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Res er voir con fine ment by faults is im por tant for safe stor age of liq uid waste or hy dro car bons. Hav ing ac cess to 3D seis mic
and bore hole data, we have in ter preted the tec tonic set ting of the Wysoka Kamieñska Graben (WKG) in the NW part of the
Pol ish Ba sin and sub se quently made an in ter pre ta tion of the seal ing po ten tial of the graben-bound ing faults. The for ma tion
and de vel op ment of the graben in the Late Tri as sic and Early Ju ras sic was con trolled by me chan i cal de coup ling in the salts
of the Zechstein Group. The pri mary tec tonic fac tor trig ger ing the graben or i gin was dextral strike-slip move ment along the
re gional fault zone in the Pa leo zoic base ment, transtensional ac com mo da tion of which in the Zechstein-Me so zoic cover led
to de vel op ment of a horse-tail pat tern of grabens. Dur ing the Late Cre ta ceous, the graben un der went mi nor tec tonic in ver -
sion. Seal ing po ten tial anal y sis of the graben-bound ing faults was per formed for the Triassic–Jurassic se quence in clud ing
jux ta po si tion seal and fault gouge seal com po nents. Fi nally, we have fo cussed our in ter pre ta tion on the Ju ras sic se quence
where the best res er voirs have been rec og nized. Our re sults in di cate good to mod er ate seal ing po ten tial of the Hettangian
res er voir, poor to mod er ate seal ing of the Pliensbachian res er voir and lack of seal ing of the Bajocian res er voir. Hence, the
Hettangian res er voir, char ac ter ized by large thick ness, low clay con tent and a large re gional ex tent, acts as a po ten tial stor -
age for ma tion, be ing con fined by the graben-bound ing faults of the WKG.
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INTRODUCTION

Based on in dus trial 3D seis mic and bore hole data, we have
ana lysed the struc ture and evo lu tion of the Wysoka Kamieñska
Graben (WKG; Dadlez, 1989; Dadlez et al., 1997) lo cated in the 
north ern part of the Me so zoic Pol ish Ba sin. The re sults of tec -
tonic anal y sis have been used for the as sess ment of fault seal -
ing po ten tial for hy po thet i cal stor age. At this stage of the anal y -
sis, we have not spec i fied sub stances to be stored in this
graben. Re sults of such gen eral an a lyzes can be use ful in re -
gional plan ning at the site screen ing stage of stor age lo cal iza -
tion (Delpart-Jannaud et al., 2013).

As in dus trial de vel op ment grows, so does the in ter est in
subsurface stor age of us able or waste gases and liq uids, for
which lim ited places with ad e quate stor age con di tions ex ist at
the earth’s subsurface. In Po land, the larg est stor age ca pac ity
is pro vided by deep sa line aqui fer struc tures (Wójcicki et al.,
2021). The ba sic terms of use of such aqui fers for stor age are
pref er en tial pres sure and tem per a ture con di tions keep ing the

fluid in a proper state and good seal ing that pre vents leak age of
the stored liq uid. There fore, such aqui fers should have an ef -
fec tively seal ing over bur den and be lat er ally con fined. The best
and most com mon caprock lithologies are evaporites and
shales with a high clay con tent (Downey, 1984; Grunau, 1987).
The lat eral con fine ment of a stor age site is of ten cre ated by
con vex up ward struc tures like anticlines, pref er en tially brachy -
anticlines form ing closed domes, or fault planes hav ing good
seal ing prop er ties. In our study, we con sider stor age op tions in
Ju ras sic strata within the WKG lo cated in north west ern Po land
(Fig. 1). In this con text, the fun da men tal ques tion is the seal ing
ca pac ity of the graben-bound ing faults. In the re gion in ves ti -
gated, geo log i cal and geo phys i cal data have been col lected
dur ing ex plo ra tion for and ex ploi ta tion of hy dro car bons.

In our fault seal ing po ten tial anal y sis, we do not go into de -
tails of stor age char ac ter iza tion, such as a depth, struc ture ca -
pac ity, or qual ity of aqui fers and seals. We as sume gen er ally
that the po ten tial stor age for ma tion ought to be a thick sand -
stone aqui fer with seal ing units at the top. In the Pol ish Low -
lands, one of the pref er en tial stor age op tions is pro vided by the
Lower and Mid dle Ju ras sic aqui fers and seals (Feldman-
Olszewska et al., 2010, 2012). This stor age sys tem has been
also se lected for the WKG, for which the seal ing prop erty of
faults is a ma jor con cern.

Nu mer ous stud ies have rec og nized faults as one of the im -
por tant fac tors con trol ling the seal ing of hy dro car bon res er voirs 
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and their be hav iour dur ing pro duc tion (e.g., Bredehoeft et al.,
1992; Knai and Knipe, 1998; Moretti, 1998; Aydin, 2000). The
fault seal po ten tial is a tech ni cal prob lem rel e vant to res er voir
en gi neer ing stud ies, but it con cerns also many geo log i cal pro -
cesses in which fluid flow through the sed i men tary suc ces sions
is im por tant. Fault seal is more or less di rectly re lated to
diagenesis, com pac tion cou pled with overpressure, and the ex -
pul sion and mi gra tion of hy dro car bons (Watts, 1987; Pei et al.,
2015). There fore, fault seal po ten tial should be in te grated
within ba sin mod el ling stud ies (Knott, 1993; Knipe, 1997; Fisher 
and Knipe, 1998). Fluid con duc tion within brit tle fault zones is
also re lated to tec tonic load ing. Ep i sodes of fault ac ti va tion may 
make their sur round ing zones more con duc tive (Knipe, 1993;
Chen et al., 2013). Also, crit i cally stressed faults un der pres -
ent-day load con di tions show in creased con duc tiv ity for flu ids
(Barton et al., 1995; Mildren et al., 2002; Zoback, 2007). How -
ever, the seal ing prop erty of faults de pends also on their het er -
o ge neous struc ture, which is also dif fi cult to char ac ter ise by
geo log i cal data. Petrophysical and geomechanical pa ram e ters
char ac ter iz ing fault zones are rarely avail able and, if so, only for 
a small por tion of a fault sur face. The het er o ge ne ity of fault
zones has a scale smaller than the de tec tion ca pa bil i ties of
geo phys i cal tech niques. This is a rea son why, de spite per sis -
tent in ter est by the oil in dus try, the de ter mi na tion of fault seal ing 
prop er ties re mains a chal lenge.

To ad just the so lu tion of this com plex prob lem to the qual ity
of the avail able dataset, it has been sim pli fied. In com mon in -
dus trial prac tice, two fault seal ing com po nents are usu ally de -
fined: (1) jux ta po si tion of the res er voir unit across the fault
plane with poorly per me able strata (Smith, 1966; Weber, 1997;
Fisher and Knipe, 1998; Yield ing et al., 2010); and (2) the fault
zone it self filled with im per me able fault rocks (Watts, 1987;
Foxford et al., 1998; Pei et al., 2015).

The jux ta po si tion com po nent of the fault seal po ten tial is re -
lated to the cross-fault con tact of per me able and im per me able
rock units. In prac tice, the stor age body in clastic rocks of ten
has a “layer cake” struc ture of re peated res er voir and seal ing

units rep re sented by sand and shale re spec tively (Watts, 1987;
Fulljames et al., 1997). How ever, at an early stage of site rec og -
ni tion, the per me abil ity is usu ally not suf fi ciently con trolled, and
so the jux ta po si tion seal is of ten eval u ated based on the
lithological dif fer ences. As a re sult, a sim ple as sump tion of per -
me able sand stone lay ers and seal ing shale or evaporites is of -
ten as sumed. Other lithologies, such as car bon ates, need fur -
ther char ac ter iza tion of the frac ture sys tem and rock ma trix. In
the case of the suc ces sion stud ied, in which shale and sand -
stone pre vail, we do not have di rect and re li able in for ma tion on
per me abil ity; there fore, this com po nent can be de ter mined only
qual i ta tively.

The fault gouge com po nent (mem brane seal) is de vel oped
based on the as sump tion that, due to fault dis place ment, the
clay and mud frac tions of the host rock are in cor po rated and
smeared into the fault gouge (Gib son, 1994; Vrolijk et al., 2016). 
De tailed study of flu vial-deltaic sand stones and shales (Lindsay 
et al., 1993), lithified and dis placed by faults in rel a tively shal low
ba sin con di tions, has en abled the rec og ni tion of three mech a -
nisms of rock mix ing by faults. (1) Abra sion, where the shale
host rocks are dis in te grated and abraded by the ini tial frac ture
fail ure and its rough ness; (2) shear ing, where the shale par ti -
cles are dis posed within a sim ple shear zone (cataclasis), and
(3) in jec tion of clay com po nents from host rock due to their
fluidization. In our study, the Lower Ju ras sic se quence was de -
pos ited dur ing fault dis place ment that in di cates shal low con di -
tions when the fault zone formed. At a depth range of a kilo -
metre, where the clastic rocks were only ini tially con sol i dated,
sort ing and re dis tri bu tion of phyllosilicates took place with out
large-scale cataclasis or grain recrystallization (Knipe, 1992;
Walderhaug, 1996; Labaume and Moretti, 2001). There fore, we 
can in fer that the fault gouge was dom i nated by sim ple mix ing
and smear ing of host rock lithologies along the fault zone at a
dis tance re lated to the fault dis place ment. In such a sim pli fied
case, the fault gouge seal ing po ten tial is of ten de fined by the
Shale Gouge Ra tio (SGR) pa ram e ter (Zheng et al., 2000), re -
lated to the over all clay min eral con tent in the strata dis placed
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Fig. 1A – the re gional con text of the study area within a tec tonic sketch of Cen tral Eu rope (af ter Jarosiñski et al., 2006); B – the study 
area (red box) lo cated above the Wysoka Kamieñska Graben (WKG) on a geo log i cal map with out Ce no zoic (af ter Dadlez et al.,
2000), with the pos tu lated Wolin-Drawsko (W-D) base ment fault zone, the Szamotu³y-Cz³opa salt diapir ar ray (Sz-Cz) and the
horse-tail grabens (ht) in the Me so zoic cover, the dextral strike-slip move ment in ter preted at the base ment fault zone (green ar row)
and sec ond ary ex ten sion of horse-tail grabens (or ange lines and ar rows) are marked



by the fault. This pa ram e ter, in turn, is taken af ter anal y sis of the 
vol u met ric share of clay in the rock, termed the V-shale pa ram -
e ter (Serra, 1984; Hurst, 1987), which is de ter mined from bore -
hole logs and cal i brated with lab o ra tory mea sure ments, if avail -
able. In our V-shale anal y ses, gamma-ray logs were used with -
out ad di tional lab o ra tory con trol on the clay min er als con tent.

