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Com pre hen sive knowl edge of both the pri mary and sec ond ary min eral com po si tion of rocks, as well as the diagenetic pro -
cesses oc cur ring within them, stands as a fun da men tal re quire ment for ac cu rately es ti mat ing res er voir rock pa ram e ters
across var i ous geo log i cal sec tors, such as pe tro leum ge ol ogy, geo ther mal en ergy, and car bon cap ture and stor age. In the
era of wide spread au tom a ti za tion, ma chine learn ing meth ods are in creas ingly be ing used for in ter pre ta tion, which, with the
sup port of ap pro pri ate datasets and the ex pe ri ence of in ter pret ers, make it pos si ble to draw a va ri ety of con clu sions about
geo log i cal pro cesses oc cur ring within se lected geo log i cal for ma tions, as well as en tire sed i men tary bas ins. We de scribe ap -
pli ca tion of the k-means clus ter ing method for the rapid pre dic tion of pri mary and diagenetic min eral com po si tion us ing the
the ex am ple of Lower and Mid dle Ju ras sic sand stones in the Pol ish Ba sin – one of the main aqui fers and a po ten tial res er voir 
for ma tion. The model was based on the cor re la tion be tween neu tron po ros ity (NPHI), bulk den sity (RHOB), in ter val tran sit
time (DT), deep re sis tiv ity (LLD), to tal nat u ral gamma-ray (GR) and spec tral gamma-ray val ues (K, Th, U), cor re lated with the 
re sults of petrographic, petrophysical and qual i ta tive geo chem i cal anal y sis. This cor re la tion was the ba sis for dis tin guish ing
5 dif fer ent sandy petrofacies with vari able pri mary and diagenetic char ac ter is tics typ i cal of Ju ras sic sand stones in the Pol ish
Ba sin.

Key words: clus ter anal y sis, Ju ras sic sand stones, well-log ging, petrofacies, ma chine learn ing.

INTRODUCTION

In re cent years un su per vised ma chine-learn ing meth ods
have gained sig nif i cant pop u lar ity across var i ous sec tors of the
ex plo ra tion in dus try (Hussein et al., 2021; Bhattacharya, 2022;
Mohammadian et al., 2022; Wang et al., 2022; Ali et al., 2023).
While geo log i cal data in ter pre ta tion should still be con trolled by
the ex pe ri enced pro fes sional mind, un su per vised ma chine
learn ing can be ap plied to the well logs to ob tain clus ters, that
can be cor re lated with the li thol ogy of the bore hole (Chang et
al., 2021; Ippolito et al., 2021; Singh and Ojha, 2022). How ever,

more de tailed char ac ter iza tion of par tic u lar lithologies can be
per formed to de ter mine var i ous lithotypes that ex hibit di verse
phys i cal prop er ties, usu ally re lated to the pri mary and/or sec -
ond ary min eral com po si tion of the rock. This type of anal y sis is
called petrofacies anal y sis and is cru cial es pe cially to proper
res er voir char ac ter iza tion, pro vid ing a better un der stand ing of
pore size gen er a tion and dis tri bu tion. The clas si fi ca tion of res -
er voir petrofacies can be based on var i ous cri te ria, cat e go riz ing 
res er voir rocks into dis tinct units that were de pos ited un der sim -
i lar geo log i cal con di tions and have un der gone anal o gous
diagenetic al ter ations (Ingersoll, 1990; De Ros and Goldberg,
2007; Cui et al., 2017; Lis-Œledziona, 2019; Wróblewska and
Koz³owska, 2019; Wróblewska, 2022).

The ap pli ca tion of petrofacies anal y sis is par tic u larly cru cial
in com plex geo phys i cal datasets when core sam ples are lim ited 
or un avail able. This type of re search on Lower and Mid dle Ju -
ras sic sand stones in the Pol ish Ba sin was pre vi ously con -
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ducted by Wróblewska (2022) us ing ar chi val, re cal cu lated wire -
line log datasets along with geo chem i cal, petrophysical, and
petrographic re sults from core sam ples. The Lower and Mid dle
Ju ras sic sandy rocks of the Mid-Pol ish Trough in the Pol ish Ba -
sin pro vide an ex cel lent case for test ing var i ous meth ods of de -
ter min ing sandy petrofacies. The sub stan tial petrographic vari -
a tion in the pri mary and diagenetic min eral com po si tion of
these sandy rocks poses chal lenges for geo phys i cal in ter pre ta -
tion and the stan dard cal cu la tion of their res er voir prop er ties.
The Ju ras sic clastic rocks be long to the arenites group, in clud -
ing vari able amounts of K-feld spars and mica grains (Leono -
wicz, 2005; Koz³owska and Maliszewska, 2015). Even a small
ad mix ture of these ra dio genic grains can re sult in anom a lous
gamma-ray mea sure ments, po ten tially lead ing to a mis in ter -
pre ta tion of shale vol ume and there fore ef fec tive po ros ity cal cu -
la tions. Con versely, mi nor diagenetic changes such as non-ra -
dio ac tive cal car e ous and quartz ce ments or the kaolinization of
un sta ble grains in Ju ras sic sand stones can al ter pore space
con nec tiv ity and con se quently re duce per me abil ity. Wrób -
lewska (2022) pro posed a novel method known as the “shale
dif fer ence” ap proach to fa cil i tate the re cal cu la tion of ar chi val
well data mea sured in non-stan dard units. This method re lies
on quan ti fy ing the dif fer ence be tween the shale vol ume pa ram -
e ter cal cu lated from spon ta ne ous po ten tial and that ob tained
from the gamma-ray log, form ing the foun da tion for dis tin guish -
ing four dis tinct sandy petrofacies. The pri mary ob jec tive of this
method is to in ter pret sandy rock suc ces sions that con tain
abun dant, less ra dio ac tive clay min er als, par tic u larly kaolinite.
Kaolinite is a prod uct of the al ter ation of K-feld spars and lithic
grains and is less clearly de tect able by the to tal gamma-ray log
than other clay min er als. Its pres ence is of par tic u lar sig nif i -
cance due to the cre ation of sec ond ary micro porosity be tween
kaolinite grains. More over, the ap pli ca tion of deep re sis tiv ity
and sonic mea sure ment was the ba sis for dis tin guish ing car -
bon ate-ce mented in ter vals in the Z-GN4 bore hole.

The pri mary aim of this study is to dem on strate how the ap -
pli ca tion of un su per vised ma chine learn ing can con trib ute to
the more ob jec tive and rapid de ter mi na tion of petrofacies in
uncored in ter vals within gen er ally well-rec og nized res er voir for -
ma tions on the ex am ple of clastic Ju ras sic rocks from the B-2
bore hole in the Pol ish Low lands, which fur ther can be cor re -
lated with par tic u lar pri mary and diagenetic fea tures of the
lithotypes dis tin guished. This sim ple method may also be ap -
plied in fur ther res er voir for ma tion eval u a tion for oil and gas ex -
plo ra tion and CCUS (car bon cap ture, uti li sa tion and stor age
tech nol o gies)/geo ther mal aqui fer as sess ment.

GEOLOGICAL SETTING

The B-2 bore hole is sit u ated within the War saw seg ment of
the mar ginal west ern part of the Koœcierzyn-Pu³awy
synclinorium (Fig. 1). This geo log i cal struc ture, along with the
ad ja cent Mid-Pol ish Swell, orig i nated as a re sult of Late Cre ta -
ceous to Paleogene re gional up lift and the in ver sion of a tec -
tonic unit known as the Mid-Pol ish Trough (Dadlez, 1997, 1998; 
Gutowski et al., 2003; Krzywiec, 2006; ¯elaŸniewicz et al.,
2011). The Ju ras sic clastic de pos its found in the Pol ish Ba sin,
which are the fo cus of this re search, are part of the Perm -
ian-Me so zoic Mid-Eu ro pean Epicontinental Ba sin (Dadlez,
1998). The de vel op ment of Me so zoic de pos its in this re gion
was in flu enced by re gional ther mal sub si dence and salt tec ton -
ics, as so ci ated with the Up per Perm ian (Zechstein) evaporites,
which be gan in the Early Tri as sic (e.g., Dadlez et al., 1995,
1998; Marek and Pajchlowa, 1997; Dadlez, 1998; Karnkowski,
1999; Krzywiec et al., 2003; Stephenson et al., 2003; Krzywiec,

2006). The main source of the terrigenous ma te rial in the Ju ras -
sic ba sin was prob a bly sur round ing re gions of the Pre-Car -
pathian land to the south, Belorussian High and Ukrai nian
Shield to the east, the Bo he mian Mas sif to the south west, and
the Fennoscandian Shield to the north (Dadlez and Marek,
1969; Ziegler, 1990; Feldman-Olszewska, 1997a; Marek and
Pajchlowa, 1997; Pieñkowski, 2004; Fig. 2).

