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Ab stract: The pa per con sid ers the po ten tial for new dis cov er ies of gas ac cu mu la tions in the Rotliegend Ba sin on
the ba sis of the anal y sis of res er voir and hydrochemical tests and the re sults of res er voir sim u la tions. Sev eral
res er voir sim u la tions car ried out in the study area (his tory of pro duc tion and his tory match ing) dem on strate the
re gional mi gra tion of res er voir wa ters. The in te gra tion of the sim u la tions with math e mat i cal cal cu la tions (in
con sis tency with Hubbert’s the ory) and with hydrochemical re sults per mits rec og ni tion of the re gional hy dro dy -
nam ics and the po ten tial lo cal iza tion of gas fields. In an anal y sis of the cur rent hy dro dy namic and hydrochemical
con di tions of res er voir wa ters in the Rotliegend (Lower Perm ian) strata, at ten tion was fo cused on part of the sed i -
men tary Rotliegend Ba sin, lo cated south of the Wolsztyn-Pogorzela High, uti liz ing ma te ri als avail able from
drill ing and not ing the dif fer ences be tween this area and the north ern sub-ba sin. The cur rent hydrogeological
con di tions and the dy nam ics of fluid trans fer in the Rotliegend Ba sin are an ef fect of struc tural re ar range ment
dur ing the Lara mide orog eny. The ba sin hypsometry, re sult ing from the Lara mide move ments, be came the de ci -
sive fac tor that con trolled the fil tra tion of ground wa ter. The re cent hy dro dy namic char ac ter is tics of mi grat ing
res er voir wa ters are re flected in the P-T (fluid pres sure and tem per a ture gra di ent) dis tri bu tion pat tern. Hence, the
anal y sis of this dis tri bu tion may re veal re ac tions that have taken place over time. It must be em pha sized that
clus ters of gas fields are lo cated in the zones oc cu pied by stag nant ground wa ter (rNa/rCl<0.75) un der hy dro static
(or slightly higher) pres sure.
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IN TRO DUC TION

Pre vi ous stud ies of the hy dro dy nam ics of the Rotlie-
gend Ba sin (Zawisza and Wojna-Dyl¹g, 1996; Zawisza,
2004, 2007; Zawisza et al., 2010; Zawisza and Machowski,
2011) in di cated the ex is tence of a re gional hy dro dy namic
field con trol ling the trans fer of for ma tion wa ters. Un for tu -
nately, these stud ies were not based on the re sults of cor rect, 
full-scale res er voir sim u la tions. Sim u la tions car ried out on
sev eral gas ac cu mu la tions in di cate tilt ing of the gas-wa ter
con tact, in spite of the “lin ear” in crease in pres sure with
depth. Con trary to some sug ges tions (e.g., Sorenson, 2005;
Muggeridge and Mahade, 2012), the ex ist ing struc tural dis -
con ti nu ities (nor mal faults) do not con sti tute hy dro dy namic
bar ri ers to fluid flow. The anal y sis of fluid prop er ties and
res er voir pres sures per mit a more com pre hen sive un der -
stand ing of the mi gra tion and con di tions of ac cu mu la tion
within any pe tro leum ba sin. The re cent dis tri bu tion of hy -
dro car bons in the Silesian seg ment of the Rotliegend Ba sin
is an ef fect of the equi lib rium at tained be tween the solid
phase (res er voir rock) and the liq uid phase (res er voir flu ids).

This equi lib rium gave rise to the for ma tion of zones of limi-
ted fluid ex change within the in ter con nected pore spaces of
the res er voir. Such zones are re flected in the hydrochemical
re cord of the fluid by the rNa/rCl co ef fi cient. If hy dro- chem -
i cal con sid er ations are sup ported by hy dro dy namic anal y sis
to de ter mine the zones of re duced con fin ing pres sure, po ten -
tial hy dro car bon ac cu mu la tions can be iden ti fied.

GEO LOG I CAL SET TING

The Pol ish part of the sed i men tary Rotliegend Ba sin is
the south east ern ex ten sion of the South Perm ian Ba sin
(Gast et al., 2010). In terms of pe tro leum sys tem prin ci ples,
this ba sin is a part of the Car bon if er ous–Rotliegend To tal
Pe tro leum Sys tem (Magoon and Schmoker, 2000), which
in cludes the eco nom i cally im por tant pe tro leum prov inces of 
west ern and cen tral Eu rope (see e.g., Glen nie, 1998; Klett et 
al., 2000; Karnkowski P. H., 2007; Pletsch et al., 2010). In
this pe tro leum sys tem, the source rocks are Car bon if er ous
sed i ments, whereas the res er voir rocks are Rotliegend and



Zechstein Lime stone (Ca1) strata. The re gional seal ing me-
chanism is pro vided by thick Zechstein evaporites.

The South Perm ian Ba sin in Po land is a vast, extensio-
nal de pres sion, re sem bling a half-graben (Pokorski, 1998).
It is filled with a thick suc ces sion of ae olian, flu vial al lu vial
and lac us trine sed i ments. Anal y sis of the Rotliegend depo-
sitional en vi ron ments per mit ted the rec og ni tion of sev eral
palaeogeographic units: the Cen tral Ba sin (Pokorski, 1997); 
the East ern Erg, a dune field ex tend ing along the south ern
mar gin of the Cen tral Ba sin and dom i nated by ae olian sand -
stones (Kiersnowski, 1997; Kiersnowski and Buniak, 2006;
Jarzyna et al., 2009); and the Silesian seg ment of the Rot-
liegend Ba sin, an area dom i nated by ae olian (in cen tral part) 
and flu vial de po si tion. A dune belt in this part of the ba sin
(Fig. 1) is known as the South ern Erg (Karnkowski P. H.,
1994; Kiersnowski, 1997).

