
Geo log i cal Quar terly, 2026, 70, 15
DOI: https://doi.org/10.7306/gq.1860

Lithological trend anal y sis us ing well log ging and geo log i cal data for im proved 
res er voir rock iden ti fi ca tion – the Krosno Beds (Oligocene–Miocene), 

the Outer Pol ish Carpathians

Paulina I. KRAKOWSKA-MADEJSKA1, *, Krzysztof STARZEC2, Sebastian WASZKIEWICZ1, 
Jadwiga A. JARZYNA1, Edyta PUSKARCZYK1 and Anita LIS-ŒLEDZIONA3

1 AGH Uni ver sity of Krakow, Fac ulty of Ge ol ogy, Geo phys ics and En vi ron men tal Pro tec tion, De part ment of Geo phys ics, al.
A. Mickiewicza 30, 30-059 Kraków, Po land; ORCID: 0000-0002-8261-4350 [P.I.K.], 0000-0002-0887-770X [S.W.],
0000-0001-5277-0507 [E.P.], 0000-0002-1803-8643 [J.A.J.]

2 AGH Uni ver sity of Krakow, Fac ulty of Ge ol ogy, Geo phys ics and En vi ron men tal Pro tec tion, De part ment of Gen eral Ge ol -
ogy and Geotourism, al. A. Mickiewicza 30, 30-059 Kraków, Po land; ORCID: 0000-0001-6538-5296

3 Oil and Gas In sti tute – Na tional Re search In sti tute, ul. Lubicz 25A, 31-503 Kraków, Po land; 
ORCID: 0000-0003-3067-3014

Krakowska-Madejska, P.I., Starzec, K.,  Waszkiewicz, S., Jarzyna, J.A., Puskarczyk, E., Lis-Œledziona, A., 2026.
Lithological trend anal y sis us ing well log ging and geo log i cal data for im proved res er voir rock iden ti fi ca tion – the Krosno Beds 
(Oligocene–Mio cene), the Outer Pol ish Carpathians. Geo log i cal Quar terly, 70, 15; https://doi.org/10.7306/gq.1860

As so ci ate Ed i tor: Piotr Krzywiec

The In te grated Pre dic tive Er ror Fil ter Anal y sis (INPEFA) tech nique was ap plied to in ves ti gate lithological vari a tions with the
aim of en hanc ing the iden ti fi ca tion of res er voir in ter vals within a sand stone-shale suc ces sion. The study uti lized geo log i cal
and well log ging data from three bore holes pen e trat ing the Krosno Beds in the Silesian Unit (Ju ras sic–Neo gene) of the Outer 
Carpathians. Avail able well logs were re in ter preted to de lin eate petrophysical lithofacies based on shale con tent. Ef fec tive
po ros ity (PHI) and es ti mated per me abil ity val ues (K) were em ployed to cal cu late the Flow Zone In dex (FZI) and clas sify Rock 
Types. Mac ro scopic core and cut tings de scrip tions, sup ple mented by field geo log i cal ob ser va tions, fa cil i tated the iden ti fi ca -
tion of geo log i cal lithofacies. These geo log i cal and petrophysical lithofacies, along with Rock Types, were cor re lated with
INPEFA curves de rived from well log pa ram e ters in clud ing gamma ray (GR), spon ta ne ous po ten tial (SP), bulk den sity
(RHOB), and acous tic tran sit time (DT), as well as re in ter preted ef fec tive po ros ity (PHI) and shale vol ume (VCL). Fa cies
clas si fi ca tion within the sand stone-shale pro files of the Krosno Beds was re fined by ana lys ing INPEFA trends and in flec tion
points. The in te gra tion of mul ti ple an a lyt i cal ap proaches based on var i ous scale data, i.e. well logs, re sults of mac ro scopic
anal y sis of cut ting sam ples and cores to gether with in for ma tion from geo log i cal field stud ies en abled a more pre cise de lin ea -
tion of in ter vals show ing fa vour able res er voir prop er ties within the strati graphic col umns. The study pre sented shows that in -
for ma tion from var i ous sources and on var i ous scales, com bined for a sin gle pur pose – lithofacies iden ti fi ca tion – re sults in a
more ac cu rate lithological rec og ni tion, which also af fects un der stand ing of res er voir prop er ties. The trends ob tained from the 
Cyclolog pro gram made it pos si ble to gen er al ize very de tailed and, by ne ces sity, frag mented in for ma tion from well log ging
and, at the same time, to re spon si bly in cor po rate in de pend ent, multi-scale data from core, cut ting sam ple and field in for ma -
tion.
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INTRODUCTION

The as sess ment of the oil and gas or wa ter-bear ing res er -
voir po ten tial of rock is based on spe cific geo log i cal and petro -
physical char ac ter is tics. The key pa ram e ters are po ros ity and
per me abil ity, etermined on the ba sis of lab o ra tory tests of drill

cores and in ter pre ta tion of well log ging data. How ever, ini tial in -
for ma tion about the pos si ble res er voir ca pac ity of the for ma -
tions ana lysed is ob tained from geo log i cal knowl edge about the 
area based on spe cial ist lit er a ture, field geo log i cal stud ies and
mac ro scopic anal y ses of cores, cut tings, and sur face rock sam -
ples (e.g., Wells, 1967; Hallenburg, 1998; As quith and Kry -
gowski, 2004; Catuneanu, 2006; Tiab and Djebbar, 2015;
Dziadzio et al., 2021; Crain’s Petrophysical Hand book, 2025).

The fa cies model, con structed on the ba sis of geo log i cal re -
con nais sance, in clud ing min er al og i cal, petrographic, and geo -
chem i cal anal y ses, as well as the re sults of well log ging mea -
sure ments and in ter pre ta tion, is very help ful in as sess ing the
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res er voir ca pac ity of rocks. For years, var i ous data pro cess ing
tech niques, the most up-to-date at the time, have been used to
cre ate the prod uct in the form of the in for ma tion about the res -
er voir rock po ten tial. The sim plest use of well log ging data to
iden tify lithofacies is based on cross-plots con structed us ing
logs, e.g., P-wave tran sit in ter val time (DT) from acous tic logs
vs. neu tron po ros ity (NPHI) from neu tron logs or bulk den sity
(RHOB) vs. pho to elec tric ab sorp tion in dex (PE) from spec tral
gamma-gamma logs (e.g., Schlumberger, 1999; Serra, 2008).
A sim i lar ap proach can be taken with lab o ra tory test re sults for
po ros ity and per me abil ity by con struct ing a Flow Zone In dex
(FZI) based on this data. How ever, the suc cess of the tra di -
tional ap proach re quires very care ful prep a ra tion of well logs
and a sig nif i cant num ber of lab o ra tory tests, which is not al ways 
pos si ble. Mod ern anal y ses per formed on sam ples cut from
cores, pol ished sec tions or drill cut tings are a pro jec tion of the
lat est ca pa bil i ties of equip ment on rock ma te rial. How ever, their 
point-like na ture is al ways the dom i nant fea ture, over shad ow -
ing the lat est tech ni cal achieve ments. In the case of well log -
ging, which pro vides a large amount of reg u larly and con tin u -
ously sam pled data, the use of sta tis ti cal meth ods pro vides new 
in for ma tion, re gard less of the meth od ol o gies used (Das et al.,
2024). The com bi na tion of var i ous tech niques is al ways an ef -
fec tive way to en rich in for ma tion about fa cies and petrophysical 
prop er ties (Ba³a et al., 2012; Ma, 2019; Wang et al., 2025).

The goal of the pres ent re search is to en hance the as sess -
ment of res er voir ca pac ity in rocks by in te grat ing geo log i cal in -
for ma tion with well log ging data. This in volves us ing both tra di -
tional and mod ern an a lyt i cal tech niques, in clud ing INPEFA
spec tral trend anal y sis, lithofacies iden ti fi ca tion and Flow Zone
In dex cal cu la tions to more ac cu rately char ac ter ize the petro -
physical prop er ties and lithological vari abil ity of the Krosno
Beds in the Outer Carpathians. The study dem on strates that
com bin ing di verse data sources and meth ods im proves pre ci -
sion in iden ti fy ing res er voir for ma tions.

