mula sug gested by Makos et al. (2016):

VRE = 0.71 × (Rvitr-like) + 0.19

De tailed meth od ol o gies ap plied in the geo chem i cal and
pet ro log i cal in ves ti ga tions of or ganic mat ter have been pro -
vided by Grotek (2016), Karcz and Janas (2016), Janas (2018)
and Klimuszko (2018). 

AVERAGE TOTAL GAS CONTENT BASED 
ON DESORBED GAS ANALYSIS

Core desorption is a method of mea sur ing the sorbed gas
con tent in coals (coal bed meth ane; CBM) and shales (desor bed
gas), which is re cal cu lated to a mass unit. The mea sure ment of
desorbed gas takes place in stan dard con di tions, de ter mined at
15.6°C and 1013 hPa. By the time the core is cut ap pro pri ately and 
in serted in an iso lated mea sure ment tank at the sur face, the gas is 
re leased from the pore space dur ing the lift ing of the core from the
wellbore to the sur face. The vol ume of gas re leased from the rock
prior to in sert ing the core in the tank (lost gas) should be es ti mated 
based on ac cepted chem i cal and phys i cal as sump tions. Part of
the gas is still pres ent in the un con nected pore space known as
the re sid ual gas; its mea sure ment is made by crush ing the rock.
The sum of the mea sured desorbed and re sid ual gas, and the es -
ti mated lost gas, is the as sumed to tal gas sat u rat ing the core.
Stud ies of desorbed and re sid ual gas, as well as es ti ma tions of
lost and to tal gas were per formed in shale oil and gas ex plo ra tion
bore holes in Po land by Geokrak com pany (Kraków). The cal cu -
lated to tal gas (in m3/t) was used to de ter mine the ex tents of the
pro spec tive zones based on ob jec tive cri te ria (Ta ble 1).

PETROPHYSICS

The pro ject uti lized the re sults of petrophysical anal y ses (to -
tal po ros ity, ef fec tive po ros ity, open po ros ity, and po ros ity sat u -
rated with gas) per formed in bore holes by dif fer ent lab o ra to ries
(e.g., the Oil and Gas In sti tute-NRI, Core Lab o ra to ries,
TerraTek etc.) and by ap pli ca tion of var i ous, not al ways com pa -
ra ble, meth ods. That caused prob lems with di rect cor re la tion
and in te gra tion of the re sults ob tained. How ever, tak ing into ac -
count the res er voir qual ity sig nif i cance of these pa ram e ters, the 
data were as sem bled within one da ta base and con sid ered as
point data. When pos si ble, me dian val ues of par tic u lar pa ram e -
ters were cal cu lated for each pro spec tive zone. Quan ti ta tive
de ter mi na tions of the petrophysical prop er ties were also ob -
tained by study of the bore hole logs.

BRITTLENESS AND CLAY CONTENT

Brit tle ness is a pa ram e ter com monly used in min er al og i cal
and geomechanical anal y sis to de scribe the force needed to
frac ture the rock in par tic u lar load con di tions, in pe tro leum un -
con ven tional play stud ies to char ac ter ize parts more or less
prone to hy drau lic frac tur ing and to de fine hor i zon tal bore hole lo -
ca tion based on the dis tinc tion of units with the high est ten dency
to fail ure un der ap plied stress. Typ i cally, brit tle ness is rep re -
sented by the Brit tle ness In dex (BI). De spite nu mer ous stud ies
con cern ing the stan dard def i ni tion of BI, there is still no gen er ally
ac cepted equa tion and ap pro pri ate stan dard for as sess ing this
pa ram e ter, mostly due to a va ri ety of fac tors that af fect me chan i -
cal prop er ties in a het er o ge neous res er voir with vari able min er al -
og i cal com po si tion, diagenetic path ways and di verse tec tonic ac -
tiv ity. BI can be de ter mined by lab o ra tory stress-strain mea sure -
ments, elas tic prop er ties and min er al og i cal com po si tion. Based
on avail able data and pre vi ous min er al og i cal anal y ses of Or do vi -
cian and Si lu rian shales from the Bal tic Ba sin (Pachytel et al.,
2017; Cyz et al., 2018), we have de cided to use the mod i fied for -
mula of Kias et al., (2015) to de ter mine the Brit tle ness In dex
(BIBB) as a mea sure of shale brit tle ness:
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The Reg u la tion of the Min is try of the En vi ron ment on the
geo log i cal and in vest ment doc u men ta tion of hy dro car bon de -
pos its (1st July 2015; Pol ish Jour nal of Laws, 2015) es tab lishes
the min i mum sil ica con tent – 10% of quartz – as a mea sure of
brit tle ness both in the case of gas-bear ing shales and sands. It
also spec i fies the max i mum clay con tent at 60%. The re ports of
the Brit ish Geo log i cal Sur vey (An drews, 2013, 2014) rec om -
mend the min i mum vol ume of sil i cates (ex clud ing phyllo -
silicates) as >30%. This in cludes the vol ume con tent of quartz
and feld spar/plagioclase in shale (Jarvie, 2008; EIA, 2013). The 
op ti mal cri te rion (not the bound ary one) is a max i mum clay con -
tent de fined as 35%. This is rather the bor der be tween res er -
voirs of good and poor qual ity than the ex trac tion limit. How -
ever, the most im por tant fac tor is the to tal con tent of all brit tle el -
e ments, which de ter mines the sus cep ti bil ity to frac tur ing.
There fore, the limit ex trac tion value was as sumed as BI = 0.4.
Where the duc til ity is higher (BI <0.4), the prop a gat ing frac ture
can be more eas ily ar rested and stopped. That phe nom e non
re sults in a smaller Stim u lated Res er voir Vol ume and hence
smaller pro duc tion rates.

The BIBB was cal cu lated based on pow der X-ray dif frac tion
anal y ses made for 60 ex plo ra tion bore holes lo cated in the Bal -
tic, Podlasie and Lublin re gions. Five shale for ma tions, Pelplin,
Pas³êk, Jantar, Sasino, and Piaœnica, as well as the car bon ate
Prabuty For ma tion were in ves ti gated dur ing the mea sure -
ments. The full study con sists of mea sure ments from 2,064 lab -
o ra tory sam ples ac quired from bore hole re ports. The re sults
were ana lysed tak ing into ac count bore hole lo ca tion within the
ba sin, sam pling depth, for ma tion het er o ge ne ity, and car bon ate
or tuffite in ter ca la tions. Par tic u lar at ten tion was also paid to the
pres ence or ab sence of a reg u lar sam pling step; some of the
com pa nies had a con stant sam pling step, whereas oth ers
chose the most pro spec tive in ter vals for sam pling.

GEOMECHANICS

Geomechanical prop er ties of rocks are im por tant for de ter -
min ing the sus cep ti bil ity of shale to the prop a ga tion of hy drau lic
frac tures and the di rec tion of their de vel op ment. De tec tion of
geomechanically pro spec tive zones was based mainly on the
Young’s modulus (YM), the Pois son ra tio (PR) and the stress
mag ni tudes (hence, the stress re gime). The YM and PR de ter -
mine the me chan i cal re ac tion of rocks to de for ma tion. Such de -
for ma tion may in crease the num ber of frac tures and res er voir
pro duc tiv ity or de crease frac ture per me abil ity. At the high pres -
sures pre vail ing in res er voir con di tions, a high YM helps to
main tain the frac ture ap er ture and re duce the embedment phe -
nom e non. The Young’s modulus was cal cu lated dur ing Uni ax -

ial Com pres sive Strength, Triaxial Com pres sive Strength and
Ten sile Strength tests (Farzin et al., 1975; Ulusay and Hud son,
2007), cor re lated af ter wards with bore hole logs.

In the case of the bore holes stud ied all pos si ble data ob -
tained from bore hole re ports were col lected and stud ied. The oil 
com pa nies per formed dif fer ent geomechanical anal y ses us ing
dif fer ent meth ods, dis sim i lar tools and in di ver gent con di tions.
Such mea sure ments of ten pre clude the pos si bil ity to com pare
the val ues cal cu lated and draw con clu sions at a res er voir scale; 
nev er the less, all data that could be col lected and com pared
were used in the anal y ses.

DESCRIPTION OF PROSPECTION 
CRITERIA

The gen eral (bound ary) cri te ria de fin ing un con ven tional hy -
dro car bon res er voirs are given in the lat est Reg u la tion of the
Min is ter of the En vi ron ment (Pol ish Jour nal of Laws, 2015:
968). How ever, these cri te ria re fer to doc u mented hy dro car bon
res er voirs, which so far have not been re corded in Po land, in
the cases of ei ther shale gas, shale oil, or tight gas. In this case,
the term re fers rather to pro spec tive zones for po ten tially pro -
duc tive shale oil and gas ac cu mu la tions, and not to res er voirs.
More over, there are no pro duc tion data avail able; in the best
cases only the re sults of pro duc tion tests are avail able. Bore -
hole data are pres ently in ad e quate and in suf fi ciently re li able for
their ap pli ca tion in the def i ni tion of res er voir cri te ria. 

Pa ram e ters de scrib ing source rock gen er a tive po ten tial,
type of hy dro car bon gen er ated and level of ther mal mat u ra tion,
used to de ter mi nate pro spec tive zones, are shown in Ta bles
2–4.

