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The Integrated Predictive Error Filter Analysis (INPEFA) technique was applied to investigate lithological variations with the
aim of enhancing the identification of reservoir intervals within a sandstone-shale succession. The study utilized geological
and well logging data from three boreholes penetrating the Krosno Beds in the Silesian Unit (Jurassic—Neogene) of the Outer
Carpathians. Available well logs were reinterpreted to delineate petrophysical lithofacies based on shale content. Effective
porosity (PHI) and estimated permeability values (K) were employed to calculate the Flow Zone Index (FZI) and classify Rock
Types. Macroscopic core and cuttings descriptions, supplemented by field geological observations, facilitated the identifica-
tion of geological lithofacies. These geological and petrophysical lithofacies, along with Rock Types, were correlated with
INPEFA curves derived from well log parameters including gamma ray (GR), spontaneous potential (SP), bulk density
(RHOB), and acoustic transit time (DT), as well as reinterpreted effective porosity (PHI) and shale volume (VCL). Facies
classification within the sandstone-shale profiles of the Krosno Beds was refined by analysing INPEFA trends and inflection
points. The integration of multiple analytical approaches based on various scale data, i.e. well logs, results of macroscopic
analysis of cutting samples and cores together with information from geological field studies enabled a more precise delinea-
tion of intervals showing favourable reservoir properties within the stratigraphic columns. The study presented shows that in-
formation from various sources and on various scales, combined for a single purpose — lithofacies identification — results in a
more accurate lithological recognition, which also affects understanding of reservoir properties. The trends obtained from the
Cyclolog program made it possible to generalize very detailed and, by necessity, fragmented information from well logging
and, at the same time, to responsibly incorporate independent, multi-scale data from core, cutting sample and field informa-
tion.
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INTRODUCTION cores and interpretation of well logging data. However, initial in-
formation about the possible reservoir capacity of the forma-
tions analysed is obtained from geological knowledge about the

The assessment of the oil and gas or water-bearing reser- ~ area based on specialist literature, field geological studies and
voir potential of rock is based on specific geological and petro- ~ macroscopic analyses of cores, cuttings, and surface rock sam-
physical characteristics. The key parameters are porosity and  ples (e.g., Wells, 1967; Hallenburg, 1998; Asquith and Kry-
permeability, etermined on the basis of laboratory tests of drill  gowski, 2004; Catuneanu, 2006; Tiab and Djebbar, 2015;
Dziadzio et al., 2021; Crain’s Petrophysical Handbook, 2025).

The facies model, constructed on the basis of geological re-
connaissance, including mineralogical, petrographic, and geo-
chemical analyses, as well as the results of well logging mea-
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reservoir capacity of rocks. For years, various data processing
techniques, the most up-to-date at the time, have been used to
create the product in the form of the information about the res-
ervoir rock potential. The simplest use of well logging data to
identify lithofacies is based on cross-plots constructed using
logs, e.g., P-wave transit interval time (DT) from acoustic logs
vs. neutron porosity (NPHI) from neutron logs or bulk density
(RHOB) vs. photoelectric absorption index (PE) from spectral
gamma-gamma logs (e.g., Schlumberger, 1999; Serra, 2008).
A similar approach can be taken with laboratory test results for
porosity and permeability by constructing a Flow Zone Index
(FZI) based on this data. However, the success of the tradi-
tional approach requires very careful preparation of well logs
and a significant number of laboratory tests, which is not always
possible. Modern analyses performed on samples cut from
cores, polished sections or drill cuttings are a projection of the
latest capabilities of equipment on rock material. However, their
point-like nature is always the dominant feature, overshadow-
ing the latest technical achievements. In the case of well log-
ging, which provides a large amount of regularly and continu-
ously sampled data, the use of statistical methods provides new
information, regardless of the methodologies used (Das et al.,
2024). The combination of various techniques is always an ef-
fective way to enrich information about facies and petrophysical
properties (Bata et al., 2012; Ma, 2019; Wang et al., 2025).

The goal of the present research is to enhance the assess-
ment of reservoir capacity in rocks by integrating geological in-
formation with well logging data. This involves using both tradi-
tional and modern analytical techniques, including INPEFA
spectral trend analysis, lithofacies identification and Flow Zone
Index calculations to more accurately characterize the petro-
physical properties and lithological variability of the Krosno
Beds in the Outer Carpathians. The study demonstrates that
combining diverse data sources and methods improves preci-
sion in identifying reservoir formations.

The most important aspect of the work presented is the
combination of geological information and well logging data,
taking into account their specific characteristics and capabili-
ties. INPEFA (Spectral Trend Attribute Analysis) analyses for
the preliminary identification of lithological changes were in-
cluded based on the results of well logs and their geological in-
terpretation (i.e. studies of the shapes of SP, GR and other well
logging curves as a function of the sedimentary environment;
Galloway, 1989; Catuneanu, 2006; Shouket and Jarzyna,
2014). At the same time, lithofacies were identified based on
the results of quantitative interpretation of well logging and
macroscopic analyses of cores, and of cuttings that were re-
lated to rocks exposed at the surface. Rock types were also de-
termined based on FZI coefficients, which define the ability of
reservoir media flow. INPEFA change graphs as a function of
depth facilitated the identification of characteristic points on well
logs associated with changes in lithology and/or sedimentary
conditions and facies. The research material consisted of a
sandstone-shale succession of the Krosno Beds in the eastern
part of the Outer Carpathians, in which the sandstone intervals
constitute one of the reservoir rocks of hydrocarbon fields iden-
tified and exploited in this area. It was shown that the inclusion
of an additional tool allowed for a more accurate identification of
the reservoir capacity of the rocks studied.

GEOLOGICAL SETTING

The Silesian Unit stretches from the Moravian Beskids to
the Bieszczady Mountains (Ksigzkiewicz, 1977; Fig. 1). The
Unit is represented by sedimentary rocks ranging in age from

the Upper Jurassic (Tithonian) to the Paleogene (Oligocene).
The formations of the Silesian Unit in the Polish Outer
Carpathians comprise a wide range of strata deposited in the
central part of the Carpathian Basin. The average sedimentary
thickness of this Unit is 2,500—3,000 m. In the central part of this
Unit, there is a structure known as the Central Carpathian De-
pression (Totwinski, 1933). The Silesian Unit within the Central
Carpathian Depression is mainly composed of facies-diverse
formations of the Menilite-Krosno series (Oligocene—Lower
Miocene). The formations of this Unit are divided into two facies
zones: the Lesko zone in the north-east and the Otryt
(Bieszczady) zone in the south-west (Zytko, 1968 fide Malata
and Zimnal, 2013). These zones differ from each other first of all
in terms of the lithostratigraphic profile of the Krosno Beds, par-
ticularly as regards the position of the thick-bedded sandstone
members that dominate in both zones, secondly in terms of the
age at which the sedimentation of the Krosno Beds began (ear-
lier in the south), and above all in terms of transport directions
and petrographic composition of the main sandstone succes-
sion (Slaczka, 1980; Malata et al., 2006; Malata and Zimnal,
2013). Namely, the Otryt Sandstone Member is composed of
medium- to coarse-grained sandstones that are characterized
by low mineralogical maturity, consisting of quartz, micas and
feldspars and relatively high amounts of metamorphic rock
clasts. Grains are usually poorly rounded, which also indicates
the low textural maturity of these sandstones (Slaczka and
Unrug, 1972; Godlewski et al., 2016). By comparison, the Lesko
Sandstone Member is built of mostly fine- to medium-grained
sandstones, rich in quartz, feldspars and muscovite and with
some sedimentary and metamorphic rock clasts (Malata et al.,
2006). Well-rounded grains in these sandstones document their
high textural maturity (Godlewski et al., 2016).

