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The Car bon if er ous sand stone of the Dêblin For ma tion is one of the tar gets for the pe tro leum in dus try in the Lublin Ba sin in
south east ern Po land. The for ma tion’s pri mary and diagenetic com po si tion makes it dif fi cult to es ti mate its res er voir prop er -
ties. Based on a de tailed anal y sis of  core and petrographic sam ples, nor mal iza tion of gamma-ray and den sity logs was
made with re spect to the grain-frame work of the rock. Re counted logs were used for dis tin guish ing 4 dif fer ent sand stone
petrofacies. For these petrofacies, ranges of gamma-ray and bulk den sity val ues were de ter mined and the im pact of pri mary
and diagenetic min eral com po si tion was es ti mated. The ap pli ca tion of this petrofacies method can up grade the level of res -
er voir char ac ter iza tion and sup port the in ter pre ta tion of uncored in ter vals.
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INTRODUCTION

The Dêblin For ma tion is a part of the Car bon if er ous
paralic-limnic suc ces sion of the Lublin Ba sin infill (¯elichowski,
1972; Porzycki, 1988; Porzycki and Zdanowski, 1995;
Waksmundzka, 1998, 2010, 2012, 2013). Due to the high sand -
stone con tent, the Dêblin For ma tion has be come one of the tar -
gets for the pe tro leum in dus try in Po land. The first hy dro car bon
dis cov er ies in the Up per Car bon if er ous were made in 1976 in
Minkowice, with a po ten tial reservoir of 20 ´ 106 m3 of gas
(Botor et al., 2002; Karnkowski, 2007).

The clastic rocks of the Dêblin For ma tion are com posed
mainly of quartz with a small amount of feld spars and lithic
grains (Koz³owska, 2003, 2004, 2009). The lower part of the
Dêblin For ma tion is com monly dis tin guished as the “sil ver
sand stones” – the in for mal lithostratigraphic unit, which has a
sig nif i cant ad mix ture of mus co vite (Porzycki, 1988). Based on
their min er al og i cal com po si tion, these Car bon if er ous sandy
rocks can be clas si fied as quartz- and subarkosic arenites
(Koz³owska, 2003, 2009). How ever, the high amount of ma trix,
mainly com posed of kaolinite, illite, mixed-lay ered illite-smectite 
and Fe-chlorites causes  that some of the sandy rocks  are clas -
si fied as wackes. The sig nif i cant con tent of clay min er als and

the diagenetic ce ments (e.g., quartz, sid er ite and py rite) also
have a strong im pact on the res er voir prop er ties, es pe cially the
ef fec tive po ros ity and per me abil ity (Koz³owska, 2003, 2004,
2009; Jarzyna and Ba³a, 2005).

Both pri mary ce men ta tion by quartz and sid er ite, and sec -
ond ary burial dis so lu tion of de tri tal grains and/or recrystalli -
zation into clay min er als are re spon si ble for the strong dif fer en -
ti a tion of res er voir pa ram e ters across the Lublin Ba sin (Jarzyna 
and Ba³a, 2005; Koz³owska, 2009, 2011). A wide range of po -
ros ity (from 0.36 to 22.8%) and a ten dency of its re duc tion with
depth has been ob served in the rocks of the north west ern part
of the ba sin (Koz³owska, 2003). In the cen tral part of the ba sin,
the po ros ity is slightly lower and var ies from 9.1 to 11.9% 
(Jarzyna and Ba³a, 2005; Koz³owska, 2009, 2011). In ad di tion,
a weak cor re la tion be tween po ros ity and  gen e sis of sandy
rocks was noted by Koz³owska (2009). The deltaic (mouth bar)
sand stones, rep re sented mainly by subarkosic or sublithic
arenites, oc ca sion ally even by wackes, are char ac ter ized by a
higher amount of clayey ma trix and lower po ros ity. By con trast,
the flu vial quartz arenites have a slightly higher po ros ity.

In re cent years, res er voir pa ram e ters, as well as shale vol -
ume and ef fec tive po ros ity, have mainly been es ti mated from
se lected geo phys i cal well logs. Ac cord ing to Ingersol (1990),
Large and Ingersol (1997), Bhattacharya et al. (2005) and De
Ros and Goldberg (2007), the in te gra tion of de tailed core sam -
ple data and wire line log in ter pre ta tion is used to de ter mine the
rock prop er ties and thereby iden tify the res er voir ho ri zons. This
type of data pro cess ing can be very use ful and is termed as
petrofacies anal y sis. In this pa per, the term petrofacies is used
in the con text of the sandy rocks with spe cific lithological,
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petrographic and geo phys i cal prop er ties. This study shows the
in flu ence of vari able pri mary and diagenetic min er al og i cal com -
po nents on the res er voir prop er ties of the sandy rocks, as de -
tect able on nat u ral gamma-ray and den sity logs. The in flu ence
on geo phys i cal logs is stud ied by ex am ple of the Dêblin For ma -
tion, cored in the Jarczów IG 4 and Korczmin IG 1 bore holes,
sit u ated in the south east ern part of the Lublin Ba sin (Fig. 1).
The Dêblin For ma tion sandy rocks were se lected be cause of
their high con tent of mus co vite/seri cite grains and illite, which
strongly mod ify the nat u ral gamma-ray in ten sity. The oc cur -
rence of cer tain diagenetic min er als is also cru cial as re gards
proper es ti ma tion of the av er age den sity of the grain frame -
work, as used to cal cu late ef fec tive po ros ity. Diagenetic car -
bon ates and py rite, also ob served in the sandy rocks, strongly
in crease the bulk rock den sity as shown on the den sity logs.
A fuller un der stand ing of the variablility of the min er al og i cal
com po si tion of these sandy rocks is es sen tial to the proper cal -
cu la tion of the res er voir rock pa ram e ters and im por tant to pre -
dict ing the prob a ble con di tions of hy dro car bon gen er a tion.

