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Ab stract: The Up per Bade nian and Sar ma tian sand stones from eight wells of the Car pa thian Fore deep Ba sin have 
been stud ied. The fol low ing re search meth ods were used: pet ro graphic analy sis with the use of po lar iz ing
mi cro scope (stain ing analy sis, catho do lu mi nes cence stud ies – CL, po ros ity de ter mi na tions, fluid in clu sion ana-
ly sis), scan ning elec tron mi cro scope (SEM) in ves ti ga tions and en ergy dis per sive spec trome ter stud ies (EDS ISIS), 
X- ray dif frac tion analy ses (XRD), iso topic analy sis and petro physi cal stud ies.

The sand stones are very- fine to medium- grained subar ko sic and sub lithic arenites and wackes. The main
com po nents of the sand stone grain frame work are quartz, feld spars (po tas sium feld spar and pla gio clase), litho -
clasts (frag ments of car bon ate rocks, clas tic rocks, grani toids, vol canic rocks and quartz- mica schists) and mi cas
(mainly mus co vite). Bio clasts (mainly fora mini fera), glau co nite, ooids, or ganic mat ter and ac ce sory min er als are
sub or di nate. Pore spaces be tween the grains are filled by ma trix and by ce ment (mostly Fe- calcite, quartz
over growth, dolo mite, sid er ite and kao lin ite).

The Mid dle Mio cene sand stones show good and very good fil tra tion abili ties. Sand stones po ros ity very of ten
ex ceeds 20% and per me abil ity is above 100 mD. Pri mary in ter granu lar po ros ity is con sid era bly more fre quent
than sec on dary in tra granu lar po ros ity (mainly dis so lu tion of feld spar grains) and in ter crys tal line po ros ity (clays
mi cro po ros ity). Ef fects of the fol low ing dia ge netic pro cesses can be ob served in the sand stones: com pac tion,
ce men ta tion, dis so lu tion, re place ment and al tera tion. Pri mary po ros ity re duc tion in sand stones was pre domi nantly 
caused by me chani cal com pac tion by about 26% and ce men ta tion, mainly by cal cite, by ap proxi mately 35% on
the av er age. Some in crease in po ros ity was caused by dis so lu tion of de tri tal grains, mainly feld spars, and de cay of
the soft parts of or gan isms. Dia ge netic and re lated res er voir prop er ties evo lu tion of the Mid dle Mio cene sand -
stones have been ac com plished dur ing eo- and meso dia gene sis.

Key words: sand stones, dia gene sis, pore space, res er voir prop er ties, Up per Bade nian, Sar ma tian, Car pa thian
Fore deep.
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IN TRO DUC TION

The Car pa thian Fore deep ba sin has been the sub ject of
hy dro car bon ex plo ra tion for years (Karn kowski, 1999). In
the Car pa thian Fore deep, source rocks and res er voir rocks
are rep re sented by Mid dle Mio cene strata (Myœli wiec et al.,
2004). The ma jor ity of the big gest gas fields are re lated to
struc tural traps, but some traps are con nected with stratigra-
phic ar chi tec ture and they are more chal leng ing to be lo cal -
ized. In this kind of gas prov ince, one of the most im por tant
things is a proper un der stand ing of mi gra tion paths. There -
fore, the sys tem atic petrographic analy sis of petro physi cal
prop er ties, such as per me abil ity and po ros ity, al lows one to
de fine the ways of gas mi gra tion and to iden tify gas fields in 
the con se quence.

Many gas res er voirs have been dis cov ered in the Mid -
dle Mio cene sand stones of the east ern part of the Pol ish
Car pa thian Fore deep (Karn kowski, 1999). There is a lim -
ited number of pa pers re port ing the re sults of pet ro graphic
stud ies, and even less space is dedi cated to diagenesic is sues 
(e.g., Twar dowski, 1974; Lenk & Petrykowski, 1980; Ra-
tajczak & Sza fran, 1982; Leœniak & Dar³ak, 1993; Dudek,
1999; Leœniak & Such, 2001; Leœniak et al., 2007). Ja sion -
owski (1999) pre sented the sum mary re sults of dia gene sis
in the Ter ti ary sedi ments of the Car pa thi ans. The Mid dle
Mio cene sand stones from the Tar no gród area were stud ied
in de tail in 1999–2001 years by A. Mal iszewska, A. Ko-
z³owska and M. Ku ber ska (e.g., Mal iszewska et al., 2001a;



2001b; 2004). The sam ples from the depth of about 200 to
1,070 m from 21 wells (be tween Biszcza and Rysz kowa
Wola) were the sub ject of this re search (Fig. 1).

The Mio cene sedi ments from eight wells: Cha³upki
Dêb niañskie 1, Jod³ówka 18, Kupno 2, Nowo sielce 3,
Pruch nik 22, Stanis³awice 2, Wierzchos³awice 16 and Wit -
kowice 2 lo cated be tween Bochnia and Ja ros³aw were the
sub ject of the pres ent study (Fig. 1). They oc cur at depths
rang ing from 20 to 2,537 m; their thick ness var ies from 746
to 1,851 m. The aim of this work was to iden tify tex tures,
min eral com po si tion and the in flu ence of dia ge netic pro -
cesses and the sedi men tary en vi ron ment on the prop er ties of 
res er voir rocks. Sev enty sam ples of sili ci clas tic sedi ments,
mainly sand stones, were ex am ined. In ad di tion, the ear lier
re sults from the Mid dle Mio cene sand stones from the wells
in the Tar no gród area were used for com pari son (Fig. 1).
The ana lysed rock sam ples are mainly of Late Bade nian and 
Sar ma tian age.

GEO LOG I CAL SET TING AND
DEPOSITIONAL EN VI RON MENTS

The Carpathian fore land ba sin was de vel oped as a re sult
of the Carpathian front move ment to ward the north dur ing
Early to Mid dle Mio cene. The in ner part of the Carpathian
Foredeep is lo cal ized un der Carpathian nappes whereas the
outer one is placed in front of the orogen (Ney et al., 1974;
Oszczypko, 2006). The Pol ish part of the ba sin is an el e ment
of a large struc ture along the Carpathian moun tains front, ex -
tend ing from the Al pine Molasse Ba sin in the west to the Bal -
kan ba sin in the east (Oszczypko et al., 2006).

The Car pa thian Fore deep ba sin is asym met ri cal with an 
ero sional bound ary in the north and the tec tonic bound ary in 
the south. The west ern part of the ba sin is char ac ter ized by
blocky struc tures, whereas the east part by deep ero sional
struc tures (can yons), (Oszc zypko, 1996). A sedi men tary
rec ord, in the ma jor ity, is char ac ter ized by het ero ge ne ous

ma te rial supplied from the oro gen, with some smaller
feeding points from the north ern, plat form part.

The sedi men tary rec ord is in ter preted as ter res trial to
ma rine and con sists pre domi nantly of fine-grained sand -
stones, silt stones and mud stones. The old est de pos its are
clay stones to mud stones of the Skaw ina For ma tion (Lower
Bade nian), docu mented in the southern and cen tral parts of
the ba sin. Fur ther more, a coarse ma te rial of the Gdów For-
mation (Lower Bade nian) was de pos ited in the south close
to the Car pa thi ans. The north ern mar gin is char ac ter ized by
sand stones and clay stones in ter fin gered with coal (the Trzy- 
dnik and Pinc zów for ma tions) (Peryt & Pi wocki, 2004).