The Lower Ju ras sic strata con sist pre dom i nantly of sand -
stones and mudstones with thin in ter ca la tions of coal, cal car e -
ous sand stone, and sid er ite of shal low ma rine and/or con ti nen -
tal or i gin de pos ited in flu vial, deltaic, estuarine, lac us trine,
and/or la goonal en vi ron ments (Feldman-Olszewska, 1997b,
1998; Pieñkowski, 2004; Fig. 2). The Mid dle Ju ras sic is char ac -
ter ized by ma rine and flu vial sand stones, as well as fine-grained 
anoxic shelf de pos its. These de pos its formed dur ing suc ces -
sive (Dayczak-Calikowska, 1964; Dayczak-Calikowska and
Moryc, 1988; Feldman-Olszewska, 1997b, 2005) trans gres -
sions and brief re gres sive pe ri ods in the Early/Late Bajocian
and Early Callovian (Dayczak-Calikowska and Moryc, 1988;
Dayczak-Calikowska, 1997; Kopik, 1998). Shal low ma rine car -
bon ate ramps and starved shelf de pos its are also com mon in
the up per part of the Mid dle Ju ras sic pro file. The grad ual dom i -
nance of car bon ate over clastic de pos its from the Early
Oxfordian was caused by the ba sin deep en ing and wid en ing
and the slow sub si dence of the source area in the Callovian and 
the be gin ning of the Oxfordian. The max i mum dis tri bu tion of Ju -
ras sic de pos its in the Pol ish Ba sin, dur ing the Mid dle Callovian
and Early Oxfordian, was driven by a rel a tive sea-level rise,
likely due to extensional tec tonic move ments as so ci ated with
the open ing of the Tethys Ocean (Lewandowski et al., 2005;
Matyja and Wierzbowski, 2006). In the Mid dle Callovian, geo -
chem i cal anom a lies and stratigraphically con densed, nod u lar
lay ers were caused by dis so lu tion pro cesses that hin dered
Callovian car bon ate de po si tion. These “nod u lar beds” are rep -
re sented by marly and/or sandy lime stones, cal car e ous sand -
stones with com mon ma rine fauna, and chamosite and/or
glauconite (Premik, 1933; Znosko, 1957, 1968; Feldman-
 Olszewska, 1997b). These sed i ments dom i nated un til the Early 
Oxfordian when car bon ate sed i men ta tion ac cel er ated.

Lower Ju ras sic sandy rocks are mainly rep re sented by
quartz, sublithic, and subarkosic arenites (Teofilak, 1960, 1962; 
Modliñski, 1974; Marek and Pajchlowa, 1997; Krystkiewicz,
1999; Koz³owska and Kuberska, 2014). Clay ma trix is rare and
con sists of kaolinite, illite, quartz, or ganic mat ter, and iron hy -
drox ides. Among authigenic min er als, quartz overgrowths,
kaolinite and var i ous early and late diagenetic car bon ates dom i -
nate. The diagenetic pro cess of Lower Ju ras sic sand stones in
neigh bour ing ar eas oc curred in three stages (Krystkiewicz,
1999; Koz³owska and Kuberska, 2014). The first stage of
diagenesis was dom i nated by early me chan i cal com pac tion
and dis so lu tion (Fig. 3). Mean while, the gen er a tion of kaolinite,
quartz, and sid er ite was ini ti ated. The next gen er a tions of cal -
cite, an ker ite, sid er ite, and illite started to ap pear dur ing the late
diagenesis stage. At the same time, the dis so lu tion of un sta ble
grains still con tin ued. The main diagenetic pro cesses dom i nat -
ing in Lower Ju ras sic sand stones are ce men ta tion, com pac tion
and dis so lu tion. Quartz ce men ta tion dom i nates among the
other authigenic min er al iza tion types, but clay and car bon ates
are also com mon. The pres ence of rigid quartz overgrowths in
the early stages of burial re sulted in the pres er va tion of pri mary
po ros ity; the kaolinization pro cess, how ever, was the main rea -
son for sec ond ary microporosity gen er a tion. Typ i cally, the po -
ros ity of the Lower Ju ras sic sand stones ex ceeds 20%, ac com -
pa nied by per me abil ity sur pass ing 1000 mD (Koz³owska and
Kuberska, 2014).
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The Mid dle Ju ras sic sandy rocks con sist mainly of sand -
stones and heterolithic de pos its with sid er ite and cal car e ous
sand stone in ter ca la tions (Maliszewska, 1999). The main com -
po nent of the grain frame work is quartz with a vis i ble ad mix ture
of feld spars and lithic grains. Bi o tite, mus co vite, glauconite, py -
rite and heavy min er als are less abun dant. Kaolinite and
chlorite are dom i nant com po nents of the clay ma trix (Teofilak,
1962; Maliszewska, 1968). The most com mon diagenetic pro -
cesses cre at ing the sandy rock struc ture are com pac tion, dis -
so lu tion, ce men ta tion al ter ation, and re place ment. Si li ceous ce -
men ta tion is com mon in the lower part of the Mid dle Ju ras sic
suc ces sion. Do lo mite, Mn/Fe cal cite, sid er ite, and an ker ite
dom i nate in the Bathonian and Callovian de pos its (Maliszew -
ska, 1968, 1999). Most of the diagenetic pro cesses took place
dur ing eo- and mesodiagenesis (Fig. 3). Authigenic min er al iza -

tion and recrystallization pro cesses such as feld spar
overgrowths, car bon ate, and he ma tite were prob a bly caused
by the mi gra tion of highly min er al ized Zechstein flu ids (Znosko,
1957; Maliszewska, 1968). The for ma tion of microcrystalline
sid er ite and cal cite ce ment oc curred dur ing the early burial
stage when the main source of cal cite was dis solved and
recrystallized cal car e ous bioclasts. Later, the cal cite ce ment
was re placed and/or recrystallized by an ker ite and/or do lo mite.
The in fil tra tion of me te oric wa ter dur ing re gional Cre ta -
ceous/Paleogene up lift en hanced the pro cesses of kaoli -
nization of feld spars (Maliszewska, 1999). Sec ond ary dis so lu -
tion and recrystallization pro cesses con trib uted to good res er -
voir prop er ties, with sand stone po ros ity typ i cally ex ceed ing
10% and per me abil ity reach ing up to 700 mD.
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Fig . 1A – lo ca tion of the re search area in Po land (based on Narkiewicz and Dadlez, 2008); B – geo log i cal map (2000 m deep) of
the Kuyavian seg ment of the Mid-Pol ish Swell and War saw Synclinorium (based on Kotañski, 1997)
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MATERIALS AND METHODS

The main com po nents of this study in cluded an anal y sis of
well logs, petrographic ex am i na tion of thin sec tions, and mac ro -
scopic in spec tion of drill ing core sam ples. The B-2 sec tion was
se lected due to its sub stan tial thick ness (1472.5 m) of the Ju -
ras sic clastic suc ces sion, the avail abil ity of core sam ples, lab
data and cal i brated well logs.

Mac ro scopic anal y sis of 37.3 m of core was con ducted to
prop erly cor re late the well data. Li thol ogy, grain size of clastic
rocks, col our, sed i men tary struc tures, HCl re ac tion, pres ence
of charred plant de tri tus, and vis i ble min eral com po nents of
sandy rocks were con sid ered. Most of these, such as mus co -
vite, glauconite, kaolinite, and po tas sium feld spars, have a sig -
nif i cant in flu ence on petrophysical pa ram e ters and can cause
dis tur bances in well-log mea sure ments (Leonowicz, 2005;
Koz³owska and Maliszewska, 2015).