The most im por tant as pect of the work pre sented is the
com bi na tion of geo log i cal in for ma tion and well log ging data,
tak ing into ac count their spe cific char ac ter is tics and ca pa bil i -
ties. INPEFA (Spec tral Trend At trib ute Anal y sis) anal y ses for
the pre lim i nary iden ti fi ca tion of lithological changes were in -
cluded based on the re sults of well logs and their geo log i cal in -
ter pre ta tion (i.e. stud ies of the shapes of SP, GR and other well
log ging curves as a func tion of the sed i men tary en vi ron ment;
Gal lo way, 1989; Catuneanu, 2006; Shouket and Jarzyna,
2014). At the same time, lithofacies were iden ti fied based on
the re sults of quan ti ta tive in ter pre ta tion of well log ging and
mac ro scopic anal y ses of cores, and of cut tings that were re -
lated to rocks ex posed at the sur face. Rock types were also de -
ter mined based on FZI co ef fi cients, which de fine the abil ity of
res er voir me dia flow. INPEFA change graphs as a func tion of
depth fa cil i tated the iden ti fi ca tion of char ac ter is tic points on well 
logs as so ci ated with changes in li thol ogy and/or sed i men tary
con di tions and fa cies. The re search ma te rial con sisted of a
sand stone-shale suc ces sion of the Krosno Beds in the east ern
part of the Outer Carpathians, in which the sand stone in ter vals
con sti tute one of the res er voir rocks of hy dro car bon fields iden -
ti fied and ex ploited in this area. It was shown that the in clu sion
of an ad di tional tool al lowed for a more ac cu rate iden ti fi ca tion of 
the res er voir ca pac ity of the rocks stud ied.

GEOLOGICAL SETTING

The Silesian Unit stretches from the Moravian Beskids to
the Bieszczady Moun tains (Ksi¹¿kiewicz, 1977; Fig. 1). The
Unit is rep re sented by sed i men tary rocks rang ing in age from

the Up per Ju ras sic (Tithonian) to the Paleogene (Oligocene).
The for ma tions of the Silesian Unit in the Pol ish Outer
Carpathians com prise a wide range of strata de pos ited in the
cen tral part of the Carpathian Ba sin. The av er age sed i men tary
thick ness of this Unit is 2,500–3,000 m. In the cen tral part of this 
Unit, there is a struc ture known as the Cen tral Carpathian De -
pres sion (To³wiñski, 1933). The Silesian Unit within the Cen tral
Carpa thian De pres sion is mainly com posed of fa cies-di verse
for ma tions of the Menilite-Krosno se ries (Oligocene–Lower
Mio cene). The for ma tions of this Unit are di vided into two fa cies
zones: the Lesko zone in the north-east and the Otryt
(Bieszczady) zone in the south-west (¯ytko, 1968 fide Malata
and Zimnal, 2013). These zones dif fer from each other first of all 
in terms of the lithostratigraphic pro file of the Krosno Beds, par -
tic u larly as re gards the po si tion of the thick-bed ded sand stone
mem bers that dom i nate in both zones, sec ondly in terms of the
age at which the sed i men ta tion of the Krosno Beds be gan (ear -
lier in the south), and above all in terms of trans port di rec tions
and petrographic com po si tion of the main sand stone suc ces -
sion (Œl¹czka, 1980; Malata et al., 2006; Malata and Zimnal,
2013). Namely, the Otryt Sand stone Mem ber is com posed of
me dium- to coarse-grained sand stones that are char ac ter ized
by low min er al og i cal ma tu rity, con sist ing of quartz, micas and
feld spars and rel a tively high amounts of meta mor phic rock
clasts. Grains are usu ally poorly rounded, which also in di cates
the low tex tural ma tu rity of these sand stones (Œl¹czka and
Unrug, 1972; Godlewski et al., 2016). By com par i son, the Lesko 
Sand stone Mem ber is built of mostly fine- to me dium-grained
sand stones, rich in quartz, feld spars and mus co vite and with
some sed i men tary and meta mor phic rock clasts (Malata et al.,
2006). Well-rounded grains in these sand stones doc u ment their 
high tex tural ma tu rity (Godlewski et al., 2016).

The dif fer ent min eral com po si tions, tex tural ma tu ri ties and
trans port di rec tions are in ferred to re sult from dif fer ent source
ar eas for these two fa cies (Œl¹czka et al., 1975; Wendorff,
1986). The bore holes P-1, ST-1, and TN-1 ana lysed are lo -
cated in the south ern Otryt fa cies zone, which con sists of the
fol low ing lithostratigraphic units: Menilite Beds, Tran si tional
Beds, Lower Krosno Beds (di vided into three mem bers: the
Zatwarnica Mem ber, the Otryt Sand stone Mem ber, and the Su -
pra-Otryt Mem ber; Ta ble 1).

Geo log i cal cross-sec tions il lus trat ing the struc ture of the
area have been pre pared based on the sur face data (Fig. 1B),
from which the pre dicted pro files of the bore holes stud ied can
be in ter preted:

– the ST-1 bore hole is lo cated on the Otryt Sand stone
Mem ber, but close to the bound ary with the Zatwarnica
Mem ber. It can be con cluded that the up per part of the
strati graphic col umn con sists mainly of the thick-bed ded
Otryt Sand stone Mem ber and, at a depth of ~300 m, the
bore hole reaches the un der ly ing Zatwarnica Mem ber
(folded thin- and me dium-bed ded sand stones and
shales), while in the bot tom most part, the bore hole prob -
a bly crosses the base of the Zatwarnica thrust fold and
en ters again the Otryt Sand stone Mem ber that forms the 
south ern limb of the next, more north ern fold (Fig. 2A).

– the P-1 bore hole is lo cated within the Otryt Sand stone
Mem ber. Due to the slightly greater dis tance of this bore -
hole from the bound ary with the Zatwarnica Mem ber and 
the am big u ous dip of the lay ers, it can be in ferred that
thick-bed ded Otryt sand stones dom i nate to a con sid er -
able depth in this bore hole (to at last to 500 m be low the
sur face), while the lower part of the pro file cuts through
the thin-bed ded sand stone and shales of the Zatwarnica 
Mem ber (Fig. 2B).
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Fig. 1A – lo ca tion of the study area (red rect an gu lar) on a geo log i cal sketch of the Pol ish Outer Carpathians (based on ¯ytko et
al., 1989, mod i fied from Starzec et al., 2015); B – geo log i cal map of the study area with the lo ca tion of the ST-1, P-1 and TN-1

boreholes

The lines AA’, BB’ and CC’ on the map in di cate the course of the geo log i cal cross-sec tions shown in Figure 2 (map based on Haczewski
et al., 1998, 2001; Jankowski et al., 2004; Malata et al., 2006 and mod i fied ac cord ing to K. Starzec field in ves ti ga tions)
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– the TN-1 bore hole is lo cated on the Zatwarnica Mem ber
that forms the fron tal zone of the thrust fold (Fig. 2C).
The Mem ber is dom i nated by marly shales with inter -
beds of fine-grained sand stones. It can be con cluded
that at a rel a tively shal low be neath these lay ers (~400 m
be low the sur face) there is a shale-sand stone suc ces -
sion form ing the youn gest mem ber of the Krosno Beds
in this area, i.e., Su pra-Otryt Mem ber com pris ing thin
and me dium-beded shales and sand stones; they form
the south ern limb of the next, more north ern fold.

The Krosno Beds oc cur along al most the en tire length of the 
strati graphic col umns used in the work de scribed. The pur pose
of drill ing of the P-1, ST-1, and TN-1 bore holes by the Pol ish Oil
and Gas Com pany was to in ves ti gate the geo log i cal struc ture
and lithofacies de vel op ment of the Krosno Beds in the east ern
part of the Zatwarnica thrust fold, as well as the struc tural con di -
tions af fect ing the oc cur rence of hy dro car bon fields (Plezia,
1991a, b, c).