Dur ing the Mid dle Mio cene, in the south ern and cen tral 
parts of the ba sin salif er ous sedi ments of the Wielic zka and
Krzy¿anowice for ma tions were de pos ited (Gar licki, 1994),
whereas in the north ern part – lime stones of the Ra dru¿
Formation were de vel oped (Ja sion owski, 1997). Dur ing the
Late Badenian, close to the south ern mar gin, sand stones and 
mud stones of the Gor lic zyn For ma tion were de pos ited (Ku -
ci ñski, 1982), pass ing north ward to lime stones of the ¯eleb -
sko Formation (Ja sion owski, 1997).

Sand stones, mud stones and clay stones of the Ma chów
For ma tion of thick ness of about 3 km are the ma jor ity of the 
sedi ments re corded in the Car pa thian Fore deep ba sin (Al ex -
androwicz et al., 1982). This suc ces sion is char ac ter ized by
very di verse fa cies, which were de pos ited in vari ous de po si -
tional en vi ron ments. This se quence is the main goal of oil
and gas fields in ves ti ga tions in the ba sin. The section was
di vided into sev eral suc ces sions based mainly on geo physi -
cal data (Dzi adzio, 2000). The lower part of the Sar ma tian
suc ces sion, with a domi nance of fine-grained sedi ments
get ting coarser to wards the oro genic front, is de scribed as
ba sin plain de pos its. The mid dle part is de fined as a del taic
en vi ron ment suc ces sion, whereas the up per most part is in -
ter preted as shal low ma rine sedi ment (Dzi adzio et al.,
2006). This com plex ar range ment rep re sents a pro gra da -
tional stack ing pat tern, where del taic sedi ments were shif-
ted to wards the ba sin cen ter.
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Fig. 1. Lo ca tion map of the Carpathian Foredeep and the wells in cluded in this study



Four teen li tho fa cies have been dis tin guished in the stu-
died Mid dle Mio cene de pos its. These li tho fa cies are char ac -
ter is tic for depo si tion in the del taic en vi ron ment. Het ero -
lithes domi nated with mud stone and mud stones are typi cal
for prodelta, whereas sand stones li tho fa cies are typi cal for
proxi mal mouth bars. Sedi men to logi cal fea tures of these li -
tho fa cies are char ac ter is tic for grav ity flows, such as tur -
biditic cur rents and uni di rec tional trac tion cur rents, while
the ab sence of wave rip ples sug gests a river- dominated
delta type (pers. comm. P. Lis & A. Wysocka).

METH ODS

All sam ples were vac uum im preg nated with blue ep oxy 
resin prior to thin sec tion prep a ra tion in or der to in di cate
po ros ity. Modal com po si tions of fifty-four sand stones were
ob tained by count ing 300 points per thin sec tion us ing po -
lar iz ing mi cro scope Nikon Eclipse LV 100 Pol. The pore
percentage in sand stones was cal cu lated. Sand stone mi cro-
lithofacies were dis tin guished us ing a ver sion of the Dott
clas si fi ca tion mod i fied by Pettijohn et al. (1972). Thin sec -
tions were stained by Evamy so lu tion for car bon ate min eral
de ter mi na tion. Twelve thin sec tions were analysed in catho- 
doluminescence im age (CL) us ing equip ment with cold
cath ode CCL 8200 mk 3, Cam bridge Im age Tech nol ogy
Ltd. The tex tural fea tures, grains of feld spar and ce ments of
car bon ates, quartz and kaolinite were ob served. Stud ies of
crys tal habit oc cur rence and paragenetic re la tion ships were
per formed on gold-coated sam ples chips us ing LEO scan -
ning elec tron mi cro scope (SEM) with en ergy dispersive
X-ray an a lyzer. The chem i cal com po si tion of car bon ates
and feld spars was de ter mined on eleven pol ished, car bon-

coated thin sec tions us ing JEOL scan ning elec tron mi cro -
scope (SEM) with en ergy dispersive X-ray an a lyzer. Back-
scat tered elec tron im ages (BSE) were made on LEO scan -
ning elec tron mi cro scope (SEM). Fluid in clu sions in authi-
genic car bon ates were ex am ined in ten dou ble-pol ished thin 
sec tions us ing Linkam THMS600 heat ing-cool ing stage
mounted on po lar iz ing mi cro scope Nikon Eclipse LV 100
Pol. Min er al og i cal com po si tion of less than 2 µm frac tion of 
the sed i ment (clay min er als) was de ter mined by X-ray dif -
frac tion anal y ses (XRD), us ing Philips X’Pert PW 3020
diffractometer (Cu Ka ra di a tion and semi con duc tor de tec -
tor). The anal y ses were per formed on ori ented sam ples,
air-dried and sub se quently glycolized and heated at 550°C.
All men tioned anal y ses were car ried out at the Pol ish Geo -
log i cal In sti tute – Na tional Re search In sti tute.

Car bon and ox y gen sta ble iso tope anal y ses were per -
formed on eight cal cite ce mented sand stone sam ples. De ter -
mi na tions were con ducted by the team of Pro fes sor S. Ha³as 
at the Maria Cu rie-Sk³odowska Uni ver sity in Lublin. The
val ues of d13C were ex pressed in the scale of the VPDB,
and d18O re sults were ob tained in the VPDB and VSMOW
scales. The team of Dr. G. Leœniak (Oil and Gas In sti tute in
Kraków) made petrophysical stud ies – mea sure ments of po -
ros ity, per me abil ity and pa ram e ters of the pore space of
rocks (porosimetric anal y sis).

RE SULTS

Com po si tion of sand stones

The sand stones are very fine- to me dium-grained, mod -
er ately to poorly sorted. The grains are an gu lar to subroun-
ded. The stud ied sand stones rep re sent subarkosic and subli-
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Fig. 2. The Mid dle Mio cene sand stones clas si fied af ter Pettijohn et al. (1972)
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thic arenites and wackes ac cord ing to the Pettijohn et al.’s
(1972) clas si fi ca tion (Fig. 2). They cor re spond to the Mid -
dle Mio cene sand stones of the Tarnogród area, but the
wackes pre vail over arenites at Tarnogród (Maliszewska et
al., 2001b, 2004). In ad di tion, quartz arenites and quartz
and lithic wackes oc cur in the Tarnogród re gion (Fig. 2).

Me dium- to fine-grained sublithic and subarkosic areni- 
tes, spo rad i cally subarkosic wackes, are typ i cal for the pro-
ximal delta. Very fine-grained subarkosic, rare sublithic and 
quartz wackes and fine- to me dium-grained subarkosic
arenites are found in the dis tal part of mouth bars. The fine-
grained sand stones of ten have lam i na tion marked by clay
min er als, mica flakes and organic matter.

Quartz is the main com po nent of grain frame work, the
con tent of which ranges from 19 to 70 vol%. The monocrys- 
talline quartz pre dom i nates over the polycrystalline quartz,
which in cludes frag ments of cherts (av er age about 1 vol%).
Small quartz grains are mostly an gu lar, while grains of the
big ger frac tion are char ac ter ized by a better round ness.
Feld spars oc cur in all analysed sand stone sam ples in an
amount from 1.7 to 12.3 vol%. There are mainly po tas sium
feld spars, rep re sented by microcline and orthoclase, which
show blue colour in cathodoluminecence im age (Figs
3A–C). So dium-cal cium plagioclase char ac ter ized by green 
colour in the CL, ap pears less fre quent (Fig. 3B). Some
feld spar grains have been par tially or com pletely re placed
by al bite and/or cal cite (Figs 3C, D), or dissolved (Fig. 3E).