GEOLOGICAL SETTING

The Dêblin For ma tion is formed mainly of sand stones and
heterolithic strata, with some in ter ca la tions of shales, or -
ganic-rich rocks (mainly coals) and lime stones of deltaic/flu vial
or i gin (Porzycki, 1988; Porzycki and Zdanowski, 1995;
Waksmundzka, 2010). It rep re sents a part of the Mid dle Vise -

an– Upper Westphalian paralic-limnic se ries of the Car bon if er -
ous Lublin Ba sin lo cated in south east ern Po land (Fig.1)
(¯elichowski, 1972; Porzycki and Zdanowski, 1995; Waks -
mundzka, 1998, 2010). The de po si tion of the Car bon if er ous
pro duc tive suc ces sion was pre ceded by Late De vo nian/early
Car bon if er ous ero sion caused by the ear li est tec tonic phase of
the Variscan orog eny, which re built the ar chi tec ture of the ba sin 
and caused tec tonic in ver sion (Narkiewicz, 2007). The thick -
ness of the Car bon if er ous rocks reaches 3500 m, with a gen eral 
in crease to wards the south-west (¯elichowski, 1972; Waks -
mun dzka, 2010).

The north ern and south west ern bound aries of the Lublin
Ba sin are de fined by fault zones, whereas the east ern and
south east ern part of the Lublin Ba sin is bounded by the pres -
ent-day, sub-Perm ian/Me so zoic ex tent of the Car bon if er ous
rocks (¯elichowski, 1972; Narkiewicz, 2007; ̄ elaŸniewicz et al., 
2011). The Car bon if er ous rocks lie un con form ably on older, Pa -
leo zoic and Ediacaran rocks, as well as on the crys tal line base -
ment (¯elaŸniewicz et al., 2011). Dur ing the Variscan orog eny,
the Car bon if er ous infill of the ba sin was folded into NW–SE
trending folds and over lain by Perm ian–Me so zoic strata.

The Lublin Ba sin is di vided by the Kock fault zone into two
tec tonic units: the Lublin Graben (Trough) in the west and the
£uków–Hrubieszów El e va tion in the east (Fig. 1B). The
£uków–Hrubieszów El e va tion is not very tec toni cally var ied by
con trast with the Lublin Graben. The vari able dis tance to the
sta ble East Eu ro pean Plat form means that the west ern part of
the ba sin has been tec toni cally re-built and slightly meta mor -
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Fig. 1A – lo ca tion of the Lublin Ba sin in Po land; B – geo log i cal sketch-map of the Lublin area,
with out strata youn ger than Car bon if er ous (mod i fied af ter Waksmundzka, 2010) with lo ca tion

of the  stud ied core-sec tion
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phosed  (¯elichowski, 1964). The thick ness of the Car bon if er -
ous rocks is also higher in the west ern part in com par i son to the
£uków-Hrubieszów El e va tion be cause of strong sub si dence on
the edge of the East Eu ro pean Plat form (¯elichowski, 1964).

The thick ness of the Dêblin For ma tion var ies from 40 up to
560 m, gen er ally in creas ing to wards the south. Be cause of the
flu vial/deltaic or i gin of the Dêblin For ma tion, its diachronous
bound aries cause some dif fi cul ties as re gards pre cisely de ter -
min ing the age. De tailed biostratigraphical anal y ses, based
mainly on as sem blages of macro- and microflora in flu vial and
deltaic de pos its and macro- and micro fauna in the in ter ca la -
tions of ma rine lime stones, marls and brack ish claystones, in di -
cate a lat est Namurian A to Early Westphalian A age of the
Dêblin For ma tion (Skompski, 1986, 1996, 1998; Kmiecik, 1995; 
Musia³ and Ta bor, 1995; Soboñ-Podgórska and Tomaœ, 1995).

The Dêblin For ma tion is di vided into the Bug and the
Kumów mem bers (Fig. 2; Porzycki, 1988; Porzycki and Zda -
now ski, 1995). The Bug Mem ber is rep re sented mainly by

mudstones and claystones with thin in ter ca la tions of coal. Be -
sides these clastic and or ganic rocks, the unit in cludes also in -
ter ca la tions of ma rine lime stone and marl (K, L, M on Fig. 2),
which form well-de fined biostratigraphic and geo phys i cal cor re -
la tion ho ri zons in the Lublin Ba sin. The lower bound ary of the
Bug Mem ber is de ter mined by the first oc cur rence of sev eral
metres-thick micaceous sand stones, called “sil ver sand -
stones”, above claystones with ma rine and brack ish as sem -
blages of molluscs and goniatites de fined as the Posidonia
corrugata I ho ri zon (ac cord ing to Porzycki, 1979, 1988). The
Kumów Mem ber is rep re sented mainly by coarse clastic rocks
– sand stones, con glom er ates, heteroliths  and some siltstones, 
with thin in ter ca la tions of mudstone and coal. By con trast with
the Bug Mem ber, the sandy rocks of this unit are char ac ter ized
by a rel a tively lower con tent of mica. The lower bound ary of the
Kumów Mem ber is de ter mined as the base of lime stone N,
which is de fined as the ma rine fau nal ho ri zon with spe cific as -
sem blages of mi cro- and macrofauna typ i cal of the Namurian B
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Fig. 2. The lithostratigraphy of the Car bon if er ous in the Lublin Ba sin (af ter Waksmundzka, 2010)

Namurian A, B, C and Westphalian A, B, C, D – re gional sub di vi sions of Eu ro pean
chronostratigraphic units (cor re spond ing to the in ter na tion ally used Serpukhovian, 

Bashkirian and Moscovian stages)

https://gq.pgi.gov.pl/article/view/8128
https://gq.pgi.gov.pl/article/view/13354


(Musia³ and Ta bor, 1995). More over, above the Kumów Mem -
ber a rapid change in li thol ogy is ob served – the sandy fa cies
dis ap pear and a dom i nance of mudstones and claystones is
noted.