There fore, the cri te ria ac cepted fol low those pro vided in the
most re cent PGI-NRI re port (Wójcicki et al., 2017), ac cepted by
the Min is try of En vi ron ment, fo cused on the Lower Pa leo zoic
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T a  b l e  1

Cri te ria for as sess ing the po ten tial oc cur rence of oil and gas ac cu mu la tions in shale for ma tions 
(af ter Wójcicki et al., 2017)

Cri te rion VRE TOC
 [% by weight]

Ef fec tive
thick ness

Po ros ity
filled with

hy dro car bons

Brit tle ness
(quartz, feld spars 
and car bon ates)

Av er age to tal 
gas con tent OSI Res er voir 

pres sure

Unit [%] [%] [m] [%] [%] [m3/t]

Op ti mal
value – >2 >15 >2 >=65 >=1.5 >100 above hy dro static

pres sure

Bound ary 
value >=06 and <3.5 >1.5 >=10 – >=40 >=0.5 >50 –

Av er age to tal gas con tent – based on desorbed gas anal y sis

T a  b l e  2

Semiquantitative source rich ness in ter pre ta tion of TOC
(Pe ters, 1986; Dembicki, 2017)

Quan tity
TOC

[wt.%]

Poor 0.0–0.5

Fair 0.5–1.0

Good 1.0–2.0

Very good >2.0



shales in the Bal tic-Podlasie-Lublin Ba sin and the Bi³goraj -
-Narol Zone. Some of the res er voir cri te ria pro vided in the Reg -
u la tion from 1st July 2015 (bound ary cri te ria) have been used
there, re sult ing from the ex pe ri ence gath ered dur ing shale oil
and gas prospection and ex ploi ta tion in Amer i can shale oil and
gas bas ins (op ti mal cri te ria), as well as from lit er a ture data
(Jarvie, 2012; PIG-PIB, 2012; An drews, 2013, 2014; EIA, 2013; 
Mi chael et al., 2014). These cri te ria have been sum ma rized in
Ta ble 1. No ta bly, the re la tion ships be tween their val ues and the 
pos si bil ity of tech no log i cal hy dro car bon ex ploi ta tion from shale
suc ces sions are not al ways pre cise; in many cases the mu tual
re la tion ships be tween the ana lysed pa ram e ters are equally im -
por tant. 

The fol low ing ranges of the ther mal ma tu rity of or ganic
mat ter, char ac ter iz ing the pres ence of var i ous types of hy dro -
car bon have been ac cepted: 0.6%> = VRE< = 1.1% for oil,
1.1% > VRE < = 1.4% for wet gas, 1.4% > VRE <= 2.0% for dry 
gas win dows and the ?overmature/up per dry gas the o ret i cal
pres er va tion limit (VRE >2.0/3.5%).

RESULTS
CHARACTERISTICS OF THE PROSPECTIVE ZONES 

Based on the lab o ra tory anal y ses con ducted as well as on
the in ter pre ta tion of all data from the doc u men ta tion of ar chi val
and newly drilled bore holes, four zones (PZ1 to PZ4) ful fill ing
pro spec tive cri te ria (Ta bles 1–4) have been dis tin guished
within pro spec tive Cam brian, Or do vi cian and Si lu rian for ma -
tions of the Bal tic-Podlasie-Lublin Ba sin. 

CHARACTERISTICS OF PZ1  

STRATIGRAPHY, LITHOLOGY AND LITHOFACIES

Pro spec tive zone 1 (PZ1) was dis tin guished in the north ern
part of the £eba El e va tion and ex tends mainly in the off shore
area to the bound ary of the Pol ish Eco nomic Zone on the Bal tic

Sea and in an on shore zone with a much smaller sur face area
(Fig. 8). The zone en com passes Furongian strata and largely
cor re sponds to the ex tent of the Piaœnica For ma tion with the ex -
cep tion of the south ern area, where the zone does not ful fil the
pro spec tive cri te ria (thick ness >10 m and TOC >1.5 wt.%). The
cri te ria are ful filled in the on shore area of the north ern part of the 
£eba El e va tion. The thick nesses of PZ1 cor re spond to the rec -
og nized thick ness max i mum of the Piaœnica For ma tion (Fig. 5),
reach ing to 35 m in bore hole B21-1/95 and B21-2/2014, 30.5 m
in bore hole B16-1/82 lo cated off shore to the north of bore holes
Lubiny 1, Bia³ogóra 1, £eba 8, Opalino 2 and Opalino 3. PZ1
com prises char ac ter is tic black bi tu mi nous shales with a very
high con tent of or ganic mat ter, de pos ited in the deeper parts of
a poorly ox y gen ated ba sin in re duc ing con di tions both in the
low est part of the wa ter col umn and in bot tom sed i ment. Lime -
stone interbeds and in ter ca la tions have been noted. The thick -
ness of PZ1 de creases on shore to the south (Fig. 9).

GEOCHEMISTRY AND THERMAL MATURITY 
OF ORGANIC MATTER 

The ex tent of PZ1 is slightly mod i fied with re gard to the ex -
tent stated in the first stage of the pro ject (Podhalañska et al.,
2016a, b). The larg est change in the PZ1 ex tent re fers to the
Warblino area where Furongian -Trema docian de pos its ex ceed
20 m in thick ness and ful fil the bound ary cri te ria of hy dro car bon
sat u ra tion (Fig. 8). 

The Piaœnica For ma tion is the main source rock in the
Lower Pa leo zoic pe tro leum sys tem of the Bal tic Ba sin (Kotarba, 
2010; Wiêc³aw et al., 2010a, b). Ap pli ca tion of data from newly
drilled bore holes and supplementation of the R-E da ta base to -
gether with ar chi val data sets has al lowed up dat ing of knowl -
edge on the geo chem i cal char ac ter is tics of the Piaœnica For ma -
tion within PZ1 (Janas, 2018; Podhalañska et al., 2018). The
TOC con tent, which is one of the most sig nif i cant prospectivity
pa ram e ter for shale oil and gas for ma tions, reaches 5 to 12
wt.% which in di cates very good source rock qual ity (Ta ble 2).
The high est TOC val ues have been noted near the B6 and B21
oil and gas fields in the Bal tic Sea, near Bia³ogóra, Dêbki,
¯arnowiec and along the £eba -Warblino -Lêbork-Miszewo area
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T a  b l e  3

Tmax and VRE de scrib ing the level of ther mal mat u ra tion of or ganic mat ter 
(i.a., Tissot and Welte, 1984; Ru ble et al., 2012)

Ther mal mat u ra tion Tmax [°C] VRE [%]

Im ma ture <~430 <0.6

Oil win dow ~430–455 >=0.6 <=1.1

Wet gas win dow ~455–475 >1.1<=1.4

Dry gas win dow >~475 >1.4<=2.0

?Overmature/up per dry gas
pres er va tion limit

value un known due to low Tmax re li abil ity for a very highly ther mally 
mat u rated or ganic mat ter (es pe cially re fers to type II kerogen) >2.0/3.5

T a  b l e  4

Oil sat u ra tion in dex, also known as NOC (nor mal ized oil con tent; Jarvie and Baker, 1984)

OSI

[mg HC/g TOC]

Low ther mal ma tu rity source rock or ex pelled hy dro car bons 0–25

Early ther mally ma ture source rock 25–50

Ther mally ma ture, stained source rock 50–100

High HC sat u ra tion al low ing its ex trac tion or core con tam i na tion with oil-based drill ing mud >100

https://gq.pgi.gov.pl/article/view/7567/6202
https://gq.pgi.gov.pl/article/view/7567/6202
https://gq.pgi.gov.pl/article/view/7565/6200
https://gq.pgi.gov.pl/article/view/7568/6203
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(Fig. 10). OSI ranges from <10 to 60 mg HC/g TOC (which in di -
cates low ma tu rity to early ma ture source rocks; Ta ble 4). The
high est OSI val ues were noted near the Bia³ogóra, Dêbki,
¯arnowiec and Lubocino ar eas (Fig. 11). Tmax val ues are from
430 to >500°C, which in di cates ther mal ma tu rity from the be gin -
ning of the oil win dow to the dry gas/?over mature win dow (Ta -
ble 3). The £eba El e va tion is in the oil win dow (435–445°C),
whereas to the west and south-west the ther mal ma tu rity in -
creases. This ob ser va tion is gen er ally in ac cor dance with the
val ues of solid bi tu men re flec tivity re cal cu lated to Vitrinite Re -
flec tivity Equiv a lents (0.7–1.1% VRE; Ja cob, 1989), with the ex -
cep tion that the south west ern part of the £eba El e va tion is in
the ini tial phase of the wet gas win dow (>1.1% VRE). Re cal cu -
lated VRE val ues in crease to the south-west and near Warblino 
prob a bly in di cate the dry gas win dow (>1.4% VRE).

Kerogen within rocks of the Piaœnica For ma tion is the oil -
-prone type II, com posed mainly of solid bi tu men, phyto clasts,
and vitrinized or fusinitized tri lo bite re mains (Grotek, 2016). 

AVERAGE TOTAL GAS CONTENT

The to tal gas con tent (sum of desorbed gas, re sid ual gas
and es ti mated lost gas) at tains me dian val ues >1.5 m3/t near
the Opalino area, >2.5 m3/t near the B21 gas field, >3.5 m3/t
near the Warblino area and >12 m3/t near the Lêbork area.

PETROPHYSICS

Petrophysical data for the en tire for ma tion are sum ma -
rized in Ta ble 5. Data for po ros ity filled with gas are avail able
only for one bore hole (Lêbork S-1) and their me dian val ues do
not ful fil the op ti mal pro spec tive con di tions. 

GEOMECHANICS

The Brit tle ness In dex of PZ1 within the Bal tic Ba sin vis i bly
de creases far ther from the NW Teisseyre-Tornquist Zone
(TTZ), to wards the NEE (Fig. 12), due to an in crease in clay
con tent. The area con sid ered as pro spec tive for hy dro car bon
ex plo ra tion is char ac ter ized by high BI val ues, from 0.5 in the
east ern part to over 0.7 in the west ern part. The east ern most,
off shore part, seems to be more duc tile, con sist ing of high
amounts of clay min er als. The PZ1 de pos its ana lysed are sus -
cep ti ble to ver ti cal frac ture prop a ga tion dur ing hy drau lic frac tur -
ing treat ment. The dy namic YM mea sured par al lel to bed ding in 
the Lêbork area os cil late be tween 45–80 GPa with a me dian
value of 73 GPa, whereas the me dian PR value in such mea -
sure ment con di tions amounts to 0.18. The best geomechanical
con di tions were iden ti fied in the high est part of PZ1, of ten con -
tam i nated by car bon ates from youn ger strata, where the YM is
higher than in the mid dle part of the for ma tion. 