The rock frag ments are a com mon com po nent of sand -
stones, and their con tent var ies from 0 to 18.3 vol%. The
frag ments of sed i men tary rocks, mainly lime stone, rarely
claystones, siltstones and sand stones dom i nate (0–9 vol%).
Frag ments of meta mor phic rocks (0–3 vol%), rep re sented
by mica and quartz-mica schists are less fre quent. The frag -
ments of ig ne ous rocks: granitoids (0–3.3 vol%) and erup -
tive rocks, mainly vol ca nic glaze (0–2 vol%), were obser-
ved, too.

Micas oc cur in var i ous amounts (0–17.7 vol%), with a
mus co vite pre dom i nance over bi o tite. Cal cite bioclasts
were ob served in sim i lar quan ti ties in the analysed sandsto-
nes, from 0 to 3.3 vol%. Lo cally, e.g. in the Wola Ró¿a-
niecka area, their con tent ex ceeds 20 vol% (Maliszewska et
al., 2001b). It seems likely that foraminifera are the most
com mon bioclasts (Figs 3F, G). In ad di tion, there oc cur
frag ments of bi valve and brachi o pod shells, skel e tons of
echinoderms and branches of bryo zoans. The other com po -
nents of con tent less than 2 vol% in sand stone are: or ganic

mat ter, accesory min er als (mainly zir con and ap a tite), ooids
and glauconite. Glauconite forms oval, green grains of var i -
ous size that are af fected by vary ing de grees of chloritiza-
tion and pyritization (Fig. 3F). Lo cally, ooids were ob -
served in the stud ied sand stones (Pruchnik 22 well). They
form grains less than 0.5 mm in di am e ter and are com posed
of only one lamella around a nu cleus, usu ally the quartz
grain or the carbonate particle (Fig. 3H).

The Mid dle Mio cene sand stones con tain a ma trix (from 
0 to 47 vol%) and a ce ment (from 0 to 40 vol%). The ma trix
is com posed of a mix ture of clay min er als, quartz dust, iron
hy drox ides and muds, the con tent of which lo cally reaches
11 vol%. XRD anal y ses of clay min er als showed the pres -
ence of smectite, illite and chlorite (Fig. 4). Illite-smectite
min er als with a vari able con tent of both com po nents and
kaolinite were also iden ti fied in the sand stones of the
Tarnogród area (Maliszewska et al., 2001b). Mainly car -
bon ate min er als and less quartz and clay min er als form the
ce ment in the Middle Miocene sandstones.

Diagenetic min er als

Car bon ate ce ments are mostly cal cite and subordinately 
do lo mite/an ker ite and sid er ite. Two cal cite ce ment gen er a -
tions are pres ent. Micritic cal cite pre cip i tated on the sur face
of grains and in pri mary pores is the first gen er a tion. Sparite 
or poikilotopic cal cite which pre cip i tated in pri mary and
sec ond ary pore space in sand stones is the sec ond gen er a tion 
(Figs 3A–C, 5A–D). The con tent of cal cite ce ments is un -
equal and var ies from 0 to over 36 vol%. Cal cite re places
feld spar grains and rock frag ments of ten form ing pseudo -
morphs (Fig. 3D; Figs 5A, C). Poikilotopic cal cite sur -
rounds and hence post-dates quartz over growth and do lo -
mite/an ker ite rhom bo he drons (Figs 3A, B, 5A–C). The che- 
mical com po si tion of cal cite is: 92.7–98.8 mol% CaCO3,
0–4.6 mol% FeCO3, 0–1.8 mol% MgCO3 and 0–2.5 mol%
MnCO3 (Ta ble 1). It rep re sents mainly Fe-cal cite which be -
comes pur ple in Evamy so lu tion and is char ac ter ized by
red-or ange and or ange-yel low col ours in CL (Figs 3B, C).
Fluid in clu sions in the cal cite ce ment were ob served in the
Pruchnik 22 well. They are rel a tively rare and their size os -
cil lates from  < 1 µm to about 2 µm. The fluid in clu sions are 
dis tinctly one-phase and oc cur as two types – trans par ent
and dark. The in clu sions do not cre ate a bub ble when
freeze, how ever, their one-phase char ac ter points to low
tem per a tures of the ce ment for ma tion – be low 50°C. The
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Fig. 3. Pho to graphs in po lar iz ing mi cro scope (PL) and cathodoluminescence (CL). A. Cal cite ce ment (Ca) that par tially re placed
quartz overgrowths (ar row) on quartz grain (Qd); Jod³ówka 18 well, depth 2,403.5 m, PL – crossed nicols. B. CL im age of sam ple shown
in Fig ure 3A; Yel low-or ange lu mi nes cence of cal cite (Ca), blue lu mi nes cence of po tas sium feld spar (K-Fs) and green of plagioclase (Pl).
Non-lu mi nes cent authigenic quartz (ar row) and brown quartz grains (Qd). C. Frag ment of sand stone, CL im age. Or ange and yel low lu mi -
nes cence of cal cite ce ment (Ca) and blue lu mi nes cence of po tas sium feld spar (K-Fs). Nowosielce 3 well, depth 1,010.4 m. D. Se lec tive re -
place ment of feld spar grain (Fs) by cal cite (Ca) and mica flake (Mi) al tered to kaolinite (Kl). Pruchnik 22 well, depth 668.2 m, PL –
crossed nicols. E. Sec ond ary po ros ity re sulted from dis so lu tion of feld spar (ar rows), lithoclast (L) and mica (Mi) grains. Sam ple im preg -
nated with blue resin. Jod³ówka 18 well, depth 2,454.5 m, PL – with out an a lyzer. F. Sec ond ary po ros ity in foraminifera shell (ar row) and
pri mary po ros ity (Pp) in sand stone; glauconite grain (Gl). Sam ple im preg nated with blue resin. Jod³ówka 18 well, depth 2,442.8 m, PL –
with out analyser. G. Foraminifera test filled by cal cite (Ca) and py rite (ar row). Pruchnik 22 well, depth 1,407.5 m, PL – crossed nicols. H.
Ooids (ar rows) and micrite and poikilotopic cal cite ce ment (Ca) in sand stone. Pruchnik 22 well, depth 662.6 m, PL – crossed nicols



eutectic tem per a tures sug gest the NaCl-CaCl2-MgCl2-H2O
sys tem, while the ice melt ing tem per a ture proves the fluid
sa lin ity of about 13.52% NaCl eq. The d18O data from cal -
cite vary from –8.6 to –5.5‰VPDB and the d13C val ues are
in the range of –5.7 to –1.7‰VPDB (Ta ble 1, Fig. 6). These
val ues are within the range of iso to pic de ter mi na tions of
car bon and ox y gen in cal cite ce ment from the Mid dle Mio -
cene sand stones of the Tarnogród area (Maliszewska et al.,
2001a). Do lo mite/an ker ite oc cur in the sand stones as pore-
fill ing rhom bo he drons (Figs 5A–D, 7A). Some of crys tals
show zonation with a core con tain ing less Fe than rims (Figs 
5C, D; Ta ble 1). Maliszewska et al. (2001b) and Leœniak
and Such (2001) have al ready shown the pres ence of anke-
rite rhom bo he drons in the Mid dle Mio cene sand stones of
the Carpathian Foredeep. The chem i cal com po si tion of do -
lo mite min er als is: 52.4–61.4 mol% CaCO3, 18.1–44.3
mol% MgCO3, 0–21.0 mol% FeCO3 and 0–1.6 mol%
MnCO3 (Ta ble 1). The do lo mite/an ker ite crys tals are sur -
rounded by Fe-cal cite (Figs 5A–C). Sid er ite oc curs as scat -
tered mi crocrys tal line crys tals in the sand stones. Sid er ite
var ies widely in com po si tion, be ing en riched in mag ne sium, 
and rep re sents sideroplesite (Ta ble 1). Sideroplesite rhom -
bo he drons grow ing on the grain of rhodochrosite com po si -
tion were ob served lo cally in the well Cha³upki Dêb-
niañskie (Ta ble 1, Fig. 5E).

