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Abstract
The Upper Miocene lacustrine sandstones of the North Croatian Basin, located in the southwestern Pannonian Basin 
System, represent significant reservoirs for hydrocarbon exploration, yet their diagenetic evolution remains poorly un-
derstood. This study offers a comprehensive investigation into the diagenesis of these sandstones, analyzing samples 
from 14 exploration wells in the Sava and Drava depressions. Using petrographic analyses, scanning electron microscopy 
with energy-dispersive X-ray spectroscopy (SEM-EDS), X-ray diffraction (XRD), and petrophysical measurements, we 
aimed to explain the diagenetic processes affecting reservoir quality and hydrocarbon productivity. Our results reveal a 
consistent grain size distribution, modal composition, and diagenetic alterations across both depressions. Compaction, 
evidenced by evolving grain contacts and pressure dissolution, leads to a depth-dependent reduction in porosity. Car-
bonate cements, notably calcite and Fe-dolomite/ankerite, are primary contributors to reduction of primary intergranu-
lar porosity, alongside clay minerals, quartz, feldspar, etc. Secondary porosity resulting from dissolution and redistribu-
tion processes also significantly influences overall porosity evolution. Clay minerals, detrital and authigenic, exhibit a 
complex interplay with other diagenetic processes, further reducing porosity and permeability. Authigenic clay minerals, 
including illite, chlorite, and kaolinite, act as pore-filling cement or coatings, hindering fluid flow. Paragenetic processes 
delineate the intricate relationship between mineralogical transformations and petrophysical properties, defining reser-
voir quality. Understanding diagenetic dynamics is essential for predicting reservoir quality, fluid migration pathways, 
and hydrocarbon productivity. This study fills a crucial knowledge gap regarding the diagenesis of the Upper Miocene 
lacustrine sandstones in the southwestern part of the Pannonian Basin System, providing insights vital for the energy 
sector and supporting sustainable resource development in the region.
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1. Introduction

The Upper Miocene lacustrine sandstones of the 
North Croatian Basin are pivotal reservoir rocks for oil 
and gas exploitation, not only locally but also across the 
broader Pannonian Basin System (Lučić et al., 2001; 
Saftić et al., 2003; Dolton, 2006; Vrbanac et al., 2010; 
Malvić and Velić, 2011; Velić et al., 2012; Cvetković 

et al., 2018; Matošević et al., 2019a, b, 2021, 2023a, 
2024; Kolenković Močilac et al., 2022).

They were deposited during the Late Miocene in the 
brackish Lake Pannon, which was formed due to the iso-
lation of the Central Parathetys from marine influences 
(Steininger and Rögl, 1979; Báldi, 1980; Harzhauser 
and Piller, 2007; Harzhauser and Mandic, 2008; Ter 
Borgh et al., 2013; Mandic et al., 2015; Kováč et al., 
2018; Magyar, 2021). The sandstones were primarily 
deposited through deltaic system progradation associat-
ed with turbidites in deeper basin regions (e.g., Magyar 
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et al., 1999, 2013; Ivković et al., 2000; Saftić et al., 
2003; Kovačić et al., 2004; Kovačić and Grizelj, 2006; 
Vrbanac et al., 2010; Malvić and Velić, 2011; Sztanó 
et al., 2015; Balázs et al., 2018; Sebe et al., 2020; 
Anđelković and Radivojević, 2021). The detritus origi-
nated from the Eastern Alps orogenic belt, with sedi-
mentary, metamorphic, and igneous rocks of the ALCA-
PA tectonic mega-unit, following W/NW to E/SE trajec-
tories (Šćavničar, 1979; Kovačić and Grizelj, 2006; 
Matošević et al., 2023a, 2024).

In addition to provenance, diagenesis profoundly af-
fects reservoir development and quality, by altering sed-
iment post-deposition, significantly impacting petro-
physical parameters (Guohua, 1982; Civitelli et al., 
2023). It involves physical, chemical, and biological 
processes altering sedimentary assemblages, ranging 
from subaerial weathering to low-temperature metamor-
phism (Curtis, 1977; Burley et al., 1985; Worden and 
Burley, 2003). Understanding burial diagenesis is cru-
cial in predicting porosity distribution, fluid migration 
pathways, and reservoir productivity (Hurst, 1987). 
With the increasing demand for petroleum resources, ad-
vanced recovery techniques necessitate a comprehen-
sive grasp of diagenetic processes (Pittman and King, 
1986; Kantorowicz et al., 1992). For instance, under-
standing mineral cementation, such as quartz, carbonate 
minerals, and clay minerals, is essential for predicting 
reservoir quality within a basin (Curtis, 1983; Burley et 
al., 1985). Integrating diagenetic processes throughout 
the sediment column is paramount for accurate reservoir 
characterization.

Despite longstanding importance of the Upper Mio-
cene sandstones from the North Croatian Basin, a com-
prehensive understanding of their diagenesis has been 
lacking (e.g., Tadej et al., 1996; Matošević et al., 
2019a, 2021). Diagenetic processes, influenced by fac-
tors such as burial depth, temperature, pressure, mineral-
ogy, and pore fluid geochemistry, significantly shape 
such reservoirs (Morad et al., 2000; Worden and Bur-
ley, 2003). Filling this information void is crucial for the 
energy sector, facilitating further hydrocarbon explora-
tion and production activities, as well as initiatives re-
lated to energy transition and environmental conserva-
tion, including carbon capture, utilization, and storage, 
along with expanding investments in regional geother-
mal energy (c.f., Sneider, 1990; Kolenković et al., 
2013; Horváth et al., 2015; Podbojec and Cvetković, 
2016; Macenić et al., 2020; Alcalde et al., 2019; Tuschl 
et al., 2022; Vulin et al., 2023).

In continuation of the preceding research by 
Matošević et al. (2023a, 2024), which provided insights 
into the provenance of the sandstones, this study aims to 
further elucidate the diagenetic processes affecting these 
reservoirs. This paper presents a comprehensive study 
on the diagenesis of the Upper Miocene sandstones in 
the North Croatian Basin, focusing on samples from ex-
ploration wells in the Sava and Drava depressions. Em-

ploying various methods, including petrography, scan-
ning electron microscopy with energy-dispersive X-ray 
spectroscopy (SEM-EDS), X-ray diffraction (XRD), and 
petrophysical measurements, our objective was to iden-
tify diagenetic processes with increasing depth, includ-
ing mineralogical alterations and compaction, influenc-
ing primary and secondary porosity. Additionally, we 
aimed to discern paragenetic sequences of diagenetic 
processes crucial for understanding reservoir property 
evolution. These insights enhance exploration and reser-
voir modelling efforts within the Pannonian Basin Sys-
tem, supporting sustainable energy resource develop-
ment of the region.