The different mineral compositions, textural maturities and
transport directions are inferred to result from different source
areas for these two facies (Slaczka et al., 1975; Wendorff,
1986). The boreholes P-1, ST-1, and TN-1 analysed are lo-
cated in the southern Otryt facies zone, which consists of the
following lithostratigraphic units: Menilite Beds, Transitional
Beds, Lower Krosno Beds (divided into three members: the
Zatwarnica Member, the Otryt Sandstone Member, and the Su-
pra-Otryt Member; Table 1).

Geological cross-sections illustrating the structure of the
area have been prepared based on the surface data (Fig. 1B),
from which the predicted profiles of the boreholes studied can
be interpreted:

— the ST-1 borehole is located on the Otryt Sandstone
Member, but close to the boundary with the Zatwarnica
Member. It can be concluded that the upper part of the
stratigraphic column consists mainly of the thick-bedded
Otryt Sandstone Member and, at a depth of ~300 m, the
borehole reaches the underlying Zatwarnica Member
(folded thin- and medium-bedded sandstones and
shales), while in the bottommost part, the borehole prob-
ably crosses the base of the Zatwarnica thrust fold and
enters again the Otryt Sandstone Member that forms the
southern limb of the next, more northern fold (Fig. 2A).

— the P-1 borehole is located within the Otryt Sandstone
Member. Due to the slightly greater distance of this bore-
hole from the boundary with the Zatwarnica Member and
the ambiguous dip of the layers, it can be inferred that
thick-bedded Otryt sandstones dominate to a consider-
able depth in this borehole (to at last to 500 m below the
surface), while the lower part of the profile cuts through
the thin-bedded sandstone and shales of the Zatwarnica
Member (Fig. 2B).
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Fig. 1A — location of the study area (red rectangular) on a geological sketch of the Polish Outer Carpathians (based on Zytko et
al., 1989, modified from Starzec et al., 2015); B — geological map of the study area with the location of the ST-1, P-1 and TN-1
boreholes

The lines AA’, BB’ and CC’ on the map indicate the course of the geological cross-sections shown in Figure 2 (map based on Haczewski
et al., 1998, 2001; Jankowski et al., 2004; Malata et al., 2006 and modified according to K. Starzec field investigations)
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Table 1

Characteristics of lithostratigraphic units in the study area (age and thickness data based on
Malata et al., 2014; Haczewski et al., 2016a, b)

Lower Krosno Beds

Menilite Beds Transitional Beds . Otryt Sandstone Supra-Otryt
Zatwarnica Member Member Member
brown, grey-black, coarse and medium- dark grey, marly shales grey, marly shales
bituminous shales and | grained sandstones of . . coarse-grained . .
; . and mainly thin to interbedded with
cherts with thin and the lower Krosno . ) sandstones, grey, ) .
. : ) medium-bedded fine- . thin to medium-
Lithology medium-thick layers of sandstone type, . hard, with a large .
. . . . . grained sandstones, bedded, fine-
greyish fine-grained interbedded with . . amount of h
subordinately thick- . grained, calcareous
sandstones (Krosno brown and grey muscovite,
bedded sandstones sandstones
type) shales
Age Lower Oligocene Lower Oligocene Lower Oligocene Oligocene Upper Oligocene
From ~250 min
Thickness 150430 m ~200-300 m 300-400 m up to NW part to ~1100 m

1200 m

1800 m in SE part

— the TN-1 borehole is located on the Zatwarnica Member
that forms the frontal zone of the thrust fold (Fig. 2C).
The Member is dominated by marly shales with inter-
beds of fine-grained sandstones. It can be concluded
that at a relatively shallow beneath these layers (~400 m
below the surface) there is a shale-sandstone succes-
sion forming the youngest member of the Krosno Beds
in this area, i.e., Supra-Otryt Member comprising thin
and medium-beded shales and sandstones; they form

the southern limb of the next, more northern fold.

The Krosno Beds occur along almost the entire length of the
stratigraphic columns used in the work described. The purpose
of drilling of the P-1, ST-1, and TN-1 boreholes by the Polish Oil

and Gas Company was to investigate the geological structure
and lithofacies development of the Krosno Beds in the eastern
part of the Zatwarnica thrust fold, as well as the structural condi-
tions affecting the occurrence of hydrocarbon fields (Plezia,
1991a, b, c).

The geological and petrophysical information contained in
the borehole report of these boreholes is consistent with the
properties of the lithostratigraphical units as mapped regionally.

500001 £2000m FHHC 00010 0000 m

000 -

“mem o iem frim

W

Thick-bedded (Otryt type) sandstones
within the Supra-Otryt Member

Supra-Otryt Member, thin- and medium-
bedded shales and sandstones

Otryt Sandstone Member, mainly
thick-bedded sandstones

Zatwarnica Member, medium-
bedded shales and sandstones

Fig. 2. Geological cross-sections along the lines shown in Figure 1B

MOVE software by PE Limited (Petex) was used in preparing the cross-sections
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Table 2

Lithostratigraphic profiles of P-1, ST-1, TN-1 boreholes according to the borehole reports

Borehole | Top [m] Bottom [m] Stratigraphy and lithology description Sour(r::él;cr)trsehole
0 10 Quaternary, gravel, sand and clays
ST-1 10 1014 Oligocene, Lower Krosno Beds, fine-grained sandstones with shale Plezia (1991b)
intercalations
. 0 10 Quaternary, gravel, sand and clays .
P-1 10 1010 Krosno Beds, fine-grained, hard, strongly laminated with shale, traces of olil Plezia (1991a)
TN-1 0 900 Ollgocene,_ Krosno Be_ds: weak-to-medium-grained shales, slightly sandy, fine- Plezia (1991c)
grained and micaceous sandstones, compact and wavy-banded

Table 2 summarizes the lithostratigraphic profiles of the P-1,
ST-1, and TN-1 boreholes. The borehole reports does not in-
clude the division of the Krosno Beds into different members,
differing in the ratio of sandstones to shales, because this dis-
tinction is difficult to make based solely on the examination of
cutting samples. In this case, the interpretation of well logging
data is important for the lithological and facies-based classifica-
tion of the profile drilled through the Krosno Beds.

MATERIALS AND METHODS

The research material in the form of well logging data as
well as descriptions of cores and cuttings contained in the bore-
hole reports was provided by the Polish Oil and Gas Company
(POGC, Warsaw, Poland) as part of the INGA INNKARP pro-
ject no. POIR.04.01.01-00-0006/18-00 (2019-2023) financed
in the frame of the Smart Growth Operational Program by the
National Center for Research and Development and POGC,
Warsaw, Poland.

