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In the years 2010–2013, anal y sis of rocks that build the sed i men tary cov ers in Po land was car ried out from the point of view
of uti li za tion of en ergy ac cu mu lated in Hot Dry Rock – used in En hanced Geo ther mal Sys tems (EGS). As a re sult of a num -
ber of an a lyt i cal stud ies, the area sit u ated in the cen tral part of Po land was se lected as one of pro spec tive ar eas for lo ca tion
of EGS in sed i men tary rocks. This area en com passes a ma jor part of the Mogilno–£ódŸ Trough, a part of the Kujawy Swell
and a small frag ment of the Fore-Sudetic Monocline. The most fa vour able con di tions for de vel op ment of EGS oc cur in the
Lower Tri as sic de pos its in the Kroœniewice–Kutno vi cin ity, where they are bur ied to depths greater than 5000 m b.s.l., their
thick nesses ex ceeds 1500 m, po ros ity is about 3% and per me abil ity is about 0.02–0.1 mD. In the study area, ther mal char ac -
ter iza tion of the for ma tion was car ried out for lo ca tion of the EGS in sed i men tary rocks. The tem per a ture at the top of the
Lower Tri as sic res er voir is mod elled in the range of 165–175°C. Char ac ter iza tion of petrophysical pa ram e ters was the ba sis
for fur ther mod el ling of EGS uti li za tion in this area.
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INTRODUCTION

The con cept of uti li za tion of heat from Hot Dry Rock as -
sumes drill ing bore holes in ar eas char ac ter ized by high tem per -
a ture anom a lies and in tense heat trans fer (Tester et al., 2006).
In 1970, it was pro posed as a method for ex ploit ing the heat con -
tained in those vast re gions that con tain no flu ids in place. The
HDR (Hot Dry Rock) sys tem re cov ers the Earth’s heat via
closed-loop cir cu la tion of fluid from the sur face through a
man-made con fined res er voir (Brown et al., 2012). Hot Dry Rock 
for a long time has been a syn onym for heat ex tracted from deep 
hot crys tal line rock (Tenzer, 2001). In most of the HDR pro jects
in the world, gran ites con sti tute res er voir rocks for closed geo -
ther mal sys tems (Tenzer, 2001; Sliaupa et al., 2005; Tester et
al., 2006; Sausse et al., 2007; Brown et al., 2012). So lu tions that
uti lize en ergy of hot sed i men tary rocks are rare, though such
pro jects do ex ist. For ex am ple, the Lime stone Coast Geo ther -
mal Pro ject (Aus tra lia) is de signed to dem on strate that geo ther -
mal re sources within Aus tra lia’s hot sed i men tary bas ins can be
used to gen er ate large amounts of com pet i tively priced
zero-emis sion base-load power (Graaf et al., 2010). In case of
sed i men tary cover, res er voir rocks con tain a small amount of
ground wa ter, so the uti li za tion sys tem is called EGS (En hanced

Geo ther mal Sys tem). EGS was de fined as en gi neered res er -
voirs that have been cre ated to ex tract eco nom i cal amounts of
heat from low per me abil ity and/or po ros ity geo ther mal re -
sources. EGS in cludes con duc tion-dom i nated, low-per me abil ity
re sources in sed i men tary for ma tions (Tester et al., 2006). In
EGS, the nat u rally oc cur ring hot rock does not con tain enough
wa ter and gen er ally lies at a greater depth than is typ i cal of hy -
dro ther mal sys tems. Frac tur ing of this rock and the in tro duc tion
of geofluid (as sum ing wa ter ini tially, but later other fluid may be
used, such as CO2) is nec es sary to en able the ex trac tion of use -
ful heat en ergy. Again, the fluid is passed through a power plant
on the sur face and sub se quently re inject ed (Antkowiak et al.,
2010). Lo cal and re gional geo logic and tec tonic phe nom ena
play a ma jor role in de ter min ing the lo ca tion and qual ity of geo -
ther mal re sources. The first re quire ment is ac ces si bil ity. This is
usu ally achieved by drill ing to depths of in ter est, fre quently us ing 
con ven tional meth ods sim i lar to those used to ex tract oil and gas 
from un der ground res er voirs. The sec ond re quire ment is suf fi -
cient res er voir pro duc tiv ity. Ther mal en ergy is ex tracted from the 
res er voir by a cou pled trans port pro cess (con vec tive heat trans -
fer in po rous and/or frac tured re gions of rock and con duc tion
through the rock it self). The heat ex trac tion pro cess must be de -
signed with the con straints im posed by pre vail ing in situ hy dro -
log i cal, lithological and geo log i cal con di tions (Tester et al.,
2006). In te grated geo ther mal ex plo ra tion strat egy cov ers all as -
pects from geosystem anal y sis, res er voir char ac ter iza tion and
res er voir geomechanics. Such an in te grated ap proach might be
es sen tial for an eco nomic and sus tain able ex ploi ta tion not only
of EGS but of all geo ther mal sys tems (Moeck et al., 2010).
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The re search pro ject, car ried out in the years 2010–2013 by
lead ing sci en tific cen tres [the Con sor tium com posed of: the Pol -
ish Geo log i cal In sti tute – Na tional Re search In sti tute, the AGH
Uni ver sity of Sci ence and Tech nol ogy (AGH-UST), the Min eral
and En ergy Econ omy In sti tute of the Pol ish Acad emy of Sci -
ences, and the PBG Geo phys i cal Ex plo ra tion Co. Ltd.], is the first
en ter prise of this type in Po land, which tends to rec og nize the po -
ten tial of Hot Dry Rock for heat and elec tric ity pro duc tion. The
main ob jec tive of the pro ject was to as sess the pos si bil ity of us ing
geo log i cal suc ces sions for build ing EGS in the ter ri tory of Po land
through car to graphic im ag ing of se lected suc ces sions, pro spec -
tive for this type of sys tems in Po land. The goal of the re search
con ducted by the AGH-UST team was to in di cate the best lo ca -
tion for EGS in sed i men tary rocks (Górecki et al., 2013).