2. Geological setting

The North Croatian Basin, situated in northern Croa-
tia, is part of the Pannonian Basin System, spanning ap-
proximately 32,000 km2 (Figure 1). Notably, it compris-
es the Sava and Drava depressions, tectonically induced 
and crucial depocenters during the Neogene (Pavelić 
and Kovačić, 2018; Figure 1).

This SW part of the Pannonian Basin System wit-
nessed the deposition of Lower to Upper Miocene strata 
over tectonized Paleozoic to Paleogene basement rocks 
(Pamić, 1999; Pavelić, 2001; Saftić et al., 2003; Mato­
šević et al., 2015; Pavelić and Kovačić, 2018; Mato­
šević and Šuica, 2017; Šuica et al., 2022a, b; Rukavi-
na et al., 2023), marked by significant geological chang-
es driven by tectonic shifts, climatic fluctuations, and 
volcanic events (Pavelić and Kovačić, 2018; Grizelj et 
al., 2020, 2023; Premec Fućek et al., 2022; Matošević 
et al., 2019c, 2023b). The evolution of the Pannonian 
Basin System is distinguished into syn-rift and post-rift 
phases (Royden, 1988; Tari et al., 1992; Matenco and 
Radivojević, 2012).

The post-rift phase, characterized by diminished tec-
tonic activity, led to lithospheric cooling, subsidence, 
and the isolation of the Central Parathetys from global 
oceans, forming Lake Pannon (Rögl and Steininger, 
1983; Royden, 1988; Tari et al., 1992; Rögl, 1998; 
Harzhauser et al., 2007; Piller et al., 2007; Ter Borgh 
et al., 2013; Kováč et al., 2017). Intense basin subsid-
ence and humid conditions with significant lake depths 
(Sztanó et al., 2013; Balázs et al., 2018) fostered large 
accumulation of post-rift siliciclastic deposits, including 
sandstone bodies, particularly in the central part of the 
depressions (Ivković et al., 2000; Saftić et al., 2003; 
Kovačić and Grizelj, 2006; Malvić and Velić, 2011; 
Matošević et al. 2023a, 2024).

The Upper Miocene deposits, referred to as the Pan-
nonian in the regional Central Paratethys time scale 
(Hilgen et al., 2012), underlie Pliocene and Pleistocene 
(Cernikian) lacustrine and alluvial sediments and overlie 
Middle Miocene (Sarmatian) marine deposits (Pavelić, 
2001; Mandic et al., 2015; Pavelić and Kovačić, 2018; 
Kurečić et al., 2021). They predominantly formed as 
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Figure 1: A – Europe with the position of the Pannonian Basin System. B – Geographical overview of the Pannonian Basin 
System in Central Europe, surrounded by the mountain ranges of the Alps, the Carpathians, and the Dinarides,  

with the North Croatian Basin in its SW part. C – Locations of the Upper Miocene reservoir sandstones  
from exploration wells in the North Croatian Basin within the Sava (S1-S7) and Drava depression (D1-D7).
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turbidite mass flow deposits and later covered by delta 
and fluvial system deposits (Ivković et al., 2000; Saftić 
et al., 2003; Magyar et al., 2013; Sztanó et al., 2015; 
Špelić et al., 2019, 2023; Sebe et al., 2020).

These Upper Miocene sandstones, known for their 
high porosity and permeability, are key reservoir rocks 
in Croatia (Lučić et al., 2001; Saftić et al., 2003; Vrba-
nac et al., 2010; Velić et al., 2012; Matošević et al., 
2019a, b; Kolenković Močilac et al., 2022). These 
sandstones were deposited in various environments in-
cluding deeper-water fan lobes, channels, and levees; as 
well as prodelta, delta front, delta plain, and alluvial 

plain settings, including distributary channels and mouth 
bars (Pogácsás, 1984; Juhász, 1994; Basch et al., 1995; 
Magyar et al., 2013; Kovačić et al., 2004; Kovačić 
and Grizelj, 2006; Sztanó et al., 2015; Sebe et al., 
2020; Anđelković and Radivojević, 2021; Špelić et al., 
2023). Originating from a recycled orogen provenance 
area, these sandstones contain a diverse array of rock 
fragments, suggesting a complex provenance from the 
Eastern Alps, including the predominant Austroalpine 
nappe (Šćavničar, 1979; Kovačić and Grizelj, 2006; 
Matošević et al., 2024). Similar detrital signatures in 
both depressions suggest a shared origin within the 

Figure 2: Positions of the Upper Miocene sandstone cores from the exploration wells in the Sava (A) and Drava (B) 
depressions which are the focus of the research. The stratigraphic correlation of the wells is based on the well-log data 

boundaries between the Upper Miocene and Pleistocene/Pliocene in shallower intervals (upper dashed line)  
and the Middle/Lower Miocene or the Neogene basement in deeper intervals (lower dashed line).  

For the geographic location of wells, see Figure 1. The arrows indicate the positions of core samples that were selected  
for detailed petrographic, SEM-EDS and XRD analyses.
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lake’s depositional setting, possibly associated with 
Paleo-Sava and/or Paleo-Drava, following NW to SE 
transport direction of detritus (Matošević et al., 2024).

3. Methods

The dataset comprises 14 exploration wells from the 
Sava and Drava depressions, drilled by INA – Industrija 
nafte d.d., and a total of 130 sandstones samples from 
cored intervals (Figure 2), out of which 18 samples were 
analyzed for petrography, SEM-EDS, and XRD. These 
samples were chosen based on their representation of the 
Late Miocene succession of the basin infill and their 
suitability for comprehensive analysis of diagenetic al-
terations across different depth intervals. All 130 sam-
ples were utilized for petrophysical measurements, fo-
cusing on porosity. (Figure 2).

3.1. Petrography and SEM-EDS

The petrographic examinations involved detailed 
analyses of the 18 selected sandstone samples impreg-
nated with blue-dyed epoxy and stained with Alizarin 
Red S. The samples were analyzed by an Olympus BX51 
polarizing microscope to discern grain contacts, porosity 
types, and diagenetic alteration processes in thin sec-
tions.

SEM-EDS analyses provided detailed insight into mi-
crostructural features and mineralogical compositions of 
the 18 selected sandstone samples. The samples under-
went coating with a thin layer of Au for enhanced con-
ductivity. SEM imaging was performed using a JEOL 
JSM-6510 LV SEM at acceleration voltages ranging 
from 5 to 25 kV, revealing surface topography at magni-
fications ranging from 25 to 20,000x. Analysis of indi-
vidual minerals, considering morphological features and 
chemical composition, was conducted using secondary 
electron (SE) and back-scattered electron (BSE) images, 
alongside energy-dispersive X-ray spectra (EDS) from 
an Oxford INCA X-act system (Oxford Instruments, 
High Wycombe, UK). Mineral identification relied on 
comparing X-ray spectra with literature data (Welton, 
1984; Severin, 2004). SEM-EDS analyses were pre-
formed in the Exploration & Production Laboratory in 
the INA – Industrija nafte d.d.