In the north east, the Silesian seg ment of the Rotliegend
Ba sin is sep a rated from the Cen tral Ba sin by the Branden-
burg-Wolsztyn-Pogorzela High (Kiersnowski et al., 2010),
while in the south east it bor ders on the Fore-Sudetic Block.
The tec tonic pat tern of the Silesian seg ment of the Rotlie-
gend Ba sin is closely re lated to Late Car bon if er ous–Perm -
ian tec tonic ac tiv ity, which strongly in flu enced both the fa -
cies de vel op ment and the thick ness dis tri bu tion of the Rot-
liegend sed i ments. This ac tiv ity re sulted also in the for ma -
tion of a num ber of horsts and grabens, which were the pre -
de ces sors of the small sub-bas ins of the Silesian seg ment of
the Rotliegend Ba sin (Karnkowski P. H., 1999; Kiersnow-
ski et al., 2010).

In the Silesian seg ment of the Rotliegend Ba sin, Rotlie-
gend sed i ments oc cupy an area, up to 60 km wide. The thic-

kness of the Up per Rotliegend (Saxonian) var ies from 0 (on
the Wolsztyn-Pogorzela High) to more than 400 m in the
ax ial parts of the ba sin, whereas the max i mum thick ness of
the Zechstein Lime stone (Ca1) strata is 60 m (Papiernik et
al., 2008).

The Silesian seg ment of the Rotliegend Ba sin hosts 24
gas fields out of a to tal of 68 ac cu mu la tions dis cov ered up
to now in the Pol ish part of the Rotliegend Ba sin. Their re -
serves are es ti mated at about 120 Bm3 (Wolnowski, 2004;
Burzewski et al., 2009; Górecki et al., 2011). The first gas
field in this area, i.e. the Bogdaj-Uciechów Field, was dis -
cov ered in 1964 (Karnkowski P., 1999) and the larg est gas
ac cu mu la tion is the ¯uchlów Field, with re cov er able re -
serves of about 24 Bm3 (Karnkowski P., 1999).

The gas ac cu mu la tions oc cur at depths in the range
1,200–1,700 m, in the up per most part of Rotliegend ae olian
sand stones. Lo cally, these sed i ments are in hy dro dy namic
con ti nu ity with the Zechstein Lime stone strata (Fig. 2).

Ge netic con cepts re late these de pos its to large piles of
dune sands, which partly sur vived the Zechstein ma rine
trans gres sion and pro vided geomorphological traps (Kiers-
nowski and Tomaszczyk, 2010; Papiernik et al., 2012).

METH ODS AND DATA

The char ac ter iza tion of the deep wa ters sat u rat ing the
Rotliegend terrigenous sed i ments was based upon the re -
sults of downhole mea sure ments and anal y ses of sam ples
from oil wells, com pleted by pe tro leum com pa nies dur ing
the last 40 years of hy dro car bon ex plo ra tion in the Fore-
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Fig. 1. Lo ca tion map of Rotliegend and Zechstein Lime stone (Ca1) res er voirs with ref er ence to res er voir fa cies dis tri bu tion (mod i fied
af ter Papiernik et al., 2008).



Sudetic Monocline. For con struc tion of plots and maps de -
scrib ing the dy nam ics of res er voir wa ters, the re sults of 328
mea sure ments of res er voir pres sure were used. The pres sure 
val ues were ei ther in ter preted by means of Hor ner’s method
us ing the re cords of downhole ma nom e ters or mea sured dur -
ing pro duc tion tests car ried out in the gas wells. For hy dro-
chem i cal con sid er ations, the re sults were used of 42 rep re sen -
ta tive ground wa ter anal y ses, car ried out in the lab o ra to ries of
the Zielona Góra and the Pi³a Pol ish Oil and Gas Com pany.

Hy dro dy namic as sump tions

In any pe tro leum ba sin, the hy dro dy namic con di tions
change in re sponse to vari a tions in ther mo dy namic fac tors:
tem per a ture, pres sure and vol ume of pore space (Philips,
2009; Djunin and Korzun, 2010). In the Perm ian Ba sin, the
struc tural re ar range ment ini ti ated dur ing the Lara mide oro-
geny caused im por tant changes to both the hydrogeological
con di tions and the dy nam ics of fluid trans fer (S³upczyñski,
1979; Zawisza et al., 2010; Muggeridge and Mahade,
2012). The hypsometry of the ba sin formed dur ing the Lara -
mide move ments has be come the cru cial con trol ling fac tor
of ground wa ter mi gra tion.

The an ti cli nal con cept of hy dro car bon ac cu mu la tion
rep re sents only one of many spe cific mod els of nat u ral gas
con cen tra tion in the pore space of a res er voir. It is valid as
long as the res er voir wa ters re main in hy dro static equi lib -
rium. In al most all gas de pos its dis cov ered in the Rotliegend 
for ma tions, hy dro car bons have ac cu mu lated in the up per -
most part of the Saxonian, spe cif i cally on lo cal, struc tural
and ero sional highs, where the gas at tained its en ergy min i -

mum, i.e., the ki netic en ergy was equal to zero at the low est
pos si ble po ten tial en ergy (Hubbert, 1953; S³upczyñski,
1979; Jucha et al., 1992; Zawisza, 2004, 2007). If the res er -
voir wa ters are stag nant or mi grate slowly, the gas-wa ter
phase con tact sur face is hor i zon tal. In cli na tion of this sur -
face in di cates the pres ence of a hy dro dy namic trap and the
di rec tion of ground wa ter mi gra tion is de fined by the di rec -
tion of that slope, as given by for mula (1):
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The changes in pres sure with depth ob served in the
larg est hy dro car bon ac cu mu la tions in fields in the part of
the Rotliegend Ba sin stud ied are listed in Fig. 3. On the ba -
sis of the fit ting func tion, the av er age pres sure gra di ent in
the res er voir was cal cu lated. Tak ing into ac count the fact
that not all the pres sures were mea sured ex actly in the top
part of the res er voir, the pres sure val ues were re-cal cu lated
on the ba sis of the av er age res er voir-pres sure gra di ent.
These cal cu la tions fa cil i tated the arith me tic op er a tions nec -
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Fig. 2. Map of up per sur face of Rotliegend For ma tion show ing lo cal iza tion of gas fields.



es sary for the con struc tion of the maps (for mula 9). The
hor i zon tal dis tri bu tion of the res er voir pres sure gra di ents
(dP/h) cal cu lated is il lus trated in Fig. 4.