GEOLOGICAL SETTING

The area se lected for de tailed struc tural-para met ric and ther -
mal mod el ling in terms of pre lim i nary as sess ment of po ten tial for
EGS de vel op ment pos si bil ity is lo cated in cen tral Po land. Geo log -
i cal set tings and evo lu tion of that area are very com plex. Its evo lu -
tion start ing from the Pa leo zoic to Ce no zoic re sulted in its po ten -
tial suit abil ity for geo ther mal uti li za tion. The area cov ers the mar -
ginal part of the West and Cen tral Eu ro pean Pa leo zoic Plat form
(WCEPP), in clud ing an ar ray of smaller ar eas known as the
Trans-Eu ro pean Su ture Zone (TESZ; Królikowski, 2006;
Nawrocki and Poprawa, 2006; Fig. 1A), and to a lesser ex tent the
East Eu ro pean Craton (EEC). The area also cov ers their tec tonic
bor der, the NW–SE trending Teisseyre-Tornquist Zone (TTZ;

Po¿aryski and Brochwicz-Lewiñski, 1978; Dadlez et al., 1995;
Dadlez, 1997a, b; Grabowska et al., 1998; Grabowska and
Bojdys, 2001; Kutek, 2001; Grad et al., 2002a) which is among
the most im por tant deep lithospheric bound aries in Eu rope (Grad
et al., 2002b; Dadlez et al., 2005; Grad and Guterch, 2006a, b;
Krzywiec, 2006a). TTZ is re placed to wards the NW by its pro lon -
ga tion – the Sorgenfrei-Tornquist Zone (Krzywiec, 2006a; Jaro -
siñski et al., 2009). The area of TTZ and partly TESZ roughly cor -
re sponds to the lo ca tion of the ax ial part of the Pol ish Ba sin,
known as the Mid-Pol ish Trough (MPT), which in turn was part of
the Perm ian–Me so zoic sys tem of epicontinental bas ins of West -
ern and Cen tral Eu rope (Ziegler, 1990a; Krzywiec, 2006a, b;
Jarosiñski et al., 2009), over lap ping much of the South ern Perm -
ian Ba sin (SPB) area (Pha raoh et al., 2010). The Pol ish Ba sin
was the east ern part of the SPB (Kiersnowski et al., 1995; Wees
et al., 2000; Gast et al., 2010; Pha raoh et al., 2010). Its de vel op -
ment re sulted from long-term ther mal sub si dence, which started
in the Perm ian and lasted un til the Late Cre ta ceous. It com prised
three ma jor pulses of ex ten sion-re lated ac cel er ated tec tonic sub -
si dence dur ing Late Perm ian to Early Tri as sic times, in the
Oxfordian to Kimmeridgian, and in the Early Cenomanian (Dadlez 
et al., 1995; Stephenson et al., 2003; Krzywiec, 2006a). Through -
out Perm ian and Me so zoic times, the re gional sub si dence pat -
terns of the Pol ish Ba sin fol lowed the evo lu tion of MPT. Lo cally,
they were al tered by salt move ments that started dur ing the Early
Tri as sic within the cen tral (Kuiavian) part of the trough, in the vi -
cin ity of the K³odawa salt struc ture (Krzywiec, 2004, 2006a, b).
Zechstein salts were en gaged in a com plex sys tem of salt struc -
tures de vel oped in the cen tral and north west ern seg ments of the
MPT (Po¿aryski, 1977a, b; Krzywiec, 2004, 2006a, b). As a re sult
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Fig. 1A – study area on the back ground of the tec tonic map of Cen tral Eu rope, B – tec tonic set ting 
of Po land with out the Ce no zoic cover (af ter Jarosiñski et al., 2009)

B-VM – Bruno-Vistulicum Mas sif, FSM – Fore-Sudetic Monocline, HCMts. – Holy Cross Moun tains, 
MM – Ma³opolska Mas sif, RG – Rhine Graben, STZ – Sorgenfrei-Tornquist Zone, 

TESZ – Trans-Eu ro pean Su ture Zone, TTZ – Teisseyre-Tornquist Zone

https://gq.pgi.gov.pl/article/view/7396
https://gq.pgi.gov.pl/article/view/7398
https://gq.pgi.gov.pl/article/view/8220
https://gq.pgi.gov.pl/article/view/7395
https://gq.pgi.gov.pl/article/view/7402
https://gq.pgi.gov.pl/article/view/7402
https://gq.pgi.gov.pl/article/view/7502
https://gq.pgi.gov.pl/article/view/7402
https://gq.pgi.gov.pl/article/view/7403
https://gq.pgi.gov.pl/article/view/7502
https://gq.pgi.gov.pl/article/view/7402
https://gq.pgi.gov.pl/article/view/7402
https://gq.pgi.gov.pl/article/view/7403
https://gq.pgi.gov.pl/article/view/7338
https://gq.pgi.gov.pl/article/view/7338
https://gq.pgi.gov.pl/article/view/7402
https://gq.pgi.gov.pl/article/view/7403
https://gq.pgi.gov.pl/article/view/7502


