Geology, Geophysics 8£Environment 2022, vol. 48 (3): 219-242

Mineralogical characteristics of

the heterolithic formations

from the Carpathian Foredeep Miocene sediments,
south-eastern Poland

Anna Przelaskowska', Urszula Zagérska®, Andrzej Urbaniec’,
Grazyna Lykowska’, Jolanta Klaja®, Jacek Grela®, Katarzyna Kedracka’

! Oil and Gas Institute - National Research Institute, Krakow, Poland, e-mail: przelaskowska@inig.pl (corresponding author),
ORCID ID: 0000-0003-3355-7676

? Oiland Gas Institute - National Research Institute, Krakow, Poland, e-mail: zagorska@inig.pl, ORCID ID: 0000-0002-9284-6120
* Oil and Gas Institute - National Research Institute, Krakow, Poland, e-mail: urbaniec@inig.pl, ORCID ID: 0000-0002-4717-1806
4 Oiland Gas Institute - National Research Institute, Krakow, Poland, e-mail: lykowska@inig.pl, ORCIDID: 0000-0002-1201-4173
° Oil and Gas Institute - National Research Institute, Krakow, Poland, e-mail: klaja@inig.pl, ORCID ID: 0000-0003-0147-0816
¢ Petrogeo — Laboratory and Geological Services Company, Jasto, Poland, e-mail: grela@petrogeo.pl

7 Petrogeo — Laboratory and Geological Services Company, Jasto, Poland, e-mail: kasprzyk@petrogeo.pl

© 2022 Authors. This is an open access publication, which can be used, distributed and re-produced in any medium according
to the Creative Commons CC-BY 4.0 License requiring that the original work has been properly cited.

Received: 7 March 2022; accepted: 10 August 2022; first published online: 26 September 2022

Abstract: Heterolithic complexes from the Carpathian Foredeep are a subject of growing attention as many nat-
ural gas accumulations of industrial importance have been discovered in such formations during the last de-
cades. The aim of the presented work was to determine lithotypes of different lithology and mineralogical com-
position in the heterolithic sequences. Individual lithotypes were distinguished of macroscopic observations of
cores, X-ray diffraction analysis (XRD) and X-ray fluorescence method (XRF). Preliminary distinction between
the lithotypes was based on macroscopic observations of the core samples. Correlation plots between the con-
tents of particular minerals (XRD analyses) and corresponding elements (XRF analyses) were used for verifica-
tion of the lithotypes distinguished based on macroscopic observations. Swelling properties of the investigated
rocks were determined using the cation exchange capacity (CEC) values. The following lithotypes were identified:
medium- to fine-grained sandstones, fine- to very fine-grained sandstones, clayey sandstones, sand-dominated
heteroliths, heteroliths with approx. equal proportions of sandstones and mudstones, mud-dominated hetero-
liths, mudstones, clayey shales. Such division provides a basis for precise petrophysical characterization of the
analyzed profiles, that is assignment of particular petrophysical parameters values to individual lithotypes. More
reliable petrophysical parameters in the geophysical interpretation of heterolithic sequences allow for a more pre-
cise determination of zones characterized by good reservoir parameters.

Keywords: Carpathian Foredeep, heteroliths, lithotypes, mineralogical composition, cation exchange capaci-
ty (CEC)

INTRODUCTION The PBS sediment series is the subject of extensive

geological analysis in the aspects of conventional
The Carpathian Foredeep Basin (CFB) isthenorth-  and unconventional reservoirs (Kirdly et al. 2010,
ern part of a huge Pannonian Basin System (PBS)  Badics & Vet 2012, Veli¢ et al. 2012, Malvi¢ et al.
developed in the Central European region (Fig. 1). ~ 2014, Bartha et al. 2018). The Carpathian Foredeep
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basin is not as thoroughly recognized in terms of
stratigraphy and lithology as other parts of the
PBS (Nagymarosy & Muller 1988, Sacchi & Hor-
vath 2002, Malvi¢ 2012, Paveli¢ & Kovaci¢ 2018).

The terms “heterolithic bedding” or “hetero-
geneous sequence” are used commonly in the de-
scription of sedimentary series that are built of
interlayered packets (laminae or lenses) of sand-
stone, mudstone and claystone. The thicknesses

of the separate intervals corresponding to differ-
ent lithologies can be various, from millimetres
to decimetres (Thomas et al. 1987, Ghosh et al.
2006, Lettley & Pemberton 2015). Generally, se-
ries of such sediments are termed heteroliths.
Heteroliths are not only reservoir rocks, but also
source rocks that exhibit a high concentration of
total organic matter (Matyasik et al. 2007, Kotar-
ba et al. 2011).
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Fig. 1. Generalized outline of Central Europe region (A); location of the study area (pink rectangle - see Fig. 2) in relation to the
Carpathians and the Pannonian Basin System (PBS) (B) (after Kovdc et al. 1998, Golonka et al. 2011)
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The heterogeneous sequences are common-
ly found in the Miocene sediment profile of the
CFB. These sequences can be formed in many
depositional environments and at various depths
(Terwindt & Breusers 1972, Martin 2000, Jackson
et al. 2005, Donselaar & Geel 2007, L.aba-Biel et al.
2020). Considering the ratio of sandstone/siltstone
to mudstone/claystone, the thickness of the layers
and the frequency of their appearance, various
types of heterogeneous sequences can be defined.
For instance, Lis & Wysocka (2012) on the basis of
well data analysis defined in the Carpathian Fore-
deep area three main types of heterogeneous se-
quences:

1) dominated by mudstone,

2) with an approximately equal proportion of
sandstone/siltstone and mudstone,

3) dominated by sandstone and siltstone.