CHARACTERISTICS OF PZ2 

STRATIGRAPHY, LITHOLOGY AND LITHOFACIES

The strati graphic range of PZ2 cor re sponds to the range of
the Sasino For ma tion, but its lat eral dis tri bu tion is much smaller
be cause the pro spec tive cri te ria were not ful filled (thick ness
>10 m and TOC >1.5 wt.%). In the west ern part of the Bal tic De -
pres sion the strata rep re sent the en tire Llanvirn and Caradoc
(Darriwilian, Sandbian and Lower Katian), from the Hustedo -
graptus teretiusculus to the Climacograptus styloideus bio -
zones. The range of PZ2 is mod i fied com pared to the range es -
tab lished ear lier (Podhalañska et al., 2016a, b) to ac cess to
data from newly drilled bore holes and change of cri te ria. 

PZ2 oc curs only in the west ern, mar ginal part of the EEC in
two ar eas, i.e. the £eba El e va tion with the ad ja cent off shore
area, where it partly cor re sponds to PZ1, and in the north ern
part of P³ock-Warszawa Trough (Fig. 13).

PZ2 ex tends onto a large in land part of the £eba El e va tion
with the bore holes ¯arnowiec IG 1 (34.1 m), £eba 8 (48 m),
Bia³ogóra 1, Bia³ogóra 2, Lublewo LEP 1 (35 m), £ebieñ 1
(25.4 m), Opalino 2 (25.5 m), Opalino 3 (26.0 m), Têpcz 1
(21 m), Borcz 1 (15.3 m), Mi³owo 1 (16 m) and oth ers. Off shore,
PZ2 oc curs in bore holes B16-1/85, where it reaches a thick -
ness of 67 m, B21-1/95 (57.5 m), and B21-2/2014 (54 m). Its
max i mum thick ness in the Bal tic area is ~70 m (Fig. 13). The
larg est thick ness of PZ2 cor re sponds to the max i mum thick -
ness re cog nised of the Sasino For ma tion. 

In the P³ock-Warszawa Trough, PZ2 was ten ta tively dis tin -
guished based on the pres ence of these de pos its e.g. in  bore -
holes RYP Lutocin 1 with a thick ness of 30 m, and a bound ary
thick ness with re gard to the ac cepted thick ness cri te ria of 9.9 m
in bore hole BRO-NM Lubawskie-01. These de pos its rep re sent
the Sandbian and Lower Katian. 

PZ2 com prises black and black-grey claystones and clayey
siltstones, oc ca sion ally siltstones, rep re sent ing litho facies from
sets L-1 and L-3 (Feldman-Olszewska and Roszkowska -
-Remin, 2016). A suc ces sion com pris ing only the pro spec tive
lithofacies men tioned above was noted in bore hole Têpcz 1 and 
in the lower and up per part of the suc ces sion in bore holes:
Niestêpowo 1 and £eba 8. In the cen tral part of PZ2, in bore -
holes Dar¿lubie IG 1, Borcz 1, Wysin 1, Bia³ogóra 1, Opalino 2
and Opalino 3, the Sasino For ma tion is char ac ter ized by a tri -
par tite lithofacies dis tri bu tion. Pro spec tive lithofacies from sets
L-1 and L-3 – mas sive and/or lam i nated thin clay stones and
clayey  siltstones  –  of ten  with  a  large  con tent  of  py rite  con -
cre tions  or  dis persed  py rite, oc cur  in  the  basal  and   top -

Fig. 8. PZ1 map

Other ex pla na tions on Fig ures 5 and 6
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most parts of the suc ces sion, where the mid dle part (Diplo -
graptus multidens Biozone rep re sent ing the Sandbian) com -
prises bioturbated or strongly ce mented siltstones (sil ica/do lo -
mite) with nu mer ous interbeds of tuffite and ben ton ite. This tri -

par tite com po si tion is ob served mainly in the bore hole logs of
e.g. Wysin 1, Borcz 1 (Fig. 9) as well as Gapowo 1, Bia³ogóra 1
and Bia³ogóra 2. 

PETROGRAPHY AND MINERALOGY

Rocks be long ing to PZ2 were char ac ter ized in light mi cros -
copy as dark brown and brown claystones with an ad mix ture of
silt and oc ca sion ally bioclasts. The rocks dis play a di rec tional
tex ture (lam i nated or flaser-bed ded), and muddy or muddy-silty
com po si tion. The de tri tal ma te rial in cludes grains of quartz or po -
tas sium feld spar, in di cat ing catho do luminescence (CL) colours
of light blue, plagioclases with green ish or blue lu mi nes cence,
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Fig. 10. To tal Or ganic Car bon map for the Piaœnica For ma tion

Ex pla na tions on Fig ures 5 and 6

Fig. 11. Oil Sat u ra tion In dex map for the Piaœnica For ma tion

Other ex pla na tions see Fig ures 5–7

T a  b l e  5

Me dian val ues of par tic u lar petrophysical prop er ties 
in the Piaœnica For ma tion and the num ber 

of sam ples taken for anal y sis 

Mea sure ment Me dian 
value

Num ber 
of sam ples

To tal po ros ity NMR [%] 3.17 7

Ef fec tive po ros ity NMR [%] 0.37 1

Open po ros ity [%] 
(es ti mated by the Oil and Gas 
In sti tute-NRI)

3.22 44

Ef fec tive po ros ity [%] 
(es ti mated by TerraTek) 3.02 4

Po ros ity filled with gas [%]
(es ti mated by TerraTek) 1.73 4

NMR – Nu clear Mag netic Resonance

Fig. 12. Brit tle ness in dex map for the Piaœnica For ma tion 

Other ex pla na tions on Fig ures 5 and 6



ap a tite and py rite grains. The pelitic frac tion com prises clay min -
er als, oc ca sion ally with car bon ate micrite. XRD anal y sis in di -
cates that rocks of the pro spec tive zone are char ac ter ized by a
high clay con tent (up to a bound ary value of 60%). The clay min -
er als in clude micas, illite, mixed-packet illite/smectite min er als,
and chlorite. SEM anal y sis has shown the pres ence of an ker ite,
do lo mite, cal cite, anhydrite and celestine. Laminae of or ganic
mat ter and cal cite veins have also been noted (Sikorska-
 Jaworowska et al., 2016; Kuberska, 2018).

GEOCHEMISTRY AND THERMAL MATURITY 
OF THE ORGANIC MATTER 

In the north ern part of PZ2 in the £eba El e va tion, the
Sasino For ma tion is usu ally trimodal, with the basal and top -
most part strongly en riched in or ganic car bon and there fore
rep re sent ing good to very good source rocks. The mid dle part, 

im pov er ished in or ganic car bon, rep re sents fine clastic rocks
with a sig nif i cant ad mix ture of pyroclastic min er als. The south -
ern part of PZ2 in the P³ock-Warszawa Trough dis plays a dif -
fer ent li thol ogy, be cause only one unit of siltstone-claystone
source rocks has been dis tin guished there within the for ma -
tion. For the char ac ter is tics of PZ2, the Sasino For ma tion was
treated as a whole, and the me dian val ues of geo chem i cal pa -
ram e ters char ac ter ize the en tire for ma tion not dis tin guish ing
the basal, mid dle and top most parts. The TOC con tent is from
1.5 to >3.5 wt.% which in di cates good and very good qual ity
source rocks (Ta ble 2). The high est TOC val ues (>3 wt.%)
were noted along the Dar¿lubie-Lubocino-Opalino -Tê -
pcz-Lewino-Borcz-Mi³owo area in the in land part of PZ2 (Fig.
14). Lower val ues (>2–3 wt.%) oc cur along the Lêbork -
-Gapowo-Bêdomin-Wysin and Nowe Miasto Luba wskie -
 Szym kowo -Lutocin ar eas in the in land part of PZ2 and in the
north ern, off shore part of the £eba El e va tion. OSI ranges from
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Fig. 13. PZ2 map
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<10 to >100 mg HC/g TOC which in di cates a broad range of
ther mal ma tu rity from low to high (Ta ble 4). The high est OSI
val ues (>100 mg HC/g TOC), point ing most prob a bly also to
high oil sat u ra tions, were noted near the Lublewo, Bia³ogóra,
Dêbki, ¯arnowiec ar eas and in the off shore bore hole B2-1/80
(Fig. 15). 

Tmax val ues range from >430 to >570°C, which point to ther -
mal ma tu rity from the be gin ning of the oil win dow to the dry
gas/?overmature win dows within SP2. The £eba El e va tion is lo -
cated in the oil win dow (435–445°C), and to the west and
south-west the ther mal ma tu rity in creases, which is re flected in a
Tmax of >460°C (wet gas win dow) near £eba, £ebieñ,
Kochanowo, Têpcz and Lewino ar eas. Fur ther in creases of Tmax

val ues are ob served near the Warblino, Lêbork, Wysin and

Nowe Miasto Lubawskie ar eas in the south ern part of SP2
(>500°C; dry gas/overmature win dows) and in the deeper part of
the ba sin near the Wysin (>480°C; dry gas win dow), Bêdo min
and Koœcierzyna ar eas (>560°C; dry gas/?over mature win dow). 