of long-last ing sub si dence, the Perm ian–Me so zoic thick sed i -
men tary cover was de pos ited in the MPT, re sult ing in a col umn of
over 8 km thick sed i ments, com pris ing Zechstein, Tri as sic, Ju ras -
sic and Cre ta ceous suc ces sions (e.g., Marek and Pajchlowa,
1997; Becker, 2005a; Krzywiec 2006a, b; Bachmann et al., 2010;
Gast et al., 2010; Peryt et al., 2010; Leszczyñski, 2012). The fi nal
stage of the Mid-Pol ish Trough evo lu tion was the Late
Turonian–Paleocene in ver sion which also af fected the
Sorgenfrei-Tornquist Zone, the Bo he mian Mas sif and the North
Ger man Ba sin (Ziegler, 1990a, b; Krzywiec, 2006a; Jarosiñski et
al., 2009; Pha raoh et al., 2010). In ver sion of the MPT was a broad 
up lift typ i cal for bas ins hav ing thick salts. The to tal up lift dur ing ba -
sin in ver sion could reach 2500 to 3000 m, as seen in the Mid-Pol -
ish Antictlinorium (MPA; Dadlez, 1980). In the Pol ish Low lands,
the Ce no zoic se quence is thin typ i cally about 250 m. The rem nant 
top o graphic re lief of the MPA was re duced by ero sion dur ing the
Eocene and was com pletely over stepped by mid-Oligocene times 
(Ziegler, 1990a), with no ev i dence for Pyr e nean or Savian in ver -
sion (Jarosiñski et al., 2009; Pha raoh et al., 2010). In ver sion and
sub se quent ero sion cre ated the sub-Ce no zoic tec tonic pat tern of
the Pol ish Low lands. Star ing from the south, the in ves ti gated area 
cov ers the north ern rims of the Fore-Sudetic Monocline, and the
Mogilno–£ódŸ seg ment of the South west ern Mar ginal Trough
(Fig. 1B). The most EGS pros pect ing part of the area cov ers the
Kuiavian seg ment of the Mid-Pol ish Anticlinorium (Swell)
(Narkiewicz and Dadlez, 2008; Karnkowski, 2008; ¯elaŸniewicz
et al., 2011). The Lower Tri as sic sec tion starts with the Lower
Buntsandstein Sub group (LBS) which is of con ti nen tal to mar ginal 
ma rine or i gin (Warrington, 1974; Ziegler, 1990a; Röhling, 1991;
Geluk, 1999; Becker, 2005a; Bachmann et al., 2010). The Lower
Buntsandstein Sub group in Po land is rep re sented by the Bal tic
For ma tion (Fig. 2). In the Kuiavian seg ment, it is un der lain by the
ca. 30 m thick Rewal For ma tion (Szyperko-Tellerand and Moryc,
1988; Becker, 2005a; Feldman-Olszewska, 2008). Its thick ness is 
ap prox i mately 400 m in depocentres of the Mid-Pol ish Trough
(Szyperko-Teller and Moryc, 1988; Szyperko-Teller, 1997;
Iwanow and Kiersnowski, 1998; Bachmann et al., 2010). These
are al lu vial and flu vial de pos its de rived from the sur round ing
Variscan and older Bo he mian mas sifs and the Fenno scandian
Shield, ac cu mu lated in mar ginal ar eas and pass ing dis tally into
finer-grained mud-flat and mar ginal ma rine sed i ments
(Pieñkowski, 1991; Szyper ko-Teller, 1997; Iwanow and
Kiersnowski, 1998). The main clastic in put into the Pol ish Ba sin
was from the south ern and south east ern mar gins of the cur rent
SPB area (Marek and Pajchlowa, 1997; Bachmann et al., 2010).
An im por tant struc tural re or ga ni za tion took place at the end of
Lower Buntsandstein sed i men ta tion. Ten sional and
transtensional stresses cre ated NNE–SSW trending highs and
lows that dis sected the sed i men tary ba sin of the Lower
Buntsandstein Group into lo cal ar eas of sub si dence re lated to
grabens, and much wider ar eas of up lift and ero sion (Bachmann
et al., 2010). The Mid dle Buntsandstein Sub group (MBS) suc ces -
sions in the Mid-Pol ish Trough have a thick ness ex ceed ing 1000
m. The MBS in the Mid-Pol ish Through is rep re sented by the
Pomerania and Po³czyn for ma tions com posed of al ter nat ing
thin-bed ded sand stones, siltstones and claystones of mar ginal
ma rine to playa-flat and lac us trine or i gin (Szyperko-Teller, 1997;
Iwanow and Kiersnowski, 1998; Becker, 2005a, b). In the re -
search area, some au thors (Szyperko-Teller, 2008) dis tin guish
the in for mal Clayey For ma tion in stead of the Po³czyn For ma tion
(Fig. 2). In Po land, the top most Lower Tri as sic de pos its are rep re -
sented by rocks equiv a lent to the Röt For ma tion. In the re search
area, this is sabkha of the Barwice For ma tion (Feldman-
Olszewska, 2008). The Röt For ma tion is marked by an re gional
in crease in ma rine in flu ence. Open-ma rine con di tions ex isted at
that time in the fore land of the Holy Cross High, but gen er ally in
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Fig. 2. Stra tig ra phy of the Lower Tri as sic in the Brzeœæ
Kujawski IG 1 bore hole

 (af ter Szyperko-Teller and Szulc, 2008)

UBS – Up per Buntsandstein Sub group, MBS – Mid dle
Buntsandstein Sub group, LBS – Lower Buntsandstein Sub group 
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the Pol ish Ba sin, the fa cies pat tern of the lower Röt For ma tion is
typ i cal of a semi-closed evaporitic ba sin (Becker, 2005a, b). Fol -
low ing evaporite de po si tion, a large brack ish-wa ter la goon de vel -
oped, with de pos its of pre dom i nantly red fine-grained clastics
(Szulc, 2000). A wide spread trans gres sion be gan dur ing the lat -
est de po si tion of the Röt re sulted in the shal low sea car bon ate
sed i men ta tion (Szyperko-Teller, 1997; Szulc, 2000; Bachmann et 
al., 2010) which pre vailed dur ing Mid dle Tri as sic times. 