This was fol lowed by a petrographic anal y sis of 24 thin sec -
tions of clastic rocks. The de scrip tion fo cused on the char ac ter -
is tics of the orig i nal sandy rocks, such as grain size, min eral
com po si tion, ma trix type and con tent, tex ture, and diagenetic
fea tures such as ce ments, grain con tacts, and prod ucts of min -
eral trans for ma tions, which are es sen tial for de ter min ing the
res er voir pa ram e ters of sand stones. To clas sify the rocks, the

per cent ages of quartz, feld spar and lithic grains were de ter -
mined by planimetry based on 300 points per sam ple. Each
sam ple was de scribed ac cord ing to the Pettijohn et al. (1974)
sand stone clas si fi ca tion.

Ba sic geo phys i cal well log anal y sis was car ried out us ing
TechLog soft ware pro vided by Schlumberger. Ad di tion ally,
scripts in the Py thon pro gram ming lan guage were pre pared to
per form data anal y sis, out lier de tec tion, and k-means clus ter -
ing, us ing code pack ages such as Pan das (McKinney, 2010),
NumPy (Har ris et al., 2020), SciPy (Virtanen et al., 2020) and
Scikit-Learn (Pedregosa et al., 2011). For this study, the mea -
sure ments of bore hole di am e ter (cal i per log), nat u ral gamma
ray (GR), deep re sis tiv ity (LLD), in ter val tran sit time (DT), bulk
den sity (RHOB), sand stone-scale neu tron po ros ity (NPHIs),
and spec tral gamma ray (po tas sium (K), ura nium (U), and tho -
rium (Th)) were used as the most valu able means of dis tin -
guish ing petrofacies. In the first stage, the qual ity of the mea -
sure ments was con trolled man u ally. The cal i per log was used
to dis tin guish depth in ter vals with elon ga tion of the bore hole
walls (bad hole), which was de ter mined when the cal i per was
more than 50 mm larger than the nom i nal bit size. Since the
poor con di tion of the bore hole wall greatly af fects the over all ac -
cu racy of geo phys i cal well log ging, zones de tected with such
sig nif i cant in crease in the bore hole di am e ter were re moved
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Fig . 2. Lo ca tion of the re search area on the palaeo geo graphi cal map of the Lower and Mid dle Ju ras sic 
in Po land (Ziegler, 1982; mod i fied)
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from fur ther anal y sis, re duc ing the num ber of data points ex am -
ined from 9660 to 8163. Af ter re mov ing bad hole data points,
the re main ing dataset was stan dard ized by re mov ing the mean
and scal ing to unit vari ance. This pro ce dure al lows logs with dif -
fer ent value ranges to be used, since the cen ter ing and scal ing
are done in de pend ently on each fea ture by com put ing the ap -
pro pri ate sta tis tics on the sam ples (Pedregosa et al., 2011). Af -
ter standarization, a Mahalanobis dis tance (De Maesschalck et
al., 2000) was ap plied to de tect and re move the ex treme val ues
in the re main ing dataset. The Mahalanobis dis tance al lows the
de tec tion of out li ers in a multivariate data set by mea sur ing the
cor re la tion be tween the data. A dis tance be tween points, which
ex presses the num ber of stan dard de vi a tions an ob ser va tion is
from the mean of the dis tri bu tion, is cal cu lated by the for mula:

D X X XT( , ) ( ) ( )m m m= - --S 1 [1]

where: X – stands for the data ma trix, µ – is the mean of the vari able

and S – de notes a covariance ma trix of the dataset (De Maesschalck 
et al., 2000; Ghorbani, 2019).

To vi su ally rep re sent a mul ti di men sional dataset of eight
geo phys i cal well logs in 2D space, Prin ci pal Com po nent Anal y -
sis (PCA) was used. PCA is an al go rithm that re duces data di -
men sions while pre serv ing the most vari a tion in the dataset.
This goal is achieved by iden ti fy ing di rec tions of or thogo nal vari -
ables along which the vari a tion in the data is max i mal (Jolliffe,
2005; Ringnér, 2008). The dataset an a lyzed is ex pressed in the 

form of a data ta ble (ma trix X) con tain ing I ob ser va tions de -
scribed by J vari ables. To re duce the num ber of J vari ables to K
prin ci pal com po nents, the cal cu la tion re quires sev eral com pu -
ta tional steps: (1) cal cu la tion of the mean of each vari able J, (2)
com pu ta tion of the covariance ma trix (A = XTX), (3) com pu ta -
tion of eigenvectors and eigenvalues (An drew, 1973) from the
covariance ma trix (A) and sort ing the ob tained eigenvectors by
de creas ing eigenvalues, and fi nally (4) con struct ing a J×K di -
men sional eigenvector ma trix W and trans for ma tion of ob ser -
va tions into the new subspace by trans pos ing the ma trix W
(Abdi and Wil liams, 2010; Jolliffe and Cadima, 2016). By us ing
this tech nique, the eight avail able geo phys i cal well logs (GR,
LLD, DT, RHOB, NPHIs, K, Th, and U) were re duced to just two 
com po nents (shown as “Prin ci pal Com po nent 1” and ”Prin ci pal
Com po nent 2”).

The fi nal stage of re search was a petrofacies anal y sis of the 
clastic rocks rep re sented mostly by sand stones and
mudstones. To cat e go rize the stan dard ized mea sure ments
from the Lower and Mid dle Ju ras sic rocks from the B-2 bore -
hole, a k-means clus ter ing method was ap plied us ing mul ti di -
men sional in put data, which were the geo phys i cal well logs
noted above. The k-means al go rithm was used to group the in -
put data into pre de fined clus ters of sim i lar clastic lithotypes,
par tic u larly sandy lithotypes, com bined with the re sults of
petrographic and petrophysical stud ies sup ple mented by qual i -
ta tive geo chem i cal re sults. This ap proach al lowed us to dis tin -
guish sand stone petrofacies with spe cific petrographic and
petrophysical char ac ter is tics.
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Fig . 3. Diagenetic changes in Lower and Mid dle Ju ras sic in neigh bour ing bore holes 
(Wróblewska, 2022 based on Maliszewska, 1999; Krystkiewicz, 1999; Koz³owska and Kuberska, 2014)

Dot ted line – the un cer tain ex tent of diagenetic trans for ma tions
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K-MEANS CLUSTERING METHOD IN LITHOLOGY IDENTIFICATION

Dis tinc tion of clus ters us ing a k-means al go rithm was the
ba sis of the petrofacies anal y sis per formed on bore hole B-2.
The al go rithm is used to di vide in put data ob ser va tions with n
fea tures into sep a rate k-groups (k) of equal vari ance by min i -
miz ing the sum of the squared Eu clid ean dis tances be tween
each data point (xi) and the cen troid (mi) (cen tre of the clus ter)
(Hartigan and Wong, 1979; Eq. 2):

m m
i ki

n

i ixÎ=å -min ( )
0

2II II [2]

Cal cu la tions are per formed in two sep a rate phases. In the
first stage, the lo ca tion of cen tres of a pre de fined num ber of k
clus ters is se lected by the ‘k-means++’ method, which se lects
ini tial clus ter cen troids us ing sam pling based on an em pir i cal
prob a bil ity dis tri bu tion of the points. Then, each in put data point
is as signed to the near est clus ter, and its dis tance to the cen tre
is com puted. This stage is com pleted when all in put data points
are in cluded in one of the clus ters. In the next phase, the av er -
age of all data points within a par tic u lar clus ter is re cal cu lated,
cre at ing new cen troids. Af ter the ini tial al lo ca tion, all data ob -
jects are com pared to the new cen troids and moved to the clus -
ter whose cen troid is the clos est one. This it er a tive pro cess
con tin ues un til the Eu clid ean dis tance be tween the points
within the clus ters is min i mized (Likas et al., 2003; Steinley,
2006; Sinaga and Yang, 2020). The main prob lem with us ing
the k-means al go rithm is an ef fec tive se lec tion of the num ber of
clus ters, which must be pre de fined. Since the num ber of tar get
lithological units that can be dis tin guished from avail able geo -
phys i cal well logs is un known, con trol of the num ber of clus ters
within this study was per formed based on the ‘sil hou ette’
method (Rousseeuw, 1987; Pedregosa et al., 2011). Sil hou ette 
anal y sis is a graph i cal rep re sen ta tion of the sep a ra tion dis tance 
be tween the re sult ing clus ters. The con struc tion of sil hou ettes
is based on the full pairwise dis tance ma trix over all data points,
nor mal ized to the num ber of data points within the par tic u lar
clus ter. The value of the av er age sil hou ette score ranges from
–1 to 1 and is a re flec tion of the dis sim i lar ity be tween points
grouped within the same clus ter. A value close to 1 im plies the
data points in cluded within the same clus ter have the high est
sim i lar ity and have been cor rectly as signed. On the other hand,
a value close to -1 in di cates that data points were as signed to
the wrong clus ter be cause their sim i lar ity to points as signed to
the same clus ter is much lower than to the points grouped in an -
other clus ter (Rousseeuw, 1987; Wang et al., 2017).