Re flec tivity val ues of vitrinite-like macerals (e.g., graptolites, 
chitinozoans and sta ble bi tu men) re cal cu lated into the vitrinite
re flec tivity scale (% VRE; Ja cob, 1989; Makos et al., 2016)
point to the oil win dow (0.6–1.1% VRE) over a large part of the
£eba El e va tion with a sig nif i cant in crease near the ¯arnowiec
area. To the south-west of the £eba El e va tion and to the
south-east of the Prabuty area oc curs a wet gas win dow
(1.1–1.4% VRE). A dry gas win dow is pos tu lated near the
Gapowo, Bêdomin and Koœcierzyna ar eas, and to the south
and south-west of BRO-NM Lubawskie-01 bore hole lo ca tion

Fig. 14. To tal Or ganic Car bon map for the Sasino For ma tion 

Ab bre vi a tion of bore hole not cited on Fig ures 5–7: Szymkowo 1 – Szy-1; other ex pla na tions on Fig ures 5 and 6



(>1.4% VRE), which in di cates the cor rect ness of the in ter pre ta -
tion of ther mal ma tu rity based on Tmax.

Kerogen in the Sasino For ma tion is the oil-prone type II,
which com prises vitrinite-like macerals mixed with clay, form ing
an or ganic-min eral as so ci a tion, of which the main com po nents
in clude solid bi tu men and or ganic clasts de graded by bac te ria
(Grotek, 2016).

AVERAGE TOTAL GAS CONTENT

Me dian val ues of the to tal gas con tent ex ceed 1.5 m3/t near
the Opalino, Borcz, Lewino, Têpcz and Bêdomin ar eas, and near 
Nowe Miasto Lubawskie in the south ern part of SP2. Higher me -
dian val ues >2 m3/t were noted in one bore hole near Opalino,

and near the Gapowo and £ebieñ ar eas, whereas the high est
me dian value of to tal gas was mea sured near Lêbork at >6 m3/t.

PETROPHYSICAL PARAMETERS

Petrophysical data avail able for the Sasino For ma tion are
sum ma rized in Ta ble 6. Po ros ity filled with gas data are avail -
able only for 21 bore holes, for which the me dian value ful fils
op ti mal pro spec tive val ues. The me dian value of this pa ram e -
ter is sim i lar in both parts of the ba sin. Bore hole Terebin IG 5 is 
char ac ter ized by an oma lously high po ros ity filled with gas,
reach ing 14.21%. An area with 3 bore holes with in creased gas 
sat u ra tion can be seen on the map to the west of the Mazury -
-Belarus High. 
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Fig. 15. Oil Sat u ra tion In dex map for the Sasino For ma tion

Ab bre vi a tion of bore hole not cited on Fig ures 5–7: Wrotnów IG 1 – W-IG1; other ex pla na tions on Fig ures 5 and 6
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GEOMECHANICS

PZ2 is char ac ter ized by high in ter nal di ver sity and vari abil ity 
of geomechanical pa ram e ters. It con tains car bon ate in ter ca la -
tions that cause a sig nif i cant in crease in the BI and YM, as well
as tuffite ma te rial that un equiv o cally de crease the BI and YM.
Treat ing PZ2 as a geomechanically ho mog e nous unit may re -
sult in in ter pre ta tional er rors. Nev er the less, we try to point out
herein the me dian val ues of the en tire pro spec tive zone, be ing
aware that in the case of fu ture ex plo ra tion, a more de tailed ap -
proach should be ap plied. 

A zone with an el e vated clay min eral con tent and sig nif i cant 
or ganic mat ter con tent, hence a re duced brit tle ness (BI =
0.4–0.5), ex tends from bore hole Lêbork S-1 in the west to bore -
hole Starogard S-1 in the east (Fig. 16). Near the TTZ in the
Bal tic re gion, the BI av er ages 0.6–0.7. Most frac ture-prone
zones oc cur at the bot tom of PZ2, where de pos its con tam i -

nated by the car bon ate Kopalino For ma tion show higher YM
and BI val ues. The me dian val ues of the dy namic YM mea -
sured par al lel to bed ding within PZ2 os cil late ~55–60 GPa,
whereas the PR was es ti mated at 0.24. The mea sure ments of
these pa ram e ters in di rec tions per pen dic u lar to bed ding were
~30 GPa and 0.215, re spec tively. The ten sile strength mea -
sured per pen dic u lar to bed ding av er ages 6.1 MPa, whereas
par al lel to bed ding it is at 4.6 MPa. The unit has a set of or -
thogo nal joints with 0–40° and 90–130° strikes. Nat u ral veins
are mostly filled with car bon ate ma te rial. The dif fer en tial stress
is very low, there fore de spite the pre dom i nance of the strike-slip 
fault re gime, the oc cur rence of both nor mal fault and thrust fault
re gimes was seen within the for ma tion. The di rec tion of SHmax

was de fined as a NNW–SSE az i muth 150°N. Com par ing
geomechanical data with the TOC con tent, the weak en ing of
the me chan i cal pa ram e ters in zones of in creased TOC con tent
(and the con tent of clay min er als) can be seen. This re sults in a

Fig. 16. Brit tle ness in dex map for the Sasino For ma tion

Other ex pla na tions on Fig ures 5 and 6
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sit u a tion where de pos its with the best gen er a tion pa ram e ters
along the Bal tic Ba sin have the weak est con di tions for con duct -
ing in ten si fi ca tion treat ments.

CHARACTERISTICS OF Z3 

STRATIGRAPHY, LITHOLOGY AND LITHOFACIES

The range of PZ3 is re stricted to the cen tral part of the £eba
El e va tion, con tin u ing off shore into the Pol ish Eco nomic Zone of 
the Bal tic Sea (Fig. 17). The zone only partly over laps the range 

of the Jantar For ma tion (Fig. 7). It ex tends from bore holes
B8-Z4 and B8-Z5 in the north-east, and bore holes B21-1/95 m
(10 m thick), B21-2/2014 (15 m thick) to the north in the off shore 
area, through such bore holes as ¯arnowiec IG 1, £eba 8,
£ebieñ LE1 (20 m) and Lewino 1G 2 in the cen tral part. In the
south, PZ3 was noted in bore holes Wysin 1 (13 m), Borcz 1
(13.7 m), Koœcierzyna IG 1 (18 m) and Têpcz 1 (20 m). 

PZ3 com prises dark mudstones, bi tu mi nous, mostly mas -
sive, non-bioturbated, rarely poorly bioturbated, with nu mer ous
graptolites and many fine py rite con cre tions. The dom i nant
lithofacies as sem blage is pro spec tive set L-1 (Feldman -
-Olszewska and Roszkowska-Remin, 2016). The suc ces sion of 
the Jantar For ma tion, to which PZ3 is re stricted, is char ac ter -
ized by very low vari abil ity. 

The lower bound ary of PZ3 cor re sponds to the lower
bound ary of the Jantar For ma tion. In some cases there are
lighter-col oured mudstones in the bore holes with a con tin u ous 
Or do vi cian/Si lu rian bound ary, e.g. £eba 8 and Bia³ogóra 1. In
these bore holes, sed i men ta tion of claystones with in di vid ual
graptolites took place, re flect ing the be gin ning of the trans -
gres sion in the Late Hirnantian. Usu ally, how ever, the be gin -
ning of sed i men ta tion of the Jantar For ma tion is linked with a
small strati graphic gap at the Or do vi cian/Si lu rian bound ary
and with an ero sive sur face em pha sized by the pres ence of
py rite. In the wes tern most  part of the Bal tic De pres sion the
be gin ning of the sed i men ta tion of the Jantar For ma tion and
thus de pos its of PZ3 cor re spond to the low er most
Rhuddanian (Akido graptus ascensus or Parakidograptus
acuminatus biozones). The strati graphic range of PZ3 in this
area cor re sponds to the Rhuddanian (in places Up per
Hirnantian) and Aeronian up to the Coronograptus gregarius
Biozone (Demirastrites trian gulatus Subzone). The larg est
thick nesses of zone PZ3 were noted in bore holes Têpcz 1
(20 m) and £ebieñ LE-1 (20 m).

PETROGRAPHY AND MINERALOGY

Rocks of PZ3 in op ti cal mi cros copy are char ac ter ized by
black-brown claystones, lo cally dark brown cal car e ous silt -
stones or dark brown micritic lime stones (Sikorska - Jaworo -
wska et al., 2016; Kuberska, 2018). The claystones dis play a
di rec tional struc ture – flaser-bed ding or lam i na tion – and a
muddy or muddy/silty com po si tion. The laminae are com -
posed of or ganic mat ter with iron com pounds. Car bon ate
laminae also oc cur. The ad mix ture of de tri tal ma te rial is rep re -
sented by quartz and po tas sium feld spar grains (light blue lu -

Fig. 17. PZ3 map

Other ex pla na tions on Fig ures 5 and 6

T a  b l e  6

Me dian val ues of par tic u lar petrophysical pa ram e ters in the Sasino For ma tion 
and the num ber of sam ples used for the anal y sis

Mea sure ment

Re gion

Pomerania (Bal tic area) Lublin and Podlasie 

Me dian Num ber 
of sam ples Me dian Num ber 

of sam ples

To tal po ros ity NMR [%] 6.92 136 2.69 14

To tal po ros ity [%] (es ti mated by the Oil and Gas In sti tute-NRI) 6.05 281 8.65 14

To tal po ros ity [%] (es ti mated by TerraTek) 4.13  48 5.82   9

Ef fec tive po ros ity NMR [%] 2.50   31  

Open po ros ity [%] (es ti mated by the Oil and Gas In sti tute-NRI) 5.50 242  

Ef fec tive po ros ity [%] (es ti mated by TerraTek) 2.74   44  

Po ros ity filled with gas [%] (es ti mated by TerraTek) 1.11   48  

Po ros ity filled with gas [%] (es ti mated by CoreLab) 2.71   67 2.62 15
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mi nes cence in CL). Car bon ate grains, mainly cal cite, fine con -
cen tra tions of py rite, and fine anhydrite crys tals have also
been noted. 

The cal car e ous siltstone is com posed of car bon ate micrite
with an ad mix ture of clay min er als. Fine con cen tra tions of py rite 
and ad mix tures of po tas sium feld spars and quartz oc cur there. 