MATERIALS AND METHODS

Geo ther mal en ergy con sists of the ther mal en ergy stored in
the Earth’s crust, which is dis trib uted be tween the con stit u ent
host rock and the nat u ral fluid that is con tained in its frac tures
and pores at tem per a tures above am bi ent lev els. The source
and trans port mech a nisms of geo ther mal heat are unique to this
en ergy source. Lo cal and re gional geo log i cal and tec tonic phe -
nom ena play a ma jor role in de ter min ing the lo ca tion (depth and
po si tion) and qual ity (fluid chem is try and tem per a ture) of a par -
tic u lar re source. The first re quire ment for EGS is ac ces si bil ity.
This is usu ally achieved by drill ing to depths of in ter est, fre -
quently us ing con ven tional meth ods sim i lar to those used to ex -
tract oil and gas from un der ground res er voirs. The sec ond re -
quire ment is suf fi cient res er voir pro duc tiv ity char ac ter ized by the 
tem per a ture dis tri bu tion within the res er voir (Tester et al., 2006). 
EGS con cepts would re cover ther mal en ergy con tained in
subsurface rocks by cre at ing or ac cess ing a sys tem of open,
con nected frac tures through which wa ter can cir cu late down in -
jec tion bore holes, heated by con tact with the rocks, and re turn to 
the sur face in pro duc tion bore holes to form a closed loop (Tester 
et al., 2006). There fore, the res er voir ge om e try should be ap pro -
pri ate (re quire ments of min i mum thick ness).

Dur ing the ex e cu tion of the pro ject, based on in ter na tional ex -
pe ri ences (Tenzer, 2001; Tester et al., 2006; Sausse et al., 2007;
Antkowiak et al., 2010; Brown et al., 2012), re quire ments for EGS
in sed i men tary rocks have been spec i fied. Crit i cal re quire ments
for the EGS lo ca tion in clude: ther mal pa ram e ters of the rocks
(tem per a tures >150°C), thick ness of the res er voir (min i mum of
300 m), po ros ity and per me abil ity of the res er voir rocks (as the
low est) and the depth of the res er voir (3–6 km).

Li thol ogy and me chan i cal prop er ties of res er voir rocks are also
im por tant be cause of hydrofracturing. In case of sed i men tary
rocks, com pact sand stones or lime stones should be ap pro pri ate.

The first step of the pre lim i nary anal y sis was based on the
ex ist ing geo log i cal and geo ther mal data, e.g., those col lected in
geo ther mal at lases (Górecki, 2006a, b) sup ple mented with new
data. Com ple men tary anal y ses of raw data and maps of sur face
heat flow den sity, subsurface tem per a tures, and maps of
gravimetric and mag netic anom a lies al lowed de ter min ing sev -
eral pro spec tive lo ca tions. The most prom is ing con di tions (tem -
per a tures >150°C at a depth of 5 km) oc cur in cen tral Po land in
the South west ern Mar ginal Trough and in small part of Mid-Pol -
ish Swell re gions (Fig. 1). Pre lim i nary anal y ses re vealed pros -
pects for build ing EGS in the Lower Tri as sic res er voir, which
seems to be a com plex meet ing the EGS re quire ments. How -
ever, the Perm ian and Car bon if er ous sand stones also have
been iden ti fied as a po ten tial res er voir for EGS in this area (ac -
cord ing to tem per a ture re quire ment). The ad van tage of the
Lower Tri as sic res er voir was the con sid er able thick ness of sed i -
men tary rocks com bined with the fa vour able res er voir pa ram e -
ters for EGS (low po ros ity and per me abil ity). In or der to se lect
the best pos si ble sites and rock com plexes for lo ca tions of EGS
within a pre-in di cated area, ther mal, struc tural and para met ric
mod el ling was per formed. 

STRUCTURAL AND PARAMETRIC
 3D MODELLING

Meth od ol ogy of ba sin-scale struc tural and para met ric mod -
el ling of the sed i men tary cover used by the AGH-UST team has
been de vel oped over past 20 years. The first re gional dig i tal
mod els were bore hole-based struc tural maps in a form of dig i tal
2D grids with hor i zon tal res o lu tion of 5000 ´ 5000 m. They were
later re placed by struc tural and isopach grids dis play ing res o lu -
tion of up to 1000 m and rel e vant maps and cor re spond ing grids
of petrophysical and ther mal pa ram e ters (po ros ity, per me abil ity,
den sity, dis tri bu tion of subsurface tem per a ture; Górecki, 2006a,
b; Doornenbal et al., 2010). These, in fact 2.5D so lu tions, were
grad u ally re placed by fully 3D Pe trel-based geomodels de vel -
oped ac cord ing to the mod ern struc tural and para met ric (static)
mod el ling trends (e.g., Dubrule,1998, 2003; Zakrevsky, 2011).
That meth od ol ogy was ap plied to com plete re search in the fields 
of pe tro leum ge ol ogy (Papiernik et al., 2009, 2010, 2012), Car -
bon Cap ture and Stor age – CCS (Wójcicki, 2012), and geo ther -
mal sys tems as sess ment (e.g., Górecki, 2011, 2012). Struc tural
sur faces were used in the study as in put data for mod el ling of a
3D geo met ri cal frame work. They are a com bi na tion of re gional
and semi-re gional 2D grids. Struc tural 2D grids with hor i zon tal
res o lu tion of 1000 ´ 1000 m (Górecki, 2006a, b; Doornenbal et
al., 2010) were used as con di tion ing re gional trends for de tailed
dig i tal sur faces dis play ing 250 ´ 250 res o lu tion, which were lo -
cally up dated with new bore holes (e.g., Pabianice 1 and
Kaszewy 1), de tailed struc tural maps cre ated for CCS aims
(Wójcicki, 2012) and the new seis mic in ter pre ta tions com pleted
for the re search pur poses. The re sul tant ba sic struc tural frame -
work of the EGS model cov ers an area of ca. 36,000 km2. The
area se lected for the pos si ble EGS lo ca tion cov ers ca. 19,000
km2 (Fig. 3, black line). It is com posed of thir teen struc tural ho ri -
zons start ing from the base of the Car bon if er ous up to the top of
the Cre ta ceous, and it con tains twelve strati graphic zones
(strati graphic com plexes in the Pe trel sys tem no men cla ture),
equiv a lent to strati graphic ep ochs (Fig. 3).