This pa per con sists of two parts. In the first of them, we de -
scribe the tec ton ics of the WKG and give a ge netic model of its
for ma tion. The spa tial model of the graben, based on 3D seis -
mic data con trolled by bore hole pro files, is used for an anal y sis
of the throw and com pen sa tion of the bound ary faults and for
cal cu lat ing the sta tis tics of faults’ ori en ta tions. The ge netic
model of the graben is in ter preted in the con text of the re gional
tec tonic his tory. In the sec ond part of the pa per, we an a lyze the
fault seal ing po ten tial with a view to pos si ble stor age. Based on
bore hole logs, we have dis tin guished units with pre dom i nant
seal ing and res er voir prop er ties. The 3D-fault model con -
structed with the throws mapped on their sur faces al low us to
eval u ate the jux ta po si tion seal ing po ten tial com po nent. Fur ther
de vel op ment of the fault model with the re sults of the shale vol -
u met ric share anal y sis al lowed to es ti mate a fault gouge seal ing 
po ten tial com po nent. Fi nally, a pref er en tial aqui fer, pos si bly ef -
fec tively con fined within the WKG, has been dis tin guished.

GEOLOGICAL CONTEXT

The Me so zoic sed i men tary se quences stud ied within the
WKG were de pos ited in the north ern, mar ginal seg ment of the
Mid-Pol ish Trough that formed the sub si dence cen tre of the
Pol ish Ba sin (Dadlez et al., 1997; Stephenson et al., 2003). In a
broader view, this ba sin was a part of the large South ern Perm -
ian Ba sin that stretched from the Brit ish Isles to the East Eu ro -
pean Craton (Ziegler, 1992; Doornenbal and Stevenson, 2010). 
The WKG struc ture was formed in the Late Tri as sic and Early
Ju ras sic (Dadlez, 1989; Dadlez et al., 1997) as one of sev eral
sim i lar grabens de vel oped in this  re gion (Fig. 1).

The Up per Perm ian to Me so zoic strati graphic se quence
starts with the ma rine Zechstein (up per most Perm ian), which
com prises three car bon ate to evaporite (anhydrite and salt) cy -
cles fol lowed by terrigenous-evaporite lithofacies (Wag ner and
Peryt, 1997). Stor age ca pa bil i ties are well-doc u mented for the
Main Do lo mite (Ca2), in which hy dro car bon ac cu mu la tion was
found and ex ploited since 1979. Af ter ex trac tion of 420 ki lo tons
of crude oil (https://www.salon24.pl/u/wnukowi/799339,zloze-
ropy-i-koncesja-kamien-pomorski), the field has been re cently
con sid ered as de pleted. The rem nant pore space filled with
brine may pro vide low-vol ume stor age or re pos i tory op tions.
The Ca2 res er voir seems to be per fectly sealed with rock salt,
which al lowed an ini tial (be fore ex ploi ta tion) pore overpressure
gra di ent ex ceed ing 16 MPa/km (Bojarski et al., 1977) to be sus -
tained. How ever, its small res er voir ca pac ity, and high pres sure 
at a depth of 3 km, may limit its use in prac tice.

The Me so zoic sed i men tary se quence stud ied was de pos -
ited in the mar ginal part of the Pol ish Ba sin. The Lower Tri as sic
de pos its are char ac ter ized by uni form ma rine fa cies across the
Pol ish Ba sin (Raczyñska, 1987; Gajewska, 1988; Dadlez,
1989). In the WKG re gion, the Tri as sic be gins with silts and
clays (in clud ing thin sand stone beds in the Lower
Buntsandstein) that pass up wards into oolitic sand stones,
siltstones, and claystones, and then into car bon ates and
sulphates close to the top of the Lower Tri as sic se quence. The
Mid dle Tri as sic de pos its are dom i nated by sul phate-im preg -
nated car bon ates, pass ing up wards into marl and shale. In the

Up per Tri as sic se quence, claystone and mudstone lithofacies
are uni form across the ba sin. In the en tire Tri as sic se quence,
the lack of good res er voir prop er ties (high po ros ity and per me -
abil ity) ex cludes ef fec tive stor age ca pa bil i ties.

In the WKG the best po ten tial res er voirs are found in the Ju -
ras sic. The depositional en vi ron ments within the Pomerania re -
gion gen er ally evolved from ter res trial con di tions in the
Hettangian and Sinemurian to a more ma rine en vi ron ment in
the Pliensbachian and again to fresh wa ter in the Toarcian
(Raczyñska, 1987; Dadlez, 1989). Due to the sig nif i cant di ver -
sity of sed i men tary en vi ron ments, such as del tas, embay -
ments, shoreface, and off shore (Pieñkowski, 2004), sand bod -
ies do not cor re late across the ba sin. In the vi cin ity of the WKG,
the Lower Ju ras sic fa cies may be ad di tion ally di ver si fied from
the ac tiv ity of graben-bound ing faults with a ten dency to pref er -
en tial ac cu mu la tion of flu vial sandy de pos its within the graben
(Pieñkowski, 2004). In the Mid dle Ju ras sic, the amount of shale
in creases up to 50% (Kopik, 1997, 1998), but sand stone fa cies
are still pres ent. To wards the top of the Mid dle Ju ras sic, the
con tent of marls in creases, in di cat ing a tran si tion to wards the
Up per Ju ras sic car bon ates, which are the youn gest Me so zoic
strata of the study area. The Ju ras sic sand stones pro vide pref -
er en tial stor age op tions within the WKG. Judg ing from the map
(Fig. 1) Lower Cre ta ceous strata should be pres ent in the west -
ern side of the graben. How ever, they are not doc u mented by
bore holes that are clus tered around the east ern side of the
WKG, and the seis mic re cord ne glects the shal lower depth in -
ter val.

DATA AND THEIR QUALITY

Our re search is based on in dus trial data ac quired dur ing ex -
plo ra tion for hy dro car bon ac cu mu la tions within the Ca2 of the
Zechstein suc ces sion. From the point of view of our study that
is fo cused on the stor age ca pa bil i ties of the Me so zoic se -
quence, the data are some what ran dom, be ing of lim ited qual ity 
and quan tity.

The main set of data, ob tained from the Pol ish Oil and Gas
Co. (POGC), com prises a 3D seis mic sur vey in the time do main,
with nine in ter preted seis mic ho ri zons. The seis mic ac qui si tion
com pleted in 2001 cov ers the mid dle seg ment of the WKG
(Fig. 1B). The 3D struc tural model of the main seis mic ho ri zons
and seg ments of ma jor faults (in pil lar gridding for mat) was pro -
vided by the POGC. We sup ple mented this model by in ter pret ing 
lithostratigraphic ho ri zons tied and cor re lated to avail able bore -
hole data. The re con struc tion of lithostratigraphic units was com -
pleted sep a rately for the WKG in te rior (hang ing wall blocks of
bound ary faults) and ex te rior (footwall blocks of bound ary faults). 
In ter preted fault seg ments have been trans ferred from Pe trel
soft ware (Schlumberger) to T7 soft ware (Badleys Geoscience
Ltd.) and used to cal cu late the gridded 3D fault sur faces. At
these sur faces, throw maps were con structed and seal ing po ten -
tial anal y sis was per formed us ing the T7 code which is well-ad -
justed to faults in clastic suc ces sions and widely used by the oil
in dus try for fault seal mod el ling and hy dro car bon res er voir com -
partmentalization (Jolley et al., 2010).

The good qual ity of seis mic im ag ing data from out side the
graben al lowed the iden ti fi ca tion and cor re la tion of the fol low ing 
ho ri zons:

  Jpl – a clear neg a tive seis mic re flec tion pro duced by
lithological changes from shaly sand stone to coal-bear -
ing shale in the lower Pliensbachian;
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  Tm – a pos i tive seis mic re flec tion from the top of the
Muschelkalk lime stone, rep re sent ing a change in li thol -
ogy to the Keuper shales; 

  Tp2 – a strong pos i tive seis mic re flec tion formed be low
the top of the Buntsandstein;

  Tp2t – a clear neg a tive seis mic re flec tion within the low er -
most Buntsandstein re lated to a sand stone layer be -
tween thick shale de pos its;

  Zstr – a weak neg a tive seis mic re flec tion from the top of
the Youn gest Salt (Na4) rep re sent ing the top of the
Zechstein suc ces sion;

  Z3 – a strong pos i tive seis mic re flec tion from the in ter -
face be tween the Youn ger Salt (Na3) and the Main
Anhydrite (A3) within the third cy cle (PZ3);

  Z2 – a strong pos i tive seis mic re flec tion from the Older
Salt (Na2) and the Basal Anhydrite (A2) in ter face within
the sec ond cy cle (PZ2);

  Z 1 – a neg a tive seis mic re flec tion from the bot tom of the
Main Do lo mite (Ca2) un der lain by the Up per Anhydrite
(A1g) of the first cy cle;

  Zsp – a strong neg a tive seis mic re flec tion from the bot -
tom of Zechstein Lime stone (Ca1) and Lower Anhydrite
(A1d) un der lain by Basal Con glom er ates (Zp1).