3.2. XRD

XRD was employed for the determination of clay min-
eral assemblage in the 18 studied sandstone samples. The 
samples were crushed in jaw crusher followed by pul-
verization in agate mortar until passing sieve opening of 
0.02 mm. Prior to separation of clay fraction, the samples 
were treated by acetic acid to dissolve carbonates, then 
by hydrogen peroxide to remove organic matter and fi-
nally by Tamm solution (mixture of oxalic acid and am-
monium oxalate) to eliminate Fe-Mn-Al oxides/hydrox-
ides. The clay fraction was separated by gravitation in a 

centrifuge, and then deposited from suspension on glass 
mounts in order to obtain oriented samples for the phase 
analysis. Four sets of the samples were prepared: air-
dried, glycolated, and heated for half an hour at 400°C 
and 550°C. XRD data were collected using Philips X’Pert 
PRO diffractometer PW 3040/60 at the Department of 
Geology, Faculty of Science, University of Zagreb, with 
CuKa radiation generated at 40 kV and 40 mA. Record-
ing parameters were as follows: divergence slit 1/8°, anti-
scatter slit 1/4°, sample mask of 10 mm, Soller slits in-
serted into primary and diffracted beam path, scanning 
step 0.026°2q, and measuring time 128.27 s/step. Pixcel 
detector was employed for acquisition of data, which 
were later processed using X’Pert Highscore (Panalyti-
cal, 2004). Clay minerals were identified applying the 
following criteria: illite was distinguished by 10 Å peak 
that does not shift after glycolation and heating treat-
ments; chlorite was confirmed by 14 Å and 7 Å peaks 
that do not shift and do not change intensity significantly 
after glycolation and heating treatments; kaolinite was 
identified by 7 Å peak that disappears after heating at 
550°C; mutual discrimination of chlorite and kaolinite 
was done by spotting chlorite 004 (around 3.54 Å) and 
kaolinite 002 (around 3.57 Å) diffraction maxima in gly-
colated samples; mixed layered illite/smectite phases 
were recognized by a maximum between 10 and 14 Å 
and its shift toward higher d-values in glycolated sam-
ples, as well as by asymmetry of 10 Å peak; illite content 
in mixed-layered illite/smectite was estimated by observ-
ing the position of illite/smectite 001/002 and 002/003 
diffraction maxima in glycolated samples; illite/chlorite 
was determined by 10-14 Å peak that does not change 
during glycolation and heating treatments; kaolinite/
smectite was identified by 7.2-7.5 Å peak that slightly 
shifts and broadens to a higher d-value during glycola-
tion while it further increases and broadens at 400°C but 
disappears at 550°C; dioctahedral vermiculite was 
identified by a slight increase of 14 Å peak during glyco-
lation and its collapse to lower d-values after heating 
treatments (to around 12 and 11 Å); dioctahedral illite/
vermiculite was determined by 10-14 Å peak that does 
not change or slightly increases during glycolation but 
discretely and stepwisely decreases during heating treat-
ments (Moore and Reylonds, 1997). Illite crystallinity 
was determined by measuring the width at half maximum 
of 10 Å peak of glycolated samples. The method employs 
standardless approach that allows estimation of the illite 
crystallinity as described in the provenance and weather-
ing studies (e.g., Liu et al., 2007; Griffiths et al., 2019, 
and references therein), thus enabling mutual compari-
son of the investigated samples in this respect. The ex-
perimental conditions for XRD recording in this case 
were the same as previously mentioned, and the XRD 
pattern profile around 10 Å peak was fitted using Pana-
lytical X’Pert HighScore software with additional visual 
inspection for possible interferences of neighbouring dif-
fraction maxima.
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3.3. Porosity Measurements

Porosity measurements of sandstone samples were 
conducted following precise methodologies to ensure 
accuracy and reliability. Cylinder plugs were extracted 
from 130 sandstone core samples, each measuring 3.81 
cm in diameter and 6 cm in length, ensuring sample uni-
formity. Before measurements, chloroform and metha-
nol were used in the sample cleaning process to remove 
petroleum, salt, and other impurities. This step aimed to 
eliminate potential interference with the results. Subse-
quently, the samples were dried at 105°C in a conven-
tional laboratory until they reached a constant weight, 
ensuring residual moisture removal without sample 
damage. The drying process was monitored until sam-
ples reached a constant weight.

Porosity measurements were conducted using a heli-
um gas expansion porosimeter, relying on Boyle’s law to 
govern gas expansion from a reference cell with a known 
volume to a sample cell at a constant temperature. The 
effective pore volume and total sample volume were de-
termined, allowing calculation of porosity as the ratio of 
the pore volume to the total sample volume, expressed 
as a percentage (American Petroleum Institute, 1998).

These procedures ensured accurate determination of 
porosity in the sandstone samples, facilitating compre-
hensive analyses and interpretation of reservoir proper-
ties. However, it is essential to acknowledge potential 
limitations or sources of errors in the porosity measure-
ment process, such as sample heterogeneity or gas adsorp-
tion effects, which could affect the precision of the results.

4. Results

4.1. Grain size distribution and modal composition

The Upper Miocene sandstones from the Sava and 
Drava depressions exhibit angular to sub-rounded grains, 
occasionally tabular, with average sizes of 110 µm and 
150 µm, respectively (Figure 3; Supplementary Table 
1 and Supplementary Table 2), which was already de-
scribed in previous investigations (Matošević et al., 
2023a, 2024), corresponding to very fine to fine-grained 
sand (Wentworth, 1922). Grain contacts vary from point 
to long and concavo-convex contacts, transitioning even 
to sutured contacts in more compacted sandstones at 
greater depths. However, point contacts are primarily 
contacts in all samples throughout investigated depth in-
tervals (Figure 3). Grain deformations, such as bending 
of mica and rock fragments (particularly sedimentary and 
metamorphic fragments), are regularly observed in sam-
ples (Figure 3 and Figure 4 A, B, C). Dissolution of 
feldspar grains and carbonate rock fragments is evident 
in a good number of samples, noticeable already in shal-
lower intervals (above 1000 m) and continuing in deeper 
intervals. This dissolution is closely associated with the 
reduced presence of carbonate (early calcite) cementa-