The con struc tion of hy dro dy namic po ten tial maps for
res er voir wa ters in the Rotliegend for ma tions was based
mainly on the meth od ol ogy de vel oped by Hubbert (1953),
S³upczyñski (1979), Jucha et al. (1992), Wojna-Dyl¹g
(2003) and Zawisza (2004, 2007).

The in di ca tors of the mi gra tion of res er voir flu ids (oil,
gas, wa ter) are lo cal en ergy con di tions. If a vol ume of fluid
is se lected at any point in the pore space of the res er voir,
this vol ume has a cer tain po ten tial en ergy, which for unit
mass, con sti tutes its fluid po ten tial, pro por tional to the
piezometric head. Hence, the po ten tial can be ex pressed as:

F° = g · H;
where:
g – stan dard grav ity, 9.81 m/s2;
H – piezometric head re ferred to the sea level da tum [m].

The po ten tial of force at a given point can be de fined as
the amount of work nec es sary to move a unit mass of fluid
from an ini tial site (e.g. sea level as a da tum) to a new site
(i.e. the mea sure ment point), ex clud ing the role of fric tion.
The value of the po ten tial of force of a spe cific fluid (liq uid
or gas), for which the den sity is con stant or is a func tion of
pres sure, con sid ered for any point of pore space with sea
level as a da tum, is given by the for mula:

F = + ògz
dP
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where:
F – po ten tial of force (of fluid) [m2/s2];
g – stan dard grav ity, 9.81 m/s2 ;
z – el e va tion of mea sure ment site over the sea level da tum
  [m];
P – res er voir pres sure [Pa];
r – fluid den sity within the res er voir [kg/m3].

At con stant fluid den sity, the in te gral in for mula (2) is
re duced to zero and the for mula be comes:

F = +gz
P

r
(3)

In both equa tions (2) and (3), the first ex pres sion rep re -
sents the po ten tial en ergy of a unit mass of fluid placed in
the Earth’s grav i ta tional field and the sec ond ex pres sion
rep re sents the en ergy of a unit mass of fluid re sult ing from
the res er voir pres sure. At any site in the pore space, in
which the fluid po ten tial is not con stant, the force gen era-
ted, acts on unit mass of fluid ac cord ing to for mula:
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This force causes the mi gra tion of fluid to wards the site
of de creas ing po ten tial. If vec tor 

r
F is re duced to zero, the

fluid at tains hy dro static equi lib rium, i.e. its ki netic en ergy
ap proaches a min i mum and the mi gra tion of unit vol ume of
fluid in the pore space of the res er voir ceases.

For the Rotliegend res er voir, where a dou ble-phase sys -
tem is pres ent (res er voir wa ters and nat u ral gas), two dif fer -
ent val ues of po ten tial will oc cur at any point of the hy dro -
dy namic field, one for res er voir wa ters and one for the gas:
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where:
r rw , g  – den si ties of wa ter and gas, re spec tively, un der res -
er voir con di tions [kg/m3], as sum ing that gas den sity r g  is
solely a func tion of pres sure (iso ther mal res er voir);
Pc – cap il lary pres sure (i.e. ad di tional pres sure ex erted on a
gas mol e cule, ow ing to the pres ence of cap il lary forces, in -
sig nif i cant in the case of gas) [Pa].

The forces ex erted on a unit mass of wa ter or gas are
given by for mu lae:
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F g grad Pw
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As con cluded from both for mu lae, the re sul tant vec tors: r
Fw  and 

r
Fg  will have dif fer ent val ues and di rec tions for both

com po nents of the dou ble-phase, wa ter-gas sys tem. As a re -
sult, flu ids will mi grate in dif fer ent di rec tions with dif fer ent
ve loc i ties, per pen dic u larly to their equipotential sur faces
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Fig. 3. Plot of vari a tion in res er voir pres sure with depth.



and to wards lo ca tions of de creas ing po ten tial. Thus, gas
will mi grate from the zones of higher po ten tial to wards
those of lower po ten tial and will ac cu mu late in traps or
zones, where its po ten tial will at tain a lo cal min i mum. Con -
se quently, gas traps will oc cur in the zones of low po ten tial,
un der the im per me able caprocks.

If gas po ten tial is con stant in all di rec tions within the
res er voir pore space, no force will be ex erted on a unit vol -
ume of fluid and such a fluid will not mi grate.

The value of the po ten tial of res er voir wa ter Hfw can be
de ter mined for a par tic u lar well, us ing the for mula (9):

H z
p

fw

fw

= +
g

(9)

where:
H fw  – po ten tial ex pressed as a height of fresh wa ter col umn
(fw – fresh wa ter);
p – res er voir pres sure [Pa];
z – depth to the top of res er voir ho ri zon re duced to the sea
level da tum [m],
g fw  – spe cific weight of fresh wa ter [N/m3].

Ac cord ing to for mula (9), res er voir pres sures were re -
duced with re spect to sea level as a da tum and ex pressed in
the form of hy drau lic heads. The hy drau lic head is the
height to which a fluid will be dis placed from a well un der

the res er voir pres sure. The re sults are il lus trated in Fig. 5, as 
a map of fresh wa ter po ten tial.

Hydrochemical as sump tions

Tak ing into ac count the cur rent state of knowl edge and
the avail able mea sure ment tech niques, wa ter sam ples taken
for lab o ra tory anal y ses com monly have in her ent er rors. The 
pres ence of hy drau lic con tacts be tween the Rotliegend and
the Zechstein Lime stone sed i ments caused that in most sam -
pled wells, wa ters from both the Rotliegend sand stones and
the Zechstein Lime stone car bon ates were col lected.