PETROGRAPHY OF SANDY ROCKS

Quartz is the main com po nent of the sandy rocks an a lyzed
from the B-2 bore hole. These are mainly quartz, subarkosic,
and sublithic arenites with sub or di nate sandy lime stones and
heterolithic strat. Ob served rock frag ments are usu ally
polycrystalline quartz ite and sand stone grains. Al ka line feld -
spars are a mi nor sand stone com po nent, though in some parts
of the sec tion their con tent no ta bly rises to 5–25%. Iron ooids
are a com mon com po nent of sandy lime stones in the up per
part of the Ju ras sic pro file. Heavy min er als, or ganic mat ter, and 
mus co vite grains are rarely vis i ble in the grain frame work.

In the Lower and Mid dle Ju ras sic rocks of the B-2 sec tion,
dom i nant diagenetic pro cesses in clude ce men ta tion, kaolini -
zation, and dis so lu tion. Car bon ate ce men ta tion, pre dom i nantly
rep re sented by an ker ite, sid er ite and cal cite, is most con spic u -
ous in the up per sec tion, as in di cated by the XRD re sults found
in the bore hole re port (Karelus and Modzelewski, 1996). In

some sam ples, car bon ate ce ment ex ceeds 50% of the rock in
the form of poikilotopic ce ment (Fig. 4A) or rhombohedral crys -
tals (Fig. 4B). Oc ca sion ally, car bon ates re place un sta ble, de tri -
tal grains. In ad di tion to car bon ates, many of the sam ples an a -
lyzed  show authigenic quartz (Fig. 4C, D) and feld spar (Fig. 4E) 
overgrowths. The in ten sity of quartz ce men ta tion has both fa -
vour able and det ri men tal ef fects on po ros ity. Early diagenetic
ce ment can mit i gate com pac tion pro cesses and pre vent the re -
duc tion of pri mary po ros ity (Fig. 4C). Con versely, it can fill re -
main ing pores dur ing later diagenetic stages (Fig. 4D). Other
ob served ce ments in the lower part of the Ju ras sic rocks in -
clude anhydrite and gyp sum (Fig. 4F, G), likely sourced from
the un der ly ing salt dome’s fluid mi gra tion.

Sec ond ary po ros ity is mostly cre ated by the kaolinization of
feld spars (Fig. 5A, B), glauconite and lithic clasts. It can also de -
velop within dis solved iron ooids (Fig. 5C). Microporosity be -
tween kaolinite crys tals and void spaces in side dis solved grains 
can sig nif i cantly en hance the petrophysical pa ram e ters of
sand stones. In the deeper bur ied part of the sec tion, com pac -
tion and illitization pro cesses are vis i bly more in tense (Fig. 5D).
The most com mon is illitization of mus co vite and feld spar
grains. All of these pri mary and sec ond ary sand stone com po -
nents and al ter ations can change the geo phys i cal prop er ties of
the rocks an a lyzed. 

The po ros ity of the Ju ras sic sand stones is no ta bly high,
reach ing up to 23.26% in the B-2 bore hole. This po ros ity pri -
mar ily ex ists as pri mary po ros ity, en closed within iso lated pore
spaces be tween authigenically al tered quartz grains. In some
cases, pri mary clay coat ings in less com pacted sand stones
help pre serve this po ros ity from quartz overgrowths. More over,
sec ond ary microporosity caused by the dis so lu tion and
kaolinization pro cess is pres ent. Only in some parts of the sec -
tion does com pac tion and/or ce men ta tion com pletely infill the
pore spaces.

The in ten sity of these diagenetic changes in the sand stones
and the con tent of some com po nents were de ter mined on a
4-point scale based on mi cro scopic ob ser va tions (Ta bles 1 and 2).

RESULTS

INTERPRETATION OF GEOPHYSICAL WELL-LOG DATA

Ex am in ing the gen eral con di tion of the bore hole and hav ing
the Mahalanobis dis tance val ues al lowed us to dis tin guish sev -
eral fac tors con trol ling the oc cur rence of ex treme val ues.
Based on the clas si cal log view (plot of each log vs. depth), we
de cided that any point with a Mahalanobis dis tance greater than 
1.5 of its stan dard de vi a tion above the mean should be treated
as an out lier (Fig. 6). Mark ing points as out li ers re vealed sev eral 
sources of er ror, namely from “bad hole” (di am e ter en large -
ment), mea sure ment gaps, the pres ence of claystone, the pres -
ence of high re sis tiv ity rocks, as well as high-den sity rocks and
coal/car bon ate shale (Fig. 7). As a re sult, an ad di tional 497 of
the 8163 points were re moved from fur ther anal y sis, leav ing
only a set of points rep re sent ing fine- and coarse-grained
clastic rocks.

CLUSTER ANALYSIS

Af ter the eval u a tion of a se lected num ber of clus ters, the
k-means al go rithm was ap plied to se lected geo phys i cal well
logs (GR, DT, LLD, NPHIs, RHOB, K, Th, U) in sev eral steps. In 
the first it er a tion, the stan dard ized in put dataset was di vided
into 2 clus ters (Clus ter 1 and 2), which were pointed by the high -
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Fig . 4. Types  of ce men ta tion in sandy Ju ras sic rocks
ob served in the B-2 bore hole

A – cal car e ous ce ment, sam ple 51, crossed polars, depth: 2195.77
m; B – rhombohedral car bon ate crys tals, sam ple 36, crossed
polars, depth: 2010.5 m; C – quartz overgrowths and pri mary po ros -
ity, sam ple 89, plane par al lel light, depth: 3118.64 m; D – pri mary
po ros ity in quartz-ce mented sand stone, sam ple 63, plane par al lel
light, depth: 2415.9 m; E – feld spar over growth, sam ple 33, plane
par al lel light, depth: 2009.4 m; F – anhydrite ce ment, sam ple 93,
crossed polars, depth: 3347.5 m; G – gypsum ce ment, sam ple 93,
crossed polars, depth: 3347.5 m; P – pore space, blue ar row –
quartz overgrowths, green ar row – cal car e ous rhombohedral crys -
tals, yel low ar row – anhydrite ce ment, red ar row – gyp sum ce ment
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Fig. 5. Types of po ros ity and diagenetic pro cesses in the sandy Ju ras sic rocks of the B-2 bore hole

A, B – kaolinization pro cess and sec ond ary microporosity, sam ple 48, crossed polars (C), plane par al lel light (D), depth: 2193.68 m; C – sec -
ond ary po ros ity in iron ooid, sam ple 33, crossed polars (A), plane par al lel light (B), depth: 2009.4 m; D – illitization of mus co vite grains in
highly com pacted sand stone, sam ple 82, depth: 3013.03 m; Qtz – monocrystalline quartz, P – pore space, Kspar – po tas sium feld spars, yel -
low ar row – illitized mus co vite grain

Level
Diagenetic pro cess in ten sity / con tent of par ti cle

Cal car e ous 
ce men ta tion

Authigenic quartz
overgrowths

Clay con tent
(diagenetic/pri mary)

Com pac tion 
in ten sity Feld spar con tent Thin sec tion

 po ros ity

3
Pores com pletely
filled with ce ment

Thick quartz
overgrowths vis i ble
on ev ery grain, de -
stroy ing the pri mary 

po ros ity

>20%
Concavo-con vex

/su tured grain con -
tacts

>15% 15–20%

2
10–25% of pores
filled with ce ment

Thin quartz
overgrowths on ev -

ery grain
10–20% Long and

concavo-con vex 5–15% 10–15%

1
<10% of pores filled 

with ce ment

Thin quartz
overgrowths on cer -

tain grains
5–10% Long and point 0–5% 5–10%

0 No ce men ta tion No ce men ta tion 0–5% Point 0% 0–5%

T a  b l e  1

4-point scale of diagenetic pro cesses in ten sity and par ti cle con tent in sandy Ju ras sic rocks in the B-2 bore hole
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Sam ple
nr md