Within the graben, seis mic ho ri zons are less vis i ble than
out side the graben. It is prob a bly due to both tec tonic de for ma -
tion and the highly vari able lithologies caused by synsedimen -
tary fault ing. Seis mic im ag ing fo cus ing on the deep hy dro car -
bon res er voirs did not reg is ter sig nals down to 300 m, and only
partly cov ered the depth down to 600 m. This is why the shal -
lower Up per Ju ras sic and Ce no zoic for ma tions are only doc u -
mented by bore holes.

In ter pre ta tion of seis mic ho ri zons was con strained by well
logs and lithostratigraphic pro files from six bore holes, among

which five are lo cated within the WKG (Fig. 2), and one,
Wysoka Kamieñska-2 (WK-2), is sev eral kilo metres to the east
of the graben. The bore holes are clus tered along the east ern
flank of the cen tral seg ment of the graben, at a dis tance of
600–1100 m from each other (Fig. 3). All bore holes lo cated
within the graben pen e trated the east ern bound ary fault at a
Lower Ju ras sic or Up per Tri as sic strati graphic level, reach ing
the Ca2 at a depth <3 km out side the graben. As the re sult, the
com plete Ju ras sic se quence and only the top of the Tri as sic are 
well con trolled by bore holes within the hang ing wall block
(graben in te rior). The en tire Tri as sic se quence was only doc u -
mented out side the graben by the WK-2 bore hole.

All bore holes stud ied were drilled in 1978–1984, which lim its
the qual ity of the wire line logs, re corded in an a logue for mat.
Hence, it be came nec es sary to re cal cu late the gamma-ray logs
from counts per min ute to API units fol low ing the method of
Szewczyk (2000). We have uni fied these pro files, tak ing into ac -
count cal i per data to con strain bore hole di am e ter changes that
might have in flu enced the gamma-ray sig nal. There is a lack of
lab o ra tory tests for the gamma-ray pro file cal i bra tion. The
lithostratigraphic units were taken from the bore hole doc u men ta -
tion in the Na tional Geo log i cal Ar chive and data stored in the Cen -
tral Geo log i cal Da ta base (http://otworywiertnicze.pgi.gov.pl/).

TECTONICS OF THE WYSOKA KAMIEÑSKA
GRABEN (WKG)

THE MAIN TECTONIC FRAMEWORK OF THE WKG

Al though the WKG has been men tioned in sev eral re gional
stud ies (Dadlez, 1990; Dadlez et al., 2000), no de tailed study of
its in ter nal tec tonic struc ture and evo lu tion is avail able. The
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Fig. 2. The map of the Ju ras sic (Jp) seis mic ho ri zon depth show ing the asym met ri cal graben struc ture at
the Pliensbachian res er voir level

The lo ca tion of faults (red lines) and ana lysed bore holes (white dots) are shown; note that the lat eral ter mi na tion
of the FLT8 and FLT9 faults is an arte fact of data lim i ta tion
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WKG to gether with sim i lar ad ja cent grabens is ar ranged in a
horse-tail struc tural pat tern, which is typ i cal of strike-slip ac com -
mo da tion at the tip of a ma jor fault zone (Kim et al., 2004; Kim
and San der son, 2006). Its name co mes from the char ac ter is tic
arched shape of grabens and their se rial ap pear ance. The
grabens are dis trib uted along a pre sumed WNW–ESE trending
base ment fault zone, lo cated within the SW mar ginal zone of
the East Eu ro pean Craton (fault zone E of Krzywiec, 2006a).
Zone of this base ment fault has also been re ferred to as the SW 
bound ary of the Czaplinek Block in the sub-Zechstein base -
ment or ex tent of the Mid-Pol ish Swell in the Me so zoic suc ces -
sion (Po¿aryski and Dadlez, 1987). In this study we have
named this zone the Wolin-Drawsko fault zone.

The Szamotu³y–Cz³opa tec tonic zone ad joins the
Wolin-Drawsko fault zone obliquely (Fig. 1B). Along this zone,
salt diapirs rose in the Late Tri as sic–Early Ju ras sic, form ing an
en-ech e lon ar ray (Dadlez and Marek, 1997). Also, far ther to the
SE, be tween Poznañ and Kalisz, sim i lar en-ech e lon half
grabens, ar ranged in a lin ear pat tern, were ini ti ated in the Tri as -
sic and in verted in the Late Cre ta ceous (Kwolek, 2000). The
pat terns of grabens and diapirs and their syn chro nous or i gin
sug gest they both re sulted from dextral transtension at the fault
zones in the pre-Perm ian base ment. Such spe cific se rial struc -
tures oblique to the base ment fault zone sug gest de coup ling
be tween the Pa leo zoic and Me so zoic suc ces sions, pref er en -
tially within duc tile Zechstein salts. The age of for ma tion of the
WKG is in di cated by in creased thick nesses of the up per Tri as -

sic and Lower Ju ras sic strata within the graben rel a tive to the
re gional thick ness (Figs. 4 and 5). How ever, the bore holes, lo -
cated close to the east ern mar gin of the WKG, do not pro vide a
com plete sec tion across the graben infill (Fig. 3) as they were
drilled through the bound ary fault and went into the footwall
close to the base of Ju ras sic. Only the WK-8 bore hole pro vides
the com plete Ju ras sic to top Tri as sic pro file of the WKG (see
Fig. 2) and the WK-2 bore hole pro vides the en tire Me so zoic
pro file out side the graben. Hence, there is no bore hole con trol
on the Mid dle and Lower Tri as sic de pos its within the graben,
the thick ness of which was in ferred from seis mic in ter pre ta tion,
aided by data from out side the graben.

The WK-8 and WK-2 bore holes, lo cated in side and out side
the graben re spec tively, al low com par i son of the changes in
thick ness of the Ju ras sic strata (Fig. 4), be ing 505 m greater
within the WKG than out side it. This dif fer ence is mostly in the
Hettangian–Pliensbachian se quence (400 m dif fer ence), while
the rest (105 m dif fer ence) is at trib uted to the Toarcian–Cal lo -
vian. How ever, the vari a tions in Toarcian thick ness alone, doc -
u mented by bore holes, are com pro mised by a lack of good
strati graphic con trol, this be ing based on the geo phys i cal logs
with out any palaeontological con trol.

The struc tural map and seis mic ho ri zon (Figs. 2 and 5)
show that the graben is asym met ri cal. The max i mum throw of
the east ern bound ary fault (FTL9), mea sured at the top
Muschelkalk seis mic ho ri zon (Tm), is >750 m and lo cally ex -
ceeds 900 m (Fig. 5B), while the throw at the west ern bound ary
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Fig. 3. Sim pli fied lithostratigraphic pro files of the bore holes in ves ti gated

Note the gap in pro files caused by nor mal faults (marked by red lines); for bore hole lo ca tions see Fig ure 2

https://gq.pgi.gov.pl/article/view/7402


fault (FLT8) var ies in a range of 150–400 m. The throw mea -
sured at the bot tom Pleinsbachian seis mic ho ri zon (Jp),
changes be tween 300–460 m for the FLT9 fault, and 50–70 m
for the FLT8 fault. The neg a tive value is for an in verted fault with 
hang ing wall higher than footwall. The dif fer ence be tween the
throws of the Tm and Jp ho ri zons in di cates that the WKG was
be ing infilled with sed i ments dur ing graben for ma tion. The
thick ness dif fer ence in side and out side the graben sug gests
that the main phase of graben for ma tion lasted at least to the
end of the Early Ju ras sic; how ever, the thick ness in crease in
the Toarcian is sub tle. The off set of the top Toarcian is very
small across FLT8 and reaches sev eral tens of metres across
FLT9. Nei ther the qual ity of seis mic pro file of the mid dle Ju ras -
sic se quence nor the bore hole data dis tri bu tion al low for more
de tailed in ter pre ta tion of the youn ger evo lu tion of the WKG.

COMPENSATION AND DECOUPLING OF DEFORMATION
 IN THE ZECHSTEIN SALT LAYERS

The mech a nism of FLT9 fault com pen sa tion within the
Zechstein suc ces sion can be di rectly in ferred from the seis mic
re cord (Fig. 5). This fault en ters the Zechstein salts of the 2nd
and 3rd cy cle with out break ing the Main Do lo mite and Basal
Anhydrite (Z1–Z2). The main bound ary fault of the WKG is en -
tirely com pen sated within the salt level.