The struc tural frame work is rel a tively sim pli fied as it is com -
pleted with out a fault model. The pres ence of faults is clearly re -
flected in the ge om e try of Pe trel ho ri zons, how ever, faults were
not mod elled as a Pe trel Fault Model due to a very large area of
the 3D model and gen er ally weak seis mic con trol of ver ti cal and
hor i zon tal ex tents of in di vid ual faults. The dis tin guished zones
(strati graphic com plexes) were di vided into pro por tional lay ers
and their ver ti cal res o lu tion was ac cepted ac cord ing to the ex -
pected suit abil ity of each com plex for the EGS pur poses, di vid ing
4 to 20 pro por tional lay ers with the min i mum thick ness of 5 m. 

Next steps of the mod el ling pro cess were lithological and
para met ric mod el ling. The li thol ogy model is based on geo phys i -
cal logs and in cludes eight li thol ogy types – sand stones,
claystones, mudstones, marls, car bon ates, evaporites, grav els
and oth ers (e.g., vol ca nic rock). It was es ti mated with the use of
Se quen tial Gaussi an Sim u la tion al go rithm. Para met ric mod els
are based on geo phys i cal logs of po ros ity – PHI (data from 54
bore holes), shale vol ume – Vsh (35 bore holes) and bulk den sity – 
RHOB (24 bore holes). The model of per me abil ity – PERM – was
based on core data from 90 bore holes. For the sake of sim plic ity,
the para met ric mod els were cal cu lated with the use of Kriging In -
ter po la tion. Lo ca tion of bore holes used in para met ric mod el ling is
shown in Fig ure 4.

The re sults of struc tural and para met ric mod el ling were con -
verted into maps of av er age pa ram e ters and ef fec tive thick -
nesses, su per im posed on maps of tem per a tures re lated to the
tops of the mapped zones. 
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Fig. 3. 3D geo met ri cal frame work in the se lected area for EGS lo ca tion

Fig. 4. Lo ca tion of bore holes used in para met ric mod el ling



SUBSURFACE THERMAL FIELD ANALYSIS

Pa ram e ters which de ci sively con trol the subsurface tem per -
a tures are: den sity of Earth’s heat flow and di ver sity of ther mal
prop er ties of rocks, par tic u larly their ther mal con duc tiv ity
(Szewczyk, 2002). The heat flow de ter mines the rate of en ergy
trans fer in time unit from higher- to lower-tem per a ture sites,
whereas the tem per a ture is a quan ti ta tive mea sure of ther mal
en ergy ac cu mu lated in a rock for ma tion at the ob ser va tion site.

Tem per a ture mea sure ments made in deep bore holes are
the main source of in for ma tion about in ter nal ther mal re gime.
These data are col lected from:

  1. Mea sure ments un der quasi-sta tion ary state, car ried
out dur ing rec og ni tion of geo ther mal con di tions.

  2. Tem per a ture mea sure ments un der unstabilized ther -
mal con di tions.

  3. Mea sure ments of bot tom-hole tem per a ture (BHT).
For rec og ni tion of true tem per a tures of rocks, the most im -

por tant are mea sure ments car ried out un der con di tions pos si bly
clos est to the geo ther mal bal ance. Within the area of geo ther -
mal in ves ti ga tion, nine tem per a ture mea sure ments were made
in the fol low ing deep bore holes un der con di tions clos est to those 
re garded as sta bi lized (so-called “mea sure ments for the pur -
pose of geo ther mal gra di ent”): Czeszewo IG 1, Kroœniewice IG
1, Kutno 1, Objezierze IG 1, Piotrków Trybunalski IG 1,
Poddêbice PIG-2, Wrzeœnia IG 1, Zakrzyn IG 1 and Zgierz IG 1.
The mea sure ments rep re sented a di rect source of in for ma tion
on the subsurface ther mal re gime.

It is well known that the subsurface tem per a ture mea sure -
ments, even when done with proper care, are af fected by a num -
ber of er rors. Dis tur bance of the nat u ral ther mal re gime of rocks
caused by drill ing op er a tions, mostly by the long-last ing cir cu la -
tion of drill ing mud, sig nif i cantly changes the tem per a tures re -
corded along the bore hole. Dis tur bances are rel a tively larg est in
the top parts of the tem per a ture logs and small est in the deep est 
parts of bore hole that re mains un der dis turb ing con di tions for a
short time. Com ple tion of drill ing ini ti ates the long-last ing pro -
cess of sta bi li za tion, when the ther mal re gime re turns to the nat -
u ral state. How ever, the pos si ble ver ti cal con vec tion of drill ing
mud in the bore hole forced by tem per a ture gra di ents be tween
var i ous parts of the bore hole may cause that the dis tur bances
are prac ti cally ir re vers ible. An im por tant in di ca tor of sta bil ity of
ther mal mea sure ments is the rough con sis tency be tween tem -
per a tures re corded in the subsurface zone of the bore hole site
and those mea sured in the ad ja cent ar eas.