The use of the INPEFA algorithm (PanTerra Geocon-
sultants, 2024) to identify facies and correlate deposits in the
Krosno Beds of the Silesian Unit for better identification of res-
ervoir zones was an innovative element in the study. For com-
parison, petrophysical facies were determined based on min-
eral composition (volume of shales VCL, and sandstones
VSAND) from well logs, and facies determined by a geologist
based on macroscopic descriptions of the cores and cuttings,
as well as on geological observations in the field. The Rock Typ-
ing procedure was also incorporated, based on the determina-
tion of the Flow Zone Index (FZI), which defines the ability of
rock to transmit reservoir fluids.

INPEFA ANALYSES

The use of the Cyclolog approach is based on the assump-
tion that well logs reflect sedimentation conditions. Logging
curves are a continuous record of lithofacies changes, and the
geological information contained in the profiles can be mathe-
matically described as a wave process (Nio et al., 1990, 2005).
Continuous and evenly sampled records of well logs as a func-
tion of depth make them suitable for spectral analysis. Interrup-
tions in the continuity of the sedimentation process, periods of
erosion, or distinct changes in the type of rock material depos-
ited in the sedimentary reservoir can be treated as phase
changes in the wave record. In sandstone-shale rock se-
quences, such as those found in the rock formations of the
Outer Carpathians, a set of well logs is used in the qualitative in-
terpretation process to determine lithological boundaries and
prepare illustrations of lithological sequences with varying
sandstone to shale ratios. For this purpose, gamma ray (GR)
and spontaneous potential (SP) logs are primarily used (Gallo-
way, 1989; Catuneanu, 2006; Shouket and Jarzyna, 2014).
Other types of logs commonly available in boreholes, i.e. neu-

tron, acoustic and density logs, also provide data on lithological
and facies changes, including information on fluid content in the
pore space.

Each geophysical log, as a wave record, is treated as a
combination of several waves of different frequencies (periods).
In this approach, each wave component is associated with a
specific stage of the sedimentation and lithology formation pro-
cess. These components are visible in the logs as anomalies
with varying periods. Well logs, treated as the sum of compo-
nents, can be broken down into individual components using
Fourier transform or other wave analysis methods (Huang et
al., 1998; Gawedzki et al., 2015). Cyclolog uses PEFA (Spec-
tral Change Attribute Analysis, Prediction Error Filter Analysis)
and INPEFA (Spectral Trend Attribute Analysis, Integrated Pre-
dictive Error Filter Analysis; Nio et al., 1990, 2005). Both spec-
tral analyses are based on MESA (Maximum Entropy Spectral
Analysis), which uses the maximum entropy method. MESA is
an effective way to break down the well log into components re-
lated to specific geological (sedimentary facies) conditions. It
uses variable-length windows appropriate to the problem being
solved by the interpreter. It shows the boundaries of lithological
and facies changes that reflect changes in sedimentation con-
ditions. PEFA (Prediction Error Filter Analysis) is a visualization
of changes in the wave image. The maximum entropy method
is used as a tool to predict the next point of discontinuity on the
well log curve based on data previously analysed in a given win-
dow. As a final result, PEFA provides an error curve whose ex-
treme values (positive or negative) are indicators of changes in
amplitude or frequency of anomalies on the logging curve, inter-
preted as locations / depths of lithofacies changes. The PEFA
image shows intervals dominated by positive or negative val-
ues. These are the result of geological changes, e.g. a predom-
inance of positive PEFA values may indicate the dominance of
shales over sandstones, and conversely, a predominance of
negative values may indicate the dominance of sandstones
over shales, both reflecting sedimentation conditions. Integra-
tion PEFA in intervals of similar formation gives INPEFA (Spec-
tral Trend Attribute Analysis — Integrated Predictive Error Filter
Analysis). INPEFA curves show intervals of increasing INPEFA
trend as a function of decreasing depth, where positive peaks
dominate, and intervals of decreasing INPEFA trend as a func-
tion of decreasing depth, where negative peaks prevail, and
turning points separating the two trends dominate. From a geo-
logical point of view, a negative INPEFA trend indicates a tran-
sition from more clayey to more sandy deposits. Such trends,
combined with knowledge of the mode of sedimentation and the
depositional system of the strata under study, can be linked to
specific changes in the sedimentary basin, e.g., especially in
the case of sediments deposited in a relatively shallow environ-
ment like a shelf that is prone to sea level changes. A negative
trend in the lithological profile may reflect regression and sea
level fall. A positive trend, associated with a transition from
more sandy to more clayey deposits, can be linked to the in-
creasing depth of the sedimentary reservoir.
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In the literature, there are many studies using PEFA and
INPEFA techniques to correlate well logs in order to track
lithological changes (Soua, 2012; Yuan et al., 2018; Naing-
golan and Winardhi, 2019). Soua (2012) used three tools: fa-
cies association, Integrated Predictive Error Filter Analysis
(INPEFA) of spectral gamma-ray data, and chemostratigraphy,
for sequence stratigraphic analysis of the organic-rich and sili-
ceous Cenomanian-Turonian succession in Tunisia to demon-
strate the limits of correlation. Yuan et al. (2018) utilized spec-
tral analysis technology — Integrated Prediction Error Filter
Analysis (INPEFA) to effectively overcome the difficulty in cor-
relating hydrocarbon-bearing conglomerates showing rapid
vertical and horizontal lithological variations. Nainggolan and
Winardhi (2019) conducted INPEFA analysis as an alternative
approach to improve well log correlation in a case of limited
biostratigraphy data.

The turning points on INPEFA curves, separating intervals
with stable trends, are important for correlation. The Positive
Bounding Point (PBP) is the point / depth where the trend
changes from negative to positive. The opposite is true for the
Negative Bounding Point (NBP). Negative Bounding Points
(NBP) signal the end of a zone of increasing clay content and
the beginning of an increase in the sandstone content of the for-
mation. PBP signals the end of the zone with significant sand-
stone content and a shift towards increasing shale content. In
this study turning points refer to the transitions from sequences
dominated by mudstones / claystone / shales to those domi-
nated by sandstones. These are distinctive, clear turning points
on the INPEFA trend curves in the stratigraphic column.
Against these trends, less distinct turning points stand out,
which can be linked to thinner intervals.

The INPEFA values for all curves are shown on a scale of
0—1, so the magnitude of the anomalies on the curves are nor-
malized in individual boreholes. Only trends were taken into ac-
count in the analysis.

INPEFA trends can be interpreted over long time intervals,
in which case PEFA filters are selected at large depth intervals
and longer MESA windows. If detailed geological conditions are
of interest, INPEFA trends are considered at shorter intervals
with smaller windows. The main objective of INPEFA is to in-
crease the accuracy of level correlation based on well logging
using changes in the spectral properties of the logs, lithofacies
development, and changes in geological conditions. In this
study, INPEFA trends were used to corroborate lithological
changes in the Krosno Beds section and to highlight intervals of
good reservoir properties.