The quartz ce ment is com monly less than 1% of the
whole rock, and only rarely reaches 2.4 vol%. It oc curs as
par tial to com plete syntaxial overgrowths around the quartz

grains. The bound ary be tween the overgrowths and the de -
tri tal core is ei ther poorly de fined or de lin eated by fluid in -
clu sions or thin clay coat ings. It is not easy to dis crim i nate
quartz over growth from de tri tal grains in thin sec tions in
po lar iz ing mi cro scope but the real im age of quartz ce ment
can be ob served in cathodoluminescence (CL). Quartz
overgrowths are char ac ter ized by dark-brown lu mi nes cence 
or no lu mi nes cence while the quartz grains have brown and
blue col ours (Figs 3A, B). In SEM im ages, authigenic
quartz overgrowths are very well vis i ble as rhombohedral
crys tals and prisms on de tri tal quartz grains (Fig. 7B).
Quartz ce ment is re placed by cal cite (Figs 3A, B) and
locally covered by dolomite/ankerite (Fig. 7A).

Authigenic clay min er als ob served un der the po lar iz ing 
mi cro scope and scan ning elec tron mi cro scope (SEM) are:
kaolinite, chlorite and illite. Kaolinite oc curs as book lets
and vermicular stacked pseudohexagonal crys tals (Fig. 7C). 
Vermicular kaolinite is lo cally dis trib uted in inter gra nu lar
and intragranular space of the Mid dle Mio cene sand stone.
Blocky hab its are also no ticed in some sam ples at the depth
be low 2 km in the Jod³ówka 18 well. Kaolinite is sur -
rounded by quartz overgrowths and hence it pre-dates the
quartz. Oc ca sion ally, kaolinite lo cally re places de tri tal feld -
spar and mus co vite (Fig. 3D). Chloritic clays (chlorite or
mixed-layer chlorite-smectite) oc cur as small flakes de vel -
oped into hon ey comb-like tex ture that coat the frame work
grains (Fig. 7D). Iron con tent higher than the mag ne sium
con tent is shown by SEM in the chem i cal com po si tion of
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Fig. 4. XRD pat tern of clay frac tion of sand stone; Cha³upki Dêbniañskie 1 well; depth 687.3 m



these min er als. Chlorite was iden ti fied in one sam ple in the
Kupno 2 well only. Illite is formed of plates and fil a men tous 
crys tals which cover the authigenic quartz, cal cite and fill
the pore space in the sand stone (Fig. 7E). This form of oc -
cur rence could sug gest a very late crys tal li za tion of illite.
The fil a men tous illite was ob served only at the depth below
1.9 km in samples from the Jod³ówka 18 well.

Mi nor diagenetic min er als in clude py rite, rhodochrosite 
and feld spars. Py rite oc curs as scat tered framboids fill ing
pri mary and sec ond ary pores (dis solved bioclasts) in the
rocks (Figs 3G, 7F). Rhodochrosite occurring in nod ules is
very rare (Fig. 5E). Authigenic feld spars oc cur as K-feld -
spar overgrowths on partly to com pletely albitized and seri-
citized plagioclase grains (Fig. 5F). The K-feld spar over-
growths are sur rounded by, and hence pre date, quartz over-
growths that have been de vel oped on the ad ja cent quartz
grains. Chem i cal anal y ses showed that diagenetic K-feld -
spar con tains: 63.19% SiO2, 18.91% Al2O3, 15.38% K2O,
1.64% Na2O and 0.57% MgO. Ratajczak and Szafran
(1982) men tioned the pres ence of the feld spar overgrowths

on de tri tal grains in the Mid dle Mio cene sand stones of the
eastern part of Carpathian Foredeep.

Po ros ity

The po ros ity of  rocks var ies from 14.73 to 30.59% with 
an av er age of 24.9% in the stud ied area (Ta ble 2). Po ros ity
re duc tion ap pears to be depth con trolled; po ros ity data show 
a gen eral de crease with depth in crease (Fig. 8). The po ros ity 
mea sured in thin sec tions ranges from 0 to 29.4 vol%. Ac -
cord ing to Jenyon’s (1990) clas si fi ca tion, the Mid dle Mio -
cene sand stones can be con cerned as the rocks of a very
good po ros ity. Both pri mary and sec ond ary pore types are
pres ent in the sand stones. Pri mary inter gra nu lar pores are
the abun dant pores and are af fected by com pac tion and ce -
men ta tion (Figs 7G, H). Sec ond ary intragranular pores were 
pri mar ily as so ci ated with the dis so lu tion of de tri tal feld -
spars and rock frag ments (Fig. 3E) and mi nor bioclasts and
cal cite ce ment. Some of the sec ond ary pores are in side
foraminifer shells (Fig. 3F). Intercrystalline po ros ity in clay
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Ta ble 1

Chem i cal com po si tion of car bon ate from microprobe anal y ses and iso to pic ra tios of car bon and ox y gen

Well Depth (m)
Point of
analysis

MgCO3

mol%
CaCO3

mol%
MnCO3

mol%
FeCO3

mol%
d13C

‰VPDB
d18O

‰VPDB
d18O

‰VSMOW 
Carbonate type

Cha³upki
Dêbniañ-

skie 1

852.0 I  1
2
3

II 1
2
3
4

0
1.3

42.2
1.4

35.8
7.4

35.9

96.8
98.2
57.1
98.2
55.3

3.6
47.5

1.2
0
0.4
0
1.6
0.9
0.6

2.0
0.5
0.3
0.4
7.3

88.1
16.0

Fe/Mn-calcite
Fe-calcite
deolomite
Fe-calcite
Fe-dolomite
sideroplesite
ankerite

946.5 1
2
3

2.4
18.6

1.8

7.1
2.6

96.4

90.5
2.2
0.9

0
76.6

0.9

rodochrosite
sideroplesite
 Fe-calcite

Jod³ówka
18

2,294.5 1
2
3
4
5

42.7
20.6

1.0
42.4
44.0

56.7
61.4
97.5
57.6
52.4

0.4
1.6
0.6
0
0.3

0.2
16.4

0.9
0
3.3

dolomite
ankerite
Fe-calcite
dolomite
Fe-dolomite

2,406.0 I  1
2
3

II 1
2

0
1.8
0.7
1.9

18.1

98.5
92.7
98.8
93.1
59.3

0
0.9
0.1
2.5
1.6

1.5
4.6
0.4
2.5

21.0

-2.42 -5.51 26.38 Fe-calcite
Fe-calcite
calcite
Fe-calcite
ankerite

2,448.4 -3.15 -8.61 21.98 calcite

Kupno 2
849.0 1

2
3

44.3
1.0

16.2

54.3
98.2

9.7

0
0.8
0.1

1.4
0

74.0

dolomite
calcite
sideroplesite

Nowosielce 
3

1,010.4 1
2
3
4

0
1.4

40.1
28.7

99.7
94.8
59.4
53.1

0.3
0.4
0.5
1.5

0
3.4
0

16.7

-5.72 -8.49 22.11 calcite
Fe-calcite
dolomite
ankerite

1,350.5 -3.05 -6.46 24.20 calcite

Pruchnik 22

660.9 1
2
3
4

0.7
1.5
1.8
1.7

97.1
97.7
95.4
93.9

0.4
0.8
0
0.3

1.8
0
2.8
4.1

-1.71 -7.51 23.12 Fe-calcite
calcite
Fe-calcite
Fe-calcite

662.6 -1.72 -7.36 23.27 calcite

670.5 -1.79 -5.76 24.92 calcite

1,422.5 1
2

1.0
1.4

96.7
95.3

0
0.8

2.3
2.5

-2.90 -6.86 23.79 Fe-calcite
Fe-calcite 



ag gre gates (micropores) was as so ci ated with the pres ence
of clays.