The Dêblin For ma tion is one of the sand i est lithostrati -
graphic units in the Car bon if er ous suc ces sion of the Lublin Ba -
sin. The sandy rocks of the Dêblin For ma tion in the north west -
ern and cen tral part of the ba sin were the main fo cus of
Koz³owska’s (2003, 2004, 2009) petrographic stud ies. The
main com po nent of sand stones of the Dêblin For ma tion is
quartz (60–70%). Al ka line feld spars dom i nate over plagioclase, 
which to gether rep re sent ~6% of the rock. Mus co vite is more
fre quent in wackes than in arenites and its con tent can rise
much higher than 3%. In stud ied sand stones , heavy min er als
such as zir con, ti tan ite, rutile and ap a tite were ob served. Lithic
grains are not very com mon in the north west ern and cen tral
parts of the ba sin and form only ~2% of grains. The ma trix is
com posed mainly of allo- and authigenic clay min er als which
are dif fi cult to dis tin guish. Kaolinite is dom i nant and it can form
from 4 up to 19.3% of the ma trix. Mixed-lay ered illite- smec tite
and chlorite are also com mon. Quartz is an im por tant com po -
nent (1–20%) of the ma trix. It rep re sents fine grains dis persed
in the ma trix and authigenic ce ment in the sand stones
(Koz³owska, 2009). The early-burial ce men ta tion pro cesses
stopped the me chan i cal com pac tion. How ever, the authigenic
quartz, kaolinite, fi brous illite and car bon ates such as sid er ite,
Fe-do lo mite, an ker ite, and Fe-cal cite con trib ute to the po ros ity
re duc tion. Sec ond ary dis so lu tion of feld spar grains and other
rock com po nents formed a sec ond ary po ros ity. Car bon ate ce -
ments are very com mon in the Dêblin For ma tion sand stones
and can cre ate up to 45% of a sand stone’s pore space
(Koz³owska, 2009). Ad di tion ally, min er als such as py rite, he ma -
tite, bar ite, and ap a tite are some times ob served.

MATERIALS AND METHODS

The re sults pre sented be low were de rived from geo log i cal
and geo phys i cal data from the Jarczów IG 4 and Korczmin IG 1
bore holes, lo cated in the south east ern part of the Lublin Ba sin
(Fig. 1B). Those bore holes were cho sen be cause of their lo ca -
tion and the avail abil ity of bore hole core and wire line data. In
the lithostratigraphic in ter val of in ter est in the bore holes, re -
spec tively 62 and 56% of the Car bon if er ous rocks were cored.

In Korczmin IG 1 the Dêblin For ma tion, with the most petro -
graphi cally di verse Bug Mem ber (Fig. 2), was de tected at
600–694 m b.g.l. By con trast with Korczmin IG 1, the
lithostratigraphy of the Car bon if er ous suc ces sion has not yet
been es tab lished in Jarczów IG 4. Hence, ac cord ingly to
Porzycki’s (1979) lithostratigraphic cri te ria, the Dêblin For ma tion
was con sid ered as the 41 m thick suc ces sion of “sil ver”
micaceous sand stones cored be tween 964.6 and 1005.6 m b.g.l.

To fully un der stand the gen e sis of the sand stones a
sedimentological anal y sis was car ried out. Lithofacies and tex -
tural ob ser va tions were per formed on core ma te rial from both
bore holes. Into ac count were taken the dom i nant grain size,
col our, sed i men tary struc tures, the min er al og i cal com po si tion
of the sandy rocks (with par tic u lar em pha sis on the con tent of
micaceous grains and the oc cur rence of py rite, sid er ite, and
other car bon ates), the con tent of clay laminae, and the oc cur -
rence of charred plant de tri tus. As a re sult, 6 sam ples of sandy
rocks for petrographic anal y sis were se lected (Ta ble 1). Ad di -
tion ally, based on lithofacies lithofacies and the ver ti cal suc ces -
sion, ge netic as so ci a tions of lithofacies were dis tin guished.
This anal y sis was fun da men tal for interpretion of the gen e sis of

the sand stones and of sed i men tary en vi ron ments, rep re sen ta -
tive of the Lublin Ba sin (Eliott, 1986; Miall, 1996; Waksmundz -
ka, 2010).