tion in the intergranular volume (Figure 4 D, E, F, G, H). 
The dissolution of heavy minerals has also been detected 
(e.g., the dissolution of staurolite and minerals belonging 
to the epidote group in shallower intervals and the disso-
lution of garnets in deeper intervals; Figure 4 I). Rarely, 
some fractured quartz grains can be found in deeper in-
tervals. The sandstones are predominantly well- to mod-
erately well-sorted (Figure 3, Supplementary Table 1). 
Framework petrography analyses by Matošević et al. 
(2023a, 2024) reveal quartz content ranging from 43.2% 
to 55.6% in the Sava depression and 46.2% to 57.7% in 
the Drava depression (Supplementary Table 1 and 
Supplementary Table 2). Feldspar content ranges from 
11.9% to 19.1% in the Sava depression and 8.0% to 
15.6% in the Drava depression, while rock fragments 
constitute 30.1% to 42.3% and 29.1% to 41.0% in the 
respective depressions (Supplementary Table 1 and 
Supplementary Table 2). Sedimentary rock fragments, 
notably carbonate types, dominate the rock fragment 
composition (Supplementary Table 1; Figure 3 and 
Figure 4), classifying the sandstones as carbonaticlastic 
feldspatho-litho-quartzose. Mica, chlorite, and accessory 
heavy minerals contribute to the overall composition. 
Results are provided in full detail in the Supplementary 
Table 1.

4.2. Intergranular volume

Sandstone intergranular volumes in both depressions 
are either unfilled or partly/entirely filled with fine-grained 
matrix and/or cement (Figures 3­6). Descriptive informa-
tion about the filling of the intergranular volume for each 
sample can be found in the Supplementary Table 2.

4.2.1. Matrix

The matrix consists of silty and clayey particles de-
rived from the breakdown and alteration of main mineral 
grains during transport and deposition. Phyllosilicates 
(mica, chlorite, and detrital clay minerals) predominate, 
with carbonate minerals, quartz, and feldspar also pre-
sent. The matrix is in general more prominent in samples 
from shallower intervals in both depressions. Pseudoma-
trix, resulting from compaction and deformation of un-
stable grains during diagenesis, is occasionally observed, 
particularly from rock fragments like mudrocks (e.g., 
rip-up clasts of marl) and metasediments (Figure 4 C).

4.2.2. Cement

Authigenic cement mainly comprises carbonate min-
erals and/or a combination of carbonate minerals with 
clay minerals, quartz, and feldspar (Supplementary Ta-
ble 2; Figure 5 and Figure 6).

Carbonate: Predominantly composed of calcite and 
Fe-dolomite/ankerite, rarely dolomite and Fe-calcite, 
and extremely rarely siderite (Supplementary Table 2; 
Figure 3 C, D and Figure 5 A, B, C). It often forms 
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Figure 3: The Upper Miocene sandstones of the Sava and Drava depressions at low magnifications in thin sections  
and SEM. A – Sandstone impregnated with blue-dyed epoxy showing very fine to fine, angular to sub-rounded  
detrital grains, predominantly in point contacts, and primary intergranular porosity (S5_1, PPL); B – Sandstone  

with main grains and mostly unfilled intergranular volume with connected pores (S5_3, SEM BE); C – Detail of more 
compacted sandstone, showing densely packed grains with long contacts, grain deformations, and carbonate cement,  

filling the intergranular volume (S7_4b, SEM BE); D – The main grains in the sandstone consist of quartz, feldspars  
and rock fragments (mostly sedimentary rock fragments in the form of recrystallized carbonates), and the cement  

is calcite, stained with Alizarin Red S (S1_1, PPL); E – Rearrangement of grains in the sandstone due to overlying pressure 
(compaction and deformation), reducing primary intergranular porosity with precipitation of cement on grain surfaces  

and within pores, but also dissolving some grains with formation of secondary porosity (D3_5c, PPL); F – Grains in mutual 
penetrant (concavo-convex) contacts, partly due to later cement overgrowing on primary detrital grains (D1_1c, SEM SE).  
PPL = plane-polarized light, SEI = secondary electron image, BEI = backscattered electron image. Photo: M. Matošević.

rhombohedral crystals in intergranular space (Figure 5 
B), sometimes in conjunction with other authigenic min-
erals. Authigenic carbonates create euhedral over-
growths on detrital carbonate grains and partly/com-
pletely fill pores as well (in some samples early calcite 

sparry cement extends from grain to grain; Figure 3 C, 
D and Figure 5 A). It does not clearly depend on depth, 
although tightly cemented sandstones were mainly 
found in deeper intervals of the depressions, especially 
in the Drava depression. Fe-dolomite/ankerite generally 
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occurs in samples from intervals deeper than 1000 m in 
both depressions.

Quartz: Largely manifested as authigenic quartz over-
growths on detrital quartz grains. It primarily forms 
well-developed crystals with smooth euhedral faces, 
partly/completely surrounding quartz grains (Supple-
mentary Table 2; Figure 5 D, E, F). Occasionally, it 
also occurs as pore-linings and pore-fillings with other 
minerals (primarily clay minerals), predominantly in the 
form of microcrystalline quartz, with a multitude of 
small bipyramidal crystals generally less than 10 µm 
length (Figure 5 G). In general, quartz cement arises in 
samples from intervals deeper than 1000 m in both de-
pressions.

Feldspar: Relatively sporadic, appearing as authigen-
ic overgrowths of alkali feldspar and plagioclase (main-
ly Na-plagioclase) in the form of small poorly to well-
developed crystals (Figure 5 H), sporadically also cor-
roded. Na-plagioclase cement is observed from 
shallower intervals in both depressions, but with notable 
amount mostly in samples deeper than 2000 m.

Pyrite: Exceptionally rare, manifested usually as mi-
crocrystalline subhedral to euhedral framboids in clus-
ters, together with other authigenic minerals (Figure 5 
I). It appears mainly in samples from deeper intervals in 
both depressions, usually far deeper than 2000 m.