Sand stone
clas si fi ca -

tion
(Pettijohn et 

al., 1974)

Quartz ce -
men ta tion
in ten sity

(0–3)

Car bon ate
ce men ta tion 

in ten sity
(0–3)

Clay con tent
(0–3)

Feld spar
con tent

Thin sec tion 
po ros ity

(0–3)

Com pac tion
in ten sity

(0–3)

Other fea -
tures and

com po nents

33 2009.4 Cal car e ous
lithic arenite 0 3 0 0 1 0 Iron ooids,

chlorite

36 2010.5 Cal car e ous
lithic arenite 0 3 0 0 0 0

40 2011.7
Cal car e ous

sublith
arenite

0 3 0 1 1 0

43 2012.7
Cal car e ous

sublith
arenite

0 3 0 1 1 1

46 2121.5 Quartz
arenite 1 0 1 0 3 1

48 2193.68 Sublith
arenite 2 0 1 1 3 1 Heavy min -

er als

51 2195.77
Cal car e ous

sublith
arenite

0 3 0 0 0 1

53 2196.77 Quartz
arenite 0 0 3 1 1 2

55 2198.07 Quartz
arenite 2 0 1 0 2 2

56 2411.4 Sublith
arenite 1 0 3 0 1 1

59 2413.2 Sublith
arenite 2 0 1 1 3 1

61 2415.0 Quartz
arenite 0 0 1 1 3 1

63 2415.9 Quartz
arenite 3 0 1 0 2 2

65 2417.1 Quartz
arenite 3 0 1 0 2 2

66 2499.63 Quartz
arenite 2 0 1 0 3 1

67 2500.13 Quartz
arenite 1 0 2 1 2 2

68 2501.03 Quartz
arenite 1 1 1 1 2 2

80 3011.57 Subarkosic
arenite 1 0 2 2 0 3 Illitization of

mica

82 3013.03 Subarkosic
arenite 1 0 2 2 0 3

Illitization of
mica,

chloritization

84 3014.03 Heterolith 1 0 3 2 0 3 Illitization of
mica

89 3118.64 Subarkosic
arenite 3 0 0 1 3 2

89A 3118.99 Quartz
arenite 1 0 1 1 1

91 3262.05 Subarkosic
arenite 1 0 2 2 0 3 Illitization of

mica

93 3347.5 Sublith
arenite 0 0 0 0 1 1

Anhydrite
and gyp sum 

ce ment

T a  b l e  2

Re sults of petrographic anal y sis of sandy rocks from the B-2 core sec tion
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Fig . 6. The vi su al iza tion of data points from the Lower and Mid dle Ju ras sic in ter val with high lighted out li ers 
de tected by bore hole elon ga tion and Mahalanobis dis tance

Fig . 7. The vi su al iza tion of data points from the Lower and Mid dle Ju ras sic in ter val with high lighted source 
of de tected ex treme val ues



est sil hou ette score equal to 0.4. The fol low ing three it er a tions
con cerned the di vi sion of the re main ing dataset into 2 (Clus ter
A and B) with a score of 0.45. In the last stage both clus ters A
and B were di vided into 3 and 2 clus ters (A1, A2, A3 and B1,
B2) with a score 0.27 and 0.33, re spec tively.

In the fol low ing step, clus ter anal y sis of the geo phys i cal
dataset was car ried out, in clud ing suc ces sively:

1. The di vi sion of the in put dataset into 2 clus ters (Clus ter
1 and Clus ter 2).

2. The di vi sion of clus ters in ter preted as coarse-grained
clastic rocks (Clus ter 1) into 2 clus ters (Clus ter A and B).

3. The di vi sion of clus ters in ter preted as slightly
diagenetically al tered (Clus ter A), and strongly
diagenetically al tered (B) into 3 and 2 clus ters (A1, A2,
A3 and 1B, 2B) re spec tively.

The first clus ter anal y sis was per formed to sep a rate the
types of clastic lithotypes. The best match was ob tained for 2
clus ters (Fig. 8), whose av er age geo phys i cal prop er ties are
given in Ta ble 3.

Clus ters 1 and 2 show dis tinct geo phys i cal char ac ter is tics
that serve as the ba sis for their clas si fi ca tion as coarse-grained
and fine-grained clastic rocks, re spec tively. Clus ter 2 dis plays
no ta bly higher nat u ral gamma-ray and neu tron po ros ity val ues
com pared to Clus ter 1. Si mul ta neously, these rocks dem on -
strate lower deep re sis tiv ity val ues, lead ing to their clas si fi ca tion 
as fine-grained clastic rocks. The el e vated gamma-ray val ues
can be at trib uted to the pres ence of po tas sium and tho rium in

the clay min eral struc ture (Ta ble 3). In cer tain cases, the pres -
ence of ura nium, ei ther as so ci ated with strati graphic con den sa -
tion in fine-grained rocks or with heavy min er als such as
monazite or zir con, may con trib ute to the ob served in crease.
Ad di tion ally, clay min er als are re spon si ble for the higher neu -
tron po ros ity val ues and the cor re spond ing de crease in re sis tiv -
ity, pri mar ily due to the pres ence of bound wa ter ab sorbed by
the clay sur face within the elec tri cal dou ble layer.

In the next step, coarse-grained rocks (Clus ter 1) were sub -
di vided to dif fer en ti ate sand stones with fa vour able res er voir
prop er ties. The best fit was ob tained for 2 clus ters, A and B
(Fig. 9), with the typ i cal geo phys i cal val ues shown in Ta ble 4.

The most sig nif i cant dif fer ences be tween clus ters A and B
are pri mar ily ev i dent in the deep re sis tiv ity, in ter val tran sit time,
neu tron po ros ity, and bulk den sity logs. A de tailed anal y sis of
geo phys i cal well log re sponses fa cil i tated their cat e go ri za tion
into slightly diagenetically al tered (Clus ter A) and strongly
diagenetically al tered (Clus ter B) sand stones, which can be fur -
ther clas si fied as po rous and slightly/non-po rous. Strongly
diagenetically al tered sand stones (B) are char ac ter ized by
strong car bon ate, sul phate, and/or sil ica ce men ta tion, pri mar ily
in the form of authigenic syntaxial overgrowths on de tri tal quartz 
grains. These rocks, re gard less of the type of ce men ta tion and
the level of com pac tion, show low nat u ral gamma ra dio ac tiv ity,
which is at trib uted to the pre dom i nance of non-ra dio ac tive com -
po nents in their min eral com po si tion and min i mal clay min eral
con tent. They also dis play low po ros ity, re sult ing from diage -
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Clus ter
GR

[API]

DT

[us/ft]

LLD

[ohmm]

NPHIs

[v/v]

RHOB

[g/cm3]

K

   [%]

Th

[ppm]

U

[ppm]

1
18.1–63.0

(30.9)
53.1–96.3

(71.9)
0.5–960.0

(36.1)
0.02–0.30

(0.16)
2.0–2.73

(2.41) 0.5–2.1 (1.0) 0.1–6.9
(1.81)

0.1–3.0
(1.26)

2 41.5–127.9
(74.3)

57.1–98.6

(75.1)

1.05–170.6

(9.0)

0.08–0.40

(0.22)

2.07–2.75

(2.46)
0.7–2.6
(1.66)

0.7–12.3
(5.57)

0.8–4.4
(2.30)

T a  b l e  3

Max i mum, min i mum and mean val ues (in pa ren the sis) of geo phys i cal well-logs for 1st and 2nd clus ter

Fig . 8. The vi su al iza tion of clus tered data and sil hou ette plot for 2 clus ters (la bel 1 and 2) of coarse- and fine-grained clastic rocks

Clus ter cen tres are marked on the scat ter plot by white cir cles with clus ter la bels; 
red dashed line on sil hou ette plot is an av er age score, which is 0.4
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Clus ter
GR

[API]

DT

[us/ft]