Per me abil ity ranges from 15.98 to 332.27 mD with an
av er age of 135.46 mD (Ta ble 2). Most sam ples are char ac -
ter ized by a very high per me abil ity (100 mD), ac cord ing to
the clas si fi ca tion of Levorsen (1956).

The pre sented char ac ter is tics of the pore space of rocks
are based on the fol low ing porosimetric mea sure ments:
porosimetric po ros ity (it sets pore vol ume that may lead the
res er voir fluid), the per cent age of pores with a di am e ter
1 µm, size of thresh old di am e ter (it des ig nates pore size,
which in di cates a con tin u ous flow through the sam ple) and
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Fig. 5. Scan ning elec tron mi cro scope (BSE) pho to graphs. A. Micrite and poikilotopic cal cite ce ment (Ca) in sand stone, cal cite
pseudomorph (Ps Ca) and rhombohedron of an ker ite (Ak); points of chem i cal anal y ses (EDS) in cal cite (Ta ble 1); Jod³ówka 18 well,
depth 2,406.0 m. B. Rhom bo he drons of an ker ite (Ak) en gulfed by cal cite ce ment (Ca); points of chem i cal anal y ses (EDS) in cal cite (Ta ble 
1); Jod³ówka 18 well, depth 2,406.0 m. C. Do lo mite grain (Do) with an ker ite (Ak) outer layer, cal cite pseudomorph (Ps Ca) and cal cite ce -
ment (Ca); points of chem i cal anal y ses (EDS) in cal cite (Ta ble 1); Nowosielce 3 well, depth 1,010.4 m. D. Zonal struc ture in do lo mite
(Do)/an ker ite (Ak) rhombohedron and cal cite (Ca); points of chem i cal anal y ses (EDS) in cal cite (Ta ble 1); Jod³ówka 18 well, depth
2,294.5 m. E. Rhom bo he drons of sideroplesite (Sd) on rhodochrosite nod ule (Rh); points of chem i cal anal y ses (EDS) in cal cite (Ta ble 1);
Cha³upki Dêbniañskie 1 well, depth 946.5 m. F. K-feld spar over growth (K-Fs) on albitized (Ab) and sericitized (ar rows) plagioclase grain 
(Pl); Pruchnik 22 well, depth 1,407.5 m



hys ter esis (the smaller the hys ter esis the better fil tra tion prop -
er ties of rocks). Mea sured val ues fall into the fol low ing
ranges: porosimetric po ros ity 14.03–34.76%, the av er age
num ber of pores 1 µm from 41 to 91%, the thresh old di am e -
ter of 3–50 µm and hys ter esis 21–84% (Ta ble 2). The av er -
ages of these pa ram e ters are: 23.58%, 79%, 22 µm, and 60%, 
re spec tively. They prove very good fea tures of the pore space 
of the Mid dle Mio cene sand stones. Among the analysed
rocks, sam ples of the weak est fil ter fea tures are in the well
Jod³ówka 18, where the depth of oc cur rence of the Mid dle
Mio cene sed i ments is the deep est (be low 1.9 km).

In the Tarnogród area the ma jor ity of the stud ied sand -
stones are also char ac ter ized by the high po ros ity – above
20% (Fig. 8), other good fea tures vis i ble in porosimetric
anal y sis, and the per me abil ity as sessed at more than 100
mD (Maliszewska et al., 2001b, 2004).

IN TER PRE TA TION AND DIS CUS SION

There are two stages in the diagenetic his tory of the
Mid dle Mio cene sand stones: eodiagenesis and mesodiage-
nesis (ac cord ing to Choquette & Pray, 1970). Eodiagenesis
de fines early diagenesis, and re fers to the pe riod be tween
the end of de po si tion and the sed i ment burial to a depth at
which the ac tion of sur face pro cesses was ter mi nated.

Mesodiagenesis cor re sponds to a pe riod of pro gres sive
burial of sed i ments. A sim pli fied paragenetic se quence of
the diagenetic pro cesses in the Mid dle Mio cene sand stones
is shown in Fig ure 9. It was con structed based on petro-
graphic tex tural re la tion ships, iso to pic com po si tion and
fluid inclusion of the diagenetic calcite.
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Ta ble 2

Petrophysical fea tures of se lected Mid dle Mio cene sand stone sam ples

Well
Depth

(m)

Grain
density
(g/cm3)

Total
porosity

(%)

Bulk
density
(g/cm3)

Porosi-
meter

density
(g/cm3)

Effective
porosity

(%)

Average
diameter

(µm)

Specific
surface
(m2/g)

Pores
>1 µm

(%)

Threshold
diameter

(µm)

Hysteresis
(%)

Permea-
bility
(mD)

Cha³upki
Dêbniañ-

skie 1

689.5 2.66 28.90 2.58 1.89 26.76 0.23 2.48 71 15 78 24.06

850.6 2.66 31.81 2.19 1.72 21.64 0.54 0.93 83 20 82 280.08

852.3 2.67 28.04 2.64 1.92 27.22 0.54 1.05 83 15 80 142.06

858.6 2.68 30.47 2.63 1.87 29.02 0.60 1.03 87 20 75 227.28

Jod³ówka
18

1,912.9 2.65 19.66 2.64 2.13 19.47 0.44 0.84 83 20 76 73.96

2,104.4 2.66 15.71 2.62 2.22 15.11 0.31 0.87 64 7 64 15.98

2,294.5 2.68 14.73 2.63 2.26 14.03 0.19 1.30 47 3 71 0.62

2,403.5 2.69 17.10 2.69 2.23 17.10 0.61 0.50 85 20 74 57.71

2,441.8 2.66 20.30 2.60 2.10 19.15 0.71 0.52 82 20 67 154.52

2,444.6 2.66 20.08 2.61 2.11 19.12 0.42 0.85 78 20 71 141.76

2,454.8 2.65 19.75 2.62 2.12 19.17 0.83 0.44 84 30 25 127.42

2,458.3 2.64 20.14 2.59 2.09 19.18 0.86 0.43 83 20 26 136.98

Kupno 2

587.5 2.69 29.93 2.58 1.88 26.96 0.20 2.87 70 15 78 38.36

591.6 2.67 29.05 2.61 1.90 27.41 0.41 1.40 89 20 60 167.92

840.9 2.67 29.09 2.60 1.89 27.19 0.29 1.97 78 9 84 64.63

Nowo-
sielce 3

1,172.6 2.68 28.52 2.64 1.92 27.42 1.11 0.52 91 50 21 268.35

Pruchnik
22

659.6 2.68 30.59 2.80 1.82 34.76 0.66 1.16 88 40 26 n.o.