Clay Minerals (detrital and authigenic): Mainly illite, 
chlorite, kaolinite, and mixed-layered clays, observed as 

Figure 4: Diagenetic alterations of grains in the Upper Miocene sandstones of the Sava and Drava depressions  
in thin sections and SEM. A – Deformation (bending) of biotite due to compaction, locally making obstacles for fluid  

flow (D3_5c, PPL); B – Simultaneous deformation and decomposition of muscovite and formation of secondary dissolution 
porosity (S1_1, SEM SE); C – Formation of pseudomatrix by compaction and deformation of unstable grains (mudrock rock 

fragment) (S6_5, PPL); D – Intragranular porosity stemming from partial dissolution of recrystallized carbonate rock 
fragment (D2_1c, PPL); E – Secondary pores impregnated with blue-dyed epoxy in party dissolved alkali feldspar  

contributing to overall porosity (D2_1c, PPL); F – Pore formation due to dissolution of Na-plagioclase (S4_5a, SEM SE);  
G – Resorption of Na-Ca plagioclase with preferred orientation of the remnants signifying that dissolution of the grain was 
crystallographically controlled (S6_5, SEM SE); H – Complete dissolution of detrital grain (possibly volcanic rock fragment) 

with clay mineral replacement, promoting secondary porosity and microporosity (S4_5a, PPL); I – Skeletal garnet  
with deeply etched faceted grain surface as a result of dissolution (D3_1a, SEM SE). PPL = plane-polarized light,  

SEI = secondary electron image. Photo: M. Matošević.
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coatings, pore fillings, or matrix components (Supple-
mentary Table 2 and Supplementary Table 3; Figure 
6 and Figure 7). Illite is principally observed as flakes 
and fibrous structures on the surface of detrital grains, at 
the edges of phyllosilicates and rock fragments, dispersed 
through the matrix, or as pore-filling clusters (Figure 6 
A, B). Detrital illite typically exhibits irregular, flake-like 
platelets oriented parallel to each other, while authigenic 
illite appears mostly in the form of filaments and/or rib-
bons, often lining and bridging pores (Figure 6 A, B). 
Authigenic illite appears mainly from 2000 m deeper in 
both depressions. Chlorite is found as detrital particles, 
usually as individual flakes with parallel face-to-face ori-
entations, formed through alterations of mica and chlo-
rite in shallower intervals, or as authigenic minerals, fre-
quently as clusters of elongate to disc-like crystals partly 
filling pores and rarely as pore-lining, forming thin rims 
around detrital grains with euhedral crystals differently 

oriented and perpendicular to the grain surface (Figure 6 
C, D). Authigenic chlorite significantly occurs in samples 
from 2500 m deeper in the Sava depression and samples 
from 2000 m deeper in the Drava depression. Kaolinite 
predominantly appears in clusters within pores or adher-
ing to detrital grains, originating from the decomposition 
of the grains (generally feldspars), occasionally exhibit-
ing a vermiform structure (Figure 6 E, F). Kaolinite was 
predominantly recognized as authigenic, well-crystal-
lized face-to-face stacks of hexagonal and pseudo-hexag-
onal plates or booklets (Figure 6 G). It occurs in samples 
from shallower intervals, above 1000 m, but continues in 
samples from deeper intervals as well in both depres-
sions. Correspondingly to occurrence of feldspar dissolu-
tion, it is mainly found in samples which have no pro-
nounced early calcite cementation. In samples from 
deeper intervals, dickite (blocky kaolinite) is also ob-
served. Among mixed-layered and other clays, most 

Figure 5: Cements in the Upper Miocene sandstones of the Sava and Drava depressions in SEM. A – Authigenic calcite in 
combination with clay minerals expanding from grain to grain (D4_2b, SEM SE); B – Rhombohedral crystals of Fe-dolomite/
ankerite in pore space contributing to the reduction of porosity and local permeability (S4_5a, SEM SE); C – Calcite crystal 

overgrowths on detrital carbonate grain enlarging to intergranular space (S7_8a, SEM SE); D – Quartz cement manifesting as 
authigenic quartz overgrowth completely surrounding detrital quartz grain (D1_1c, SEM SE); E – Euhedral smooth quartz 
overgrowth on detrital quartz grain with clay minerals in intergranular volume (D1_1c, SEM SE); F – Quartz grain enclosed  
in incomplete well-developed quartz overgrowth (S4_5a, SEM SE); G – Microcrystalline quartz crystals with clay minerals 

lining intergranular pores (D3_5c, SEM SE); H – Pore-lining microcrystalline Na-plagioclase overgrowths with clay minerals 
(D3_5c, SEM SE); I – Framboidal pyrite (D1_1c, SEM SE). SEI = secondary electron image. Photo: M. Matošević.
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prevalent illite/smectite (Figure 6 H, I), illite/chlorite, 
chlorite/smectite, kaolinite/smectite, dioctahedral ver-
miculite, and dioctahedral illite/vermiculite are identified 
based on XRD analyses (Figure 7). Questionable occur-
rences have illite/vermiculite and sepiolite, each in only 
one sample. For detail clay mineral determination, refer 
to the results of the XRD analyses (Supplementary Ta-
ble 3; Figure 7).

4.3. Porosity

Porosity measurements conducted in the Sava and 
Drava depressions reveal distinctive statistical parame-
ters reflecting reservoir characteristics at specific depths. 
Within the Sava depression, porosity in analyzed samples 
ranges from a minimum of 3.0% at 3047.55 m depth to a 
maximum of 34.9% at 827.7 m depth, with a mean value 
of 19.06% and a median of 19.00%. Correspondingly, 
within the Drava depression, porosity in analyzed sam-

ples ranges from a minimum of 1.9% at 4141.15 m depth 
to a maximum of 28.7% at 1398.6 m depth, with a mean 
value of 14.19% and a median of 13.80%. Supplemen-
tary Table 4 summarizes porosity measurements in both 
depressions, highlighting the variability across depths 
and underscoring the heterogeneity of subsurface reser-
voirs. Relationship of porosity and depth in the Sava and 
Drava depressions is illustrated in Figure 8.

Primary intergranular porosity predominates across all 
sandstone samples (Supplementary Table 2; Figure 3 
and Figure 4). As mentioned earlier, the intergranular 
volume manifests as unfilled, partially filled, or com-
pletely filled with carbonate minerals, fine-grained ma-
trix, different types of clay minerals, quartz, and feldspar. 
Pore diameters typically range from 5-100 µm, with an 
average size falling within the range of 10-40 µm in both 
depressions (Supplementary Table 2; Figure 3 and 
Figure 4). While most pores exhibit connectivity or par-
tial connectivity, non-connected pores are discernible as 

Figure 6: Clay cements in the Upper Miocene sandstones of the Sava and Drava depressions in SEM. A – Illite as flakes and 
fibrous structures on the surface and at the edges of muscovite, expanding to intergranular space (D1_1c, SEM SE); B – 