The specific types of bedding are character-
istic of the heterogeneous sequence, predomi-
nantly flaser, wavy and lenticular laminations
that are created by the interchanging deposition
from traction and suspension. During the trac-
tion-based sedimentation, sand and silt fractions
with small-scale cross-bedding or planar bedding
dominate. The suspension-based sedimentation
favours the deposition of mudstone and claystone
without lamination, as well as flaser, wavy or len-
ticular laminations.

Increasing attention given to heterolithic com-
plexes from the Carpathian Foredeep is related
to the fact that many natural gas accumulations
of industrial importance have been discovered
in such complexes during the last decades (vide
Mysliwiec 2004, Mysliwiec et al. 2004). The res-
ervoirs occurring in such rocks are referred to
as a subconventional hybrid system, in which
reservoir rocks of both unconventional (mainly
mud-dominated rocks) and conventional (subor-
dinate sandstones) nature are present (Poprawa
et al. 2018). Gas inflows are often obtained from
intervals with low porosity and permeability,
which, according to well log interpretation, are
characterized by relatively low gas saturations.
Heterolithic complexes generally pose a major
interpretive problem because of the low resolu-
tion of standard geophysical measurements and
the high value of calculated mean saturations.

Heterolithic formations, in the context of evalu-
ation of their petrophysical properties, are there-
fore a challenge both from the point of view of
laboratory measurements and correct interpreta-
tion of borehole measurements.

The presented work is a part of a broader proj-
ect aimed at “Development of a new methodology
of laboratory measurements and geophysical data
interpretation for the heterolithic formations of
the Carpathian Foredeep Miocene” (Klaja 2019).
Routine sampling procedure for petrophysical
measurements on cores may not always accurately
determine the average reservoir properties in the
case of heterolithes. Selection of samples reflect-
ing particular lithotypes is of vital importance for
determining average reservoir properties. The aim
of the work was to distinguish lithotypes of dif-
ferent lithology and mineralogical composition in
the heterolithic sequences of autochthonous Mio-
cene. Such division enabled allocation of the mea-
sured in the next step of the project (Klaja 2019)
petrophysical parameters to particular lithotypes.
Well-grounded average petrophysical parame-
ters in the geophysical interpretation of the het-
erolithic sequence allow for a more precise deter-
mination of zones/intervals with better reservoir
parameters and increased probability of hydro-
carbon saturation. Individual lithotypes were dis-
tinguished and characterized with the use of the
following methods: macroscopic observations of
cores, XRD and XRF measurements, microscopic
observations and cation exchange capacity (CEC)
measurements.

GEOLOGICAL BACKGROUND

The study area is located in southern Poland with-
in the eastern part of the Carpathian Foredeep
area and in the marginal part of the Outer Car-
pathians. Three minor zones: Sedziszow (called in
this article as “S”), Tyczyn (“T”) and Pantalowice
(“P”) define the whole study area (Fig. 2).

In the vertical section of the research area five
structural stages can be distinguished. The oldest
structural stage is represented by a series of Neo-
proterozoic anchimetamorphic rocks of the Edi-
acaran age.

Geology, Geophysics and Environment, 2022, 48 (3): 219-242



222

Przelaskowska A., Zagorska U., Urbaniec A., Lykowska G., Klaja J., Grela J., Kedracka K.

POLAND

- Outer Carpathians
- Allochthonous Miocene

I:I Autochthonous Miocene

I:I Para-autochthonous Miocene

[] Foreland "=e=.., state borders

\ . Thrust front

Smy  reeorchorens

Fig. 2. Location of the research area against the range of the Carpathian Foredeep in Poland; ranges of geological units accord-

ing to Porebski & Warchot (2006)

The next stage is composed of Meso-Paleozoic
rock complex characterized by strongly diversified
thicknesses (from 0 up to 2000 m) and lithology
(Moryc 1992, 1996, Maksym et al. 2001, Urbaniec
et al. 2019, 2020). In the eastern part of the re-
search area (zone P) the Ediacaran sediments are
covered directly by Miocene series.

The younger structural stage is formed by
the autochthonous Miocene formations (Bade-
nian-Sarmatian), which were initially deposited in
the CFB. The sedimentary basin of the Carpathian
Foredeep was a fragment of a large foreland gra-
ben basin stretching along the whole Carpathian
arc (Fig. 1). The complex of autochthonous Mio-
cene strata in the research area can be divided
into three main units: the Lower Badenian clas-
tic series, the Upper Badenian evaporite series and
the Upper Badenian-Sarmatian clastic series (Ja-
sionowski 1997, Oszczypko et al. 2006, Urbaniec
et al. 2019). The siliciclastic sediments from the
third mentioned lithostratigraphic unit, classi-
fied as the Machow Formation (Alexandrowicz
et al. 1982, Jasionowski 1997), are an essential part
of the autochthonous Miocene profile in the an-
alyzed region of the Carpathian Foredeep. This
formation manifests significant lithofacial diver-
sity. A detailed analysis of the heterolithic parts
of the Machéw Formation profiles in the three

mentioned zones (see Fig. 2) is the main subject
of this article.

The next structural stage consists of the Mio-
cene-age deformed sediments situated directly
in front of the Carpathian orogen (the Zglobice
unit). Finally, the highest structural stage is rep-
resented by allochthonous formations belonging
to the Outer Carpathians (Golonka & Picha 2006,
Oszczypko 2006, Jankowski et al. 2012, Jankowski
2015) (Figs. 1, 2).

MATERIALS AND METHODS

Drill core material

The selected core material was collected during

the realization of the mentioned above project

(Klaja 2019). Samples represent various types of

heterolithic rocks from different parts of Miocene

profile (depending on zone) however, all analyzed

core intervals belong to the Machéw Formation.