In or der to se lect rep re sen ta tive data for wa ters from the 
Rotliegend res er voirs, the fol low ing fac tors were con sid -
ered (Machowski, 2006):

– sam pling method;
– completness of anal y ses (the lack of To tal Dis solved

Sol ids and prin ci pal ions data pre cluded the con trol of ionic
equi lib rium);

– spe cific weight of wa ter (wa ter sam ples of gw<1.1
g/dm3 in di cate a po ten tial sam pling er ror);

– pH (sig nif i cant vari a tions of pH sug gest di lu tion of
sam pled res er voir wa ters with the fresh wa ter from drill ing
mud);

– re gional hydrochemical back ground.
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Fig. 4. Map of hy dro dy namic gra di ent.



In the se lec tion of com pre hen sive chem i cal anal y ses of
wa ters, the prin ci pal pa ram e ters were: pH, den sity and TDS. 
Spe cif i cally, the au thors dis tin guished as un con tam i nated
only wa ters of pH from 4.0 to 10 and of den sity over 1.1
g/dm3. If wa ter den sity was close to 1.0 g/dm3, com bined
with low TDS and in creased HCO3

- and SO4
2-, then con -

tam i na tion of the sam ple was re garded as very prob a ble.
The re cently ob served com po si tion of groundwaters re -

sults from many fac tors, among which the most im por tant
are: (i) ini tial com po si tion of wa ter and (ii) its later trans for -
ma tions caused by re ac tions at depths and by equil i bra tion
of groundwaters with in fil trat ing wa ters (Nawrot and
Schoeneich, 1973; Schoeneich, 1973; Suchariew, 1974; Bo- 
jarski, 1976; Cimaszewski, 1976). These wa ters play a dou -
ble role, be ing si mul ta neously the car ri ers and the mod er a -
tors of chem i cal re ac tions ac tive dur ing the diagenesis.

The TDS, den sity and chem i cal com po si tion of ground- 
wa ters fill ing the po rous and/or po rous/frac tured rocks are
con trolled by li thol ogy (pre cisely, by min eral com po si tion
of the rocks). More over, the pres ent chem i cal com po si tion
is af fected by spe cific P-T re la tion ships, gov erned by
changing geo log i cal con di tions (Pazdro, 1964; Maciosz-
czyk and Dobrzyñski, 2002). The P-T con di tions in clude
pore pres sure, tem per a ture at par tic u lar depths and vol ume
of pore/fracture space of rocks (McCain, 1990).

The spe cific weight of wa ter (which re sults from its
chem i cal and iso to pic com po si tions, and from the mass of
dis solved ions) and the TDS are so closely con nected that
the chem i cal com po si tion of wa ter can be de ter mined di -
rectly from its spe cific weight (Levorsen, 1956). Ver ti cal
changes of both the TDS and the spe cific weight of an a -
lyzed res er voir wa ters are il lus trated in figures 6 and 7.

The changes of pH doc u ment the vary ing con cen tra tions
of OH3+ ions, which re sults from dif fer ent con cen tra tions of
car bonic acid, or ganic ac ids, gases, mi cro or gan isms, salt hy -
dro ly sis, etc. The sea/ocean wa ter shows pH val ues from 6.86 
to 8.40 with av er age: 8.0 (Riley and Ches ter, 1971; Col lins,
1975; Car pen ter, 1978). The pH of groundwaters can be low -
ered by hy dro car bons and par tic u larly by car bon di ox ide and
hy dro gen sul phide. Groundwa ters in the Rotliegend Ba sin
con tain gas eous hy drocar bons and if these wa ters orig i nated
from an cient sea wa ter (pH = 8), the co ex ist ing gas must
have low ered the pH val ues. The changes of pH with the
depth for par tic u lar samples are il lus trated in Fig. 8.

In or der to de ter mine the type of res er voir wa ters,
Feret’s ter nary di a grams were drawn (Figs 9, 10) to il lus -
trate the pro por tion of ions ex pressed on an ionic equiv a lent 
scale (% mval).

Tak ing into ac count the re sults of anal y ses of the ba sic
ions, Cl, Na, K, Br, HCO3, Ca, SO4 and Mg, the hy dro-
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Fig. 5. Map of hy dro dy namic po ten tial.



chem i cal in di ces (ionic ra tios) were cal cu lated. Their val ues 
re flect changes in the chem i cal suc ces sion of deep ground-
wa ters. For the pur pose of pe tro leum ex plo ra tion, at ten tion
was paid mostly to the rNa/rCl co ef fi cient. This ra tio re -
flects diagenetic trans for ma tions (ion ex change) of ground-
wa ters, i.e., it il lus trates the re place ment of so dium by cal -
cium in so lu tion. At rNa/rCl>1.0, these are chlo ride wa ters.
De creas ing rNa/rCl val ues, i.e., de creas ing so dium con -
tents, cor re spond to in creas ing trans for ma tion of groundwa- 
ters caused by grad u ally in creas ing ion ex change, which re -
sults in the pro gres sive iso la tion of deep groundwaters from 
the in fil trat ing wa ters. Wa ters with de creased con tent of so -
dium and chlo ride ions usu ally show rNa/rCl>1.0; such val -
ues were ab sent from the pop u la tion of sam ples stud ied.
Wa ters of this type might have orig i nated from the mix ing
with wa ters of lower TDS, due to in di rect fil tra tion. How -
ever, in the zones where rNa/rCl<1.0, wa ter ex change is
ham pered, i.e., such wa ters show very lim ited con tact with
the in fil trat ing waters. Bojarski (1976) distinguished the
following classes, based on the rNa/rCl coefficient:

– class I (rNa/rCl>0.85), which in di cates a low-sta bil ity 
zone with ground wa ter ex change, this zone has lim ited po -
ten tial for the pres er va tion of hy dro car bon accumulations;

– class II (rNa/rCl = 0.85–0.75), which in di cates a bor -
der zone within a pe tro leum ba sin, show ing low sta bil ity,
this zone has lim ited po ten tial for the pres er va tion of hy dro -
car bon accumulations;

– class III (rNa/rCl = 0.75–0.65), which im plies the iso -
la tion of ground wa ter ho ri zons and fa vour able con di tions
for the pres er va tion of hy dro car bon accumulations;

– class IV (rNa/rCl = 0.65–0.50), in which the res er voir
ho ri zons are com pletely iso lated and relic-like brines ap -
pear;

– class V (rNa/rCl<0.50), in which highly al tered relic
brines are pres ent; this makes such zones very pro spec tive
for hy dro car bons.