Filamentous pore-lining and pore-bridging authigenic illite (D3_5c, SEM SE); C – Cluster of authigenic chlorite to illite/
chlorite partly filling pore (S7_4b, SEM SE); D – Chlorite forming rims around detrital quartz grain preventing quartz 

overgrowth (D1_1c, SEM SE); E – Cluster of kaolinite minerals within pore (D1_1c, SEM SE); F – Vermiform kaolinite adhering 
to detrital grain (S2_2c, SEM SE); G – Detailed view of authigenic kaolinite with face-to-face stacks of pseudo-hexagonal 

plates (S1_3a, SEM SE); H – Cluster of illite/smectite to illite in intergranular space (S2_2c, SEM SE); I – Rim of illite/smectite 
on detrital grain (D2_1c, SEM SE). SEI = secondary electron image. Photo: M. Matošević.
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well, particularly within samples where carbonate ce-
ment establishes grain-to-grain bonds. Secondary poros-
ity, stemming from partial to complete dissolution of de-
trital grains and cements is chiefly evident in feldspars 
(both alkali feldspars and plagioclase; Figure 4 E, F, G) 
and phyllosilicates (mica and chlorite; Figure 4 A, B), 
with sporadic occurrences within rock fragments (pre-
dominantly carbonates; Figure 4 D), and is infrequently 
also associated with cement (carbonate and feldspar ce-
ments). Micropores are present as diminutive pores (less 
than 2 µm), primarily linked with matrix within inter-
granular spaces or differently oriented detrital and authi-
genic clay minerals (Figure 4 and Figure 6), collectively 
contributing to overall porosity. Fracture porosity, mani-
fested as void spaces within natural fractures, is particu-
larly rare within samples, primarily macroscopically ob-
served in the deepest intervals.

5. Discussion

5.1.  Uniformity of sandstones and diagenetic 
alterations

The sandstones within the Sava and Drava depres-
sions exhibit remarkable similarities in grain size distri-
bution, mineralogical composition, and diagenetic al-
terations (Supplementary Tables 1­3; Figures 3­7). 
This uniformity in grain shape and modal composition 
suggests the shared provenance for the detrital material 
previously investigated by Matošević et al. (2023a, 

2024). This study further elucidates comparable diage-
netic processes within the depressions, particularly high-
lighting the compaction progressions and cementation 
that significantly influence sandstone porosity. As sand-
stone layers compact over time under the pressure of 
overlying sediments, intergranular spaces diminish, 
leading to a reduction in porosity with depth (Figure 3 
and Figure 8). Various grains undergo rearrangement 
during shallow and deep burial, with ductile grains (e.g., 
volcanic rock fragments, mudrock intraclasts, metasedi-
ments, and phyllosilicates; Figure 3 and Figure 4) and 
matrix/pseudomatrix (Figure 4 C) plastically deform-
ing, while others partially dissolve (e.g., feldspar and 
carbonate rock fragments; Figure 4) or may even frac-
ture (e.g., quartz). These processes contribute to overall 
compaction of sandstones (Waugh, 1971; Pittman and 
Larese, 1991; Bjørlykke and Egeberg, 1993; Worden 
et al. 1997; Worden and Burley, 2003). Additionally, 
chemical compaction, including pressure dissolution of 
silicate minerals present in the sandstones, also contrib-
utes, but less significantly, to porosity reduction with 
increasing burial depth (Robin, 1978).

5.2.  Grain contacts, compaction dynamics,  
and cementation

Examination of grain contacts reveals a spectrum of 
contact types evolving through compaction and associ-
ated pressure dissolution processes, ranging from point-
contacts to interpenetrative (even sutured) contacts (Fig-

Figure 7: XRD patterns of main clay minerals in in the Upper Miocene sandstones of the Sava and Drava depressions:  
A – Sample S4_5a; B – Sample S5_3; C – Sample D4_5b; D – Sample D6_8a. Chl = chlorite, Dvm = dioctah. vermiculite,  

DIV = dioctah. Illite/vermiculite, Ill = illite, Ill/Sm = illite/smectite, Ill/Chl = illite/chlorite, Kln = kaolinite,  
Kln/Sm = kaolinite/smectite.
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ure 3). The dynamic nature of compaction highlights the 
significance of comprehending the evolution of grain 
contacts, which promote the development of more exten-
sive contacts over time and depth (Taylor, 1950; Robin, 
1978). Moreover, water expulsion during compaction fa-
cilitates cementation, with quartz and carbonate cements 
emerging as prominent contributors to porosity reduction 
in the sandstones within both depressions, manifesting in 
various forms (Figure 3 and Figure 5). Quartz over-
growths and microcrystalline quartz cement contribute to 
pore space reduction (Figure 5), particularly at burial di-
agenesis temperatures surpassing 70°C (Bjørlykke and 
Egeberg, 1993). Quartz cement predominantly occurs in 
sandstones deeper than 1000 m, with the expected tem-
peratures in the subsurface resulting from elevated geo-
thermal gradient within the North Croatian Basin (e.g., 
Cvetković et al., 2019; Macenić et al., 2020; Tuschl et 
al., 2022). Carbonate cement, primarily composed of cal-
cite and Fe-dolomite/ankerite, significantly influences 
porosity reduction during both eogenesis and mesogene-
sis in the sandstones from both depressions (Figure 3 C, 
D and Figure 5 A, B, C). Calcite typically represents the 
early eogenetic grain-to-grain pore-filling cement fab-
rics, precipitating from pore waters post-deposition, ir-
respective of the primary mineralogy of the sandstones 
(Figure 3 D and Figure 5 A). Late-stage calcite cement 
and Fe-dolomite/ankerite are typically associated with 
dissolution and recrystallization of pre-existing carbon-
ate minerals, including carbonate rock fragments, and ce-
ments, and precipitation from pore fluids in deeper inter-
vals (Worden and Burley, 2003, and references there-

in). Fe-dolomite/ankerite, and infrequently Fe-calcite, 
dominate among carbonate cements during mesogenesis, 
crystallizing at temperatures approximately 100°C (Mo-
rad, 1998; Worden and Burley, 2003), and locally fill 
pores and pore throats in the form of rhombohedral crys-
tals, thereby contributing to the reduction of porosity and 
local permeability of the sandstones (Figure 5 B). Some 
burial calcite and Fe-dolomite/ankerite cement may also 
originate from crystallization due to mass fluid and solute 
transfer, migrated from organic mudrocks intercalated 
with sandstones in the basin (Jackson and Beales, 1967; 
Baines et al., 1991). Additionally, it is known that oil can 
also influence carbonate cementation, particularly during 
biodegradation and oxidation processes (Ehrenberg and 
Jakobsen, 2001). Calcite and Fe-dolomite/ankerite ce-
ments emerge as the predominant factors responsible for 
porosity reduction in the Upper Miocene sandstones of 
the Sava and Drava depressions.

5.3. The role of clay minerals

The clay mineral assemblage in both the Sava and 
Drava depressions exhibits similar major components, 
including illite, chlorite, kaolinite, and other identified 
species (Supplementary Table 2 and Supplementary 
Table 3; Figure 6 and Figure 7), independent of sample 
depth. However, SEM observations indicate a shift from 
detrital to authigenic clays with increasing depth. Authi-
genic clay minerals play a crucial role in altering pore 
space and fluid flow within the sandstones (Worden and 
Burley, 2003). They primarily act as pore-filling cement 
or coatings on the main grains.