T a  b l e  1

Sand stone sam ples from the Korczmin IG 1 and Jarczów IG 4
core sec tions (Pol ish Min is try of the En vi ron ment agree ments 

nos 1158/IG/2015 and 1258/IG/2017)

Sam ple Li thol ogy Depth [mb.g.l]

Korczmin IG 1

K1 sand stone 640.6

K2 sand stone 651.6

K3 sand stone 679.8

K4 sand stone 687.7

Jarczów IG 4

J1 sand stone 921.4

J2 sand stone 970.9

Petrographic anal y sis of thin sec tions of the sam ples col -
lected was made. This fo cused on the de scrip tion of pri mary
fea tures of the sandy rocks such as grain size, min eral com po -
si tion, the type and con tent of ma trix, tex ture, and sec ond ary
fea tures such as diagenetic min er al iza tion, nec es sary to de fine
res er voir sand stone pa ram e ters. To clas sify the sand stone and
es ti mate its po ros ity, a planimetric count ing pro ce dure was
used. A grid was cho sen for ev ery sam ple in di vid u ally, con sid -
er ing the max i mum grain size. 300 counts per sec tion were
made to eval u ate the per cent age of quartz, feld spars and lithic
grains based on the Pettijohn et al. (1972) clas si fi ca tion of
sand stones. The diagenetic min er al iza tion and grain con tacts
were also ana lysed. NIS-El e ments soft ware was used to take
mi cro pho to graphs of the sam ples. Ad di tion ally, SEM anal y sis
was made on the 6 sam ples to sup port the re sults of op ti cal
petrographic anal y sis and to study the mor phol ogy of the sand -
stone com po nents.

Next, con ver sion and nor mal iza tion of geo phys i cal source
data was car ried out (Fig. 3), to es ti mate the res er voir sand -
stone pa ram e ters (Jarzyna et al., 1999; Szewczyk, 2000;
Bolesta and Ga³¹zka, 2014). In the older bore holes (made be -
fore the 1990s) the in ten sity of gamma-ray was mea sured by
So viet-type tools and the mea sure ments were shown on the log 
in counts per min ute – cpm, which are not com pa ra ble to stan -
dard gamma-ray units. More over, the gamma-ray in ten sity
mea sure ments, made for the same rocks, can not be inter-com -
pared be cause of the dif fer ent ac cu ra cies of the tools used. The 
con ver sion of cpm units into stan dard gamma-ray units (API)
was made ac cord ing to Bolesta and Ga³¹zka (2014). The nor -
mal iza tion of den sity source data (in cpm) into g/cm3 units was
made only for the Dêblin For ma tion depth in ter val and was
two-stage. Firstly, a stan dard method of data nor mal iza tion,
com monly used by the pe tro leum in dus try, was car ried out.
Then, the cor rect ness of the av er age of grain-frame work den -
sity was cal cu lated and ap plied, al low ing proper re-count ing of
the bulk rock den sity data for the sandy rocks. The cor rec tion
was nec es sary be cause the grain-frame work av er age den sity
was higher than for nor mal quartz arenites and wackes as a re -
sult of the sid er ite and/or py rite min er al iza tion. A min i mum bulk
den sity (2.4 g/cm3) was as sumed for clean quartzitic sand stone
with 22% of pore space filled with for ma tion wa ter, 60% with
quartz, 15% with mus co vite and 3% with dense min er als such
as py rite or sid er ite. A max i mum of 3 g/cm3 was es ti mated for
non-po rous sand stones with a high (10%) con tent of high-den -
sity min er als, 40% of mus co vite and 65% of quartz or feld spars.
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Fi nally, the geo phys i cal pa ram e ters were com pared with
the data ob tained in the petrographic anal y sis. As a re sult of this 
com par i son, sandy petrofacies were dis tin guished for the
Dêblin For ma tion. Each petrofacies is char ac ter ized by the lim -
its of nat u ral gamma-ray and bulk den sity val ues based on
phys i cal and chem i cal fea tures of the pri mary and diagenetic
com po nents, as in ter preted by the petrographic anal y sis of par -
tic u lar sand stones. Anal y sis of the nat u ral gamma-ray and den -
sity logs was also used for proper re-in ter pre ta tion of the li thol -
ogy of uncored in ter vals and for the cor rec tion of depths.

SEDIMENTOLOGY

Based on the lithofacies anal y sis of core sam ples and their
suc ces sion, 5 dif fer ent ge netic as so ci a tions were dis tin guished
(Ta ble 2).

Sandy rocks of the Dêblin For ma tion were de pos ited in flu -
vial and deltaic en vi ron ments. The sandy/heterolithic as so ci a -
tions are com posed of lithofacies with ver ti cal pat terns typ i cal of 
sandy braided river chan nel and bar de pos its (Fig. 4B), cre -
vasse splay de pos its (Fig. 4A), deltaic distributary chan nels
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Fig. 3. Ex am ple of ap plied bulk den sity and gamma-ray log re count pro ce dures
 (Korczmin IG 1 bore hole depth 575–589 m b.g.l.)



(DCH), and mouth bars (MB; Fig. 4C). The sandy rocks are
lithosomes within flu vial and delta plain fine-grained de pos its.
The flu vial/deltaic or i gin of the Car bon if er ous rocks from the
Lublin Ba sin was in ter preted and widely dis cussed by Waks -
mundzka (2010).

High flow ve loc ity and in tense ero sion in braided river chan -
nels (CH) and distributary chan nels of a delta plain (DCH) are
rea sons why these sand stones are better sorted and there fore
char ac ter ized by lower clay and mus co vite con tents; thus, this
type of rock usu ally has higher pri mary po ros ity and shows
better res er voir prop er ties (Liu et al., 2015; Fan et al., 2019).
How ever, this struc ture is also fa vour able for the per co la tion of
diagenetic flu ids which can be a fur ther rea son for po ros ity re -
duc tion (Yang et al., 2014). Sideritized clay clasts and plant
frag ments are com mon be cause of the in tense ero sion of
flood/delta plain de pos its. Higher con tents of mus co vite grains
and shale laminae are mostly pres ent in the mouth bar (MB)
and cre vasse splay (CS) de pos its (Fig. 4A, C). Sid er ite is pres -
ent as con cre tions or as part of the ma trix. These sand stones
are also interbedded with heterolithic strata. These kinds of
rocks de velop dur ing the main flood stages af ter breach ing of
the lev ees. Orig i nally high-ve loc ity flow rap idly slows and
causes rapid de po si tion of poorly sorted, micaceous sed i ment.
A sim i lar sit u a tion hap pens while the mouth bars are form ing,
where the sed i men ta tion is the re sult of flow de cel er a tion and of 
rapid change in wa ter den sity (Eliott, 1986).