These classes were marked in a rNa/rCl-ver sus-depth
plot (Fig. 11).
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Fig. 6. Plot of vari a tion in TDS with depth. Fig. 7. Plot of vari a tion in spe cific weight with depth.



RE SULTS AND DIS CUS SION

The re sults pre sented above dem on strate the re gional
de pend ence be tween hy dro dy namic and hydrochemical
equi lib ria and the dis tri bu tion of nat u ral gas ac cu mu la tions
in the Rotliegend Ba sin. To date, such anal y ses were car ried 
out for in di vid ual fields (Cimaszewski, 1976). More re -
gional at tempts were pre sented by S³upczyñski (1979),
Zawisza (2007) and Zawisza et al. (2010).

Dy nam ics of Rotliegend res er voir wa ters

Pres sure
Pres sure mea sure ments were made for the depth in ter -

val from 1,057 to 3,050 m be low sea level. The val ues mea -
sured vary from 11.6 to 36.68 MPa. Pres sure changes with
depth are il lus trated in Fig. 3, where the fit ting func tion is
de scribed by the lin ear equation:

y = 83.429 x + 84.556

for the cor re la tion co ef fi cient: R2 = 0.936
The high fit ting co ef fi cient clearly in di cates a lin ear

trend of pres sure-depth vari a tion, which proves the pres -
ence of a con tin u ous hy dro dy namic field (S³upczyñski,
1979; Zawisza, 2007; Zawisza et al., 2010). Anal y sis of this 
trend re veals con ver gence of the fit ting func tion and the av -
er age pres sure of the ground wa ter col umn, named the hy -
dro static gra di ent. Tak ing into ac count the fact that some
pres sures were mea sured at var i ous stages in the ex ploi ta -
tion of the gas fields, these mea sure ments re corded pres sure 
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Fig. 8. Plot of vari a tion in pH with depth.

Fig. 9. Feret’s ter nary plot of an ion con cen tra tions.

Fig. 10. Feret’s ter nary plot of cat ion con cen tra tions.



drops be low the hy dro static gra di ent of the res er voir wa ters
(e.g., Wierzchowice-32, Rawicz-10 wells). For fields in the
east ern part of the study area (e.g., Bogdaj-Uciechów,
Henrykowice, Tarcha³y, Wierzchowice), the res er voir pres -
sures are some what higher than the av er age pres sure gra di -
ent for that part of the Rotliegend Ba sin (Zawisza, 2007;
Zawisza et al., 2010). In con trast, the fields lo cated far ther
to the west (e.g., Wilków, Za³êcze, ¯uchlów) show lower
pres sures, although still exceeding the hydrostatic gradient
values.

The re sults of res er voir mod el ling and sim u la tion for
the larg est ac cu mu la tion, the Bogdaj-Uciechów gas field,
in di cate a lin ear trend of pres sure/depth vari a tion, with out
any in di ca tion of res er voir compartmentalization (Fig. 12).

Pres sure gra di ent
The pres sure gra di ent val ues cal cu lated fall into the

range from 10.757 kPa/m in the Kargowa-3, Czechnów-4
and Wiewierz-22 wells, and up to nearly 13 kPa/m in the
Pe³czyn-2, Wierzchowice-1 and Bogdaj-Uciechów-29 wells. 
For de vel oped gas ac cu mu la tions, these pres sures gen er ally
ex ceed 11 kPa/m (Fig. 4). The high est pres sure gra di ents
were found in the east ern part of the study area (Ostrzeszów-
Miêdzybórz re gion) and ab nor mally high val ues of the pres -
sure gra di ent (about 12 kPa/m) were ob served in the Bogdaj-
Uciechów, Wierzchowice and Czeszów fields. In con trast,,
the west ern part of the study area shows the low est val ues of
pres sure gra di ent, ex cept for the Za³êcze Gas Field (S³up-
czyñski, 1979; Zawisza, 2007; Zawisza et al., 2010).

The hy dro dy namic pat tern, de ter mined by val ues of the
pri mary res er voir pres sures and their de creases in value as
func tions of dis tance (gra di ent) and time (ex ploi ta tion), is
closely re lated to depth, which sup ports the pres ence of a
con tin u ous hy dro dy namic field (Zawisza et al., 2010).

The hy dro dy namic tests, car ried out for many de pos its in 
the part of the Rotliegend Ba sin stud ied, con firm the vol u -
met ric na ture of hy dro car bon pro duc tion, i.e. gas ex pan sion
is the only drive mech a nism for pro duc tion. Con sid er ing the
over all mass bal ance, a pres sure drop is fore seen with pro -
gress ing ex ploi ta tion of the ac cu mu la tions (Górecki et al.,
1996).

Hy dro dy namic po ten tial
Bas ing on the re sults of hy dro dy namic po ten tial cal cu -

la tions made for par tic u lar mea sure ment sites (rep re sent ing
the wells), the map of hor i zon tal pat tern of hy dro dy namic
field was drawn (see Fig. 5 and Hubbert, 1953; S³upczyñ-
ski, 1979; Jucha et al., 1992; Zawisza and Wojna-Dyl¹g,
1996; Zawisza, 2004, 2007; Zawisza et al., 2010). In the
Rotliegend Ba sin, the val ues of hy drau lic heads vary from
100–150 m of fresh wa ter col umn in the zones re lated to gas 
ac cu mu la tions at 250–350 m, in the vi cin ity of the Wol-
sztyn-Pogorzela High, which is a hy dro dy namic bar rier for
the trans fer of res er voir flu ids, up to 450–550 m in the vi -
cin ity of Kalisz. This pat tern of hy drau lic heads proves the
pres ence of two fluxes of ground wa ter mi gra tion. The first
flux is di rected from the Wolsztyn-Pogorzela High to the
south and south west, to wards the ba sin out crops. The sec -
ond flux is lo cated deeper in the basin, in Kalisz area, and is
directed to the southwest.