LLD

[ohmm]

NPHIs

[v/v]

RHOB

[g/cm3]

K

[%]

Th

[ppm]

U

[ppm]

A
18.1-61.2

(32.2)

62.0–96.3

(76.1)

0.49–186.3

(2.15)
0.08–0.31

(0.20)
2.01–2.61

(2.35)
0.58–2.10

(1.06)
0.05–6.91

(1.82)
0.16–2.72

(1.27)

B
19.7–63.0

(27.5)
53.1–73.4

(60.4)
1.26–960.0

(130.7)
0.02–0.21

(0.02)
2.31–2.73

(2.60)
0.5–1.9
(0.91)

0.3–6.9

(1.8)
0.3–3.0 (1.3)

T a  b l e  4

Max i mum, min i mum and mean val ues of geo phys i cal well-logs for clus ter A and B of coarse-grained clastics

Fig . 9. Vi su al iza tion of clus tered data and a sil hou ette plot for A and B clus ters of coarse-grained clastic rocks

Clus ter cen tres are marked on the scat ter plot by white cir cles with clus ter la bels; 
red line on sil hou ette plot is an av er age score, which is 0.45

Fig . 10. Vi su al iza tion of clus tered data and sil hou ette plot for 3 clus ters of slightly diagenetically al tered sand stones of the
Lower and Mid dle Ju ras sic in the B-2 bore hole

Clus ter cen tres are marked on the scat ter plot by white cir cles with clus ter la bels; 
red line on sil hou ette plot is an av er age score, which is 0.27



netic min er al iza tion or lim ited sec ond ary po ros ity within dis -
solved grains. Due to their pre dom i nantly com pacted struc ture,
they fea ture low in ter val tran sit time (DT) and NPHIs val ues,
along with high re sis tiv ity (LLD). Ad di tion ally, ce mented sand -
stones may have el e vated av er age bulk den si ties (RHOB) due
to the fre quent pres ence of dense min er als such as car bon ates
or sul fates.

The fi nal step in the anal y sis was to dif fer en ti ate the five
sand stone petrofacies within the two groups men tioned above.
One of our goals was to iden tify the petrofacies with the best
petrophysical pa ram e ters, so at this point we fo cus more on the
less diagenetically al tered sand stones rep re sented by one of

the iden ti fied clus ters. These less al tered rocks show very dis -
crete dif fer ences in geo phys i cal mea sure ments that may have
been missed in the pro cess of clus ter ing all the sand stones in
one run. There fore, we de cided to treat the two clus ters as dif -
fer ent groups and per formed fur ther clus ter ing on them sep a -
rately to de tect their in ter nal di vi sion. This pro cess re sulted in
the iden ti fi ca tion of 3 and 2 clus ters for each sand stone group,
re spec tively (see Figs. 10 and 11). The fi nal in ter pre ta tion of the 
well log re sponses for each clus ter served as the ba sis for dis -
tin guish ing 5 dis tinct sandy petrofacies (Figs. 10–13 and Ta -
ble 5), re ferred to as P1-P5 in the fol low ing sec tions.
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Fig . 11. Vi su al iza tion of clus tered data and sil hou ette plot for 2 clus ters of strongly diagenetically al tered sand stones of the
Lower and Mid dle Ju ras sic in the B-2 bore hole

Clus ter cen ters are marked on the scat ter plot by white cir cles with clus ter la bels; 
red line on sil hou ette plot is an av er age score, which is 0.33

Clus ter
GR

[API]

DT

[us/ft]

LLD

[ohmm]

NPHIs

[v/v]

RHOB

[g/cm3]

K

[%]

Th

[ppm]

U

[ppm]
Petrofacies

A1 18.1–44.2
(25.3)

68.8–87.5
(76.9)

0.49–137.
7 (1.2)

0.14–0.28
(0.21)

2.12–2.49
(2.31)

0.6 –1.4

(0.9)
0.1–3.2

(1.2)
0.2–2.1

(1.1)

P1– quartz arenites with
pre served high pri mary

po ros ity

A2
20.0–61.2 

(37.1)

62.0–81.2

(71.0)

0.7–186.3

(3.9)
0.08–0.26

(0.16)
2.21–2.61

(2.42)
0.6–2.0 

(1.2)

0.3–6.9 

(2.4)

0.2–2.7

(1.4)

P2– quartz, subarkosic
and sublithic arenites

with kaolinite/clay coat -
ings and sec ond ary po -

ros ity

A3
23.7–60.3 

(39.7)

72.5–96.3

(81.8)

0.54–13.4

(1.6)
0.16–0.30

(0.22)
2.0–2.54

(2.3)
0.7–2.1 

(1.28)

0.4–5.2

(2.3)

0.4–2.5 

(1.4)

P3 – subarkosic and
sublithic arenites with

high po ros ity 

B1 19.8–63.0
(30.2)

54.6–73.4

(63.4)

1.3–330.7

(17.0)

0.02–0.21

(0.09)
2.31–2.72

(2.54)
0.5–1.9 

(0.9)

0.4–7.0

(2.1)

0.3–3.0

(1.3)

P4 – cemented quartz,
subarkosic and sublithic
arenites with slight po -

ros ity

B2
20.2–34.5 

(23.9)
53.1–64.4

(56.3)

12.8–960.
0

(285.3)

0.02–0.1

(0.03)

2.33–2.73

(2.65)

0.5–1.3 

(0.9)

0.3–2.8 

(1.4)

0.3–1.8

(1.12)

P5 – non-po rous,
strongly ce mented and/or 

com pacted quartz
arenites

T a  b l e  5

Max i mum, min i mum and mean val ues of geo phys i cal well-logs for the A1-3 and B1-2 clus ters with petrofacies (P1–P5) in ter pre -
ta tion re sults of the Lower and Mid dle Ju ras sic sand stones in the B-2 bore hole



INTERPRETATION OF GEOPHYSICAL AND RESERVOIR PARAMETERS
OF P1–P5 PETROFACIES

QUARTZ ARENITES WITH PRESERVED HIGH PRIMARY POROSITY – P1

Petrofacies P1 shows the best res er voir prop er ties within
the en tire Ju ras sic pro file with a mean value of to tal cal cu lated
po ros ity of 20.5%. The pore throat ra dius ex hib its the high est
val ues, though is the most var ied among all the sandy
lithotypes with a clear dom i nance of large (>15um) macropores
with in sig nif i cant par tic i pa tion of micropores, most prob a bly in
more in tensely ce mented and/or com pacted quartz arenites
(Fig. 14). The high po ros ity of the P1 petrofacies is char ac ter -
ized by the low est nat u ral gamma ra dio ac tiv ity and re sis tiv ity
(Ta ble 5). Si mul ta neously, it dem on strates very low bulk den -
sity and one of the high est NPHI val ues (Fig. 12). These char -
ac ter is tics are typ i cal of po rous quartz arenites with lit tle or no
quartz ce men ta tion al low ing for the pres er va tion of pri mary po -
ros ity even in deeply bur ied strata. Based on the anal y sis con -
ducted, this lithological type pre dom i nates in the depth in ter val
from 2117.0 m to 2795.0 m (Fig. 15), cor rob o rat ing the pre dom -
i nantly quartz com po si tion of these rocks (Fig. 16). In thin sec -
tions, they show slight diagenetic al ter ation with vary ing pro por -
tions of quartz min er al iza tion (Fig. 17). Sim i lar po rous quartz

arenites with pre served pri mary po ros ity were pre vi ously de -
scribed by Wróblewska (2022) as the S2 petrofacies in the
Z-GN4 bore hole.