For in ter pre ta tion of the dis tri bu tion of subsurface tem per a -
tures, syn thetic thermograms were em ployed, which were re -
corded in con di tions of the sta ble ther mal equi lib rium (as con tin -
u ous mea sure ments). The com piled thermograms in cluded also 
the so-called cli ma tic cor rec tion re lated to tem per a ture dis tur -
bances in the up per part of the geo log i cal pro file due to tem per a -
ture changes at the earth sur face, oc cur ring in gla cial cy cles (ice
ages) dur ing the Late Ho lo cene (e.g., Beck, 1992; Šafanda and
Kubik, 1992; Beltrami et al., 2001; Šafanda and Rajver, 2001;
Majorowicz et al., 2002; Szewczyk, 2002; Szewczyk et al., 2007; 
Szewczyk and Gientka, 2009).

The cov er age of the study area is rel a tively reg u lar. Most
bore holes with the tem per a ture mea sure ments are lo cated to
the north of £ódŸ (Kutno 1, Zgierz IG 1, Poddêbice PIG-2 and
Kroœniewice IG 1 bore holes). A key ques tion for eval u a tion of
the qual ity and use ful ness of the col lected syn thetic
thermograms was to as cer tain whether the subsurface tem per a -
ture mea sure ments were made re ally in the sta bi lized ther mal
con di tions (af ter a suit ably long stand still time). Conformability of 
tem per a ture mea sure ments re corded in the near-sur face zone

is a valid in di ca tion of the sta bil ity of ther mal mea sure ments
(their so lid ity). Se ri ous dis crep an cies be tween these tem per a -
tures in di cate mea sure ments made in con di tions de part ing from
sta bi lized (Plewa, 1966, 1994). In or der to as sess the qual ity of
the in put data, anal y sis of the tem per a ture dis tri bu tion with depth 
in par tic u lar bore holes was made. The scale of tem per a ture dis -
tur bances in the near-sur face zone and in the res er voir in ter vals
was eval u ated. Mak ing use of the lin ear re gres sion model, in ter -
val gra di ents and mean gra di ents for the whole bore holes were
es ti mated.

Anal y sis of the re gres sion curves in di cates some de par tures 
from the es ti mated val ues of tem per a ture in the near-sur face
zone from val ues of tem per a tures To re corded in the ther mally
neu tral zone, ex tent of which in Po land is es ti mated at about
18–20 m be low ground level (Plewa, 1966, 1994). Match ing of
the re gres sion model to the mea sure ment curves, de ter mined
by the co ef fi cient R2, var ies in a nar row range from R2 = 98.3%
for the Kroœniewice IG 1 bore hole to R2 = 99.8% for the
Objezierze IG 1 bore hole, which in di cates a very good match of
the mea sure ments to the lin ear model of vari abil ity in the
subsurface tem per a tures. A lin ear re gres sion model was also
adopted for draw ing the map of geo ther mal gra di ent, which was
used as an aux il iary pa ram e ter to de ter mine the change of tem -
per a ture at dif fer ent depths – on maps. The mean geo ther mal
gra di ent is a pa ram e ter that al lows es ti mat ing the for ma tion tem -
per a ture at a par tic u lar depth, with out knowl edge of heat flow
val ues and ther mal prop er ties of rocks in a geo log i cal pro file in a
given lo ca tion. The anal y sis of geo ther mal gra di ent dis tri bu tion
in the study area was based on in ter pre ta tion of four teen ther mal 
curves re corded in quasi-sta tion ary con di tions (Szewczyk and
Gientka, 2009), of which nine bore holes were lo cated within the
com pass of the pro spec tive area. On the ba sis of the com piled
data, a map of vari a tions in the mean gra di ents was con structed
for the whole study area. The map is pre sented in Fig ure 5.

The anal y sis of heat flow den sity dis tri bu tion was car ried out
on the ba sis of 69 de ter mi na tions of this pa ram e ter, of which
nine are lo cated within the pro spec tive area for HDR sys tems.
The heat flow de ter mi na tion data were com piled from Szewczyk
and Hajto (2006) and Szewczyk and Gientka (2009). On the ba -
sis of the col lected ter res trial heat flow data, a map of vari a tions
in this pa ram e ter  was con structed for the study area (Fig. 6).

In or der to il lus trate the tem per a ture vari a tion in the ver ti cal
pro file of the re search area based on the tem per a ture curve
anal y sis, maps of iso therms for var i ous depths, and a tem per a -
ture map for the top of the Lower Tri as sic res er voirs were pro -
duced. Due to the var ied dis tri bu tion of mea sure ment points
(bore holes) in the study area, the av er age geo ther mal gra di ent
was in cor po rated to as sess the subsurface tem per a ture dis tri bu -
tion. The use of a gen er al ized model of subsurface tem per a ture
vari abil ity in the form of maps of av er age geo ther mal gra di ent al -
lowed eval u at ing subsurface tem per a tures in ar eas poorly doc u -
mented with ther mal mea sure ments and es ti mat ing the tem per -
a tures at greater depths by ex trap o lat ing trends in subsurface
tem per a ture vari abil ity in the whole study area. The map of tem -
per a tures at the top of the Lower Tri as sic aqui fer pro spec tive for
EGS sys tems is shown in Fig ure 7.