PETROPHYSICAL LITHOFACIES

In selected boreholes in the Silesian Unit, in the interval of
the Krosno Beds, a reinterpretation of well logging data was
performed using ULTRA software (Halliburton) and Techlog
software (Schlumberger), assuming a sandstone-clay rock
model with a carbonate component (Alberty and Hashmy,
1984; Slb, 2019). For most of the old boreholes in the eastern
Polish Carpathians, only a limited number of logs are available.
In the study area, measurements from the first half of the 1970s
and earlier include only radiometric logs, spontaneous potential
logs, and gradient and potential resistivity logs. However, in
each of the boreholes, reinterpreted logs provided information
on the lithology and enabled the location of possible hydrocar-
bon-saturated intervals and source formations with elevated
TOC (Total Organic Carbon) contents (Stadtmdller et al.,
2022).

The reinterpretation of old well logs with modern software
provided several advantages. First, it enabled comprehensive
and consistent lithological and reservoir characterization, in-
cluding the calculation of mineral volumes such as clay (VCL),
sandstone (VSAND), and carbonates (VLIME), as well as key
reservoir parameters such as effective porosity (PHI), perme-
ability (K), Total Organic Carbon (TOC), water saturation (SW)
and irreducible water saturation (SWI). Before reinterpretation,
the logs were corrected for measurement environment, normal-
ized, and subdivided into lithostratigraphic units, which allowed
the interpreter to apply appropriate parameters, developed for
individual stratigraphic units based on core data, and improved
the reliability of the interpretation.

All parameters computed were calibrated with extensive
Routine Core Analysis (RCAL) and Special Core Analysis
(SCAL) laboratory measurements of porosity, permeability,
calcimetry, and reservoir test results, and also X-Ray Diffraction
Analysis (XRD), and Nuclear Magnetic Resonance (NMR) data
(if available). Calibration ensured high confidence in the results
and confirmed that proper processing workflows had been ap-
plied. The three boreholes described come from a large data-
base of well logs and laboratory measurements in the Eastern
Carpathians. The integration of large multi-well datasets streng-
thened the regional consistency of the interpretation.

Additionally, the reinterpretation introduced a lithotype clas-
sification — distinguishing mudstones, sandstones, and carbon-
ates based on clay volume — which had not been done previ-
ously for these boreholes. Using the calculated porosity and
permeability, the Flow Zone Index (FZI) was also determined to
provide valuable insight into reservoir flow behaviour and fluid
mobility. The TOC calculation allowed identification of the most
prospective source rock intervals, further enhancing the overall
reservoir and source rock evaluation.

The reinterpretation of well logging data resulted in mea-
surements of volumetric content of lithological components, in-
cluding clay content (shaliness), and effective porosity, water
saturation, irreducible water content, weight content of TOC,
and permeability. A lithological model was developed for each
borehole individually, depending on the availability of well log-
ging data and the results of XRD laboratory analyses.

The clay minerals percentage (VCL) in the rock volume was
the basis for defining petrophysical lithofacies: i) sandstone fa-
cies — VCL<35%, ii) mudstone facies — 35%<VCL<65%, iii)
claystone facies — VCL>65%. Both the sandstones and shales
of the Krosno Beds are rich in carbonates, therefore a carbon-
ate facies was also inferred when the volume of the carbonate
component (VLIME) was greater than 30%.

LITHOFACIES FROM GEOLOGICAL DATA

Based on the descriptions of cores and cuttings contained
in the borehole report and knowledge obtained from field stud-
ies regarding lithofacial variability of the Krosno Beds in surface
exposures, five lithofacies were defined on the percentage of
sandstone and shale components (Table 3 and Fig. 3,
lithofacies S-Sh). Additionally, one lithofacies of black shales
(Sb) was also distinguished, based on the presence of thin in-
tercalations of black or dark brown shales in various facies.
Such intercalations indicate the presence of menilite-type
shales among the Krosno Beds.
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Table 3

Description of the lithofacies determined in the Krosno Beds in the boreholes studied, based on the descriptions of cores
and cuttings contained in the borehole reports

Lithofacies

code Lithofacies Lithological characteristics Proportion of sandstone and shale [%]
Fine-grained, less frequently medium-grained, calcareous
S sandstone sandstones with organic matter, occasionally interbedded with >85
thin shales/mudstones
sandstone Sandstones, fine-grained, less frequently medium-grained,
SSh . ’ calcareous, with organic matter, interbedded with thin layers of 60-80
with shale
shale
Sandstones, fine-grained, less frequently medium-grained,
shale and calcareous, with organic matter, and grey shales/mudstones,
ShS : . - ) 45-60
sandstone calcareous, with muscovite (similar proportions of both
lithologies)
shale- Grey, calcareous shales/mudstones with muscovite, with a
ShShS minor amount of fine- and very fine-grained calcareous 15-45
sandstone
sandstones
Sh shale Grey, calcareous shales with muscovite <15
S black shale Thin interbeds of black or d?glfst?r:c))wn shales in various facies <15

ROCK TYPING BASED ON FZI

The concept of Hydraulic Flow Units (HFUs) is used to as-
sess the ability of rocks to transmit reservoir fluids. A HFU is a
representative elementary volume of the total reservoir rock
having internally consistent geological and petrophysical prop-
erties (Amaefule et al., 1993). The methods for determining
HFUs are based on the use of specific characteristics of porous
rocks, such as pore shape, pore throat size and arrangement,
and capillary pressure, in accordance with the original Kozeny-
Carman model (Kozeny, 1927; Carman, 1937) and the con-
struction of coefficients such as the Flow Zone Index (Amaefule
etal., 1993; Alvarez et al., 2025) and the Resistivity Zone Index
(Shahat et al., 2021). Effective porosity, PHI (a network of con-
nected pores enabling fluid flow in a reservoir), and irrreducible
water volume (SWI) as results of reinterpretation of well logging
data, formed the basis for calculating permeability K (Zawisza,
1993). Effective porosity PHI and permeability K allowed for the
calculation of the Flow Zone Index FZI as the qualitative and
quantitative indicator of zones with fluid flow ability. The FZI can
be calculated according to formula (1):

F (1]

FZ1=0.03014 1

-F

where: K — permeability [mD], F — effective porosity [dec] from rein-
terpretation of well logs.

The HFU concept was developed by several authors and
Shahat et al., (2021) in their article described several ap-
proaches based on hydraulic FZI and electric RZI (Resistivity
Zone Index) paths. Finally, Shahat et al. (2021) presented the
equation for calculating RZI according to formula (2):

logRZI = logR, —Iog(%j [2]

where: R; - true electrical resistivity of rock.

These authors decided that reinterpreted old well log data
provided more credible values of PHI and K than R;. The FZI
parameter was the basis for dividing the Krosno Beds section
into Rock Types, which determine reservoir properties (Kra-
kowska-Madejska et al., 2024).

RESULTS

The interpretation procedure is described using data from
the P-1 borehole as an example. In addition to the results from
the P-1 borehole, the results from the ST-1 and TN-1 boreholes
were included in the set of laboratory analyses.

The results of the reinterpretation of well logging data in
borehole P-1 covered the interval 12—1000 m (available from all
the well logs). The FZI coefficient was calculated based on the
effective porosity PHI and absolute permeability K. Basic statis-
tics for selected petrophysical parameters are shown in Ta-
ble 4. The limit values, Min and Max (i.e. range of change-
ability), as well as the arithmetic and harmonic means illustrate
the variability of the interpreted values. Results of the reinter-
pretation are also shown on the collective drawing, which is dis-
cussed later, after including the results of other methods of fa-
cies determination.