The in creased po ten tials (250–300 m) in de pos its lo -
cated in the east ern part of study area (Tarcha³y, Wierz-
chowice) are re lated to the greater depth of the up per sur -
face of the Rotliegend for ma tion, de spite the pos i tive clo -
sure caused by lo cal up lift of the res er voir ho ri zon. Also the
Pakos³aw ac cu mu la tion re veals in creased val ues of po ten -
tial (200–250 m), which is ex plained by close prox im ity of
the Wolsztyn-Pogorzela High, act ing as the re gional hy dro -
dy namic bar rier that con trols the lo cal iza tion of de pos its.
How ever, in the south west ern part of the study area, a pro -
gres sive de crease in po ten tial is ob served down to about
100 m, as re vealed in the Wilków, Szlichtyngowa, Nie-
chlów and Lipowiec fields.

In cli na tion of phase con tact
In or der to dem on strate the flow of res er voir wa ters, hy -

dro dy namic cal cu la tions were car ried on, which in di cated
the im pact of this flow on the gas-wa ter con tact in the
Wilków Field (west ern part of study area) (Zawisza and
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Fig. 11. Plot of vari a tion in rNa/rCl co ef fi cient with depth.



Machowski, 2011).  The av er age den si ties of reservoir wa ter
(r w ) and gas (r g) de ter mined un der res er voir con di tions are:

r w  = 1,190 kg/m3,
r g  = 142 kg/m3

The cal cu la tions (not in cluded into this pa per) un am -
big u ously re vealed that in the Wilków Gas Field the gas-
wa ter phase con tact is in clined to wards the south. The slope
an gle was cal cu lated from formula (1):

tg a = 0.01  thus, a = 0.6°

The tilt ing of the phase con tact in this field com pared
with the map of hy dro dy namic po ten tial, dem on strates the
ob vi ous flow of res er voir flu ids to the south, lim ited by the
out crops of res er voir ho ri zon and a drop in hy drau lic head
(Hubbert, 1953; S³upczyñski, 1979; Jucha et al., 1992; Za-
wisza and Wojna-Dyl¹g, 1996; Zawisza, 2004, 2007; Zawi- 
sza et al., 2010).

In the east ern part of study area, mod el ling of res er voir
dy nam ics was car ried out for the Bogdaj-Uciechów Gas
Field (Fig. 13). The re sults in di cate tilt ing of gas-wa ter con -
tact. In this area, the pres sure/depth re la tion ship is lin ear at
sim i lar val ues of ver ti cal and hor i zon tal per me abil ity. This
rather pre cludes the pos si bil ity of compartmentalization,
due to the pres ence of a hy dro dy namic dis con ti nu ity caused
by a loss of per me abil ity and the hy dro philic char ac ter of
the res er voir rocks. The tilt ing of the phase con tact shown in 
Fig. 13 is re lated to the flow of res er voir wa ters to wards the
south and south west.

Hydrogeochemistry of Rotliegend groundwaters

Over all TDS
The cur rent ther mo dy namic equi lib rium in the wa ter-

res er voir rock sys tem is re flected in the over all TDS, which
cor re sponds to the con cen tra tion of ions for the dis solved
chem i cal compounds.

The TDS val ues of the groundwaters stud ied do not al -
ways cor re spond to the re cent tem per a tures in the subsur-
face. This is a re sult of over heat ing, caused by vol ca nic ac tiv -
ity dur ing the Saalian orogenic phase. The TDS val ues range
from 228 g/dm3 (the Waszkowo-1 well) to 338 g/dm3 (the
Dychów-1 well) (Fig. 6), which is con sis tent with the re -
gional hydrochemical range for the Rotliegend for ma tions.
The an a lyzed sam ples were col lected mostly from depths of
1,400–1,800 m, where the av er age TDS value is 283 g/dm3.

Such high TDS val ues in di cate that groundwaters from
the Rotliegend for ma tions are brines sat u rated with min eral
sub stances, which is in dic a tive of a ba sin with slow and
stag nant min er al iza tion pro cesses (Cimaszewski, 1976;
S³upczyñski, 1979; Zawisza, 2004, 2007; Zawisza et al.,
2010). It is the com mon be lief that TDS in crease with the
depth, which ex plains hydrochemical zonation. How ever,
the trend of TDS changes shown in Fig. 6 is not fully lin ear
and is even dis con tin u ous for some depth in ter vals. Mea -
sure ments car ried on at about 2,000 m depth re vealed an in -
crease of TDS with depth, but be low 2,000 m no clearly lin -
ear trend was found. The au thors did not con struct a dis tri -
bu tion map of chem i cal pa ram e ters, be cause of the ir reg u lar 
pattern of the representative analyses.
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Fig. 12. Ini tial res er voir pres sure in Bogdaj-Uciechów Gas Field (cross-sec tion).



Data on pH
The an a lyzed sam ples re vealed pH val ues from 4 (the

Olsza-1 and Sucha-1 wells) to the av er age value for sea wa ter 
(the Borzêcin-16 and Odolanów-3 wells). The ver ti cal pH
dis tri bu tion is pre sented in Fig. 8. The lack of any clear trend
of pH changes with depth is an ef fect of the pres ence of co ex -
ist ing gas, which sig nif i cantly low ered the pH (Bojarski,
1976; Cimaszewski, 1976). Gases from the Rotliegend for -
ma tions con tain, on av er age, about 50–60% meth ane, 40–
50% ni tro gen and about 1% com bined car bon di ox ide and
he lium, which re sults in a re mark able low er ing of pH.