The investigations were carried out on core ma-

terial (102 samples) from five boreholes located in

three zones (Fig. 2):

1) zone S; wells: S-33K, S-34; depth interval:
2210-2560 m;

2) zone T; wells: T-1, T-2K; depth interval: 2830-
3370 m;

3) zone P; well P-7K; depth interval: 1040-1070 m.

https://journals.agh.edu.pl/geol
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Boreholes from the S zone are located in area of
known multi-horizon gas reservoir. The core ma-
terial from this zone belongs to the deeper part of
Miocene profile, below gas-bearing horizons. In
contrast to the upper part of Miocene profile, the
analyzed interval is dominated by fine-grained
formations of little lithological variability. The
core material consists mostly of mudstones and
mud-dominated heteroliths, regularly interlay-
ered with sandstone layers of 1 to 3 cm in thick-
ness. Only occasionally thin interlayers of fine-
grained sandstone with planar, flaser, wavy and
sometimes convolute lamination can be found.
These formations should be classified as the low-
er complex of fine-grained sediments sensu Krzy-
wiec et al. (2008).

The T zone is characterized by relatively high
thickness of autochthonous Miocene formations
(up to 800 m), overlayered by tectonically de-
formed Miocene sediments belonging to the Zgto-
bice unit and Outer Carpathians units. The core
material from this zone shows a high lithological
diversity. Apart from heterolithic and mudstone
series, thick (up to 2 m) beds of fine-grained sand-
stones with lenticular, wavy, and in places, convo-
lute lamination were found.

The analyzed well from the P area is located in
a multi-horizon gas reservoir developed in fine-
grained sandstones and mudstones. More than
10 gas-bearing horizons have been recognized
in the field. The data from wells show a tripar-
tite character of autochthonous Miocene profile
in this zone, resulting from lithological differen-
tiation (Rzemieniarz & Ratuszniak 2008). The up-
per part of the profile, up to the depth of about
1000 m, is built of alternating sandstone or
sandstone-mudstone complexes, with overlaying
clayey-mudstone sediments. The middle part of
the profile (covering generally the interval 1000-
1550 m) is dominated by fine-grained sediments.
The lower part of the profile (below the depth of
1550 m) is characterized by strongly differentiated
lithology, with sandstone and mudstone horizons
of larger thickness separated by mudstone and
claystone series. The investigations were conduct-
ed on samples from one 18 m long core of fine-
grained sediments from the middle part of the

Miocene profile. This core is dominated by thinly
laminated, mud-dominated heteroliths, while het-
eroliths with an approximately equal proportion
of sandstone/siltstone and mudstone are much less
common. According to the lithofacies division of
the Miocene, proposed by Krzywiec et al. (2008),
these formations belong most probably to the in-
terdeltaic complex.

The samples were selected in such a way as to
reflect the lithological diversity of the studied for-
mations as much as possible in order to investigate
all the possible lithotypes.

Laboratory measurements

The distinction of particular lithotypes was car-
ried out basing on macroscopic observations,
analyses of mineral (XRD) and chemical (XRF)
composition, and petrographic studies in optical
and scanning microscopy. In addition, CEC cat-
ion exchange capacity was measured to determine
the swelling capacity of the studied rocks.

XRD measurements were conducted with
the use of Panalytical X’Pert Pro apparatus with
modern ultra-fast detector (real time ultra-strip
X’Celerator). Quantitative mineral composition
was calculated by the Rietveld method with the
use of the SIROQUANT software, which is use-
ful for analysing samples containing clay minerals
(Kowalska 2013). Measurements of the separat-
ed clay fraction were carried out on sedimented
slides in both air-dried (AD) and glycolated con-
ditions (GY). Detailed identification of the illit-
ic material was made on preparations from the
<0.2 m fraction using diagrams by Srodoni (Sro-
don 1980, 1981, 1984, Dudek & Srodon 1996). The
chemical composition measurements were made
with a portable X-ray fluorescence spectrometer
(pXRF) S1 TITAN, Bruker. Petrographic observa-
tions on thin sections were carried out using an
AXIOPLAN CARL ZEISS OPTON polarizing mi-
croscope. The investigated samples were described
based on Picard (1971) and Pettijohn et al. (1972)
clastic rock classifications. SEM analysis was con-
ducted using JSM 6300 Jeol scanning electron
microscope coupled with OXFORD INSTRU-
MENTS X-ray microanalyzer EDS (Energy Dis-
persive Spectroscopy. Cation Exchange capacity

Geology, Geophysics and Environment, 2022, 48 (3): 219-242
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was determined using the cobalt hexaamine spec-
trophotometric method (Bardon 1983, AFNOR
NFX31-130 1999, Przelaskowska & Klaja 2014).
Measurements were conducted using a Shimad-
zu UV-1280 spectrophotometer at 470 nm wave-
length.

Procedure applied to distinguish
particular lithotypes

Preliminary distinction of the lithotypes
based on macroscopic observations of
the core samples

The investigated material consists of “pure” litho-
types, i.e., sandstones of various grain sizes, mud-
stones and clayey shales, and “mixed” lithotypes —
heteroliths. Heterolithic lithotypes from the point
of view of rock classification are a mixture of
sandstones, siltstones, mudstones and claystones
in different proportions. Due to the thin-lay-
ered nature of the analyzed rocks, the individu-
al lithologies cannot be separated in petrophysi-
cal studies conducted on inch cores. Therefore,
lithotypes with varying proportions of sandstone
and mudstone were introduced. Lithotypes were
determined from 3.0-3.5 cm long inch cores pre-
pared for petrophysical measurements and cor-
responding core fragments were sampled for pe-
trographic and mineralogical investigations.
Heterolithic lithotypes: sand-dominated hetero-

liths, heteroliths with approx. equal proportions

of both lithologies and mud-dominated hetero-
liths were distinguished by estimating the amount
of sandstone and mudstone laminae in the core
fragment studied. A sample heterolith with ap-
prox. equal proportions of sandstone and mud-
stone is shown on Figure 3.