Figure 8: Depth-wise distribution of porosity values in the Upper Miocene sandstones of the Sava (A) and Drava (B) 
depressions, showing reductions in porosity with depth. Black dots indicate samples that underwent detailed petrographic, 
SEM-EDS and XRD analyses. For detailed measurement values per depth per sample, refer to the Supplementary Table 4.
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Diagenetic illite, especially fibrous types formed at 
temperatures above 70°C (Figure 6 A, B), is associated 
with potassium-bearing formation waters, significantly 
reducing permeability by blocking pore throats and re-
ducing pore networks without notably affecting porosity 
(Neasham, 1977; Warren and Curtis, 1989). Authi-
genic chlorite typically formed below 2000 m depth 
(with temperatures exceeding 90–100°C; Ehrenberg, 
1993; Aagaard et al., 2000). As coatings on mineral 
grains, chlorite decreases porosity and permeability by 
clogging pore throats and reducing pore network con-
nectivity (Figure 6 C). Conversely, in deeper intervals, 
it may locally inhibit quartz cementation by preventing 
quartz overgrowths (Figure 6 D). Kaolinite is common-
ly clustered within pores or adhering to primary grains 
from shallower intervals (Figure 6 E, F, G), resulting 
from the decomposition of primary grains like feldspars. 
It has a dual effect on porosity and permeability – reduc-
ing primary intergranular, but locally increasing second-
ary intragranular porosity. Kaolinite is more abundant in 
samples with higher porosity, i.e., in samples having less 
carbonate cement, and is usually absent in the deepest 
horizons, especially in the Drava depression (Supple-
mentary Table 3). Additionally, the reaction of kaolinite 
with K-feldspar to produce illite and quartz is signifi-
cant, particularly at temperatures higher than about 70°C 
but becomes pervasive at temperatures exceeding 130°C 
(Worden and Burley, 2003). Moreover, kaolinite, typi-
cal of weathering profiles and early diagenesis, forms 
vermiform masses that occupy and locally fill pores, 
with possible replacement by chlorite in deeper potassi-
um-deficient systems. Highly saline water and common 
aqueous metals, such as Na, K, Ca, and Mg, can locally 
affect clay, carbonate, and feldspar mineral stability in 
the sandstones, causing various diagenetic changes, such 
as additional albitization of K-feldspar and illitization of 
smectite and kaolinite (de Caritat and Barker, 1992; 
Worden et al., 1999). These results to some extent coin-
cide with those obtained from the earlier study on the 
pelitic sediments from the Sava depression (c.f., Grizelj 
et al., 2011), particularly concerning the composition 
and alteration of clay minerals and carbonates with in-
creasing depth – e.g., smectite, kaolinite, and calcite are 
gradually replaced by illite-smectite, illite, chlorite, Ca-
dolomite/ankerite, and albite in deeper intervals of ex-
ploration wells.

Variations in mixed-layered clay species occur, with 
illite/smectite being the most frequent, followed by illite/
chlorite. The presence of illite/smectite, though wide-
spread, is generally absent at depth intervals around 
2500-3000 meters. Although the replacement of smectite 
by illite in sandstones accompanies early stages of oil 
generation, illite content in illite/smectite remains rela-
tively consistent depthwise in the sandstones (Supple-
mentary Table 3), likely due to conflicting influences of 
detrital and authigenic illite. Illite crystallinity follows a 
more regular pattern throughout the drilled sections, with 

higher crystallinity observed in shallower horizons, pos-
sibly inherited from detrital illite, while crystallinity de-
creases in deeper horizons due to diagenetic changes. Il-
lite/chlorite occurrence was recorded only in the Sava 
depression sample set, less prominent in the intervals 
1500-2300 m in depth (Supplementary Table 3). Other 
clays are sparse: kaolinite/smectite and dioctahedral ver-
miculite were observed only in two samples from the 
shallowest horizons of the Sava depression, likely detri-
tal and indicating transitional stages in clay mineral for-
mation during weathering; dioctahedral illite/vermiculite 
seems more widespread among the samples of both de-
pressions but generally occurs at deeper horizons, sug-
gesting fine changes in mixed layered phases caused by 
diagenesis (Supplementary Table 3).

Smectite clay minerals and their interstratified types, 
known for reducing permeability due to their small grain 
size and swelling properties (Hermanns Stengele and 
Plötze, 2000), are prevalent in shallower horizons (Sup-
plementary Table 3). However, aforementioned illite 
and chlorite abundance can also significantly reduce per-
meability through the drilled sections.

Furthermore, common feldspar mineral cements and 
overgrowths on main grains in the Upper Miocene sand-
stones from both the Sava and Drava depressions, al-
though much less abundant than quartz and carbonates, 
also contribute to pore-filling cements (Figure 5 H), 
with burial diagenesis promoting their stability (Morad 
et al., 1989). The rarely present pyrite cement (Figure 5 
I), usually formed under the microbial reduction of fer-
ric iron and sulphates due to influx of saline water and 
reduction of hematite in the presence of hydrocarbons 
during both eogenesis and mesogenesis (Love, 1967; 
Elmore et al., 1987), has an insignificant impact on po-
rosity reduction in the sandstones from both depressions.

5.4. Porosity evolution and reservoir quality

Understanding porosity in sandstones involves a 
complex interplay of depositional, compaction, and ce-
mentation processes (Worden et al., 2000). The changes 
in porosity observed with depth in both depressions un-
derscore the cumulative effects of grain rearrangement, 
compaction, and cementation, emphasizing the dynamic 
nature of diagenetic processes shaping these reservoirs’ 
properties. Initially, primary intergranular porosity dom-
inates in both depressions (Figure 3 and Figure 4), with 
observable reduction in intergranular pore sizes with 
depth. Furthermore, it is observed that secondary poros-
ity, resulting from dissolution and redistribution pro-
cesses, plays a significant role in the overall porosity 
evolution of the studied sandstones, which conforms 
with the observations reported by Schmidt and Mc-
Donald, 1979 and Giles and de Boer, 1990. This sec-
ondary porosity is primarily associated with feldspar, 
pyllosilicates, and carbonate rock fragments (Figure 4 
B, D, E, F, G). Additionally, microporosity, primarily at-
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tributed to matrix within intergranular spaces or vari-
ously oriented detrital and authigenic clay minerals 
(Figure 6), contributes collectively to overall porosity. 
Notably, the dissolution of heavy minerals which was 
documented at deeper sections of studied sandstones 
(Matošević et al., 2023a, 2024) does not significantly 
affect the overall proportion of porosity (Figure 4 I).