The geo log i cal and petrophysical in for ma tion con tained in
the bore hole re port of these bore holes is con sis tent with the
prop er ties of the lithostratigraphical units as mapped re gion ally. 
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T a  b l e  1

Char ac ter is tics of lithostratigraphic units in the study area (age and thick ness data based on 
Malata et al., 2014; Haczewski et al., 2016a, b)

Fig. 2. Geo log i cal cross-sec tions along the lines shown in Figure 1B

MOVE soft ware by PE Lim ited (Petex) was used in pre par ing the cross-sec tions



Ta ble 2 sum ma rizes the lithostratigraphic pro files of the P-1,
ST-1, and TN-1 bore holes. The bore hole re ports does not in -
clude the di vi sion of the Krosno Beds into dif fer ent mem bers,
dif fer ing in the ra tio of sand stones to shales, be cause this dis -
tinc tion is dif fi cult to make based solely on the ex am i na tion of
cut ting sam ples. In this case, the in ter pre ta tion of well log ging
data is im por tant for the lithological and fa cies-based clas si fi ca -
tion of the pro file drilled through the Krosno Beds.

MATERIALS AND METHODS

The re search ma te rial in the form of well log ging data as
well as de scrip tions of cores and cut tings con tained in the bore -
hole re ports was pro vided by the Pol ish Oil and Gas Com pany
(POGC, War saw, Po land) as part of the INGA INNKARP pro -
ject no. POIR.04.01.01-00-0006/18-00 (2019–2023) fi nanced
in the frame of the Smart Growth Op er a tional Pro gram by the
Na tional Cen ter for Re search and De vel op ment and POGC,
War saw, Po land.

The use of the INPEFA al go rithm (PanTerra Geocon -
sultants, 2024) to iden tify fa cies and cor re late de pos its in the
Krosno Beds of the Silesian Unit for better iden ti fi ca tion of res -
er voir zones was an in no va tive el e ment in the study. For com -
par i son, petrophysical fa cies were de ter mined based on min -
eral com po si tion (vol ume of shales VCL, and sand stones
VSAND) from well logs, and fa cies de ter mined by a ge ol o gist
based on mac ro scopic de scrip tions of the cores and cut tings,
as well as on geo log i cal ob ser va tions in the field. The Rock Typ -
ing pro ce dure was also in cor po rated, based on the de ter mi na -
tion of the Flow Zone In dex (FZI), which de fines the abil ity of
rock to trans mit res er voir flu ids.

INPEFA ANALYSES

The use of the Cyclolog ap proach is based on the as sump -
tion that well logs re flect sed i men ta tion con di tions. Log ging
curves are a con tin u ous re cord of lithofacies changes, and the
geo log i cal in for ma tion con tained in the pro files can be math e -
mat i cally de scribed as a wave pro cess (Nio et al., 1990, 2005).
Con tin u ous and evenly sam pled re cords of well logs as a func -
tion of depth make them suit able for spec tral anal y sis. In ter rup -
tions in the con ti nu ity of the sed i men ta tion pro cess, pe ri ods of
ero sion, or dis tinct changes in the type of rock ma te rial de pos -
ited in the sed i men tary res er voir can be treated as phase
changes in the wave re cord. In sand stone-shale rock se -
quences, such as those found in the rock for ma tions of the
Outer Carpathians, a set of well logs is used in the qual i ta tive in -
ter pre ta tion pro cess to de ter mine lithological bound aries and
pre pare il lus tra tions of lithological se quences with vary ing
sand stone to shale ra tios. For this pur pose, gamma ray (GR)
and spon ta ne ous po ten tial (SP) logs are pri mar ily used (Gal lo -
way, 1989; Catuneanu, 2006; Shouket and Jarzyna, 2014).
Other types of logs com monly avail able in bore holes, i.e. neu -

tron, acous tic and den sity logs, also pro vide data on lithological
and fa cies changes, in clud ing in for ma tion on fluid con tent in the 
pore space.

Each geo phys i cal log, as a wave re cord, is treated as a
com bi na tion of sev eral waves of dif fer ent fre quen cies (pe ri ods). 
In this ap proach, each wave com po nent is as so ci ated with a
spe cific stage of the sed i men ta tion and li thol ogy for ma tion pro -
cess. These com po nents are vis i ble in the logs as anom a lies
with vary ing pe ri ods. Well logs, treated as the sum of com po -
nents, can be bro ken down into in di vid ual com po nents us ing
Fou rier trans form or other wave anal y sis meth ods (Huang et
al., 1998; Gawêdzki et al., 2015). Cyclolog uses PEFA (Spec -
tral Change At trib ute Anal y sis, Pre dic tion Er ror Fil ter Anal y sis)
and INPEFA (Spec tral Trend At trib ute Anal y sis, In te grated Pre -
dic tive Er ror Fil ter Anal y sis; Nio et al., 1990, 2005). Both spec -
tral anal y ses are based on MESA (Max i mum En tropy Spec tral
Anal y sis), which uses the max i mum en tropy method. MESA is
an ef fec tive way to break down the well log into com po nents re -
lated to spe cific geo log i cal (sed i men tary fa cies) con di tions. It
uses vari able-length win dows ap pro pri ate to the prob lem be ing
solved by the in ter preter. It shows the bound aries of lithological
and fa cies changes that re flect changes in sed i men ta tion con -
di tions. PEFA (Pre dic tion Er ror Fil ter Anal y sis) is a vi su al iza tion
of changes in the wave im age. The max i mum en tropy method
is used as a tool to pre dict the next point of dis con ti nu ity on the
well log curve based on data pre vi ously ana lysed in a given win -
dow. As a fi nal re sult, PEFA pro vides an er ror curve whose ex -
treme val ues (pos i tive or neg a tive) are in di ca tors of changes in
am pli tude or fre quency of anom a lies on the log ging curve, in ter -
preted as lo ca tions / depths of lithofacies changes. The PEFA
im age shows in ter vals dom i nated by pos i tive or neg a tive val -
ues. These are the re sult of geo log i cal changes, e.g. a pre dom -
i nance of pos i tive PEFA val ues may in di cate the dom i nance of
shales over sand stones, and con versely, a pre dom i nance of
neg a tive val ues may in di cate the dom i nance of sand stones
over shales, both re flect ing sed i men ta tion con di tions. In te gra -
tion PEFA in in ter vals of sim i lar for ma tion gives INPEFA (Spec -
tral Trend At trib ute Anal y sis – In te grated Pre dic tive Er ror Fil ter
Anal y sis). INPEFA curves show in ter vals of in creas ing INPEFA 
trend as a func tion of de creas ing depth, where pos i tive peaks
dom i nate, and in ter vals of de creas ing INPEFA trend as a func -
tion of de creas ing depth, where neg a tive peaks pre vail, and
turn ing points sep a rat ing the two trends dom i nate. From a geo -
log i cal point of view, a neg a tive INPEFA trend in di cates a tran -
si tion from more clayey to more sandy de pos its. Such trends,
com bined with knowl edge of the mode of sed i men ta tion and the 
depositional sys tem of the strata un der study, can be linked to
spe cific changes in the sed i men tary ba sin, e.g., es pe cially in
the case of sed i ments de pos ited in a rel a tively shal low en vi ron -
ment like a shelf that is prone to sea level changes. A neg a tive
trend in the lithological pro file may re flect re gres sion and sea
level fall. A pos i tive trend, as so ci ated with a tran si tion from
more sandy to more clayey de pos its, can be linked to the in -
creas ing depth of the sed i men tary res er voir.
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T a  b l e  2

Lithostratigraphic pro files of P-1, ST-1, TN-1 bore holes ac cord ing to the bore hole re ports
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In the lit er a ture, there are many stud ies us ing PEFA and
INPEFA tech niques to cor re late well logs in or der to track
lithological changes (Soua, 2012; Yuan et al., 2018; Naing -
golan and Winardhi, 2019). Soua (2012) used three tools: fa -
cies as so ci a tion, In te grated Pre dic tive Er ror Fil ter Anal y sis
(INPEFA) of spec tral gamma-ray data, and chemostratigraphy,
for se quence strati graphic anal y sis of the or ganic-rich and si li -
ceous Cenomanian-Turonian suc ces sion in Tu ni sia to dem on -
strate the lim its of cor re la tion. Yuan et al. (2018) uti lized spec -
tral anal y sis tech nol ogy – In te grated Pre dic tion Er ror Fil ter
Anal y sis (INPEFA) to ef fec tively over come the dif fi culty in cor -
re lat ing hy dro car bon-bear ing con glom er ates show ing rapid
ver ti cal and hor i zon tal lithological vari a tions. Nainggolan and
Winardhi (2019) con ducted INPEFA anal y sis as an al ter na tive
ap proach to im prove well log cor re la tion in a case of lim ited
biostratigraphy data.