Out side the WKG, the bot tom of the Me so zoic suc ces sion is 
clearly lower on the west ern side of the graben with re spect to
the east ern side by ~400 m, while the base of the Zechstein is
lack ing a sig nif i cant ver ti cal off set (Fig. 5). This in di cates that
the faults bound ing the WKG are en tirely com pen sated within
the Zechstein evaporites. A closer look at the Zechstein suc -
ces sion re veals that fault dis place ment is ac com mo dated
mostly by thicker salt lay ers (Na2 and Na3). Com pen sa tion of
faults bound ing the WKG in the Zechstein suc ces sion is ac -
com pa nied by salt thick ness re duc tion in the west ern side of the 
WKG. Over this salt de pres sion, out side the graben, the thick -
ness of the Lower Ju ras sic se quence (Hettangian to Pliens -
bachian) in creases, im ply ing salt thick ness re duc tion si mul ta -
neously with the graben sub si dence. From this, it is clear that
Zechstein thick ness re duc tion is not a halokinetic phe nom e non
but de vel oped due to salt stretch ing by sim ple shear at a com -
pen sated nor mal fault. Grabens de vel oped by thin-skinned ex -
ten sion or listric nor mal faults of ten cause thick ness re duc tion
or even de cay next to the graben (Fort et al., 2004; Jack son and 
Hudec, 2017). This phe nom e non is sim i lar to the re duc tion of a
strati graphic pro file by nor mal fault ing, with the dif fer ence that a
nor mal fault is al most hor i zon tal and the salt is de formed by
creep in sim ple shear con di tions.

On the east ern side of the graben, the rise of salt caused an
al most co-shaped up lift of the Me so zoic suc ces sion above,
with out vis i ble thick ness changes in the Tri as sic and Ju ras sic
units. How ever, a grad ual de crease in stra tal dip from the Lower 
Tri as sic to Ju ras sic can be no ticed. This sug gests the ini ti a tion
of the salt pil low dur ing in cep tion of the graben and its fi nal rise
af ter the Early Ju ras sic. The lack of con tin u ous re flec tions in the 
Mid dle Ju ras sic se quence makes it im pos si ble to pre cisely con -
strain the tim ing of this event. Sim i lar struc tures, called roll ers,
are de scribed from an extensional tec tonic en vi ron ment com -
pen sated in salt on the An go lan pas sive mar gin (Fort et al.,
2004). The roll ers rise un til the salt is wedged out be neath the
graben, which, in our in ter pre ta tion, also took place in the WKG.

EXTENSIONAL AND STRIKE-SLIP COMPONENT 
OF FAULT DISPLACEMENTS

The base Zechstein ho ri zon is cut by many mi nor faults with
throws less than 30 m, which par tially pen e trate to wards the
Main Do lo mite. To check the pos si ble ge netic re la tion ship be -
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Fig. 4. A com par i son of strati graphic and lithological pro files
of the bore holes WK-8 lo cated within the WKG and WK-2

lo cated out side the graben

Re duc tion in the WK-8 pro file due to the FLT9 fault is marked by a
red line. The sig nif i cant in crease in the thick ness of the Ju ras sic
strata in side the graben is clearly vis i ble. The strati graphic units
shown have been mapped onto fault planes (Fig. 13). For bore hole
lo ca tions see Fig ure 2



tween the base ment faults and the WKG, we
have com pared the strike of faults at both
struc tural lev els, based on a 3D seis mic
model (Fig. 7). The length of faults has been
used for weight ing the ori en ta tion of faults on
the rose di a grams (Fig. 6). The di a gram for
the Pa leo zoic base ment shows that faults
cre ate one ori en ta tion set, trending NW–SE
with the max i mum at az i muth 136°. Si mul ta -
neously, within the Me so zoic suc ces sion,
faults trend NNW–SSE, with a mean az i muth 
of 154°. This dif fer ence is in ter preted to be a
re sult of strain de coup ling in Zechstein salt
be tween the dextral strike-slip fault zone in
the base ment, which caused transtensional
tear-out of the Me so zoic sed i men tary cover
above. The deep and old base ment faults
were sim ply re ac ti vated un der oblique max i -
mum hor i zon tal stress. While there were no
in her ited frac tures in the Me so zoic se quence 
it was torn out by mo tion of the base ment
fault. Struc tural dis con ti nu ity be tween both
suc ces sions was pos si ble due to de coup ling
in duc tile salt lay ers. This mech a nism might
have pro duced the horse-tail pat tern of the
grabens. Fol low ing this con cept, we ex pect
that the bound ary faults of the WKG, ex cept
for the dip-slip com po nent, also has an ad di -
tional strike-slip com po nent of off set. In the
case of flat–ly ing strata, the strike-slip com -
po nent does not pro duce an ap par ent ver ti -
cal off set and may in sig nif i cantly con trib ute
to the fault throw.

There fore, we in fer that, in Fig ure 5 the
fault throw rep re sents only the extensional
com po nent of dis place ment, and so the
strike-slip com po nent is miss ing so far. This
hor i zon tal com po nent of dis place ment can -
not be de ter mined di rectly from the data we
have. How ever, as sum ing dis place ment be -
tween two mar ginal footwall blocks of the
WKG in the di rec tion of the base ment fault,
we are able to roughly pre dict the dis tri bu tion
of extensional and strike-slip com po nents
along the curved horse-tail graben (Fig. 6C).
The extensional com po nent of dis place ment
can be mea sured in cross-sec tion per pen -
dic u lar to the trend of the graben (Fig. 5A).
The strike-slip com po nent is tan gen tial to the 
graben trend. In a given curved graben ge -
om e try, this com po nent de creases with in -
creas ing dis tance from the pure strike-slip
base ment fault. In the south ern seg ment of
the WKG ana lysed, we ex pect the strike-slip
com po nent to be com pa ra ble to the
extensional one.

Based on the sum of the gaps be tween
the hang ing wall and footwall cut offs in map
view at the two bound ary faults, the hor i zon -
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Fig. 5A – an ex am ple of a seis mic sec tion (lo ca tion marked in Fig. 2) pro vides an in -
ter pre ta tion of the main faults and seis mic ho ri zons sup ple mented by the strati -
graphic units iden ti fied us ing bore hole data. Due to seis mic re flec tors van ish ing
up wards, the shape of the top Bajocian ho ri zon is hy po thet i cal. No tice dou bled ver -
ti cal ex ag ger a tion of this pro file. Hy po thet i cal pro lon ga tion of faults be low the
Zechstein base ment, form ing a flower struc ture, is marked by a dashed line; B – a
di a gram of fi nite throw along strike of the two bound ary faults FTL8 and FTL9. For
each fault, two curves are drawn for the Tm and Jpl seis mic ho ri zons. No tice the re -
verse throw in the south ern seg ment (hatched area) which, ac cord ing to our in ter -
pre ta tion, is a prod uct of nor mal fault in ver sion



tal ex ten sion could be es ti mated across the graben. On the pro -
file ana lysed (Fig. 5A) the to tal graben hor i zon tal ex ten sion,
mea sured at the Tm seis mic ho ri zon, is es ti mated at 800 m.
Most of the ex ten sion seems to be re lated to the Lower Ju ras sic 
in ter val, as the hor i zon tal gap at the bot tom of the Ju ras sic se -
quence is es ti mated at 500 m. The range of hor i zon tal ex ten -
sion is sim i lar to the sum of the ver ti cal throw of the bound ary
faults due to their dip an gle close to 45° on av er age. Such
low-an gle nor mal faults are typ i cal of faults prop a gat ing in
poorly lithified de pos its (McClay et al., 1991; Mauduit and Brun,
1998), as is the case of the syndepositional WKG or i gin. These
faults tend to steepen up wards and flat ten down wards within
the Zechstein salts.

YOUNGER PHASE OF WKG REACTIVATION

Lim ited seis mic data from the shal lower 600 m makes it dif -
fi cult to re con struct the evo lu tion of the graben af ter the stage of 
tec toni cally driven sub si dence in the T3-J1 pe riod. In our in ter -
pre ta tion, the high est ob serv able top Toarcian seis mic ho ri zon
(the top Bajocian ho ri zon is hy po thet i cal) is also thrown by
~100 m at the FLT9 bound ary fault. It can be hy poth e sized that
this mi nor off set was driven by dif fer en tial com pac tion be tween
the thicker soft sed i ments within the graben and the thin ner
ones out side. This ef fect should be ac com mo dated in the Mid -
dle Ju ras sic se quence. How ever, youn ger fault re ac ti va tion
also can not be ruled out.

At the west ern flank of the WKG, the gen tle tilt of the mid dle
Ju ras sic seis mic re flec tions is al most co-shaped with the bot -
tom of the Zechstein suc ces sion. The re gional con text of the
graben, also vis i ble on the geo log i cal map with out Ce no zoic
(Fig. 1B), in di cates that the fi nal in cli na tion of the west ern flank
of the graben took place dur ing the up lift of the Mid-Pol ish
Swell. The seis mic im age ana lysed is lo cated on the SW slope
of this swell. The time of the in ver sion, al though im pos si ble to
spec ify from our data with out the Cre ta ceous se quence, is
clearly dated in other places to the Late Cre ta ceous (Dadlez,
1989; Krzywiec, 2006b). Judg ing from the re verse fault ki ne -
mat ics of the south ern FLT8 fault seg ment at the Jp ho ri zon
level (Fig. 5B), dur ing this phase of com pres sion the bound ary
faults were re ac ti vated with re verse sense. Due to the cur va ture 
of the WKG, its south ern most NNW–SSE trending seg ment
was pref er en tially ori ented for transpressive re ac ti va tion when
the SSW com pres sion is in ferred from the buck ling fault ing of
the Me so zoic suc ces sion over Zechstein salts within the
Szczecin Trough (Dadlez et al., 2000). The south ern seg ment
of the graben, which has the min i mum extensional com po nent
and best ori en ta tion to re ac ti va tion, shows the max i mum re -
verse off set at FLT8 in a range of 50 m. The ver ti cal com po nent
of in ver sion must have been higher than 50 m, to com pen sate
also for the pre vi ous nor mal fault ing throw.