A com par i son of the pH val ues with the dis tri bu tion of
gas ac cu mu la tions dem on strates that the low est pH val ues
cor re late well with the gas ac cu mu la tions (e.g., the ¯uch-
lów-1 well). More over, the pH val ues in crease with in creas -
ing dis tance from the gas fields, which dem on strates that
thor ough pH mea sure ments of res er voir wa ters can be an in -
di rect in di ca tor of gas po ten tial in the Rotliegend for ma tions.

Spe cific weight of deep groundwaters
The changes in spe cific weight of groundwaters with

depth are very sim i lar to the changes in TDS. How ever, a
thor ough anal y sis of this re la tion ship shows that such sim -
ple reg u lar ity is valid only for a cer tain level of TDS val ues
(Cimaszewski, 1976), which is con trolled by the strong af -
fin ity of Ca and Ba (in ac cor dance with Pol ish reg u la tions,
Ba is not an a lyzed rou tinely) for cer tain ranges of TDS val -
ues. As well, the pres ence of deu te rium can sig nif i cantly
lower the sol u bil ity and can in crease the specific weight of
groundwaters.

The res er voir wa ters an a lyzed ex hibit spe cific weights
from 1.14 g/cm3 (the Marcinki IG-1 well) to 1.25 g/cm3 (the 
Œwiebodzin-3 well) (Fig. 7) with an av er age value of 1.2
g/cm3 (Cimaszewski, 1976; S³upczyñski, 1979; Zawisza et
al., 2010).

Cat e go ri za tion of res er voir wa ters
The chem i cal char ac ter iza tion of res er voir wa ters is

based on the con tents of the prin ci pal ions, Cl, Na, K, Br,
HCO3, Ca, SO4 and Mg. In or der to cat e go rize the an a lyzed
wa ters, the ionic com po si tion was dis played in Feret ter nary 
di a grams, us ing the ion equiv a lent scale, %mval (Figs 9,
10). This ap proach to data pre sen ta tion aims to dem on strate
the con tents of dom i nant cat ions (Na+K, Ca, Mg) in the wa -
ters sam pled. Spe cif i cally,, the Na+K con cen tra tions vary
from 25 to 98%mval, Ca con cen tra tions are from 2 to 75 %
mval and those of Mg change from 1 to 25%mval. The
Na+K sum was used, be cause such com bined anal y ses are
more com mon to com pany prac tice than sep a rate de ter mi -
na tions for Na and K. The anal y sis of di a grams en abled the
au thors to con clude that Na is the dom i nant ion in the Lower 
Perm ian res er voir wa ters, whereas the K con tent is in sig nif -
i cant. Among an a lyzed an ions, Cl, HCO3 and SO4, the
dom i nant ion is Cl (98% mval). Ac cord ingly, this ion is of
major importance in the categorization of the waters
studied.

Gen er ally, the res er voir wa ters from Rotliegend for ma -
tions be long to chlo ride type. Pre cisely, these wa ters rep re -
sent mostly the Cl-Na-Ca and Cl-Na types (Cimaszewski,
1976). The chlo ride ion is dom i nant in nat u ral res er voir wa -
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Fig. 13. Tilted gas-wa ter con tact in Bogdaj-Uciechów Gas Field (res er voir sim u la tion re sults).



ters and plays the role of a “con ser va tive” el e ment, which
con trols the phase re la tion ships be tween the fluids and the
minerals.

With ref er ence to the dis tri bu tion of the gas ac cu mu la -
tions, the res er voir wa ters show a zonal ar range ment: typ i -
cally Na or Cl wa ters oc cur close to the mar gins of the fields 
(Cimaszewski, 1976), whereas Ca wa ters are en coun tered
only in the west ern part of the study area.

The rNa/rCl co ef fi cient
The changes of rNa/rCl co ef fi cient with the depth are il -

lus trated in Fig. 11. Tak ing into ac count Bojarski’s clas si fi -
ca tion (Bojarski, 1976), the sam ples an a lyzed fall into the
fol low ing classes:

– class I, has low po ten tial for hy dro car bon pres er va -
tion (rNa/rCl>0.85); ex am ples are the Trzebicko, Szklarka
Myœliniewska, Odolanów and Brzostowo. This class inclu-
des also the Borzêcin Gas Field, lo cated in the south ern part
of the study area. It can be sug gested that ow ing to the suc -
ces sive flood ing of the gas ho ri zon and a lo ca tion in the
zone of in creased po ten tial, in this de posit ei ther the flow
rate of res er voir wa ters in creases or the gas ho ri zon is re-
charged with fresh waters;

– class II has low po ten tial (rNa/rCl = 0.85–0.75); ex -
am ples are the Wysoka-2 and Olsza-1 wells;

– class III is fa vour able for the pres er va tion of hy dro -
car bon ac cu mu la tions (rNa/rCl = 0.75–0.65); ex am ples are
the Czechnów-1 and Aleksandrówka-2 wells;

– class IV is very fa vour able for pres er va tion of hy dro -
car bon de pos its (rNa/rCl = 0.65–0.5); ex am ples are the
Lipowiec-7 and Niechlów-1 wells;

– class V is highly per spec tive (rNa/rCl<0.5); ex am ples 
are the ¯uchlów-1 and Naratów-1 wells.

The re sults in di cate that the wa ters an a lyzed orig i nated
mainly from the ar eas fa vour able, very fa vour able or highly
per spec tive for the pres er va tion of hy dro car bon ac cu mu la -
tions. Such wa ters are typ i cal of deep zones with slow cir cu -
la tion, whereas in the cen ter of the ba sin the stag nant wa ters
oc cur, even more op ti mal for pres er va tion of pe tro leum ac -
cu mu la tions. The rNa/rCl val ues of over 0.85 in the Lower
Perm ian groundwaters prove their low hydrochemical ma -
tu rity and infiltrational prov e nance (Cimaszewski, 1976;
S³upczyñski, 1979; Zawisza, 2004, 2007; Zawisza et al.,
2010). The re sults of the pres ent study dem on strate in sig nif -
i cant ex change of res er voir wa ters with fresh ones and a
char ac ter is tic tran si tion from stag nant hydrochemical con -
di tions (e.g. the Kosobudz-1 well) to an in creas ing role of
infiltration (e.g., the Marcinki IG-1 and Borzêcin-16 wells).