Correlation plots between the contents of
particular minerals (XRD analyses)
and corresponding elements (XRF analyses)

Plots of minerals vs. corresponding elements are
routinely used in INiG-PIB to verify quantitative
X-ray analysis results. They are also adopted in che-
mostratigraphy studies to establish and verify the
mineralogical affinity of elements used in the che-
mostratigraphic divisions (Craigie 2018). The dia-
grams constructed in the presented work were used
for verification of the lithotypes distinguished on
the basis of macroscopic observations. The applied
correlation relationships are shown in Table 1.

Table 1
Applied correlations of minerals vs. corresponding elements
Mineral content Element content
Sum of quartz and feldspars Sio,
Sum of clay minerals AL O,
Sum of carbonates (calcite, dolomite,
. CaO
ankerite)
Sum of K feldspars, micas and illitic
) K,0
minerals

Fig. 3. An example of a heterolith from the T zone with approx. equal proportions of sandstone and mudstone

https://journals.agh.edu.pl/geol
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The analyses were conducted for all samples
jointly, and then samples from each of the zones
were separated on the plots by different marks.
Therefore, the obtained plots illustrate not only
the differences between particular lithotypes, but
also take into account the regional variation with-
in each lithotype (Figs. 4-6).

Analysis of the variability of parameters
estimated by XRD measurements

Mineralogical characterization of the separated
lithotypes was based on the XRD measurements.
Theanalysis of parameters that most differentiate the
individual lithotypes, such as clay and quartz con-
tents, enabled verification of the problematic sam-
ples e.g., very fine-grained sandstone/mudstone al-
location. Investigations of the separated clay fraction
allowed for precise identification of clay minerals.

Optical microscope and SEM studies

Due to a small area of observation and the differ-
ence in scale in relation to the size of the sample
selected for petrophysical research the microscop-
ic studies were not a decisive method for assign-
ing samples to particular lithotypes. They were
used for verification of the division based on mac-
roscopic observations and XRD/XRF plots, and
for more detailed characterization of the distin-
guished lithotypes.

RESULTS

Based on macroscopic observations the following

lithotypes were distinguished among the studied

rocks:

- medium- to fine-grained sandstones (Ss_m),

— fine- to very fine-grained sandstones (Ss_f),

- clayey sandstones (Ss_cl),

- sand-dominated heteroliths (Ht_s),

- heteroliths with approx. equal proportions of
both lithologies (Ht_sm),

- mud-dominated heteroliths (Ht_m),

- mudstones (Ms),

- clayey shales (Cs).

Not all of the lithotypes were present in every
zone (Tab. 2). Only fine- and very fine-grained
sandstones, mud-dominated heteroliths and mud-
stones were found in all zones (Tab. 2). The most
widespread lithotype in the studied sediments

is represented by mud-dominated heteroliths
(Tab. 2), although the proportions of sandstone and
mudstone layers vary between particular zones.
The S region sediments are characterized mainly
by mud-dominated heteroliths and massive, com-
pacted mudstones with thin inserts of fine-grained
sandstone. Locally also thicker (more than 10 cm)
inserts of fine- and medium-grained sandstones
with parameters similar to those of convention-
al reservoir sandstones are found. Rocks from the
T region include mud-dominated heteroliths often
interlayered with thicker sandstone inserts (about
5 cm), clayey-mudstone deposits and massive mud-
stones locally interlayered with thicker sandstone
inserts (about 5 cm). Typical heterolithic forma-
tions: mud-dominated heteroliths with densely dis-
tributed, thin sandstone laminae (order of millime-
tre size) occur in the P region.

Table 2
Lithotypes distinguished in the investigated zones
Number of samples
Lihtotype
S T P
Ss_m 3 6 -
Ss_f 6 14 1
Ss_dl 7 - -
Ht_s - 4 2
Ht_sm - 7 -
Ht_m 2 4 13
Ms 5 18 4
Cs 1 5 -

Explanations: S, T, P - zones, Ss_m - medium- to fine-grained sand-
stones, Ss_f — fine- to very fine-grained sandstones, Ss_cl - clayey
sandstones, Ht_s - sand-dominated heteroliths, Ht_sm - heteroliths
with approx. equal proportions of both lithologies, Ht_m - mud-dom-
inated heteroliths, Ms — mudstones, Cs - clayey shales.

Correlation diagrams

Groups of samples corresponding to the described
above lithotypes can be clearly distinguished
based on correlation diagrams representing min-
eral (XRD) and chemical (XRF) composition. The
distinction is based on such parameters as: sum
of quartz and feldspar vs. SiO,, sum of mica and
potassium feldspar vs. K,O and sum of clay min-
erals vs. Al,O, (Figs. 4-6). No relationship was ob-
served between carbonate content and particular
lithotypes (Fig. 7).

Geology, Geophysics and Environment, 2022, 48 (3): 219-242
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and micas (Fig. 5) and 36% of clay minerals (Fig. 6).
Some differentiation between sandstones from the
two zones is also evident. Rocks from the S zone are
characterized by slightly lower amounts of quartz,
and higher clay content than samples from the
T zone. Mudstones from all three zones are charac-
terized by a quartz content smaller than 43% (Fig. 4)
and sum of clays exceeding 43% (Fig. 6). Heteroliths
form an intermediate group of samples. Heteroliths
from the T zone plot mostly between the sandstone
and mudstone areas on the quartz content diagram
(Fig. 4). Only a few samples of Ht_sm overlap with
sandstones with the lowest amount of quartz and
the highest clay content (Fig. 4). Ht_m from the S
and P zones occur in the mudstone area (Figs. 4-6).