Well logs were taken at 0.25 m intervals. Interpretation was
performed using the same depth step. In the depth section
12—-1000 m there was a large collected data set, in which it was
necessary to determine values that had no physical manifesta-
tion. Permeability values K were limited from below by a value
of 0.0002 mD. Similarly, PHI values equal to zero were not in-
cluded in the statistical calculations. The lowest carbonate vol-
ume was 0.0001%. Harmonic means, always lower than arith-
metic means, for quantities such as permeability or total organic
carbon content, indicate a large number of low values for these
parameters. Harmonic means close to arithmetic means for pa-
rameters such as PHI, VSAND, VCL, and GR indicate a normal
distribution of these values. Comparable arithmetic and har-
monic means of FZI indicate a significant proportion of higher
and lower values of this parameter in the set. The estimated
TOC value confirms the isolation of thin interbeds of black or
dark brown shales (Sb) in various facies (S-Sh; Table 3). Infor-


https://doi.org/10.1016/j.jappgeo.2025.105865
https://doi.org/10.2118/26436-MS
https://doi.org/10.2118/26436-MS
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Fig. 3. Exposed examples of the determined lithofacies within successions of the Krosno Beds

A — very thick-bedded, massive or graded sandstones, occasionally interbedded with thin shales/mudstones — facies S (49°18°'48.35"N,
22°22°16.63"Sh); B — facies SSSh dominated by thin- to thick-bedded sandstones, intercalated with thin shales (49°18°30.47"N,
22°16'34.83"E); C — package of thin- to medium-bedded sandstones and shales, facies SSh characterized by a similar proportion of both
lithologies (49°38°'9.91"N, 21°10’59.9"E); D — package of shales and very thin- and thin-bedded, find-grained sandstones — facies ShShS
(49°11°1.05"N, 22°35’5.16"E); E — package of very thin-bedded shales/mudstones, rarely intercalated with thin layers of sandstone — facies
Sh (49°12’47.2"N, 22°38’56.05"E); F — thin- to medium-bedded layers of black, bituminous shale of the Menilite type (facies Sy) — orange ar-
rows, within grey shales and sandstones of the Krosno Beds type (49°12°9.01"N, 22°42°34.23"E). In the photos, some beds are labeled:
sandstones with the letter “s” and shales with the letter “sh”. Hammer marked with a red circle for scale, the coordinates of each exposure lo-
cation are given in brackets

mation about black shales was included in the borehole report
of borehole TN-1. Based on the results of the reinterpretation of
well logs in the borehole discussed, the presence of three
petrophysical lithofacies was identified: mudstone — over 60%;
sandstone — over 30%; and carbonate — ~3%. Four FZI classes
were defined based on FZI data from 3 boreholes being 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 histogram for P-1 borehole data was con-
structed according 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 separate classes of FZI became the basis for
Rock Types (RT). The same FZI classes were defined in the
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Table 4

Basic statistics for selected petrophysical parameters, borehole P-1, depth interval 12-1000 m (Krosno Beds)

Parameter/ PHI K TOC VCL | VSAND | VLIME | SW GR RES FZI
Statistics (%] [mD] [%w] [%] %] %] %] | (AP | [ohmm] | [um]

Min 0.04 0.0002 0.005 11 2 0.0001 | 43 41 18 0.22

Arithmetic 5.75 1.518 0.819 38 36 20 95 72 37 1.66

Mean

I\Hﬂzg"”'c 4.42 0.014 0.466 36 29 0.0175 | 94 69 34 1.29

Max 11.13 | 21.797 1611 66 77 45 100 | 138 76 3.51

Symbols: PHI, VCL, VSAND, VLIME - results of comprehensive reinterpretation of the well logs, respectively: effective porosity,
clay volume (shale content), sandstone and carbonate component volume, K and TOC — permeability and total organic carbon
content values calculated on the basis of the reinterpretation results, GR — natural radioactivity, RES — electrical resistivity from
measurements after environmental corrections, FZI — coefficient characterizing the rock’s ability to enable fluid flow

three boreholes so that the RT values would be comparable.
The sections of the geological profile characterized by high FZI
values, calculated according to formula (1), correspond to rocks
in which reservoir fluids flow easily. The relationship between
FZl vs. porosity PHI and permeability K is non-linear; however,
a combination of high PHI and K values indicates a high FZI.

Numerous traces of oil were observed during the drilling of
borehole P-1, both in the mud as well as in cores. A flow of oil
and gas was obtained from the perforated pipe at the depth in-
terval 469-701 m (Plezia, 1991a). We expected changes in the
basic statistics of the flow interval compared to the entire inter-
val but Table 5 shows petrophysical parameter values very sim-
ilar to those in Table 4.

The water saturation SW is similar in the entire interval and
the flow interval, as is the volume of sandstone VSAND, while
the shale content VCL is slightly lower in the productive interval.
The reservoir parameters porosity, permeability, and FZI, as
well as TOC, are similar in Tables 4 and 5. The percentage

2400

2000 2004

1600
1221

1200

800

Number of observations

438
400

190

0.5 1 2 4
FZI

Fig. 4. FZI histogram, borehole P-1, depth interval 12-1000 m,
Krosno Beds

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

share of petrophysical lithofacies in the 461-701 m section
changed in favour of sandstone (~37%; in the entire interval
~30% ) at the expense of mudstone.

The FZI histogram was also calculated for the depth interval
461-701 m according to the previously selected classes
(Fig. 5). The class 1<FZI<2 contained 56% of the data, while
the classes 0.5<FZI<1 and 2<FZI<4 contained comparable
amounts of data (~19% each). Currently, there is less data in
the class FZI<0.5. The histograms in Figures 4 and 5 show the
dominance of Rock Types (RT) in the class 1<FZI<2 for the en-
tire profile and for the part with traces of oil. The larger amount
of data in the 2<FZI<4 class in the entire set indicates that the
layers with the best reservoir properties were not confined to
the oil traces group. A slight effect of the presence of oil was
also observed in terms of electrical resistivity. The RES values
in Tables 4 and 5 are similar.

For the borehole P-1, as in boreholes ST-1 and TN-1, the
facies classification was also prepared based on macroscopic
core and cutting descriptions, and field geological information
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Fig. 5. FZI histogram, borehole P-1, depth interval 461-701 m,
Krosno Beds

Numbers at the top of the each bar show the number of data
points in the class
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Table 5

Basic statistics for selected petrophysical parameters, borehole P-1, depth interval 469-701 m
- oil flow (Krosno Beds)

Parameter/ | PHI K TOC | VCL | VSAND | VLIME | SW | GR | RES | FzI
Statistics | [%] | [mD] | [%w] | [%] [%] %] | %] | [API] | [ohmm] | [pm]

Min 0.04 | 0.0002 | 0.023 | 14 8 0.0001 | 45 | 43 18 | 0.22

Arithmetic | 553 | 1303 | 0.834 | 36 35 2 || 72 36 | 151

Mean

,\HA‘;;T]O”'C 341 | 0012 | 0562 | 34 29 0.0136 | 93 | 70 33 1.15

Max 11.13 | 21.797 | 1.611 | 59 77 45 | 100 | 131 67 | 3.51

Symbols as in Table 4

(Table 3). The lithofacies in these boreholes are similar in the
individual profiles (Table 6) due to similar material (cores and
cuttings) collected during drilling the same formations. The de-
scription of the facies contained in the borehole report confirms
the similarity of the facies and lithology (Table 3). Table 6 re-
vealed lithofacies that could be separated on the proportion of
sandstone to shale (Table 3). Results are juxtaposed in Fig-
ure 6 to show the differences in vertical resolution of the meth-
ods shown.