PETROGRAPHY OF THE SANDY ROCKS

The sand stones of the Dêblin For ma tion from the Jar -
czów IG 4 and Korczmin IG 1 core-sec tions rep re sent mainly
lithic and sublithic arenites and wackes (Fig. 5). Quartz is the
main com po nent of the sand stones ana lysed (60–88%) but
lithic grain con tent is also sig nif i cant (11–55%). The ma jor ity of
ob served rock frag ments are of si li ceous rocks like cherts,
(Fig. 6C) or polycrystalline quartz (Fig. 6A, C, E, F), is per haps
de rived from ear lier sand stones. Quarzite and quarzitic sand -
stone grains are also com mon (Fig. 6A, C, E, F). Feld spars oc -
cur spo rad i cally (1–2%) and they are mainly rep re sented by al -
ka line feld spars, rarely plagioclases (Fig. 7C). In many sam -
ples, mica grains – bi o tite and mus co vite – are usu ally
chloritized or sericitized (Figs. 6E, F and 7A, C).

In the sam ples ana lysed from the Korczmin IG 1 and
Jarczów IG 4 bore holes, dif fer ent types of diagenetic min er al -
iza tion were ob served. Most com monly for the Dêblin For ma -
tion, car bon ate, sid er ite, and quartz ce ments de vel oped in the
pore space (Fig. 6A, C, E, F) and they form up to 15% of the
rock. In thin sec tion, authigenic quartz overgrowths were of ten
ob served on de tri tal grains (Fig. 6C). The quartz min er al iza tion
to gether with the sideritization, which de vel oped through the
recrystallization of clay min er als (Fig. 6B), prob a bly re flects
early burial. Prob a bly, the kaolinization of feld spars and
chloritization of mica took place si mul ta neously. The pres ence
of early diagenetic ce ments in sand stones of the Dêblin For ma -
tion is of ten the rea son for the pres er va tion of high pri mary po -
ros ity through pre vent ing com pac tion (Koz³owska, 2009).
More over, the kaolinitization of feld spars can cause the de vel -

op ment of sec ond ary po ros ity. The illite vis i ble in sam ples J1
and J2 of the sand stones (Fig. 8D) is prob a bly the re sult of in -
ten si fied diagenetic pro cesses in the more deeply bur ied Lublin
Graben. In all the arenites ana lysed, the grain con tacts are
elon gated or con cave-con vex, prob a bly de vel op ing through the 
ef fect of high lithostatic pres sure dur ing diagenesis in the Lublin
Ba sin, as noted by Koz³owska (2009).

PETROFACIES OF THE SANDY ROCKS

Based on the petrographic anal y sis and min eral com po si -
tion, 2 dif fer ent sandy petrofacies were dis tin guished (Fig. 9):

– petrofacies A – non-po rous (ce mented) and po rous
sand stones, shaly sand stones and heterolithic de pos its
with diagenetic min er al iza tion of car bon ates and py rite;

– petrofacies B – non-po rous and po rous sand stones
and/or heterolithic de pos its with a high con tent of mus -
co vite (“sil ver sand stones”).

Petrofacies A has been di vided into 2 sub-petrofacies on
the ba sis of the dif fer ences in clay min eral con tent (es pe cially
illite), de tect able on a gamma-ray log (Fig. 9). Petrofacies B has 
been dis tin guished on the ba sis of higher gamma-ray val ues
(above 60 API) by com par i son with petrofacies A. These rel a -
tively high val ues, which are not typ i cal for sand stones, sug gest
a higher con tent of ra dio ac tive el e ments – prob a bly micas
and/or illite. On the ba sis of dif fer ences in bulk rock den sity in
petrofacies B, sub-petrofacies B1 and B2 were dis tin guished.
The dif fer ences in the mea sured bulk rock den sity are prob a bly
caused by a higher con tent of high-den sity min er als such as
car bon ates and py rite, char ac ter ized by den sity ex ceed ing
2.71 g/cm3.

For ev ery sandy lithotype, rep re sen ta tive in ten si ties of nat u -
ral gamma-ray and bulk rock den sity range were de ter mined
(Ta ble 3).

A di verse min eral com po si tion in the Dêblin For ma tion is the 
main rea son for the vari able geo phys i cal char ac ter is tics of the
sandy rocks ana lysed. These rocks are mainly rep re sented by
lithic and sublithic arenites and wackes (Ta ble 3), but dif fer -
ences in the con tents of the pri mary and diagenetic ra dio ac tive
min er als can change the pre dicted geo phys i cal mea sure ments. 
The nat u ral gamma-ray in ten sity is usu ally higher than 20 API
and it very com monly reaches110 API. Also, bulk rock den sity
changes are ob served in a wide range from 2.5 to 2.95 g/cm3,
which in di cates changes in the ef fec tive po ros ity and in the oc -
cur rence of ad mix tures of high- and low-den sity rock el e ments
(Fig. 10).