Ss_cl from the S zone are placed partly in the
mudstone area and partly between sandstones
and mudstones (Figs. 4-6). Cs are present in the
area of mudstones with the highest clay and lowest
quartz content (Figs. 4-6).

Petrographic characterization of
the distinguished lithotypes

Description of each lithotype was based on macro-
scopic examination of cores, XRD and XRF results,
optical and scanning microscopy observations and
CEC measurements. Macroscopic images of core
fragments (section A), optical microscope images
(section B) and SEM images (section C) for each
lithotype are presented on Figures 8-16.

Fig. 8. Medium- to fine-grained, laminated sandstone from the S zone, lamination accentuated by organic matter (A); subar-
cose arenite with carbonate-clay matrix (B - left); interparticle pores visible on a thin section impregnated with blue epoxy res-
in (B - right); pore space filled with clay minerals, micrite, dolomicrite, and fine-crystalline silica, numerous interparticle fine

pores visible (C)
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Fig. 9. Medium- to fine-grained, massive sandstone from the T area (A); subarkose arenite with carbonate-clay matrix (B - left);
interparticle pores visible in a thin section impregnated with blue epoxy resin (B - right); pore space filled with carbonates (cal-
cite and dolomite), clay minerals and fine-crystalline silica, numerous interparticle micro- and nanopores visible (C)

Medium- to fine-grained sandstones (Ss_m)

Medium- to fine-grained sandstones are found in
S and T zones. Two types of these rocks can be
distinguished:

1) Light grey sandstones, with planar, flaser and
wavy lamination accentuated by organic mat-
ter (Fig. 8A). Microscopically described as well
to moderately sorted subarcose arenites, local-
ly with inserts of subarcose wackes, with car-
bonate-clay matrix (Fig. 8B - left). Interparti-
cle pores are visible both in optical microscope
(on a thin section impregnated with blue ep-
oxy resin; Fig. 8B - right) and on SEM image
(Fig. 8C).

2) Light grey mostly massive sandstones (Fig. 9A).
Microscopically described as well-sorted quartz
arenites with carbonate-clay matrix (Fig. 9B -
left). Zones with higher pore accumulation are
visible on a thin section impregnated with blue

epoxy resin (Fig. 9B - right). Intraparticle mi-
cro- and nanopores were observed in the SEM
image (Fig. 9C).

Fine- to very fine-grained sandstones (Ss_f)

Ss_f lithotype is one of the most numerous and
occurs mainly in S and T zones (Tab. 2). It is rep-
resented by light grey sandstones with differ-
ent types of lamination (planar, flaser, wavy and
lenticular) of darker material (Fig. 10A). Micro-
scopically described as subarcose arenites and, in
a few cases, mudstones/siltstones with carbonate-
clay matrix and a planar structure accentuated by
the arrangement muscovite plates, clay minerals
and strips of organic matter (Fig. 10B - left). SEM
images show intraparticle micro and nanopores
connected with clay aggregates; the number of
intergranular micropores is strongly limited
(Fig. 10C).
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Fig. 10. Fine-grained sandstone from the T zone with planar, flaser and wavy lamination (A); subarkose arenite with carbonate-
clay matrix (B); intraparticle micro- and nanopores connected with clay aggregates (C)

Clayey sandstones (Ss_cl)

Ss_cl lithotype occurs only in the S zone (Tab. 2).
These rocks are dark grey very fine-grained sand-
stones, in most cases displaying poorly visible
planar lamination (Fig. 11A). Microscopically
described as very fine-grained rocks with a pla-
nar structure accentuated by the arrangement
of muscovite plates and clay minerals (Fig. 11B).
Optical microscopy revealed no pore spac-
es, while SEM images show intraparticle micro
and nanopores connected with clay aggregates
(Fig. 11C).

Sand-dominated heteroliths (Ht_s)

Ht_s lithotype occurs in T and P zones. The sand-
stone layers display wavy lamination (Fig. 12A).
Microscopically described as subarcose arenites/
wackes with carbonate-clay matrix and a planar

structure accentuated by the arrangement of mus-
covite plates (Fig. 12B), characterized by a lack of
intergranular pore spaces. Very small amounts of
nano- and micropores are visible in the SEM im-
age (Fig. 12C).

Heteroliths with approx. equal proportions
of sandstone and mudstone (Ht_sm)

Ht_sm lithotype occurs only in the T zone. Pla-
nar, flaser and wavy and lamination is clearly vis-
ible in the sandstone part, the mudstone part lo-
cally contains thin parallel sandstone laminae
(Fig. 13A). Microscopically they are described as
quartz wackes/mudstones with carbonate-clay
matrix (Fig. 13B). Optical microscopy revealed
no pore spaces, while SEM images show numer-
ous intraparticle micro and nanopores connected
with clay aggregates (Fig. 13C).
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Fig. 11. Clayey, laminated sandstone from the S area (A); fine-grained rock with planar lamination (B); lamination accentuat-
ed by the alignment of clay minerals and muscovite grains, elongated intraparticle micro- and nanopores connected with clay
aggregates (C)

Fig. 12. Ht_s from the T zone with wavy lamination (A); subarkose arenite/subarkose wacke with clay-carbonate matrix (B);
intraparticle micro- and nanopores connected with clay aggregates (C)
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Fig. 13. Ht_sm from the T zone, with planar and wavy lamination in the sandstone part and thin laminae of sandstone in the
mudstone part (A); quartz wacke with carbonate-clay matrix/mudstone (B); intraparticle micro- and nanopores connected with

clay aggregates (C)