Summaries of information on petrophysical facies, litho-
facies, and Rock Types (FZI) in P-1 borehole are shown collec-
tively in Figure 6. Interbedding of petrophysical lithofacies can

be seen for mudstone and sandstone. The absence of
petrophysical claystone facies (VCL>65%) indicates moderate
shaliness of the formations studied, corroborated by the GR
curve (Tables 4 and 5). The petrophysical carbonate lithofacies
(VLIME>30%) at the 3% level shows that the profile is practi-
cally sandy-muddy throughout the entire interval. There is a
clear correlation between higher Rock Types (orange) and
sandstone facies, both as a result of well log reinterpretation
(petrophysical lithofacies) and geological classification (litho-
facies). High Rock Types are reflected in lithofacies S and
SSSh, which are inherently sandstone-dominated. Lithofacies
ShS (sandstone and shale) correlates with the mudstone petro-

Table 6

Classification into lithofacies of the Krosno Beds in boreholes P-1, ST-1, and TN-1 based on geological
data contained in the borehole reports

P-1 ST-1 TN-1
TOP [m] | BOTTOM [m] | FACIES | TOP [m] [ BOTTOM [m] | FACIES | INFO | TOP [m] | BOTTOM [m] | FACIES
5 90 SSsSh 10 40 SSsh 5 10 S
90 110 S 40 60 S 10 30 SSsh
110 160 SSsh 60 70 SSsh 30 50 S
160 180 ShS 70 90 S 50 60 SSsh
180 235 SSSh 90 100 ShShS 60 70 Shs
235 250 ShS 100 150 ShS 70 110 ShShS
250 275 SSsh | 150 185 SSsh 110 120 ShS
275 285 S 185 240 Shs 120 150 ShShS
285 356 SSsh | 240 255 SSsh 150 160 Shs
356 380 S 255 300 S 160 190 Shshs
380 390 SSsh | 300 325 Sssh | S 190 200 Shs
390 405 S 325 335 S Sh 200 280 SSsh
405 460 SSsh | 335 365 Sssh | S 280 290 S
460 470 5 365 375 Shshs | S 290 310 SSSh
470 630 SSsh | 375 380 Shs | S 310 385 S
630 660 ShS 380 430 Shshs | S, 385 415 SSsh
660 670 SSSh | 430 440 Sh S, | 415 425 Shs
670 680 ShS 440 450 ShshsS | S, | 425 455 Shshs
680 690 ShsShS | 450 500 SSSh | S, | 455 465 Shs
690 710 ShS 500 530 ShS | S, | 465 550 Shshs
710 720 SSsh | 530 550 Shshs | S 550 570 ShS
720 735 Shs 550 580 shs | S, 570 590 SSSh
735 750 ShsShS | 580 635 Sssh | S 590 625 Shs
750 770 ShS 635 675 Shshs | S 625 660 Shshs
770 800 ShshS | 675 685 ShS | S, 660 740 ShS
800 850 ShS 685 730 ShShS | S 740 775 Shshs
850 920 ShshS | 730 770 ShS | S, 775 825 ShS
920 940 Shs 770 790 Shshs | S 825 880 ShShS
940 965 SSsh | 790 825 ShS | Sy 880 900 ShS
965 980 ShS 825 870 Shshs | S
980 990 ShsShS | 870 905 Sh Sp
990 1010 ShS 905 930 shshs | S
930 940 Sh Sh
940 960 ShShS | S
960 965 Sh Sh
965 1010 ShshsS | S
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Fig. 6. Facies divisions in borehole P-1, depth interval 12-1000 m, Krosno Beds; scale 1:3000

physical lithofacies, which is clearly visible in the lower part of
the profile. Lithofacies ShShS has also been identified in the
lower part of the profile and generally correlates with the mud-
stone petrophysical facies. The sandstone petrophysical facies
is observed in the form of thin interbeds. The Rock Types identi-
fied in the lower part of the profile occur in units of similar thick-
ness to lithofacies ShShS. The small number of laboratory tests

of porosity and permeability (11 pairs of porosity-permeability
data) was the basis for the separation of only two Rock Types,
RTlab, which did not specify the facies information (Fig. 6).
The facies divisions discussed above, based on petro-
physical lithofacies and lithofacies determined on the basis of
geological data and Rock Types, were supplemented with re-
sults from the Cyclolog algorithm. Studies using this program
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were performed on each borehole in the Krosno Beds interval
using well logs, as GR, DT, SP and RHOB curves. The anoma-
lies on the PEFA curves reflect lithological changes also visible
on the logs (Fig. 7). The PEFA curves form the basis for calcu-
lating the INPEFA curves, which show the trends in the param-
eters measured by individual logs. Each INPEFA curve shows
different details, although the general trends overlap (Figs. 7
and 8).

Figure 7 shows a part of the INPEFA graphs illustrating the
results of analyses with different windows on the GR, DT and
RHOB curves. The INPEFA curves show the variability of the
rock; small and large changes can be analysed depending on
the research goal. The selection of the window size, in which
PEFA and INPEFA are calculated, is an important element of
the analysis, depending on the objective. Moreover, it is possi-
ble to correlate changes in the GR and INPEFA curves. Natural
radioactivity — 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 detail visible in the graphs of results with win-
dows of different width is similar. Trend change points are
marked at almost the same depths. Trend change points also
correlate with PEFA results, but are more pronounced. In de-
tailed petrophysical analyses, results with a small window —
20 m — are more important. For structural analyses, results with
a 40 m window are sufficient. It is clear that the INPEFA curves
for windows of 40 m and above almost overlap. Cyclolog stud-
ies to compare lithofacies in all boreholes in the study were per-
formed with the 40 m window. The size of the windows was dic-
tated by the thickness of lithofacies (Table 6) and the vertical
resolution of the well logs (~0.3-0.5 m).

The INPEFA curves are cumulative transforms of well logs
that highlight geological discontinuities within the subsurface.
These discontinuities in the log signal correspond directly to
changes in geological conditions, and can therefore be inter-
preted as lithological changes or in special cases indirectly as
changes in sedimentation rates. The INPEFA curve is the cu-
mulative form; it converts pointwise discontinuities into broader
upward or downward trends that can be interpreted stratigra-
phically. The INPEFA trend directions correlate with base-level
and facies changes. Summarizing, positive trends (with
INPEFA rising) correspond to transgressive phases, and indi-
cate possible increasing shale content, deeper or quieter water.
Negative trends (with INPEFA falling) are linked to regressive
phases, indicating increasing sand content, and shallower or
more energetic conditions in the marine environment. The
INPEFA curves work as geological trend amplifiers, which take
subtle variations in log data and convert them into cumulative
curves that reveal the hidden structure of the sedimentary re-
cord. The positive and negative INPEFA trends in the sections
of the Krosno Beds studied are similar across all boreholes and
correlate similarly with the results of the other methods.