Established relationship between porosity and depth 
of the studied sandstones, suggests a heterogeneous na-
ture of the Upper Miocene reservoirs’ quality within the 
study area (Supplementary Table 4; Figure 8). Rela-
tively strong relationship between porosity and depth in 
both depressions implies that compaction plays a sig-
nificant role in porosity reduction of studied sandstones 
(Figure 8), but also that influence of other diagenetic 
processes generally intensifies with depth. The close 
alignment between mean and median values indicates a 
relatively even distribution of data around the central 
value, with no significant outliers disproportionately in-
fluencing the mean.

Moreover, the identified diagenetic paragenetic se-
quences unveil the intricate interplay between mineral-
ogical transformations and evolution of petrophysical 
properties (Figure 9), ultimately defining reservoir qual-
ity and potential production (Worden and Morad, 
2000). These findings underscore the importance of con-
sidering diagenetic processes in understanding reservoir 

quality and the potential implications for production 
strategies in the broader context of the Pannonian Basin 
System and similar geological settings. Further research 
in this field is warranted to refine our understanding of 
these processes and their implications for reservoir man-
agement and exploration efforts.

6. Conclusions

This study sheds light on the diagenetic evolution of 
the Upper Miocene lacustrine sandstones in the North 
Croatian Basin, providing insights into their reservoir 
characteristics relevant for geoenergy potential. Uni-
form diagenetic processes were found in both the Sava 
and Drava depressions, with carbonate cementation, es-
pecially calcite and Fe-dolomite/ankerite, being the 
main contributors to porosity reduction, along with other 
cements like clay minerals, quartz, feldspar, and pyrite. 
Compaction-induced porosity reduction, evidenced by 
evolving grain contacts and pressure dissolution, is 
widespread, leading to decreased porosity with depth. 
Porosity measurements confirm this trend, with values 
decreasing from 34.9% to 3.0% in the Sava depression 
and from 28.7% to 1.9% in the Drava depression, re-
spectively. Primary intergranular porosity predominates, 
with secondary porosity, mainly intragranular from dis-
solution processes, also significant. Pore diameters typi-

Figure 9: Generalized paragenetic sequence of diagenetic processes in the Upper Miocene sandstones  
of the North Croatian Basin based on analyzed samples from the Sava and Drava depressions.  

The same diagenetic processes (compaction, cementation, and dissolution) were observed  
in both Sava and Drava depressions.
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cally range from 5-100 µm. Microporosity is particularly 
attributed to matrix, some detrital grains, and differently 
oriented clay minerals. The observed paragenetic se-
quences elucidate the intricate relationship between 
mineralogical transformations and evolution of petro-
physical properties of the reservoirs. Clay minerals, both 
detrital and authigenic, interact in a complex manner 
with other diagenetic processes, further influencing po-
rosity and permeability. The main clay minerals identi-
fied include illite, chlorite, kaolinite, and mixed-layered 
illite/smectite. Authigenic clay minerals appear at spe-
cific depths, acting as pore-filling cement or coatings on 
mineral grains, and additionally inhibit fluid flow. Varia-
tions in mixed-layered clay species reflect the dynamic 
nature of diagenetic processes. These findings highlight 
the complexity of diagenetic interactions and their im-
plications for reservoir quality and potential productivi-
ty. Understanding these processes is crucial for predict-
ing reservoir quality and fluid migration pathways. This 
study also highlights the need for future exploration, 
particularly concerning permeability measurements and 
the interaction of diagenetic changes and permeability of 
the sandstones at various depths. A more extensive sam-
pling and exploration wells network should be included 
in further studies to gain a broader understanding of the 
Upper Miocene sandstone reservoirs’ quality and their 
differences between depressions in the North Croatian 
Basin and wider Pannonian Basin System.
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SAŽETAK

Procjena kvalitete ležišta: Otkrivanje dijagenetskih promjena mineraloškim  
i petrofizičkim analizama gornjomiocenskih jezerskih pješčenjaka  
u Panonskome bazenskom sustavu, Hrvatska

Gornjomiocenski jezerski pješčenjaci Sjevernohrvatskoga bazena, smještenoga u jugozapadnome dijelu Panonskoga 
bazenskog sustava, čine važna ležišta ugljikovodika, no razvoj njihovih dijagenetskih procesa još uvijek nije dovoljno 
istražen. Ovo istraživanje nudi sveobuhvatan pregled dijageneze tih pješčenjaka analizirajući uzorke iz istražnih bušoti-
na u Savskoj i Dravskoj depresiji. Koristeći se petrografskim analizama, skenirajućom elektronskom mikroskopijom s 
energijski disperzivnom rendgenskom spektroskopijom (SEM-EDS), rendgenskom difrakcijom (XRD) i petrofizičkim 
mjerenjima, cilj istraživanja bio je objasniti dijagenetske procese koji utječu na kvalitetu ležišta nafte i plina i njihovu 
produktivnost. Rezultati otkrivaju konzistentnu distribuciju veličine zrna, modalnoga sastava i dijagenetskih promjena 
pješčenjaka u objema depresijama. Kompakcija, koja se očituje kroz razvoj zrnskih kontakata i tlačno otapanje, dovodi 
do smanjenja poroznosti s dubinom. Karbonatni cementi, osobito kalcit i Fe-dolomit/ankerit, glavni su čimbenici sma-
njenja primarne međuzrnske poroznosti, uz minerale glina, kvarc, feldspate itd. Sekundarna poroznost rezultat je ota-
panja minerala i procesa redistribucije koji također znatno utječu na cjelokupan razvoj poroznosti. Minerali glina, detri-
talni i autigeni, pokazuju kompleksno međudjelovanje s drugim dijagenetskim procesima, dodatno utječući na smanje-
nje poroznosti i propusnosti. Autigeni minerali glina, uključujući ilit, klorit i kaolinit, djeluju kao cementi koji 
ispunjavaju pore ili se javljaju u vidu prevlaka na zrnima, sprečavajući dodatno protok fluida. Paragenetski procesi ocr-
tavaju složeni odnos između mineraloških transformacija i petrofizičkih svojstava definirajući kvalitetu ležišta. Razumi-
jevanje dinamike dijagenetskih procesa ključno je za predviđanje kvalitete ležišta, putove migracija fluida i ugljikovodič-
nu produktivnost. Ovo istraživanje popunjava bitnu prazninu u znanju o dijagenezi gornjomiocenskih jezerskih pješče-
njaka u jugozapadnome dijelu Panonskoga bazena, pružajući uvide važne za energetski sektor i podržavajući održivi 
razvoj resursa u regiji.
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pješčenjački rezervoari, dijageneza, poroznost, Sjevernohrvatski bazen, kasni miocen
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