668.2 2.66 29.58 2.58 1.87 27.39 0.44 1.32 82 20 42 n.o.

1,407.5 2.69 24.12 2.59 2.02 21.93 0.16 2.76 65 50 57 184.27

1,420.6 2.66 26.91 2.64 1.94 26.38 1.00 0.54 88 35 33 332.27

Wierzcho-
s³awice 16

907.3 2.68 29.06 2.69 1.90 29.35 0.23 1.14 87 20 65 n.o.

Fig. 6. Plot of d18OPVPDB‰ ver sus d13CPVPDB‰ in cal cite ce -
ment
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Eodiagenesis

Early de pos ited sed i ments have been largely af fected
by the ini tial phase of phys i cal com pac tion, which was pro -
gres sively ac cel er ated with the in creas ing depth of burial.
The plas tic de for ma tion of duc tile-lithic grains, micas bend -
ing and frac ture of quartz are the ef fects of me chan i cal com -
pac tion in the Mid dle Mio cene sand stones (Fig. 7H). The
ef fects of this pro cess lead to loss of the rock porosity.

Chlorite (chlorite-smectite) was formed in the early
diagenetic his tory in the form of rims around de tri tal grains
(Fig. 7D). Chlorite orig i nates through trans for ma tion of
eogenetic authigenic smectite rims into the dis or dered chlo-
rite-smectite or into corrensite (Anjos et al., 2003). Mag ne -
sium chlorites form when Mg sig nif i cantly pre vailed over
Fe and bi o tite and vol ca nic rocks frag ments were their pos -
si ble sources. More over, highly al ka line en vi ron ments
(evaporitic set tings) fa vored the neoformation of magnesian 
smectite clays (Anjos et al., 2003).

Eodiagenetic sid er ite, rhodochrosite and py rite crys tal -
lized when pore wa ter in sed i ments be came sig nif i cantly
de pleted in dis solved ox y gen. A very fine crys tal line form
of sid er ite sug gests its early gen e sis. Sid er ite pre cip i tated in
or ganic-rich sed i ments con tain ing sig nif i cant amounts of
re ac tive iron min er als and in which the pore wa ter was poor
in SO4

2– (Morad, 1998). Ac cord ing to Mozley (1989), the
el e men tal com po si tion of sid er ite was con trolled by the
chem is try of depositional wa ters. Me te oric siderites were
en riched in Mn, but de pleted in Ca and par tic u larly Mg in
com par i son with sid er ite in the ma rine sed i ments. Rhombo-
hedron crys tals of sid er ite grow ing on rhodochrosite nod ule 
ar gue for early rhodochrosite for ma tion (Fig. 5E).
Rhodohrosite pre cip i tated in the suboxic zone of sed i ments
en riched in Mn-ox ides (Morad, 1998). Framboidal py rite
formed at the early stage of diagenesis (Fig. 7F). Its ex is -
tence was con nected to lo cal con di tions, in which the
amount of H2O pro duced by sulfate-reducing bacteria was
higher than the content of reduced iron (Postma, 1982).

Micrite cal cite formed at the early stage of diagenesis.
Its pre cip i ta tion on the sur face of grains can in di cate
phreatic or vadose en vi ron ment (Tucker, 2008). CaCO3 for
ce ment can be sourced in ter nally by the dis so lu tion of
metastable car bon ate in duced by bac te rial com po si tion of
or ganic mat ter, and ex ter nally by sea wa ter. Mix ing of ma -
rine pore wa ter and me te oric ground wa ter could have also
caused a supersaturation with re spect to cal cium car bon ate,
and could have evoked car bon ate pre cip i ta tion in the
mixing zone (Molenaar, 1998).

Sil i cate grains such as feld spar, micas and rocks frag -
ments were al tered and dis solved by acidic flu ids dur ing

eodiagenesis (Fig. 3E). For ma tion of ver mi form kaolinite is
at trib uted to the in cur sion of me te oric wa ter, which af fected 
mainly mica grains, rarely feld spars (Figs 3D; 7C). Alu mi -
num and sil ica ions re leased dur ing the dis so lu tion re ac tion
of de tri tal grains pre cip i tated as kaolinite in acidic en vi ron -
ment (BjÝrlykke, 1989). Kaolinite for ma tion prob a bly pre -
dated the quartz ce ment. Ac cord ing to Osborn et al. (1994)
vermicular kaolinite pre cip i tates in tem per a ture from
25–50°C.

Quartz overgrowths on the quartz grains started to form 
at the end of eodiagenesis (Figs 3A, B, 7B). The pres ence of 
sin gle-phase in clu sions within the quartz ce ment in di cates
its for ma tion at a tem per a ture be low 50°C. Small amounts
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Fig. 7. Scan ning elec tron mi cro scope (SEM) pho to graphs. A. Rhom bo he drons of an ker ite (Ak) in pore space of sand stone. Pruchnik 22 
well, depth 1,422.5 m. B. Authigenic quartz crys tals (Qa) de vel oped in pri mary pores. Jod³ówka 18 well, depth 2,403.5 m. C. Ver mi form
kaolinite (Kl). Nowosielce 3 well, depth 1,172.6 m. D. Chlorite or mixed-lay ered chlorite-smectite rims on de tri tal grains; hon ey comb tex -
ture of chlorite/chlorite-smectite. Kupno 2 well, depth 586.3 m. E. Fi brous illite (It) fill ing in sand stone pore space. Jod³ówka 18 well,
depth 1,912.6 m. F. Py rite (Pi) framboids in pore space of sand stone. Jod³ówka 18 well, depth 2,104.4 m. G. Pri mary po ros ity (Pp) in
sand stone. Nowosielce 3 well, depth 1,172.6 m. H. Mica flakes (ar rows) bent as a re sult of me chan i cal com pac tion. Kupno 2 well, depth
840.9 m

Fig. 8. Plot of po ros ity ver sus depth in the Mid dle Mio cene
sand stones



of quartz ce ment may have de vel oped slowly at low tem per -
a ture of about 40°C (Worden & Morad, 2000). The me te -
oric wa ter con tain ing sil ica, dis so lu tion of de tri tal feld spar
grains and trans for ma tion to kaolinite were the most im por -
tant source of sil ica for the quartz cement in the early diage
nesis.

Mesodiagenesis

Quartz overgrowths for ma tion was con tin ued. Re place -
ment of quartz and feld spar by car bon ates could have a sig -
nif i cant im por tance as sil ica source for quartz ce ment at
greater depth. Other pos si ble ad di tional source of sil ica was
dis so lu tion of K-feld spar dur ing burial diagenesis. Quartz
ce ment was strongly af fected by tem per a ture as its in crease
ac cel er ates the rate of ce men ta tion (Oelkers et al., 1996).
The stron gest de vel op ment of the authigenic quartz over-
growths in the Mid dle Mio cene sand stones was found in
well Jod³ówka 18, where they are  most deeply located from 
all the analysed samples.

Lo cally, blocky kaolinite re placed of vermicular kaoli-
nite. It is the re sult of dis so lu tion-crys tal li za tion re ac tion in -
volved by the re place ment of ver mi form crys tals by blocky
ones (Ehrenberg et al., 1993). Osborne et al. (1994) es ti -
mated the crys tal li za tion tem per a ture for blocky kaolinite at
about 50–80°C.