The SSW stress ori en ta tion with re spect to the trend of the
graben is in fa vour of transpressive re ac ti va tion of the south ern
seg ment of the WKG. As noted above, the salt pil low in the
east ern flank of the WKG could have been fi nally up lifted by the
buck ling of the Me so zoic suc ces sion un der the same
compressional con di tions as for ba sin in ver sion. In such con di -
tions, mi nor nor mal fault re ac ti va tion of the FLT9 north ern seg -
ment due to graben cur va ture is pos si ble, but not proven.

DIGITAL MODEL OF THE FAULT PLANES

The tec tonic in ter pre ta tion of the seis mic model al lowed us to
dis tin guish 11 faults (Fig. 7) within the Me so zoic suc ces sion, and
29 mi nor nor mal faults, and 2 thrust faults in the Zechstein suc ces -
sion, mostly in ter preted at the Main Do lo mite seis mic ho ri zon (Z1). 
The build ing of a spa tial model of fault sur faces is a pre con di tion
for fault seal ing po ten tial anal y sis. Due to a per fect seal in salt, the
faults in the Zechstein are not in cluded in fur ther seal ing po ten tial
anal y sis. The fault mod els are com puted us ing the com mer cial T7
soft ware (http://www.badleys.co.uk/T7-SEAL.php). Within the
soft wa re used, the fault at trib utes are cal cu lated through a reg u lar
grid. In the study con ducted, we have checked the in flu ence of the
grid size on re sults of fault com pu ta tion us ing two con ven tional op -
tions of grid sizes, 100´100 and 50´50 m, for both faults and ho ri -
zons. Since the re sults do not show sig nif i cant dif fer ences, there is 
no need to in crease model res o lu tion above the stan dard 50´50,
to avoid un nec es sary com pu ta tional cost (Caumon et al., 2009).

The fault throw, de fined by the ver ti cal com po nent of the off -
set, is a vari able de pend ing on the lo ca tion of the ho ri zon in ter -
sec tion lines at the fault sur face. To han dle these vari a tions, two 
cut off lines for each ho ri zon rec og nized are drawn on the fault
plane, sep a rately for hang ing wall and footwall blocks (Fig. 8A).
The ver ti cal com po nent of the dis tance be tween these two lines 
de fines the fault poly gon (Needham et al., 1996) that char ac ter -
izes throw changes along fault strike, at the level of the given
ho ri zon (Fig. 8B). For each cor re lated strati graphic ho ri zon,
fault poly gons are com puted au to mat i cally from the 3D model.
To draw a throw map at the fault sur face, the throw changes
from all fault poly gons are com bined and re cal cu lated on the
model grid.

Con sid er ing the ac cu mu la tion of er rors in the multi-step
model build ing pro ce dure, the re sul tant fault throw maps have
to be in spected. It is as sumed that the ideal fault sur face, ap -
prox i mated from the off set in one seis mic event, has an el lip ti cal 
shape with a reg u lar throw pat tern with a max i mum near its cen -
tre and throw de crease to wards the edge of the fault plane
(Fig. 8B; Watterson, 1986; Walsh and Watterson, 1988;
Needham et al., 1996; Kim and San der son, 2006). Such an ide -
al ized pat tern is un re al is tic for real fault ge om e try due to the ac -
cu mu la tion of mul ti ple slip on in di vid ual fault in a me chan i cally
het er o ge neous en vi ron ment, and geodynamically chang ing
con di tions. Abrupt spikes, jumps, loops, or other ir reg u lar i ties
are pos si ble. In our in ter pre ta tion, we as sume a large mar gin of
tol er ance for ir reg u lar fault throw pat terns, but if the throw map
re veals short wave length ir reg u lar i ties, not re lated to any in ter -
preted fault seg men ta tion, it is re garded as an arte fact (Fig. 9).
The cor rec tion of the arte fact is made by the man ual shift of
nodes of the fault poly gons un til more grad ual throw changes
are achieved while keep ing the ini tial range of the fault throw.

Our fault seal po ten tial study is fo cused on the two larg est
faults, bound ing the WKG from the west (FLT8) and east
(FLT9), which con trol where the res er voirs within the graben are 
con fined lat er ally. To con struct a re al is tic fault model, the throw
at the fault edges has to be de fined. As the bound ary faults
were ac tive in the Late Triassic–Early Ju ras sic in ter val of rapid
sed i men ta tion, their max i mum throw is de tect able in the
Mid-Tri as sic (Tm) fault poly gon. The off set at the main FLT9
fault is ac com mo dated down wards, within the Zechstein salts,
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Fig. 6. Di a grams of fault strikes at two struc tural lev els

A – for faults pass ing through the Zechstein base ment; B – for faults re stricted to the Me so zoic suc ces sion, the di a grams are weighted by the
length of the fault lines mea sured at the base of the Zechstein (A) and the lower Jpl seis mic ho ri zon (B); C – the dis tri bu tion of extensional and
strike-slip com po nents of hor i zon tal dis place ment in the horse-tail graben, the strike-slip com po nent is marked by green ar rows, the
extensional com po nent by red ar rows

Fig. 7. An in ter preted fault sys tem

A – larger faults in ter preted within the Me so zoic suc ces sion (dark blue ho ri zon – lower Pliensbachian, light vi o let – Muschelkalk, dark vi o let –
mid dle Buntsandstein, pale or ange – Zechstein top), where two main faults cre ate the NNW–SSE strik ing WKG (A and B), more faults were
in ter preted in the Zechstein suc ces sion: Z2 ho ri zon (C) and the Zsp ho ri zon rep re sent ing the base of the Zechstein (D), though their height
and throw are lim ited



where its throw drops to zero. The FLT8 ter mi nates at FLT9,
and its throw at the lower edge is still in the range of 400 m. Up -
wards, both faults are com pen sated by a suc ces sive in crease
in sed i ment thick ness within the WKG. Al though it is not sure if
the throw of both faults is en tirely com pen sated by sed i men ta -
tion, we as sume zero throws at the bot tom of the Qua ter nary.

METHODS OF FAULT SEALING POTENTIAL
MODELLING

Con sid er ing the data lim i ta tion, our fault seal ing po ten tial
study is sim pli fied to a high-level anal y sis, which can be help ful
in stor age site lo cal iza tion, but cer tainly does not meet the stan -
dards for stor age site char ac ter iza tion (Celia et al., 2015). Our
anal y sis is con ducted based on the as sump tion that the fault
seal ing po ten tial is de ter mined by two com po nents: (1) the
seal ing prop er ties of the strata jux ta posed on both sides of the
fault (jux ta po si tion com po nent of seal) and (2) the seal ing prop -
er ties of the fault zone it self (fault gouge com po nent of seal).
The anal y sis fol lows the rec om men da tions of the T7 soft ware
pro vider and the prac tice of the oil in dus try (Fristad et al., 1997;
Bretan, 2017).

JUXTAPOSITION COMPONENT OF FAULT SEALING POTENTIAL

The jux ta po si tion type of seal en ables an in di ca tion of the
pos si ble com mu ni ca tion path ways be tween res er voirs in dif fer -
ent tec tonic blocks on op po site sides of the fault plane. To
achieve this, the per me able (sand stone) and seal ing (shale)
rock se ries need to be iden ti fied. Where anal y ses are ded i cated 
to per me able res er voirs, the kinds of rock jux ta posed against
res er voir units on the other side of the fault plane need to be as -
sessed (Yield ing et al., 2010). The seal can be char ac ter ized ei -
ther quan ti ta tively us ing e.g. per me abil ity de ter mined from the
bore hole logs and cal i brated by lab o ra tory test ing of rock sam -
ples, or qual i ta tively by us ing lithological di vi sions. Hav ing the
3D model of fault throw, the jux ta po si tion plots can be con -
structed us ing a mod i fied Allan di a gram (Allan, 1989; Knipe,
1997). The maps of fault throw are used to cal cu late maps of
lithological cou ples across the fault planes, rep re sent ing
footwall and hang ing-wall blocks (Fig. 10). For each cou ple of
the jux ta posed lithological units, a sep a rate di vi sion is at trib -
uted, e.g.: sand/sand, shale/sand, sand/shale, or shale/shale.

The or der of lithological units in cou ples de pends on the in ter -
preter’s ar bi trary judg ment.