XRD anal y sis in di cated a vari able con tent of clay min er als
(35 to 60%). These in clude micas, illite, mixed-lay ered illite-
 smectite min er als and chlorite. 

GEOCHEMISTRY AND THERMAL MATURITY 
OF THE ORGANIC MATTER

The TOC con tent in PZ3 is from 1.5 to 6 wt.% which shows
that the Jantar For ma tion is a very good qual ity source rock
(Ta ble 2). The high est TOC val ues (>3 wt.%) were noted along

the line des ig nated by the fol low ing lo ca tions: Dêbki -Opa lino -
-Lubocino-Dar¿lubie-Kochanowo-Têpcz-Lewino-Bocz-Mi³owo -
-Wysin in the on shore part of PZ3 and in the off shore part of
PZ3 on the £eba El e va tion, par tic u larly near the B21 and B8
oil and gas off shore fields (Fig. 18). The OSI is from ~30 to 80 
mg HC/g TOC show ing early to ma ture, stained source rock
(Ta ble 4). The high est OSI val ues (>100 mg HC/g TOC), in di -
cat ing high sat u ra tion of the for ma tion with hy dro car bons,
were noted near the Lublewo area, which might be due to
oil-based mud core con tam i na tion (Fig. 19). Val ues of Tmax

are from >440 to >580°C, which cor re sponds to ther mal ma -
tu rity from the be gin ning of the oil win dow to the dry
gas/?overmature win dows (Ta ble 3) within PZ3 (Fig. 20). The 
£eba El e va tion is lo cated within the oil-gen er a tion win dow
(440–450°C), increas ing to the west and south-west as re -
flected in Tmax val ues >460°C (wet gas win dow) near the £eba,

Fig. 18. To tal Or ganic Car bon map for the Jantar For ma tion

Other ex pla na tions on Fig ures 5–7 



£ebieñ, Kochanowo, Têpcz and Lewino ar eas. Fur ther in -
crease of Tmax val ues may be ob served near the Wysin
(>480°C; dry gas win dow) and Koœcie rzyna ar eas (dry
gas/?over mature win dow) in the south ern part of PZ3, likely as 
a re sult of deeper tec tonic burial.

The in ter pre ta tion of ther mal ma tu rity of the or ganic mat ter
based on Tmax val ues in the PZ3 area is in ac cor dance with the
re sults of re flec tivity of vitrine-like macerals, re cal cu lated to the
vitrinite re flec tivity scale (%VRE; Ja cob, 1989; Makos et al.,
2016; Fig. 21).

Or ganic mat ter dis persed in the rocks of the Jantar For ma -
tion is the oil-prone type II kerogen, com posed of solid bi tu men,
phytoclasts, as well as vitrinitized or fusinitized tri lo bite re mains
(Grotek, 2016).

AVERAGE TOTAL GAS CONTENT

The me dian val ues of to tal gas con tent are equal to or ex -
ceed 1.5 m3/t near the Opalino, Lewino and £ebieñ ar eas.
Higher val ues of desorbed and to tal gas con tent were ob tained
from the Jantar For ma tion also in the Podlasie-Lublin Ba sin,
where other pro spec tive cri te ria have not been ful filled. 

PETROPHYSICAL PARAMETERS

Petrophysical data for the for ma tion are summed up in Ta -
ble 7. Data for po ros ity filled with gas are avail able only for 18
bore holes, in 9 of which the me dian value ful fils the op ti mal pro -
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Fig. 19. Oil Sat u ra tion In dex map for the Jantar For ma tion

Other ex pla na tions on Fig ures 5–7 
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spec tive con di tions. The me dian val ues of this pa ram e ter in the
Lublin and Podlasie ar eas are much lower than the me dian
value for Pomerania. The dis tri bu tion map shows a dis tinct con -
cen tra tion of 4 bore holes lo cated to the south of Gdañsk that
are char ac ter ized by in creased sat u ra tion in gas. 

GEOMECHANICS

The high est val ues of pro spec tive prop er ties of PZ3, tak ing
into ac count the geomechanical fea tures, are pres ent in the
north ern in land area of the Bal tic Ba sin. The best pa ram e ters
were achieved in the bore holes £ebieñ LE-1 and Strze szewo
LE-1. This area is char ac ter ized by a rel a tively high thick ness of 
SP3 (>15–20 m), high or ganic mat ter con tent and me chan i cal
pa ram e ters al low ing for the ef fec tive im ple men ta tion of hy drau -
lic frac tur ing treat ments (high YM and BI).

The me dian value of BI in PZ3 is 0.45. The unit is het e r o ge -
neous, there fore zones with higher/lower brit tle ness can be dis -
tin guished. The low amount of car bon ates causes that BI de -
pends mainly on the ra tio of clay min er als to quartz and feld -
spar. In the low-thick ness zones, PZ3 de pos its have higher brit -
tle ness, with the ex cep tion of the £ebieñ LE-1 and Strzeszewo
LE-1 bore holes, where both high BI and thick nesses were pres -
ent (Fig. 22). The me dian val ues of YM mea sured par al lel to
bed ding os cil lated ~55–60 GPa whereas PR was es ti mated at
0.25. The mea sure ments of these pa ram e ters in the di rec tion
per pen dic u lar to bed ding were ~28 GPa and 0.21, re spec tively.
The ten sile strength mea sured per pen dic u lar to bed ding was
very low, av er ag ing at 4.2 MPa, and par al lel to bed ding was at
3.4 MPa. The UCS strength ana lysed dur ing the scratch test
var ied be tween 60–90 MPa. The den sity of nat u ral frac tures
vis i ble in the XRMI and dur ing core anal y sis is higher than in
unit SP2, whereas the bed ding is more ho mo ge neous over the
en tire for ma tion.

Fig. 20. Ther mal ma tu rity map based on Tmax mea sure ments for the Jantar For ma tion

Other ex pla na tions on Fig ures 5–7 
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Fig. 21. Ther mal ma tu rity map based on Vitrinite Reflectance Equiv a lent for the Jantar For ma tion

Ab bre vi a tion of bore hole not cited on Fig ures 5–7 and 14: Frampol 1 – Fr-1; other ex pla na tions on Fig ures 5, 6 and 8

T a  b l e  7

Po ros ity pa ram e ters of the Jantar For ma tion 

Mea sure ment

Re gion

Pomerania (Bal tic area) Lublin and Podlasie 

Me dian Num ber 
of sam ples Me dian Num ber 

of sam ples

To tal po ros ity NMR [%] 6.83 109 6.69 2

To tal po ros ity [%] (es ti mated by the Oil and Gas In sti tute-NRI) 5.62 208 1.82 2

To tal po ros ity [%] (es ti mated by TerraTek) 4.49   41 6.50 2

Ef fec tive po ros ity [%] 2.05   19 1.95 1

Open po ros ity [%] (es ti mated by the Oil and Gas In sti tute-NRI) 4.94 188  

Ef fec tive po ros ity [%] (es ti mated by TerraTek) 2.78   20  

Po ros ity filled with gas [%] (es ti mated by TerraTek) 1.67   27  

Po ros ity filled with gas [%] (es ti mated by CoreLab) 2.58  31 1.60 4
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CHARACTERISTICS OF PZ4 

STRATIGRAPHY AND LITHOLOGY

PZ4 was dis tin guished in sev eral iso lated oc cur rences in
the east ern part of the Bal tic-Podlasie-Lublin Ba sin in the lower
part of the Pelplin For ma tion cor re spond ing to dif fer ent bio -
stratigraphic zones of the Wen lock (Fig. 23). The lower bound -
ary of PZ4 usu ally cor re sponds to the lower bound ary of the
Wen lock and the lower bound ary of the Pelplin For ma tion. The
larg est thick ness was noted to the east of War saw area, e.g. in
bore holes Ka³uszyn 1 and T³uszcz IG 1 (Fig. 23).

The suc ces sion of strata in PZ4 is char ac ter ized by a small
ver ti cal vari abil ity of lithological-sedimentological fea tu res.
Black - grey clayey siltstones and lam i nated claystones dom i -

nate (lithofacies of set L-4, see Feldman-Olszewska and
Roszkowska-Remin, 2016), of ten cal car e ous, with graptolites.
Char ac ter is tic are early diagenetic lime stone con cre tions and
oc ca sional very thin tuffite/ben ton ite laminae. A trend of in -
creas ing con tri bu tion of car bon ate ma te rial to wards the east of
the zone is sig nif i cant. 

PETROGRAPHY AND MINERALOGY

Rocks from PZ4 in light mi cros copy are char ac ter ized by
grey-brown claystones, lo cally silty or cal car e ous. The clay -
stones dis play a di rec tional tex ture, em pha sized by par al lel dis -
tri bu tion of clay min er als or laminae of or ganic mat ter, and with
a muddy or muddy/silty com po si tion. The pelitic frac tion com -
prises clay min er als (illite, mixed-lay ered illite/smectite min er -

Fig. 22. Brit tle ness in dex map for the Jantar For ma tion

Other ex pla na tions on Fig ures 5 and 6 



als, chlorites). XRD anal y sis in di cated the pres ence of
mixed-lay ered chlorite/ver mic u lite min er als. Car bon ate micrite
is also pres ent. Car bon ates oc cur also as sub- and anhedral
crys tals, rep re sented mainly by cal cite. The ad mix ture of de tri -
tal ma te rial is rep re sented by quartz, po tas sium feld spars and
spo rad i cally plagioclase grains. Con cen tra tion of py rite and in -
di vid ual oc cur rences of bioclasts have also been noted
(Sikorska-Jaworowska et al., 2016; Kuberska, 2018).