Petrofacies anal y sis was fun da men tal to rec og ni tion of the
li thol ogy, pri mary min eral com po si tion and rock prop er ties in
un-cored in ter vals in both bore holes. There is also a vis i ble cor -
re la tion be tween the prob a ble sed i men tary or i gin and the sand -
stone type. Petrofacies A is mostly pres ent in river chan nel and
distributary chan nel de pos its be cause of its better sort ing and
lower clay con tent. Petrofacies B how ever, is more char ac ter is -
tic of cre vasse splay and mouth bar de pos its. The lithological
and geo phys i cal data com piled  to gether with re sults of the
sedimentological and petrofacies anal y sis are shown in Fig u -
res 11 and 12.
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Ge netic as so ci a tion 
of lithofacies

Ver ti cal suc ces sion
of lithofacies

Con tact 
as so ci a tions Di ag nos tic fea tures

Gen e sis (on the ba sis of
Cant and Walker, 1978;
Elliott, 1986; Miall, 1996;

Zieliñski, 1998)

Chan nel fill and
sandy bar de pos its
(CH) (Fig. 4B)

Sm/(SGm) » Sp/Sl
» (Ssh) » Sh »

Sr/Hr » Hh
CS, FP

– suc ces sions of sandy lithofacies 
from 5 to 40 metres of thick;

– cy cles are char ac ter ized by fin -
ing up ward trends and dom i na tion 

of cross-bed ded lithosomes;

– the oc cur rence of si der it ic and
clay clasts and de tri tus of flora

frag ments ac cu mu la tions
(lithofacies SGm);

– ero sional bound aries of sandy
lithosomes

By aggradation of  sandy
bars in the chan nel zone

of high-en ergy sandy
braided rivers

Cre vasse splay de -
pos its (CS) (Fig.4A)

Sm » Tm » Sr/(Hr)

Sm » Sh (Hh) »
Sl/(Sp) » Sr (Hr) CH, FP

– suc ces sions of heterolithic and
sandy lithofacies with rip ple

cross-lam i na tion, of ten with a bot -
tom layer of mas sive sand stones

and siltstones;

– thick ness av er ages be tween 1
and 4 metres;

– cy cles are char ac ter ized by fin -
ing up ward trends and dom i na tion 

of rip ple cross-lam i nated
lithosomes

Dur ing the main flood
stages of floods af ter

breach ing of the lev ees,
when flow is ini ti ated on

floodplains. Then the flow
ve loc ity rap idly slows and

the sandy rip ples are
formed

Floodplain de pos -
its, peat, and
marshes (FP)

Sm » Tm/Th » Fm

Fh(p) » C
CS, CH, DCH

– suc ces sions of fine-grained and
hor i zon tally lam i nated de pos its

are dom i nant;

– thick ness av er ages be tween 0.5 
and 14 me tres;

– a high pro por tion of coal lay ers
and shales with coal frag ments

rep re sent ing plant de bris;

– oc cur rences of or ganic
palaeosols

Aggradation of
muddy-sandy laminae as
the ef fect of sheet flow on
the floodplain dur ing the
main flood stages. Ac cu -

mu la tion of plant frag -
ments in peats and

marshes of the
interdistributary area of the 

delta plain. Fre quent 
weath er ing pro cesses and

soil pro file for ma tion

Distributary chan nel 
fills (DCH) (Fig. 4C)

Sm/(Sp) » Sh/Th  »
Sr MB, FP, CS

Sandy suc ces sions be tween 2
and 5 m thick rep re sent ing the

top most parts of mouth bar suc -
ces sions;

– cy cles are char ac ter ized by fin -
ing up wards trends;

– rip ple cross-lam i nated sand -
stone lithofacies are dom i nant;

– plant frag ments are com monly
dis persed in the sandy lithosomes

The sandy fill of
interdistributary chan nels
formed dur ing the main

flood phases

Mouth bar de pos its
(MB) (Fig. 4C)

(Sm)/Tm » Th/Hh »
Hr/(Sr) DCH, FP

– heterolithic rip pled lithofacies
are dom i nant;

– the thick ness is be tween 6 and
17 me ters;

– cy cles are char ac ter ized by
coars en ing up wards trends;

– high mus co vite con tent

For ma tion of mouth bars
as the ef fect of slow ing of
flow and rapid changes in

wa ter den sity

Lithofacies code: Sm/SGm – sand stones/grav elly sand stones of mas sive struc ture, Sp – sand stones with tab u lar cross-bed -
ding, Sl – sand stones with low-an gle cross-bed ding, Sh/Ssh – sand stones with hor i zon tal/sub-hor i zon tal  bed ding, Sr – sand -
stones with rip ples, Tm – mas sive siltstones, Th – siltstones with hor i zon tal bed ding, Hr – heterolithic strata with rip ples, Hh –
heterolithic strata with hor i zon tal bed ding, Fh – claystones and mudstones with hor i zon tal lam i na tion, Fm – claystones and
mudstones of mas sive struc ture, Fh(p) – claystones and mudstones with hor i zon tal lam i na tion and ac cu mu la tions of coaly frag -
ments, C – coal; bold fonts are used for the main lithofacies in the as so ci a tion

T a  b l e  2

Lithofacies char ac ter is tics of the ge netic as so ci a tions and their in ferred gen e sis
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Fig. 4. Sandy lithofacies as so ci a tions de pos ited in flu vial and deltaic en vi ron ments

Korczmin IG 1 (A, B) and Jarczów IG 4 (C) bore holes; other explanations in Table 2

Fig. 5. Korczmin IG 1 (K1–K4) and Jarczów IG 4 (J1, J2) sam ples plot ted in the Pettijohn et al. (1972)
clas si fi ca tion tri an gles

a – lithic arenite, b – arkosic arenite, c – sublithic arenite, d – subarkosic arenite, e – quartz arenite, f – arkosic
wacke, g – lithic wacke, h – quartz wacke; Q – quartz, F – feld spars, L – lithic grains
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Fig. 6. Mi cro pho to graphs of sand stones from the Korczmin IG 1 bore hole