FAULT GOUGE COMPONENT OF FAULT SEALING POTENTIAL

To es ti mate the gouge com po nent of fault seal ing po ten tial,
sev eral al go rithms are avail able based on host-rock li thol ogy
and fault throw. Pa ram e ters such as Clay Smear Po ten tial
(Bouvier et al., 1989; Fig. 11A) and Shale Smear Fac tor
(Lindsay et al., 1993; Fig. 11B) are built on the as sump tion that
the like li hood of clay smear ing in fault seg ments with jux ta -
posed sand/sand li thol ogy is re lated to the com bined thick ness
of shale beds and fault throw. How ever, in some res er voirs, es -
pe cially those con tain ing highly het er o ge neous se quences, it is
not fea si ble to dis tin guish and map each shale bed. Be cause
the WKG field also rep re sents such a case, we use the equa tion 
pro posed by Yield ing et al. (1997) and cal cu late the Shale
Gouge Ra tio (SGR), which is the per cent age share of shale in
the throw in ter val (Fig. 11C). When the clay min er als can not be
as sessed from the data, for prac ti cal rea sons the clay min eral
con tents are con ven tion ally de scribed by the V-shale (Vsh) pa -
ram e ter, which stands for the vol u met ric share of shale ma te rial 
(Bretan et al., 2003; Co rona et al., 2010; Vrolijk et al., 2016).
The Vsh pa ram e ter can be in ter preted from gamma-ray logs ac -
cord ing to the method de scribed by As quith and Krygowski
(2004), which pro poses a lin ear de pend ence of gamma-ray in -
dex (IGR) on gamma-ray val ues (Eq. 1):

V I
GR GR

GR GR
sh GR= =

-

-
log min

max min

[1]

where: IGR – gamma-ray in dex, GRlog – gamma-ray log read ing,
GRmin – gamma-ray log read ing in clay-free zone, GRmax –
gamma-ray log read ing in pure-clay zone

Be sides this lin ear equa tion, there are also some non lin ear
em pir i cal so lu tions for given sed i men tary bas ins or for ma tions,
as pro posed by Stieber (1970) and Cla vier et al. (1971). How -
ever, hav ing no “ground truth” dataset for the gamma-ray log
cal i bra tion, we have to ap ply the sim plest lin ear ap proach. The
Vsh pro files de rived from the gamma-ray logs are dis trib uted
across the 3D model us ing geostatistical meth ods, sep a rately
for hang ing-wall and footwall blocks of the fault ana lysed.
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Fig. 8A – sche matic pre sen ta tion of a fault in the geo log i cal model, a fault plane within the ho ri zon sur face is rep re sented  
by a gap lim ited by the hang ing-wall and footwall poly gons; B – an ide al ized el lip ti cal fault plane with dis place ment val ues, 

the footwall and hang ing-wall poly gons are marked with solid and dashed lines re spec tively



Hav ing the shale dis tri bu tion on the 3D grid and a throw
map at the fault planes de fined we are able to cal cu late the
Shale Gouge Ra tio pa ram e ter for each grid el e ment of the fault
plane us ing the fol low ing equa tion (Yield ing et al., 1997; Eq. 2):

( ) ( )[ ]
SGR =

´Zone  thickness Zone  shale  fraction

Fault  throw
´100%

[2]

Gen er ally, the SGR pa ram e ter rep re sents the ra tio of shale
ma te rial that might be en trained in the fault zone, as sum ing the
rocks of fault walls are, on av er age, evenly mixed. Thus, the
bulk com po si tion of the hang ing wall and footwall rocks is com -
puted.

The SGR pa ram e ter does not di rectly in di cate whether the
fault is seal ing or not. To ob tain use ful re sults, this pa ram e ter
should be cal i brated. For in stance, ob ser va tions made in the
Co lum bus Ba sin and Brent prov ince (Yield ing et al., 2010) im ply 
that a SGR of <20% is char ac ter is tic of non-seal ing
disaggregation-zones, while val ues grow ing in a range of 20% < 
SGR <50% in di cate suc ces sively grow ing fault seal ing po ten tial 
(Yield ing et al., 2010). A SGR of >50% points to a per fect seal.
The in ter pre ta tion of in ter me di ate val ues of SGR is some what
ar bi trary if de tailed gouge stud ies are not per formed. Ac cord ing
to Yield ing et al. (2010), mod er ate val ues of SGR im ply that the
fault zone is com posed of phyllosilicate-frame work rocks and
the seal ing po ten tial is con trolled by the de vel op ment of net -
works of mi cro-smears around the grains of the fault rocks.
Thus, they be have in the same way as a typ i cal clay smear

even when the shale beds in volved in fault move ment are thin
(Knipe, 1992; Knipe et al., 1997).

FAULT SEALING POTENTIAL WITHIN THE WKG

RESERVOIRS AND SEALS WITHIN THE WKG

Def i ni tion of res er voir and seal suc ces sions is a pre req ui site 
of fault seal po ten tial anal y sis. To de fine the res er voirs and
caprocks and eval u ate the fault gouge seal com po nent, the dis -
tri bu tion of the V-shale pa ram e ter (Vsh) has been com puted for
five bore holes: WK-1, WK-4, WK-5, WK-7, and WK-8 (ex am -
ples in Fig. 12A), for which gamma-ray logs and geo log i cal doc -
u men ta tion in clud ing strati graphic pro files were avail able. Sim -
pli fied lithological di vi sions have been at trib uted to con sis tent
Vsh in ter vals based on in te grated bore hole doc u men ta tion and
in ter pre ta tion sup ported by re gional fa cies dis tri bu tion pat terns
(http://otworywiertnicze.pgi.gov.pl/; Figs. 4 and 12A). Hav ing no 
core sam ples, we are not able to ver ify lithological di vi sions.
Based on bore hole in ter pre ta tion, the Vsh val ues are ex trap o -
lated across the WKG us ing T7 soft ware (Fig. 12B).

The fol low ing ranges for Vsh val ues are at trib uted to
lithological di vi sions: Vsh <20% are pure sand stones; Vsh in the
range of 20–30% are sand stones with mudstone interbeds; Vsh

in the range of 30–40% are heterolithic, with shale in ter ca la -
tions (in ter preted as shaly sand stones); and Vsh >40% are pre -
dom i nantly shales. In a fur ther scheme, res er voirs are de fined
by Vsh <30% and caprock by Vsh >40%. Vsh val ues be tween
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Fig. 9. An ex am ple: the FLT1 fault with mapped throw val ues be fore cor rec tion (left) and af ter cor rec tion (right)

For lo ca tion see Fig ure 2

Fig. 10. The con cept of Allan di a gram con struc tion in a 3D geo log i cal model
(Allan, 1989) and a fi nal jux ta po si tion map at a fault sur face with lithological

cou ples marked



30–40% are tran si tional be tween the pre vi ously noted val ues
(Fig. 12B). To al low cor re la tion of res er voirs and seals across
the model we block the bore hole sec tions with highly vari able
Vsh val ues in con sis tent units de pend ing on the pre vail ing Vsh

val ues. This ap proach was ap plied to the clastic rocks while
evaporites and car bon ates were treated sep a rately.

Us ing these cri te ria, we found that in the Tri as sic se quence
there is only a 15–20 m thick sand stone in the Buntsandstein,
which due to its small thick ness can not be con sid ered an ef fec -
tive res er voir (Fig. 4). In the Mid-Tri as sic Muschelkalk, there is a
car bon ate se quence >100 m thick, in which ma trix po ros ity and
per me abil ity are highly vari able judg ing from the re gional dataset
cov er ing the Pol ish Ba sin (Gancarz, 2015; Sowi¿d¿a³ and
Semyrka, 2016). Al most 50% of the sam ples re veal po ros ity of
<2%, while the rest ranges up to 13% (ne glect ing some out li ers),
which re sults in per me abil ity rang ing from 0.1 to 100 mD. To de -
fine the role of the Muschelkalk play in the con fine ment anal y sis
of the WKG, its prop er ties need to be de ter mined for this lo ca -
tion. Ten ta tively, we at trib ute un cer tainty to these car bon ates. In
the Up per Tri as sic sec tion, there are no pure sand stone aqui fers
of sig nif i cant thick ness (see also Fig. 12).

The best po ten tial res er voirs are found in the Ju ras sic se -
quence. The Hettangian and Sinemurian sec tions in clude at
least two in ter vals pre dom i nantly of sand stone (WK-5, WK-2;
Figs. 4 and 12). The best qual ity, lower res er voir near the bot -
tom of the Hettangian is at least 200 m thick. It is sep a rated by a 
heterolithic in ter val >100 m thick with thin sand stone to
mudstone in ter ca la tions from the up per res er voir at the top of
Sinemurian, which is how ever nei ther pure sand stone nor lat er -
ally con tin u ous. At the bot tom of Pliensbachian, there is shale
sev eral tens of metres thick, with coals, which un der lies
Pliensbachian sand stones which are interbedded with shale.
De spite its im pu rity, the en tire Pliensbachian sec tion dom i nated 
by sand stone, up to 300 m thick, is re garded as a res er voir.
There are large lat eral lithological changes in the Toarcian sec -

tion, in clud ing in ter ca lated sand stones, mudstones, and clay -
stone, that tran si tion up wards into a thin Aalenian shale. In the
lower part of the Bajocian sec tion, there are two sand stone res -
er voirs, ~100 and 50 m thick, which are sep a rated by
heterolithic de pos its. We com bine both into one res er voir unit,
which is sealed at the top by  shales al most 100 m thick, and  by
Bajocian to Bathonian heterolithic de pos its with claystone at
least 200 m thick. The Callovian sand stone sec tion, >100 m
thick, is over lain by thin Oxfordian marls and by Qua ter nary de -
pos its. Lack ing a seal ing caprock, the up per sand stone is not
con sid ered a res er voir.

Gen er ally, the Ju ras sic se quence within the WKG in cludes
three con tin u ous res er voirs sep a rated by caprock se quences
(Fig. 12): (1) a lower sand stone, Hettangian, res er voir, over lain
by heterolithic de pos its; (2) a het er o ge neous Pliensbachian
res er voir un der lain by a seal ing shale and over lain by a
Toarcian-Aalenian, only par tially seal ing, se quence; (3) a
Bajocian res er voir, which is over lain by thick Bajocian–
Bathonian seal ing shales. The best seal ing caprock seems to
over lie the up per Bajocian res er voir.