The turn ing points on INPEFA curves, sep a rat ing in ter vals
with sta ble trends, are im por tant for cor re la tion. The Pos i tive
Bound ing Point (PBP) is the point / depth where the trend
changes from neg a tive to pos i tive. The op po site is true for the
Neg a tive Bound ing Point (NBP). Neg a tive Bound ing Points
(NBP) sig nal the end of a zone of in creas ing clay con tent and
the be gin ning of an in crease in the sand stone con tent of the for -
ma tion. PBP sig nals the end of the zone with sig nif i cant sand -
stone con tent and a shift to wards in creas ing shale con tent. In
this study turn ing points re fer to the tran si tions from se quences
dom i nated by mudstones / claystone / shales to those dom i -
nated by sand stones. These are dis tinc tive, clear turn ing points
on the INPEFA trend curves in the strati graphic col umn.
Against these trends, less dis tinct turn ing points stand out,
which can be linked to thin ner in ter vals.

The INPEFA val ues for all curves are shown on a scale of
0–1, so the mag ni tude of the anom a lies on the curves are nor -
mal ized in in di vid ual bore holes. Only trends were taken into ac -
count in the anal y sis.

INPEFA trends can be in ter preted over long time in ter vals,
in which case PEFA fil ters are se lected at large depth in ter vals
and lon ger MESA win dows. If de tailed geo log i cal con di tions are 
of in ter est, INPEFA trends are con sid ered at shorter in ter vals
with smaller win dows. The main ob jec tive of INPEFA is to in -
crease the ac cu racy of level cor re la tion based on well log ging
us ing changes in the spec tral prop er ties of the logs, lithofacies
de vel op ment, and changes in geo log i cal con di tions. In this
study, INPEFA trends were used to cor rob o rate lithological
changes in the Krosno Beds sec tion and to high light in ter vals of 
good res er voir prop er ties.

PETROPHYSICAL LITHOFACIES

In se lected bore holes in the Silesian Unit, in the in ter val of
the Krosno Beds, a re in ter pre ta tion of well log ging data was
per formed us ing ULTRA soft ware (Halliburton) and Techlog
soft ware (Schlumberger), as sum ing a sand stone-clay rock
model with a car bon ate com po nent (Alberty and Hashmy,
1984; Slb, 2019). For most of the old bore holes in the east ern
Pol ish Carpathians, only a lim ited num ber of logs are avail able.
In the study area, mea sure ments from the first half of the 1970s
and ear lier in clude only ra dio met ric logs, spon ta ne ous po ten tial 
logs, and gra di ent and po ten tial re sis tiv ity logs. How ever, in
each of the bore holes, re in ter preted logs pro vided in for ma tion
on the li thol ogy and en abled the lo ca tion of pos si ble hy dro car -
bon-sat u rated in ter vals and source for ma tions with el e vated
TOC (To tal Or ganic Car bon) con tents (Stadtmûller et al.,
2022).

The re in ter pre ta tion of old well logs with mod ern soft ware
pro vided sev eral ad van tages. First, it en abled com pre hen sive
and con sis tent lithological and res er voir char ac ter iza tion, in -
clud ing the cal cu la tion of min eral vol umes such as clay (VCL),
sand stone (VSAND), and car bon ates (VLIME), as well as key
res er voir pa ram e ters such as ef fec tive po ros ity (PHI), per me -
abil ity (K), To tal Or ganic Car bon (TOC), wa ter sat u ra tion (SW)
and ir re duc ible wa ter sat u ra tion (SWI). Be fore re in ter pre ta tion,
the logs were cor rected for mea sure ment en vi ron ment, nor mal -
ized, and sub di vided into lithostratigraphic units, which al lowed
the in ter preter to ap ply ap pro pri ate pa ram e ters, de vel oped for
in di vid ual strati graphic units based on core data, and im proved
the re li abil ity of the in ter pre ta tion.

All pa ram e ters com puted were cal i brated with ex ten sive
Rou tine Core Anal y sis (RCAL) and Spe cial Core Anal y sis
(SCAL) lab o ra tory mea sure ments of po ros ity, per me abil ity,
calcimetry, and res er voir test re sults, and also X-Ray Dif frac tion 
Anal y sis (XRD), and Nu clear Mag netic Res o nance (NMR) data
(if avail able). Cal i bra tion en sured high con fi dence in the re sults
and con firmed that proper pro cess ing workflows had been ap -
plied. The three bore holes de scribed come from a large da ta -
base of well logs and lab o ra tory mea sure ments in the East ern
Carpathians. The in te gra tion of large multi-well datasets streng -
th ened the re gional con sis tency of the in ter pre ta tion.

Ad di tion ally, the re in ter pre ta tion in tro duced a lithotype clas -
si fi ca tion – dis tin guish ing mudstones, sand stones, and car bon -
ates based on clay vol ume – which had not been done pre vi -
ously for these bore holes. Us ing the cal cu lated po ros ity and
per me abil ity, the Flow Zone In dex (FZI) was also de ter mined to
pro vide valu able in sight into res er voir flow be hav iour and fluid
mo bil ity. The TOC cal cu la tion al lowed iden ti fi ca tion of the most
pro spec tive source rock in ter vals, fur ther en hanc ing the over all
res er voir and source rock eval u a tion.

The re in ter pre ta tion of well log ging data re sulted in mea -
sure ments of vol u met ric con tent of lithological com po nents, in -
clud ing clay con tent (shaliness), and ef fec tive po ros ity, wa ter
sat u ra tion, ir re duc ible wa ter con tent, weight con tent of TOC,
and per me abil ity. A lithological model was de vel oped for each
bore hole in di vid u ally, de pend ing on the avail abil ity of well log -
ging data and the re sults of XRD lab o ra tory anal y ses.

The clay min er als per cent age (VCL) in the rock vol ume was
the ba sis for de fin ing petrophysical lithofacies: i) sand stone fa -
cies – VCL<35%, ii) mudstone fa cies – 35%<VCL<65%, iii)
claystone fa cies – VCL>65%. Both the sand stones and shales
of the Krosno Beds are rich in car bon ates, there fore a car bon -
ate fa cies was also in ferred when the vol ume of the car bon ate
com po nent (VLIME) was greater than 30%.

LITHOFACIES FROM GEOLOGICAL DATA

Based on the de scrip tions of cores and cut tings con tained
in the bore hole re port and knowl edge ob tained from field stud -
ies re gard ing lithofacial vari abil ity of the Krosno Beds in sur face
ex po sures, five lithofacies were de fined on the per cent age of
sand stone and shale com po nents (Ta ble 3 and Fig. 3,
lithofacies S-Sh). Ad di tion ally, one lithofacies of black shales
(Sb) was also dis tin guished, based on the pres ence of thin in -
ter ca la tions of black or dark brown shales in var i ous fa cies.
Such in ter ca la tions in di cate the pres ence of menilite-type
shales among the Krosno Beds.
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ROCK TYPING BASED ON FZI

The con cept of Hy drau lic Flow Units (HFUs) is used to as -
sess the abil ity of rocks to trans mit res er voir flu ids. A HFU is a
rep re sen ta tive el e men tary vol ume of the to tal res er voir rock
hav ing in ter nally con sis tent geo log i cal and petrophysical prop -
er ties (Amaefule et al., 1993). The meth ods for de ter min ing
HFUs are based on the use of spe cific char ac ter is tics of po rous
rocks, such as pore shape, pore throat size and ar range ment,
and cap il lary pres sure, in ac cor dance with the orig i nal Kozeny-
 Carman model (Kozeny, 1927; Carman, 1937) and the con -
struc tion of co ef fi cients such as the Flow Zone In dex (Amaefule
et al., 1993; Alvarez et al., 2025) and the Re sis tiv ity Zone In dex
(Shahat et al., 2021). Ef fec tive po ros ity, PHI (a net work of con -
nected pores en abling fluid flow in a res er voir), and irrreducible
wa ter vol ume (SWI) as re sults of re in ter pre ta tion of well log ging
data, formed the ba sis for cal cu lat ing per me abil ity K (Zawisza,
1993). Ef fec tive po ros ity PHI and per me abil ity K al lowed for the
cal cu la tion of the Flow Zone In dex FZI as the qual i ta tive and
quan ti ta tive in di ca tor of zones with fluid flow abil ity. The FZI can
be cal cu lated ac cord ing to for mula (1):
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where: K – per me abil ity [mD], F – ef fec tive po ros ity [dec] from re in -
ter pre ta tion of well logs.