GEOCHEMISTRY AND THERMAL MATURITY 
OF THE ORGANIC MATTER

The lower part of the Pelplin For ma tion (cor re spond ing to
50 m of the basal part of the for ma tion giv ing the pos si bil ity of
inter-com par i son be tween the bore holes) in PZ4 com prises
clayey siltstone rocks with a sig nif i cantly high dis per sion of or -

ganic mat ter and rather poor in TOC com pared to all the for -
ma tions dis cussed above. The TOC con tent is from ~0.5 to
slightly >2 wt.% (poor to good source qual ity) (Ta ble 2). The
high est TOC val ues (>2 wt.%) were noted in the Podlasie part
of the ba sin near the Grêbków area. Val ues from 1.5 to 2 wt.%
were noted within PZ4 near the Dêbowiec Warmiñski area in
the north, and the Lublin Ba sin and Bi³goraj -Narol Zone (Fig.
24). The OSI is from >20 to >60 mg HC/g TOC (early ma ture to 
ma ture source rocks; Ta ble 5). The larg est OSI val ues (>50
mg HC/g TOC) were ob served near the Dêbowiec Warmiñski
and ̄ ebrak ar eas qual i ta tively in di cat ing higher oil sat u ra tions
(Fig. 25). 

In the north ern part of PZ4 near the ¯elazna Góra and
Dêbowiec Warmiñski ar eas (Tmax >430°C), in the south ern part of 
PZ4 in the Podlasie Ba sin (Tmax >440°C), and in the north ern part
of the Lublin Ba sin near the Siedliska and Wojcieszków ar eas
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Fig. 23. PZ4 map

Ab bre vi a tions of bore holes not cited on Fig ures 5–7: Grabowiec 6 – Gr-6,
other ex pla na tions on Fig ures 5–7, 14 and 21



(Tmax >440°C), the or ganic mat ter of the Pelplin For ma tion is in oil 
win dow (Ta ble 3). To the south of PZ4 in the Lublin Ba sin, near
the Cyców and Krupe ar eas, Tmax val ues ex ceed 460°C (wet gas
win dow), and in the Busówno (Tmax>480°C) and Grabowiec ar -
eas (Tmax >520°C), a prob a ble dry gas win dow is in ter preted. The 
dry gas win dow or maybe a zone with a de gree of ther mal trans -
for ma tion too high for the pres er va tion of shale gas oc curs also in 
the Narol area (Tmax >550°C). 

The in ter pre ta tion of ther mal ma tu rity of or ganic mat ter
based on Tmax val ues in PZ4 is again in ac cor dance with the re -
sults of re flec tivity of vitrine-like macerals, re cal cu lated to the
vitrinite re flec tivity scale (%VRE; Ja cob, 1989; Makos et al.,
2016).

Dis persed amor phous or dark streaks of or ganic mat ter dis -
trib uted in rocks of the Pelplin For ma tion rep re sent oil-prone
type II kerogen.

AVERAGE TOTAL GAS CONTENT

The me dian val ues of the to tal gas con tent in SP4 ex ceed
1.5 m3/t only near the Grabowiec area. Com pa ra ble val ues of
to tal gas con tent were ob tained from de pos its of the lower parts
of the Pelplin For ma tion also in the Bal tic Ba sin, where other
pro spec tive cri te ria have not been ful filled. 
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Fig. 24. To tal Or ganic Car bon map for the Pelplin For ma tion

Other ex pla na tions on Fig ures 5–7 and 23



GEOMECHANICS

PZ4 shows the high est ho mo ge ne ity among all pro spec tive
zones an a lysed. The YM mea sured par al lel to bed ding os cil -
lates around ~65 GPa, whereas the PR was es ti mated at 0.235. 
The mea sure ments of these pa ram e ters in a di rec tion per pen -
dic u lar to bed ding were 41.6 GPa and 0.22, re spec tively. The
ten sile strength de ter mined on bore hole cores per pen dic u lar to
bed ding was 10.5 MPa, whereas par al lel to bed ding the TS was 
4.7 MPa, higher than in PZ2 and PZ3. The for ma tion BI ranges
from 0.55 to 0.6. The rocks an a lysed are sus cep ti ble to prop a -
ga tion of ver ti cal frac tures dur ing hy drau lic frac tur ing op er a -
tions.

DISCUSSION

The Early Pa leo zoic ba sin on the west ern slope of the EEC
has been rec og nized as one of the most pro spec tive ar eas for
shale and oil ex plo ra tion in Mid dle and East ern Eu rope (e.g.,
Poprawa, 2010; Karcz et al., 2013; Anthonsen et al., 2016;
Schovsbo et al., 2017; Fig. 26).  On the ba sis of a com bi na tion
of ther mal ma tu rity with TOC con tent the prospectivity of the
Sasino, Jantar, Pas³êk and Peplin for ma tions across the Bal -
tic-Podlasie-Lublin ba sin has been con firmed lately by
Papiernik et al. (2019). 
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Fig. 25. Oil Sat u ra tion In dex map for the Pelplin For ma tion

Other ex pla na tions on Fig ures 5–7 and 23



The pres ence and mi gra tion of depo sitional en vi ron ments
in the sed i men tary ba sin con du cive to the de po si tion of fine -
-grained sed i ments en riched in or ganic mat ter was con di tioned
by both the tec tonic evo lu tion of the ba sin from Ediacaran rift ing 
to Cal edo nian oro gen esis (e.g., Lazauskiene et al., 2003a, b;
Poprawa, 2006, 2019) and by global fac tors as so ci ated with cli -
mate and eustatic changes in rel a tive sea level along with their
ef fects on bi o log i cal pro duc tiv ity (Armstrong et al., 2009;
Loydell et al., 2009; Podhalañska, 2009; Masiak et al., 2020).

The Furongian to Early Or do vi cian sed i men ta tion in the
west ern part of the Bal tic Ba sin is re lated to the post-rift ther -
mal sub si dence of the pas sive con ti nen tal mar gin of Baltica
(Poprawa and Paczeœna, 2002). The Furongian and Lower
Tremadocian bi tu mi nous shales of the Piaœnica For ma tion

with lime stone interbeds and rich in TOC rep re sent shelf
muds, de pos ited in anoxic or suboxic con di tions and their ma -
tu rity in creases to the SW to wards the TTZ (Kosakowski et al.,
2017). A Lower Tremadocian black shale (Bia³owie¿a For ma -
tion) is doc u mented also in the north ern part of the Podlasie
De pres sion (Szymañ ski, 1984). The pres ent-day range of the
up per most Cam brian-low er most Or do vi cian rocks in Po land is 
re stricted by ero sion. 

The de vel op ment of black shale fa cies with nu mer ous
graptolites of the Sasino For ma tion is re lated to global sea level
rise in the Late Or do vi cian. In the Sandbian and Katian the rel a -
tive sea level was the high est ever in the whole geo log i cal his -
tory of the Earth (Niel sen, 2004). The “blooms” of graptolite
plank ton were mainly as so ci ated with fer tile ar eas of the rim of
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Fig. 26. Sche matic dis tri bu tion of lithofacies in the Early Pa leo zoic sed i men tary ba sin
along the west ern edge of the East Eu ro pean Craton in the Si lu rian (based on Teller, 1996;

ZdanavièiôtÅ and LazauskienÅ, 2009; Modliñski, 2010; Radkovets, 2015; Anthonsen, 2016)

https://gq.pgi.gov.pl/article/view/26409/pdf
https://gq.pgi.gov.pl/article/view/13844/pdf_1205
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the con ti nen tal shelf and their max ima cor re spond with pe ri ods
of trans gres sion and high rel a tive sea level. Upwelling zones of
high pri mary pro duc tiv ity, re spon si ble for the bloom of phyto-
and zoo plank ton con sti tute the main area of graptolite de vel op -
ment (Finney and Berry, 1999) and the de po si tion of black
shales. 

The lower bound ary of the Sasino For ma tion is diachronous 
in the Pol ish part of the sed i men tary ba sin and con sti tutes a
ma rine flood ing sur face, high lighted by a sed i men tary dis con ti -
nu ity, py ritic ero sional sur face, con den sa tion, phosphatization
of the or ganic par ti cles and the pres ence of the iron pisoids
(Podhalañska, 1980, 2009).  

The con den sa tion and mass ap pear ance of graptolites
char ac ter is tic of the bot tom part of the Sasino For ma tion are
man i fes ta tions of ma rine in un da tion and mark a parasequence
bound ary in the sed i men tary re cord of the Or do vi cian Bal tic Ba -
sin. In the Bal tic-Podlasie-Lublin Ba sin the Late Or do vi cian ma -
rine trans gres sion be gan ear li est in the west ern part of the area
and ad vanced grad u ally to wards the east and south-east. To -
wards the east, and thus to wards the prox i mal parts of the sed i -
men tary ba sin, the Or do vi cian de pos its are re placed by lime -
stones or marls with a smaller pro por tion of grap to lit ic shales
(Modliñski, 2010; Modliñski and Podhalañska, 2010).

Trans gres sion which be gan by the end of the Or do vi cian
dur ing the persculptus Chron is re flected in the Early
Llandovery by the de po si tion of black graptolite-bear ing shales
of the Jantar For ma tion. The de po si tion of the or ganic-rich
black shales was a syn chro nous event of Rhuddanian age over
wide ar eas. At the op pos ing mar gin of the Rheic Ocean or -
ganic-rich black shales were de pos ited along the Gond wana
shelf form ing the most im por tant pe tro leum source rocks in
north Af rica and the Ara bian Pen in sula (Lüning et al., 2000).
This or ganic-rich, con densed, “hot”, clay-dom i nated grap to lit ic
shales with high to tal or ganic car bon (TOC) val ues and py ritic
framboids in di cate an anoxic event which may be re lated to the
ini tial postglacial trans gres sion event (Lüning et al., 2000;
Podhalañska, 2009). The re sults of car bon and ox y gen sta ble
iso tope stud ies (Podhalañska, 2009) in di cate con sid er able
changes in the iso tope com po si tion of sea wa ter in the Late Or -
do vi cian and Early Si lu rian cor re spond ing to the oce anic and
eco log i cal events across the O/S bound ary.  Gen eral trends in
the car bon iso tope curve of the sec tions from the cen tral and
east ern part of the Bal tic De pres sion (Podhalañska, 2009) are
an a logues to curves from other parts of the Baltica as well as
from other palaeocontinents (e.g., Kaljo et al., 2004; Saltzman
and Young, 2005). Ac cord ing to Lazauskiené at al. (2003b) the
Llandovery trans gres sion co in cided with the be gin ning of the
flex ural bend ing of the west ern mar gin of the EEC.