Mud-dominated heteroliths (Ht_m)

Ht_m lithotype is one of the most numerous and
occurs in all three zones (Tab. 2). It is represent-
ed by dark grey mudstones with light grey sand-
stone laminae of thickness up to 5 mm, the thin-
nest sandstone layers (0.5-2.0 mm) can be found
in samples from the P zone (Fig. 14A). Micro-
scopically, these rocks are described as interlayers
of claystone, mudstone, siltstone and subarcose
wackes. They are characterized by a planar struc-
ture accentuated by layers of the above mentioned
lithologies, arrangement of muscovite plates and
organic matter strips (Fig. 14B). Single pores are
visible locally in the sandstone layers. The SEM
image shows a compact rock structure with tightly

packed plates of micas and clay minerals, and in-
frequent micropores additionally sealed by fine
crystalline carbonates represented by calcite and,
to a lesser extent, dolomite (Fig. 14C).

Mudstones (Ms)

Dark grey mudstones (Fig. 15A) are the most nu-
merous group of the investigated samples (Tab. 2).
Microscopically, they are described as mudstones
and claystones consisting of 70-90% carbon-
ate-clay mass, with no free pore spaces (Fig. 15B).
They are characterized by an ordered layered
structure, emphasized by clay minerals and mus-
covite plates arrangement. SEM images show nu-
merous intraparticle nano- and micropores asso-
ciated with clay aggregates (Fig. 15C).
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Fig. 14. Ht_m from the P zone, with planar lamination (A); mudstone/siltstone with planar lamination accentuated by musco-
vite plates and organic matter (B); the number of micro- and nanopores reduced by fine crystalline carbonates (C)

Fig. 15. Mudstone from the T area (A); mudstone/claystone with planar lamination accentuated by clay minerals, muscovite
plates and organic matter (B); numerous elongated intraparticle micro- and nanopores connected with clay aggregates (C)

Geology, Geophysics and Environment, 2022, 48 (3): 219-242



234

Przelaskowska A., Zagérska U., Urbaniec A., Lykowska G., Klaja J., Grela J., Kedracka K.

Clayey shales (Cs)

Samples representing this lithotype occur most-
ly in the T zone (Tab. 2). They show distinct shale
fissility (Fig. 16A), a more compact material is
present only locally in form of lenses (Fig. 16A).
Microscopically, these rocks are described as clay-
stones consisting of 90-95% carbonate-clay mass,
with no free pore spaces (Fig. 16B). They are char-
acterized by a planar structure, emphasized by
clay minerals and muscovite plates arrangement.
The planar structure and elongated intraparti-
cle nano- and micropores associated with clay
mineral aggregates are visible in the SEM image
(Fig. 16C).

Mineralogy and swelling properties

The average contents of the major minerals
(quartz, clay minerals and carbonates) and values
of the cation exchange capacity (CEC) of the stud-
ied rocks are presented in Table 3. Very important
from the point of view of reservoir exploitation
are the swelling properties of clastic rocks which
depend on total amount of clay minerals and
their swelling capacity. Cation exchange capacity
(CEC) incorporates both of those rock properties.
Thus, it allows for a comprehensive assessment of
swelling properties and assignment of the studied
rocks to groups with low, medium or high swell-
ing capacity (Stephens et al. 2009).

Fig. 16. Clay shales from the T zone (A); claystone with planar lamination accentuated by alignment of muscovite plates (B);
numerous elongated intraparticle micro- and nanopores connected with clay aggregates (C)
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Table 3. Average quartz, clay minerals and carbonates contents, and CEC values in the distinguished lithotypes

Lithotype
Zone Parameter

Ss_m Ss_f Ss_cl Ht_s Ht_sm Ht_m Ms Cs
Q [%] 52.4 42.4 29.3 33.3 35.6 25.2 22.2 18.8
Xcl [%] 15.2 26.5 44.0 35.8 354 47.2 53.8 58.7
ilrlnples carbonates [%] 13.1 15.1 14.3 16.8 14.7 17.1 14.3 14.3
%\illlOOg] 34 5.6 15.4 12.0 10.0 17.3 18.2 23
Q[%) 52.6 38.3 29.3 - - 247 24.4 19.0
cl [%)] 17.5 33.0 44.0 - - 50.7 51.0 58.1
S carbonates [%] 11.2 13.3 14.3 - - 12.5 14.2 15.3
Er];:\f;l/IOOg] 6.3 7.7 154 - - 17.2 19.1 23.0
Q [%] 524 45.1 - 35.5 35.6 32.1 22.0 18.8
cl [%] 14.0 23.3 - 34.5 354 40.4 54.6 58.8

T carbonates [%] 14.0 15.2 - 14.7 14.7 139 13.6 14.1
[Crr]iill/lOOg] 1.9 4.3 - 10.9 10.0 12.8 17.5 23.0

Q[%] - 30.1 - 289 - 23.1 20.5 -

Xl [%] - 33.0 - 38.3 - 48.8 54.0 -

P carbonates [%] - 233 - 21.0 - 16.8 17.4 -
[Criz\il/lOOg] - 11.5 - 14.2 - 18.7 20.9 -

Explanations: Q - quartz, Xcl - sum of clay minerals, CEC - cation exchange capacity. Ss_m - medium- to fine-grained sandstones, Ss_f - fine- to
very fine-grained sandstones, Ss_cl - clayey sandstones, Ht_s - sand-dominated heteroliths, Ht_sm - heteroliths with approx. equal proportions
of both lithologies, Ht_m - mud-dominated heteroliths, Ms - mudstones, Cs - clayey shales.