The HFU con cept was de vel oped by sev eral au thors and
Shahat et al., (2021) in their ar ti cle de scribed sev eral ap -
proaches based on hy drau lic FZI and elec tric RZI (Re sis tiv ity
Zone In dex) paths. Fi nally, Shahat et al. (2021) pre sented the
equa tion for cal cu lat ing RZI ac cord ing to for mula (2):
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where:  Rt – true elec tri cal re sis tiv ity of rock.

These au thors de cided that re in ter preted old well log data
pro vided more cred i ble val ues of PHI and K than Rt. The FZI
pa ram e ter was the ba sis for di vid ing the Krosno Beds sec tion
into Rock Types, which de ter mine res er voir prop er ties (Kra -
kowska- Madejska et al., 2024).

RESULTS

The in ter pre ta tion pro ce dure is de scribed us ing data from
the P-1 bore hole as an ex am ple. In ad di tion to the re sults from
the P-1 bore hole, the re sults from the ST-1 and TN-1 bore holes 
were in cluded in the set of lab o ra tory anal y ses.

The re sults of the re in ter pre ta tion of well log ging data in
bore hole P-1 cov ered the in ter val 12–1000 m (avail able from all 
the well logs). The FZI co ef fi cient was cal cu lated based on the
ef fec tive po ros ity PHI and ab so lute per me abil ity K. Ba sic sta tis -
tics for se lected petrophysical pa ram e ters are shown in Ta -
ble 4. The limit val ues, Min and Max (i.e. range of change -
ability), as well as the arith me tic and har monic means il lus trate
the vari abil ity of the in ter preted val ues. Re sults of the re in ter -
pre ta tion are also shown on the col lec tive draw ing, which is dis -
cussed later, af ter in clud ing the re sults of other meth ods of fa -
cies de ter mi na tion.

Well logs were taken at 0.25 m in ter vals. In ter pre ta tion was
per formed us ing the same depth step. In the depth sec tion
12–1000 m there was a large col lected data set, in which it was
nec es sary to de ter mine val ues that had no phys i cal man i fes ta -
tion. Per me abil ity val ues K were lim ited from be low by a value
of 0.0002 mD. Sim i larly, PHI val ues equal to zero were not in -
cluded in the sta tis ti cal cal cu la tions. The low est car bon ate vol -
ume was 0.0001%. Har monic means, al ways lower than arith -
me tic means, for quan ti ties such as per me abil ity or to tal or ganic 
car bon con tent, in di cate a large num ber of low val ues for these
pa ram e ters. Har monic means close to arith me tic means for pa -
ram e ters such as PHI, VSAND, VCL, and GR in di cate a nor mal
dis tri bu tion of these val ues. Com pa ra ble arith me tic and har -
monic means of FZI in di cate a sig nif i cant pro por tion of higher
and lower val ues of this pa ram e ter in the set. The es ti mated
TOC value con firms the iso la tion of thin interbeds of black or
dark brown shales (Sb) in var i ous fa cies (S-Sh; Ta ble 3). In for -
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ma tion about black shales was in cluded in the bore hole re port
of bore hole TN-1. Based on the re sults of the re in ter pre ta tion of
well logs in the bore hole dis cussed, the pres ence of three
petrophysical lithofacies was iden ti fied: mudstone – over 60%;
sand stone – over 30%; and car bon ate – ~3%. Four FZI classes 
were de fined based on FZI data from 3 bore holes be ing pro -

cessed (P-1, ST-1, TN-1): i) FZI<0.5, ii) 0.5<FZI<1, iii) 1<FZI<2, 
iv) 2<FZI<4; and a his to gram for P-1 bore hole data was con -
structed ac cord ing to those classes (Fig. 4). It was found that
52% of the data was in the class 1<FZI<2, and 32% in the class
2<FZI<4. The sep a rate classes of FZI be came the ba sis for
Rock Types (RT). The same FZI classes were de fined in the
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Fig. 3. Ex posed ex am ples of the de ter mined lithofacies within suc ces sions of the Krosno Beds

A – very thick-bed ded, mas sive or graded sand stones, oc ca sion ally interbedded with thin shales/mudstones – fa cies S (49°18’48.35"N,
22°22’16.63"Sh); B – fa cies SSSh dom i nated by thin- to thick-bed ded sand stones, in ter ca lated with thin shales (49°18’30.47"N,
22°16’34.83"E); C – pack age of thin- to me dium-bed ded sand stones and shales, fa cies SSh char ac ter ized by a sim i lar pro por tion of both
lithologies (49°38’9.91"N, 21°10’59.9"E); D – pack age of shales and very thin- and thin-bed ded, find-grained sand stones – fa cies ShShS
(49°11’1.05"N, 22°35’5.16"E); E – pack age of very thin-bed ded shales/mudstones, rarely in ter ca lated with thin lay ers of sand stone – fa cies
Sh (49°12’47.2"N, 22°38’56.05"E); F – thin- to me dium-bed ded lay ers of black, bi tu mi nous shale of the Menilite type (fa cies Sb) – or ange ar -
rows, within grey shales and sand stones of the Krosno Beds type (49°12’9.01"N, 22°42’34.23"E). In the pho tos, some beds are la beled:
sand stones with the let ter “s” and shales with the let ter “sh”. Ham mer marked with a red cir cle for scale, the co or di nates of each ex po sure lo -
ca tion are given in brack ets



three bore holes so that the RT val ues would be com pa ra ble.
The sec tions of the geo log i cal pro file char ac ter ized by high FZI
val ues, cal cu lated ac cord ing to for mula (1), cor re spond to rocks 
in which res er voir flu ids flow eas ily. The re la tion ship be tween
FZI vs. po ros ity PHI and per me abil ity K is non-lin ear; how ever,
a com bi na tion of high PHI and K val ues in di cates a high FZI.

Nu mer ous traces of oil were ob served dur ing the drill ing of
bore hole P-1, both in the mud as well as in cores. A flow of oil
and gas was ob tained from the per fo rated pipe at the depth in -
ter val 469–701 m (Plezia, 1991a). We ex pected changes in the
ba sic sta tis tics of the flow in ter val com pared to the en tire in ter -
val but Ta ble 5 shows petrophysical pa ram e ter val ues very sim -
i lar to those in Ta ble 4.

The wa ter sat u ra tion SW is sim i lar in the en tire in ter val and
the flow in ter val, as is the vol ume of sand stone VSAND, while
the shale con tent VCL is slightly lower in the pro duc tive in ter val.
The res er voir pa ram e ters po ros ity, per me abil ity, and FZI, as
well as TOC, are sim i lar in Ta bles 4 and 5. The per cent age

share of petrophysical lithofacies in the 461-701 m sec tion
changed in fa vour of sand stone (~37%; in the en tire in ter val
~30% ) at the ex pense of mudstone.

The FZI his to gram was also cal cu lated for the depth in ter val 
461–701 m ac cord ing to the pre vi ously se lected classes
(Fig. 5). The class 1<FZI<2 con tained 56% of the data, while
the classes 0.5<FZI<1 and 2<FZI<4 con tained com pa ra ble
amounts of data (~19% each). Cur rently, there is less data in
the class FZI<0.5. The his to grams in Fig ures 4 and 5 show the
dom i nance of Rock Types (RT) in the class 1<FZI<2 for the en -
tire pro file and for the part with traces of oil. The larger amount
of data in the 2<FZI<4 class in the en tire set in di cates that the
lay ers with the best res er voir prop er ties were not con fined to 
the oil traces group. A slight ef fect of the pres ence of oil was
also ob served in terms of elec tri cal re sis tiv ity. The RES val ues
in Ta bles 4 and 5 are sim i lar.