QUARTZ ARENITES WITH KAOLINITE/CLAY COATINGS 
AND SECONDARY POROSITY – P2

Kaolinization is com monly ob served in the Ju ras sic sand -
stones of the B-2 core sec tion. Kaolinite is a prod uct of the al ter -
ation of feld spar, glauconite and lithic grains (Church man and
Lowe, 2012). This min eral does not pro duce as much nat u ral
ra dio ac tiv ity as the other clay min er als, so the to tal gamma ray
value of the kaolinized sand stone is vis i bly lower than the other
clayey sandy petrofacies. How ever, re sid ual feld spar, glauco -
nite frag ments and/or clay coat ings may slightly in crease their
ra dio ac tiv ity due to their po tas sium and tho rium con tent.
Petrofacies P2 ex hib its mod er ately high po ros ity, as in di cated
by low re sis tiv ity and el e vated neu tron po ros ity val ues with a
dom i nance of 4–8 um macropores (Ta ble 5 and Fig. 14). This
po ros ity type is prob a bly mostly sec ond ary with the pri mary po -
ros ity saved by the pres ence of clay coat ings that pre vented the 
gen er a tion of quartz overgrowths. The in creased con tent of pri -
mary and diagenetic clay from dis so lu tion of feld spar grains
weak ens the sand stone grain frame work, re sult ing in greater
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com pac tion and con se quently in the re duc tion of po ros ity
(Fig. 14). Based on the petrofacies anal y sis, this lithological
type is pre dom i nant in the depth in ter val rang ing from 2795.0 to
3148.0 m (Fig. 15). This ob ser va tion is sup ported by in creased
po tas sium feld spar and kaolinite con tents, as in di cated by ar -
chi val qual i ta tive XRD and petrographic anal y sis re sults
(Figs. 16–18). Petrofacies P2 can be com pared to the S1 sand -
stone lithotype with non-ra dio ac tive clay min er als and sec ond -
ary po ros ity dis tin guished by Wróblewska (2022) in the Z-GN4
bore hole.

SUBARKOSIC AND SUBLITHIC ARENITES WITH HIGH POROSITY – P3

Subarkosic and sublithic arenites are com mon rock types
among the Ju ras sic sand stones. The in creased con tent of po -
tas sium-rich min er als, such as re sid ual frag ments of po tas sium
feld spars and mus co vite, to gether with heavy min er als and clay 
de rived from the al ter ation of these par ti cles, make these
petrofacies slightly more ra dio ac tive than the P1 and P2
petrofacies. This rock type ranks sec ond in terms of po ros ity af -
ter the P1 petrofacies with a mean po ros ity of 19% with dom i -
nat ing pore throat ra dius ex ceed ing 20 µm (Fig. 14). This char -
ac ter is tic is ev i dent in the no tice able de crease in bulk den sity
and re sis tiv ity curves, cou pled with an in crease in neu tron po -

ros ity and in ter val tran sit time (Ta ble 5). The pore space mostly
ap pears to be sec ond ary, tak ing the form of microporosity be -
tween kaolinite grains, ac com pa nied by rel a tively high inter gra -
nu lar pri mary po ros ity. The pri mary dis tin guish ing fea ture be -
tween the P2 and P3 petrofacies likely lies in the de gree of grain 
dis so lu tion and the vol ume of pri mary po ros ity, with P2 be ing
the most diagenetically al tered and dis solved among them.
Petrofacies anal y sis has re vealed that this petrofacies is sub or -
di nate to the P1 petrofacies in the 2008.0–2799.0 m in ter val
while dom i nat ing mainly in the Mid dle Ju ras sic pro file
(Figs. 15–17). Ac cord ing to the re sults ob tained by Wróblewska 
(2022) based on ar chi val well data to gether with the “clay dif fer -
ence” method, petrofacies P3 should prob a bly be di rectly com -
pared to the S4 petrofacies of subarkosic and sublithic sand -
stones and part of the S3 petrofacies rep re sent ing sand stones
with pre served pri mary po ros ity or dis solved ra dio ac tive par ti -
cles ex clud ing ce mented in ter vals.

CEMENTED QUARTZ, SUBARKOSIC AND SUBLITHIC ARENITES 
WITH SLIGHT POROSITY – P4

Sand stones within the P4 petrofacies show a wider range of 
nat u ral gamma ra dio ac tiv ity com pared to the P5 petrofacies.
This vari a tion is likely due to the pres ence of vari able con tents
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of re sid ual feld spar frag ments and lithic grains within a grain
frame work that is ce mented by non-ra dio genic quartz. Some lo -
cal car bon ate ce men ta tion may also be pres ent. The po ros ity of 
this lithotype is vari able, av er ag ing around 6.5% with a dom i -
nance of im per me able micropores (Fig. 14), which is sig nif i -
cantly lower than that of the P2 and P3 petrofacies. This lower
po ros ity is likely re lated to the dis so lu tion of car bon ate ce ment
or the pres ence of re sid ual, closed pore spaces be tween the
sec ond ary, re gen er ated sur faces of quartz grains. The P4
petrofacies is spo rad i cally dis trib uted through out the sec tion,
with a no ta bly in creased pro por tion in the in ter val from 3069.0
to 3413.0 m and 2008.0–2138.0 m (see Figs. 15 and 19), ad ja -
cent to the P5 and P3 lithotypes re spec tively. These char ac ter -
is tics are sim i lar to the ce mented in ter vals in the S3 and S4
petrofacies of cal car e ous subarcosic and sublithic sand stones
de scribed by Wróblewska (2022).

NON-POROUS, STRONGLY CEMENTED AND/OR COMPACTED QUARTZ 
ARENITES – P5

Sand stones of the P5 petrofacies rep re sent sandy rocks
with the worst res er voir prop er ties (Fig. 14). The low in ten sity of
nat u ral gamma-ray, in creased bulk den sity of these rocks to -
gether with the low est neu tron po ros ity val ues in di cate a high
con tent of quartz ce men ta tion and/or strong com pac tion. Lo -
cally, where den sity rises to 2.75 g/cm3, car bon ate or sul phate
min er al iza tion is most likely pres ent. The ce men ta tion and/or
com pac tion in ten sity of these sand stones is ev i dent by the high -
est re sis tiv ity in di ca tions and low est DT val ues among all the
sandy petrofacies. The P5 petrofacies pre dom i nates in the in -
ter val from 3168.0 to 3413.0 m and is char ac ter ized by in -
creased car bon ate and anhydrite/gyp sum ce men ta tion
(Figs. 15 and 19). This can be com pared to the fully ce mented
and/or com pacted S1 (sand stones with non-ra dio ac tive clay
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min er als), S2 (sand stones with clay coat ings and/or quartz
overgrowths) and for slightly higher po tas sium val ues S3 and
S4 (subarkosic and sublithic sand stones) petrofacies rec og -
nized in the Z-GN4 bore hole by Wróblewska (2022).

PETROPHYSICAL PARAMETERS

The type of petrofacies with their pri mary and sec ond ary
fea tures is di rectly re flected in their petrophysical prop er ties.
Among the other Ju ras sic rocks, the P1–P3 petrofacies are
char ac ter ized by sig nif i cant po ros ity. The best res er voir pa ram -
e ters show petrofacies P1 rep re sented by dom i nant quartz
arenites. Its high est po ros ity is the ef fect of pres er va tion of pri -
mary pore spaces by slight authigenic quartz ce men ta tion in the 

form of grain overgrowths. In the P3 petrofacies the sig nif i cant
sec ond ary pore space evolved as a re sult of strong dis so lu tion
of K-feld spars, glauconite and K-rich lithic grains. The el e vated
vol ume of diagenetic kaolinite seems to cor rob o rate this pro -
cess. The P3 petrofacies is more ra dio genic than the P2
petrofacies be cause of a higher ad mix ture of re sid ual ra dio -
genic grains, mainly K-feld spars and mus co vite, which prob a bly 
have not yet been fully dis solved. The oc cur rence of a higher
ad mix ture of rigid ra dio genic grains is prob a bly the main rea son 
for the higher po ros ity in com par i son to the P2 sand stones,
which was pre served by a lower in flu ence of com pac tion. The
worst petrophysical prop er ties among the most po rous
petrofacies are ob served in the P2 sand stones, prob a bly due to 
the high est ad mix ture of clay min er als (es pe cially non-ra dio -
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genic kaolinite and illitized grains) or slight car bon ate ce men ta -
tion. The poor est res er voir po ten tial is pre dom i nantly seen in
the strongly al tered petrofacies P4 and P5.

In the ce mented, clayey sublithic, and subarkosic arenites
of the P4 petrofacies, the res er voir prop er ties are gen er ally un -
fa vour able. Only in some in ter vals does po ros ity slightly in -
crease due to cal car e ous ce ment or intraclast dis so lu tion. The
gen er ally poor res er voir pa ram e ters re sult from low pri mary po -
ros ity, which is ad di tion ally partly closed within dis solved grains
or by diagenetic car bon ate, clay and/or quartz ce men ta tion.
More over, in some cases, com pac tion can fur ther re duce po -
ros ity. Where the dis so lu tion of car bon ate ce ments is more ad -
vanced, po ros ity may rise, by up to 7%.