Ss_m lithotype is characterized by the highest
average content quartz, and lowest content of clay
minerals (Tab. 3). The average content of quartz is
similar in both S and T zones, whereas the average
clay content is higher in samples from the S zone.
The rocks from the S zone display also higher val-
ues of cation exchange capacity CEC (Tab. 3).

Ss_f samples from the T zone display a higher
quartz content and lower amount of clay minerals
than samples from the S zone. The sample from P
zone is characterized by the lowest quartz content
and the highest amount of carbonates (Tab. 3). As
in the case of Ss_m the avg. CEC value is lower in
the T region than in the S region (Tab. 3).

Ss_cl lithotype displays much lower Q content
and higher clay content than other sandstones.
Also, the avg. CEC value is significantly higher
(Tab. 3).

As it is in the case of sandstones, Ht_s litho-
type from the P zone displays lower quartz con-
tent, higher clay content, and more carbonates
than rocks from the T zone (Tab. 3).

Ht-sm lithotype displays similar values of the
measured parameters to Ht_s.

Ht_m litothype is characterized by higher con-
tent of clay minerals, lower content of quartz and
significantly higher CEC values than other heter-
olites (Tab. 3). The values of these parameters vary
between the studied zones. As it is in the case of
Ss_f, Ht_m from the T zone is characterized by the
highest amount of quartz, lowest amount of clay
minerals and the lowest CEC value (Tab. 3).

Ms lithotype displays similar values of the
measured parameters to Ht_m. (Tab. 3). The val-
ues are alike in all three zones, the exception being
the highest carbonate content in P zone (Tab. 3).
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Cs lithotype contains highest amounts of clay
minerals, lowest amounts of quartz and highest
value of CEC from all the investigated lithotypes.

DISCUSSION

The problem of mineral composition diversity
within heterolithic rock complexes (e.g., Peyaud
et al. 2010, Virolle et al. 2021, Igbal et al. 2022),
and especially its direct influence on the possi-
bility of reliable determination of the variability
of reservoir properties in these formations, have
so far been rarely discussed in scientific papers.
Many publications are focused mainly on meth-
ods of permeability calculations in heterolith-
ic formation profiles (e.g., Norris & Lewis 1991,
Jackson et al. 2003, Nordahl et al. 2005, Nordahl
& Ringrose 2008), but really the most important
problem in heterogeneous reservoir studies is in-
tegrating data from different samples, acquired
using different test methods (Enderlin et al. 1991,
Worthington 1994, Gupta et al. 1996, Corbett
et al. 1998, Martinius et al. 2005). A reliable re-
construction of the reservoir properties distribu-
tion is possible only on the basis of fully integrated
data (Nordahl 2004, Ringrose et al. 2005, Riegel
et al. 2019).

The research presented in this paper focused
on the integration of different types of data ob-
tained on the basis of macroscopic observations of
core materials, petrographic studies in optical and
scanning microscopy, mineral (XRD) and chem-
ical (XRF) composition studies, determination of
the swelling properties (cation exchange capaci-
ty, CEC). The presented results were used in fur-
ther stage of the study by incorporating them into
the interpretation of well logs. The integration of
various data obtained by different research meth-
ods (and at varying vertical resolution) was aimed
at developing the most reliable interpretation of
lithology and vertical differentiation of reservoir
properties in the whole analyzed intervals of the
heterolithic formation (and not only within the
intervals covered by cores).

The investigated rocks belong to two distinctly
different groups of samples: sand-dominated rocks
(Ss_m and Ss_f lithotypes) and mud-dominat-
ed rocks, including Ht_m, Ms and Cs lithotypes.

Ss-cl, Ht_s and Ht_sm lithotypes show an inter-
mediate nature, what is implied by interpretation
of the correlation diagrams (Figs. 4-7). In all the
studied rocks, interlayers of particular lithologies
are visible not only in macroscopic scale (sand-
stone layers from 0.5 mm in the P zone to 3.0 cm
in the S zone), but also in microscopic scale, where
interlayers of several dozen to several hundred pm
are visible.

The differences in the lithology and mineral-
ogy of the distinguished lithotypes are associat-
ed basically with varying content of clay miner-
als and quartz (Figs. 17, 18). The content of clay
minerals varies not only between particular litho-
types (avg. clay minerals content increase from
Ss_m to Cs) but also regionally. In sand-dominat-
ed lithotypes and heteroliths from the T zone the
clay content is significantly lower than in other
zones. In Ms and Cs lithotypes the clay content is
similar in all zones. The Ss_cl lithotype from the
S zone is characterized by a much higher content
of clay minerals than the other sandstones, min-
eralogically these rocks are similar to Ht_m, how-
ever, there is no distinct layering characteristic for
heteroliths. Carbonate minerals in samples from
all study zones occur in a similar form of carbon-
ate-clay matrix and crushed bioclasts. The high-
est carbonate contents were found in the P zone,
while no variation in the content of these minerals
was observed among the lithotypes (Fig. 19).