JUXTAPOSITION SEALING POTENTIAL 
OF THE WKG BOUNDARY FAULTS

As sess ment of the jux ta po si tion seal com po nent is per -
formed for the graben-bound ing faults (FLT8 and FLT9,
Fig. 13). We have adopted the max i mum thick nesses of res er -
voirs to give a pes si mis tic so lu tion for seal ing po ten tial. The
lime stone and sand stone lay ers in the Tri as sic of the WKG are
gen er ally well-sealed by shale out side the graben, with a mi nor
ex cep tion in the lower Tri as sic, where a thin sand stone layer is
jux ta posed to shaly sand stone at the FLT8 fault plane. The so -
lu tion for the Ju ras sic res er voirs is more com plex. At the FLT9
fault, the Hettangian res er voir is well sealed by Tri as sic shales.
At the FLT8 fault, a large part of the Hettangian res er voir is jux -
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Fig. 11. A set of main fault seal al go rithms (af ter Yield ing et al., 1997)

See text for ex pla na tion



ta posed against Muschelkalk lime stone, the seal ing prop er ties
of which are un cer tain. The Pliensbachian res er voir is also
better sealed at FLT9, where part of the res er voir is jux ta posed
to shaly sand stone, which is as sumed to have poor seal ing
prop erty. At the FLT8 fault, due to an up ward de crease in fault
throw, the self-jux ta po si tion zone is ob served within the thick
Pliensbachian res er voir, which is not sealed from this side. Fur -
ther de crease of both faults throws causes self-jux ta po si tion of
the Bajocian res er voir from both sides of the graben. This res er -
voir, well-sealed at the top, is cer tainly un con fined lat er ally by
the jux ta po si tion com po nent on the bound ary faults. In gen eral,
jux ta po si tion seal ing for Ju ras sic res er voirs is un cer tain or in ef -
fec tive from the west ern side, at the FLT8 fault. On the east ern
side of the graben, the seal ing po ten tial de creases sys tem at i -
cally for shal lower res er voirs, to gether with the de creas ing
throw of the FLT9 fault (Fig. 13).

FAULT GOUGE SEALING POTENTIAL OF THE WKG MARGINAL FAULTS

To com pute the fault gouge seal ing po ten tial, the V-shale
pro files have been ex trap o lated to the 3D model (Fig. 12) and
then mapped at the fault sur face from both sides, the hang -
ing-wall and footwall blocks. Hav ing throw maps of the faults
ana lysed, mean val ues of the shale frac tion have been com -
puted for each grid cell at the fault sur faces, us ing the T7 soft -
ware. Fol low ing Yield ing et al. (2010) we as sume that SGR val -
ues cor re spond to fault seal ing po ten tial in such a way that SGR 
<30% (Vsh re lated to res er voirs) in di cates a lack of seal, SGR
be tween 30–40% (Vsh for heterolithic de pos its) should be con -
sid ered as a mod er ate seal, and the SGR >40% is char ac ter is -
tic of good seal (Vsh for shale).

The Lower Tri as sic se quence has good gouge seal ing po -
ten tial from both sides (Fig. 14). The Muschelkalk se quence is
well-sealed from the FLT9 side while from the FLT8 side the
seal is mod er ate or even poor in the SSE seg ment of this fault
(SGR <30%). The Up per Tri as sic se quence is mostly well
sealed from the FLT9 side and mod er ately sealed from the
FLT8 side. For the Ju ras sic se quence, a more com plex fault
seal ing pat tern is in ferred. The lower Hettangian res er voir has a 
mod er ate seal from both sides (30% < SGR < 40%), with a
more cer tain one from the FLT9 side, where in some places
SGR ex ceeds 40%. A gen eral de crease of gouge seal ing po -
ten tial of the Sinemurian se quence is vis i ble in the NNW FLT8
fault seg ment (SGR <30%). The Pliensbachian res er voir has a
mod er ate seal from the FLT9 fault side with a small sand stone
win dow (SGR <30%). From the FLT8 side, the gouge seal ing
com po nent is in ef fec tive, as the ma jor ity of the res er voir has
SGR <30%. The Bajocian res er voir, in gen eral, is un sealed by
fault gouge from both sides of the WKG, al though there are
some places in the NNW seg ment of FLT9 with SGR in the
range of 20–40%. In gen eral, a ten dency to de crease the fault
gouge seal ing po ten tial up wards due to de creas ing throw of
both bound ary faults in the same di rec tion can be ob served.

CONFINEMENT OF THE JURASSIC RESERVOIRS WITHIN THE WKG

In our anal y sis, the jux ta po si tion seal ing com po nent, which
re lies on a sim ple lithological de scrip tion, has only qual i ta tive
mean ing. The fault gauge com po nent, al though given in per -
cent has a semi-quan ti ta tive value, based on the Vshale pa -
ram e ter, which is not strictly cal i brated by clay min eral con tent
or per me abil ity. There fore, a com bi na tion of these two com po -
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Fig. 12A – V-shale (Vsh) pro files cal cu lated us ing a lin ear equa tion for the WK-5 and WK-8 bore holes cov er ing the Me so zoic in ter val
(for lo ca tion see Fig. 2), the for ma tions show ing Vsh >40% are good caprocks (pink in ter vals, cor re spond ing to shale lay ers), and
the Vsh <30% are res er voirs (blue ar eas, cor re spond ing to sand stone lay ers), Vsh val ues be tween 30 and 40% are in ter preted as
shaly sand stones; B – V-shale dis tri bu tion in the hang ing-wall block mapped at the seg ment of FLT9 fault sur face close to the bore -
holes, cal cu lated us ing T7 soft ware, the tops of lithostratigraphic units are marked by ar rows, and the res er voirs are in di cated by
num bers, re ferred to in the text



nents may have only a qual i ta tive value. Sum ma ris ing seal ing
com po nents for the bound ary faults (Ta ble 1) we can con clude
that the Tri as sic is well con fined within the WKG, ei ther by jux ta -
po si tion or gouge com po nent. The Hettangian res er voir is well
con fined by jux ta po si tion seal from the FLT9 side. From the
FLT8 side both seal ing com po nents are un cer tain, due to the
jux ta po si tion of Muschelkalk lime stone and mod er ate gouge
seal. The Pliensbachian res er voir has both seal ing com po -
nents un cer tain from the FLT9 side and a lack of seal from the
FLT8 side of graben. The Bajocian res er voir seems to be un -
con fined from both sides of the WKG.

From the above, it fol lows that the only res er voir that can be
con sid ered in a fur ther stor age sce nario is the Hettangian res er -
voir. How ever, its seal ing prop er ties, es pe cially from the west ern
side of the graben, should be care fully tested. Ex cept for lat eral
con fine ment, the depth of this res er voir be low 1500 m pro vides
good con di tions for CO2 stor age in a super criti cal state, which is
usu ally guar an teed at a depth ex ceed ing 800 m (Wang et al.,
2019). This res er voir has a sig nif i cant thick ness of >200 m of
pure sand stone which is one of the best in the Ju ras sic se quence 
within the WKG. Due to the clus ter ing of the bore holes stud ied,
lat eral con ti nu ity of this res er voir is not doc u mented, how ever, its
reg u lar ap pear ance in bore hole pro files and re gional con straints
(Dadlez et al., 2000), sug gest its con ti nu ity within the graben and
its sur round ings. A di rect caprock com pris ing a thick heterolithic
sec tion prob a bly does not guar an tee the per ma nent main te -
nance of in jected fluid into this res er voir. How ever, seep age into
the shal lower res er voir seems to be un likely due to the good
qual ity seal at the bot tom of the Pliensbachian res er voir. There -
fore, we be lieve that this res er voir can be con sid ered as an ef fec -
tive stor age op tion for waste flu ids, but due to the lack of di rect

good seal, not a good op tion for meth ane, which should be en -
tirely ex tracted from the stor age.

DISCUSSION

One of the most fun da men tal prob lems with fault seal anal y -
sis is fault zone com plex ity, which is of ten be yond data con trol.
Faults usu ally have sev eral sec ond ary slip sur faces (Childs et
al., 2009), mean ing that jux ta po si tion anal y sis re al ized in sev -
eral steps may re sult in a so lu tion quite the op po site than that in
a one-step throw, as is as sumed in our study. Se rial faults in
one fault zone may form an unbreached re lay (Manzocchi et al., 
2008), cre at ing con tin u ous hy dro dy namic win dows across the
fault zone. An other im por tant is sue re lated to the in ter pre ta tion
of jux ta po si tion plots is fault drag, which is usu ally in suf fi ciently
rep re sented in a seis mic re cord (Hesthammer and Fossen,
2000). The flex ural bend ing of strata in the vi cin ity of a fault may
change the ef fec tive dis con tin u ous throw, which is a cru cial pa -
ram e ter for a fault seal ing po ten tial anal y sis. Thus, we touch
upon the im por tant is sue of the ob ser va tion scale and the res o -
lu tion of data. When the fault model re lies on the seis mic data,
sep a ra tion of dis crete faults be low seis mic res o lu tion is im pos -
si ble. To re duce the risk of an over-sim pli fied fault zone model,
the seis mic data should be sup ple mented with struc tural anal y -
sis of bore hole data, among which bore hole core pro fil ing, mi -
cro-im ages, and dipmeter logs are most valu able. How ever, the 
fault gouge seal ing com po nent can be less de pend ent on scale
of ob ser va tion, as one large fault with a widely smeared fault
gouge may have a sim i lar ef fect as a large num ber of small
faults with smeared fault gouges of smaller ex tent.
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Fig. 13. The jux ta po si tion of lithotypes across the bound ary fault sur faces

In the leg end, the first lithotype is given for the hang ing wall (in side the graben). The li thol ogy shown at the fault sur face is a footwall
tem plate while dashed lines rep re sent the hang ing wall tem plate ho ri zons, marked as Tm – bot tom of Hettangian res er voir, Jpl – bot tom 

of Pliensbachian res er voir; Jbj – top of Bajocian res er voir. The views of fault ge om e try are from in side the graben



An other prob lem atic is sue is re lated to fault de vel op ment
dur ing sed i men ta tion, which may cause lat eral vari abil ity of the
fa cies in the vi cin ity of an ac tive fault. This might be a more im -
por tant fac tor when we con sider that the main Ju ras sic res er -
voirs ac cu mu lated in ter res trial and shal low coastal en vi ron -
ments (Feldman-Olszewska, 1997), which fa vours high lat eral
fa cies vari abil ity and sen si tiv ity to tec tonic fac tors. The ar range -
ment of bore holes in one clus ter, as in our study, does not al low
con trol of these changes across the WKG. This kind of risk fac -
tor is some how re duced by the fact that the seal ing shale ho ri -
zons are lat er ally more ho mo ge neous, es pe cially in up per and

mid dle Ju ras sic strata, when deep-wa ter fa cies pre vailed. More 
so phis ti cated data ac qui si tion and pro cess ing fo cus on the in -
ter pre ta tion of elas tic prop er ties that may ex press fa cies dis tri -
bu tion (Kemper and Gun ning, 2014; Pandey et al., 2020) and
so may re duce this un cer tainty.