A pre lim i nary strati graphic model pro posed by Porêbski et
al. (2013) sug gests “…the de po si tion of the Llandovery-Lud -
low mudrocks in the outer part of a pericratonic shelf ramp that 
was grad u ally downlapped from the west by gently in clined
silty clinoforms fed from an orogenic source…”. The max i mum 
TOC abun dance seems to oc cur in the dis tal part of the ramp
and or ganic mat ter is grad u ally di luted far ther away by car bon -
ate (to the NE) and siliciclastic (to the SW) ma te rial (Porêbski
et al., 2013).

Un con ven tional ac cu mu la tions of hy dro car bons in the
Lower Pa leo zoic shale rocks are spec u lated to be pres ent also
in other re gions of the sed i men tary Bal tic Ba sin, in the ex ten -
sion to the cen tral part of the ba sin and to Ukraine of the or ganic 
mat ter-rich for ma tions de fined in Po land. 

Rocks of var i ous ages, which can be con sid ered as po ten -
tially pro spec tive for the oc cur rence of un con ven tional hy dro -
car bon ac cu mu la tions, both on shore and off shore of the Bal tic
Sea, have been rec og nized in Lith u a nia, the Kaliningrad re gion

(Rus sia), Lat via and in its ex ten sion to wards the south, in
Ukraine. Their oc cur rence is as so ci ated with the ac cu mu la tion
of mudstones en riched in or ganic mat ter in the open shelf zone
(Fig. 26).

Lev els of ex plo ra tion of de pos its be lieved to be po ten tial
source rocks for hy dro car bons, and the scope of the re sult ing
sci en tific stud ies, are not uni form in the EEC area.

LITHUANIA

Mostly terrigenous, fine-grained rocks dom i nate in the Up per
Or do vi cian and Si lu rian in the west ern and cen tral part of Lith u a -
nia; these grade into marlstones, dolomites and lime stones in the 
east (ZdanavièiôtÅ and LazauskienÅ, 2009). The ma jor shale hy -
dro car bon po ten tial in Lith u a nia is re lated to the or ganic-rich
rocks dis trib uted in the west ern part of the coun try, the Up per Or -
do vi cian and the Lower Si lu rian (Llandovery and ?Wen lock) suc -
ces sions. They are re lated to the outer shelf fa cies and con sti tute 
a con tin u a tion to the NE of the lower part of the Up per Or do vi -
cian–Lower Si lu rian mudstone-rich suc ces sions known from Po -
land. An Up per Or do vi cian suc ces sion of Katian age (Mid -
dle-Late Caradoc) is com posed of black and grey shales of the
Mossen and Fj¬cka for ma tions. Black clay stone in ter vals of the
Or do vi cian Mossen an Fj¬cka For ma tions have been in ter preted 
as de pos its of 3rd or der transgressive (TST) and highstand
(HST) sys tem tracts (Dronov et al., 2011). The Fj¬cka and the
Mossen for ma tions may be con sid ered as the age equiv a lents of
the up per part of the Sasino For ma tion in Po land. The to tal thick -
ness of these for ma tions var ies from 9 to 20 m, TOC con tent is in
the range of 0.9 to 10%, Tmax is >420°C. The source rock fa cies
were rec og nized as of kerogen type II (ZdanavièiôtÅ and
Bojesen -Koefoed, 1997; Cichon-Pupienis et al., 2020).  

The Lower Si lu rian suc ces sion com prises dark grey and
black graptolite shales and dark grey and black clayey marls of 
the Aeronian and Telychian stages (Llandovery), which lie on
top of car bon ates of the low er most Si lu rian (Rhuddanian). The 
Llandovery Jürmala For ma tion (Paškevièius, 1997) is prob a -
bly an equiv a lent of the Pas³êk For ma tion in the Pol ish part of
the Bal tic Ba sin and its low er most part, the Dobele For ma tion
(Aeronian), may be prob a bly con sid ered as an lithofacies
equiv a lent of the Jantar For ma tion in the west ern part of the
Bal tic Ba sin in Po land. Ac cord ing to Cichon-Pupienis et al.
(2020) the de po si tion of the highly or ganic mat ter-rich Lower
Si lu rian Dobele For ma tion, might have co in cided with oce anic
an oxia and a Late Aeronian bioevent, ac com pa nied by an
upwelling re gime with in creased palaeoproductivity. Com par i -
son shows the Lith u a nian part of the sed i men tary ba sin and
the bas ins in the west ern part of Po land to have sim i lar shale
gas pros pects; the Pol ish part of the ba sin shows, how ever,
higher ther mal ma tu rity of the or ganic mat ter and Lith u a nian
part is char ac ter ized by more fa vour able depth and thick ness
of the Lower Si lu rian shale suc ces sion (Šliaupa et al., 2016).
The Wen lock sec tion in the west ern part of Lith u a nia is rep re -
sented by dark graptolite shales and clayey marlstones. The
oc cur rence depth of the Lower Si lu rian base in creases to the
south west, rang ing from 200 m in the east to nearly 2050 m in
the wes tern most part of Lith u a nia (LazauskienÅ et al., 2003a;
ZdanavièiôtÅ and LazauskienÅ, 2009). The thick ness of the
Llandovery shales var ies from 15 to 80 m. The TOC ranges
from 0.2 to 11%, oc ca sion ally reach ing 19%. The most or -
ganic-rich shales oc cur within the Aeronian strata and de -
crease grad u ally to the top of the shale suc ces sion. The ma tu -
rity of the or ganic mat ter is from 0.6 to 1.94% and in creases to
the south-west to the edge of the EEC, what is in agree ment
with the over all trend in the Bal tic Ba sin. 
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KALININGRAD REGION (RUSSIA)

In Rus sia’s Kaliningrad re gion lo cated in the north east ern
ex ten sion of the Pol ish part of the Bal tic Ba sin the pres ence of
tech ni cally re cov er able shale oil and shale gas re sources has
been es ti mated by pro spec tive firms and noted in a re port of the 
EIA (2015).  The Kaliningrad re gion, along with the sur round ing
ar eas, north ern Po land and par tially Lith u a nia, was lo cated dur -
ing the Si lu rian in the outer shelf zone within the mudstone -
-claystone lithofacies (Fig. 26). The Svita Grivinska and the
lower part of the Svita Brusowska are the equiv a lents of the
Pas³êk For ma tion (Modliñski et al., 2006). Re sults of geo log i cal
sur vey ing in di cate that the strata of hy dro car bon source rocks
in the re gion mainly in clude Si lu rian dark grey marl and anhy -
drite. The thick ness of these lay ers, es pe cially in the west ern
part of the re gion, reaches ~60 m. This is com pa ra ble with a
typ i cal thick ness of oil source strata else where. 

LATVIA

Four po ten tial shale oil/gas for ma tions (Lower and Up per
Or do vi cian, Llandovery) at a depth of 1500–1700 m have been
de ter mined in Lat via, but only the Zebrus For ma tion (Antho -
nsen et al., 2016; Schovsbo et al., 2017) cor re sponds to some
of the EUOGA (EU Un con ven tional Oil and Gas As sess ment)
cri te ria, as this Lower Or do vi cian for ma tion lies deeper than
1.5 km and is >20 m thick. The for ma tion is, how ever, im ma ture 
and no thermogenic re source is ex pected (Anthonsen et al.,
2016) No ac tiv ity re gard ing ex plo ra tion and de vel op ment of
shale hy dro car bon re sources is on go ing or planned. Based on
gen eral pe tro leum ge ol ogy stud ies of the or ganic-rich shale for -
ma tions, car ried out in 1990s by the Geo log i cal Sur vey of Lat -
via, the coun try might have mi nor shale hy dro car bon re sources
(Anthonsen et al., 2016; Schovsbo et al., 2017).

UKRAINE

The Si lu rian shale suc ces sion of the EEC south west ern
mar gin within the Ukrai nian ter ri tory is seen as a po ten tial tar get 
for both con ven tional and un con ven tional hy dro car bon oc cur -
rences (Krupskiy et al., 2014; Radkovets et al., 2017). The
Lviv-Volyn Ba sin of west ern Ukraine was in the Early Pa leo zoic
a con tin u a tion to the south-east of the Lublin part of the sed i -
men tary ba sin in Po land (Fig. 26). Ac cord ing to Rizun et al.
(2007) the Si lu rian se quence is rep re sented by Wen lock, Lud -
low and Pridoli de pos its. Sim i larly to the Lublin re gion, in the
area lo cated near est to the edge of the EEC, the outer shelf fa -
cies dom i nates. The lithological sec tions of the Volyn-Podillyan
Plate (VPP), a west ern gas-bear ing re gion (Krupskiy et al.,
2014), con sist of clay with a small amount of car bon ate or -
ganic-rich rocks typ i cal of outer shelf fa cies. Within the VPP, the 
Si lu rian de pos its are sub di vided into three lithofacies: outer
shelf, reef fa cies and la goonal fa cies (Radkovets, 2015). The
open (outer) shelf fa cies from the edge of the EEC are rep re -
sented by clay-car bon ate-si li ceous rocks of ten en riched with
dis persed or ganic mat ter. The argillites are dark grey to black,
un evenly cal car e ous, pyritized, with graptolites. West from the
TTZ, an equiv a lent of the folded rocks of the Koszalin -Chojnice
Zone in Po land oc cur. The strata rec og nized in Ukraine west of
the TTZ are de fined by Radkovets (2015) as “Si lu rian flysch”.
From the west to the east some changes in li thol ogy are ob -
served. Along with argillites, more marlstones and clayey lime -
stones ap pear, show ing the tran si tion from deep wa ter clay to

shal lower car bon ate fa cies. In the east ern most part of the VPP,
the Si lu rian sec tions in clude thick reef lime stones of car bon ate
bar rier fa cies of var i ous ages from the Wen lock to the Mid dle
Pridoli. Both the outer-shelf and reef fa cies are pro spec tive for
hy dro car bons (Radkovets, 2015). The Lud low for ma tions of the 
Si lu rian are con sid ered the most pro spec tive in ter val.