For the bore hole P-1, as in bore holes ST-1 and TN-1, the
fa cies clas si fi ca tion was also pre pared based on mac ro scopic
core and cut ting de scrip tions, and field geo log i cal in for ma tion
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T a  b l e  4

Ba sic sta tis tics for se lected petrophysical pa ram e ters, bore hole P-1, depth in ter val 12–1000 m (Krosno Beds)

Sym bols: PHI, VCL, VSAND, VLIME – re sults of com pre hen sive re in ter pre ta tion of the well logs, re spec tively: ef fec tive po ros ity,
clay vol ume (shale con tent), sand stone and car bon ate com po nent vol ume, K and TOC – per me abil ity and to tal or ganic car bon
con tent val ues cal cu lated on the ba sis of the re in ter pre ta tion re sults, GR – nat u ral ra dio ac tiv ity, RES – elec tri cal re sis tiv ity from
mea sure ments af ter en vi ron men tal cor rec tions, FZI – co ef fi cient char ac ter iz ing the rock’s abil ity to en able fluid flow

Fig. 4. FZI his to gram, bore hole P-1, depth in ter val 12–1000 m,
Krosno Beds

Num bers at the top of the each bar show the num ber of data
points in the class

Fig. 5. FZI his to gram, bore hole P-1, depth in ter val 461–701 m,
Krosno Beds

Numbers at the top of the each bar show the num ber of data
points in the class



(Ta ble 3). The lithofacies in these bore holes are sim i lar in the
in di vid ual pro files (Ta ble 6) due to sim i lar ma te rial (cores and
cut tings) col lected dur ing drill ing the same for ma tions. The de -
scrip tion of the fa cies con tained in the bore hole re port con firms
the sim i lar ity of the fa cies and li thol ogy (Ta ble 3). Ta ble 6 re -
vealed lithofacies that could be sep a rated on the pro por tion of
sand stone to shale (Ta ble 3). Re sults are jux ta posed in Fig -
ure 6 to show the dif fer ences in ver ti cal res o lu tion of the meth -
ods shown.

Sum ma ries of in for ma tion on petrophysical fa cies, litho -
facies, and Rock Types (FZI) in P-1 bore hole are shown col lec -
tively in Fig ure 6. Interbedding of petrophysical lithofacies can

be seen for mudstone and sand stone. The ab sence of
petrophysical claystone fa cies (VCL>65%) in di cates mod er ate
shaliness of the for ma tions stud ied, cor rob o rated by the GR
curve (Ta bles 4 and 5). The petrophysical car bon ate lithofacies
(VLIME>30%) at the 3% level shows that the pro file is prac ti -
cally sandy-muddy through out the en tire in ter val. There is a
clear cor re la tion be tween higher Rock Types (or ange) and
sand stone fa cies, both as a re sult of well log re in ter pre ta tion
(petrophysical lithofacies) and geo log i cal clas si fi ca tion (litho -
facies). High Rock Types are re flected in lithofacies S and
SSSh, which are in her ently sand stone-dom i nated. Lithofacies
ShS (sand stone and shale) cor re lates with the mudstone petro -
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T a  b l e  5

Ba sic sta tis tics for se lected petrophysical pa ram e ters, bore hole P-1, depth in ter val 469–701 m 
– oil flow (Krosno Beds)

Sym bols as in Ta ble 4

T a  b l e  6

Clas si fi ca tion into lithofacies of the Krosno Beds in bore holes P-1, ST-1, and TN-1 based on geo log i cal
data con tained in the bore hole re ports



physical lithofacies, which is clearly vis i ble in the lower part of
the pro file. Lithofacies ShShS has also been iden ti fied in the
lower part of the pro file and gen er ally cor re lates with the mud -
stone petrophysical fa cies. The sand stone petrophysical fa cies
is ob served in the form of thin interbeds. The Rock Types iden ti -
fied in the lower part of the pro file oc cur in units of sim i lar thick -
ness to lithofacies ShShS. The small num ber of lab o ra tory tests 

of po ros ity and per me abil ity (11 pairs of po ros ity-per me abil ity
data) was the ba sis for the sep a ra tion of only two Rock Types,
RTlab, which did not spec ify the fa cies in for ma tion (Fig. 6).

The fa cies di vi sions dis cussed above, based on petro -
physical lithofacies and lithofacies de ter mined on the ba sis of
geo log i cal data and Rock Types, were sup ple mented with re -
sults from the Cyclolog al go rithm. Stud ies us ing this pro gram
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Fig. 6. Fa cies di vi sions in bore hole P-1, depth in ter val 12–1000 m, Krosno Beds; scale 1:3000



were per formed on each bore hole in the Krosno Beds in ter val
us ing well logs, as GR, DT, SP and RHOB curves. The anom a -
lies on the PEFA curves re flect lithological changes also vis i ble
on the logs (Fig. 7). The PEFA curves form the ba sis for cal cu -
lat ing the INPEFA curves, which show the trends in the pa ram -
e ters mea sured by in di vid ual logs. Each INPEFA curve shows
dif fer ent de tails, al though the gen eral trends over lap (Figs. 7
and 8).

Fig ure 7 shows a part of the INPEFA graphs il lus trat ing the
re sults of anal y ses with dif fer ent win dows on the GR, DT and
RHOB curves. The INPEFA curves show the vari abil ity of the
rock; small and large changes can be ana lysed de pend ing on
the re search goal. The se lec tion of the win dow size, in which
PEFA and INPEFA are cal cu lated, is an im por tant el e ment of
the anal y sis, de pend ing on the ob jec tive. More over, it is pos si -
ble to cor re late changes in the GR and INPEFA curves. Nat u ral
ra dio ac tiv ity – gamma ray log GR, and the PEFA graph for the
GR curve are shown on the left side of the INPEFA graphs.

The amount of de tail vis i ble in the graphs of re sults with win -
dows of dif fer ent width is sim i lar. Trend change points are
marked at al most the same depths. Trend change points also
cor re late with PEFA re sults, but are more pro nounced. In de -
tailed petrophysical anal y ses, re sults with a small win dow –
20 m – are more im por tant. For struc tural anal y ses, re sults with
a 40 m win dow are suf fi cient. It is clear that the INPEFA curves
for win dows of 40 m and above al most over lap. Cyclolog stud -
ies to com pare lithofacies in all bore holes in the study were per -
formed with the 40 m win dow. The size of the win dows was dic -
tated by the thick ness of lithofacies (Ta ble 6) and the ver ti cal
res o lu tion of the well logs (~0.3–0.5 m).

The INPEFA curves are cu mu la tive trans forms of well logs
that high light geo log i cal dis con ti nu ities within the subsurface.
These dis con ti nu ities in the log sig nal cor re spond di rectly to
changes in geo log i cal con di tions, and can there fore be in ter -
preted as lithological changes or in spe cial cases in di rectly as
changes in sed i men ta tion rates. The INPEFA curve is the cu -
mu la tive form; it con verts pointwise dis con ti nu ities into broader
up ward or down ward trends that can be in ter preted stra tigra -
phically. The INPEFA trend di rec tions cor re late with base-level
and fa cies changes. Sum ma riz ing, pos i tive trends (with
INPEFA ris ing) cor re spond to transgressive phases, and in di -
cate pos si ble in creas ing shale con tent, deeper or qui eter wa ter. 
Neg a tive trends (with INPEFA fall ing) are linked to re gres sive
phases, in di cat ing in creas ing sand con tent, and shal lower or
more en er getic con di tions in the ma rine en vi ron ment. The
INPEFA curves work as geo log i cal trend am pli fi ers, which take
sub tle vari a tions in log data and con vert them into cu mu la tive
curves that re veal the hid den struc ture of the sed i men tary re -
cord. The pos i tive and neg a tive INPEFA trends in the sec tions
of the Krosno Beds stud ied are sim i lar across all bore holes and
cor re late sim i larly with the re sults of the other meth ods.

The P-1, ST-1, and TN-1 strati graphic col umns in clude
INPEFA re sults based on GR, DT and SP logs, as well as re in -
ter pre ta tion re sults in the form of the clay con tent (shaliness)
VCL, and ef fec tive po ros ity PHI. The GR and SP give the sim i -
lar lithological an swer, PHI and DT about the po ros ity, VCL and
GR about the shaliness. There is a clear mu tual cor re la tion be -
tween the INPEFA trend curves. There is also a cor re la tion be -
tween the anom a lies on the gamma ray log and the trend
curves. Such de tails can not be ob served on in di vid ual logs. Ex -
am ples of logs and cor re spond ing INPEFA trends from bore -
hole P-1 are shown in Fig ure 8.