SUM MARY

Anal y ses of the res er voir wa ters fill ing the pore space
of Rotliegend rocks in the Silesian seg ment of the Rotlie-
gend Ba sin per mit ted an eval u a tion of the hy dro dy namic
and hydrochemical char ac ter is tics of the flu ids and led to
the fol low ing conclusions:

– the res er voir pres sures mea sured in the depth in ter val
1,057–3,050 m be low sur face gave val ues from 11.6 to
36.68 MPa. High fit ting co ef fi cient of pres sure val ues and

depths in di cates the pres ence of a con tin u ous hy dro dy namic 
field. In the east ern part of the study area, where the Bogdaj- 
Uciechów, Henrykowice, Tarcha³y and Wierzchowice gas
fields were dis cov ered, the res er voir pres sures are higher
than ex pected with re spect to the av er age pres sure pat tern
within the Rotliegend res er voir. The fields in the west ern part 
of the study area (e.g., Wilków, Za³êcze and ¯uchlów) show
lower res er voir pres sures, but still ex ceed ing those es ti mated
from the anal y sis of the av er age hy dro static gra di ent;

– the cal cu lated pres sure gra di ents fall in the range of
10.757–13.0 kPa/m. In the vi cin ity of gas ac cu mu la tions,
these val ues ex ceed 11 kPa/m. In the east ern part of the
study area, where the Bogdaj-Uciechów, Wierzchowice and 
Czeszów fields oc cur, the gra di ents are higher and reach
about 12 kPa/m, whereas in the west ern part (Wilków,
Szlichtyngowa, Niechlów and Lipowiec gas fields) the val -
ues for pres sure gra di ent are the low est in the study area;

– the hy dro static head val ues vary from 100 to 150 m of 
fresh wa ter col umn in the zones of gas ac cu mu la tions, from
250 to 350 m in the vi cin ity of the Wolsztyn-Pogorzela
High and from 450 to 550 m in the vi cin ity of Kalisz town.
Such a hy dro static head pat tern forces the fluid flow from
the Wolsztyn-Pogorzela High to wards the south and south -
west as well as from the deeper parts of the ba sin (in the vi -
cin ity of Kalisz) to wards the south west. The in creased po -
ten tials (250–300 m) no ticed for the Tarcha³y and Wierz-
chowice gas fields (the east ern part of the study area) are re -
lated to the greater depth of the res er voirs. The in creased
po ten tials (200–250 m) in the Pakos³aw Field re flect the in -
flu ence of the Wolsztyn-Pogorzela High, which is the hy -
dro dy namic bar rier con trol ling the dis tri bu tion of the gas
accumulations. The south west ern part of the study area
(Wilków, Szlichtyngowa, Niechlów and Lipowiec fields)
reveals the lowest potential values of over 100 m.

– the hy dro dy namic cal cu la tions made for the Wilków
gas field dem on strate tilt ing of the gas/wa ter phase con tact
sur face at a = 0.6°. Such an in cli na tion in di cates mi gra tion
of the res er voir wa ters to wards the south, where there are
lower val ues of hy drau lic head;

– the res er voir wa ters col lected from the depth in ter val
1,400–1,800 m be low sur face show high TDS val ues: from
200 to 300 g/dm3 (283 g/dm3, on av er age). In the gas fields
the TDS val ues are even higher. High TDS in di cates the
pres ence of brines, typ i cal of bas ins with slow and/or stag -
nant min er al iza tion pro cesses;

– the pH val ues of the wa ters an a lyzed are lower than
the pH of sea wa ter (8) and are sig nif i cantly lower in the ar -
eas of hy dro car bon ac cu mu la tions;

– the spe cific weights of the wa ters an a lyzed fall in the
range 1.14–1.25 g/cm3, with an av er age value of 1.2 g/cm3;

– the res er voir wa ters of the Rotliegend for ma tions be -
long to the chlo ride type, dom i nated by Cl-Na-Ca and
Cl-Na com po si tions. Zonation was ob served in re la tion to
gas ac cu mu la tions – a com mon fea ture is the pres ence of 
typ i cal Na or Cl com po si tions close to the con tours of hy -
drocar bon ac cu mu la tions;

– the de creas ing val ues of the co ef fi cient rNa/rCl<0.75,
ob served in most part of the study area, in di cate the ma ture
char ac ter of the res er voir wa ters and low in fil tra tion, hence,
con di tions fa vour able for the pres er va tion of gas ac cu mu la -

178 W. MACHOWSKI ET AL.



tions. Ac cord ing to Bojarski’s cat e go ri za tion sys tem, the
res er voir wa ters prove fa vour able, very fa vour able or very
per spec tive con di tions for hy dro car bon pres er va tion. Such
wa ters are typ i cal for zones of deep, slow cir cu la tion and in -
di cate stag nant con di tions in the cen tral part of the ba sin,
which are even more op ti mal for the pres er va tion of pe tro -
leum ac cu mu la tions;

– fi nally, it is con cluded that the zones of low hy dro -
static gra di ent, low hy drau lic head and de creas ing val ues of
the ge netic co ef fi cient rNa/rCl<0.75 are po ten tially fa vour -
able for the pres er va tion of gas ac cu mu la tions within the
Rotliegend Ba sin. There fore, these pa ram e ters can con trib -
ute to suc cess ful petroleum exploration.

In sum mary, the re sults of hydrochemical and hy dro dy -
namic anal y ses in di cate that it is pos si ble to pre dict the oc -
cur rence of gas ac cu mu la tions in the Pol ish part of the Rot-
liegend Ba sin. More over, the res er voir sim u la tions car ried
out for some of the gas fields to gether with math e mat i cal
anal y sis dem on strate the value of ex trap o la tions and prog -
no ses for the discovery of new gas accumulations.
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