A, B – sam ple K1, crossed polars, depth: 640.6 m b.g.l.; C – sam ple K2, crossed polars; D – sam ple K2, plane par al lel light, depth:
651.6 m b.g.l.; E – sam ple K3, crossed polars, depth: 679.8 m b.g.l.; F – sam ple K4, crossed polars, depth: 687.7 m b.g.l.; Qtz – quartz, F –
feld spar, Ms – mus co vite; Zrc – zir con; L1 – grain of si li ceous rock (chert); L2 – polycrystalline quartz; L3 – grain of meta mor phic rock; AQ –
authigenic quartz; W1, W2 – diagenetic sid er ite/do lo mite; Cl – recrystallized clay clast; K – authigenic iron sul phide; Ill – illite; OM – or ganic
mat ter

Fig. 7. Mi cro pho to graphs of sand stone sam ples from the Jarczów IG 4 bore hole

A – sam ple J1, crossed polars, depth: 921.4 m b.g.l.; B – sam ple J1, plane par al lel light, depth: 921.4 m b.g.l.; C – sam ple J2, crossed
polars, depth: 970.1 m b.g.l.; ex pla na tions as on Figure 6
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Fig. 8. SEM mi cro pho to graphs from the Jarczów IG 4 and Korczmin IG 1 bore holes

A – authigenic quartz ce men ta tion in sam ple K2; B – car bon ate ce men ta tion in sam ple K3; C –
mus co vite grain in sam ple J2; D –– diagenetic illite in sam ple J2; explanations as on Figure 6

Fig. 9. The model re cord of geo phys i cal pa ram e ters typ i cal for sandy petrofacies 
A and B in the Dêblin For ma tion
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Fig. 10. Com po nents caus ing changes in the bulk rock den sity of sand stones

A – frag ments of car bo na ceous plant, Korczmin IG 1, depth: 685.6 m b.g.l.; B – mus co vite ac cu mu la tion on a lamina sur face
Korczmin IG 1, depth: 670 m b.g.l.; C – sideritized clasts Korczmin IG 1, depth: 642 m b.g.l.; D – frag ments of car bo na ceous plants,

Korczmin IG 1, depth: 660.5 m b.g.l.

Petrofacies Pe trog ra phy of
sandy rocks

In flu en tial com po nents Gamma-ray
in ten sity [API]

Bulk rock
den sity val -
ues [g/cm3]

Core sam ple
ra dio ac tive high/low den sity

A1 lithic arenites,
lithic wackes

–
car bon ate and/or py rite min er -
al iza tion (*car bo na ceous plant

frag ments)
20–40 (2.5*)

2.65–2.95 J1, K1

A2 lithic arenites
clay min er als,

zir con
clay min er als, car bon ate

and/or py rite min er al iza tion 40–60 2.65–2.95 K2

B1 sublithic arenites
clay min er als,

mus co vite

clay min er als, mus co vite
and/or car bon ate min er al iza -

tion, (*car bo na ceous plant
frag ments)

60–110 (2.5*)
2.65–2.85 K3, K4

B2 lithic wackes
clay min er als,

mus co vite

clay min er als, mus co vite, car -
bon ate and/or py rite min er al -

iza tion
60–110 2.85–2.95 J2

T a  b l e  3

Rep re sen ta tive ranges of gamma-ray in ten sity and bulk rock den sity for the sandy petrofacies
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Fig. 11. Li thol ogy com bined with geo phys i cal data and petrofacies in ter pre ta tion of the Dêblin For ma tion in Jarczów IG 4

Explanations on Table 2
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Fig. 12. Li thol ogy com bined with geo phys i cal data and petrofacies in ter pre ta tion of the Dêblin For ma tion in Korczmin IG 1

Ex pla na tions as in Figure 11



INFLUENCE OF PRIMARY AND DIAGENETIC
MINERALS ON GAMMA-RAY AND DENSITY LOGS

INFLUENCE OF THE RADIOACTIVE ELEMENTS 
ON GAMMA-RAY MEASUREMENTS

Illite, glauconite, micas (mus co vite and bi o tite), po tas sium
feld spar grains, clay lithoclasts and heavy min er als (e.g., zir -
con) are the main min er als rich in ra dio ac tive iso topes of po tas -
sium, tho rium and ura nium which could in crease the nat u ral
gamma-ray in ten sity in sandy rocks (Serra, 1984; Rider, 2002).
In the Car bon if er ous sandy rocks ana lysed the ra dio ac tive el e -
ments are rep re sented mainly by diagenetic illite, of ten dis -
persed in the pore space or in the ma trix in arenites and
wackes. Also, pri mary mus co vite/seri cite, po tas sium feld spars,
and zir con grains were ob served in the thin sec tions
(Figs. 6A–C, E, F and 7A, C; Ta ble 3).

The low est in ten sity of the nat u ral gamma ra di a tion was ob -
served for non-po rous, ce mented quartz arenites of petrofacies 
A1 (Figs. 11 and 12). A small ad mix ture of some ra dio ac tive el -
e ments such as mica, po tas sium feld spar and ac ces sory zir con 
grains can cause higher mea sure ments, up to ~40 API. Mea -
sure ments of be tween 40 and 60 API were ob served in
petrofacies A2 in the Jarczów IG 4 and Korczmin IG 1 core-sec -
tions, rep re sented by shaly sand stones and heterolithic strata.
These are prob a bly caused by higher con tents of diagenetic
illite dis persed in the pore space of sandy laminae and form ing
the thin clay laminae in the heterolithic de pos its, as can be ob -
served in sam ples K1, K2, and J1. A mi nor in flu ence may also
be ac ces sory zir con grains noted in the thin sec tions (Fig. 6A).
Petrofacies B – micaceous sand stones and heterolithic de pos -
its – is mainly com posed of quartz and mus co vite grains, vis i ble 
even by mac ro scopic ob ser va tion (Fig. 10B; sam ples K3, K4,
J2). The high ad mix ture of mica grains, to gether with other ra -
dio ac tive com po nents, are prob a bly the main rea sons for the
ex traor di nary nat u ral ra dio ac tiv ity (be tween 60 and 110 API) of
these sand stones.