Fault gouge seal ing po ten tial anal y sis in our study has not
con sid ered the thick ness of the fault gouge, which may be re -
lated to the thick ness of the fault core zone (Shipton et al.,
2005; Torabi et al., 2019). This pa ram e ter, which is im por tant
but dif fi cult to as sess from geo log i cal data, con trib utes to ef fec -
tive fault gouge seal ing po ten tial. It can be as sumed that at
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Fig. 14. Dis tri bu tion of the SGR pa ram e ter us ing the val ues of Vsh cal cu lated from the lin ear re sponse for two mar ginal faults 
of the graben (see Fig. 7)

The higher per cent age in di cates higher clay min eral con tents in the fault gouge and a better seal po ten tial. The views of faults are from
in side the graben. Hang ing wall cut off lines are shown: Tm – bot tom of Hettangian res er voir, T3 – top of Tri as sic, Jpl – bot tom 

of Pliensbachian res er voir; Jbj – top of Bajocian res er voir

https://gq.pgi.gov.pl/article/view/8224


shal low depths, where shear stresses are low (Zoback, 2007),
fail ure con di tions may vary be tween brit tle sand stones and duc -
tile shales. Hence, an ini tial com plex fault sur face mor phol ogy
may re sult in vari abil ity of the fault gouge zone thick ness. This
in creases the prob a bil ity of a lo cal com plete re duc tion of a fault
gouge zone. Ob ser va tions by Murray et al. (2019) on 42 hy dro -
car bon fields sug gested that the hy dro car bon col umn was most 
closely pre dicted when a lack of gouge seal was as sumed. We
can not ex clude the ex is tence of hy drau lic win dows lack ing
gouge in the WKG, how ever, this is not pos si ble to be ver i fied
with out anal y sis of pres sure compartmentalization,  which has
not been done in the study area.

Con sid er ing the in ter nal struc ture of fault zones, the di la tion
zone also needs to be men tioned (Zhang and San der son,
1996), as this may cre ate a con duc tive net work of open fis -
sures. The prop a ga tion of such path ways across a caprock de -
pends mostly on its brit tle ness. In our case, when res er voirs
were faulted at shal low depths, duc tile shale may be ex pected
in the caprocks, and these are not sus cep ti ble to brit tle fail ure.
Con sid er ing that pos si ble brit tle fail ure may be healed by duc tile 
creep in shale or min eral pre cip i ta tion, we do not ex pect a sig -
nif i cant con tri bu tion of this un con trolled fac tor to the seal ing po -
ten tial of the faults stud ied.

Among in her ent de fi cien cies of fault seal po ten tial anal y sis,
in clud ing our study, are fault in ver sion and a strike-slip com po -
nent of dis place ment. Al though both phe nom ena should in -
crease fault gouge pro duc tion, they are not in cluded in seal po -
ten tial anal y sis; in stead, only the fi nal throw in a dip-slip di rec -
tion is con sid ered. How ever, we be lieve that due to mi nor in ver -
sion of the WKG and also sub sid iary slip along-strike in the seg -
ment of the graben ana lysed, they would not in flu ence our re -
sults sig nif i cantly. The o ret i cally, con sid er ing these ne glected
com po nents of fault dis place ment should in crease the gouge
seal ing po ten tial of the faults ana lysed.

Con sid er ing the sim pli fi ca tion of our fault model, lim i ta tions
of the dataset, and the qual i ta tive char ac ter of fault seal po ten -
tial, our re sults should be treated with cau tion and used only at
the ini tial site screen ing stage of stor age lo cal iza tion. They can
be used e.g. for plan ning fu ture re search if the in ves ti gated site
is con sid ered for de vel op ment. A cru cial is sue will be the cal i -
bra tion of seal ing po ten tial with per me abil ity data and es ti ma -
tion of fault zone thick ness (Torabi et al., 2020), to make the
anal y sis more quan ti ta tive and use ful in the flow mod el ling of in -
jected fluid. All these com po nents of fault seal ing po ten tial, not

pres ent in our gen eral level anal y sis, should be in cluded at the
stor age site char ac ter iza tion stage.

CONCLUSIONS

Based on in dus trial 3D seis mic and bore hole  data, we have 
built a tec tonic model of the WKG and per formed a rough anal y -
sis of the fault seal ing po ten tial.

The WKG orig i nated dur ing the de po si tion of the Up per
Triassic–Lower Ju ras sic strata. The re gional con text in di cates
that the WKG be longs to a group of grabens form ing a horse-tail 
pat tern, prob a bly formed due to the ac com mo da tion of dextral
strike-slip at the Wolin-Drawsko fault zone.

Com par i son of fault ori en ta tions at the base of Zechstein
(NW–SE strike) and in the Me so zoic suc ces sion (NNW–SSE
strike) shows a dis crep ancy, which is ex plained by a transten -
sional graben above a dextral strike-slip fault in the Pa leo zoic
base ment.

The WKG is an asym met ri cal struc ture, with the max i mum
throw (ex ceed ing 1000 m) on the main east ern bound ary fault,
and the sub sid iary west ern fault at tain ing 600 m throw. The
south ern seg ment of the west ern bound ary fault ex pe ri enced
in ver sion to a re verse char ac ter, most prob a bly in the Late Cre -
ta ceous compressional event.

The main graben-bound ing fault is en tirely com pen sated
within the Zechstein salt de pos its (Na2 and Na3). Fault com -
pen sa tion led to the de vel op ment of a de pres sion in the west ern 
flank of the WKG and a salt pil low in the east ern flank of the
graben. A lo cal salt break through at the base of the Tri as sic is
in ter preted in the mid dle seg ment of the east ern bound ary fault.

In the Me so zoic suc ces sion, the best res er voirs are in the
Ju ras sic se quence, in the Hettangian, Pliensbachian, and
Bajocian sand stones sep a rated by seal ing shale ho ri zons.

Our qual i ta tive anal y ses of fault seal ing po ten tial was as -
sessed sep a rately for the jux ta po si tion and the fault gouge
seals. We in fer that: (1) the Hettangian res er voir is per fectly
sealed on the main east ern fault by the jux ta po si tion com po nent 
and mod er ately sealed by the fault gouge, while at the west ern
bound ary fault the jux ta po si tion seal is un cer tain due to the un -
known prop er ties of the Muschelkalk lime stone and a mod er ate 
fault gouge seal; (2) the Pliensbachian res er voir has both seal -
ing po ten tial com po nents un cer tain from the east ern side and
non-ef fec tive from the west ern side; (3) the up per most Bajocian 
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Strati graphic
se quence

Res er voir
unit

The main FLT9 fault The secondary FLT8 fault Com ment

Jux ta po si tion
Fault Gouge

SGR [%]
Jux ta po si tion

Fault Gouge

SGR [%]

Bajocian Sand stone

Sand stone

Shaly Sandsotne

Shale

20–30

Sand stone

Shale 20–30 Poorly con strained

Pliensbachian Sand stone
Sand stone

Shale
20–40

Sand stone

Shale
20–30 Poorly con strained

Sinemurian/

Hettangian
Sand stone

Shale

Shaly Sand stone
30–40

Lime stone

Shale

Shaly Sand stone

30–40 Well con strained to
un cer tain

Muschelkalk Lime stone Shale 40–>50 Shale 20–>40 Well con strained

T a  b l e  1

Gen er al ised re sults of the fault seal ing po ten tial anal y sis for the graben-bound ing faults at a level of as sumed res er voirs within
the WKG, the Muschelkalk level is in cluded, al though the ex is tence of ef fec tive res er voir fa cies is un cer tain



res er voir lacks seals from both sides of the graben mar gin. The
de crease in the fault seal ing po ten tial up wards is re lated to a
grad ual de crease in fault throw, due to suc ces sive graben infill
by sed i ments.

From the above, we con clude that only the lower Ju ras sic
res er voir can be po ten tially con fined within the WKG. This res -
er voir seems to have a large thick ness, low clay min eral con -
tent, and re gional ex tent, which make it a po ten tial stor age site
op tion. How ever, the lack of good qual ity seal ing caprock di -
rectly above the res er voir may pre vent full gas re-ex trac tion
from a re pos i tory. There fore, the CO2 stor age op tion is more re -
al is tic, es pe cially given that the depth of this res er voir (1500 m)
is suf fi cient to keep CO2 in the super criti cal state.
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