The K-feld spar overgrowths on de tri tal feld spar grains
post dated quartz overgrowths and pre dated cal cite ce ment
(Fig. 5F). K-feld spar pre cip i ta tion re quires high sil ica ac tiv -
i ties and high K+/H+ ra tios (Morad et al., 2000). Re sid ual

brines were the pos si ble source for K+ in the Mid dle Mio -
cene sand stones. Ad di tional brines were nor mally acidic
and thus ca pa ble of dis solv ing de tri tal feld spar (Rossi et al.,
2002).

Feld spar albitization is a com mon form of burial diage-
nesis in oil field sand stones. The on set of feld spar albitiza-
tion may be at tem per a tures as low as 65°C, but the whole -
sale albitization oc curs at tem per a tures of about 100–130°C
(Worden & Morad, 2000). The plagioclase albitization oc -
curs at shal lower burial depths and lower tem per a tures than
it is char ac ter is tic for the albitization of K-feld spar (Morad
et al., 1990). It could ex plain the co-ex is tence of “fresh”
K-feld spar and dis solved/albitized plagioclase in the
studied sandstones.

Lo cally, rhomboedrons of sid er ite with high con tent of
mag ne sium (sideroplesite) grow up on a rhodochrosite nod -
ule (Fig. 5E). High-Mg siderites are typ i cally formed at in -
creased tem per a tures (Morad et al., 1994).

Do lo mite rhom bo he drons post dated quartz over-
growths and pre dated cal cite ce ment in the stud ied sand -
stones (Figs 5A–C, 7A). Ac cord ing to De Souza et al.
(1995), rhom bo he drons of do lo mite and an ker ite in di cate
that these min er als have been formed through di rect pre cip i -
ta tion from porewaters. The source of the cat ions Mg2+,
Fe2+, Mn2+ and Ca2+ for car bon ates in mesodiagenesis
could have been the trans for ma tion of de tri tal clay min er als
(illite-smectite) in the clay rocks (Boles & Franks, 1979).
Ad di tional do lo mite could have pre cip i tated from brines of
high con cen tra tion and high Mg/Ca ra tios (Usdovski, 1994;
vide Rossi et al., 2002).
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Fig. 9. The diagenetic se quence of the Mid dle Mio cene de pos its: Po – po ros ity, Pp – per me abil ity, +/- - pos i tive/neg a tive in flu ence on
de vel op ment of po ros ity and per me abil ity of de posit



Cal cite ce men ta tion, which be gan in eodiagenesis, con -
tin ued dur ing mesodiagenesis. The d13C val ues of cal cite,
in av er age of about –2.5‰VPDB, sug gest der i va tion of car -
bon from mi cro bial methanogenesis of or ganic mat ter. The
cal cu lated pre cip i ta tion tem per a ture of polikilitopic cal cite
from the fluid in clu sions of about 50°C, was adopted in the
frac tion ation equa tion of Fried man and O’Neil (1977). The
d18O data of this cal cite in di cate its pre cip i ta tion from pore
wa ter, which was a mix ture of ma rine and me te oric wa ters
with d18OVSMOW be tween –2.5 to 1.0‰ (Fig. 10). Mi cro -
scopic ob ser va tions of quartz overgrowths and do lo mite/an -
ker ite rhom bo he drons sur rounded by cal cite, in di cate that
some cal cite could have crys tal lized at higher tem per a tures.
This min eral pre cip i tates from the pore wa ter en riched in
the 18O iso tope as a re sult of in ter ac tion of wa ter – sed i ment 
dur ing the burial pro cess of de pos its (Longstaffe & Avalon,
1987). Cal cite which form in the late stage of diagenesis is
usu ally en riched in iron. In the stud ied sand stones, cal cium
needed for the cre ation of cal cite may be de rived from the
dis so lu tion of pre vi ously formed cal cite ce ments, from bio-
genic car bon ates and dis so lu tion of cal cium-rich plagiocla-
ses. How ever, ac cord ing to Morad et al. (1990), albitization
of plagioclases is a lim ited source of cal cium for the cal cite
for ma tion. Boles and Franks (1979) point to an other im por -
tant po ten tial source of cal cium for cal cite ce men ta tion in
sand stones – the trans for ma tion of smectite to illite. Ac -
cord ing to Hess and Abid (1998), this re ac tion is also a pos -
si ble source of iron for the late diagenetic Fe-cal cite.

The pro cess of dis so lu tion of the po tas sium feld spar
grains con tin ued dur ing late diagenesis. Or ganic ac ids and

CO2 re leased dur ing or ganic mat ter mat u ra tion are re spon -
si ble for the feld spar dis so lu tion pro cess in the deeper sed i -
ments (Meshri, 1986). Lo cally, the cal cite ce ment was dis -
solved also. Ac cord ing to Moussavi-Haramy and Brenner
(1993), the dis so lu tion of car bon ate ce ments was due to the
de liv ery of acidic wa ter and CO2 pro duced dur ing the ther -
mal mat u ra tion of organic matter in clay sediments.

The growth of fi brous illite on the authigenic min er als
(in clud ing quartz and cal cite) is an ev i dence of its late crys -
tal li za tion. In the stud ied Mid dle Mio cene sand stones, the
for ma tion of fi brous illite can be con nected with the recry-
stallization of clay min er als from de tri tal ma trix (Amireh et
al., 1994). More over, the dis so lu tion of K-feld spar dur ing
burial diagnesis re leases sil ica, which can pre cip i tate as
quartz and illite (Barclay & Worden, 2000). The pro cess of
illitization is af fected by such fac tors as the depth of sed i -
ment de po si tion and tem per a ture (Chuhan et al., 2001), as it 
is con firmed by the lo cal ap pear ance of fi brous illite in the
Jod³ówka 18 well, at depths be low 1.9 km. The for ma tion of 
illite is as so ci ated with a re duced flow of pore wa ters during 
deep burial of sed i ment in close to neu tral con di tions (Van
Keer et al., 1998). Kantorowicz (1990) es ti mated the crysta-
llization tem per a ture of authigenic illite at about 100°C.

Ther mal ma tu rity of or ganic mat ter oc cur ring in the
Mid dle Mio cene rocks of the Carpathian Foredeep was
stud ied by Nowak (1999). The vitrinite reflectance (Ro) var -
ies in the range of 0.41–0.70%. These val ues are char ac ter -
is tic of a tran si tional stage be tween im ma ture and ma ture
stages. The Ro val ues sug gest the tem per a tures of about 60
– 80°C, which af fected the Miocene rocks.
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Fig. 10. Plot of d18O porewater ver sus tem per a ture for cal cite ce ment (Fried man & O’Neil, 1977)