RESULTS

The struc tural, para met ric and ther mal mod el ling al lowed
char ac ter iza tion of petrophysical pa ram e ters of the Lower Tri as -
sic de pos its in the pro spec tive lo ca tion for EGS in sed i men tary
rocks in di cated as the best sed i men tary res er voir for this kind of
sys tem on the ba sis of pre lim i nary de ter mi na tion of ge om e try of
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Fig. 6. Map of ter res trial heat flow den sity in the se lected area for EGS lo ca tion

Ex pla na tions as in Fig ure 5

Fig. 5. Map of av er age geo ther mal gra di ent in the se lected area for EGS lo ca tion
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Fig. 7. Map of tem per a tures at the top sur face of the Lower Tri as sic in the se lected area for EGS lo ca tion

Ex pla na tions as in Fig ure 5

Fig. 8. Struc tural map of the top of the Lower Tri as sic in the se lected area for EGS lo ca tion

Ex pla na tions as in Fig ure 5



the res er voir as well as ther mal pa ram e ters of the rocks. This lo -
ca tion is shown in Fig ure 1.

In this area, the top of the Lower Tri as sic oc curs at depths
from 2000 m b.s.l. (at the south west ern mar gin of the area) to
about 6000 m b.s.l. (in the east ern part; Fig. 8). The to tal thick -
ness of the Lower Tri as sic de pos its is ap pro pri ate for EGS prac -
ti cally in the whole area be cause it ex ceeds the re quired 300 m
and reaches the great est val ues (over 2000 m) in the east ern
part of the in ves ti gated area (Fig. 9). The Lower Tri as sic zone  of 
the mod elled area is dom i nated by claystones (nearly 40%),
siltstones (28.5%) and sand stones (27.5%). The great est thick -
ness of sand stones, which are con sid ered as res er voir rocks for
EGS, is found in the cen tral and south east ern part of the area,
where they pre vail in the Lower Tri as sic suc ces sion. The rocks
of this area are char ac ter ized by shale vol ume in the range of
50–65% (on av er age 60%; Fig. 10). The po ros ity of the Lower
Tri as sic var ies from 0 to 21%, with the global av er age for the en -
tire model equal to 3.92% (Fig. 11). The per me abil ity model of
the Lower Tri as sic for ma tions was based mainly on lab o ra tory
data. It was cor re lated with the po ros ity model based on the
bore hole logs; its cred i bil ity may be low. The mod elled per me -
abil ity for the Lower Tri as sic for ma tions ranges from 0 to
32.84 mD, with an av er age for the en tire model of 0.36 mD
(Fig. 12). The mod elled tem per a ture at the top of the ana lysed
ho ri zon var ies from about 120 to more than 170°C (Fig. 7).

Anal y sis of the heat flow map in di cates that the heat flow in
the study area var ies from 60 to 110 mW/m2. The gen eral trend
of vari a tions in the heat flow in di cates its in crease from the east
to the west and south-west. In creased heat flow val ues were re -

corded along the south west ern bound ary of the Mogilno–£ódŸ
Trough at the con tact with the Fore-Sudetic area where the heat
flow has its max i mum val ues. In this area, the high est heat flow
val ues were re corded in the bore holes of Broniszewice 1
(106.2 mW/m2), Kotlin 2 (103.8 mW/m2) and Witowo 2
(100.1 mW/m2). Re duced heat flow val ues (about 70 mW/m2)
are char ac ter is tic of the £ódŸ area. Lo cal neg a tive heat flow
anom a lies (on the or der of 70–75 mW/m2) oc cur along the north -
east ern bound ary of the Mogilno–£ódŸ Trough at the con tact
with the Kujawy Swell (Fig. 5).

SELECTION OF PROSPECTIVE 
LOCATION FOR EGS

Anal y sis of the re sults of struc tural, para met ric and ther mal
mod el ling for the pre-in di cated area (cen tral Po land) al lowed
spec i fy ing the pro spec tive lo ca tion for EGS in sed i men tary rocks.

The main re quire ment for EGS is pos si bil ity to ex tract ther -
mal en ergy from a res er voir, so ther mal pa ram e ters are very im -
por tant. The high est tem per a tures are ob served in the east ern
part of the mod elled area (Kroœniewice–Kutno re gion), in places
of the deep est po si tion of the Lower Tri as sic de pos its, where the
tem per a ture at the top of the Lower Tri as sic is in the range of
165–175°C. De spite the con sid er able depth to the res er voir
(5–7 km be low sea level), the up per part of the res er voir ful fils
the ac ces si bil ity re quire ments (max. 6 km be low sea level). Be -
cause of the ne ces sity to cre ate a sys tem of con nected open
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Fig. 9. Map of to tal thick ness of the Lower Tri as sic in the se lected area for EGS lo ca tion

Ex pla na tions as in Fig ure 5
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Fig. 10. Shale vol ume model of the Lower Tri as sic – fence di a gram

Fig. 11. Map of av er age po ros ity of the Lower Tri as sic in the se lected area for EGS lo ca tion