The P-1, ST-1, and TN-1 stratigraphic columns include
INPEFA results based on GR, DT and SP logs, as well as rein-
terpretation results in the form of the clay content (shaliness)
VCL, and effective porosity PHI. The GR and SP give the simi-
lar lithological answer, PHI and DT about the porosity, VCL and
GR about the shaliness. There is a clear mutual correlation be-
tween the INPEFA trend curves. There is also a correlation be-
tween the anomalies on the gamma ray log and the trend
curves. Such details cannot be observed on individual logs. Ex-
amples of logs and corresponding INPEFA trends from bore-
hole P-1 are shown in Figure 8.

Based on the Cyclolog algorithm results recorded in the
LAS format file, INPEFA graphs were constructed for borehole
P-1, pairing graphs with similar information (Fig. 9), i.e. logs:

GR and SP (lithology), and PHI and DT (porosity), and VCL and
GR (shaliness)). INPEFA_SP gives additional anomalies com-
pared to INPEFA_GR and INPEFA_VCL. The same applies to
the INPEFA_DT and INPEFA_PHI curves. The different verti-
cal resolution of the curves results in a variable image of the
anomalies. The summary figure (Fig. 10) illustrates the facies
distinguished by the different methods and the INPEFA curves
in wells P-1, ST-1, and TN-1. The diverse information provided
by different facies recognition techniques is clearly visible.

The best fluid flow properties (high FZI values) were ob-
served in profile of the ST-1 borehole based on petrophysical
lithofacies (FZI class: 5 and 4). Nevertheless, FZI class 4
reached a thickness of 785 m in the TN-1 borehole in compari-
son to the P-1 borehole — 305 m — and the ST-1 borehole —
157 m. Lithofacies determined on the basis of core descriptions
and field samples showed the most sandy character for the pro-
file in the P-1 borehole (S and SSSh lithofacies code), which
reached ~628 m in thickness, while in the TN-1 borehole it
reached 290 m and in the ST-1 borehole 345 m. Rock Types
are consistent with lithological facies. Good media flow capacity
is observed in the P-1 borehole, where sandstone and
mudstone layers are interbedded and have similar proportions.
The weakest flow capacity was observed in the ST-1 borehole.
FZI class 1 reached ~171 m in thickness, while in the P-1 bore-
hole itis ~72 m thick. There was no FZI class 1 in the TN-1 bore-
hole. Numerous clayey intercalations are marked in this bore-
hole on the lithofacies chart. The presence of thin interbeds of
black shale in various facies (S-Sh; Table 6) may reduce the
mobility of fluids. Their presence is also indicated by elevated
TOC values. High RT values, very evenly distributed, and sta-
ble FZI values can be seen in the TN-1 borehole. The presence
of shales (lithofacies ShShS) can be seen in all profiles.

The inclusion of INPEFA trend curves provided additional
information. In the lower part of the profile in borehole P-1,
where lithofacies ShS and ShShS are observed, a positive
trend is marked for INPEFA_GR (red curve), INPEFA_SP (yel-
low) and INPEFA_VCL (green) associated with an increase in
shaliness. Local 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 borehole ST-1 (Fig. 10), INPEFA_GR (red
curve) and INPEFA_VCL (green) follow a similar pattern. Addi-
tional details provided by the SP log are clearly visible.
INPEFA_DT and INPEFA_PHI do not coincide. The trend
graphs show an upward (positive trend) or downward (negative
trend) trajectory, depending on the curve. The INPEFA_PHI
(pink) and INPEFA_DT (blue) curves have a different course
compared to the INPEFA VCL and GR curves, and
INPEFA_SP, which shows additional anomalies. A clear differ-
ence in the behaviour of the curves can be observed in the top
interval, formed in the petrophysical lithofacies of sandstone,
where INPEFA_DT and INPEFA_PHI run similarly but in oppo-
site directions to INPEFA_GR and VCL.

The series of INPEFA curve analyses for the Krosno Beds
is concluded by the TN-1 stratigraphic column (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 negative trend and INPEFA_PHI loses its positive
trend, the lithofacies ShS and ShShS indicating an increase in
the proportion of shale to sandstone. A clear negative trend on
the INPEFA_GR curve can be seen in the interval of lithofacies
S and SSSh. This section also shows a more pronounced con-
tribution from the petrophysical sandstone lithofacies.
INPEFA_SP shows a negative trend, indicating an increase in
sandiness from a depth of ~120 m.
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Fig. 7. Different window sizes for PEFA and INPEFA analyses



14 Paulina |. Krakowska-Madejska et al. / Geological Quarterly, 2026, 70, 15

GR — gamma ra INPEFA_GR for  [SP — INPEFA _SP for DT - travel transit INPEFA_DT for INPEFA_VCL for PHI - effective INPEFA_PHI for
Depth o -9 Y |the 40 m window spontaneous the 40 m window lime— the 40 m window |VCL - shaliness |the 40 m window cru;it the 40 m window
9 size potential log |size size size P Y size
Refe'l;f"'ce GR D-INPEFA_GR_40 DT D-INPEFA_DT_40 Vel D-INPEFA_Vcl_40 PHI D-INPEFA_PHI_40
1:5000 0 APl 150 | 0 1 240 us/ft 40| 0 110 frac 1|0 110 frac 02| 0 1
1 W
o
| @
[++]
- 500 - ©
c
|l wn
o
L™
1

Fig. 8. INPEFA curves from Cyclolog in borehole P-1, Krosno Beds

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

All three boreholes, P-1, ST-1 and TN-1, show similar
INPEFA_GR and INPEFA_VCL curves. The INPEFA_GR and
INPEFA_PHI curves are reversed (as if they are mirror im-
ages), which is consistent with the physical interpretation of the
effect of shaliness on porosity. The INPEFA_DT and
INPEFA_PHI curves follow a similar trend in most intervals, but
also show varying anomalies. The INPEFA_GR and
INPEFA_SP curves look similar. The discrepancies in the GR
and SP trend curves can be explained by the different physical
basis of logs and different effects of shaliness in both curves.
Nevertheless, the GR and SP curves are the basis for volume
of clay (shaliness) calculations. The differences in the trends on
the PHI and DT curves can be explained by the influence of sat-
uration (borehole P-1) and possible changes in the composition
of sandstone sections of the profiles (ST-1 — entire profile and
TN-1 — lower part). The diversity of lithofacies determined on
the base of macroscopic descriptions of cores, cuttings and
field observations, as shown in Table 6, is also observed on the
INPEFA curves in the form of local trend changes over short
sections. On the INPEFA curve charts, the points of trend
change do not always occur at the same depths, mainly due to
the different vertical resolutions of the well logs, which affects
the depth at which lithological boundaries are determined. From
this perspective, FZI (Rock Types) and effective porosity analy-
ses were carried out on the Krosno Beds studied (Table 7).