Swelling properties of the investigated rocks
were defined on the base of the cation exchange
capacity CEC values. There is a significant in-
crease in the value of the CEC parameter with
decreasing grain size, from less than 1, up to
4 meq/100 g for sandstones (no swelling capaci-
ty) to 25 mval/100 g for clayey shales (high swell-
ing capacity) (Fig. 20). As regards differences be-
tween particular zones, values for samples from
the T zone are usually below average and from the
P zone - above (Fig. 20). To sum up, sandstones
from T and S zones are characterized by lack of or
low swelling capacity (CEC below 10 meq/100 g).
Medium swelling properties (CEC from 10 to
20 meq/100 g) are characteristic for Ss_cl, all het-
eroliths, and Ms from the S and T zones. Ms and
Cs from the P zone display high swelling capacity
(CEC over 20 meq/100g).

https://journals.agh.edu.pl/geol



Mineralogical characteristics of the heterolithic formations from the Carpathian Foredeep Miocene sediments, south-eastern Poland 237

70

60

50

40
S

- 30
bl

20

10

0

Ss_m Ss f Ss_cl Ht s Htsm Hitm
mAll samples B S zone BT zone P zone

Fig. 17. Variability of the clay content (Sum cl) in the separated lithotypes

60
50
40
= 30
g
20
) ‘III:
0
Ss_m Ss f Ss_cl Ht s Ht_sm
mAll samples B S zone BT zone P zone

Fig. 18. Variability of the quartz (Q) content in the separated lithotypes

Geology, Geophysics and Environment, 2022, 48 (3): 219-242



238 Przelaskowska A., Zagorska U., Urbaniec A., Lykowska G., Klaja J., Grela J., Kedracka K.

25

HIE

Ssm Ssf Ssec Hts Htsm Ht_m
mAll samples E S zone mT zone P zone

= —
] u

Carbonates [%)]
u

Fig. 19. Variability of the carbonate (C+D+An) content in the separated lithotypes: C - calcite, D - dolomite, An — ankerite

25
20
15
=
o
o
=10
[
=
£
o5
O
0
Ssm Ssf Ssc Hts Htsm Htm Cs
mAll samples m S zone BT zone P zone

Fig. 20. Variability of the cation exchange capacity (CEC) content in the separated lithotypes

https://journals.agh.edu.pl/geol



Mineralogical characteristics of the heterolithic formations from the Carpathian Foredeep Miocene sediments, south-eastern Poland

239

It should be emphasized that lithofacial clas-
sifications of heterolithic formations are usually
based on sedimentological studies, macroscopic
and microscope observations (Donselaar & Geel
2007, Siddiqui et al. 2017, Riegel et al. 2019). The
presented work was aimed at using macroscop-
ic observations as well as XRD and XRF studies
for distinction and characterization of particu-
lar lithotypes. The obtained classification proved
to be very helpful in the next stage of the project
(obtaining reliable average values of petrophysical
parameters in the analysed profiles) (Klaja 2019).

The mentioned regional mineralogical dif-
ferentiation is largely due to the complex palae-
ogeography of the Middle Miocene Carpathian
Foredeep basin and the diversity of the alimenta-
ry areas (Studencka 2001, Oszczypko et al. 2006,
Kova¢ et al. 2007). Other important factors in-
fluencing the mineralogical differentiation of the
Machoéw Formation heterolithes certainly include
various mechanisms of transport and sedimenta-
tion (e.g., river and deltaic systems, sedimentation
in estuaries, gravity flows, wave processes in the
coastal zone), as well as the length of transport of
terrigenous material. The above-mentioned fac-
tors, together with grain size and sorting, affect
not only the variation in mineral composition, but
also strongly control porosity and permeability in
the siliciclastic rocks (vide Nordahl 2004, Nordahl
et al. 2005).

CONCLUSIONS

Eightlithotypes showing differences both in macro-
scopic features and mineral composition were iden-
tified in the Machéw Formation heterolithic sedi-
ments from three Carpathian Foredeep localities.
The division, based on analysis of macroscopic fea-
tures, was verified by correlation diagrams of min-
eral (XRD) vs. chemical (XRF) composition data.

Three lithotypes dominate in all the analysed
zones: mud-dominated heteroliths, mudstones and
fine-grained sandstones. Nevertheless, some char-
acteristic features and differences in mineralogy
should be emphasized. The S zone sediments are
characterized by the presence of thicker (more than
10 cm) inserts of fine- and medium-grained sand-
stones characterized by petrophysical parameters

similar to those of conventional reservoir sand-
stones. Massive mudstone layers are character-
istic for the T zone profile. Densely distributed,
thin sandstone laminae (order of millimetre size)
in mud-dominated heteroliths are typical for the
P zone.

Mineralogical heterogenity of the distin-
guished lithotypes is connected mainly with the
varying content of clay minerals and quartz. The
boundaries between sandstones and the fine-
grained rocks in all the studied zones are gener-
ally defined by about 50% quartz and feldspar,
30% of the sum of potassium feldspar and micas
and 36% of clay minerals but there are some re-
gional variations. For example, the clay content in
sand-dominated lithotypes and heteroliths from
the T zone is significantly lower than in the same
lithotypes from other zones, and the highest car-
bonate contents were found in the P zone.

The advantage of the provided correlation di-
agrams is that they are based on measurements
conducted on small amounts of powdered sam-
ples (XRD and XRF). Therefore, the presented
method can be used in areas in which only drill
cuttings are available.

The values of cation exchange capacity CEC
clearly indicate significant differences in the
swelling capacities of clay minerals, which may be
of great importance and should be taken into ac-
count in planning of natural gas exploitation from
this type of collectors.

Detailed investigations of the heterolithic se-
quences mineralogical composition as well as de-
scription of individual lithotypes provided a basis
for precise petrophysical characterization of the
analysed profiles. Petrophysical parameters mea-
sured in the next stage of the research project were
assigned to particular lithotypes what enabled
more detailed characterization of the reservoir
parameters variability and better correlation of
laboratory measurements with geophysical data.
Application of the results presented in this paper
to interpretation of the well log data enabled to de-
velop reliable lithological models of the Machow
Formation clastic sediments profile and, what fol-
lows, more precise determination of zones char-
acterized by good reservoir parameters. Results of
the mentioned above research are intended to be
presented in separate publications.
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