Based on the Cyclolog al go rithm re sults re corded in the
LAS for mat file, INPEFA graphs were con structed for bore hole
P-1, pair ing graphs with sim i lar in for ma tion (Fig. 9), i.e. logs:

GR and SP (li thol ogy), and PHI and DT (po ros ity), and VCL and 
GR (shaliness)). INPEFA_SP gives ad di tional anom a lies com -
pared to INPEFA_GR and INPEFA_VCL. The same ap plies to
the INPEFA_DT and INPEFA_PHI curves. The dif fer ent ver ti -
cal res o lu tion of the curves re sults in a vari able im age of the
anom a lies. The sum mary fig ure (Fig. 10) il lus trates the fa cies
dis tin guished by the dif fer ent meth ods and the INPEFA curves
in wells P-1, ST-1, and TN-1. The di verse in for ma tion pro vided
by dif fer ent fa cies rec og ni tion tech niques is clearly vis i ble.

The best fluid flow prop er ties (high FZI val ues) were ob -
served in pro file of the ST-1 bore hole based on petrophysical
lithofacies (FZI class: 5 and 4). Nev er the less, FZI class 4
reached a thick ness of 785 m in the TN-1 bore hole in com par i -
son to the P-1 bore hole – 305 m – and the ST-1 bore hole –
157 m. Lithofacies de ter mined on the ba sis of core de scrip tions
and field sam ples showed the most sandy char ac ter for the pro -
file in the P-1 bore hole (S and SSSh lithofacies code), which
reached ~628 m in thick ness, while in the TN-1 bore hole it
reached 290 m and in the ST-1 bore hole 345 m. Rock Types
are con sis tent with lithological fa cies. Good me dia flow ca pac ity 
is ob served in the P-1 bore hole, where sand stone and
mudstone lay ers are interbedded and have sim i lar pro por tions.
The weak est flow ca pac ity was ob served in the ST-1 bore hole.
FZI class 1 reached ~171 m in thick ness, while in the P-1 bore -
hole it is ~72 m thick. There was no FZI class 1 in the TN-1 bore -
hole. Nu mer ous clayey in ter ca la tions are marked in this bore -
hole on the lithofacies chart. The pres ence of thin interbeds of
black shale in var i ous fa cies (S-Sh; Ta ble 6) may re duce the
mo bil ity of flu ids. Their pres ence is also in di cated by el e vated
TOC val ues. High RT val ues, very evenly dis trib uted, and sta -
ble FZI val ues can be seen in the TN-1 bore hole. The pres ence
of shales (lithofacies ShShS) can be seen in all pro files.

The in clu sion of INPEFA trend curves pro vided ad di tional
in for ma tion. In the lower part of the pro file in bore hole P-1,
where lithofacies ShS and ShShS are ob served, a pos i tive
trend is marked for INPEFA_GR (red curve), INPEFA_SP (yel -
low) and INPEFA_VCL (green) as so ci ated with an in crease in
shaliness. Lo cal changes in trends on the DT and PHI curves
can be linked to the interlayers in lithofacies ShShS (the most
clayey) and muddy lithofacies ShS.

In the case of bore hole ST-1 (Fig. 10), INPEFA_GR (red
curve) and INPEFA_VCL (green) fol low a sim i lar pat tern. Ad di -
tional de tails pro vided by the SP log are clearly vis i ble.
INPEFA_DT and INPEFA_PHI do not co in cide. The trend
graphs show an up ward (pos i tive trend) or down ward (neg a tive
trend) tra jec tory, de pend ing on the curve. The INPEFA_PHI
(pink) and INPEFA_DT (blue) curves have a dif fer ent course
com pared to the INPEFA_VCL and GR curves, and
INPEFA_SP, which shows ad di tional anom a lies. A clear dif fer -
ence in the be hav iour of the curves can be ob served in the top
in ter val, formed in the petrophysical lithofacies of sand stone,
where INPEFA_DT and INPEFA_PHI run sim i larly but in op po -
site di rec tions to INPEFA_GR and VCL.

The se ries of INPEFA curve anal y ses for the Krosno Beds
is con cluded by the TN-1 strati graphic col umn (Fig. 10). The
first clear change in the INPEFA_GR and INPEFA_PHI trend
lines can be seen at a depth of ~420 m, where INPEFA_GR
loses its neg a tive trend and INPEFA_PHI loses its pos i tive
trend, the lithofacies ShS and ShShS in di cat ing an in crease in
the pro por tion of shale to sand stone. A clear neg a tive trend on
the INPEFA_GR curve can be seen in the in ter val of lithofacies
S and SSSh. This sec tion also shows a more pro nounced con -
tri bu tion from the petrophysical sand stone lithofacies.
INPEFA_SP shows a neg a tive trend, in di cat ing an in crease in
sand i ness from a depth of ~120 m.
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Fig. 7. Dif fer ent win dow sizes for PEFA and INPEFA anal y ses



DISCUSSION: CONTRIBUTIONS OF MULTI-SCALE
AND MULTI-SOURCE INFORMATION TO

LITHOFACIES IDENTIFICATION

All three bore holes, P-1, ST-1 and TN-1, show sim i lar
INPEFA_GR and INPEFA_VCL curves. The INPEFA_GR and
INPEFA_PHI curves are re versed (as if they are mir ror im -
ages), which is con sis tent with the phys i cal in ter pre ta tion of the
ef fect of shaliness on po ros ity. The INPEFA_DT and
INPEFA_PHI curves fol low a sim i lar trend in most in ter vals, but
also show vary ing anom a lies. The INPEFA_GR and
INPEFA_SP curves look sim i lar. The dis crep an cies in the GR
and SP trend curves can be ex plained by the dif fer ent phys i cal
ba sis of logs and dif fer ent ef fects of shaliness in both curves.
Nev er the less, the GR and SP curves are the ba sis for vol ume
of clay (shaliness) cal cu la tions. The dif fer ences in the trends on 
the PHI and DT curves can be ex plained by the in flu ence of sat -
u ra tion (bore hole P-1) and pos si ble changes in the com po si tion 
of sand stone sec tions of the pro files (ST-1 – en tire pro file and
TN-1 – lower part). The di ver sity of lithofacies de ter mined on
the base of mac ro scopic de scrip tions of cores, cut tings and
field ob ser va tions, as shown in Ta ble 6, is also ob served on the
INPEFA curves in the form of lo cal trend changes over short
sec tions. On the INPEFA curve charts, the points of trend
change do not al ways oc cur at the same depths, mainly due to
the dif fer ent ver ti cal res o lu tions of the well logs, which af fects
the depth at which lithological bound aries are de ter mined. From 
this per spec tive, FZI (Rock Types) and ef fec tive po ros ity anal y -
ses were car ried out on the Krosno Beds stud ied (Ta ble 7).

In bore hole P-1, a de tailed anal y sis was per formed of the
INPEFA_GR curves in the sec tion 745.25–639 m and
INPEFA_SP in the sec tion 788.25–710.75 m, where in the case 
of the GR curve a clear up ward trend is ob served as so ci ated
with a de crease in sand con tent, while the INPEFA_SP curve
also main tains an up ward trend, but the points of change in the
trend on both curves are shifted in depth. A sim i lar anal y sis was
per formed on the 845–745 m in ter val, where the INPEFA_GR
curve shows a def i nite down ward trend, while the trend on the
INPEFA_SP curve is not uni form in this in ter val. In ad di tion, the
trend curves in the 882–845 m in ter val were ana lysed in de tail,
where both curves (INPEFA_GR and INPEFA_SP) show the
same up ward trend. In the in ter val 710.75–394.25 m on the
INPEFA_DT and INPEFA_PHI curves, anom a lies dif fer from
those on the INPEFA_GR and INPEFA_SP curves. Two sec -
tions have been iden ti fied on the INPEFA_PHI curve:
515–394.25 m (up ward trend, op po site to INPEFA_GR) and
701.75–515 m (down ward trend). The sec tion
701.75–394.25 m cov ers the depth in ter val from which the oil
in flow was ob served. A com par i son of the av er age FZI and PHI
val ues in Ta bles 4 and 5 did not show any sig nif i cant dif fer -
ences. How ever, the re sults in Ta ble 7 show a clear in crease in
FZI and PHI in the top part of this sec tion.