The P5 sand stones have the low est po ros ity due to strong
diagenetic ce men ta tion of quartz, car bon ate and/or anhydrite.
The ef fect of the abun dance of high-den sity ce ment is vis i ble on 
the RHOB log. There is also a vis i ble in crease in deep re sis tiv ity 
and a de crease in the in ter val tran sit time on the DT log
(Figs. 15 and 16). In some parts, the lack of po ros ity re sults
from strong com pac tion, es pe cially in the bot tom part of the
sec tion.

This anal y sis of diagenetic pa ram e ters, with par tic u lar em -
pha sis on ce men ta tion pro cesses and the type of clay min er als
pres ent in the rocks, al lows for a more pre cise ad just ment of
petrophysical mod el ing cri te ria. Par tic u larly im por tant is the se -
lec tion of ap pro pri ate pa ram e ters for the cal cu la tion of shale
vol ume, later used for the proper mod el ing of ef fec tive po ros ity
and per me abil ity (Serra, 1984; Rider, 2002; As quith and
Krygowski, 2004; Wróblewska, 2022). Illite, the main diagenetic 
clay min eral, leads to the clo sure of con nec tions be tween pore
spaces in sandy rocks, re sult ing in re duced ef fec tive po ros ity
and per me abil ity. It can be eas ily de tected based on
gamma-ray mea sure ments be cause it is a min eral car rier of ra -
dio ac tive po tas sium iso topes and is an im por tant in di ca tor of
the shaliness of sandy rocks. Some de tri tal grains, as well as
K-feld spars and micas, may also in crease the in ten sity of
gamma ra di a tion in sand stones due to their ra dio ac tive po tas -
sium con tent, but their pres ence has no ef fect on ef fec tive po -
ros ity. In subarkosic sand stones, the pres ence of these ra dio -
genic el e ments does not re duce ef fec tive po ros ity and per me -
abil ity. More over, diagenetic kaolinization of K-feld spars of ten
leads to an in crease in the po ros ity of these rocks, as doc u -
mented dur ing petrofacies anal y sis. Shale vol ume can also be
cal cu lated based on spon ta ne ous po ten tial mea sure ments,
which can dis tin guish highly ce mented or com pacted im per me -
able in ter vals (Rider, 2002; Adeoti et al., 2009; Szabó, 2011;
Wil lis et al., 2017, Wróblewska, 2022). This mea sure ment is
be com ing less com mon in the ex plo ra tion in dus try, but the ap -
pli ca tion of the clay dif fer ence method in vin tage boreholes, to -
gether with ma chine learn ing re sults, can sig nif i cantly im prove
the re li abil ity of well in ter pre ta tion and cor re la tion pro ce dures.

PETROFACIES DISTRIBUTION

The dis tri bu tion of spe cific lithotypes il lus trates a re la tion -
ship rep re sen ta tive of the pri mary and sec ond ary Lower and
Mid dle Ju ras sic strata in the Pol ish Low lands. It is also pos si ble
to cor re late the fea tures ob served in the B-2 core sec tion with
those doc u mented by Wróblewska (2022) in the Z-GN4 bore -
hole. Within the Lower Ju ras sic rocks, a high pro por tion of
quartz in the grain frame work of sandy rocks is ev i dent. The
dom i nant rocks be long to petrofacies P1, P2, P4 and P5. The
dis tri bu tion of petrofacies sug gests that the tex tural ma tu rity of
the Lower Ju ras sic sand stones in creases up wards in the pro -
file. A grad ual tran si tion can be ob served from rocks with an in -

creased con tent of un sta ble grains, such as feld spar or mus co -
vite (P3, P4), through a se ries of sand stones with a high amount 
of diagenetic kaolinite formed by the dis so lu tion of feld spar
grains (P2), to the pure quartz sand stones of the P1 petrofacies
at the top of the Lower Ju ras sic pro file (Figs. 15 and 17). The in -
creas ing pro por tion of river and deltaic fa cies to wards the top of
– at the ex pense of ter res trial fa cies dom i nat ing at the bot tom –
seems to cor rob o rate this trend in the Lower Ju ras sic deposi -
tional se quence in the Pol ish Low lands. In ad di tion to the orig i -
nal sed i men tary fea tures, sig nif i cant com pac tion and car bon -
ate/sul phate ce men ta tion are also ev i dent, es pe cially at the bot -
tom of the pro file, where the P5 petrofacies dom i nates. Apart
from com pac tion, the anhydrite and/or gyp sum ce men ta tion
prob a bly orig i nates from an un der ly ing Zechstein salt pil low. A
high de gree of com pac tion and/or ce men ta tion is also ob serv -
able in thin sec tions. A sim i lar re la tion ship in tex tural ma tu rity
and com pac tion was ob served by Wróblewska (2022) in the
Z-GN4 bore hole, al though the re search con ducted there had
lower ac cu racy due to the na ture of the ar chi val data. Within the
Mid dle Ju ras sic rocks, the op po site ten dency is ob serv able.
The in flu ence of car bon ate ce men ta tion, and the pro por tion of
gran u lar com po nents other than quartz, in crease to wards the
top of the pro file. The P1 petrofacies, dom i nant at the base of
the Mid dle Ju ras sic, grad u ally changes to the P3 petrofacies
with a sub or di nate con tri bu tion of P4 (Fig. 15). The de crease in
tex tural ma tu rity and an in creas ing pro por tion of car bon ate ce -
men ta tion and clay con tent re flect the ris ing pro por tion of shal -
low-ma rine fa cies up the Mid dle Ju ras sic pro file of the Pol ish
Low lands, in clud ing car bon ates pro vid ing a source of cal cium
car bon ate in the later diagenesis pro cess. The trend in the B-2
pro file is com pa ra ble to that in the Z-GN4 Mid dle Ju ras sic suc -
ces sion, where the con tent of feld spars, lithic clasts and cal car -
e ous ce ment vis i bly in creases to wards the top of the sec tion
(Wróblewska, 2022).

CONCLUSIONS

The k-means clus ter ing method, even though with a rel a -
tively poor sil hou ette score and lack of ev i dent clus ter sep a ra -
tion, is a fast, valu able tech nique that ob jec tively dis tin guishes
sandy petrofacies based on their geo phys i cal pa ram e ters, re -
flect ing both pri mary and sec ond ary fea tures. Ap ply ing this
method fa cil i tates the proper cat e go ri za tion of var i ous
lithotypes, par tic u larly in cases of petro graphi cally di verse
sand stone se quences. The ef fec tive ness of this method has
been tested in this study on petro graphi cally and diagenetically
var ied Lower and Mid dle Ju ras sic sand stones in the Pol ish Ba -
sin. The re sults of this anal y sis can be ap plied across var i ous
fields, in clud ing lo cal and re gional palaeogeographic stud ies,
de tailed sedimentological anal y ses, as well as res er voir for ma -
tion eval u a tion and mod el ing. Based on the cho sen cal cu la tion
cri te ria es ti mated for par tic u lar petrofacies, the k-means clus -
ter ing method may be used for proper shale vol ume and po ros -
ity mod el ing in com plex, mixed-layer res er voirs (Serra, 1984;
Rider, 2002; As quith and Krygowski, 2004). Fur ther more, this
method has po ten tial for broader ba sin anal y sis and could
prove valu able in iden ti fy ing res er voir and seal rocks within pe -
tro leum sys tems.

In the Pol ish Ba sin, the po rous and per me able Ju ras sic
clastic rocks have sig nif i cant po ten tial as nat u ral hy dro car bon
res er voirs, es pe cially if they are sealed by ce mented and/or
com pacted rocks. How ever, in the ab sence of ex plo ra tion pros -
pects, these deep, iso lated Ju ras sic aqui fers could also serve
as can di dates for geo ther mal ex plo ra tion or for car bon cap ture
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and stor age. Con se quently, the ap pli ca tion of this rapid de tec -
tion method may find wide spread use in the fu ture, not only
within the ex plo ra tion in dus try but also as part of the global en -
ergy tran si tion pro cess.
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