Evo lu tion of res er voir prop er ties

Res er voir prop er ties of the Mid dle Mio cene sand stones
were sub ject to suc ces sive de te ri o ra tion with an in crease in
burial depth (Fig. 8). The diagenetic al ter ation and res er voir 
evo lu tion of the Mid dle Mio cene sand stones were con -
trolled by de tri tal com po si tion, depositional fa cies, changes
in the pore-wa ter chem is try and max i mum burial depth
reached by the sand stones. Ef fects of the fol low ing diage-
netic pro cesses can be ob served in the sand stones: com pac -
tion, ce men ta tion, dis so lu tion, re place ment and al ter ation.
Com pac tion (mainly me chan i cal com pac tion which inclu-
des grain re ar range ment and plas tic de for ma tion of mica
and duc tile grains) and ce men ta tion were the most im por -
tant pro cesses, which sig nif i cantly re duced the pri mary po -
ros ity of the in ves ti gated de pos its. The most sig nif i cant role
in the ce ments is played by car bon ates, quartz and authi-
genic clay min er als. The ce men ta tion is re spon si ble for re -
duc ing po ros ity in the Mid dle Mio cene sand stone and the
cal cite ce ment is the most im por tant one. How ever, the pre -
cip i ta tion of early fringe ce ments (chlorite/smectite-chlorite 
rims and quartz overgrowths) bound the sed i ment, pre vent -
ing from me chan i cal com pac tion, and re sult ing in pres er va -
tion of a part of pri mary po ros ity. The plot of the to tal vol -
ume of inter gra nu lar vol ume ver sus ce ment vol ume
(Houseknecht, 1987) re veals that the com pac tion has been
far more im por tant in the po ros ity de struc tion than the ce -
men ta tion (Fig. 11). A po si tion of the pro jec tion points of
sam ples in the di a gram of Houseknecht (1987) in di cates
that the re duc tion of pri mary po ros ity of sand stones was
mainly as so ci ated with the com pac tion. Cal cite ce men ta tion 
was re gion ally less im por tant due to its un equal ex tent.
How ever, it strongly re duces po ros ity and de creases per me -
abil ity to none. Pri mary po ros ity was re duced due to com -
pac tion by about 26%, and due to ce men ta tion – by ap prox i -
mately 35% on the av er age (Fig. 11). The ef fects of com -
pac tion and cementation in porosity reduction of the Middle 
Miocene sandstones of the Tarnogród area were similar
(Maliszewska et al., 2004).

Dis so lu tion was an other sig nif i cant diagenetic pro cess
af fect ing po ros ity of the sand stones and re sult ing in the for -
ma tion of sec ond ary po ros ity. This pro cess ex erted an ef fect 
mostly on feld spar grains, lithoclasts and the cal cite ce ment
(Fig. 3E). Lo cally, the dis so lu tion of de tri tal grains (mainly
feld spar) has re sulted in over sized inter gra nu lar pores that
dis play vari able de grees of con nec tiv ity. The de cay of soft
parts of or gan isms, es pe cially foraminifers, was im por tant
be cause many of shell re mained empty (Fig. 3F; Maliszew-
ska et al., 2004).

Also, the re place ment of e.g. de tri tal grains by car bon -
ates (Figs 3B, D) can re duce po ros ity. The ef fect of al ter -
ation pro cesses on po ros ity and per me abil ity is vari able. Fi -
brous illite cer tainly re duced per me abil ity of rocks (Fig. 7E) 
and, for ex am ple, the for ma tion of kaolinite at the ex pense
of micas may have caused an in crease in po ros ity and
permeability (Fig. 3D).

The sand stones of the prox i mal delta part are char ac ter -
ized by a lit tle higher con tent of quartz, feld spar and litho-
clasts and by lower con tent of micas, bioclasts and ma trix in 
com par i son to the sand stones of dis tal part. There was no

ev i dence of any dif fer ence re lated to the type and con tent of
ce ments in the sand stones. The po ros ity of the sand stones
from the prox i mal delta is mostly higher than the po ros ity
from dis tal part of mouth bars, of ten about 30%. The pri -
mary po ros ity pre vails over the sec ond ary po ros ity in all
sed i ments. Ef fects of com pac tion and ce men ta tion pro -
cesses are the same in all facies associations.

Leœniak et al. (2007) ex am ined the Mid dle Mio cene
sand stones in the Rzeszów area in the Carpathian Foredeep.
Their con clu sion was that the res er voir prop er ties of the
Mid dle Mio cene sand stones are gen er ally steered by the
type of sed i men ta tion, grain size di am e ter and compaction.

CON CLU SIONS

The Mid dle Mio cene sand stones rep re sent very-fine to
me dium-grained subarkosic and sublithic arenites and
wackes. The de tri tal frame work con stit u ents of the Mid dle
Mio cene sand stones are dom i nated by quartz, feld spar and
subordinated rock frag ments and micas. Ce ment types rec og -
nized in the pres ent study in clude dom i nant: Fe-cal cite,
quartz overgrowths, do lo mite, sid er ite and kaolinite. K-feld -
spar over growth, chlorite (chlorite-smectite) rims, illite, py -
rite and rhodochrosite are subordinate ce ments of sand stones.

The res er voir prop er ties of sand stones is con trolled by
depositional fa cies, de tri tal com po si tion, in flux of me te oric
wa ters and the depth of burial reached by the sandstones.

Evo lu tion path ways of diagenetic and re lated res er voir
prop er ties of the Mid dle Mio cene sand stones have been ac -
com plished dur ing eo- and mesodiagenesis.
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Fig. 11. Di a gram of Houseknecht (1987) show ing the ef fect of
com pac tion and ce men ta tion on po ros ity of the Mid dle Mio cene
sand stones: C – ce men ta tion pre dom i nance, K – com pac tion
predominance



The eodiagenesis in cludes me chan i cal com pac tion, de -
vel op ment of chlorite (chlorite-smectite), py rite, sid er ite,
rhodochrosite, dis so lu tion of feld spar and micas grains,
micrite cal cite ce men ta tion, crys tal li za tion of kaolinite and
quartz overgrowths. The mesodiagenesis in cludes quartz
and K-feld spar overgrowths, albitization, crys tal li za tion of
do lo mite/an ker ite and magnesian sid er ite, poikilotopic cal -
cite ce men ta tion, dis so lu tion of feld spar grains and calcite
cement and development of illite.

The re sults of in ves ti ga tions can sug gest that the Mid -
dle Mio cene de pos its un der went diagenetic pro cesses at a
tem per a ture not higher than 100°C. The albitization in di -
cates the tem per a ture of above 65°C and ap pear ance of fi -
brous illite of about 100°C. How ever, the re sults of vitrinite
reflectance stud ies in di cate the max i mum temperature of
about 80°C.

The Mid dle Mio cene sand stones show good and very
good fil tra tion abil i ties. Sand stone po ros ity very of ten ex -
ceeds 20% and per me abil ity is above 100 mD. Pri mary
inter gra nu lar po ros ity pre vails over sec ond ary intragranular 
and intercrystalline po ros ity. Po rous space pa ram e ters mea -
sured in porosimeter show the fol low ing trend: porosimetric 
po ros ity 14.03–14.76%, av er age amount of pores 1 µm
from 41 to 91%, the thresh old di am e ter of 3–50 µm and
hysteresis 21–84%.

Ef fects of the fol low ing diagenetic pro cesses can be ob -
served in the sand stones: com pac tion, ce men ta tion, dis so lu -
tion, re place ment and al ter ation. The po ros ity of the sed i -
ments de creases with in creas ing depth of burial due to the
pro cess of me chan i cal com pac tion. Lo cally, Fe-cal cite ce -
men ta tion strongly re duces po ros ity and de crease per me -
abil ity to none. Pri mary po ros ity was re duced due to com -
pac tion by about 26%, and due to ce men ta tion – by ap prox i -
mately 35% on the av er age. Some in crease of po ros ity was
caused by dis so lu tion of de tri tal grains, mainly feldspars
and decay of the soft parts of organisms.

Good res er voir prop er ties of the stud ied sand stones are
un doubt edly re lated to their shal low burial (the ma jor ity of
sam ples are from the depth up to 1 km). The best fil tra tion
qual ity is in the pur est sand stones with the small est amount
of car bon ate ce ment and the low est duc tile grains content.
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