INFLUENCE OF HIGH- AND LOW-DENSITY ELEMENTS ON THE BULK
ROCK DENSITY MEASUREMENTS

The pore vol ume, the den sity of flu ids in the pore space and
the grain frame work den sity are the main fac tors which de ter -
mine the mea sured bulk  den sity of rocks (Serra, 1984; Rider,
2002). The oc cur rence of diagenetic high-den sity min er als is
re spon si ble for the in crease in bulk rock den sity of the Car bon if -
er ous sand stones. The bulk rock den sity of be tween 2.65 and
2.95 g/cm3 of petrofacies A1 and A2 is rep re sen ta tive of
non-po rous/ce mented lithic and sublithic arenites/wackes. Val -
ues from 2.7 un til 2.95 g/cm3, char ac ter is tic of  petrofacies A2
and B2, are im plied by the oc cur rence of high-den sity min er als.
These are rep re sented mainly by diagenetic car bon ates – cal -
cite (Fig. 8B), do lo mite and sid er ite (vis i ble also in by mac ro -
scopic ob ser va tion – Fig. 10C).  The den sity of the car bon ates
var ied be tween 2.71 g/cm3 – typ i cal of cal cite – and
3.0–3.8 g/cm3 – char ac ter is tic of sid er ite. The thin sec tions also
iron showed sulphides – py rite (Fig. 6D, sam ple K2), the den sity 

of which is ~5 g/cm3. A higher den sity can be also caused by the 
pres ence of diagenetic clay min er als, mainly illite (Fig. 8D). Fi -
nally, in crease in bulk rock den sity is also af fected by the ac cu -
mu la tion of mus co vite grains (Figs. 8C and 10D), the den sity of
which is 2.83 g/cm3.

The oc cur rence of diagenetic car bon ate min er als, the con -
tent of which ranged from  0 to 15 %, and illite are the main fac -
tors de ter min ing the bulk rock den sity in the petrofacies A2 and
B1. The fac tor re spon si ble for the bulk rock den sity pos i tive
anom a lies is more clearly vis i ble in petrofacies B2. The ac cu -
mu la tion of mica and illite in the micaceous sand stones and
heterolithic de pos its of petrofacies B2 is prob a bly the rea son for 
their an oma lously high den sity, lo cally ex ceed ing 2.85 g/cm3.
Fi nally, the an oma lously low den sity, to <2.5 g/cm3, rarely ob -
served in the petrofacies A1 and B1, is prob a bly caused by
higher po ros ity or by the ac cu mu la tion of car bo na ceous plant
frag ments (Figs. 7B and 10A, D).

CONCLUSIONS

The anal y ses com piled of lithological fea tures of the core
ma te rial, pet ro graph i cal anal y sis of the min eral com po si tion
and geo phys i cal fea tures of the Dêblin For ma tion sandy rocks
of the Korczmin IG 1 and Jarczów IG 4 bore holes al low dis tinc -
tion of four sub-petrofacies, which are eas ily de tect able on
gamma-ray and bulk rock den sity logs. The sedimentological
anal y sis helped ndicate the prob a ble sed i men tary en vi ron ment
of the sand stones an a lysed and their char ac ter is tic fea tures. It
also en abled the rec og ni tion of li thol ogy and rock pa ram e ters in
un-cored in ter vals.

The sandy rocks analysed are mainly com posed of lithic
and sublithic arenites and wackes, with dif fer ent con tents of ra -
dio ac tive min er als, which mark edly change the nat u ral
gamma-ray in ten sity. Pos i tive gamma-ray anom a lies (val ues
above 60 API) are cor re lated with ac cu mu la tions of mica and
illite in the micaceous sand stones and heterolithic de pos its of
petrofacies B, and are char ac ter is tic for the Dêblin For ma tion.
In petrofacies A2 some ad mix ture of illite, mica, po tas sium feld -
spars and ac ces sory zir con also in creases the gamma-ray in -
ten sity but their con tent is lower than in petrofacies B. The pres -
ence of high-den sity min er als, as well as diagenetic car bon -
ates, (es pe cially sid er ite) and py rite, are the main rea son for the 
pos i tive anom a lies ob served in the bulk rock den sity logs.
Some pri mary el e ments in the rocks – mus co vite and ac ces -
sory heavy min er als – also lead to high den sity. The high con -
tent of diagenetic clay min er als, es pe cially illite, de tected dur ing 
the SEM anal y sis, can also slightly in crease rock den sity. The
dif fer ences de scribed in the min eral com po si tion are cru cial to
un der stand ing the main rea sons for dif fer ent geo phys i cal mea -
sure ments across the same li thol ogy. This type of anal y sis can
up grade the petrophysical anal y sis and help to de ter mine the
sweet spots and the best in ter vals for hy dro car bon ex plo ra tion.

Ac knowl edge ments. We would like to thank the two anon -
y mous re view ers, whose con struc tive re marks have im proved
and en riched this pa per.
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