In borehole P-1, a detailed analysis was performed of the
INPEFA_GR curves in the section 745.25-639 m and
INPEFA_SP in the section 788.25-710.75 m, where in the case
of the GR curve a clear upward trend is observed associated
with a decrease in sand content, while the INPEFA_SP curve
also maintains an upward trend, but the points of change in the
trend on both curves are shifted in depth. A similar analysis was
performed on the 845745 m interval, where the INPEFA_GR
curve shows a definite downward trend, while the trend on the
INPEFA_SP curve is not uniform in this interval. In addition, the
trend curves in the 882—845 m interval were analysed in detail,
where both curves (INPEFA_GR and INPEFA_SP) show the
same upward trend. In the interval 710.75-394.25 m on the
INPEFA DT and INPEFA_PHI curves, anomalies differ from
those on the INPEFA_GR and INPEFA_SP curves. Two sec-
tions have been identified on the INPEFA_PHI curve:
515-394.25 m (upward trend, opposite to INPEFA_GR) and
701.75-515 m  (downward trend). The  section
701.75-394.25 m covers the depth interval from which the oil
inflow was observed. A comparison of the average FZI and PHI
values in Tables 4 and 5 did not show any significant differ-
ences. However, the results in Table 7 show a clear increase in
FZI and PHI in the top part of this section.

Moreover, evaluated RT values (reflected by high FZI and
PHI) are observed in intervals dominated by lithofacies ShS and
ShShS. This behaviour may be related either to the vertical res-
olution of well logs or to the combined petrophysical response of
lithofacies ShS and ShShS. The well log measurements were
recorded at 0.25 m intervals; therefore, in the presence of thin
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Fig. 9. INPEFA curves based on GR (black), SP (orange), DT logs (magenta), and VCL (green), and PHI (blue)
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Table 7

Changes in the trend on the INPEFA_GR curves and average FZI and PHI values in selected intervals
in boreholes P-1, ST-1 and TN-1

Well | Depth interval [m] | Trend on INPEFA_GR curve | Log | Points of changes in trend | FZI [um] | PHI [%]
272-193 upward GR PBP - NBP 1.63 5.76
515-394.25 upward PHI PBP - NBP 1.91 6.49
745.25-639 upward GR PBP - NBP 1.39 4.83
P-1 788.25-710.75 upward SP PBP - NBP 1.82 6.16
845-745 downword GR NBP-PBP 1.95 6.67
882-845 upward GR PBP - NBP 1.54 5.19
701.75-515 downword PHI NBP - PBP 1.42 4.97
699-344 fluctuating GR 1.28 4.30
ST-1 699-568 upward, fluctuating PHI 1.82 5.90
538-404 downword PHI 0.95 3.72
TN-1 411-245 downword GR NBP - PBP 2.58 4.2
550411 upward, fluctuating GR PBP - NBP 2.40 3.6

layers, the log response is subject to vertical averaging. An al-
ternative explanation for the pattern observed is the generally
more favourable petrophysical properties of lithofacies ShS and
ShShS, expressed by a combination of higher porosity and en-
hanced fluid flow capacity, which are locally less developed in
lithofacies S.

The ST-1 borehole report contains information about oil flow
during drilling from the 699-344 m interval. As in the P-1 bore-
hole (Tables 4 and 5), the basic petrophysical parameter statis-
tics for this section did not differ significantly from the statistics
for the entire profile. This section was subjected to detailed ex-
amination, taking into account the variable trends on the
INPEFA_PHI curve. The INPEFA_SP curve in this interval
shows a generally upward trend, while the INPEFA_GR curve
can be divided into two parts: the lower part with a downward
trend and the upper part with an upward trend (more fluctuat-
ing). The interval 699-568 m shows elevated PHI value, com-
pared to the entire interval studied (699344 m) and the upper
interval 538—404 m; the latter one is also characterized by sig-
nificantly lower porosity (Table 7). It can be seen that both inter-
vals differ significantly in terms of the parameters shown. The
water saturation SW, was also calculated, which was 95% in the
699-304 m interval, 87% in the 699-568 m interval, and 99% in
the 538-404 m interval. Changes in the INFERA_PHI trend
prompted the calculation of water saturation (SW) in individual
intervals in order to document the presence of oil traces. This
example shows that it is worth analysing INPEFA trends from
the PHI log.

In borehole TN-1, a detailed analysis of the INPEFA_GR
curve was performed on the interval 550-245 m. A depth of
411 m divides the graph into two sections, the upper one show-
ing a downward trend and the lower one showing an upward
trend. The lithofacies correspond to the INPEFA_GR curve: the
upper section is dominated by lithofacies S and SSSh, i.e., an
increase in sandiness, while the lower section is dominated by
lithofacies ShS and ShShS, i.e., an increase in shaliness. The
average FZ| values were calculated for both sections: 2.58 in
the upper section and 2.40 in the lower section. The difference
is not very large, both values classify RT in the highest class.
RT determined at individual depth points does not show any
significant changes. The average PHI in both intervals is 4.2%
and 3.6%, respectively. The INPEFA_SP curve in the interval
tested has a negative trend and shows several anomalies with
smaller amplitudes, which can be interpreted as sandstones
and mudstones with a large proportion of sandstone in the
sandy-clay succession. The data in Table 7 and the graphs in
Figure 10 show that sections with upward trends are generally
associated with higher FZI values and higher (sandstone) RT

classes, which is associated with higher porosity. The differ-
ences shown in the trend curves based on different logs allow
for more detailed analyses of petrophysical parameters with a
given MESA spectral study window. The study shows that add-
ing INPEFA trends obtained from the Cyclolog program en-
riches petrophysical results and also translates into strictly geo-
logical information.

CONCLUSIONS

This study has demonstrated that INPEFA trend graphs
based on spectral analysis of well logs are an effective tool sup-
porting facies classification of the geological profile and helping
to identify zones with better reservoir properties. The study de-
scribed shows that information from various sources and on
various scales, combined for a single purpose — lithofacies
identification — results in a more accurate lithological recogni-
tion, which also affects reservoir properties. The trends ob-
tained from the Cyclolog program made it possible to general-
ize very detailed and, by necessity, incomplete information from
well logging and, at the same time, to responsibly incorporate
independent, multi-scale data from cores, cutting samples, and
field information.

The lithofacies determined in the sandstone-shale profiles
of the Krosno Beds in three boreholes in the eastern part of the
Outer Carpathians were examined on the basis of well logging
and their quantitative interpretation, as well as lithofacies deter-
mined on the basis of geological knowledge obtained from field
studies and macroscopic analyses of cores and cutting sam-
ples. INPEFA trends made it possible to generalize continuous
information provided by petrophysical lithofacies and Rock
Types in diverse lithologies. The study of INPEFA trend change
points on various logs allowed for more accurate information
and a more detailed examination of the causes of the anoma-
lies observed in terms of lithological changes, porosity and sat-
uration. The use of the spectral methods PEFA and INPEFA
complements other standard geophysical techniques and core
analysis. The results of the methods used complemented each
other and confirmed the good reservoir properties of the most
sandstone-rich parts of the profiles with decreasing INPEFA
trends.
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