Ex pla na tions as in Fig ure 5



frac tures to re cover ther mal en ergy, the un ques tion able ad van -
tage is the great thick ness of Lower Tri as sic sed i men tary rocks
in the Kroœniewice–Kutno area, which ex ceeds 1500 m (Fig. 13). 
This con sid er able thick ness have in flu ence of higher tem per a -
ture within the res er voir than at the top, which could at tain up to
190°C. EGS in cludes con duc tion-dom i nated, low-per me abil ity
re sources in sed i men tary for ma tions (Tester et al., 2006), so
petrophysical pa ram e ters of the res er voir are also sig nif i cant for
EGS. In the Kroœniewice–Kutno area, sand stones are taken into
con sid er ation as res er voir rocks for EGS. Based on a lab o ra tory
anal y sis of Lower Tri as sic sand stones from the
Kroœniewice–Kutno area (tests were per formed within the
frame work of the HDR pro ject at the AGH Uni ver sity with use of
the trans mit ted-light op ti cal mi cro scope and scan ning elec tron
mi cro scope), it is pre dicted that the sand stones are ce mented
with sil ica. This type of ma trix should be suit able for
hydrofracturing, how ever, there is not much ex pe ri ence world -
wide with hydrofracturing in this type of rock for EGS. Cre at ing
the con nec tion be tween the bore holes was a cru cial step in de -
vel op ing the EGS res er voir. Rock-fluid in ter ac tions, which may
have a long-term ef fect on res er voir op er a tion, are also very im -
por tant. Dis so lu tion and pre cip i ta tion prob lems in very high-tem -
per a ture EGS fields are not well un der stood (Tester et al., 2006). 
Lab o ra tory test ing of me chan i cal prop er ties has shown that the
sand stones are strong or very strong rocks (tests were per -
formed within the frame work of the HDR pro ject at the AGH Uni -
ver sity). In the Kroœniewice–Kutno area, res er voir rocks are
char ac ter ized by very low per me abil ity (0.02–0.1 mD) and low
po ros ity (ap prox i mately 3%). Sand stones are dom i nant in the

lower and the mid dle parts of the sec tion, at tain ing a thick ness of 
sev eral hun dred metres (Fig. 13). Lithological com po si tion of the 
Lower Tri as sic were re fined in the spa tial dis tri bu tion of shale
vol ume, es ti mated on the ba sis of a larger num ber of in put data.
This model in di cates that the sand stones con tain much clay ma -
te rial and rep re sent a tran si tional lithological type be tween
clayey sand stones and sandy mudstones. Even the sand stones
from the Kroœniewice–Kutno area con tain from 40 to 65% of
clay, which is a rel a tively high pro por tion.

Con sid er ing the above, the most pro spec tive area for the
EGS lo ca tion in sed i men tary rocks in Po land was iden ti fied in
the Kuiavian seg ment of the Mid-Pol ish Anticlinorium in the
Kroœniewice–Kutno area. Us ing cross-sec tions through the
most pro spec tive zone, we can as sess its ge om e try. It is elon -
gated in the NW–SE di rec tion, its width is ap prox i mately 8 km
and the length is about 30 km (Fig. 13).

CONCLUSIONS

The EGS tech nol ogy is con sid ered to be the tech nol ogy of
the fu ture. Cur rently, hydrogeothermal en ergy is uti lized in Po -
land, and the en ergy car rier is warm ground wa ter pro duced by
bore holes. On the other hand, petrogeothermal en ergy (ex -
ploited by EGS), which con sti tutes heat re sources of rocks, has
not yet been uti lized. 

In most of the EGS pro jects world wide, gran ites con sti tute
the res er voir rocks for closed geo ther mal sys tems. So lu tions of
en ergy uti li za tion from hot sed i men tary rocks are rare, al though
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Fig. 12. Map of av er age per me abil ity of the Lower Tri as sic in the se lected area for EGS lo ca tion

Ex pla na tions as in Fig ure 5



ex per i men tal sys tems cur rently op er ate. The prob lem with sed i -
men tary rocks can be the vari abil ity of rel e vant pa ram e ters of
the mod elled sys tem (e.g., sus cep ti bil ity to frac ture rocks).
There are a num ber of prob lem atic is sues that could po ten tially
af fect the ef fec tive ness of EGS, such as the het er o ge ne ity of
res er voir rocks, the pres ence of clay ma te rial and the im pact of
the oc cur rence of mineralised wa ters. These prob lems can be
solved at the stage of pro ject im ple men ta tion, but the first step to 
de velop EGS in Po land is to rec og nize the geo ther mal po ten tial
for such sys tems.

Be cause of the dis tri bu tion of subsurface tem per a tures and
great depths to the thick sed i men tary rocks, the Lower Tri as sic

de pos its of cen tral Po land seem to be the most ap pro pri ate for
EGS. In te grated ther mal, para met ric and struc tural mod el ling
helped to iden tify the most pro spec tive lo ca tion for such a geo -
ther mal sys tem in sed i men tary rocks, which is the
Kroœniewice–Kutno area. For this par tic u lar pro spec tive area,
petrophysical pa ram e ters of the Lower Tri as sic are as follows:

  1. The res er voir oc curs at a depth from about 5000 to
6000 m b.s.l.

  2. To tal thick ness of the Lower Tri as sic for ma tion is suf fi -
cient to per form frac tur ing.

  3. The tem per a ture within the res er voir ex ceeds 165°C.

  4. The po ros ity of res er voir rocks is ap prox i mately 3%.
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Fig. 13. Lo ca tion of the pro spec tive depth in ter val of the Lower Tri as sic in the Kroœniewice–Kutno area

A – along the NW–SE cross-sec tion, B – lo ca tion of cross-sec tions shown on the back ground of the struc tural map 
of the top of the Rotliegend, C – along the SW–NE cross-sec tion 



  5. The per me abil ity of res er voir rocks is in the range of
0.02–0.1 mD.

Char ac ter iza tion of petrophysical pa ram e ters was the ba sis
for fur ther mod el ling of EGS uti li za tion. The crit i cal re quire ments
for the EGS lo ca tion in clude: ther mal pa ram e ters of rocks (tem -
per a tures >150°C), thick ness of the res er voir (min i mum of 300
m), po ros ity and per me abil ity of res er voir rocks (as the low est)
and depth to the res er voir (3–6 km). Based on these re quire -
ments, the Lower Tri as sic sand stones of the Kroœniewice–Kutno 
area can be con sid ered as po ten tial res er voir rocks for EGS.
The fi nal as sess ment needs fur ther in ves ti ga tion based on
high-qual ity data as well as a sig nif i cantly greater num ber of ex -
per i ments re lated to the frac tur ing of sed i men tary rocks.
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