More over, eval u ated RT val ues (re flected by high FZI and
PHI) are ob served in in ter vals dom i nated by lithofacies ShS and 
ShShS. This be hav iour may be re lated ei ther to the ver ti cal res -
o lu tion of well logs or to the com bined petrophysical re sponse of 
lithofacies ShS and ShShS. The well log mea sure ments were
re corded at 0.25 m in ter vals; there fore, in the pres ence of thin
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Fig. 8. INPEFA curves from Cyclolog in bore hole P-1, Krosno Beds
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Fig. 9. INPEFA curves based on GR (black), SP (or ange), DT logs (ma genta), and VCL (green), and PHI (blue)
 in ter pre ta tion re sults; bore hole P-1; Krosno Beds
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lay ers, the log re sponse is sub ject to ver ti cal av er ag ing. An al -
ter na tive ex pla na tion for the pat tern ob served is the gen er ally
more fa vour able petrophysical prop er ties of lithofacies ShS and 
ShShS, ex pressed by a com bi na tion of higher po ros ity and en -
hanced fluid flow ca pac ity, which are lo cally less de vel oped in
lithofacies S.

The ST-1 bore hole re port con tains in for ma tion about oil flow 
dur ing drill ing from the 699–344 m in ter val. As in the P-1 bore -
hole (Ta bles 4 and 5), the ba sic petrophysical pa ram e ter sta tis -
tics for this sec tion did not dif fer sig nif i cantly from the sta tis tics
for the en tire pro file. This sec tion was sub jected to de tailed ex -
am i na tion, tak ing into ac count the vari able trends on the
INPEFA_PHI curve. The INPEFA_SP curve in this in ter val
shows a gen er ally up ward trend, while the INPEFA_GR curve
can be di vided into two parts: the lower part with a down ward
trend and the up per part with an up ward trend (more fluc tu at -
ing). The in ter val 699–568 m shows el e vated PHI value, com -
pared to the en tire in ter val stud ied (699–344 m) and the up per
in ter val 538–404 m; the lat ter one is also char ac ter ized by sig -
nif i cantly lower po ros ity (Ta ble 7). It can be seen that both in ter -
vals dif fer sig nif i cantly in terms of the pa ram e ters shown. The
wa ter sat u ra tion SW, was also cal cu lated, which was 95% in the 
699–304 m in ter val, 87% in the 699–568 m in ter val, and 99% in
the 538–404 m in ter val. Changes in the INFERA_PHI trend
prompted the cal cu la tion of wa ter sat u ra tion (SW) in in di vid ual
in ter vals in or der to doc u ment the pres ence of oil traces. This
ex am ple shows that it is worth ana lys ing INPEFA trends from
the PHI log.

In bore hole TN-1, a de tailed anal y sis of the INPEFA_GR
curve was per formed on the in ter val 550–245 m. A depth of
411 m di vides the graph into two sec tions, the up per one show -
ing a down ward trend and the lower one show ing an up ward
trend. The lithofacies cor re spond to the INPEFA_GR curve: the
up per sec tion is dom i nated by lithofacies S and SSSh, i.e., an
in crease in sand i ness, while the lower sec tion is dom i nated by
lithofacies ShS and ShShS, i.e., an in crease in shaliness. The
av er age FZI val ues were cal cu lated for both sec tions: 2.58 in
the up per sec tion and 2.40 in the lower sec tion. The dif fer ence
is not very large, both val ues clas sify RT in the high est class.
RT de ter mined at in di vid ual depth points does not show any
sig nif i cant changes. The av er age PHI in both in ter vals is 4.2%
and 3.6%, re spec tively. The INPEFA_SP curve in the in ter val
tested has a neg a tive trend and shows sev eral anom a lies with
smaller am pli tudes, which can be in ter preted as sand stones
and mudstones with a large pro por tion of sand stone in the
sandy-clay suc ces sion. The data in Ta ble 7 and the graphs in
Fig ure 10 show that sec tions with up ward trends are gen er ally
as so ci ated with higher FZI val ues and higher (sand stone) RT

classes, which is as so ci ated with higher po ros ity. The dif fer -
ences shown in the trend curves based on dif fer ent logs al low
for more de tailed anal y ses of petrophysical pa ram e ters with a
given MESA spec tral study win dow. The study shows that add -
ing INPEFA trends ob tained from the Cyclolog pro gram en -
riches petrophysical re sults and also trans lates into strictly geo -
log i cal in for ma tion.

CONCLUSIONS

This study has dem on strated that INPEFA trend graphs
based on spec tral anal y sis of well logs are an ef fec tive tool sup -
port ing fa cies clas si fi ca tion of the geo log i cal pro file and help ing
to iden tify zones with better res er voir prop er ties. The study de -
scribed shows that in for ma tion from var i ous sources and on
var i ous scales, com bined for a sin gle pur pose – lithofacies
iden ti fi ca tion – re sults in a more ac cu rate lithological rec og ni -
tion, which also af fects res er voir prop er ties. The trends ob -
tained from the Cyclolog pro gram made it pos si ble to gen er al -
ize very de tailed and, by ne ces sity, in com plete in for ma tion from 
well log ging and, at the same time, to re spon si bly in cor po rate
in de pend ent, multi-scale data from cores, cut ting sam ples, and
field in for ma tion.

The lithofacies de ter mined in the sand stone-shale pro files
of the Krosno Beds in three bore holes in the east ern part of the
Outer Carpathians were ex am ined on the ba sis of well log ging
and their quan ti ta tive in ter pre ta tion, as well as lithofacies de ter -
mined on the ba sis of geo log i cal knowl edge ob tained from field
stud ies and mac ro scopic anal y ses of cores and cut ting sam -
ples. INPEFA trends made it pos si ble to gen er al ize con tin u ous
in for ma tion pro vided by petrophysical lithofacies and Rock
Types in di verse lithologies. The study of INPEFA trend change 
points on var i ous logs al lowed for more ac cu rate in for ma tion
and a more de tailed ex am i na tion of the causes of the anom a -
lies ob served in terms of lithological changes, po ros ity and sat -
u ra tion. The use of the spec tral meth ods PEFA and INPEFA
com ple ments other stan dard geo phys i cal tech niques and core
anal y sis. The re sults of the meth ods used com ple mented each
other and con firmed the good res er voir prop er ties of the most
sand stone-rich parts of the pro files with de creas ing INPEFA
trends.

Ac knowl edge ments. The re sults were ob tained as part of
the pro ject en ti tled “De vel op ment of an in no va tive con cept for
search ing for hy dro car bon fields in the deep struc tures of the
Outer Carpathians”, INNKARP no. POIR.04.01.01-00-
0006/18-00 (2019–2023), co-ex e cuted by AGH Uni ver sity of
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Changes in the trend on the INPEFA_GR curves and av er age FZI and PHI val ues in se lected in ter vals 
in bore holes P-1, ST-1 and TN-1



Krakow, Po land, fi nanced in the frame work of the Smart Growth
Op er a tional Programme by the Na tional Cen ter for Re search
and De vel op ment and Pol ish Oil and Gas Com pany (POGC),
War saw, Po land (Pol ish Oil and Gas Com pany (POGC) now
Orlen SA). The au thors would like to thank ORLEN SA, War saw,
Po land for shar ing their data and PAN Terra Geoconsultants for
a paid lease of the CycloLog pro gram for a spec i fied pe riod of
time. Thanks are also ex tended to Dr. Monika Kasperska and
Dr. Marek Stadtmüller for their con tri bu tions. The Techlog soft -
ware was used thanks to Slb as a uni ver sity pro gram for AGH
Uni ver sity of Krakow. This re search was par tially funded by the
sub sidy granted to the AGH Uni ver sity of Krakow by the Min is try
of Sci ence and Higher Ed u ca tion in Po land.

Au thor con tri bu tions: P.I.K.-M.: con cept of re search work
and ar ti cle struc ture, in ves ti ga tions, meth od ol ogy, petrophy -
sical in ter pre ta tion, graph i cal side of the pa per, edi tion; S.W.:
con cept and re al iza tion and in ter pre ta tion of Cyclolog cal cu la -
tions, K.S.: field geo log i cal in ves ti ga tions, lithofacies def i ni tions
and de scrip tions, geo log i cal in ter pre ta tion; E.P.: con cept of re -
search work, in ves ti ga tion, meth od ol ogy, petrophysical in ter -
pre ta tion; J.A.J.: con cept of ar ti cle, pro ject ad min is tra tion, su -
per vi sion, writ ing orig i nal draft; AL-Œ.: well log ging in ter pre ta -
tion, meth od ol ogy.
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