The thick ness of the open shelf fa cies in the VPP (argillites
and limy argillites) is ~1000 metres in the most west ern part and
de creases to 100 m to wards the south-east. To tal Or ganic Car -
bon usu ally ranges from 0.2 to 1%, lo cally ex ceed ing 2%. Sim i -
larly, in the Lublin part of the ba sin in Po land, a large thick ness
and type II kerogen al low con sid er ing the Si lu rian rocks as pro -
spec tive for shale gas ex plo ra tion (Krupskiy et al., 2014;
Radkovets, 2015).

In Ukraine, the geo log i cal re serves of shale hy dro car bon re -
sources have been ex plored, with re search and ex plo ra tion
con ducted for gas and oil pro duc tion from shales. As sess ments 
have been per formed for sev eral ar eas in Ukraine, in volv ing
both the na tional geo log i cal sur vey and third par ties (Anthonsen 
et al., 2016).

CONCLUSIONS 

The strati graphic ranges and bound aries of PZ1–PZ4 are
de scribed, dis tin guished on the ba sis of ac cepted cri te ria in
the Lower Pa leo zoic strata of the EEC in Po land. The range of
PZ1 cor re sponds in the off shore area and on the north ern part
of the £eba El e va tion to part of the Piaœnica For ma tion, PZ2
dis tin guished on the £eba El e va tion cor re sponds only in a
small part to the Sasino For ma tion. PZ3 dis tin guished mainly
on the north ern part of the £eba El e va tion on shore and off -
shore and in a small part of the Bi³goraj-Narol Zone cor re -
sponds only partly to the lat eral ex tent of the Jantar For ma tion, 
and PZ4 cor re sponds to the lower part of the Pelplin For ma -
tion in sev eral sep a rate ar eas of the Podlasie-Lublin part of the 
ba sin.

Strati graphic re search has pro vided more de tails of the tem -
po ral and spa tial ranges of the lithostratigraphic for ma tions and
pro spec tive zones. The num ber and range of strati graphic gaps 
in the Or do vi cian-Si lu rian suc ces sion in crease to wards the east 
and south-east. In the Podlasie-Lublin area a large strati graphic 
gap spans the part of the Llandovery and in creases eastwards. 

The char ac ter is tic fea ture of the Lower Pa leo zoic de pos its
at the EEC mar gin in Po land is the diachronous appearence of
some black shale for ma tions from the west to the east. 

The strati graphic range of the Mid dle/Up per Or do vi cian
Sasino For ma tion in the west ern part of the EEC de creases to
the east and south-east. While in the mar ginal part of the Bal tic
Ba sin the Sasino For ma tion en com passes the Up per
Darriwilian, Sandbian and lower Katian (Llanvirn to up per most
Caradoc), in the cen tral part of the Bal tic De pres sion and in the
Podlasie and Lublin re gions, it com prises only the Katian Stage
(Up per Caradocian) with the Dicranograptus clingani and
Climacograptus styloideus graptolite biozones.

The base of Llandovery de pos its, the Jantar For ma tion or
the Pas³êk For ma tion, is diachronous. The strati graphic range
of the Jantar For ma tion in the mar ginal (west ern) part of the
area is wider than pre vi ously thought and spans not only the
Rhuddanian but also part of the Aeronian. To wards the east ern
and south east ern part of the Bal tic-Podlasie-Lublin Ba sin the
base of the Llandovery suc ces sion, of ten with a thin layer of the
bi tu mi nous shales in the low er most part, is dated by the
Aeronian graptolite biozones. In the bore holes lo cated yet far -
ther east the Landovery shale for ma tions are re placed by
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Telychian claystones and marls en riched at the bot tom with or -
ganic mat ter (in creased TOC value) or con tain ing thin or ganic
in ter ca la tions in their lower part.

Due to the very high TOC con tent and geo chem i cal char ac -
ter is tics, the Piaœnica For ma tion within PZ1 is the pri mary pe -
tro leum source rock in the Pol ish part of the Bal tic Ba sin. Pro -
spec tive PZ2, (partly cor re spond ing to the Sasino For ma tion),
over a large part of the Bal tic Ba sin, de spite not be ing an uni -
form unit, is the next im por tant pro spec tive unit. To the east and 
south-east of Po land, the Sasino For ma tion does not com prise
source rocks and is not con sid ered as pro spec tive in the con -
text of un con ven tional re sources.

The Jantar For ma tion in the range of PZ3 is a sec ond ary
pe tro leum source rock in the Pol ish part of the Bal tic Ba sin. On
the north ern off shore part of the £eba El e va tion and in the east -
ern part of the Bal tic De pres sion, the Jantar For ma tion shows
im prove ment of pa ram e ters of source prop er ties. The lo ca tion
of ar eas in the Pol ish part of the Bal tic Ba sin, in which the units
dis cussed (par tic u larly the Piaœnica, Sasino and Jantar for ma -
tions) are char ac ter ized by the best prop er ties point ing to
source ar eas, are prob a bly places of hy dro car bon gen er a tion.
In the south ern most part of the study area (the Bi³goraj-Narol
Zone) very good source prop er ties oc cur also in the
Rhuddanian Jantar For ma tion (south ern part of PZ3).

The lower part of the Pelplin For ma tion (PZ4) may be con -
sid ered as a good pe tro leum source rock only in the cen tral part 
of the Bal tic De pres sion (Warmia-Masuria area), Podlasie De -
pres sion and Lublin re gion. 

In ter pre ta tion of the data ob tained and their vi su al iza tion on
maps has al lowed pre cise def i ni tion of the re gional to tal or ganic 
car bon con tent (TOC), oil sat u ra tion in dex (OSI), ther mal ma tu -
rity of or ganic mat ter (Tmax), and type of pri mary kerogen in the
shale for ma tions dis cussed. The maps pro vided of dis tri bu tion
of the geo chem i cal pa ram e ters TOC, OSI, av er age gas con -
tent, Tmax and VRE dis play the lat est state of knowl edge on the
pe tro leum sys tems of the Bal tic-Podlasie-Lublin Ba sin and
were used to dis tin guish the most cur rent ranges of pro spec tive 
zones of oc cur rence of un con ven tional oil and gas res er voirs in
Lower Pa leo zoic shale for ma tions in Po land.

Due to the high vol ume of clay min er als and TOC in re la tion
to brit tle com po nent con tents, the ap pli ca tion of stim u la tion
treat ments in pro spec tive zones may be chal leng ing. Par tic u lar
at ten tion should be paid to the in ter nal geomechanical di ver sity
of the Jantar and Sasino for ma tions where zones of re duced

sus cep ti bil ity to the de vel op ment of hy drau lic frac tures oc cur.
The vol a tile tec tonic re gime and low dif fer en tial stresses mean
that the ex plo ra tion bore holes should be sub jected to de tailed
geomechanical anal y ses to help de ter mine the ex ploi ta tion po -
ten tial of the area. 

Up dated re gional ther mal ma tu rity stud ies have shown that
ma jor ity of shale gas ex plo ra tion bore holes in the Pol ish part of
the Bal tic Ba sin have been drilled within the oil win dow zone,
whilst bore hole lo ca tions in the wet gas and dry gas win dow
zones could have re sulted in a better ex plo ra tion re sults.

Com par i son with the other ar eas within the Lower Pa leo zoic 
Bal tic Ba sin re veals the shale for ma tions that may con sti tute a
po ten tial source of hy dro car bons are diachronous. To wards the 
east and south-east, ever youn ger de pos its pos sess the po ten -
tial for hy dro car bon ac cu mu la tions. In Po land, in the west ern
part of the EEC, these are: Furongian and the low est Or do vi -
cian (Tremadocian) de pos its, Sandbian and Katian Sasino For -
ma tion and Llandovery (Rhuddanian and Aeronian) Jantar For -
ma tion. In the cen tral part of Bal tic Ba sin (Lith u a nia), these are
the Up per Or do vi cian Mossen and Fj¬cka for ma tions and the
Aeronian Dobele For ma tion as well as Wen lock shales. In the
south east ern part of the ba sin (Ukraine), the Lud low is con sid -
ered to be the most prom is ing in terms of po ten tial un con ven -
tional hy dro car bon ac cu mu la tions.

De spite the com mon shale het er o ge ne ity some sim i lar i ties
can be seen, such as the ma rine type of depositional en vi ron -
ment with the pre dom i nance of type II kerogen and spe cific or -
ganic mat ter con tent in all pro spec tive re gions of the sed i men -
tary ba sin ex tend ing in the Early Pa leo zoic around the
palaeocontinent Baltica.

Ac knowl edge ments. The au thors are greatly in debted to
the re view ers: Dr. J. LazauskienÅ and Dr. P. Dziadzio, for their
valu able com ments which helped to im prove the manu script.
The pres ent stud ies are based on the re sults of in ves ti ga tions
per formed in 2013-2018 by PGI-NRI in the frame of the pro ject
“Rec og ni tion of pro spec tive zones for the oc cur rence of un con -
ven tional hy dro car bon res er voirs in Po land. Con tin u ous task of
Pol ish Geo log i cal Sur vey” fi nanced by the Na tional Fund for En -
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